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Abstract: The impacts of the urban heat island (UHI) phenomenon on energy consumption, air 
quality, and human health have been widely studied and described. Mitigation strategies have 
been developed to fight the UHI and its detrimental consequences. A potential countermeasure is 
the increase of urban albedo by using cool materials. Cool materials are highly reflective materials 
that can maintain lower surface temperatures and thus can present an effective solution to mitigate 
the UHI. Terni’s proven record of high temperatures along with related environmental and comfort 
issues in its urban areas have reflected the local consequences of global warming. On the other 
hand, it promoted integrated actions by the government and research institutes to investigate 
solutions to mitigate the UHI effects. In this study, the main goal is to investigate the effectiveness 
of albedo increase as a strategy to tackle the UHI, by using the Weather Research and Forecasting 
(WRF) mesoscale model to simulate the urban climate of Terni (Italy). Three different scenarios 
through a summer heat wave in the summer of 2015 are analyzed. The Base Scenario, which 
simulates the actual conditions of the urban area, is the control case. In the Albedo Scenario (ALB 
Scenario), the albedo of the roof, walls and road of the whole urban area is increased. In the 
Albedo-Industrial Scenario (ALB-IND Scenario), the albedo of the roof, walls and road of the area 
occupied by the main industrial site of Terni, located in close proximity to the city center, is 
increased. The simulation results show that the UHI is decreased up to 2 °C both at daytime and at 
nighttime in the ALB and in ALB-IND Scenarios. Peak temperatures in the urban area can be 
decreased by 1 °C at daytime, and by about 2 °C at nighttime. Albedo increase in the area of interest 
might thus represent an opportunity to decrease the UHI effect and its consequences. 

Keywords: urban heat island; UHI; albedo increase; mesoscale simulation; weather research and 
forecasting model (WRF) 

 

1. Introduction 

The urban heat island (UHI) phenomenon is the most widely documented climatological effect 
of man’s modification of the atmospheric environment [1], typically defined as the difference 
between the background rural and highest urban temperatures [1]. Some studies assessed that the 
temperature increase may reach up to 10 °C [1,2]. The intensity of the UHI depends strongly on the 
urban characteristics, the synoptic conditions, the local meteorological features, the type of urban 
materials and the presence (or lack) of green areas [3]. Urban warming has serious energy and 
environmental impacts on cities and its residents [4–9]. The UHI may increase the energy 
consumption of a reference building and leads to a rise of CO2 equivalent annual emissions for a 
cooling of up to 7% [10]. Between 1950 and 2010 the total load increased by 3.5% for small offices; for 
medium offices the cooling load increased by 18%, and for large offices the total load decreased by 
1.0% [10]. According to the calculation of the total energy consumption for heating and cooling of a 
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residential building, the total energy consumption for heating and cooling increased from  
42.4 kWh/m2/year to 47.7 kWh/m2/year from 1990 to 2000 [11]. As shown in [12], only because of the 
UHI, heating demand will be reduced while the cooling and electricity consumption demand will be 
higher in 2050, resulting in a 500% growth in CO2 emissions in city-center offices. By means of a 
carbon footprint analysis, Rossi et al. [13] also calculated that the decrease of the performance of 
electronic and mechanical instruments can reach up to 25%. Furthermore, although the relationship 
between heat and mortality varies by location and population group, heat-related mortality during 
summer months is likely to become a dominant public health problem in the future due to the effects 
of climate change and will increase sharply over this century [14–16]. 

Materials used in the urban fabric play a very important role in the urban thermal balance as they 
absorb incident solar radiation and dissipate a percentage of the absorbed heat through convective and 
radiative processes in the atmosphere, increasing the ambient temperature [3–17]. The increase of the 
albedo of urban surfaces allows them to reflect a significant part of the incoming solar radiation. 
Several studies thus proposed the implementation of highly reflective materials for roofs, pavements 
and walls [3–18], with innovative solutions including thermochromic materials [19], directionally 
reflective materials [20] and retro-reflective materials [21–24]. The positive effect of higher albedo on 
building energy consumption and the UHI effect reduction, even in cold climates, has been 
demonstrated through various studies [25–27]. 

In this paper, the effect of increasing urban surfaces’ reflectivity in Terni is simulated using the 
Weather Research and Forecasting (WRF) mesoscale model. Due to Terni’s geographical location in 
a valley, heat is naturally trapped in the urban area, especially during heat waves.  

Several parameterization schemes (microphysics, cumulus, radiation, planetary boundary layer, 
and land) are tested to represent the area of Terni and its interaction with the surrounding 
environment and the time-efficient parameterizations with the least errors are set as the Base Scenario. 

The objective of the paper is two-fold: firstly, to provide a representative parametrization of the 
dynamics of the urban area of Terni to predict the vertical heat and moisture fluxes, and secondly, to 
investigate the effectiveness of increasing the urban albedo in the UHI mitigation. The effectiveness 
of this strategy has been discussed in [28–31]. In this paper a special focus is placed on the estimation 
of the effect of albedo increase both in the urban and in the industrial area of Terni, which is situated 
in the urban area and very close to the historical center of the city of Terni. In fact, in the Albedo 
Scenario (ALB Scenario) the reflectivity of the urban surfaces of the whole urban area is increased, 
and in the Albedo-Industrial Scenario (ALB-IND Scenario) the reflectivity of the surfaces that belong 
to the large industrial site located in the urban area of Terni is increased. Results from this study 
would help local authorities, policy-makers, regulators and developers in planning an urban 
redevelopment to pursue the sustainability measures in the economic, social, cultural and 
environmental life of the city. 

For this purpose, three different simulations were carried out during four cloudless summer 
days in Terni during summer 2015. The simulations started on July 17 at midnight. The first 12 hours 
are considered as the initialization time to eliminate the residues of the initial condition in numerical 
modeling. 

2. Methodology 

2.1. Area of Interest 

The area of interest is Terni, a medium-sized city in the southwest of the Umbria region, Italy. 
According to the Köppen climate classification [32], Terni belongs to CSA (Temperate, dry summer, 
hot summer) category (i.e., to the temperate climate of the middle latitudes, with hot summer). The 
city experiences a typical mild Mediterranean climate during spring and autumn. The humid 
seasons are spring and autumn, mainly in November and April. The summer is hot, humid, muggy 
and basically has little rainfall, while winter is cold and rainy. In general, the weather is not 
characterized by strong winds, because the winds diminish in intensity encountering the 
surrounding mountains. 
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The geographic location is a key factor in the climate vulnerability of the city. The surrounding 
mountain barriers reduce air mixing, pollutant transport. In addition, the city climate is strongly 
affected by the human impact related to numerous industrial activities in the territory. The 
social-economic development related to the industrial sector involves the city sprawl and 
urbanization density, a change on morphology and land use, a reduction of evaporative surface, a 
greater energy consumption and pollutants emissions. The UHI causes thermal discomfort, 
exacerbates air pollution, and threatens the health of inhabitants. In summer 2012, seven heatwaves 
occurred in Terni with the maximum air temperature of 41.7 °C [33]. 

For simulations, four two-way nested domains have been defined. The number of grids of the 
domains (west-east/south-north) are 58 × 46, 101 × 76, 103 × 103, 100 × 70, with a land use resolution 
of 10 min, 2 min, 30 s, and 30 s respectively (“min” denotes arc minutes and “s” denotes arc seconds). 
The length (Dx and Dy in Table 1) of the coarsest domain (d01) grid is 11250 m, and the grid ratio 
(Parent grid ratio in Table 1) is 5 for domain 2 (d02), 3 for domain 3 (d03), and 3 for domains 4 (d04). 
The inner domain has been set as 100 × 70 grids, with the dimension of the grid length of about 260 
m, to cover the urban area of Terni. 35 vertical eta levels are set, with a higher concentration in the 
first kilometers to better represent the fluxes from the surfaces. In Table 1 the inputs for WPS (The 
WRF Preprocessing System) are reported. 

Table 1. WPS preprocessing system inputs. 

Input Settings
Number of domains 4 

Dx of coarser domain 11,250 m 
Dy of coarser domain  11,250 m 

Parent grid ratio 1, 5, 3, 3 
West-East number of grids 58, 101, 103, 100 

South-North number of grids 45, 76, 103, 70 
Data resolution 10 min, 2 min, 30 s, 30 s 

The domains configuration as defined and interpolated by the WRF Preprocessing System 
(WPS) is shown in Figure 1. 

 
Figure 1. WPS domain configuration. d01 is the larger, coarser domain. d04 is the inner domain that 
covers the urban area and the surroundings. 
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The land use for the inner domain is also shown in Figure 2. The black area defines the urban 
area of Terni, as in Figure 3. The urban grids (68 squared grids, 260 m on each side) cover an area of 
about 5 km2. 

 
Figure 2. Land use for the inner domain D04. Land use category data sets are matched with the USGS 
categories [34]. 

 
Figure 3. Fourteen-point grid above Terni. T1, T5, T6, T8, T9 are inside the urban area (the black line 
is the border of the black grids of Figure 2). T1 is in the middle of the industrial area. 

2.2. Model Setup 

The physics models that are set in the simulations are shown in Table 2.  

Table 2. Physics model configuration used in the simulations with the nonhydrostatic WRF-ARW model. 

Physics Scheme Selected Option
Microphysics Morrison double-moment scheme [35] 

Longwave Radiation RRTM scheme [36] 
Shortwave Radiation Dudhia scheme [37] 

Surface Layer Eta similarity [38] 
Land Surface Noah Land Surface Model [39] 

Urban Surface BEM Building Energy Model [28] 
Planetary Boundary layer Mellor-Yamada-Janjic scheme [40] 

Cumulus Parameterization Kain-Fritsch scheme [41] 
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The WRF model is coupled to multi-layer urban canopy model (UCM) and building energy 
model (BEM). The multi-layer UCM developed by [42], is the most sophisticated urban modelling in 
WRF, since it recognizes the three-dimensional nature of urban surfaces (whereas slab and single 
layer UCMs consider urban areas as the roughness of the surface) and accounts for buildings as 
sources and sinks of heat, moisture and momentum through the whole urban canopy layer. The 
estimation of exchanges of energy between the interior of buildings and the outdoor atmosphere, are 
improved by a simple building energy model [43]. BEM accounts for the (1) diffusion of heat 
through the walls, roofs, and floors; (2) radiation exchanged through windows; (3) longwave 
radiation exchanged between indoor surfaces; (4) generation of heat due to occupants and 
equipment; and (5) air conditioning, ventilation, and heating [28]. 

In the simulations, the height of buildings is considered as varying randomly between 5 m and 
20 m. Streets and buildings width is set between 20 m and 30 m and 13 m and 20 m. These 
assumptions cam be improved by a more in-depth analysis on morphology of urban area (this is 
beyond the scope of the present work). 

The convection of the clouds and thus the cumulus parametrization is not considered for the 
inner domains. The initial and boundary conditions of the simulations are determined using 
different datasets. The ECMWF [44] dataset and the USGS [45] are used for the weather data and the 
terrestrial data, respectively. Three different simulations were carried out during four cloudless 
summer days in Terni during summer 2015. The simulations start on July 17 at 12 a.m. The first  
12 hours are considered as initialization time to allow the model to reach stability. 

2.3. Scenarios 

Three different scenarios are defined to study the urban temperature reduction due to the 
albedo increase of urban surfaces (i.e., roof, wall, and road).  

In the Base Scenario the albedo of all surfaces is set as 0.2, that well represents the typical 
average albedo of urban surfaces according to the values provided by Oke et al. in [46]: from 0.05 to 
0.2 for asphalt roads, from 0.1 to 0.35 for concrete walls, from 0.2 to 0.4 for brick walls, from 0.1 to 
0.35 for tile roofs. 

Typically, highly reflective materials are characterized by a high albedo that can reach up to 
0.95. However, an albedo of 0.95 has not been chosen for the simulation since it would have meant 
treating all the existing surfaces and it would not have been realistic. Furthermore, according to  
Balsamo et al. [44] and several other studies, albedo of surfaces is not constant during the whole day 
but multiple reflections and shadings may cause its variation. According to this, a value of 0.8 of 
albedo has been chosen to show the effect of albedo increase on urban temperature.  

In detail, in the ALB Scenario the albedo surfaces is set to 0.8 for roofs, walls and roads in the 
urban canopy model table. The increase of urban surfaces albedo effects the updating of surface 
variables (ground temperature and canopy properties) in each iteration step in land surface model. 
Planetary boundary layer model is also affected since land surface model provides its boundary 
conditions. 

In the ALB-IND Scenario the albedo is increased to 0.8 for roofs, walls and roads in the grids 
that include the main industrial area of Terni. 

Figure 4 shows the grids that are characterized by albedo increase in the inner domain. The 
white grids represent the urban grids where albedo increase is performed. 
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Figure 4. Land use for the inner domain d04. White grids are the urban grids characterized by albedo 
increase. Land use category data sets are matched with the USGS categories [24]. 

3. Results and Discussion 

3.1. Model Validation 

Measured meteorological parameters (e.g., 2-m air temperature, 2-m relative humidity, and 
10-m wind speed) from weather stations are compared to the simulated parameters. Here, the model 
validation for air temperature at four weather stations is discussed. For their distribution over the 
domain, the considered weather stations are meaningful for the validation of the model. 

The daily trend of simulated temperatures is consistent with the trend of measured 
temperatures. Figure 5 provides, as an example, the trend of temperatures at weather station D from 
17 July at 1 p.m. to 19 July at 11:30 p.m. 

 
Figure 5. Plot of simulated and measured temperatures at weather station D from 17 July at 1 p.m. to 
19 July at 11:30 p.m. 
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The mean bias error (MBE) has been calculated as the difference between the recorded and 
simulated values as: 

= 1 −  (1)

where fi is the observed value and yi is the simulated value. 
The errors (Table 3) are considered acceptable [47]. MBE is calculated as the difference between 

recorded and simulated values; therefore, a slight underestimation occurs in the model. 

Table 3. Mean absolute error (MAE) and mean bias error (MBE) of 2 m air temperature (°C) and 
wind velocity (m/s). 

 MAE MBE
 °C m/s °C m/s 

Weather Station A 1.9 1.6 1.2 1.1 
Weather Station B 2.4 1.8 1.1 1.5 
Weather Station C 2.1 2.1 1.1 2.1 
Weather Station D 1.5 2.6 1.3 2.6 

3.2. UHI Characterization  

The analysis of the UHI effect involves estimating the air temperature differences between pairs 
of selected “urban” or “rural” measurement sites. A network of 14 points that cover the whole area 
of Terni has been set as a reference for the UHI assessment and mitigation. The 14-point network is 
shown in Figure 3. In order to ascertain an unambiguous measure of the UHI effect, it is crucial to 
choose the urban and rural stations using clear, objective, and significant criteria. The land use 
classification of the 14 points is shown in Table 4. Land use 1 refers to “Urban and Built-up Land” as 
in Appendix A. 

T5 has been positioned in correspondence to the location of “Weather Station D”, which is 
located in the urban area of Terni and whose recorded values have been discussed for the validation 
of the model. T1 is chosen as another reference point for the urban area, since it is located in the 
industrial site. T6 and T8 are also classified as urban areas, and theirs are key positions since they are 
located at the borderline of the urban area in the simulation domain. 

Table 4. Land use classification of the 14-point network of Figure 5 according to USGS classification 
(Appendix A). 

Options Values
Grid Point 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Land Use 1 9 9 2 1 1 10 1 1 2 2 10 15 10 

The difference between 2-m air temperature simulated in the correspondence of the 14-point 
network locations has been calculated. In particular, to assess and characterize the UHI 
phenomenon, the 2-m temperature of locations classified as “Urban and Built-up Land” in the land 
use characterization has been compared to the 2-m temperature of locations classified as “Dryland 
Cropland and Pasture” and “Mixed Shrubland/Grassland”.  

In further detail, in Figure 6 the temperatures in T5 have been compared to T12 and T10 and the 
temperatures in T1 to the temperatures in T3. Temperature differences between urban and rural 
points are positive throughout the whole day, both at night and at daytime. In particular, these 
values are higher at nighttime. This is because construction materials exhibit a high thermal inertia 
(i.e., a low response to temperature changes), and consequently, they continue releasing heat slowly 
after sunset and even near dawn, when most of the rural surfaces have cooled down [48]. 

The daily average values of the UHI intensity for the considered points reach 1.4 °C and the 
maximum value is 4.4 °C. 
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Figure 6. UHI assessment. Temperature differences between urban and non-urban points are shown. 

The results that are shown in Figure 6 are consistent with the values plotted in Figure 7. The 
heat island is noticeable at night and at daytime, when the urban grids are hotter than the further 
rural grids and hotter than the closer non-urban grids as well. 

 
Figure 7. Plot of 2 m air temperature in the inner domain. 

3.3. UHI Mitigation 

As introduced in Section 2.4, the increase of albedo in the urban and in the industrial area is 
simulated in the ALB Scenario and ALB-IND Scenario, respectively.  

3.3.1. Base Scenario and ALB Scenario 

In the ALB Scenario, the albedo of the whole urban area (i.e., roof, building wall and ground) 
has been increased to 0.8 according to previous discussions to reduce the urban temperature and 
thus the UHI phenomenon. 

Figure 8 shows the ΔT of some points from 17 July at 12 p.m. to 19 July at 12 a.m. The points 
where the ΔT is at maximum have been shown, in particular T1, T5, T6 and T8, according to Figure 5. 
It can be noticed that the temperature is decreased by the albedo increase throughout the whole day 
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and at night as well. The maximum decrease is 2 °C in T1 and T8, and 2.5 °C in T5 and in T6. The 
average daily decrease is about 1 °C in the three reference points. The decrease of the thermal storage 
of surfaces is thus highly influential on air temperature. 

Figure 8. The 2 m temperature decrease in the ALB-Scenario. 

Table 5 provides the values of the peak temperature reduction in T1, T5, T6, T8. 
Peak temperatures decrease during the day (from 6 a.m. to 6 p.m.), evening (from 6 p.m. to  

12 a.m.) and at night (from 12 a.m. am to 6 a.m.) up to 1.8 °C. 

Table 5. Peak temperature reduction in T1, T5, T6, T8 (Base-ALB Scenario). 

 T1 T5 T6 T8
Peak Day T 0.6 0.7 0.4 0.6 

Peak Night T 0.6 1 1.8 0.8 
Peak Evening T 0.1 0.3 0.5 0.3 

3.3.2. Base Scenario and ALB-IND Scenario 

In the ALB-IND Scenario, the albedo of the grid points that represent the main industrial area of 
Terni, which covers an area of about 1 km2, has been increased to 0.8. The trends of the temperature 
of the industrial area and the surrounding areas have been investigated. 

Figure 9 shows the 2-m air temperature decrease at the same points as Figure 8. 
T1 is included in the points where the albedo is increased. As was foreseen, the temperature is 

decreased during the whole day. The maximum decrease is about 2 °C.  
T5, T6 and T8 are not included in the area where the albedo has been increased. However, they 

are very close to that area. The 2-m air temperature is decreased in the ALB-IND Scenario with 
respect to the Base Scenario. It means that the albedo increase effect is noticeable in the surrounding 
areas as well. The maximum decrease is about 1.4 °C and 1.3 °C in T6 and T8, respectively. 
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Figure 9. The 2 m temperature decrease in the ALB-IND Scenario. 

The peak temperature reduction is shown in Table 6 in T1, T5, T6, T8. 
The peak temperatures in T1, which is in the central position of the area where the albedo 

increase is foreseen, are decreased during the whole day with the maximum decrease in the evening. 
Daily and evening peak temperatures are almost constant; a slight peak temperature increase is 
noticed at night. 

Table 6. Peak temperature reduction in T1, T5, T6, T8 (Base and ALB-IND Scenarios). 

 T1 T5 T6 T8
Peak Day T 0.8 0.2 0.0 0 

Peak Night T 0.2 −0.1 −0.1 −0.3 
Peak Evening T 1.6 0.2 0.3 0.4 

The values in Table 7 show the maximum and the daily average temperature decrease at the 14 
selected points in the ALB Scenario and the ALB-IND Scenario. 

Table 7. Maximum and average temperature decrease simulated in the 14 selected points.  

  
T1 

[°C] 
T2 

[°C] 
T3 

[°C] 
T4

[°C] 
T5

[°C] 
T6

[°C] 
T7

[°C] 
T8

[°C] 
T9

[°C] 
T10
[°C] 

T11 
[°C] 

T12 
[°C] 

T13 
[°C] 

T14
[°C] 

ALB 
Max 2.0 1.2 1.0 0.90 2.5 2.5 1.0 2.0 2.5 2.7 0.7 1.1 0.8 0.8 
Ave 0.9 0.05 0.1 −0.01 0.5 0.9 0.1 1 0.1 0 0 0 0 −0 

ALB-IND 
Max 2.1 1.3 0.6 0.9 2.5 1.4 0.8 1.3 0.9 1.5 0.8 1.1 0.6 0.5 
Ave 1.4 −0.2 −0.1 0 0.5 0.6 −0.1 0.5 0.2 0 0 0 0 −0 

It can be noticed that at the positions where the albedo has been increased in both the ALB and 
ALB-IND Scenarios or very close to the boundary of that same area, the maximum and the average 
decrease are comparable (T1, T2, T5). 

Furthermore, it is very interesting to underline that the effect of the albedo increase in the 
industrial area is not limited to that area, but, although with less intensity, it is perceived to influence 
further distances, as far as T4, T10, T13 and T14. 
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4. Conclusions 

The urban climate in the area of Terni (Italy) during cloudless, sunny days in summer 2015 has 
been simulated. The simulations have been implemented in four nested domains, the coarser one 
covering about 650 × 500 km2. The inner domain d04 is focused on the area of Terni and the 
surrounding rural areas. 

The Base Scenario simulation has been used as a reference scenario. Several parameterization 
schemes have been tested to represent the area of Terni and its interaction with the surrounding 
environment and the time-efficient parameterization combinations with the least errors are set as the 
Base Scenario. The UHI phenomenon has also been characterized: urban temperatures may be up to 
5 °C higher than rural temperatures. 

In order to reduce the UHI effect, the effect of the urban albedo increase has been investigated. 
In the ALB Scenario the average albedo of the whole urban area has been increased from 0.2 to 0.8 
for roofs, walls and roads. The increase of the albedo leads to a decrease of the urban temperature by 
up to 2.5 °C at daytime and also at nighttime. At a few points of the domain the temperature might 
be increased as well. 

In the ALB-IND Scenario, the albedo of a part of the urban area, and in particular the area 
covered by the largest industrial site in Terni, has been increased. A great improvement of the urban 
temperature is noticed in the points that are located in the area where the albedo has been increased, 
where the temperature can be decreased by 2 °C as in the ALB Scenario. The paper demonstrates the 
effectiveness of albedo increase as a strategy to reduce the UHI in the urban area of Terni both at 
daytime and at nighttime. In particular it has been shown that the effect of albedo increase in the 
industrial site is not restricted to that area, but it also influences the temperature of the surrounding 
areas, allowing the reduction of temperature over a larger domain. 

The results can offer important decision support to local authorities that, in order to improve 
the thermal comfort and the environmental conditions of the urban area of Terni, may address the 
exploitation of the industrial area whose low architectural value may instead become a strength and 
an opportunity. 

All the results that have been shown in the paper are considered valuable and meaningful in the 
optics of evaluating the effect of albedo increase on urban temperatures in Terni. However, some 
shortcomings of the simulation are pointed out. There might be a more effective solution than albedo 
increase among the developed effective countermeasures for fighting the UHI. Other simulations 
should be undertaken to investigate the effectiveness of urban greening, for example. Furthermore, 
assumptions made in BEM can be improved in order to better represent the energy characteristics of 
buildings in Terni. A more in-depth analysis on the morphology of the urban area may also improve 
the simulation. Future follow-up studies could then be undertaken to provide more in-depth 
analysis and modeling details for implementation plans or scenarios. 
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Appendix A 

Table A1. USGS 24-category land use categories. 

Land Use Category Land Use Description
1 Urban and Built-up Land 
2 Dryland Cropland and Pasture 
3 Irrigated Cropland and Pasture 
4 Mixed Dryland/Irrigated Cropland and Pasture 
5 Cropland/Grassland Mosaic 
6 Cropland/Woodland Mosaic 
7 Grassland 
8 Shrubland 
9 Mixed Shrubland/Grassland 

10 Savanna 
11 Deciduous Broadleaf Forest 
12 Deciduous Needleleaf Forest 
13 Evergreen Broadleaf 
14 Evergreen Needleleaf 
15 Mixed Forest 
16 Water Bodies 
17 Herbaceous Wetland 
18 Wooden Wetland 
19 Barren or Sparsely Vegetated 
20 Herbaceous Tundra 
21 Wooded Tundra 
22 Mixed Tundra 
23 Bare Ground Tundra 
24 Snow or Ice 
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