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General background of the report 

In its Fifth Assessment Report (IPCC, 2014)1, the Intergovernmental Panel on Climate Change (IPCC) 

reaffirms the reality of climate change, entailing a progressive change of climate variables (i.e. in 

precipitation patterns, average temperatures) along with greater frequency and severity of extreme 

events (floods, heatwaves, storms, etc). Furthermore, it concludes that, even if political and economic 

powers were willing to immediately stop all the greenhouse gas (GHG) emissions causing the rise in 

global temperature and pollution, the damage to the climate is on such a scale that its impacts are 

already considered to be irreversible and irreparable in many cases. One such example is the melting 

of the polar ice caps and the resulting rise in sea level.   

Mitigation, taken to be human intervention to reduce emission sources or enhance GHG sinks, is, 

therefore, essential, yet insufficient, and adaptation, as our process to adjust to the current or 

expected climate and its effects, has become inevitable. These two keys policies have converged over 

time in the search for synergies, the coordination of endeavours for a more efficient fight and the 

integration of adaptation and mitigation with more mature public policies. Such policies include 

urban and spatial planning, given their clear calling to manage the coordinated deployment of other 

sectoral policies and the action of private stakeholders in each territory (EC, 2018)2 to advance towards 

an adapted and resilient territorial model. 

Heat wave could be defined as a prolonged period of abnormally hot weather. Heat waves' effect on 

people is exacerbated by the Urban Heat Island (UHI) being the most widely studied urban climate 

effect, which describes the differences in surface, sub-surface and air temperatures in cities when 

compared to the surrounding ‘natural’ environment. The presence of a city disrupts local and regional 

weather conditions, creating a distinctive urban climate at a hierarchy of scales by altering the surface-

air exchanges of heat, moisture, mass and momentum (Oke, 1982). 

UHI it is becoming a very important element and criteria in planning decisions particularly in the face 

of a climate change and global warming context where urban planning could and must play a key role 

in designing healthy, comfortable, inclusive and well-adapted public spaces. 

The present report navigates and analyses the different concepts, approaches and methods as well as 

examples of practice cases that we do hope could inspire and be a reference for those who face the 

challenge of assessing UHI. 

  

                                                             
1 http://www.ipcc.ch/pdf/assessment-report/ar5/syr/SYR_AR5_SPM.pdf IPPC 2014 WGIIAR5-Chap8 Urban areas 
2 https://ec.europa.eu/clima/consultations/evaluation-eus-strategy-adaptation-climate-change_es  

http://www.ipcc.ch/pdf/assessment-report/ar5/syr/SYR_AR5_SPM.pdf
https://ec.europa.eu/clima/consultations/evaluation-eus-strategy-adaptation-climate-change_es
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1 Clarification of concepts and types of UHI 

Although several concepts exist, the UHI can be defined as the temperature difference between the 

urban-suburban and rural areas in the same region. The intensity of the UHI is confirmed through the 

temperature difference expressed at a given time between the hottest sector of the city and the non-

urban space surrounding. 

The relevance of analysing UHI effects, though, lies on its capacity to describe the influence of 

urbanization on the surface, sub-surface and air temperatures in cities and is revealed generally as 

higher values when compared with the surrounding landscape (Voogt and Oke, 2003).  

Heat islands can be defined for different layers of the urban atmosphere, and for various surfaces and 

even the subsurface It is important to distinguish between these different heat islands as their 

underlying mechanisms are different (Bechtel, B. et al., 2019). Unless otherwise indicated, an urban 

heat island refers to the excess warmth of the urban atmosphere compared to the non-urbanized 

surroundings. Atmospheric heat islands are best expressed under calm and clear conditions at night 

when radiative cooling differences are maximized between urban and surrounding rural locations. 

There are four types of UHI each of which is generated by different dominant physical processes and 
exhibit distinct temporal and spatial patterns although all are driven chiefly by the transformation of 
the natural landscape to a corrugated, mostly manufactured and less vegetated surface (Oke et al., 
2017): 

o Surface Urban Heat Island  

o Sub-Surface 

o Canopy layer 

o Boundary Layer 
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Despite the four types of UHI describe in Figure 1 in general, UHI can be classified into two broad 

categories based on the ways and heights that they are formed: “air” (or “atmospheric”) and “surface” 

UHIs.  

− Air UHI refers to UHI effects in the canopy (CLHI) or boundary (BLHI) layer. The CLHI is usually 

measured by in situ sensors mounted on fixed meteorological stations or traverses of vehicles, 

while more special platforms such as tall towers, radiosondes, and aircraft are needed to 

measure the BLHI. Due to limited monitoring stations, the measured air UHIs usually fail to 

provide sufficient spatial details for urban land use planning and climate change research.  

− In contrast, the surface UHI (SUHI), which represents the radiative temperature difference 

between urban and non-urban surfaces, is primarily measured by satellite thermal remote 

sensing data. It can provide consistent and repeatable observations of the Earth’s surface, 

which offers the ability to study the urban thermal environment at various spatial (from local 

to global scales) and temporal (diurnal, seasonal, and inter-annual) scales.  

Since air UHIs are commonly impeded by lacking sufficient spatial detail for urban land use planning, 

predicting the air temperature in both urban and rural areas indirectly from satellite observations has 

gained considerable interest. Over the last few decades, advancements of remote sensing along with 

spatial science have considerably increased the number and quality of SUHI studies that form the 

major body of the urban heat island (UHI) literature (Zhou, D. et al 2019). 

Figure 1 Schematic description of the main components of the urban atmosphere (Source: Lieske B., et al 
2015) 
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Both the air and surface UHIs are understood to be a product of multiple factors including: enhanced 

absorption of solar radiation, geometric effects that limit radiative cooling and ventilation, 

anthropogenic heat from vehicles and buildings, air pollution that traps outgoing radiation, high ratios 

between sensible and latent heat flux due to low vegetation cover and high impervious land cover, 

and the radiative characteristics of building materials. The result is increased diurnal and nocturnal 

temperatures that reduce people's ability to cool off, especially during the night, which drives an 

increase in mortality. LST correlates with air temperature at large scales, but there are differences at 

intra-urban and finding a simple and general relationship between SUHIs and air UHIs is not an easy 

task and the published relationships remain empirical (Logan, T. M. et al., (2020) and Zhou, D. et al 

2019). Generally, the largest air UHI intensity is observed at night, while the SUHI peaks during 

daytime. Air UHIs are often weak during the late morning and throughout the daytime and become 

more pronounced after sunset, due to the slow heat release from urban structures. 

Over the last few decades, urban climate science has made significant progress in linking the 
properties of the urban surface cover, including its extreme spatial heterogeneity, to changes in the 
overlying atmosphere (Oke et al., 2017) see Figure 2. Significant gaps in our understanding of 
processes remain, but it is generally acknowledged that the outstanding issue for urban climate 
science is the need to transfer knowledge into urban decision-making. 

Having a good understanding of the distribution of radiative flows in the city allows better informed 

decision-making with regards to urban planning. Therefore, more important than simply knowing the 

difference in the temperature between the urban, suburban and rural areas, is also the understanding 

of the thermal response of different zones within the city and of the climate (and non-climate) 

variables that condition and impact the thermal comfort, to inform planning decisions (i.e. building 

orientation, street ventilation, increase urban green spaces and permeability, trees plantation, so on 

and so forth). 

 

Figure 2 Differences in the temperature in the city centre and the rural areas (Source: Tecnalia, 2020) 

Cities consist of complex and spatially heterogeneous mosaics of different land-cover and land-use 

classes (LCLU). Each LCLU type has its own surface characteristics resulting in different temperature 

properties (Wu, 2008). 
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For this reason, in the frame of this review, it is gathered not only methods for mapping the UHI 

through the analysis of the climate variables such as air temperature or surface temperature, but also 

for mapping the land-cover and land-use known as Local Climate Zone Maps. Both types of maps are 

represented in Figure 3. 

 

Figure 3 Different results to approach the analysis of heat stress and UHI (Source: own elaboration Tecnalia, 2020 ) 

In the frame of this report the Climate Variable Map (CV_Map) is considered a method for quantifying 

the distribution of the climate variables differences across an urban area. As it is mentioned above, 

the most common variables to describe the UHI effect are the air temperature and surface 

temperature. In the case of air temperature, it normally represents the two horizontal dimensions of 

temperature distribution, usually at 2 meters above surface and it is known as “thermal map”. If the 

air temperature is combined with the wind intensity and wind direction it is known and “climate map”. 

Climate zone Map (LCZ_Map) relates to the assessment of different urban typologies so-called climate 

zones which are defined by their thermal performance. Local Climate Zones are linked to a series of 

variables that relate to the urban climate effect and generally is a method that analyses the urban 

characteristic with respect to climate (i.e. urban morphology, vegetation coverage, surfaces 

permeability, ventilation corridors, etc), allowing for the definition of homogeneous zones with 

respect to their influence on thermal comfort and translation into useful information and 

recommendations for urban planning.  

In summary, while the CV_Maps represent climate variables, the LCZ maps represent climate zones 

with homogeneous thermal behaviour or performance.   

For the elaboration of both type of resources, there are a number of techniques, tools, data, etc, which 

are described in the following sections of this paper.  

Both resources are such a relevant asset for decision making with regards to the minimization of 

thermal stress and impact of high temperatures in human health, urban ecosystems and 

infrastructures functionality and services.  

The selection of one type of map or another- CV Maps or LCZ maps- would depend on different 

aspects: the aim of the analysis, the resources and allocated municipal budget, data and information 

available, the purpose of the decision-making process, etc.  

Climate Variable Map (CV_Map) Climate Zone Map (LCZ_Map)

23

28
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2 Climate Variable Map (CV_Map) 

2.1 Basic concepts 

As already mentioned, Climate Variable Maps represent climatic variables that allows to know the 

differences between urban centres (core areas) and peri urban areas. It really refers to the mapping 

of the so-called impact indicators derived from and calculated from the climatic variables, which in 

turn can be obtained by different techniques  

A series of general concepts and techniques are explained below, following the diagram in Figure 4: 

1. Climate variables or impact indicators 

A CV_Map, as represented in the right side of the Figure 4, can refer to the spatial distribution of air 

or surface temperature, which have traditionally been used to characterize UHIs, or to represent 

indicators that are calculated from these variables such as: 

- "average number of summer days" considered as the number of days that a temperature of 

25ºC is exceeded, or 

- "number f tropical nights" defined as the number of nights that the minimum temperature 

does not drop 20ºC) for the established analysis period. 

Again, depending on the objective of the study, the use of some indicators or others may be more 

convenient. 

It is utterly important to bear in mind that the impact indicators are calculated for an established study 

period, for example a summer, a year, a past time period, a future time period with projections of 

climate change. In the image we see the indicator “number of summer days” for three periods, one 

past that is considered as a reference 1981-2010, and two future periods, 2021-2050, 2071-2100. 

Future periods are considered projections of temperature climate change under the RCP climate 

scenarios established by the IPCC. 

Another indicator that is frequently used is the “thermal comfort” indicator. There are various 

indicators of thermal comfort such as the Physiological Equivalent Temperature (PET) or the Universal 

Thermal Climate Index (UTCI) amongst others. 

In general, all the thermal comfort indicators take into account various climatic variables, usually air 

temperature, humidity, average radiant temperature and wind speed, as well as the physiological 

characteristics of people and the activity they are carrying out. The climatic variables are obtained for 

the study period that is selected, from which, as explained above, the impact indicators are calculated. 
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2. Techniques / methods / tools 

There are different methods to obtain the climate variables, which can be classified into three large 

blocks.  

i) In-situ measurements, 

ii) Data from satellites and other available platforms such as MODIS, COPÉRNICUS, etc and  

iii) Physical models. 

In all cases, climate variables are obtained for the selected analysis period, from which the impact 

indicators can be calculated.  

The main difference between these methods is that, in the case of in-situ measurements, from 

existing stations, and from satellite data, data and information is only available for observed periods. 

Platforms like COPERNICUS offer information on climate projections. Sometimes, the information 

and data obtained from stations, measurements in situ or from COPERNICUS-type platforms, could 

be used as input data for the physical models. This allows to increase the spatial resolution of the 

results. 

For example, indicators can be calculated in two ways: 

- directly from the air temperature information available in the COPERNICUS climate change 

service CS33, with the available resolution of 9 km,  

- or indirectly, these same data from CS3 can be used as input to a physical model and obtain 

results with a resolution of 100m. 

3. Input data 

The input data is only necessary in the case of using and applying physical modelling, where specific 

terrain information and meteorological information must be entered into the model. 

It has already been commented that meteorological information is entered for a specific period of 

time depending on the objective of the study, and it is possible to include information from the 

observed period or from a future period (with climate change projections and scenarios). 

At this point, special mention should be made to the possibility of simulating “standard day” 

conditions in a physical model. “Statistical days” are generated from the statistical analysis of 

observed data, more information on this technique is detailed in Annex 1 of the present report. 

                                                             
3 https://www.copernicus.eu/sites/default/files/2018-11/5-CS3.pdf 
 

https://www.copernicus.eu/sites/default/files/2018-11/5-CS3.pdf
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Figure 4 Conceptual framework to deliver a CV Map  (Source: Own Elaboration Tecnalia, 2020) 

To conclude, CV map allows quantifying the distribution of temperature differences across an urban 

area. Represents two horizontal dimensions of temperature distribution at 2 meters above surface. It 

allows to detect areas where the temperature is much higher than its immediate surroundings. And 

therefore, is a key tool for analysing UHI effect.  

2.2 Methods 

There are several methods for delivering CV maps as already anticipated in the previous section. The 

following  subsections are devoted to the different methods for delivering CV maps, according to the 

type of method and characterized according to some of the relevant aspects discussed in the previous 

section, such as resolution, the climatic variables considered or the temporality of the results, if they 

are observed or projected data under climate change scenarios. As mentioned, these aspects are what 

will determine the selection of one type or another of the method depending on the objective 

pursued. Methods are summarized in Table 1 

2.2.1 IN/ SITU 

Devices (fixed or mobile) used to record data in situ for several climate variables, for different areas 

and for a period of time. Gathered data is then processed to analyse the UHI. 

Several climate variables could be recorded, depending on the devices (i.e. surface and air 

temperature, humidity and wind speed and direction). 

Regarding the resolution, it will depend on the number of stations or the technique used, for example 

in section 4.6.1, the hourly evolution for the city of Valencia of 2 variables, air temperature and surface 

PHYSIC
MODEL

METEOROLOGIAL DATA 
of the period of análisis (*)

- Observations
- Pojections
- Both
- Type of day

CLIMATE VARIABLES
For the period of análisis (*)
- Observations
- Pojections (only certain data). 
- Both

TERRAIN SPECIFIC DATA
- -MDE
- -Land Cover
- -Land use
…..
(depending on the model)

IMPACT 
INDICATORS

Air Tª

Tmrt

Surface Tª

Hr

Ws/Wd

Others…

Comfort
Indicartor
PET/UTCI

…

- NHD (number
of Hot Days)

HWF (Heat

waves
frecuency)
…..

For the period
of análisis (*)

Aspects to consider…..

Period of análisis Resolution
Relevant indicators
For decisión making

SATELITE / IN SITU / Other…
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temperature is shown by means of in- situ in three zones: urban, semi-urban and rural. In this case, 

the objective of the work is to analyse the differences between these variables throughout the day 

and to evaluate the influence of the different types of urban centres. 

Within the same study carried out in Valencia, the evolution of the number of tropical nights per year 

from 1906 to the present, in an urban and semi-rural station, is shown. 

Analysing the results of the city of Valencia that are shown in the figures in section 4.6.1, the multiple 

aspects that can influence the elaboration of a CV map are evident and that were discussed in the 

introductory section, which are: the period study, which is the hourly evolution of a day and the annual 

evolution as well as the climatic variables or impact indicators, which are air temperature and surface 

temperature in the first case and the number of tropical nights in the second , calculated from the air 

temperature. 

On-site measurements with linear transects 

Another option to perform CV map with in-situ measurements is by measurement in linear transects. 

It is shown in section 4.4.1., The transects made to measure the air temperature in the city of 

Barcelona. Measurements were made for a specific day using a thermo hygrometer installed in a 

vehicle (AMB, 2015). 

Based on the results of measurements in linear transects, the map of air temperature isotherms for 

the city of Barcelona is prepared (AMB, 2015). 

Often, spot measurements from weather stations are used to validate models with actual data. For 

example, Figure 5 compares the results of the Urbclim model (see section 2.2.1) for the 2003 summer 

period obtained with the Urbclim model and corresponding to the Igeldo meteorological station in 

San Sebastian (Basque Country, Spain). 
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Figure 5 Values of air temperature observed in a meteorological station in the city of Donostia / San Sebastián with data 
obtained with Urbclim. Source: Tecnalia 

2.2.2 SATELITE 

Thermal satellite imagery offers great potential to improve the understanding of urban climate 

dynamics, measuring the LST.  The way in which single LCLU types affect the UHI and LST distribution 

is revealed in various spatial analyses that show the contributing effect of sealed urban surfaces 

(mostly densely built-up land uses) to the UHI due to the thermal absorption in artificial surfaces 

leading to sensible heat flux and a positive effect of thermal reduction on urban green areas is 

confirmed as a consequence of evapotranspiration (Ward.K et al., 2016). 

Zhou, D. et al 2019 carried out a systematic review of around 500 studies of this type, from their origin 

in 1972 to the present. Among the conclusions of this research it is important to highlight on the one 

hand, the exponentially increasing trend of these researches since 2005 and on the other hand,  that 

the two most commonly-used satellite sensors are the Landsat Thematic Mapper (TM)/Enhanced 

Thematic Mapper (ETM+)/Thermal Infrared Sensor (TIRS)  with the 53% of the total publications and 

Terra/Aqua Moderate Resolution Imaging Spectroradiometer (MODIS) with a 25% of the total 

publications. With a minor proportion around 7% the Advanced Spaceborne Thermal Emission and 

Reflection Radiometer (ASTER). Despite there are several satellites that provide this type of data, 

according to the results of the abovementioned study only a short description of MODIS and LANDSAT 

is provided in the following sections.  
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2.2.2.1 MODIS 

MODIS is a key instrument aboard on the Terra (1999) and Aqua (2002) satellites launched by NASA 

to scan the Earth’s surface and atmosphere with a 36-band spectrometer and provide a global 

coverage every one to two days. MODIS records its images at a spatial resolution of 250 m (bands 1–

2), 500 m (bands 3–7), and 1 km (bands 8–36). Thermal images are captured in the 1-km resolution. 

Due to the spatial resolution and swath dimension of MODIS—2330 km (cross track) by 10 km (along 

track at nadir)—its images are used for research of large study areas. A significant benefit of MODIS is 

the range of quality-checked data products that are generated by the MODIS team (Zhou, D. et al., 

2019). 

As MODIS data have a limited number of useful images (clear sky conditions and not too high zenith 
angle of the observing sensor are needed), detailed study of the development of UHI can be carried 
out in a limited number of consecutive days.  

These data products are processed images, which can be directly used for various research purposes. 

Examples of such products that have been widely employed in SUHI studies include daytime and night-

time LST and emissivity data from MOD11C3, MOD11A1, and MOD11A2. The LST value in these 

products is retrieved by different algorithms such as the generalized split-window algorithm. 

2.2.2.2 LANDSAT 

Almost 53% of researchers have used either one or multiple Landsat images in their SUHI studies, 

which emphasized the importance of the Landsat constellation to the SUHI knowledge Zhou, D. et al 

2019. Since the launch of Landsat in 1972, the satellite constellation has carried four generations of 

sensors including: (1) Multispectral Scanner (MSS) sensors, optical instruments, and video cameras 

aboard Landsat 1, 2, and 3, (2) MSS and Thematic Mapper (TM) sensors aboard Landsat 4 and 5, (3) 

Enhanced Thematic Mapper Plus (ETM+) aboard Landsat 7, and (4) Operational Land Imager (OLI) and 

Thermal Infrared Sensor (TIRS) aboard Landsat 8 [70,71]. From the TM sensor onward since 1982, the 

ability to measure thermal radiance and, thereby, the LST of the Earth’s surface has made a 

breakthrough in investigating SUHI. 

There are three main reasons for Landsat’s popularity in SUHI studies. First, Landsat “is the longest 

running uninterrupted Earth observation program”. Second, researchers, as a result of a policy change 

in 2008, can freely obtain Landsat images. These features, therefore, provide a consistent, reliable, 

and voluminous archive of data for researchers to explore different aspects of SUHI. It is noteworthy 

to mention that, until 2008, scientists had to pay for Landsat data and the U.S. Government has again 

been considering charging users for access to the Landsat archive. Third, Landsat series 5, 7, and 8 

capture the Earth’s surface in a 16-day repeat cycle with swath coverage of 185 km × 185 km. The 

temporal resolution provides a reasonable period to reflect the changes in SUHI or land cover/use of 

a city and the swath coverage is big enough that it allows scientists to process a single image to 

investigate an entire urban environment. These both increase time efficiency and accuracy of the SUHI 

studies.  
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2.2.3 PHYSICAL MODELs 

2.2.3.1 URBCLIM 

The UrbClim model is based on a soil-vegetation atmosphere transfer scheme, named the Land 

Surface Interaction Calculation (LAIca), which was expanded in recent years to account for urban 

surfaces (De Ridder et al., 2015). This scheme calculates the heat fluxes at the surface based on the 

surface energy balance. The surface is divided in grid cells, which are all composed of fractions of 

vegetation, bare soil, and urban surface. Each grid cell features its own energy balance and 

corresponding thermal behavior. The urban surface is presented as a rough impermeable area 

characterized by several land use related parameters (albedo, emissivity, roughness length, stomatal 

and total plant resistance, root distribution coefficient, and soil sealing). For each of the three land 

cover types separate energy and water balances are considered. The soil-vegetation atmosphere 

transfer scheme is coupled to a 3-D atmospheric module, which includes the atmospheric boundary 

layer and extends to a height of three kilometers. The default version of the UrbClim model has been 

validated for several European cities, for example for Antwerp, Brussels and Ghent (Belgium), 

Toulouse (France) and Barcelona (Spain) (De Ridder et al., 2015; García-Díez et al., 2016). 

 

Figure 6 Methodological description of URBCLIM. (Source: VITO) 
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2.2.3.2 MUKLIMO 

The dynamical urban climate model MUKLIMO_3, developed by the Deutscher Wetterdienst (DWD), 

is used to investigate urban heat island effects and to carry out sensitivity simulations of climate 

adaptation measures for the city of Linz and its surrounding area. The model simulations, performed 

at a horizontal resolution of 100m, are based on Copernicus Urban Atlas land cover data combined 

with local data to consider city-specific structures. 

 

Figure 7 MUKLIMO model system, input data and coupling with the ALARO-ALADIN numerical weather prediction model. 
(Source: Bokwa, A. et al 2019)  

2.2.3.3 WRF Weather Research and Forecasting Model 

The Weather Research and Forecasting model is an open- source, non-hydrostatic limited area model 

(Skamarock et al., 2008). Thanks to its availability, it has a large commu- nity of users. These contribute 

to the development of WRF, which is lead by the National Center for Atmospheric Re- search (NCAR). 

One particularity of this model is that it has a large amount of parameterization schemes, dynamical 

options and sub-modules, available for the user to choose from. These options are set up in a name 

list file that must be edited for each simulation. Garcia-Diez M. eta al 2016. WRF offers operational 

forecasting a flexible and computationally efficient platform while providing recent advances in 

physics and numeric data assimilation and it can be also used for studying city-scale impacts of UHI in 

future scenarios. 

2.2.3.4 HIRLAN 

The ENVIRO-HIRLAN model (Environment-High Resolution Limited Area Model), coupled with 

modelling applications based on numerical weather predictions and an Atmospheric Chemical 

Tansport Model, enables the prediction if atmospheric composition, meteorology and climate change.  
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3 Urban Climate Map (UCM_Map) 

The UCMap is a climatic information and evaluation tool that helps planners to understand climatic-

environmental conditions and variations and create a better design. The UCMap resolves scientific 

climatic knowledge into guidelines and planning recommendations and could be used to guide 

planning actions and decision making. 

UCMap, is a representation of the urban characteristic with respect to climate (i.e. urban morphology, 

vegetation coverage, surfaces permeability, ventilation corridors, etc), to define homogeneous zones 

with respect to their influence on thermal comfort and translates all this data into useful information 

for urban planning.  Is one the methods used to define strategies to reduce UHI and air pollution, 

particularly in the context of climate change adaptation. 

There are different standardised classifications, the most commons are the Urban Climate Zones (UCZ) 

that consist on 7 homogeneously classified areas that distinguish climate characteristics based on built 

types and land cover types Oke, 2006. More recently Stewart and Oke (2012) developed the Local 

Climate Zone(LCZ) classification scheme that comprises 17 zones based mainly on properties of 

surface structure (e.g., building and tree height & density) and surface cover (pervious vs. impervious). 

Each zone is local in scale, meaning it represents horizontal distances of 100s of metres to several 

kilometres.  

Local Climate Zones (LCZ) have become the standard typification of Land Cover/Land Use classes, 

according to their climatic response. Recently, the Local Climate Zones (LCZ) scheme has been gaining 

increasing momentum as a point of reference in urban climate studies (Stewart and Oke, 2012). 

Besides both author's scientific prominence, the LCZ's success amongst researchers also stems from 

the World Urban Database and Access Portal Tools (WUDAPT) method, a very pragmatic supervised 

land cover classification that relies solely on readily available satellite data. Thus, being easily 

replicable throughout the globe. Oliveira, A., et al., 2020. The LCZ scheme is a logical starting point for 

WUDAPT’s aim to gather consistent information across cities globally. 

The LCZ scheme has proved to be useful in planning UHI studies and interpreting the results. Many 

studies have shown the relevance of the LCZ types to UHI observations (Bechtel et al., 2019) but its 

general suitability for Surface UHI studies still has to be investigated. 

 Yet, it seems plausible, that the scheme may be useful for UHI studies of surface temperature 

variability at local scale. Both are closely coupled via the surface energy balance (Bechtel et al., 2019) 

and some of the factors that define the LCZs are also important controls on surface temperature (i.e. 

surface cover fractions and materials).  

Thus, we hypothesize, that the LCZ scheme is a relevant discriminator of surface temperature at the 

neighbourhood scale (even though much higher variability at the facet scale can be expected). So far 

a number of studies have applied the LCZ scheme to investigate SUHI for individual cities using 

different sources of thermal data, for example: Landsat 8 for Delhi National Capital (Bechtel et al., 

2019) 

http://journals.ametsoc.org/doi/abs/10.1175/BAMS-D-11-00019.1
http://journals.ametsoc.org/doi/abs/10.1175/BAMS-D-11-00019.1
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Figure 8 Classification of Local Climate Zones according (Souce: Bechtel, B et al., 2019) 

Hidalgo J. et al 2019, analyses the different approaches for the calculation these homogeneous climate 

zones, and distinguishes between two main techniques that classifies as bottom-up and top down 

Both are described in the following sections.  

Regarding the use of top-down or bottom- up approaches, it would very much depend on the 

availability and accessibility of quality local data, spatial information and resources (human and 

economic).  It could be argued that the bottom-up approach is a bit more demanding than the top-

down one, in terms of the required input data, as well as the expertise needed for carrying out the 

analysis and associated costs. However, it could deliver more precise map ad hoc to the local 

circumstances and available quality data. 

The top-down approach is equally valuable and offers a good opportunity for delivering an urban 

climate map based on standardized classification of ULZ in those cases where detailed local data is not 

available, and resources are limited. It also requires expertise for its application. 

3.1 Bottom-up approach to deliver an Urban Climate System Map  

The Bottom-up approach is based on information acquired for individual cities, available local spatial 

data in which number of layers of city information (i.e. administrative or topographic data, land uses, 

urban morphology, building height, ventilation corridors, green spaces etc) are collected and 

combined using algorithms and Geographical Information Systems are used to define homogeneous 

zones with similar characteristics and estimated  impact on thermal comfort. Raster-based methods 

superimpose a standard grid over the urban landscape and acquire information on selected variables 

(e.g. building height, sky view factor) at the scale of the individual cell. Each variable is stored in a layer 



 

20 

 

and the gridded layers are combined using rules to generate homogeneous types of áreas that are 

also known as Climatopos. 

Normally when the bottom- up approach is used the UCMap system consists of two major 

components: the urban climatic analysis map (UC-AnMap) and the urban climatic recommendation 

map (UC-ReMap) (see figure 15). The UC-AnMap collates meteorological, planning, land use, 

topographic and vegetation information; their inter-relationships and effects on wind and thermal 

environment are analysed and evaluated spatially. The UC-ReMap is developed to provide strategic 

urban planning recommendations according to the climatic understanding and evaluation acquired 

from the UC-AnMap. 

 

Figure 9  Systematic process to deliver an Urban Climate System with a bottom- up approach. (Source: Ren et al., 2012) 

  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/land-use-planning
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/thermal-environment
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/thermal-environment
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3.2 Top-down approach- Local Climate Zones and the WUDAPT classification 

The Top- down approach is based on satellite data with passive and active sensors. Best example is 

the WUDAPT, World Urban Database and Access Portal tools. Semi-automatic classification of satellite 

image irradiances that sues information provided by LANDSAT, resolution 100m. (example LCZ).4 

The World Urban Database and Access Portal Tools (WUDAPT) project utilizes freely available data, to 

map cities into LCZ types. The protocol for generating LCZ maps employs supervised classification to 

automatically classify Landsat scenes using training data created by an urban expert .The logical 

structure of the LCZ classification scheme is supported by observational and numerical modelling data 

to determine specific thermal characteristics for each zone Verdonck,M. et al., 2017. 

The WUDAPT process is efficient, so cities can be mapped quickly and updated with little effort. Given 

the global cover provided by Landsat, this process provides the potential for creating a worldwide 

urban database, but the derived value is predicated on the quality of the training areas. 

Standardized and automatic methods to calculate urban indicators and to classify the urban fabric for 

any city in the world is nowadays a challenge. The World Urban Database and Access Portal Tools 

(WUDAPT) is a community-based project with the scientific aim to classify the urban fabric (on the city 

scale) by climate properties from available data at on a world scale, using free satellite images and 

free and open-source software such as the SAGA Geographic Information System (GIS). Most of the 

studies using the LCZ approach classify entire cities or megalopolises and use large grids2: WUDAPT 

community calculates LCZs with resolutions ranging from 300m to 10 km. Rodler, A., & Leduc, T. 

(2019). http://www.wudapt.org/ 

                                                             
4 Passive sensors respond to natural radiation that is emitted and reflected; active sensors record radiation 
emitted by the sensor that is reflected back from the target surface (e.g. synthetic aperture radar). The former 
can provide details on the Earth's surface when not obscured and are distinguished by their spectral and spatial 
resolution. Perhaps the best-known project is Landsat, which was launched in 1972. In its current mode (Landsat 
8), it supports two instruments, the operational land imager and thermal infrared sensor, which collect 
information over 11 bands at spatial resolutions ranging from 15 to 100 m. The World Urban Database and 
Access Portal Tools (WUDAPT) project utilizes these freely available data, which represent the lowest level (L0) 
of data in its information hierarchy, to map cities into LCZ types (Ching et al., 2017). The protocol for generating 
LCZ maps employs supervised classification to automatically classify Landsat scenes using training data created 
by an urban expert (Bechtel and Daneke, 2012). 

http://www.wudapt.org/
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Figure 10 WUDAPT classification for Europe 100m 

3.3 Top-down GIS-based approach with COPERNICUS data 

Another top-down approach consists on translating the open access information from CLMS of 

COPERNICUS into an LCZ classification with improved accuracy and spatial resolution, guaranteeing 

its' usefulness to mesoscale studies. The key innovation of such a method is delivering more accurate 

LCZ classification results when compared to the WUDAPT scheme (Oliveira, A., et al., 2020) 

The input data used in this study includes several Pan-European and local datasets readily available 

from the CLMS, such as The Urban Atlas (UA) and Corine Land Cover (CLC) Additional input from 

OpenStreetMap (OSM) shapefile layer was considered. 

Results from the current study support the ‘standardisation’ purpose by providing a GIS-based method 

that is more accurate than many examples from the WUDAPT method but possible to replicate within 

the European region. More specifically, southern European cities have several particularities that 

justify an alternative classification methodology. 
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Table 1 Summary of potential methods and tools to be used of analysing Urban Climate and UHI. (Source: Tecnalia own elaboration, 2020)  
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4 Examples of UHI  

4.1 MODENA 

The Urban Planning and Sustainability Department of the Municipality of Modena, with the help of 

the professor Muscio of the University of Modena and Reggio Emilia (expert in heat islands) created 

an algorithm to identify the absorbed radiation value (KWh) as a parameter of the potential effect of 

the heat island, with negligible wind effect in Modena. 

The aim is to develop an open elaboration on the various themes of urban design and to implement a 

software that transforms this value into sun/air temperature (air temperature if the sun was not 

there), however it cannot be correlated with the temperature measured in the stations in ° C. 

The application of this algorithm was carried out in Modena at the Craftsman's Village. The area 

studied is in the western sector of the city and is characterized by the presence of industrial district 

with few services to citizens and public areas made up of streets. 

The Redevelopment Plan of the Craftsman Village has allowed a renewal of the building stock of the 

Village, through a deep redevelopment of the existing buildings, enhancing the system of dimensional 

relationships of the fabric. 

To describe the environmental performance of a building intervention, a list of different types of 

intervention has been defined: the model considers 20 types of standard constructions that can be 

adopted in the construction of courtyard areas or a building envelope (7 for courtyard areas, 6 for 

walls vertical, 7 for horizontal covers). It includes classic or new-concept building interventions, with 

green, cool or together solutions. Specific performance values have been associated with each type 

of intervention, contributing to the classification of merits / defects related to them. 

The aim is to make a summary of the main phenomena that in the urban context are conditioned by 
the construction of buildings and specific performance parameters have been defined, thus assessing 
the benefits induced on the temperature parameter and in economic terms, for example:  
• tendency not to absorb solar radiation;  

• tendency to contain heat loss;  

• tendency to reduce meteoric flows;  

• estimate of construction costs;  
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Figure 11 Modenas approach to UHI district/ site scale.  
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Figure 12 Data and information used in Modena´s assessment of UHI 
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To date, this model can give results only on individual lots and not on large areas, we try to 
implement the model.  

In summary, the features of the software are:  

- A three-dimensional simulation model of the building lot with estimate of the incident 
irradiance on each surface, considering the orientation/inclination and the shading of the 
courtyard area.  

- A calculation model for estimating the thermal load outside a building in the summer period 
(courtyard area, walls, roofing), with the quantification of the overall effects of each scenario 
simulated by means of an output that indicates the total amount of kWh absorbed in summer 
from the surfaces of the building lot (courtyard area, walls, roofing).  

- A calculation model for estimating the thermal load within the building volume in the summer 

period, with the quantification of the overall effects of each simulated scenario by means of 

an output that indicates the total amount of kWh transmitted during the summer period 

within the building volume. 

- An inflow-outflow model capable of estimating the meteoric outflows [l/s] of urban areas (in 

reference to a critical event with fixed return time), taking into account the coefficient of 

outflow of building materials or plant surfaces (areas courtyards and roofs) and by estimating 

the reduction of runoff linked to the presence of rainwater collection tanks or lamination 

tanks.  

- Estimate of the quantification of the costs (amount of works) related to the implementation 

of the interventions, to allow a rough assessment of the cost/benefit ratio. 
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4.2 BILBAO  

Bottom-up approach to deliver an Urban Climate System Map 

 

Figure 13 Urban climatic analysis map (UC-AnMap) of Bilbao including ventilation pattern and climatopes (Source: Acero 
J.A. et al., 2013) 

 

Figure 14  Urban climatic recommendation map (UC-ReMap) of Bilbao (Source: Acero J.A. et al., 2013) 
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4.3 BARCELONA 

4.3.1 In situ measurements 

Technique In-situ measurement 

Variable Air temperature  

Time  (24 hours) 

Spatial Resolution Puntual 

 

 

Figure 15 Lineal transects in which air temperature has 
been measured in situ in the city of Barcelona (Source: 
AMB,2015) 

 

Figure 16 Isotherms maps elaborated by means of lineal 
transect measurements in the city of Barcelona (Source: 
AMB,2015) 

 

4.3.2 Satellite 

Technique Satellite: MODIS 

Variable/ Indicator Surface temperature (night-time)/ Tmin 

Time May-Sep 2011 

Spatial Resolution 250m 
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Figure 17 Land surface temperature averaged during night time hours over May-September 2011 with Urbclim (Source: 
Garciá-Diéz, M.,et al., 2016) 

4.3.3 Physical models 

Technique Urbclim 

Variable/ Indicator Surface temperature (night time)/ Tmin 

Air temperature (night time)/ Tmin 

Time May-Sep 2011 

Spatial Resolution 250m 

 

Technique WRF 

Variable/ Indicator Surface temperature (night time)/ Tmin 

Air temperature (night time)/ Tmin 

Time May-Sep 2011 

Spatial Resolution 1 km 
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Figure 18  Daily minimum air temperature in the city of Barcelona  during May-Sep 2011 with Urbclim (left) and WRF (right) 
(Source: Garciá-Diéz, M.,et al., 2016) 

 

 

Figure 19 Land surface temperature averaged during nighttime hours over May-September 2011 Urbclim (left) and WRF 
(right)  (Source: Garciá-Diéz, M.,et al., 2016) 

4.3.4 Urban Climate Map (UCM_Map): Top-down approach: WUDAPT 

Technique WUDAPT 

Variable/ Indicator LCZ 

Time n.a 

Spatial Resolution 100m  
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Figure 20  Local Climate Zones in the city of Barcelona  (Source: WUDAPT) 

4.3.5 Urban Climate Map (UCM_Map): Top-down approach: COPERNICUS 

Technique GIS-based data from COPERNUCUS 

Variable/ Indicator LCZ 

Time n.a 

Spatial Resolution 50 m 

  

 

 
Figure 21 Local Climate  Zone Classification  of Barcelona  from Copernicus data (SOURCE: Oliveira, A., et al ., 
2020) 
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4.4 BRUSELAS 

4.4.1 Physical models 

Technique Urbclim 

Variable/ Indicator Air temperature (night time)/ Number of heat days 

Time 1986-2005 

Spatial Resolution 100m 

 

 

Figure 22 Average number of heat days in Brussels for the period 1985-2005 with Urbclim. (Source: VITO) 

4.5 VIENA 

4.5.1 Physical models 

Technique MUKLIMO 

Variable/ Indicator Air temperature / Number of summer days 

Time 1981-2010/ 2021-2050/ 2071-2100 

Spatial Resolution 100m 
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Figure 23 Average number of summer days in Vienna for the period 1981-2010 (left), 2021-2050 (centre) and 2071-2100 
(right)  with MUKLIMO. (Source: Brandenburg, C et al., 2018 ) 

4.6 VALENCIA-  

4.6.1 In-situ measurements 

Technique In-situ measurement 

Variable/ indicador Air temperature / annual number of tropical nights 

Surface temperature 

Time August 2014 (24 hours) 

Spatial Resolution Puntual 

 

Figure 24 UHI effect in Valencia with in-situ measurements of air temperature and surface temperature in Valencia. 
(Source: Lehoczky A. et al., 2017) 
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Figure 25  Evolution annual of tropical nights in the city of Valencia ((Source: Lehoczky A. et al., 2017) 

4.6.2 Satellite 

Technique Satellite: MODIS 

Variable Surface temperature 

Time August 2014 (24 hours) 

Spatial Resolution 26 km 

 

Figure 26 Local Surface temperature during day at night in the city of Valencia ((Source: Lehoczky A. et al., 2017) 
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4.6.3 Physical model 

Technique URBCLIM 

Variable Air temperature (UHI effect) 

Time One summer 

Spatial Resolution 100 m 

 

 

 

Figure 27  UHI effect  of Valencia ((Source: http://www.urban-climate.eu/services/eu_cities/) 

  

http://www.urban-climate.eu/services/eu_cities/
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Annex 1 Methodology for simulating “standard day conditions” as 

input data for physical modelling.  
 “Statistical days” are generated from the statistical analysis of observed data. This annex explains 

method applied in Valencia. 

AIMs: 

The assessment of the urban climate- current and future- does have a triple aim: 

1. Delivering a Thermal Map –being a 2-dimensional spatial distribution of 
temperature, humidity and wind speed in the city, considering climate change 
scenarios. 

2. The identification of areas in the city affected by a significant thermal stress. it is 
assumed that these areas would be more vulnerable to a potential increase of 
temperature due to climate change; 

3. The definition of recommendations to inform planning decisions to reduce the 
thermal stress and there for climate change vulnerability. NbS play an important role 
here as viable and effective solutions 

METHODOLOGY: 

A 5- step methodology is suggested as illustrated bellow 
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STEP 1. CHARACTERIZATION OF WEATHER CLASSES 

Aim:  

Definition of weather types or weather classes using “typical days” which are defined in 
terms of the daily evolution of temperature. Any observed data should lie into any of these 
classes. 

Input data collected: 

• Maximum temperature  

• Minimum temperature 

• Average temperature 

• Daily thermal amplitude 

• Relative Humidity 

• Wind speed 

All data has been recorded during the last 30 years (1988 -2018) of those meteorological 
stations that are in the study area. In the case of Valencia, we have a single AEMET station. 

Station code Name Longitud Latitud Altitud 

8416 VALENCIA -0,37 39,48 11 

Methods: 

Cluster analysis (k-means) is applied to define typical days for summer and winter periods.  
In summer we will identify events such heat waves, while in winter we will find events 
related to frost and also cold waves. 

Results 

As a result, we obtain 4 classes of weather for the summer and 4 classes for the winter, 
characterized as follow: 

Summer weather classes  

o Class 1 - “Hot Day and Night”: This class has a very low thermal amplitude, its 
maximum value is the lowest of all. And it has a minimum temperatura within the 
average.  

o Class 2- “Extreme Hot Day” It is characterized by showing the highest of the maximum 
temperatures  

o Class 3- “Hot Day and Warm Night”: It has the lowest of the minimum temperatures 
and maximum temperature within the average.  

o Class 4- “Extreme Hot night”: It is characterized by having the highest of the minimum 
temperatures, with the maximum temperature within the average. 
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Winter weather classes  

o Class 1- “Very Cold Day and Night”: It is characterized by having the lowest values of 
minimum and maximum temperature. This class has a very low thermal amplitude. 

o Class 2- “Cold day” This class also has a very low thermal amplitude, with a maximum 
average temperature and a high minimum. 

o Class 3- “Frost Night and warm day”: Class with a small thermal amplitude, with the 
lowest of the minimum temperatures and a high maximum. 

o Class 4- “Warm day and Cold night” It is the class with the highest thermal amplitude. 
It has the highest of the maximum temperatures and minimum temperature within 
the average. 

We must select one class per season (one per summer and one per winter). The criteria used 
for selecting the classes are i) relevance either based on its maximum and minimum (extreme) 
values; ii) evolution of its frequency of occurrence in the future.  

In other words, in this method we are focusing on the most frequent classes with the most 
important meteorological characteristics in terms of vulnerability analysis. 

Since the reference framework for the urban climate assessment is the Climate Change 
Adaptation, the focus has been placed on the identification of situations that can generate 
greater thermal stress or situations that are dangerous to human health. Therefore, the 
selected classes are: 

• For the Summer- Class 2- “Extreme Hot Day”, showing the highest of the maximum 

and the highest minimum temperature, a very important aspect in the face of heat 

waves due to the reduced night-time cooling effect that this implies.. Generally, this 

kind of weather is associated with situations of instability, with not very low 

temperatures in high atmospheric layers, but with African air entering the peninsula 

in the lower layers- lead to vertical thermal contrast. With these characteristics, we 

obtain very high surface temperatures (30-33ºC) and, as we have said, instability due 

to vertical thermal contrast. Considering future scenarios, this class, along class 1 “Hot 

day and night”, increases the most, reaching almost a 40% probability of occurrence 

at the end of the 21st century, so its consideration is essential. 

• For the Winter-Class 3 “Frost Night and Warm Day”, showing a small thermal 

amplitude, with the lowest of the minimum temperatures and a high maximum (7 

and 14 ºC, approximately). Generally, although the situation does not have a fixed 

pattern, is associated with front activity, especially in cases with precipitation. The 

temperature presents, in several cases, an entry of warm air from lower latitudes. 

Approximately 50% of the days described by this type show precipitation. As we will 

see later, it is the one that most increases its probability of occurrence in the future, 

reaching almost 70% when considering future scenarios 2100, that is why it is very 

important to analyse this class. 
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STEP 2. FUTURE SCENARIOS  

Aim:  

To calculate how each of the selected climate variables will evolve considering climate future 
scenarios - IPCC RCP 4.5 and 8.5 for different time horizons. 

Input data collected: 

For the case of Valencia, the projected future data of each for the climate variables have been 
collected from AdapteCCa Spanish platform for sharing climate change information 

https://www.adaptecca.es/  

AdapteCCa offers the evolution of these variables taking into account different Global Climate 
Models (GCMs), therefore it is necessary to assemble the set of models to offer a reliable 
projection of each variable. 

Methods: 

Once we have the assemblies associated with each of the climatic variables, we need to 
calculate the probability of occurrence of each of the classes identified in the previous step.  

Results: 

This is remarkably important since it would allow to detect the most probable weather class 
in the future, to inform the definition of adaptation measures. 

STEP 3. METEOROLOGICAL FORZING of HISTORICAL DATA- Simulations 

Aim:  

Simulation for each of the selected weather class. In our case we do it by using the Envi-Met 
() model. This model calculates the evolution of the meteorological fields within the city 
(temperature at different levels, humidity, pressure, speed and direction of the wind, heat 
fluxes (sensible and latent), as well as derived variables), considering their interaction with 
its elements. by means of physical parameters. 

Input data collected: 

Information on meteorology (meteorological forcing) and soil characteristics is necessary. 

Meteorological forcing is the meteorological information that is imposed on the model. This 
is made up of daily cycles of the atmospheric variables from which the calculations are 
made, it is the atmospheric signal at a height of 30 meters, the same for both rural and 
urban areas. 

This step precisely calculates the meteorological forcing associated with each of the 
variables required as input to the Envimet model: 

https://www.adaptecca.es/
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• Average hourly temperature 

• Hourly relative humidity 

• Hourly wind data 

Methods: 

In our case, for the definition of daily cycles we will use observed actual hourly data, 
extracted from the station located in Valencia for the period 1988-2018 (last 30 years). 
Based on these data and with the information collected in the previous step (specific days 
associated with each identified time class), the hourly data for the days corresponding to 
each identified time class must be selected. 

Once the hourly data for each day were collected, the means for each hour of the day are 
calculated, obtaining two average daily cycles (with and without precipitation) per class for 
each of the variables used in the forcing. 

Results: 

Simulated weather classes 

STEP 4. DAILY DELTAS in future climate change scenarios 

Aim:  

To calculate the Deltas associated with each climatic variable in future climate change 
scenerios (RCP 4.5, 8.5), that is the daily projected change of each of the climatic variables 
analysed. 

Input data collected: 

Data collected in the previous step and  

Selected historical data (not observed but simulated) offered by the AdapteCCa climate 
scenario viewer 

Methods: 

In this step, the deltas associated with each GCM model contemplated in the AdapteCCa 
viewer will be calculated first and then an assembly of all the considered models will be 
performed. 

Results: 

Daily Deltas per each climate variable considering climate change scenarios. 
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STEP 5. METEOROLOGICAL FORZING OF DIARY DELTAS  

Aim:  

To calculate hourly Deltas for each climate variable considering climate change scenarios 
(RCP 4.5, 8.5) 

Input data collected: 

− Daily Deltas obtained in Step 4 

− Simulated weather classes obtained in Step 3 

Methods: 

The daily DELTAS data obtained in Step 4, are forced to calculate the hourly deltas that are 
needed to be applied to the data obtained in Step 3. 

Results: 

Hourly Deltas per each climate variable considering climate change scenarios 
 

INTERPRETATION  

Identification of areas in the city affected by a significant thermal stress  
As a result of the simulations, in previous steps, we could deliver the spatial distribution and 
temporal evolution of both, the climate variables and the terms involved in the surface energy 
balance equation (net radioactive flux, sensible heat flux, latent heat flux,  anthropogenic heat 
flux, stored heat). 

Land use classification 

The surface characteristics are defined by ‘soil types’, obtained by a combination of certain 
characteristics, such as: surface material, height and width of buildings, width of streets, 
percentage of vegetation coverage, and its average height and type, percentage of built-up 
area, etc.  

All these characteristics interact with the atmosphere, and we can detect areas with similar 
characteristics in terms of their thermal response, assuming those characteristics as an 
average associated with the resolution of 142.5x194m that has been used. Each of these 
zones has been assigned a soil typology. 

We are suggesting four ‘type’ zones, which are (Hidalgo et al., 2008): 

- Urban core area: Dense and very dense areas of the city center, with sparse vegetation. 

- Residential suburban area: Sparse area intended almost exclusively for households. 
Moderately tall and spaced buildings, with a high percentage of Parkland, 
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- Non-residential suburban area: Area with shopping centers, malls and industrial activity, 
wide streets and very little vegetation. 

- Rural area: Surroundings of the city, areas occupied with crop fields, does not include small 
towns around the capital). 

The climatic values obtained for each ‘type’ zone have been calculated by spatial average of 
the results emerged from the model. 

Zone analysis 
The analysis by zones has been carried out considering the summer situation and that of 
winter separately. 
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