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ABSTRACT 

The Urban Heat Island (UHI) effect is a typical phenomenon of urban climate, where the temperature of 

central urban locations is several degrees higher than that of surrounding rural areas of similar elevation; 

the temperature difference is especially pronounced during night-time. Although the UHI effect has long 

been studied through ground-based observations, the possibility of thermal remote sensing using spacecraft 

and/or airborne platforms has become available only relatively recently, providing innovative ways for the 

observation and study of the UHI effect. 

Following an initiative of the European Space Agency (ESA) to improve our understanding of the 

complexities of how urban heat islands arise, a relevant project entitled “Urban Heat Islands and Urban 

Thermography” has been under way to study the UHI effect in major European cities through the 

combination of ground-based observations and spacecraft remote sensing. In this paper we report 

preliminary results of this project pertaining to the metropolitan area of Athens, Greece, where also 

airborne remote sensing observations became available through the ESA-funded Thermopolis 2009 

campaign, coordinated by the Democritus University of Thrace and implemented by a wide consortium. 

 

1. INTRODUCTION 
 

In November 2008 a consortium of several institutes and companies from five European 

countries started the implementation of the project Urban Heat Islands and Urban 

Thermography (UHI), funded by the European Space Agency (ESA). The consortium 

consists of Planetek Italia s.r.l., as the coordinator, the Institute for Space Applications 

and Remote Sensing of the National Observatory of Athens (NOA-ISARS, Greece), the 

Flemish institute for technological research (Vlaamse Instelling voor Technologisch 

Onderzoek – VITO, Belgium), and the companies Indra (Spain), EDISOFT S.A. 

(Portugal) and EUROSENSE (Belgium). Furthermore, the Laboratory of Atmospheric 

Physics of the Aristotle University of Thessaloniki (Greece) participates in the project 

through a partnership with NOA-ISARS.  

The main goal of the UHI project is the integration of satellite remote sensing 

observations – acquired mainly in the Thermal Infrared (TIR) part of electromagnetic 

radiation – with weather and ancillary ground measurements (e.g. temperature, relative 

humidity and wind speed) into urban meteorological and climate modelling. The long-

term aim is to help decision and policy makers in better forecasting, preventing and 

mitigating the impact of Urban Heat Islands during heat waves, through appropriate alert 

systems, and in reducing the risk through dedicated urban land planning. Another 

important objective of the project is to study the mission requirements for a high 
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resolution thermal infrared (TIR) satellite sensor that could serve at best the needs of all 

public administrations requesting more adequate UHI observations in metropolitan areas. 

The third objective of the project is to study how TIR observations from space can 

support the implementation of urban energy efficiency policies.  

In order to support the implementation of Earth Observation Programmes the European 

Space Agency regularly carries out coordinated ground-based and airborne campaigns. In 

the framework of the UHI project, the Thermopolis 2009 campaign was run with the 

purpose to complement the proposed activities for Athens, Greece. This campaign 

combined concurrently-acquired observed airborne hyper-spectral, space-borne and in-

situ ground measurements to generate spectrally and geometrically representative datasets 

with the purpose to address observational requirements of the UHI project. 

 

2. DATA ACQUISITIONS 
 

During the period 15 July to 2 August 2009, the CERTH (Center for Research and 

Technology Hellas) and INTA (Spain) airborne optical systems, as well as the ground 

instruments of CERTH, National Observatory of Athens, National Technical University 

of Athens, World Radiation Center (CH) and Global Change Unit of the University of 

Valencia, were deployed in the Athens Metropolitan area to match the Thermopolis 2009 

campaign requirements. In addition to the airborne and ground-based observations, 

satellite images from a variety of space-borne sensors covering a wide range of spatial 

and spectral resolution were collected.  

 

2.1 Ground-based measurements 
 

Quality assured ground-based measurements have been performed during Thermopolis 

2009 campaign. The core measurement period for the ground-based instrumentation was 

15-31 July 2009; however, some of the ground-based instrumentation has been operated 

for 1 full month (15 July - 15 August 2009 – e.g. the meteorological stations, allowing 1-

month of UHI measurements). For the two weeks of the intensive period of the campaign, 

three different kinds of ground-based measurements were carried out:  

 Atmospheric columnar and vertical profile measurements of aerosol, clouds, and 

water vapour to be used for atmospheric corrections of satellite imagery. 

 Measurements for characterizing the Athens urban heat island (UHI), such as the 

air temperature among others, which will be used to analyze the effect and the 

evolution of the UHI during the experiment. 

 Radiometric measurements, which will be used for calibration/validation of 

parameters extracted from the airborne data.  

Figure 1 shows the selected experimental sites, where ground measurements were 

collected. Different symbols refer to different type of ground-based measurements and 

different colours refer to the different Institutes/Universities and Greek Agencies 

participating in the campaign.  

Temperature, water vapour, wind and aerosols columnar/vertical profile measurements 

performed at Athens during the Thermopolis 2009 campaign have been used to perform 

accurate atmospheric correction of satellite imagery. Examples of the ground-based 

measurements are presented in section 3. 
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FIGURE 1. Ground-based measurement sites. 

 

2.2 Satellite acquisitions 
 

High spatial resolution image data were collected from the Spaceborne Thermal Emission 

and Reflection Radiometer (ASTER) and Landsat TM sensors. Also, satellite images 

from the Moderate Resolution Imaging Spectroradiometer (MODIS), the Advanced Very 

High resolution Radiometer (AVHRR) and the Advanced Along-Track Scanning 

Radiometer (AATSR) moderate spatial resolution radiometers as well as the MSG-2 

SEVIRI coarse spatial resolution but fine temporal resolution radiometer were acquired. 

ASTER is a radiometer on-board the EOS Terra satellite platform, which records spectral 

information on Earth‟s surface objects at 15 distinct spectral bands from the reflective to 

the thermal infrared (TIR) parts of the electromagnetic radiation (EMR) at a spatial 

resolution that is ranging from 15 to 90 m, acquiring data every 16 days. Landsat TM is 

also a high spatial resolution multispectral sensor which records the reflected and emitted 

energy from Earth‟s objects in 7 spectral bands from the visible to the TIR and at a spatial 

resolution ranging from 30 to 120 m. TM sensor has one TIR spectral band, which has a 

spatial resolution of 120 m, in comparison to ASTER, which has 5 thermal bands and a 

spatial resolution 90 m. The AATSR sensor is on-board ESA‟s ENVISAT platform and 

records the reflected and emitted energy of Earth‟s objects at 7 spectral bands from the 

visible to the thermal infrared parts of EMR and at spatial resolution of 1.1 km at nadir. A 

unique characteristic of this sensor, which has 2 thermal bands, is its dual-view design 

that allows accounting for the direct measurement of the effect of the atmosphere to the 

observations acquired. This results in an improved ability of the sensor to provide 

accurate atmospheric correction of the data, allowing accurate retrieval of land surface 

temperature. AVHRR radiometer records information in 5 spectral bands from the visible 

to the thermal infrared and at a spatial resolution of 1.1 km and the sensor revisit period is 

twice daily, one daytime and one night-time. Currently, more than one AVHRR sensors 
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are in orbit on various NOAA/POES satellites, with the most recent one being the 

NOAA-19 platform.  On the other hand, MODIS is a key instrument onboard both Terra 

and Aqua NASA satellites. This sensor has 36 spectral bands from the visible to thermal 

infrared and a spatial resolution within this spectral range varying from 250 m to 1 km. 

Terra's platform orbit around the Earth is timed so that it passes from north south across 

the equator in the morning, while Aqua platform passes south to north over the equator in 

the afternoon. Regarding SEVIRI, this radiometer is on board the Meteosat Second 

Generation (MSG-2) geostationary satellite, which allows observations of whole Europe 

every 15 minutes. SEVIRI has 12 spectral bands, five of which are operative in the 

infrared wavelengths.  

For the purposes of the Thermopolis 2009 objectives, all available satellite images which 

were acquired during the period of the campaign were obtained to study the UHI 

phenomenon in the metropolitan area of Athens. In particular, regarding the high spatial 

resolution sensors, two ASTER images (acquisition dates: 30.06.2009, 16.07.2009) and 

one Landsat TM image (acquisition date: 24.07.2009) were acquired. From the moderate 

resolution AATSR instrument, were obtained all the 5 overpasses of the sensor during the 

campaign period (acquisition dates 14.07.2009, 15.07.2009, 18.07.2009, 21.07.2009, 

24.07.2009). Regarding MODIS Terra and Aqua as well as AVHRR, all the available 

images acquired during the period of the campaign were obtained for further processing. 

These images included approximately 4 scenes per day, both daytime and night-time, as 

an average from both MODIS and AVHRR sensors. Furthermore, AVHRR images in 

particular were collected in near-time during the period of the Thermopolis campaign 

from the satellite receiving station that operates on the premises of NOA- ISARS. In all 

the above sensors, the image data that were collected included the geolocated radiances at 

the sensor, although specifically for MSG-SEVIRI, the Land Surface Temperature (LST) 

validated operationally available product was obtained from Landsaf (Landsaf User‟s 

Manual, 2008). ASTER images were acquired via a successful data acquisition request 

which was placed to ASTER IMS by ISARS/NOA and were subsequently obtained from 

the IMS archive
1
. The Landsat TM as well as the MODIS images were obtained from 

NASA‟s WIST
2
 archive, whereas the AVHRR and MSG-2 SEVIRI data from the NOAA 

Class
3
 and Landsaf

4
 archives respectively.  

 

2.3 Forecast Model 
 

During the Thermopolis campaign, the Weather Research and Forecasting (WRF) model 

was used to produce forecasts of air temperature and cloud coverage. This work was 

carried out as part of the requirements of the Demo Phase of the UHI project. WRF is a 

next-generation, state-of-the-art mesoscale NWP system, designed to serve both 

operational forecasting and atmospheric research needs. In the framework of the UHI 

project, WRF has been chosen as the core model for developing a UHI Forecasting 

Service (UHI-FS), mainly due to its versatility in terms of allowing for multiple 

modifications relevant to the simulation of the complex urban environment.  

 

                                                 
1
 http://imsweb.aster.ersdac.or.jp/ims/html/MainMenu/MainMenu.html  

2
 https://wist.echo.nasa.gov/~wist/api/imswelcome/  

3
 http://www.nsof.class.noaa.gov/saa/products/  

4
 http://landsaf.meteo.pt/  

http://imsweb.aster.ersdac.or.jp/ims/html/MainMenu/MainMenu.html
https://wist.echo.nasa.gov/~wist/api/imswelcome/
http://www.nsof.class.noaa.gov/saa/products/
http://landsaf.meteo.pt/


10ο COMECAP 2010, ΠΡΑΚΣΙΚΑ ΢ΤΝΕΔΡΙΟΤ    --    10th COMECAP 2010, CONFERENCE PROCEEDINGS 

 

25 – 28/5/2010, PATRAS, GREECE   473 
 

For the context described above, the WRF model was set up to perform high resolution 

(i.e. 1-km) 72-hour simulations for the city of Athens. The main objective of these 

simulations was to examine the model‟s accuracy in terms of forecasting air temperature 

(AT) distribution in the area of study, as well as providing cloud cover forecasts to assist 

the scheduling of the airborne measurements. Moreover, the validation of the model‟s Air 

Temperature (AT) forecasts against ground-based observations enabled us to identify its 

weaknesses and to pinpoint potential solutions in order to improve forecasts‟ accuracy.    

 

3. DATA ANALYSIS 
 

3.1 Ground-based measurements 
 

During the Thermopolis campaign, sunphotometric measurements of the aerosol load 

over the study area were continuously performed at the radiometric stations of NOA-

ISARS (Figure 2 (a)). 

  

(a) (b) 

FIGURE 2. (a) NOA‟s radiometric station in Academy of Athens and (b) Aerosol Optical Depths 

at 8 wavelengths retrieved by AERONET for Athens CIMEL for July 2009, along with UV-MFR 

retrievals for the UV wavelength. 

 

Selected time-series of sunphotometric measurements from the Aerosol Optical Depth 

(AOD) data collected are illustrated inFigure 2(b). In addition, the columnar water vapour 

content was measured performed by the Athens CIMEL sunphotometer. These 

measurements have been used for atmospheric corrections on the algorithms used for 

airborne and satellite temperature retrievals. 

Temperature and Relative Humidity ground-based measurements have been performed at 

26 stations operated especially during the Thermopolis 2009 campaign for characterizing 

the UHI extend and evolution. A contour map created from these measurements on 18 

July 2009 at 11:00 UTC is presented in Figure 3. 

 

3.2 UHI Landsat TM LST & emissivity 
 

A key deliverable of the UHI project includes computation and validation of spatially 

distributed maps of land surface temperature (LST) from the acquired Landsat TM 

images, as this parameter is of key value in mapping and understanding the spatial 

patterns of UHI phenomenon. 
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In the present study, LST maps were derived by applying to the acquired TM images the 

algorithm of Jiménez-Muñoz et al. (2009). In comparison to other mono-window 

algorithms, this method has the advantage of being more general and concise, requiring 

only a very small number of parameters to be set for its implementation. Such 

characteristics are important, if an operational use of LST maps is borne in mind, as is the 

aim  

 

FIGURE 3. Temperature contour map derived by ground-based measurements at 26 stations in 

Athens on 18 July 2009, 11:00 UTC. 

 

of the UHI project. According to Jiménez-Muñoz et al. (2009) LST is computed based on 

the following general formula: 

  




 







 321 )(

1
sens LT        (1) 

 

where Ts is LST, γ and δ are two parameters dependent on Planck‟s function, ς1, ς2 and  

ς3 are related to atmospheric components and ε is the band 6 emissivity. 

In the algorithm ε is computed from a simplification of the NDVI
THM

 (NDVI Thresholds 

Method) from Sobrino et al. (2001) and Sobrino et al. (2008), with the formula provided 

by Jiménez-Muñoz and Sobrino (2009). NDVI thresholds for the soil and vegetation are 

taken directly from the TM image. Typical values for NDVI thresholds proposed by the 

authors in Sobrino et al. (2000) to apply the method in global conditions are NDVIv = 0.5 

and NDVIs = 0.2. With regard to the ς1, ς2 and ς3 coefficients, these functions are 

retrieved multiplying atmosphere coefficients obtained by simulation by water vapour 

concentration (WV). In the present study, the values for the ς1, ς2 and ς3 coefficients 

used obtained from the “SAFREE402” database (see Jiménez-Muñoz et al., 2009), 

whereas for each date for which a TM image was available the WV parameter was 

derived from the corresponding MODIS water vapour product (Gao and Kauffman, 

1998). An example of an LST map produced from Landsat TM imagery through the 

application of the above algorithms is shown in Figure 4(a). The figure shows that the 

central urban areas appear to be cooler (in terms of LST) than the surrounding rural areas. 

Two intense „hot spots‟ appear in the two industrial zones to the East of the Athens 

greater area (Megara and Aspropyrgos). This pattern is consistent in a large image 



10ο COMECAP 2010, ΠΡΑΚΣΙΚΑ ΢ΤΝΕΔΡΙΟΤ    --    10th COMECAP 2010, CONFERENCE PROCEEDINGS 

 

25 – 28/5/2010, PATRAS, GREECE   475 
 

archive acquired and processed during the UHI project and will be described in detail in a 

future publication. It is observed also in coarser spatial resolution images (e.g. MODIS, 

see Figure 4(b)). The land surface temperature pattern is reversed during the night when 

the urban areas exhibit higher temperatures than the suburban ones (e.g. Figure 4(c)).  

 

 

  

(a) (b) (c) 

FIGURE 4. Selection of LST maps from the Greater Athens Area acquired (a) by Landsat TM on 

24.07.2009, (b) by MODIS on 16.07.2009 daytime and (c) by MODIS on 16.07.2009 night-time. 

 

3.3. Forecast Data 

The forecast service provided by the Laboratory of Atmospheric Physics, Aristotle 

University of Thessaloniki, was available for the city of Athens for the period 22.07.2009 

–31.08.2009. During the demonstration phase, 80% of the forecasts for the city of Athens 

were accomplished successfully. Figure 5(a) presents the WRF forecasted AT field in the 

area of study, on 25th July 2009 at 12-UTC (15-EEST). As it is shown, the model 

predicts an air temperature distribution that is typical of an urban heat island. However, 

when comparing with ground-truth data, it is evident that AT is underestimated by the 

WRF by 2-3
o
C. This observation can be associated to the specific land-surface scheme 

that was employed in these simulations (five-layer thermal diffusion), as well as to the 

coarse representation of urban land cover in the area of interest. Current research focuses 

on the exploitation of more updated and detailed high resolution land cover data (e.g. 

CLC2000), as well as more detailed lad-surface schemes. Furthermore, the utilization of 

satellite-derived surface properties data (i.e. albedo, roughness length and emissivity), 

instead of the WRF model‟s default datasets, could potentially improve the accuracy of 

AT simulations. Apart from the AT forecast the consortium of the Thermopolis campaign 

has been provided daily with cloud cover forecast maps (Figure 5(b)). These were 

discussed extensively during weather forecast briefings to fine-schedule the aircraft 

flights of the following day.   

 

4. FIRST RESULTS 
 

4.1 Satellite vs. satellite and satellite vs. ground LST 
 

For the validation of the Landsat TM LST map acquired on 24.07.2009, the availability 

of concurrent (or nearly concurrent) ground observations from the Thermopolis 

campaign, allowed validation via direct point-by-point comparisons with the ground 

observations. The pixel comparisons performed at the exact time of the satellite overpass 

(i.e. from a fixed mask over bare soil) showed a LST difference of < 1 K, which is 

considered very reasonable for the algorithm performance. However, further comparisons 
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of the Landsat derived LST were performed against the MODIS Level 2 Product 

(reference dataset) and yielded a mean LST difference for the entire dataset of 2.6 K and 

a standard deviation of approximately 3.6 K.  

 

 

 

(a) (b) 

FIGURE 5. (a) Air Temperature forecast in the greater Athens area, valid on 25.07. 2009, 12-UTC, 

(b) Cloud Cover forecast in the greater Athens area, valid n 27.07.2009, 06-UTC (09-EEST). 

 

The discrepancies in the LST agreement between the two compared datasets can be 

attributed to a number of reasons, including a possible geographic mis-registration 

between the compared datasets, the error inherited in the LST MODIS Terra Level 2 

products (used as reference dataset) as well as their difference in their overpass times  

Generally, results obtained so far, although preliminary, suggest that the validation of the 

LST retrievals from Landsat TM sensor using the considered here algorithm deserves 

further investigation, especially if an operational use of this is indented.  The LST 

comparisons of the Landsat TM versus corresponding maps produced from the thermal 

airborne data acquired concurrently to the TM image during Thermopolis 2009 

campaign, are expected to contribute dramatically to an all-inclusive accuracy assessment 

of the LST retrievals from the TM sensor, and also to a better understanding of the UHI 

phenomenon for the region of Athens.  

 

4.2 Model vs. ground AT 
 

The forecasted Air Temperature (AT) product has been validated against ground-truth 

data for the period of the Thermopolis campaign. For each pair of data sets, the relative 

percentage difference along with the absolute difference of the forecasted product against 

the ground-truth measurement is calculated. Final results for the urban area of Athens are 

presented in Table 1 for each forecasted AT retrieval and for the total of 16 stations 

selected.  

The calculated mean relative AT difference from the entire dataset was found equal to 

12.04% with a standard deviation of 4.26% while the mean absolute AT difference is 

2.9
0
C with a standard deviation of 1.64

0
C. According to the validation results, the 
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forecasted AT product slightly underestimates ground-based temperatures. The 

correlation coefficient between forecasted and GB ATs was found to be ~0.8. 
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TABLE 1. Mean differences for each forecasted AT retrieval during THERMOPOLIS for the total 

of 16 ground-based stations selected. 

 

Date (yyyymmddhhmm) 
Mean relative 
difference (%) 

Standard 
Deviation 

Absolute 
Difference 

Standard 
Deviation 

200907221147 8.08 3.79 2.52 1.29 

200907231137 13.44 2.71 4.27 0.98 

200907241126 20.71 2.99 7.37 1.16 

200907281226 11.12 3.18 3.37 1.09 

200907291216 12.22 3.10 3.79 1.08 

200907301205 8.81 3.52 2.74 1.20 

200907311200 9.89 3.31 3.22 1.17 
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ΠΔΡΙΛΗΦΗ 
Η εξγαζία απηή έρεη σο αληηθείκελν ηε δηεξεύλεζε ησλ βηνθιηκαηηθώλ ζπλζεθώλ πνπ επηθξάηεζαλ 

ζηελ επξύηεξε πεξηνρή ηεο πόιεο ησλ Αζελώλ (ΔΠΑ), θαηά ηε δηάξθεηα ησλ εηώλ 2001-2005, ζε έμη 

δηαθνξεηηθέο πεξηνρέο. Με βάζε ηα απνηειέζκαηα, δηαπηζηώλεηαη ζε πνηεο ώξεο ηεο εκέξαο επηθξαηεί ζηνλ 

πιεζπζκό ζεξκηθή άλεζε ή δπζθνξία ιόγσ δπζκελώλ κεηεσξνινγηθώλ ζπλζεθώλ. Δπίζεο, δηαπηζηώλεηαη 

ε δηάξθεηα-εκκνλή ηνπ θαηλνκέλνπ κέζα ζην 24σξν, θαζώο επίζεο θαη ν αξηζκόο ησλ δηαδνρηθώλ εκεξώλ 

κε ζεξκηθή δπζθνξία ηνπ πιεζπζκνύ, θαηά ηε δηάξθεηα ηεο ζεξκήο πεξηόδνπ ηνπ έηνπο. Σέινο, κειεηάηαη 

ηόζν ε κεηαβιεηόηεηα όζν θαη ε ηάζε ησλ βηνθιηκαηηθώλ ζπλζεθώλ ζηε δηάξθεηα ηεο ππό κειέηε 

πεληαεηίαο. 

 

BIOCLIMATIC CONDITIONS IN THE GREATER ATHENS AREA: TRENDS, 

VARIABILITY AND PERSISTENCE  
 

K.P. MOUSTRIS
1
, I.X. TSIROS

2
, I.K. LARISSI

3
 AND A.G. PALIATSOS

4
 

 
1
Department of Mechanical Engineering, TEI of Piraeus 

2
Department of Geological Sciences and Atmospheric Environment, Agriculture University 

of Athens 
3
Electronic Computer Systems Engineering Department, TEI of Piraeus 

4
General Department of Mathematics, TEI of Piraeus    

 

ABSTRACT 
The aim of this work is the study of bioclimatic conditions in the greater Athens area (GAA) for six 

different regions during the time period 2001-2005. The analysis is performed using the bioclimatic index 

Cooling Power which was calculated on an hourly basis based on data of air temperature and wind speed. 

Results show what times of the day thermal comfort or discomfort occurs due to unfavourable 

meteorological conditions. The discomfort persistence within 24 hours and for consecutive days is also 

investigated. Finally, both the variability and the trend of the bioclimatic conditions according to the 

applied index are investigated during the examined period. 

 

 

1. ΔΙ΢ΑΓΧΓΗ 
 

Σν θαηλόκελν ηεο ζεξκήο αζηηθήο λεζίδαο είλαη ίζσο ην πην απνδεδεηγκέλν θαηλόκελν 

ησλ θιηκαηηθώλ αιιαγώλ (Zoulia et al., 2009). Σν θαηλόκελν απηό ζπλίζηαηαη ζηηο κεγάιεο 

ζρεηηθά δηαθνξέο ζηε ζεξκνθξαζία ηνπ αέξα κεηαμύ ησλ πεξηνρώλ ηνπ θέληξνπ κηαο 

κεγαινύπνιεο, ζε ζρέζε κε ηηο θνληηλέο ζην θέληξν πεξηνρέο-πξνάζηηα ηεο πόιεο. Οη 

ζεξκνθξαζηαθέο απηέο δηαθνξέο θπκαίλνληαη από 1 έσο θαη 10 
0
C (Mihalakakou et al., 

2002). Η έληαζε ηνπ θαηλνκέλνπ θαη ησλ ζεξκνθξαζηαθώλ δηαθνξώλ εμαξηάηαη από ην 

κέγεζνο ηεο πόιεο, ηνλ πιεζπζκό θαη ηε βηνκεραληθή ηεο αλάπηπμε, ηελ ηνπνγξαθία ηεο, 



10ο COMECAP 2010, ΠΡΑΚΣΙΚΑ ΢ΤΝΕΔΡΙΟΤ    --    10th COMECAP 2010, CONFERENCE PROCEEDINGS 

 

25 – 28/5/2010, PATRAS, GREECE   479 
 

ηε θπζηθή δηάηαμε, ην πεξηθεξεηαθό θιίκα αιιά θαη ηηο κεηεσξνινγηθέο ζπλζήθεο (Oke, 

1987). Σα ηειεπηαία ρξόληα έρεη γίλεη έλα κεγάιν πιήζνο κεηξήζεσλ θαη κειεηώλ ζηελ 

πόιε ηεο Αζήλαο πνπ δίλνπλ ηε δπλαηόηεηα κηαο πνιύ πην ζαθνύο γλώζεο ηνπ θαηλνκέλνπ 

ζηελ ΔΠΑ (Angouridakis and Makrogiannis, 1982; Santamouris et al., 1998, Santamouris 

et al., 1999; Mihalakakou et al., 2004), αιιά θαη ησλ επηπηώζεσλ πνπ κπνξεί λα έρεη ην 

θαηλόκελν απηό ζηελ πγεία ησλ θαηνίθσλ ηεο ΔΠΑ (Katsouyianni et al., 1988; Tselepidaki 

et al., 1992; Katsouyianni et al., 1993; Panagiotakos et al., 2004; Bartzkokas et al., 2003; 

Nastos and Matzarakis, 2006), ζηηο ελεξγεηαθέο απαηηήζεηο ησλ θηεξίσλ, ζην πεξηβάιινλ 

ηεο πεξηνρήο, ζηε ρισξίδα ηεο θιπ. 

΢ηελ εξγαζία απηή γίλεηαη κηα δηεξεύλεζε ησλ βηνθιηκαηηθώλ ζπλζεθώλ πνπ 

επηθξάηεζαλ ζηελ ΔΠΑ θαηά ηε ζεξκή πεξίνδν ησλ εηώλ 2001-2005, κε ηε ρξήζε ελόο 

βηνθιηκαηηθνύ δείθηε πνπ πεξηγξάθεη ηελ αλζξώπηλε ζεξκηθή άλεζε-δπζθνξία ιόγσ 

δπζκελώλ κεηεσξνινγηθώλ ζπλζεθώλ. 

 

 

2. ΓΔΓΟΜΔΝΑ ΚΑΙ ΜΔΘΟΓΟΛΟΓΙΑ 
 

Η αλζξώπηλε ζεξκηθή άλεζε-δπζθνξία ιόγσ δπζκελώλ κεηεσξνινγηθώλ ζπλζεθώλ 

κπνξεί λα αμηνινγεζεί κε έλα κεγάιν αξηζκό ζεσξεηηθώλ θαη εκπεηξηθώλ 

δεηθηώλ ζεξκηθήο άλεζεο-δπζθνξίαο πνπ απαηηνύλ γηα ηνλ ππνινγηζκό ηνπο κεγαιύηεξν ή 

κηθξόηεξν αξηζκό παξακέηξσλ εηζαγσγήο όπσο ε ζεξκνθξαζία ηνπ αέξα, ε ηαρύηεηα ηνπ 

αέξα, ε ειηαθή αθηηλνβνιία, ε ζρεηηθή πγξαζία ηνπ αέξα, ε ειηθία ηνπ αηόκνπ θαη ε 

θαηάζηαζε ζηελ νπνία βξίζθεηαη, ν ξνπρηζκόο θιπ. (Ginovi, 1998; Givoni et al., 2003). 

Γηα ηνλ πξνζδηνξηζκό ηεο ζεξκηθήο άλεζεο-δπζθνξίαο ησλ θαηνίθσλ ηεο ΔΠΑ, ζηελ 

εξγαζία απηή, ρξεζηκνπνηήζεθε έλαο δείθηεο ζεξκηθήο άλεζεο-δπζθνξίαο γλσζηόο σο 

δείθηεο ςπθηηθήο ηζρύνο (Cooling Power-CP) πνπ αλαπηύρζεθε θαη πξνηάζεθε από ηνπο 

Siple θαη Passel ην 1945. Έλαο βαζηθόο ιόγνο πνπ ρξεζηκνπνηήζεθε απηόο ν βηνθιηκαηηθόο 

δείθηεο είλαη όηη ππνινγίδεηαη ζρεηηθά εύθνια, αθνύ απαηηεί κόλν ηηκέο ηεο ζεξκνθξαζίαο 

θαη ηεο ηαρύηεηαο ηνπ αέξα, δεδνκέλα πνπ είλαη ζρεηηθά εύθνιν λα θαηαγξαθνύλ. Με ηε 

ζπλάξηεζε (1) δίλεηαη ε ζρέζε ππνινγηζκνύ ηνπ βηνθιηκαηηθνύ δείθηε ζεξκηθήο άλεζεο-

δπζθνξίαο CP (Tzenkova et al., 2003). 

               T33VV1045.10163.1CP                                 (1) 

όπνπ, V ε ηαρύηεηα αλέκνπ (m/s) θαη Σ ε ζεξκνθξαζία αέξα (
0
C). Ο δείθηεο CP έρεη σο 

κνλάδα κέηξεζεο ην W/m
2
 θαη εθθξάδεη νπζηαζηηθά ηε δπλαηόηεηα πνπ έρεη ην αλζξώπηλν 

ζώκα λα αληαιιάζεη πνζά ζεξκηθήο ελέξγεηαο κε ην πεξηβάιινλ ηνπ κε ζηόρν ηελ ςύμε 

ηνπ. Όηαλ ν δείθηεο CP παίξλεη ζεηηθέο ηηκέο, απηό ζεκαίλεη όηη ην ζώκα κπνξεί λα 

απνβάιιεη πξνο ην πεξηβάιινλ πνζά ζεξκόηεηαο θαη λα ςύρεηαη. Αληίζεηα, όηαλ ν δείθηεο 

CP παίξλεη αξλεηηθέο ηηκέο απηό ζεκαίλεη όηη ην αλζξώπηλν ζώκα πξνζιακβάλεη πνζά 

ζεξκόηεηαο από ην πεξηβάιινλ, κε απνηέιεζκα ηε ζέξκαλζή ηνπ. Η θαηάηαμε ηνπ 

αηζζήκαηνο ηεο ζεξκηθήο άλεζεο-δπζθνξίαο κε βάζε ηηο ηηκέο ηνπ δείθηε CP δίλεηαη ζηνλ 

Πίλαθα 1 (Μνπζηξήο, 2009). 

Σα δεδνκέλα πνπ ρξεζηκνπνηήζεθαλ παξαρσξήζεθαλ από ηε Γηεύζπλζε Διέγρνπ 

Αηκνζθαηξηθήο Ρύπαλζεο θαη Θνξύβνπ (ΓΔΑΡΘ) ηνπ Τπνπξγείνπ Πεξηβάιινληνο 

Δλέξγεηαο θαη Κιηκαηηθήο Αιιαγήο (ΤΠΔΚΑ) θαη αθνξνύλ σξηαίεο ηηκέο ηεο 

ζεξκνθξαζίαο ηνπ αέξα (
0
C) θαη σξηαίεο ηηκέο ηεο ηαρύηεηαο ηνπ αλέκνπ (m/s), γηα ηε 

ρξνληθή πεξίνδν 2001-2005 θαη γηα έμη δηαθνξεηηθέο ζέζεηο θαηαγξαθήο ηνπ δηθηύνπ ηεο 

ΓΔΑΡΘ. ΢πγθεθξηκέλα γηα ηνπο ζηαζκνύο Αγία Παξαζθεπή (ΑΓΠ), Γεσπνληθή (ΓΔΧ), 

Ληόζηα (ΛΙΟ), Παηεζίσλ (ΠΑΣ), Θξαθνκαθεδόλεο (ΘΡΑ) θαη Λπθόβξπζε (ΛΤΚ). 
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ΠΙΝΑΚΑ΢ 1. Σαμηλόκεζε ηεο ζεξκηθήο άλεζεο-δπζθνξίαο κε βάζε ηηο ηηκέο ηνπ δείθηε CP 

CP (W/m
2
) Αίζθημα ποσ δημιοσργείηαι 

CP≤0 Πνιύ ηζρπξή δπζθνξία ηνπ πιεζπζκνύ ιόγσ δέζηεο 

0<CP≤174 Ιζρπξή δπζθνξία ηνπ πιεζπζκνύ ιόγσ δέζηεο 

174<CP≤349 Μεξηθή δπζθνξία ηνπ πιεζπζκνύ ιόγσ δέζηεο 

349<CP≤699 Αίζζεκα ζεξκηθήο άλεζεο ζηνλ πιεζπζκό 

699<CP≤1049 Μεξηθή δπζθνξία ηνπ πιεζπζκνύ ιόγσ ςύρνπο 

      CP≥1050 Πνιύ ηζρπξή δπζθνξία ηνπ πιεζπζκνύ ιόγσ ςύρνπο 

 

Τπνινγίζηεθαλ ζε σξηαία βάζε νη ηηκέο ηνπ δείθηε CP, γηα ηε ρξνληθή πεξίνδν 2001-

2005 θαη γηα ηηο έμη πξναλαθεξζείζεο πεξηνρέο, γηα ηα ζεξκή πεξίνδν ηνπ έηνπο. Χο ζεξκή 

πεξίνδνο ηνπ έηνπο ιήθζεθε ε ρξνληθή πεξίνδνο κεηαμύ ησλ κελώλ Μαΐνπ-΢επηεκβξίνπ 

(Μνπζηξήο, 2009). ΢ηε ζπλέρεηα ππνινγίζηεθε ν αξηζκόο ησλ δηαδνρηθώλ εκεξώλ κε πνιύ 

ηζρπξή (CP≤0 W/m
2
) ή ηζρπξή ζεξκηθή δπζθνξία (0<CP≤174 W/m

2
), θαζώο επίζεο θαη ν 

αξηζκόο ησλ δηαδνρηθώλ σξώλ, ζηε δηάξθεηα ηνπ 24σξνπ, κε πνιύ ηζρπξή ή ηζρπξή 

ζεξκηθή δπζθνξία. 

 

 

3. ΑΠΟΣΔΛΔ΢ΜΑΣΑ  
 

3.1 Σάζεις και μεηαβληηόηηηα 
 

Με ζθνπό λα εμεηαζηεί ε κεηαβιεηόηεηα θαη νη ηάζεηο πνπ εκθαλίδνπλ νη αθξαίεο 

ηηκέο ηνπ δείθηε CP, ππνινγίζηεθαλ ηα πνζνζηά εκθάληζεο εκεξώλ κε ηηκέο CP 

κεγαιύηεξεο ή κηθξόηεξεο από ζπγθεθξηκέλα θαηώθιηα, θαηά ηε δηάξθεηα ηεο ζεξκήο 

πεξηόδνπ ηνπ έηνπο, θαηά ηε ρξνληθή πεξίνδν 2001-2005 θαη ζηνπο έμη ππό εμέηαζε 

ζηαζκνύο.  

΢ην ΢ρήκα 1 παξνπζηάδεηαη ε ζπρλόηεηα εκθάληζεο εκεξώλ κε ηηκέο ηνπ δείθηε CP 

κεγαιύηεξεο ή κηθξόηεξεο από ζπγθεθξηκέλα θαηώθιηα (Πίλαθαο 1), επί ηνπ ζπλόινπ ησλ 

εκεξώλ ηεο ζεξκήο πεξηόδνπ ηνπ έηνπο, ζηε δηάξθεηα ηεο ππό κειέηε πεξηόδνπ, ζε όινπο 

ηνπο εμεηαδόκελνπο ζηαζκνύο. Φαίλεηαη όηη ην πνζνζηό ηεο ζπρλόηεηαο εκθάληζεο εκεξώλ 

κε πνιύ ηζρπξή ζεξκηθή δπζθνξία (CP≤0 W/m
2
) είλαη πςειό ζην θέληξν ηεο πόιεο 

(ζηαζκόο Παηεζίσλ 26.0%) θαη κεηώλεηαη ζηαδηαθά όζν απνκαθξπλόκαζηε από ην θέληξν 

(ζηαζκόο Θξαθνκαθεδόλεο 2.1%). Αληίζηνηρε εηθόλα παξαηεξείηαη θαη γηα ηηο εκέξεο κε 

ηζρπξή ζεξκηθή δπζθνξία (0<CP≤174 W/m
2
), όπνπ ην πνζνζηό εκθάληζεο ηέηνησλ εκεξώλ 

είλαη πνιύ πςειό πεξηνρέο θνληά ζην θέληξν ηεο πόιεο (ζηαζκόο Γεσπνληθή 54.2%) θαη 

κεηώλεηαη ζηαδηαθά όζν επηθεληξσλόκαζηε πξνο πεξηαζηηθέο πεξηνρέο. Δληνύηνηο 

δηαηεξείηαη ζε πςειά επίπεδα αθόκε θαη ζηηο πεξηνρέο απηέο, π.ρ. ζηαζκόο 

Θξαθνκαθεδόλεο 29.8%. Θα πξέπεη επίζεο λα ζεκεησζεί όηη ν ξπζκόο κείσζεο ηεο 

ζπρλόηεηαο εκθάληζεο εκεξώλ κε ηζρπξή δπζθνξία είλαη ζρεηηθά κηθξόηεξνο από ηνλ 

αληίζηνηρν ξπζκό κείσζεο ηεο ζπρλόηεηαο εκθάληζεο εκεξώλ κε πνιύ ηζρπξή ζεξκηθή 

δπζθνξία, όζν απνκαθξπλόκαζηε από ην θέληξν ηεο πόιεο. Με άιια ιόγηα, δηαπηζηώλεηαη 

όηη ην πνζνζηό εκθάληζεο εκεξώλ κε ηζρπξή ζεξκηθή δπζθνξία (0<CP≤174 W/m
2
), είλαη 

πεξίπνπ ζηαζεξό ζε όινπο ηνπο εμεηαδόκελνπο ζηαζκνύο (51.5% - 54.2%), ελώ κεηώλεηαη 

ζεκαληηθά κόλν ζηνλ πεξηαζηηθό ζηαζκό Θξαθνκαθεδόλεο. Σέινο, ην πνζνζηό ησλ 

εκεξώλ ζεξκηθήο άλεζεο (CP>174 W/m
2
) είλαη ζεκαληηθά κεγαιύηεξν ζε πεξηαζηηθέο 
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ζέζεηο (ζηαζκόο Θξαθνκαθεδόλεο 68.1%), ζπγθξηλόκελν κε ην αληίζηνηρν πνζνζηό 

εκθάληζεο ζε ζέζε ζην θέληξν ηεο πόιεο (ζηαζκόο Παηεζίσλ 22.1%). 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

΢ΥΗΜΑ 1. Πνζνζηά εκθάληζεο εκεξώλ κε ηηκέο ηνπ δείθηε CP κεγαιύηεξεο ή κηθξόηεξεο από 

ζπγθεθξηκέλα θαηώθιηα. Υξνληθή πεξίνδνο 2001-2005 

 

΢ην ΢ρήκα 2 εκθαλίδεηαη ε κέζε εκεξήζηα πνξεία ησλ ηηκώλ ηνπ δείθηε CP, θαηά ηε 

δηάξθεηα ηεο ρξνληθήο πεξηόδνπ 2001-2005, ζε θάζε έλα από ηνπο εμεηαδόκελνπο 

ζηαζκνύο. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
΢ΥΗΜΑ 2. Θέζεηο θαη κέζεο σξηαίεο ηηκέο ηνπ δείθηε CP. Υξνληθή πεξίνδνο 2001-2005 

 

Με βάζε ην ΢ρήκα 2 γίλεηαη εύθνια αληηιεπηό ην θαηλόκελν ηεο ζεξκήο αζηηθήο 

λεζίδαο θαη ησλ επηπηώζεσλ πνπ έρεη απηό ζηε ζεξκηθή άλεζε ησλ θαηνίθσλ ηεο ΔΠΑ ζηε 

δηάξθεηα ηεο ζεξκήο πεξηόδνπ ηνπ έηνπο. Μεηαμύ ηνπ θέληξνπ ηεο πόιεο (ζηαζκόο 

Παηεζίσλ) θαη ηεο πεξηθέξεηαο (ζηαζκόο Θξαθνκαθεδόλεο) παξαηεξείηαη κηα ζεκαληηθή 
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%

δηαθνξά σο πξνο ηε ζεξκηθή άλεζε ηνπ πιεζπζκνύ. ΢ην ζηαζκό Παηεζίσλ ε ζεξκηθή 

δπζθνξία, θαηά ηε δηάξθεηα ηεο ζεξκήο πεξηόδνπ ηνπ έηνπο, εκθαλίδεηαη κεηαμύ ησλ σξώλ 

10:00 θαη 23:00 κε δηάξθεηα εκθάληζεο 13 πεξίπνπ σξώλ. Αληίζεηα, ζην ζηαζκό 

Θξαθνκαθεδόλεο, δελ εκθαλίδεηαη αληίζηνηρε ζεξκηθή δπζθνξία ηνπ πιεζπζκνύ. 

΢ην ΢ρήκα 3, παξνπζηάδεηαη ε επνρηθόηεηα ηεο ζπρλόηεηαο εκθάληζεο εκεξώλ κε 

πνιύ ηζρπξή ζεξκηθή δπζθνξία (CP≤0 W/m
2
).    

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

΢ΥΗΜΑ 3. Μέζε κελαία ζπρλόηεηα (%) εκθάληζεο εκεξώλ κε CP≤0 W/m
2
.
 
Υξνληθή πεξίνδνο 

2001-2005 

 

΢ύκθσλα κε ην ΢ρήκα 3, νη κήλεο κε ηε κεγαιύηεξε ζπρλόηεηα εκθάληζεο εκεξώλ κε 

ηζρπξή ζεξκηθή δπζθνξία είλαη ν Ινύιηνο θαη ν Αύγνπζηνο. ΢ην θέληξν ηεο πόιεο ην 

πνζνζηό εκθάληζεο, ζηε δηάξθεηα απηώλ ησλ κελώλ είλαη πεξίπνπ 50%, ζε αληίζεζε κε ηηο 

πεξηαζηηθέο ζέζεηο όπνπ ην πνζνζηό εκθάληζεο εκθαλίδεη ζεκαληηθή κείσζε. Δηδηθόηεξα, 

ζηηο πεξηαζηηθέο ζέζεηο ην πνζνζηό απηό είλαη κόιηο ηεο ηάμεο ηνπ 5% πεξίπνπ, γηα ηνπο 

κήλεο Ινύιην θαη Αύγνπζην. ΢ηε δηάξθεηα ησλ άιισλ κελώλ ηεο ζεξκήο πεξηόδνπ ηνπ 

έηνπο (Μάηνο, Ινύληνο θαη ΢επηέκβξηνο) θαίλεηαη όηη ηα πνζνζηά εκθάληζεο ηέηνησλ 

εκεξώλ είλαη αξθεηά κηθξά. Μόλν ν κήλαο Ινύληνο εκθαλίδεη ζρεηηθά πςειά πνζνζηά ζην 

θέληξν ηεο πόιεο, ηα νπνία κεηώλνληαη όζν απνκαθξπλόκαζηε πξνο πεξηαζηηθέο πεξηνρέο. 

   

3.2 Δμμονή 
 

Με ηνλ όξν εκκνλή λνείηαη ε εκθάληζε δηαδνρηθώλ εκεξώλ αιιά θαη δηαδνρηθώλ 

σξώλ, ζηε δηάξθεηα ηνπ 24σξνπ, κε πνιύ ηζρπξή ζεξκηθή δπζθνξία. Σν γεγνλόο απηό 

αθελόο κελ θαζηζηά ηελ πνηόηεηα ηεο δσήο ησλ θαηνίθσλ ηεο πόιεο πνιύ πξνβιεκαηηθή 

έσο θαη επηθίλδπλε γηα ηελ πγεία ηνπο, αθεηέξνπ δε απμάλεη ηηο αλάγθεο θαηαλάισζεο 

ελέξγεηαο γηα ηε ιεηηνπξγία θιηκαηηζηηθώλ κνλάδσλ ζηελ ΔΠΑ. Γηα ην ζθνπό απηό, 

ππνινγίζηεθαλ ζηε δηάξθεηα ηεο εμεηαδόκελεο ρξνληθήο πεξηόδνπ θαη ζηνπο έμη ππό 

εμέηαζε ζηαζκνύο, ηόζν ν αξηζκόο ησλ δηαδνρηθώλ εκεξώλ όζν θαη ν αξηζκόο ησλ 

δηαδνρηθώλ σξώλ ζηε δηάξθεηα ελόο 24σξνπ, όπνπ CP≤0 W/m
2
 ή 0<CP≤174 W/m

2
. 

΢ηνλ Πίλαθα 2 εκθαλίδνληαη νη ζπρλόηεηεο εκθάληζεο 1, 2, 3, θνθ δηαδνρηθώλ εκεξώλ 

κε πνιύ ηζρπξή ζεξκηθή δπζθνξία (CP≤0 W/m
2
) θαηά ηε ζεξκή πεξίνδν ηνπ έηνπο θαη ζην 

ζύλνιν ηεο εμεηαδόκελεο ρξνληθήο πεξηόδνπ, 2001-2005. 
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ΠΙΝΑΚΑ΢ 2. Σαμηλόκεζε ΢πρλόηεηα εκθάληζεο δηαδνρηθώλ εκεξώλ κε πνιύ ηζρπξή ζεξκηθή 

δπζθνξία ηνπ πιεζπζκνύ (CP≤0 W/m
2
). Υξνληθή πεξίνδνο 2001-2005. ΢ηαζκνί: Αγία 

Παξαζθεπή (ΑΓΠ), Γεσπνληθή (ΓΔΧ), Ληόζηα (ΛΙΟ), Παηεζίσλ (ΠΑΣ), Θξαθνκαθεδόλεο 

(ΘΡΑ), Λπθόβξπζε (ΛΤΚ). 

Αριθμός Γιαδοτικών ημερών με 

CP≤0 W/m
2
  

ΑΓ

Π 

ΓΔ

Χ 

ΛΙ

Ο 

ΠΑ

Σ 

ΘΡ

Α 

ΛΤ

Κ 

1 14 15 11 12 9 10 

2 11 7 7 8 2 7 

3 2 5 7 9 1 7 

4 3 6 6 6  3 

5 1  3 4  3 

6 2 4 3 2   

7    2   

8  1    2 

9  1 1 2   

1       1    

11       

12    1   

13  1     

14    1   

15    1   

16       

17       

18       

19       

20           

21    1   

 

Με βάζε ηα ζηνηρεία ηνπ Πίλαθα 2, θαίλεηαη όηη ζην θέληξν ηεο πόιεο (ΠΑΣ) 

ζεκεηώζεθαλ 21 δηαδνρηθέο εκέξεο κε CP≤0 W/m
2
 ζην δηάζηεκα 13/08/2003 έσο θαη 

2/09/2003. Δπίζεο ζεκεηώζεθαλ από κηα θνξά 15, 14 θαη 12 δηαδνρηθέο εκέξεο κε CP≤0 

W/m
2
. Γεληθόηεξα θαίλεηαη όηη ε εκκνλή ζε όηη έρεη λα θάλεη κε ηελ εκθάληζε δηαδνρηθέο 

εκεξώλ ηζρπξήο ζεξκηθήο δπζθνξίαο είλαη ζεκαληηθή γηα ην θέληξν ηεο πόιεο θαη γηα 

πεξηνρέο θνληά ζε απηό ή κε έληνλε νηθηζηηθή αλάπηπμε. Αληίζεηα, ζηελ πεξηθέξεηα ηεο 

πόιεο (ΘΡΑ) ε εκκνλή ηεο ζεξκηθήο δπζθνξίαο είλαη πνιύ κηθξόηεξε θαη πεξηνξίδεηαη ζε 

κηα κε δύν ην πνιύ δηαδνρηθέο εκέξεο κε πνιύ ηζρπξή ζεξκηθή δπζθνξία ηνπ πιεζπζκνύ.  

Αληίζηνηρα είλαη ηα απνηειέζκαηα θαη γηα ηε ζπρλόηεηα εκθάληζεο δηαδνρηθώλ 

εκεξώλ κε ηζρπξή ζεξκηθή δπζθνξία (0<CP≤174 W/m
2
). Παξαηεξήζεθε ζην θέληξν ηεο 

πόιεο (ΠΑΣ θαη ΓΔΧ) ν αξηζκόο ησλ 95 ηέηνησλ δηαδνρηθώλ εκεξώλ ηξεηο ζπλνιηθά θνξέο 

κέζα ζηελ εμεηαδόκελε ρξνληθή πεξίνδν.  

΢ην ΢ρήκα 4 παξνπζηάδεηαη ην πνζνζηό εκθάληζεο εκεξώλ κε 1, 2, 3, ..., 24 

δηαδνρηθέο ώξεο πνιύ ηζρπξήο ζεξκηθήο δπζθνξίαο (CP≤0 W/m
2
) ή ηζρπξήο ζεξκηθήο 

δπζθνξίαο (0<CP≤174 W/m
2
), επί ηνπ ζπλόινπ ησλ εκεξώλ κε πνιύ ηζρπξή ή ηζρπξή 

ζεξκηθή δπζθνξία αληίζηνηρα. 

΢ύκθσλα κε ην ΢ρήκα 4, δηαπηζηώλεηαη όηη ζην θέληξν ηεο πόιεο (ΠΑΣ) ζρεδόλ κηα 

ζηηο δύν εκέξεο κε ηζρπξή ζεξκηθή δπζθνξία (0<CP≤174 W/m
2
) έρεη 24 δηαδνρηθέο ώξεο 
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2
. Αληίζεηα, ζηηο πεξηαζηηθέο πεξηνρέο ηεο ΔΠΑ, ην πνζνζηό ησλ 

εκεξώλ κε ζπγθεθξηκέλν αξηζκό δηαδνρηθώλ σξώλ πνιύ ηζρπξήο ή ηζρπξήο ζεξκηθήο 

δπζθνξίαο είλαη ηζνθαηαλεκεκέλν θαη ζαθώο κηθξόηεξν (΢ρήκα 4). 

 

  

  

  

΢ΥΗΜΑ 4. ΢πρλόηεηα εκθάληζεο (%) δηαδνρηθώλ σξώλ κε CP≤0 W/m
2 

ή 0<CP≤174 W/m
2
 επί 

ηνπ ζπλόινπ αληίζηνηρα ησλ εκεξώλ κε CP≤0 W/m
2 

ή 0<CP≤174 W/m
2
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4. ΢ΤΜΠΔΡΑ΢ΜΑΣΑ 
 

΢ύκθσλα κε ηα απνηειέζκαηα δηαπηζηώλεηαη όηη θαηά ηε δηάξθεηα ηεο ρξνληθήο 

πεξηόδνπ 2001-2005, ην θαηλόκελν ηεο ζεξκήο αζηηθήο λεζίδαο έρεη σο απνηέιεζκα ηε 

δεκηνπξγία δηαθνξεηηθώλ βηνθιηκαηηθώλ ζπλζεθώλ ζε θνληηλέο ζρεηηθά πεξηνρέο ηεο ΔΠΑ. 

΢ην θέληξν ηεο πόιεο ηεο Αζήλαο, ε ζεξκηθή δπζθνξία είλαη έληνλε θαηά ηε δηάξθεηα ηεο 

ζεξκήο πεξηόδνπ ηνπ έηνπο (Μάηνο-΢επηέκβξηνο), ηόζν σο πξνο ηελ έληαζή ηεο, όζν θαη σο 

πξνο ηε δηάξθεηα θαη ηελ εκκνλή ηεο. Αληίζεηα, ζηηο πεξηαζηηθέο πεξηνρέο ηεο ΔΠΑ, ε 

ζεξκηθή δπζθνξία είλαη πην ήπηα ηόζν σο πξνο ηελ έληαζή ηεο, όζν θαη σο πξνο ηε 

δηάξθεηα θαη ηελ εκκνλή ηεο.  
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A FIELD STUDY OF HEAT STRESS UNDER DIFFERENT THERMAL AND 

RADIATION CONDITIONS 
 

G. KATAVOUTAS, G. THEOHARATOS, H.A. FLOCAS AND D.N. ASIMAKOPOULOS 

 
Department of Environmental Physics - Meteorology, Faculty of Physics, University of Athens 

 
ABSTRACT 
The objective of the present study is to investigate experimentally the heat stress for a group of 

individual subjects under different environmental conditions. For this purpose, appropriate meteorological 

and thermophysiological measurements were carried out during an experimental process at Athens 

University Campus in July 2008, with the aid of a multi-sensor device (SenseWear Pro II Armband). Then, 

the assessment of thermal environment on the human body was explored with the aid of thermal index Heat 

Load (HL) through Man-ENvironment heat EXchange model (MENEX). The study reveals the 

contribution of thermal and radiation conditions as well as the activity level, the time spent and the previous 

thermal state of the human body on the assessment of heat stress with the aid of thermal index.  
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Τομέαρ Φςζικήρ Πεπιβάλλονηορ – Μεηεωπολογίαρ, Τμήμα Φςζικήρ, Πανεπιζηήμιο Αθηνών 

 
ΠΔΡΙΛΗΦΗ 
΢θνπόο ηεο παξνύζαο κειέηεο είλαη ε πεηξακαηηθή δηεξεύλεζε ηεο ζεξκηθήο θαηαπόλεζεο γηα κηα 

νκάδα αηόκσλ θάησ από δηαθνξεηηθέο ζπλζήθεο πεξηβάιινληνο. Γηα ην ζθνπό απηό, θαηάιιειεο 

κεηεσξνινγηθέο θαη ζεξκνθπζηνινγηθέο κεηξήζεηο πξαγκαηνπνηήζεθαλ θαηά ηε δηάξθεηα πεηξακαηηθήο 

δηαδηθαζίαο ζηελ Παλεπηζηεκηνύπνιε Αζελώλ ηνλ Ινύιην ηνπ 2008, κε ηε βνήζεηα ζπζθεπήο πνιιαπιώλ 

αηζζεηήξσλ (SenseWear Pro II Armband). Η εθηίκεζε ηνπ ζεξκηθνύ πεξηβάιινληνο ζην αλζξώπηλν ζώκα 

δηεξεπλήζεθε κε ηε βνήζεηα ηνπ δείθηε Θεξκηθνύ Φόξηνπ (HL) κέζσ ηνπ Man-ENvironment heat 

EXchange model (MENEX). Η κειέηε ππνδεηθλύεη ηε ζπλεηζθνξά ηόζν ησλ ζεξκηθώλ όζν θαη ησλ 

ζπλζεθώλ αθηηλνβνιίαο θαζώο θαη ην επίπεδν δξαζηεξηόηεηαο, ην ρξόλν πνπ δαπαλήζεθε θαη ηελ 

πξνγελέζηεξε ζεξκηθή θαηάζηαζε ηνπ αλζξώπηλνπ ζώκαηνο ζηελ εθηίκεζε ηεο ζεξκηθήο θαηαπόλεζεο 

κέζσ ελόο βηνθιηκαηηθνύ δείθηε.  

 

 

1. INTRODUCTION 
 

Human‟s body continuously adapts with atmospheric environment in order to adjust 

heat gain and loss rates with considerable agility and precision so that body heat content 

and deep body temperature maintain within narrow limits.  

Modeling human heat balance in terms of dynamic interactions leads to the 

development of outdoor comfort indices. Numerous studies have been presented 

worldwide concerning the effects of atmospheric environment on human‟s thermal 

sensation (Johansson and Emmanuel, 2006; and Ali-Toudert and Mayer, 2007; and 

Katavoutas et al., 2009). Recent studies have also called attention to psychological 

aspects in the subjective assessment of outdoor thermal comfort (Höppe, 2002; 

Nikolopoulou and Steemers, 2003; and Knez et al., 2009).   
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This study aims to investigate the heat stress for a group of individual subjects based 

on appropriate thermo-physiological and meteorological measurements in the field under 

different thermal and radiation conditions as well as different activity mode with the aid 

of Man ENvironment heat EXchange model (MENEX). 

 

     

2. DATA AND METHODOLOGY 
 

2.1 Experimental set up 
 

Field experiments were performed at the Athens University Campus (37
o
58΄ N, 

23
o
47΄ E, 250m above MSL) between 14 and 28 July 2008. The campus is located in a 

suburban area along the western slope of Mt. Hymettus in the eastern border of the 

Athens basin. 

Four healthy volunteers, two males and two females, were participated for this study 

(Table 1). Each experimental day individual subjects were asked to wear typical clothing 

ensemble consisting of straight trousers, T-shirt, socks and shoes, including briefs for 

male and panties and bra for female, respectively. The clothing insulation provided was 

0.41 clo for all subjects (ASHRAE, 2004).  

On each experimental day, the subjects reported between 13:20 to 13:30 hours 

summer local time (SLT) at point A (Fig. 1). The whole experimental process is divided 

in three phases. Initially, subjects seated quiet under the shade of a coniferous tree for 30 

minutes. Then they began walking simultaneously, along a completely pre-determined 

and controlled track, 2.6 km in length, around the campus. Due to the timing of 

experimental process and the width of paved road (~10m) subjects were continuously 

exposed to solar radiation, minimizing the effects of shading caused by buildings and 

trees during that phase. Finally, subjects returned to the starting point A, under the shade 

of the coniferous tree and remained seated quit for more 30 minutes. 

 
TABLE 1. Physical characteristics of subjects 

Subject Sex Age 

 

(yr) 

Weight 

 

(kg) 

Height 

 

(cm) 

Dubois 

Area 

(m2) 

20080701 (Sub1) M 33 79.8 186 2.04 

20080702 (Sub2) F 30 60.8 168 1.69 

20080703 (Sub3) F 32 66.7 170 1.77 

20080704 (Sub4) M 22 80.7 188 2.07 
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FIGURE 1. Photo showing experimental site. Phase 1 and 3 took place at point A. The 

experimental track (Phase 2) is marked with a white line. (Source: Virtual Earth) 

 

During the experimental process physiological data were recorded at intervals of 1 

minute with the aid of a multi-sensor device (Table 2). The SenseWear Pro II Armband 

device (BodyMedia, Inc., Pittsburgh, PA) was worn to the triceps of the right arm of all 

subjects providing a variety of physiological data through multiple sensors (2-axis 

accelerometer, heat flux sensor, galvanic skin response sensor, skin temperature sensor 

and a near body temperature sensor). Subject‟s anthropometric characteristics including 

gender, age, height and weight were programmed into the device before each 

experimental process. The recorded physiological parameters uploaded and analyzed 

using Innerview Research Professional Software 5.1 (BodyMedia, Inc.) for calculation of 

metabolic heat production and energy expenditure. 

 
TABLE 2. Resolution and accuracy for each sensor 

Parameters measured Resolution Accuracy 

Longitudinal accelerometer 0.01 g Two standard deviation accuracy of ±0.05 g 

Transverse accelerometer 0.01 g Two standard deviation accuracy of ±0.06 g 

Heat flux 1 W m-2 Two standard deviation accuracy of ±10 W m-2 

Galvanic skin response - Two standard deviation accuracy of ±7.0 nSiemen 

Skin temperature 0.05 νC Two standard deviation accuracy of ±0.8 νC 

 

The meteorological station of the Athens University Campus located within the study 

area and a mobile station, equipped according to Table 3, was employed to measure 

meteorological parameters each experimental day at intervals of 1 minute. 

 
TABLE 3. Meteorological parameters measured, instrumentation, accuracy and measuring height  

Station  Meteorological parameters Instrument type Accuracy  
Measuring 

height (m) 

UOA 

meteorological  

Station 

Air temperature Vector Instruments T351 ±0.1 oC 2 

Relative humidity Rotronic MP100A ±1 % 10 

Wind speed Vector Instruments A100L2 < ±2 % 5 

Air pressure Vaisala PTB101B ±0.5 mb  

Global radiation Kipp&Zonen CM3 ±3 % 2 

Atmospheric radiation Kipp&Zonen CG1 ±10 % 2 

Soil temperature PT100 ±0.1 oC 0.05 

Mobile station 

Air temperature Rotronic S3C03 ±0.1 oC 2 

Relative humidity Rotronic S3C03 ±1.5 % 2 

Wind speed Secondwind C3 ±0.1 msec-1 2 

   

The present study analyzes the results obtained on three specific experimental days, 

15, 18 and 24 July with different environmental conditions. According to the 
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measurements of National Observatory of Athens at Thissio, the mean monthly 

climatological value of air temperature is 27
o
C. Therefore, the 15

th
, 18

th
 and 24

th
 of July 

will be referred hereafter as “hot”, “moderate hot” and “warm” day, respectively. Table 4 

summarizes mean meteorological parameters during the experimental period for each 

day.  

 
TABLE 4. Meteorological parameters statistics during the experimental days 

Meteorological parameters 
15-7-2008 

hot day 

18-7-2008 

moderate hot day 

24-7-2008 

warm day 

Air temperature at 2m (oC) 37.5 (0.4) 32.1 (0.4) 28.4 (0.5) 

Relative humidity at 2m (%)  15.7 (0.6) 27.4 (1.3) 27.6 (1.1) 

Wind speed at 2 m (m sec-1) 1.8 (1.9) 1.8 (1.2) 2.3 (2.1) 

Air pressure (hPa) 984.3 (0.5) 983.5 (0.7) 979.5 (0.5) 

Soil temperature at 5 cm (oC) 41.9 (0.1) 40.3 (0.2) 39.5 (0.2) 

Global radiation (W m-2) 827.3 (41.8) 863.4 (51.7) 875.8 (57.6) 

 

2.2 Theoretical background 
 

In order to investigate the effects of the thermal environment on the human body the 

Man-ENvironment heat EXchange model (MENEX) (Blazejczyk, 1994 and 2001) was 

employed. Based on the experimental measurements of metabolic heat production and 

optimal mean skin temperature, heat fluxes to and from the human body were produced 

for each individual. Lund and Gisolfi (1974) showed that skin temperature measured at 

the subjects‟ arm is well correlated with the optimal mean skin temperature (correlation 

coefficient up to 0.96). In fact, the local temperature deviation from mean skin 

temperature is low for subjects wearing light clothing in warm conditions (Nielsen and 

Nielsen, 1984). Consequently, optimal mean skin temperature evaluated according to 

measured arm skin temperature, utilizing the following equation as described by Lund 

and Gisolfi (1974): 

 

Ťs = 0.73·Tarm + 8.88        (1) 

 

The thermal sensation of the subjects was explored through the Heat Load index 

(HL). HL index is defined as the load of thermoregulatory system in man due to intensity 

of adaptation processes of an organism. Classification of thermal sensation according to 

the intensity of HL index is given in Table 5.    

 
TABLE 5. Classification of HL index and thermal sensation 

HL levels Thermal sensation 

≤ 0.25 Extreme - Cold stress  

0.251 - 0.82 Great - Cold stress 

0.821 - 0.975 Slight - Cool stress 

0.976 - 1.025 Thermoneutral  

1.026 - 1.180 Slight - Warm stress  

1.181 - 1.750 Great - Hot stress 

≥ 1.751 Extreme - Hot stress 

 

Under sunny weather conditions, mean radiant temperature (Tmrt) is the most 

important meteorological parameter affecting human heat balance (Matzarakis et al., 

2007). Tmrt is defined as the uniform temperature of a hypothetical spherical surface 

surrounding the subject (emissivity ε = 1) that would result in the same net radiation 

energy exchange with the subject as the actual, complex radiative environment 
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(Matzarakis et al., 2007). Modelling of mean radiant temperature was performed by 

employing RayMan model (Matzarakis et al., 2007) using it as input to the MENEX 

model. More specifically, Tmrt calculated based on time of the day and the year and the 

meteorological parameters including air temperature, relative humidity, wind velocity and 

global radiation. Furthermore, the topographic map obtained by the Technical Service of 

the University of Athens was imported to the Rayman model designing a map of the local 

environment. Additional pre-settings of ground albedo and Bowen-ratio was set 0.18 and 

1.38, respectively, in order to specify the suburban landscape and terrain of the greater 

experimental site. Moreover, the ratio of diffuse to global radiation was set 0.29, 0.32 and 

0.31 on the 15
th

 of July, 0.25, 0.28 and 0.27 on the 18
th

 of July and 0.24, 0.25 and 0.25 on 

the 24
th

 of July for each individual experimental phase. 

 

 

3.     RESULTS – DISCUSSION 
 

3.1 Heat fluxes 
 

The averaged heat fluxes between human body and the environment during the 

experimental period for each individual subject appear in Table 6, according to MENEX 

model. 

The temporal course of metabolic heat production (M) characterizes the activity level 

during the experimental process. Along the track, higher activity level indicates higher M 

values as compared to corresponding values establish during the phases of repose on each 

experimental day. More specifically, fourfold averaged M values is measured along the 

track with corresponding values during the phases of repose. 

As Table 6 reveals a heat gain via turbulent exchange of sensible heat (C) is 

experienced for all individuals during the “hot day”, as compared to heat loss during the 

“moderate hot” and “warm” day. It is quite obvious that the difference between air 

temperature and optimal mean skin temperature indicate a positive sign during the “hot 

day” and a negative sign during the “moderate hot” and “warm” day, respectively. 

Particularly, the higher heat exchange is observed throughout the track each experimental 

day for all individuals. However, it is worth-mentioning that during “warm day” the heat 

loss via turbulent exchange of sensible heat is higher as compared to the corresponding 

values of “moderate hot day”, with an average C difference amounts to ~30 Wm
-2

 

throughout the track. 

 
TABLE 6. Averaged heat fluxes between human body and the environment for each experimental 

phase and each individual 
Heat  

fluxes 

(Wm-2) 

per  

subject 

15-7-2008 

hot day 

18-7-2008 

moderate hot day 

24-7-2008 

warm day 

Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3 

M 

Sub1 

Sub2 

Sub3 

Sub4 

 

52.3±7.1 

56.1±2.1 

53.9±3.3 

58.1±2.4 

 

220.5±10.2 

217.2±12.2 

232.8±11.6 

254.0±9.4 

 

54.3±5.6 

55.6±2.5 

53.1±4.0 

56.4±4.4 

 

56.0±3.1 

56.3±4.1 

54.1±5.2 

63.5±7.5 

 

207.8±12.5 

206.4±13.0 

207.4±10.7 

238.1±12.3 

 

58.1±8.0 

53.1±2.7 

55.5±5.0 

58.5±2.2 

 

57.3±10.8 

59.6±3.9 

52.8±5.3 

62.0±9.7 

 

217.0±25.4 

224.0±12.5 

216.4±11.4 

228.5±17.0 

 

55.5±6.8 

60.5±7.7 

56.3±5.7 

58.9±5.7 

C 

Sub1 

Sub2 

Sub3 

Sub4 

 

9.6±3.1 

10.5±3.3 

10.9±3.6 

13.1±4.1 

 

10.5±3.4 

11.2±3.5 

11.7±4.1 

17.3±5.0 

 

7.6±2.3 

7.7±2.3 

6.0±2.1 

9.3±2.7 

 

-11.0±3.4 

-10.4±3.3 

-9.3±3.5 

-7.4±2.9 

 

-29.7±6.3 

-22.8±4.4 

-24.6±4.6 

-17.9±4.1 

 

-13.4±4.8 

-10.6±4.0 

-10.1±3.8 

-7.7±3.4 

 

-21.4±6.1 

-26.7±7.3 

-21.9±5.8 

-18.4±5.2 

 

-58.0±13.6 

-58.7±15.2 

-57.3±13.4 

-46.7±10.9 

 

-33.8±8.1 

-31.8±7.8 

-29.8±6.9 

-24.2±5.9 

Res 

Sub1  

Sub2 

Sub3 

 

-4.0±0.6 

-4.3±0.2 

-4.1±0.3 

 

-16.9±0.9 

-16.6±1.1 

-17.8±1.1 

 

-4.1±0.4 

-4.2±0.2 

-4.0±0.3 

 

-4.4±0.2 

-4.4±0.3 

-4.3±0.4 

 

-16.3±1.1 

-16.1±1.1 

-16.3±0.8 

 

-4.6±0.6 

-4.2±0.2 

-4.4±0.4 

 

-5.1±1.0 

-5.3±0.3 

-4.7±0.5 

 

-19.1±2.1 

-19.7±1.0 

-19.0±0.9 

 

-4.9±0.6 

-5.3±0.7 

-4.9±0.5 
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Sub4 -4.4±0.2 -19.5±0.9 -4.3±0.3 -5.0±0.6 -18.6±1.0 -4.6±0.2 -5.5±0.9 -20.1±1.4 -5.2±0.5 

Q 

Sub1 

Sub2 

Sub3 

Sub4 

 

24.0±3.2 

24.6±3.2 

24.8±3.2 

26.3±3.4 

 

131.4±8.5 

131.6±8.4 

131.7±8.3 

133.3±8.2 

 

28.2±2.8 

28.3±2.9 

27.0±2.8 

29.5±2.9 

 

16.1±2.3 

16.5±2.4 

17.0±2.5 

18.1±2.4 

 

129.9±11.6 

131.9±11.4 

131.3±11.4 

133.3±11.3 

 

16.0±2.3 

17.7±2.4 

18.0±2.3 

19.5±2.6 

 

12.3±3.7 

9.3±3.6 

12.0±3.4 

14.0±3.5 

 

122.9±13.1 

122.8±12.7 

123.1±13.1 

125.8±12.7 

 

7.4±1.4 

8.4±1.5 

9.3±1.4 

12.1±1.5 

E 

Sub1 

Sub2 

Sub3 

Sub4 

 

-233.6±74.7 

-147.0±48.7 

-143.4±57.1 

-160.1±61.1 

 

-1018.9±288.8 

-690.9±200.3 

-681.6±154.4 

-701.1±170.3 

 

-296.6±110.2 

-205.4±85.0 

-276.3±82.1 

-225.1±84.2 

 

-87.5±22.2 

-58.4±16.2 

-54.3±15.7 

-70.6±19.0 

 

-375.1±81.0 

-194.9±20.7 

-209.1±25.5 

-249.6±19.9 

 

-150.1±46.6 

-79.1±23.5 

-76.6±24.4 

-89.8±26.5 

 

-44.5±14.2 

-45.8±14.5 

-30.6±9.1 

-38.0±11.3 

 

-252.7±76.7 

-176.1±42.7 

-172.4±46.3 

-193.5±39.2 

 

-97.8±21.3 

-61.4±12.4 

-54.2±12.6 

-55.3±11.9 

S 

Sub1 

Sub2 

Sub3 

Sub4 

 

-151.8±74.6 

-60.1±48.6 

-57.9±57.1 

-67.1±61.3 

 

-673.5±290.5 

-347.7±207.3 

-323.3±158.6 

-316.0±168.0 

 

-210.7±111.8 

-118.0±86.3 

-194.2±82.7 

-134.1±83.6 

 

-30.8±27.9 

-0.4±20.4 

3.3±21.7 

-1.5±22.0 

 

-83.4±83.0 

104.4±24.5 

88.8±32.7 

85.3±24.4 

 

-94.1±52.8 

-23.1±28.7 

-17.6±28.4 

-24.1±31.0 

 

-1.4±25.5 

-8.9±25.4 

7.6±18.6 

14.1±20.3 

 

10.0±77.9 

92.3±60.3 

90.7±60.3 

94.1±46.7 

 

-73.5±28.9 

-29.6±22.8 

-23.4±19.7 

-13.7±17.7 

 

As can be seen in Table 6, a heat loss via respiration (Res) is experienced for all 

subjects on each experimental day. It is quite obvious that the higher metabolic heat 

production interprets the corresponding higher heat loss throughout the track. In fact, all 

individuals experience with fourfold respiratory heat loss as compared to the 

corresponding values achieve during the phases of repose. An overall comparison 

between three days indicates slightly higher heat loss during “warm day” especially 

throughout the track for all individuals. 

 Radiative heat flux (Q) comprises the absorbed solar radiation and the net long-wave 

radiation in man. On each experimental day radiative heat gain is experienced for all 

individuals. Particularly, higher radiative heat gain is observed throughout the track due 

to exposure under higher radiation field which resulted higher mean radiant temperature. 

On the contrary, under the shade the higher radiative heat gain is recorded during “hot 

day” coincided with higher mean radiant temperature (Tmrt). It is worth-noting that the 

average Tmrt difference under the shade amounts to ~11
 o
C among “hot” and “warm” day. 

As illustrated in Table 6, a heat loss via turbulent exchange of latent heat (E), due to 

vapor diffusion and sweat evaporation is observed for each experimental day. 

Nevertheless, during “hot day” all individuals experience with threefold and fourfold heat 

loss via turbulent latent heat flux as compared to the corresponding values of “moderate 

hot” and “warm” day, respectively. During third phase heat loss ranges at higher values 

as compared to the corresponding values of the first phase of repose on each day, due to 

higher previous thermal state of the human body. It is worth noting that on the “warm 

day” heat loss via turbulent latent heat flux ranges similarly throughout the track with 

those during first and third phase on the “hot day”. 

Net heat storage (S) represents the principal index of the tendency and volume of the 

changes in heat contents in human organism. In order to that an intense heat loss becomes 

evident for all subjects on the “hot day”. Particularly, higher net heat loss is experienced 

throughout the track with significant variations for all individuals. On the contrary, 

during the “moderate hot day” an averaged heat loss is evident for one male (Sub1) while 

an averaged heat gain is recorded for the other three individuals throughout the track. 

During the first and third phase of repose under the shade all subjects except one female 

(Sub3) reveal an averaged heat loss. Finally, during “warm day” a gain of heat is 

indicated throughout the track and a heat loss during third phase of repose for all 

individuals. During first phase an average heat loss is evident for one male (Sub1) and 

one female (Sub2) while an average heat gain is experienced for the other two 

individuals. 
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3.2 Thermal sensation 
 

The overall temporal pattern of Heat Load index (HL) reveals an extreme hot stress 

during the course of the experiment for all individuals the “hot day” (Fig. 1a-b). Even 

under the shade during the first phase of repose the percentage frequency distribution 

depicts extreme hot stress in 100% of HL values for Sub1, 97% for Sub2, 83% for Sub3 

and 97% for Sub4. Later on, throughout the track, further increment of HL becomes 

evident, especially after the first 11 min. At this time all individuals experience extreme 

hot stress in 100% of HL values indicating intense adaptation processes due to higher 

absolute values of the index. During last phase HL has a decreasing trend due to lower 

metabolic heat production as well as to exposure under lower radiation field. 

Nevertheless, HL values display extreme hot stress for all individuals. 

On the contrary, during the first phase of “moderate hot day” HL values establish a 

range of slight warm stress to extreme hot stress for male and a range of thermoneutral to 

extreme hot stress for female subjects (Fig. 1c-d). In fact, extreme hot stress is revealed in 

53%, 3%, 3% and 20% of HL values for Sub1, Sub2, Sub3 and Sub4, respectively. At the 

same time great hot stress depicts in 33% of HL values for Sub1, 37% for Sub2, 40% for 

Sub3 and 53% for Sub4. Index values corresponding to slight warm stress becomes 

evident in 53% (Sub2) and 47% (Sub3) for female and 14% (Sub1) and 27% (Sub4) for 

male subjects, respectively. Later on, throughout the experimental run HL values present 

an increasing trend, indicating extreme hot stress for all subjects. During last phase HL 

has a decreasing trend nevertheless the percentage frequency distribution of extreme and 

great hot stress fluctuates in higher values as compared to the first phase. 

On the other hand, during the first phase of the “warm day”  thermoneutral represents 

37% of index values for Sub1, 50% for Sub2 and Sub3 and 27% for Sub4 (Fig. 1e-f). 

Furthermore, slight warm stress becomes evident in 43% of HL values for Sub1, 30% for 

Sub2, 50% for Sub3 and 67% for Sub4. Index values corresponding to great hot stress are 

estimated lower than 20% for all individuals. During the track all individuals experience 

extreme hot stress in 100% of HL values. This is mainly attributed to high metabolic heat 

production, as well as to exposure under higher radiation field. During the last phase of 

repose percentage frequency distribution of thermoneutral and slight warm stress 

decrease with corresponding increase of great and extreme hot stress as compared with 

those establish during first “warm day” phase. 

 

 

4. CONCLUDING REMARKS 
 

The study reveals the contribution of thermal and radiation conditions as well as the 

activity level, the time spent and the previous thermal state of the human body on the 

assessment of heat stress. More specifically, the thermal sensation under warm conditions 

with high activity level and high radiation exposure range in similar stress levels with low 

activity mode and radiation exposure under hot conditions. Moreover, it was 

demonstrated that the previous thermal state of the human body plays an important role 

on the assessment of the thermal sensation. It can be concluded that, all above mentioned 

factors play a dominant role on thermal and bioclimatic index applications. 
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FIGURE 1. Heat Load index and percentage frequency distribution of thermal sensation per 

subject during the experimental phases of hot day (a-b), moderate hot day (c-d) and 

warm day (e-f). 
 

 

 

Acknowledgements The authors are indebted to the individuals for their participation. 

This work was supported by the project KAPODISTRIAS 2009, which is funded by the 

Special Account for Research Grants of the University of Athens. 

 

 

 

 



10ο COMECAP 2010, ΠΡΑΚΣΙΚΑ ΢ΤΝΕΔΡΙΟΤ    --    10th COMECAP 2010, CONFERENCE PROCEEDINGS 

 

25 – 28/5/2010, PATRAS, GREECE   494 
 

REFERENCES 
 

Ali-Toudert F and Mayer H, 2007: Thermal comfort in an east-west oriented street canyon in Freiburg 

(Germany) under hot summer conditions. Theoretical and Applied Climatology, 87, 223-237. 

ASHRAE, 2004: Thermal environmental conditions for human occupancy. ASHRAE standard 55, Atlanta. 

Blazejczyk K, 1994: New climatological-and-physiological model of the human heat balance outdoor 

(MENEX) and its applications in bioclimatological studies in different scales. In: Blazejczyk K, 

Krawczyk B (eds) Bioclimatic research of the human heat balance. Zestyty IGiPZ PAN, 27-58 pp. 

Blazejczyk K, 2001: Assessment of recreational potential of bioclimate based on the human heat balance. 

In: Matzarakis A, de Freitas CR (eds) Proceedings of the first International Workshop on climate, 

tourism and recreation. 5-10 October 2001, Greece. International Society of Biometeorology, 

Commission on Climate Tourism and Recreation, 133-152 pp. 

Höppe P, 2002: Different aspects of assessing indoor and outdoor thermal comfort. Energy and Buildings, 

34, 661-665. 

Johansson E and Emmanuel R, 2006: The influence of urban design on outdoor thermal comfort in the hot, 

humid city of Colombo, Sri Lanka. International Journal of Biometeorology, 51, 119-133. 

Katavoutas G, Theoharatos G, Flocas HA and Asimakopoulos DN, 2009: Measuring the effects of heat 

wave episodes on the human body‟s thermal balance. International Journal of Biometeorology, 53, 

177-187. 

Knez I, Thorsson S, Eliasson I and Lindberg F, 2009: Psychological mechanisms in outdoor place and 

weather assessment: towards a conceptual model. International Journal of Biometeorology, 53, 101-

111. 

Lund DD and Gisolfi CV, 1974: Estimation of mean skin temperature during exercise. Journal of Applied 

Physiology, 36, 625-628. 

Matzarakis A, Rutz F and Mayer H, 2007: Modelling radiation fluxes in simple and complex environments-

application of the RayMan model. International Journal of Biometeorology, 51, 323-334. 

Nielsen R and Nielsen B, 1984: Measurement of mean skin temperature of clothed persons in cool 

environments. European Journal of Applied Physiology, 53, 231-236. 

Nikolopoulou M and Steemers K, 2003: Thermal comfort and psychological adaptation as a guide for 

designing urban spaces. Energy and Buildings, 35, 95-101. 



10ο COMECAP 2010, ΠΡΑΚΣΙΚΑ ΢ΤΝΕΔΡΙΟΤ    --    10th COMECAP 2010, CONFERENCE PROCEEDINGS 

 

25 – 28/5/2010, PATRAS, GREECE   495 
 

 

AN APPLICATION OF ARTIFICIAL NEURAL NETWORK MODELS FOR 

ESTIMATING VALUES OF METEOROLOGICAL AND BIOMETEOROLOGICAL 

PARAMETERS IN THE URBAN CANOPY LAYER 
 

K. CHRONOPOULOS
1
, I. TSIROS

1
, N. ALVERTOS

1
, L. SHASHUA-BAR

2
, AND I. DIMOPOULOS

3 

 
1
Faculty of Sciences, Agricultural University of Athens, Greece, 

2
Faculty of Architecture and Town Planning, 

Technion-Israel Institute of Technology, Haifa, Israel, 
3
Technological Educational Institute, Kalamata, Greece 

 

ABSTRACT 

In the present study, artificial neural network (ANN) models are used to estimate air temperature, relative 

humidity and values of the biometeorological index THI in various streets of the city of Athens. Results 

showed a very good agreement of estimated and observed data with values of the correlation coefficient to 

range between 0.89 and 0.96 and 0.85 to 0.91 for air temperature and humidity, respectively. In the case of 

THI, results showed that appreciable percentages of successful estimations were achieved, indicating that, 

ANNs, when adequately trained, could be used for assessing bioclimatic conditions in urban street canyons. 

 

 

1. INTRODUCTION 
 

It is well known that urbanization has induced important changes in local climatic 

conditions, most important of which is the change in the urban thermal regime. In 

general, in urban spaces there are higher temperatures in comparison to those in the 

surrounding countryside (Arnfield, 1990; 2003). In a typical urban environment, streets 

usually cover a significant percentage of the total area; therefore, urban canyon 

morphology plays an important role in the creation of the urban climate (Eliasson, 2000; 

Voogt, 2002; Shashua-Bar and Hoffman, 2003).  

Several urban climate models (numerical, CFD-oriented or analytical meso-scale) have 

been developed over the last years to describe microclimate conditions in the urban 

canopy layer (Martili et al., 2002; Bruse and Fleer, 1998; Mills, 1997). An alternative 

modeling approach may be the use of artificial neural network (ANN) models. ANN 

models have become the focus of much attention in atmospheric sciences and climate 

modeling recently, largely due to their wide capability to efficiently model environmental 

data that are known to be complex and often non-linear. 

In this paper, air temperature and relative humidity in 4 different street canyons in the 

city of Athens are estimated using ANN models with data inputs of a meteorological 

station which is located at a distance of about 4.5 km away. In addition, values of the well 

known biometeorological index THI are calculated using the model-estimated air and 

relative humidity data which are compared to THI obtained using the measured air 

temperature and relative humidity data recorded at the stations. 
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2. METHODOLOGY 
 

2.1. Sites and measurements 
 

Data used for the estimations were collected using 4 measurement stations (S1,...,S4) 

installed at a height of 3m over the surface of the street on adjacent buildings. S1 was 

installed at a street canyon with building height approximately equal to the width of the 

street. S2 was installed at a pedestrian walk with intense presence of vegetation and 

building height approximately equal to the width of the street. S3 was installed at a street 

canyon with building height less than twice the width of the street. S4 was installed at a 

deep and relatively short street canyon with building height more than twice the street 

width. Data from the meteorological station of the Agricultural University of Athens (S5) 

were used as reference data. Measurements were carried out from 1/8/2008 to 31/10/2008 

(2203 hourly mean values). A statistical analysis of the data reveals that for the 

temperature data as well as the relative humidity data for all the stations, the correlation 

coefficient values are very high (r=0.89-0.98). 

To assess human thermal comfort conditions, the well known thermohygrometric (THI) 

index was used for the calculations (Thom, 1959). The THI equation with air temperature 

(
o
C) and relative humidity (%) was used along with the THI categories according to Kyle 

(1994) and Unger (1999). In general, THI has been developed and used in areas with 

average latitude; it provides a realistic picture and a good approximation of the effects of 

changes in the urban microclimate on humans (Emmanuel, 2004).  

 

2.2. ANN model development 
 

One of the most commonly used ANN architectures, the multilayer perceptron with one 

hidden layer, was used for the estimations in the present study. For the training, the 

backpropagation algorithm was used (Rumelhart et al 1986; Fahlman, 1988; Fausett, 

1994). The activation function for the hidden units, as well as the output unit, was the 

logistic sigmoid function, while for the selection of the best network architecture a trial-

and-error approach was adopted. A more detailed description of modeling meteorological 

parameters using ANNs may be found in Chronopoulos et al (2008). 

 

 

3. RESULTS 
 

Model results were compared to observational data and the performance of the models 

was evaluated in terms of their predictive and generalizing abilities under the various 

urban settings examined.  

Table 1 shows the results for air temperature and relative humidity. It can be seen that R
2
 

for air temperature varies from 0.89 to 0.96 and for relative humidity from 0.84 to 0.91. 

These values are considered to be very satisfactory. 

Figures 1 and 2 show the scatter plots of the observed values versus the estimated values 

of air temperature and relative humidity, respectively, for the various streets (S1, S2, S3, 

S4). As it can be seen, the data are scattered close enough to the perfect fit line, indicating 

that the estimation is very good. 
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TABLE 1. Determination coefficient (R
2
) and mean absolute error (MAE) for temperature and 

relative humidity estimations (2203 hourly observations for each station). 

 

Stations R
2
 MAE 

 Temperature Relative Humidity Temperature Relative Humidity 

S1 0.96 0.91 0.88 3.80 

S2 0.92 0.84 1.57 5.39 

S3 0.92 0.85 1.49 7.20 

S4 0.89 0.85 1.46 5.79 
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FIGURE 1. Scatter plots of observed versus estimated values of air temperature. 

 

 

S1 S2 

S4 S3 
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FIGURE 2. Scatter plots of observed versus estimated values of relative humidity. 
 

The next step was to apply the developed ANN models to estimate bioclimatic data 

values using the model-estimated air temperature and relative humidity data. The ANN-

estimated values were then used to calculate the THI categories of human comfort. The 

final step was then to compare these results to the THI classes obtained using the 

measured air temperature and relative humidity data recorded at the stations. This 

comparison was used to evaluate the success of the estimations.  

 
TABLE 2. THI Contingency table of the observed versus estimated values for each category of S1 

total data. 

S1 
Δstimated 

Very Hot Hot Comfortable Cool Total 

Ο
b

se
rv

ed
 Very Hot 187 (87.8%) 26 (12.2%) 0 (0.0%) 0 (0.0%) 213 (100%) 

Hot 59 (4.4%) 1252 (92.8%) 38 (2.8%) 0 (0.0%) 1349 (100%) 

Comfortable 0 (0.0%) 52 (8.2%) 578 (91.3%) 3 (0.5%) 633 (100%) 

Cool 0 (0.0%) 0 (0.0%) 0 (0.0%) 7 (100.0%) 7 (100%) 

 

The results in the form of observations as well as percentages of the distribution of the 

estimated values for each station are shown in tables 2 to 5. The variation in success rates 

depends strongly on the morphology of the considered street canyons compared to that of 

the reference station. The overall success rate of THI estimations for the measurement 

stations is considered to be quite good. 

S1 S2 

S4 S3 
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TABLE 3. THI Contingency table of the observed versus estimated values for each category of S2 

total data. 

S2 
Δstimated 

Very Hot Hot Comfortable Cool Total 

Ο
b

se
rv

ed
 Very Hot 110 (90.9%) 11 (9.1%) 0 (0.0%) 0 (0.0%) 121 (100%) 

Hot 136 (10.6%) 1138 (88.8%) 8 (0.6%) 0 (0.0%) 1282 (100%) 

Comfortable 0 (0.0%) 181 (24.0%) 573 (76.0%) 0 (0.0%) 754 (100%) 

Cool 0 (0.0%) 0 (0.0%) 35 (77.8%) 10 (22.2%) 45 (100%) 

 
 

TABLE 4. THI Contingency table of the observed versus estimated values for each category of S3 

total data. 

S3 
Δstimated 

Very Hot Hot Comfortable Cool Total 

Ο
b
se

rv
ed

 Very Hot 179 (67.8%) 85 (32.2%) 0 (0.0%) 0 (0.0%) 264 (100%) 

Hot 67 (4.6%) 1239 (85.9%) 137 (9.5%) 0 (0.0%) 1443 (100%) 

Comfortable 0 (0.0%) 6 (1.2%) 479 (96.8%) 10 (2.0%) 495 (100%) 

Cool 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0%) 

 
 

TABLE 5. THI Contingency table of the observed versus estimated values for each category of S4 

total data. 

S4 
Δstimated 

Very Hot Hot Comfortable Cool Total 

Ο
b
se

rv
ed

 Very Hot 133 (61.0%) 85 (39.0%) 0 (0.0%) 0 (0.0%) 218 (100%) 

Hot 112 (9.0%) 1125 (90.0%) 13 (1.0%) 0 (0.0%) 1250 (100%) 

Comfortable 0 (0.0%) 120 (16.7%) 598 (83.1%) 2 (0.3%) 720 (100%) 

Cool 0 (0.0%) 0 (0.0%) 5 (38.5%) 8 (61.5%) 13 (100%) 

 

 

4. CONCLUSIONS 
 

Results showed a very good agreement between the ANN model-estimated and observed 

data with values of the coefficient of determination to range between 0.89 and 0.96 and 

0.85 to 0.91 for air temperature and humidity, respectively. In addition, the results of the 

present study showed that there is a satisfactory capability to estimate, through the use of 

ANN models, the level of thermal comfort in typical urban canyon streets using a 

relatively limited number of air temperature and relative humidity data, assuming ANNs 

are adequately trained. 
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ABSTRACT 
The current paper presents the implementation of the mesoscale meteorological model WRF at high 

spatial resolution (1-km), for mapping the urban heat island (UHI) and for estimating human thermal 

comfort. Seven thermal comfort predictive (TCP) algorithms were used for assessing thermal comfort over 

the greater Athens area during the heat wave of the 25th July 2009. Results are presented by means of maps 

which depict the spatial distribution of the estimated indices over the Attica Basin, and differences between 

the algorithms are discussed. The simulated spatial distribution of these indices highlights their role in 

supporting spatially-targeted civil protection measures in case of an imminent heat wave. 
 

ΔΦΑΡΜΟΓΗ ΑΣΜΟ΢ΦΑΙΡΙΚΧΝ ΜΟΝΣΔΛΧΝ ΜΔ΢Η΢ ΚΛΙΜΑΚΑ΢ ΓΙΑ ΣΗΝ 

ΠΡΟ΢ΟΜΟΙΧ΢Η ΣΗ΢ Α΢ΣΙΚΗ΢ ΘΔΡΜΙΚΗ΢ ΝΗ΢ΙΓΑ΢ ΚΑΙ ΣΟΝ ΤΠΟΛΟΓΙ΢ΜΟ 
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ΠΔΡΙΛΗΦΗ 
Η παξνύζα εξγαζία παξνπζηάδεη ηελ εθαξκνγή ηνπ κεηεσξνινγηθνύ κνληέινπ κέζεο θιίκαθαο WRF 

ζε πςειή ρσξηθή αλάιπζε (1-km), γηα ηελ απνηύπσζε ηεο αζηηθήο ζεξκηθήο λεζίδαο (ΑΘΝ) θαη ηελ 

εθηίκεζε ηεο αλζξώπηλεο ζεξκηθήο άλεζεο. Δπηά αιγόξηζκνη ππνινγηζκνύ δεηθηώλ ζεξκηθήο άλεζεο 

ρξεζηκνπνηήζεθαλ γηα ηελ απνηίκεζή ηεο ζηελ επξύηεξε πεξηνρή ηεο Αζήλαο θαηά ηε δηάξθεηα ηνπ 

επεηζνδίνπ θαύζσλα ηεο 25εο Ινπιίνπ 2009. Σα απνηειέζκαηα παξνπζηάδνληαη κε ηελ κνξθή ραξηώλ 

ζηνπο νπνίνπο απνηππώλεηαη ε ρσξηθή θαηαλνκή ησλ ππνινγηζζέλησλ δεηθηώλ ζην Λεθαλνπέδην Αηηηθήο 

θαη αλαιύνληαη νη δηαθνξέο ησλ αιγνξίζκσλ. Μέζα από ηελ πξνζνκνίσζε ηεο ρσξηθήο θαηαλνκήο ησλ 

δεηθηώλ απηώλ αλαδεηθλύεηαη ν ξόινο ηνπο ζηελ ππνβνήζεζε ηεο ιήςεο ρσξηθά ζηνρεπόκελσλ κέηξσλ 

πνιηηηθήο πξνζηαζίαο, ζε πεξίπησζε επεξρόκελνπ θαύζσλα. 

 

 

1. INTRODUCTION 
 

Luke Howard (1883) is thought to be the first one to provide evidence that air 

temperatures are often higher in a city compared to its rural surroundings. In the interim, 

this fact has been demonstrated beyond doubt and has been identified as the “urban heat 

island” (UHI) phenomenon.  

This phenomenon is considered to be one of the major environmental problems of the 

21st century, posed to human beings as a result of urbanization and industrialization. 

According to Haines et al. (2006), the elevated air temperatures that are observed 

downtown of urban areas can potentially lead to a significant increase in population‟s 

mortality. This fact has been demonstrated in the most dramatic way during the heat wave 
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that hit Europe in Summer 2003 (Matzarakis et al., 2009), causing a sharp increase of 

deaths in several European cities (Haines et al., 2006). Taking into consideration the 

persistent increase of Earth‟s mean temperature, which can be associated with the increase 

in the frequency and the magnitude of heat waves (Benniston, 2004), it is essential to focus 

on the study of the this phenomenon. In particular, it is of great importance to concentrate 

on the forecasting of UHI and the quantification of its side effects, thus contributing to the 

development of successful Decision Support Systems (DSS).  

The current paper presents the implementation of a Numerical Weather Prediction 

(NWP) model, namely WRF (Weather Research and Forecasting), for simulating the UHI 

of the capital city of Greece, Athens. Seven (7) Thermal Comfort Predictive (TCP) 

algorithms have been used for assessing thermal comfort conditions over the greater Athens 

area during the heat wave of 25th July 2009. The current study aims to highlight the 

capability of a state-of-the-art atmospheric model to be employed for supporting DSS in 

taking spatially-targeted measures in case of an imminent heat wave.     

 

 

2. URBAN HEAT ISLAND AND THERMAL COMFORT 
 

Increased daytime air temperatures and reduced nighttime cooling, associated with the 

UHI phenomenon, can significantly affect human health and well being, by contributing to 

general discomfort, respiratory difficulties, heat cramps and exhaustion, non fatal heat 

strokes and heat-related mortality. UHIs can also exacerbate the impact of heat waves, 

putting sensitive population groups, such as children and elderly people, under dangerous 

thermal stress conditions. Therefore, it is essential to understand and evaluate comfort 

conditions in urban spaces.     

According to ASHRAE (American Society of Heating, Refrigerating and Air 

Conditioning Engineers) thermal comfort can be defined as “the state of mind that 

expresses satisfaction with the surrounding environment” (ASHRAE Standard 55). Thermal 

comfort is actually a matter of many physical parameters. Vast research in this field has 

revealed that the key factors that determine how warm or cold a person feels are both 

environmental (e.g. air temperature, radiation) and personal (e.g. age, clothing).  

Throughout the last 50 years, researchers have focused their efforts on the development 

of suitable indices for predicting human thermal comfort. Several indices, such as the 

Predicted Mean Vote (PMV), the Discomfort Index (DI) and the Index of Thermal Stress 

(ITS), have been in use, depending on the availability of the necessary physical and 

meteorological data, and the specific needs of the corresponding applications. Some of 

these indices can be easily computed, requiring no more than 2-3 input parameters, whereas 

others require more parameters and should be coupled to detailed thermo-physiological 

models.  

 

 

3. MODEL SIMULATIONS 
 

The mesoscale meteorological model WRF has been implemented at high spatial 

resolution, equal to 1-km, for simulating the UHI over the greater Athens area (GAA) 

during the heat wave of 25th July 2009. The model‟s output has been used for applying 7 

TCP algorithms, in order to forecast thermal comfort conditions in the area of study.  
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3.1 The Weather Research and Forecasting model 
 

The Weather Research and Forecasting (WRF) model is a next-generation mesoscale 

NWP system, designed to serve both operational forecasting and atmospheric research 

needs.  In the frame of the current study, the WRF model was setup to perform a three-day 

simulation for the city of Athens. The modeling domain used, consists of 111 x 91 grid 

cells, covering the GAA with a spatial resolution of 1-km. The simulated three-day period 

was initialized at 12-UTC on the previous day (i.e. 24th July 2009), in order to have a 12-

hour spin-up period. Initial and boundary conditions were determined using NCEP‟s GFS 

(National Centre for Environmental Prediction, Global Forecasting System) 6-hourly 

forecasts for the time period of interest (i.e. from 24th July 12-UTC through 28 July 00-

UTC). Three intermediate modeling domains consisting of 199 x 175, 175 x 175 and 76 x 

76 grid points, and with spatial resolutions equal to 30-, 10- and 2-km respectively, were 

employed in order to interpolate and gradually downscale the coarse, 1
o
 x 1

o
 resolution, 

NCEP/GFS forecasts. Standard WRF physics options and parameterizations were used. The 

model was configured to output results at 1-hour intervals.      

 

3.2 Thermal Comfort Predictive algorithms 
 

Hourly forecasts of meteorological variables, provided by the WRF model or 

diagnosed from its output, as well as human physiology-related data (e.g. metabolic rate, 

clothing insulation etc.), were used for driving 7 TCP algorithms, in order to simulate 

thermal comfort conditions in the GAA during the heat wave of 25th July 2009. The 

algorithms used refer to the following indices of thermal comfort: (1) Discomfort Index 

(DI; Thom, 1959); (2) Index of Thermal Stress (ITS; Givoni, 1969); (3) Predicted Mean 

Vote (PMV; Fanger, 1970); (4) Heat Index (HI; Steadman, 1979); (5) Humidex (HU; 

Masterton and Richardson, 1979); (6) Thermal Sensation (TS; Givoni et al., 2003); and (7) 

Actual Sensation Vote (ASV; Nikolopoulou, 2004). A more detailed description of the 

afore mentioned thermal comfort indices can be found in the respective publications.  

All TCP algorithms were coded in NCL (NCAR Command Language) in order to 

allow for easy and fast computation, and user-friendly visualization of the results.   

 

 

4. RESULTS AND DISCUSSION  
 

Results from the implementation of the TCP algorithms are presented in terms of 

thematic maps. In order to allow for an efficient comparison between the various indices 

used, the latter are classified into 3 groups. The first one (Group A) consists of the simplest 

indices, namely DI and HU, which can be used for evaluating thermal comfort conditions. 

PMV, TS and ASV constitute the second group (Group B) of indices, which can be 

implemented for predicting thermal sensation. Finally, the last group of indices (Group C) 

includes ITS and HI, which are usually employed for alerting public of heat stress danger.  

 

4.1 Group A: Discomfort Index & Humidex 
 

Figure 1 depicts the forecasted spatial distribution of DI (left panel) and HU (right 

panel) in the GAA, on the 25th July 2009 at 12-UTC. The only parameters that are required 

for computing both indices are air temperature and relative humidity. Values of DI and HU 

are classified into 6 groups, each one representing a different level of discomfort. 
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According to these indices, the population living in the downtown of the area of study is 

expected to be subject to heavy discomfort.      

The main advantage of these indices is that they can be calculated directly from the 

model‟s output, while they can be easily interpreted by public and civil protection 

authorities. On the other hand, DI and HU do not account for the effect of radiation, which 

is considered to be an important parameter in human bio-meteorology. Nevertheless, both 

indices are thought to be useful in providing an overview of the expected spatial 

distribution of discomfort levels in an urban area.  
 

  
FIGURE 1. Discomfort Index (left) and Humidex (right) forecasts, valid on 25/07/2009 – 12-UTC 

 

4.2 Group B: PMV, TS & ASV 
 

Figure 2 shows the simulated spatial distribution of PMV (left panel), TS (center panel) 

and ASV (right panel) in the GAA, on the 25th July 2009 at 12-UTC. These indices are 

derived from thermal balance models, accounting for the effect of both environmental and 

personal factors. PMV, TS and ASV can be used for predicting the mean response of a 

large group of people according to a varying thermal sensation scale. Higher PMV values 

are predicted to occur in the centre of the urban agglomeration of Athens, while TS and 

ASV values appear to be inadequate in terms of simulating the spatial variation of thermal 

sensation.   
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FIGURE 2. Predicted Mean Vote (left), Thermal Sensation (center) and Actual Sensation Vote 

(right) forecasts, valid on 25/07/2009 – 12 UTC. PMV was calculated assuming a male population 

with a mean age (35), weight (75-kg) and height (175-cm), and considering light summer clothing. 

Two more classes (i.e. PMV=+4, PMV=+5) were added to the default ASHRAE thermal sensation 

scale in order to allow for the better representation of the spatial distribution of thermal sensation in 

the area of study.  

 

Out of the 3 indices, the mathematical formulation of PMV is the most complicated, 

relating this index to the metabolic rate and clothing insulation of a person, as well as to 

several meteorological parameters. The personal factors (e.g. clothing and metabolic rate) 

on which this index depends upon are difficult to determine, thus making its calculation a 

rather tough task. On the other hand, PMV is a population-targeted index that can be used 

for alerting highly vulnerable population groups (i.e. children and/or elderly people) of 

adverse discomfort conditions. The ASHRAE (American Society of Heating, Refrigerating 

and Air Conditioning Engineers) thermal sensation scale (ASHRAE Standard 55), which 

spans from “cold” (PMV=-3) through “hot” (PMV=+3), is used for interpreting this index. 

PMV can be estimated using the model‟s output and adopting several assumptions 

regarding person-dependent parameters.    

TS and ASV were developed in the frame of experimental researches focusing on 

outdoor thermal comfort. Both indices consider the effects or air temperature, solar 

radiation, wind speed and humidity, while their mathematical formulations are very similar 

to each other. TS and ASV values are scaled in order to represent varying levels of thermal 

sensation. These indices can be derived directly from the model‟s output, resulting however 

to similar patterns concerning the spatial distribution of thermal sensation in the area of 

study. Last but not least, it should be pointed out that the applicability of ASV is, according 

to Nikolopoulou (2004), refrained to temperatures above 5 
o
C and below 35 

o
C.   

 

4.3 Group C: ITS & HI 
 

The modeled spatial distribution of ITS (left panel) and HI (right panel) in the GAA on 

the 25th July 2009, at 12-UTC, is presented in Figure 3. Both indices can be used for 

providing an estimation of the thermal stress a population is subject to. ITS‟s and HI‟s 

mathematical formulations account for the effects of air temperature, wind speed, humidity 

and radiation. ITS is thought to be more population-targeted index, since it also considers 

human-physiology related parameters (e.g. metabolic rate). As it is shown in Figure 3, ITS 

predicts a higher thermal stress impact for people living in the centre of the urban area of 

Athens. Contrary to ITS, HI values appear to be higher along the coastal line of the area of 

study, mainly due to the high dependence of this index on humidity.  

ITS was derived from a set of equations that form a mathematical model that describes 

the biophysical mechanisms involved in the preservation of thermal balance between the 

human body and its environment, taking into account the variable cooling efficiency of 

sweating (Givoni, 1979). In that sense, ITS is a more sophisticated index than HI, which is 

also referred to as the “apparent temperature” and was originally developed for quantifying 

thermal stress in indoor conditions (Steadman, 1979). HI can be defined as the temperature, 

at the reference humidity level (i.e. around 20%), producing the same amount of discomfort 

as that experienced under the current ambient air temperature and humidity. Values of this 

index are classified into 5 groups, each one representing a different level of concern in 

terms of thermal stress conditions. On the contrary, ITS provides a continuous linear 
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estimation of thermal stress and may be used for evaluating the physiological strain under 

conditions where the sweat rate reflects thermal load of the human body.  

  
FIGURE 3. Index of Thermal Stress (left) and Heat Index (right) forecasts, valid on 25/07/2009 – 

12-UTC. ITS was calculated assuming a male population with a mean age (35), weight (75-kg) and 

height (175-cm), and considering light summer clothing.  

 

Both indices can be diagnosed from model‟s output, but in the case of ITS several 

assumptions concerning the “target population” have to be made. Interpretation of HI 

should be carried out carefully, since the mathematical formulation of this index is 

considered to provide reasonable results when air temperature is above 26 
o
C and relative 

humidity exceeds 40%. On the other hand, ITS lacks a classification scheme and 

consequently, this index needs to calibrated before attempting to interpret its values. 

Nevertheless, higher values of ITS imply greater thermal stress.      

 

 

5. SUMMARY AND CONCLUSIONS  
 

The state-of-the-art mesoscale atmospheric model WRF was implemented at high 

spatial resolution (1-km), for simulating the Urban Heat Island (UHI) phenomenon in the 

greater Athens area (GAA) during the heat wave of the 25th July 2009. Seven (7) TCP 

algorithms were implemented, in order to evaluate thermal comfort conditions in the area of 

study. The presented indices are classified into 3 groups in order to allow for a qualitative 

comparison, while results are introduced in terms of maps depicting the spatial distribution 

of the indices that were studied.  

DI and HU are the most easily computed indices of thermal comfort, requiring only air 

temperature and relative humidity data as input parameters. Both indices can be derived 

directly using the model‟s output, not needing to make any assumptions. They can be easily 

interpreted by public, and thus, they could be employed in the frame of Decision Support 

Systems (DSS) for alerting people of discomfort conditions. According to the current study, 

DI appears to be more “UHI-driven” than HU, in terms of predicting heavier discomfort 

conditions to occur in the centre of the urban agglomeration of Athens.  

Contrary to DI and HU, which are rather empirical indices, PMV, TS and ASV are 

generally derived from thermal balance models. Therefore, these indices are considered to 

be more accurate than DI and HU, since they consider the heat that stresses thermally the 

human body. PMV is the most population-targeted of all indices examined, accounting for 

several human physiology-related parameters, such as the metabolic rate (depending on 
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age, sex etc.), the clothing insulation etc. In spite of the fact that for calculating this index 

several personal parameters need to be defined or/and assumed, PMV should be integrated 

into DSS for assisting civil protection authorities in taking spatially- and population-

targeted measures in case of imminent heat waves, which could have adverse impacts on 

highly vulnerable population groups. Concerning TS and ASV, the current study indicates 

that there are no discernible differences between the two of them. The implementation of 

the corresponding algorithms resulted to similar spatial distributions of thermal sensation 

conditions in the area of study, while their sensitivity to the UHI phenomenon appears to be 

rather low. Moreover, the application of ASV is refrained to specific environmental 

conditions. Conclusively, TS and ASV do not seem to provide any valuable information 

that could be exploited by DSS.  

Concerning ITS and HI, these indices can be implemented for evaluating thermal stress 

conditions. The mathematical formulation of ITS indicates that the index is population-

targeted, contrary to HI that does not consider any personal factors. The major disadvantage 

of ITS, regarding its applicability, is the lack of a classification scheme. On the other hand, 

HI can be applied under certain environmental conditions. Under this point of view, the 

applicability of HI seems to be restricted. Hence, between these two indices, ITS could be 

selected for integration into DSS, as long as its values are properly calibrated for 

successfully interpreting the index.  

Summarizing, the current study has exploited the potential of a state-of-the-art 

atmospheric model (i.e. WRF) to simulate outdoor thermal comfort in urban areas and thus, 

support DSS. The present results are certainly promising, but further research in this field 

should be carried out, in particular to what it concerns the accuracy of the model‟s forecasts 

that drive the TCP algorithms. Furthermore, for scientific completeness the results should 

be evaluated both quantitatively (against ground-truth meteorological data) and 

qualitatively (e.g. using questionnaires).   
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ΠΔΡΙΛΗΦΗ 

΢ηελ παξνύζα εξγαζία, γίλεηαη δηεξεύλεζε ησλ δεδνκέλσλ ζεξκνθξαζηώλ εδάθνπο 

ηνπ Δζληθνύ Αζηεξνζθνπείνπ Αζελώλ, γηα ηελ πεξίνδν 1991-2008 κε ζθνπό ηελ 

εθηίκεζε βαζηθώλ ζεξκηθώλ ραξαθηεξηζηηθώλ ηνπ εδάθνπο. Με βάζε ηελ επεμεξγαζία 

ησλ δεδνκέλσλ γίλεηαη αμηνιόγεζε ηνπ πιάηνπο ησλ επνρηαθώλ δηαθπκάλζεσλ ηεο 

ζεξκνθξαζίαο ηνπ εδάθνπο κέρξη ην βάζνο ησλ 1.2 m, εθηίκεζε ηεο ρξνληθήο 

επηβξάδπλζεο ηνπ ζεξκνθξαζηαθνύ θύκαηνο θαζώο επίζεο θαη πξνζδηνξηζκόο ηεο 

ρξνληθήο απόθιηζεο θαηά ηελ εκθάληζε ησλ κεγίζησλ θαη ειαρίζησλ ζεξκνθξαζηώλ ζηα 

δηάθνξα βάζε. 
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ABSTRACT 

The present study deals with the study of the available ground temperature 

measurements of the National Observatory of Athens for the period 1991-2008. The 

following thermal soil characteristics are evaluated: the amplitude of the seasonal 

changes in soil temperatures up to the depth of 1.2 m; the retardation in time of the 

temperature wave; and the time lags of the maximum and minimum temperatures for the 

various depths. 

 

 

1. ΔΙ΢ΑΓΧΓΗ 
 

Η ζεξκνθξαζία ηνπ εδάθνπο απνηειεί ζεκαληηθή παξάκεηξν γηα ηελ ύπαξμε θαη ηελ 

δηαηήξεζε ησλ δαζηθώλ θαη γεσξγηθώλ νηθνζπζηεκάησλ, κέζσ ρεκηθώλ θαη βηνινγηθώλ 

δηεξγαζηώλ. Γηα ηελ ζπνξά θαη ηελ βιάζηεζε θάζε θπηνύ απαηηείηαη νξηζκέλν εύξνο 

ζεξκνθξαζηώλ εδάθνπο, ελώ πθίζηαηαη θαη κηα θξίζηκε ηηκή ζεξκνθξαζίαο, ζηελ νπνία ε 

βιάζηεζε ησλ ζπόξσλ είλαη ηαρύηεξε. Δπίζεο ε αύμεζε ηνπ ξηδηθνύ ζπζηήκαηνο 

επηηπγράλεηαη κε ηελ αύμεζε ηεο ζεξκνθξαζίαο εδάθνπο κέρξηο νξηζκέλνπ ζεκείνπ. Η 

αλάπηπμε απηή επεξεάδεη θαη θαζνξίδεη ηελ αλάπηπμε ηνπ ππέξγεηνπ ηκήκαηνο ηνπ θπηνύ. 

Μηθξέο δηαθπκάλζεηο ηεο ζεξκνθξαζίαο ηνπ εδάθνπο επεξεάδνπλ δπζκελώο ηελ αλάπηπμε 
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θαη ηελ επηβίσζε ησλ λεαξώλ θσλνθόξσλ δελδξπιιίσλ (Stathers et al., 1985; Bakisky and 

Burton, 1995), θαζώο θαη ηελ αλάπηπμε θαη ηελ απόδνζε ησλ γεσξγηθώλ θαιιηεξγεηώλ, 

κέζσ ηνπ ξηδηθνύ ζπζηήκαηνο, ζε πνηθίιεο θαιιηέξγεηεο, ζπκπεξηιακβαλνκέλσλ ησλ: 

θαιακπόθη, θαζόιηα, βξώκε θαη βακβάθη (Kaspar and Bland, 1992; ,Nabi and Mullins, 

2007) αιιά θαη ηελ βιαζηηθή ηθαλόηεηα ησλ ζπόξσλ θαη ηελ θαηαζηξνθή ησλ ζπνξνθύησλ 

από πξνζβνιέο παζνγόλσλ νξγαληζκώλ (Oliver et al.,1986; McMichael et al., 1996). 

Σηο ηειεπηαίεο δεθαεηίεο ε ζεξκνθξαζία ηνπ εδάθνπο απνηειεί επίζεο, ζεκαληηθή 

παξάκεηξν γηα εθαξκνγέο βηνθιηκαηηθνύ ζρεδηαζκνύ, όπσο ε παζεηηθή ζέξκαλζε θαη 

ςύμε θηηξίσλ θαη ζεξκνθεπηαθώλ εγθαηαζηάζεσλ. Η γλώζε ηεο θαηαλνκήο θαη ηεο 

δηαθύκαλζεο ηεο ζεξκνθξαζίαο εδάθνπο ζε δηάθνξα βάζε απαηηείηαη γηα ηελ αμηνιόγεζε 

ηνπ ελεξγεηαθνύ δπλακηθνύ ηνπ εδάθνπο, ηελ απνηειεζκαηηθόηεηα δηαθόξσλ κέζσλ 

αληαιιαγήο ζεξκόηεηαο κεηαμύ εδάθνπο θαη αέξα (π.ρ. ππεδάθηεο ζσιελώζεηο) θαη γηα ηνλ 

ππνινγηζκό ηεο ζεξκηθήο ζπκπεξηθνξάο ησλ θηηξηαθώλ θαη ζεξκνθεπηαθώλ 

εγθαηαζηάζεσλ πνπ βξίζθνληαη ζε άκεζε επαθή κε ην έδαθνο (Givoni and Katz, 1985; 

Stantamouris et al.,1995; Jacovides et al., 1996; Mihalakakou et al., 1997; Mihalakakou, 

2002; Florides and Kalogirou, 2004).  

΢θνπόο ηεο παξνύζαο εξγαζίαο είλαη ε αμηνπνίεζε ησλ δηαζέζηκσλ κεηξήζεσλ 

ζεξκνθξαζηώλ ηνπ εδάθνπο ζε δηάθνξα βάζε, ηνπ Δζληθνύ Αζηεξνζθνπείνπ Αζελώλ γηα 

ηελ εθηίκεζε ησλ αθόινπζσλ ζεξκηθώλ ραξαθηεξηζηηθώλ ηνπ εδάθνπο: ηνπ πιάηνπο ησλ 

επνρηαθώλ δηαθπκάλζεσλ ηεο ζεξκνθξαζίαο απηνύ κέρξη ην βάζνο ησλ 1.2 m, ηεο ρξνληθήο 

πζηέξεζεο ηνπ ζεξκνθξαζηαθνύ θύκαηνο θαη ηεο ρξνληθήο απόθιηζεο θαηά ηελ εκθάληζε 

ησλ κεγίζησλ θαη ειαρίζησλ ζεξκνθξαζηώλ ζηα δηάθνξα βάζε. 

 

 

2. ΓΔΓΟΜΔΝΑ ΚΑΙ ΜΔΘΟΓΟΛΟΓΙΑ 
 

΢ην Δζληθό Αζηεξνζθνπείν Αζελώλ (Δ.Α.Α.), εθηεινύληαη από ην 1911 ζπζηεκαηηθέο 

θαηαγξαθέο ηεο ζεξκνθξαζίαο ηνπ εδάθνπο ζε δηάθνξα βάζε, ηξεηο θνξέο εκεξεζίσο 

(08:00, 14:00 θαη 20:00 LST). Ο ζηαζκόο (γ. πιάηνο 37° 58' Β, γ. κήθνο 23° 43' Α, 

πςόκεηξν 100 m από ηελ κέζε ζηάζκε ηεο ζάιαζζαο) βξίζθεηαη ζηηο ηζηνξηθέο 

εγθαηαζηάζεηο ηνπ Δ.Α.Α. ζην Θεζείν, ζε κηθξή απόζηαζε από ηελ Αθξόπνιε, θνληά ζην 

θέληξν ηεο Αζήλαο. 

΢ηα ηέιε ηνπ 1990 έγηλε απηνκαηνπνίεζε ηνπ ζηαζκνύ κέηξεζεο ζεξκνθξαζηώλ 

εδάθνπο, κε αληηθαηάζηαζε ησλ θιαζζηθώλ πδξαξγπξηθώλ ζεξκνκέηξσλ κε ζύγρξνλνπο 

αηζζεηήξεο ηύπνπ“thermistor” ( probe 107 ηεο Campbell Scientific Ltd.) θαη ζπλερή 

ζπιινγή ησλ δεδνκέλσλ αλά 1 ώξα (δεηγκαηνιεςία αλά 1 ιεπηό θαη κέζε ηηκή αλά ώξα) 

(Φπιόγινπ, 1991). 

Γηα ηελ εθπόλεζε ηεο παξνύζαο εξγαζίαο ρξεζηκνπνηήζεθαλ νη δηαζέζηκεο κεηξήζεηο 

ηεο ζεξκνθξαζίαο ηνπ εδάθνπο ζε δηάθνξα βάζε ηνπ Δ.Α.Α., γηα ηελ πεξίνδν 1991-2008.  

Οη κεηξήζεηο πξνέξρνληαη από δπν νκάδεο νξγάλσλ κέηξεζεο ζεξκνθξαζηώλ εδάθνπο 

: 

i. ζεξκόκεηξα άκεζεο επαθήο εγθαηεζηεκέλα ζηελ επηθάλεηα ηνπ εδάθνπο θαζώο 

θαη ζε βάζε 2, 5, 10, 15, 20, 30, 40 θαη 50 cm, θαη 

ii. ζεξκόκεηξα ζε κεηαιιηθά δνρεία, εγθαηεζηεκέλα ζε βάζε 0.3, 0.6, 0.9, 1.2 m. 

Η ζεξκνθξαζία ηνπ αέξα θαηαγξάθεηαη κε ειεθηξνληθά ζεξκόκεηξα ζε 

κεηεσξνινγηθό θισβό, ύςνπο 1.50 m. πάλσ από ην επίπεδν ηνπ εδάθνπο. 

Γηα ην ζθνπό ηεο κειέηεο απηήο, αξρηθά ηα δεδνκέλα ππέζηεζαλ ιεπηνκεξεηαθό 

πνηνηηθό έιεγρν γηα ηνλ εληνπηζκό ιαζώλ θαη ηελ απνκάθξπλζε ηπρόλ εζθαικέλσλ ηηκώλ. 
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΢ηελ ζπλέρεηα, ππνινγίζηεθαλ νη κέζεο εκεξήζηεο ηηκέο θαζώο θαη νη κέζεο κεληαίεο ηηκέο 

ηεο ζεξκνθξαζίαο ηνπ αέξα θαη ηνπ εδάθνπο ζηα δηάθνξα βάζε. 

 

 

3. ΔΠΔΞΔΡΓΑ΢ΙΑ ΜΔΣΡΗ΢ΔΧΝ 
 

Οη κεηαβνιέο ηεο ζεξκνθξαζίαο ηνπ εδάθνπο ηόζν ζηελ επηθάλεηα όζν θαη ζηα 

δηάθνξα βάζε σο ζπλάξηεζε ηνπ ρξόλνπ παξνπζηάδνπλ ηόζν εκεξήζηα όζν θαη εηήζηα 

πεξηνδηθόηεηα. 

 

3.1 Δηήζια διακύμανζη θερμοκραζίας  
 

Οη κέζεο κεληαίεο ηηκέο ηεο ζεξκνθξαζίαο ηνπ ππεξθείκελνπ αέξα, ηνπ γπκλνύ 

εδάθνπο, θαζώο θαη ζε βάζε από 2 έσο 50 cm, γηα ηελ εμεηαδόκελε ρξνληθή πεξίνδν 1991-

2008, παξνπζηάδνληαη γξαθηθά ζην ΢ρήκα 1. 

 

 
΢ΥΗΜΑ 1. Δηήζηα πνξεία ηεο κέζεο κεληαίαο ζεξκνθξαζίαο ηνπ αέξα, ηνπ γπκλνύ εδάθνπο θαη 

ζε βάζε από 2 έσο 50 cm, θαηά ηελ πεξίνδν 1991-2008. 

 

Από ην ΢ρήκα 1 θαίλεηαη όηη ν Ιαλνπάξηνο είλαη ν ςπρξόηεξνο κήλαο ηνπ έηνπο, όρη 

κόλν ζηελ γπκλή επηθάλεηα ηνπ εδάθνπο αιιά θαη ζε όια ηα βάζε κέρξη 40 cm, ελώ ν 

Φεβξνπάξηνο γηα ηα 50 cm. Αληίζεηα, ν Ινύιηνο είλαη ν ζεξκόηεξνο κήλαο έσο ην βάζνο 

ησλ 40 cm, ελώ ν Αύγνπζηνο γηα ηα 50 cm. Σα απνηειέζκαηα απηά ππνδειώλνπλ ηελ 

ύπαξμε κηαο θαζπζηέξεζεο ζηελ κεηαθνξά ηεο ζεξκόηεηαο κέζα ζην έδαθνο. 

Αμίδεη λα ζεκεησζεί ε αύμεζε ηεο ζεξκνθξαζίαο κε ην βάζνο ζηελ πεξίνδν 

Οθησβξίνπ-Φεβξνπαξίνπ, δειαδή γηα δύν κήλεο πξηλ θαη δύν κήλεο κεηά από ην 

Γεθέκβξην, πνπ είλαη ν κήλαο κε ηελ κηθξόηεξε ειηνθάλεηα. 



10ο COMECAP 2010, ΠΡΑΚΣΙΚΑ ΢ΤΝΕΔΡΙΟΤ    --    10th COMECAP 2010, CONFERENCE PROCEEDINGS 

 

25 – 28/5/2010, PATRAS, GREECE   512 
 

Σέινο, αμίδεη λα αλαθεξζεί όηη γηα ηελ εμεηαδόκελε πεξίνδν 1991-2008, δελ 

θαηαγξάθεθαλ αξλεηηθέο ζεξκνθξαζίεο ζε βάζε κεγαιύηεξα ησλ 5 cm. Αθόκα θαη ζην 

βάζνο ησλ 5 cm παξαηεξήζεθαλ κόλν 3-4 ηηκέο αξλεηηθώλ ζεξκνθξαζηώλ ηεο ηάμεο ησλ –

0.2 
ν
C κόλν. Θεξκνθξαζίεο θάησ ησλ 0 

ν
C θαηαγξάθνληαη ζηελ επηθάλεηα ηνπ εδάθνπο 

από ηνλ Γεθέκβξην κέρξη θαη Φεβξνπάξην. 

Οη κέζεο κεληαίεο ηηκέο ηεο ζεξκνθξαζίαο ηνπ εδάθνπο κε ζεξκόκεηξα κέζα ζε 

θύπειια, ζηα βάζε 0.3, 0.6, 0.9 θαη 1.2 m, θαηά ηελ εμεηαδόκελε πεξίνδν, παξνπζηάδνληαη 

ζην ΢ρήκα 2. 

 

 
΢ΥΗΜΑ 2. Δηήζηα πνξεία ηεο κέζεο κεληαίαο ζεξκνθξαζίαο ηνπ αέξα, ηνπ γπκλνύ εδάθνπο θαη ζηα 

βάζε 0.3, 0.6, 0.9, θαη 1.2 m, θαηά ηελ πεξίνδν 1991-2008 

 

Με βάζε ηηο κέζεο κεληαίεο ηηκέο ηνπ ζρήκαηνο 2, ην ζηξώκα ηνπ εδάθνπο από       0.3 

κέρξη 1.2 m παξνπζηάδεηαη ζρεδόλ ηζόζεξκν. Σν εηήζην εύξνο θύκαλζεο ηεο ζεξκνθξαζίαο 

ειαηηώλεηαη κε ην βάζνο κε κηθξό ξπζκό. Γηα ηα βάζε 0.3 θαη 0.6 m           ν ζεξκόηεξνο 

κήλαο είλαη ν Ινύιηνο, ελώ γηα ηα βάζε 0.9 θαη 1.2 m ν Αύγνπζηνο. Σν γεγνλόο απηό 

εληζρύεη ηνλ θαλόλα θαζπζηέξεζεο ζηελ κεηαθνξά ζεξκόηεηαο κέζα ζην έδαθνο πνπ 

παξαηεξήζεθε θαη ζηελ νκάδα ζεξκνκέηξσλ άκεζεο επαθήο από 0.2 έσο     50 cm. 

Παξαηεξείηαη επίζεο όηη ν ςπρξόηεξνο κήλαο ζε όια ηα βάζε είλαη ν Φεβξνπάξηνο κε 

εμαίξεζε ην βάζνο 0.3 m γηα ην νπνίν είλαη ν Ιαλνπάξηνο. 

 

3.2 Ημερήζια διακύμανζη θερμοκραζίας 
 

΢ην ζρήκα 3 παξνπζηάδεηαη γξαθηθά ε κέζε εκεξήζηα δηαθύκαλζε ηνπ αέξα, ηνπ 

γπκλνύ εδάθνπο θαζώο θαη ζηα βάζε από 2 έσο 50 cm γηα ηα ζεξκόκεηξα άκεζεο επαθήο, 

γηα ηνπο κήλεο Ιαλνπάξην, Απξίιην, Ινύιην θαη Οθηώβξην, γηα ηελ πεξίνδν 1991-2008. 
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΢ύκθσλα κε ην ζρήκα 3, ε ζεξκνθξαζία ηεο επηθάλεηαο ηνπ εδάθνπο απμάλεη 

πξννδεπηηθά από ηελ αλαηνιή ηνπ ήιηνπ κέρξη ηηο πξώηεο ώξεο ηνπ απνγεύκαηνο, γηα λα 

ειαηησζεί ζηελ ζπλέρεηα κέρξη ηελ αλαηνιή ηνπ ήιηνπ ηελ επόκελε εκέξα. Η ζεξκνθξαζία 

ηνπ εδάθνπο απμάλεη πνιύ γξήγνξα γύξσ ζηηο 09:00 ή 10:00 LST, θαη ειαηηώλεηαη πάιη 

γξήγνξα κεηά ηελ δύζε ηνπ ήιηνπ. 

 

  

  

΢ΥΗΜΑ 3. Μέζε εκεξήζηα δηαθύκαλζε ηεο ζεξκνθξαζίαο ηνπ αέξα, ηνπ γπκλνύ εδάθνπο θαη ζε 

βάζε από 2έσο 50 cm, γηα ηνπο κήλεο Ιαλνπάξην, Απξίιην, Ινύιην θαη Οθηώβξην, γηα ηελ 

εμεηαδόκελε πεξίνδν 1991-2008. 

 

Σν ειάρηζην ηεο ζεξκνθξαζίαο ζηελ επηθάλεηα ηνπ εδάθνπο θαηά ηνλ ρεηκώλα θαη ην 

θαινθαίξη, παξνπζηάδεηαη θαλνληθά ηελ ζηηγκή ηεο αλαηνιήο (ή ιίγν αξγόηεξα), ζρεδόλ 

ηαπηόρξνλα κε εθείλν ηνπ αέξα ησλ θαηώηεξσλ ζηξσκάησλ, όπνπ έρνπκε εμίζσζε ησλ δύν 

αληίζεηεο θνξάο αθηηλνβνιηώλ (εηζεξρόκελεο ειηαθήο θαη εμεξρόκελεο γήηλεο). Σν 

κέγηζην όκσο παξαηεξείηαη γύξσ ζηηο 13:00-14:00 LST, 1 ώξα πεξίπνπ κεηά ην κέγηζην 

ηεο ειηαθήο αθηηλνβνιίαο θαη 1 πεξίπνπ ώξα λσξίηεξα από ην κέγηζην ηεο ζεξκνθξαζίαο 

ηνπ αέξα. ΢εκεηώλεηαη επίζεο όηη ε κέζε ζεξκνθξαζία ηεο επηθάλεηαο ηνπ εδάθνπο είλαη 

κεγαιύηεξε εθείλεο ηνπ αέξα, ηδίσο θαηά ηε δηάξθεηα ησλ θαινθαηξηλώλ κελώλ. 
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Πεξαηηέξσ, κε βάζε ην ΢ρήκα 3 παξαηεξείηαη όηη ζε κεγαιύηεξα βάζε, παξνπζηάδεηαη 

δηαδνρηθά κείσζε ηνπ εύξνπο εκεξήζηαο θύκαλζεο ηεο ζεξκνθξαζίαο. Δπίζεο 

παξαηεξείηαη όιν θαη κεγαιύηεξε ρξνληθή πζηέξεζε θαηά ηελ εκθάληζε ηεο κέγηζηεο 

ζεξκνθξαζίαο ζην εθάζηνηε βάζνο, ζε ζρέζε πάληα κε ηελ ρξνληθή ζηηγκή εκθάληζεο ηνπ 

κεγίζηνπ ζηελ επηθάλεηα ηνπ εδάθνπο. Απηό έρεη σο απνηέιεζκα ζην βάζνο ησλ 50 cm, ε 

ζεξκνθξαζία λα ζπλερίδεη λα αλέξρεηαη έσο ηηο βξαδηλέο ή αθόκα θαη ηηο πξώηεο πξσηλέο 

ώξεο.  

Όζνλ αθνξά ηελ επίδξαζε ηελ νπνία αζθνύλ νη επνρηαθέο κεηαβνιέο ηνπ θαηξνύ ζηελ 

δηακόξθσζε ηεο κέζεο κεληαίαο εκεξήζηαο πνξείαο ηεο ζεξκνθξαζίαο ηνπ εδάθνπο ζηα 

δηάθνξα βάζε, παξαηεξείηαη ηελ ζηαδηαθή κείσζε κε ηελ αύμεζε ηνπ βάζνπο θαηαγξαθήο 

ηεο ζεξκνθξαζίαο. Παξ‟όια απηά ε δηαθύκαλζε ηεο ζεξκνθξαζίαο ηνπ εδάθνπο είλαη 

κηθξόηεξε ηνλ Ιαλνπάξην θαη κεγαιύηεξε ηνλ Ινύιην. 

 

 

  

  

΢ΥΗΜΑ 4. Μέζε εκεξήζηα δηαθύκαλζε ηεο ζεξκνθξαζίαο ηνπ αέξα, ηνπ γπκλνύ εδάθνπο θαη 

ζηα βάζε 0.3, 0.6, 0.9 θαη 1.2 m, γηα ηνπο κήλεο Ιαλνπάξην, Απξίιην, Ινύιην θαη Οθηώβξην, γηα 

ηελ εμεηαδόκελε πεξίνδν 1991-2008. 
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΢ην ζρήκα 4 δίλεηαη γξαθηθά ε κέζε εκεξήζηα δηαθύκαλζε ηνπ αέξα, ηνπ γπκλνύ 

εδάθνπο θαζώο θαη ζηα βάζε από 0.3, 0.6, 0.9 θαη 1.2 m, γηα ηα ζεξκόκεηξα πνπ είλαη 

εγθαηεζηεκέλα ζε κεηαιιηθά θύπειια, γηα ηνπο κήλεο Ιαλνπάξην, Απξίιην, Ινύιην θαη 

Οθηώβξην, γηα ηελ πεξίνδν 1991-2008. 

Από ην ζρήκα 4 είλαη θαλεξό όηη ε εκεξήζηα κεηαβνιή ηεο ζεξκνθξαζίαο ζηα 

κεγαιύηεξα βάζε δελ είλαη ηδηαίηεξε ζεκαληηθή, θαη ην εύξνο απηήο ηεο δηαθύκαλζεο 

κηθξαίλεη κε ηελ αύμεζε ηνπ βάζνπο. Δπίζεο απνδεηθλύεηαη όηη θαηά ηελ δηάξθεηα ηνπ 

ρεηκώλα (Ιαλνπάξηνο), ε ζεξκνθξαζία ηνπ εδάθνπο απμάλεηαη όζν πξνρσξνύκε ζε 

κεγαιύηεξα βάζε, ελώ ην αληίζηξνθν ιακβάλεη ρώξα θαηά ηελ θαινθαηξηλή πεξίνδν 

(Ινύιην). Οη πεξίνδνη ηεο άλνημεο (Απξίιηνο) θαη ηνπ θζηλνπώξνπ (Οθηώβξηνο) ζεσξνύληαη 

κεηαβαηηθέο πεξίνδνη. 

 

 

4. ΢ΤΜΠΔΡΑ΢ΜΑΣΑ 
 

Από ηελ αλάιπζε ησλ θαηαγξαθώλ ησλ ζεξκνθξαζηώλ εδάθνπο ζην Δ.Α.Α. θαηά ηελ 

πεξίνδν 1991-2008, πξνθύπηνπλ ηα αθόινπζα ζπκπεξάζκαηα: 

 Σν εηήζην ζεξκνθξαζηαθό εύξνο, δει. ε δηαθνξά ηεο κέζεο κεληαίαο ζεξκνθξαζίαο 

ηνπ ζεξκόηεξνπ κήλα από ηελ αληίζηνηρε ηνπ ςπρξόηεξνπ κήλα, κεηώλεηαη σο 

ζπλάξηεζε ηνπ βάζνπο, κε έλα αξθεηά αμηνζεκείσην ξπζκό ζηα πξώηα ζηξώκαηα ηνπ 

εδάθνπο. Απηό απνδίδεηαη θπξίσο ζην γεγνλόο όηη έλα κεγάιν πνζνζηό ηεο ειηαθήο 

αθηηλνβνιίαο θαηαλαιίζθεηαη γηα ηελ ζέξκαλζε ησλ επηθαλεηαθώλ ζηξσκάησλ ηνπ 

εδάθνπο. 

 Η κείσζε ηεο εηήζηαο δηαθύκαλζεο ηεο ζεξκνθξαζίαο σο ζπλάξηεζε ηνπ βάζνπο. 

΢ηελ δηάξθεηα ηνπ ρεηκώλα, ε κέζε ζεξκνθξαζία ησλ βαζύηεξσλ ζηξσκάησλ είλαη 

πςειόηεξε από ηελ ζεξκνθξαζία ησλ ζηξσκάησλ πνπ βξίζθνληαη ζε κηθξόηεξα βάζε. 

Δπνκέλσο, ηνλ ρεηκώλα „κεηαθηλνύληαη‟ πνζά ζεξκόηεηαο από ηα βαζύηεξα ζηξώκαηα 

πξνο ηελ επηθάλεηα, ελώ ην αληίζεην ζπκβαίλεη θαηά ηνπο ζεξηλνύο κήλεο. 

 Η κέζε εηήζηα ζεξκνθξαζία ηνπ εδάθνπο ζε νπνηνδήπνηε βάζνο είλαη κεγαιύηεξε από 

ηελ κέζε εηήζηα ζεξκνθξαζία ηνπ αέξα ηεο αηκόζθαηξαο. Δπίζεο ην γπκλό έδαθνο 

αληαπνθξίλεηαη ζεξκνθξαζηαθά πνιύ ηαρύηεξα ζηηο θαηξηθέο κεηαβνιέο απ‟ όηη ηα 

κεγαιύηεξα βάζε, ηα νπνία παξνπζηάδνπλ όιν θαη κεγαιύηεξε ρξνληθή πζηέξεζε ζηελ 

απόθξηζή ηνπο ζηνπο αηκνζθαηξηθνύο παξάγνληεο. 
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ABSTRACT 
In the present study an analytical model is used to estimate the spatial and temporal variation of soil 

temperature whereas the temperature profile in the frequency domain is modelled using Fourier techniques. 

Results showed a very good performance of the models, particularly at depths greater than 2 cm for the 

Agricultural University of Athens site and at depths greater than 10 cm for the National Observatory of 

Athens site. Results showed also that the spectrum describes the distribution of variance along the time 

scale whereas the representation of soil temperature variation in the frequency domain showed an intense 

time periodicity at the surface, fading as the depth increases. 

 

 

1.  INTRODUCTION 
 

Soil temperature and its variations in time and space are very important in determining 

the rates of soil physical processes, such as evaporation, aeration, chemical reactions and 

energy and mass exchange with the atmosphere (Luo et al.,1992). Soil temperature 

affects biological processes such as seed germination, seedling growth, root development and microbial 

activity (Hillel 2004). Also, a parameter of considerable interest to both micrometeorologists and 

climatologists is the amount of heat energy stored in the soil during the summer and then returned to the 

atmosphere during the following winter season (Carson et al., 1963; Jayne et al., 2002). In addition, 

in modern architecture focusing on passive cooling options in order to design the heating/cooling of 

buildings it is necessary to know the daily and annual variation of soil temperature at various depths 
(Jacovides et al., 1996). 

The purpose of the study is to investigate the spatial and temporal variation of soil 

temperature using an analytical model; and to model the temperature profile in the 

frequency domain using Fourier techniques.  

 

 

2. OBSERVATIONAL DATA AND QUALITY CONTROL  
 

For the purposes of the present study, data for surface and soil temperatures were 

obtained from the meteorological stations located at the Agricultural University of Athens 

(AUA) and at the National Observatory of Athens (NOA). During data recording, errors 

are introduced due to instrument inaccuracies. There are also missing measurements 

caused either by human or technical factors (buildings, vegetation), which mainly influence 

the outcome of the temperature measurements at the surface. An important assumption, in 

general, is that these errors are not systematic. An example is given in Figure 1, showing 

the distortion which may be created by shading from vegetation adjacent to the 

meteorological station and which cannot be removed. Therefore, before the application of the 

models, a detailed data quality analysis was performed for both sites. 
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FIGURE  1.  Hourly mean soil temperature at 0 cm depth from NOA, where one can distinguish 

the distortion created by shading between the hours of 9:30 and 13:30. 

 

 

3. THE ANALYTICAL MODEL 
 

 In the present study we estimate the soil temperature by the following analytical model 

(Garofalakis 2004): 
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The parameters D, Α and θ were obtained through non-linear regression using soil depth 

and time as independent variables. The constants 1d , 2d , 3d , 4d  are abbreviation constants 

associated with the diffusivity D and time period of both considered fluctuations. 

These constants are calculated by according to the following expressions: 
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Based on the above model, six different models were developed, while trying to keep the 

data requirements to a minimum (Droulia et al., 2008). More specifically, the various 

model parameters are fitted using the following data combinations:  

- all available depths (Tall data set, model 1) 

- all depths except the surface (Tno0 data set, model 2) 

- depths  2cm and 30cm (T02_30 data set, model 3)  
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- depths  2cm,10cm and 30cm (T02_10_30 data set, model 4) 

- depths  2cm and 50cm (T02_50 data set, model 5)  

- depths  2cm,10cm and 50cm (T02_10_5 data set,  model 6) 

 

The annual variation of the observed and simulated soil temperature values is 

approximated by four models for the data from the AUA station for every measured 

depth during the period 1/7/2002 to 1/2/2005 and by six models for the data from the 

NOA station for every measured depth for the period 1/1/1997 to 31/12/2007. 

 

 

4. RESULTS 

 

4.1 Modeling spatial and temporal variations of the soil temperature 

 

The spatial and temporal variations of the soil temperatures for the two different areas 

(AUA and NOA) were studied using the analytical model variations presented in the 

previous section. The representation of the observed – predicted soil temperature patterns 

at the 10cm depth from the AUA station using the data set Tall (all available depths) is 

shown in Figure 2. Figure 3 shows the representation of the observed – predicted soil 

temperature patterns at the 30cm depth from the NOA station using the data set Tno0 (all 

depths except the surface).  

The statistical analysis of the various models in the two areas showed that variances are 

about the same value at the surface (Mendenhall 1981). The study of statistical measures 

such as MBE (Mean Biased Error) and RMSE (Root Mean Square Error) may provide 

useful information about the accuracy of the simulations (Tables 1 and 2). The goodness 

of fit statistics indicate that the models for the AUA site underestimate soil temperature 

values at the surface and at 2 cm depth; for the NOA site, models underestimate at depths 

greater than 5 cm whereas at 50 cm a better match occurs. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE  2. Representation of observations (STall) – predictions (Tall model) at 10cm depth in 

AUA 
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FIGURE  3. Representation of observations (STall) - predictions (Tno0 model) at 30cm depth in 

NOA 
 

TABLE  1. RMSE values of the various models applied to the AUA site 

SOIL DEPTH 0cm 2cm 5cm 10cm 20cm 30cm 

RMSE1(
oC ) 5.30 2.30 1.52 1.23 1.11 1.05 

RMSE2 (
oC ) 6.40 2.53 1.59 1.26 1.12 1.06 

RMSE3 (
oC ) 6.52 2.55 1.60 1.26 1.12 1.06 

RMSE4 (
oC ) 6.52 2.55 1.60 1.26 1.12 1.06 

 

TABLE  2. RMSE values of the various models applied to the NOA site 

SOIL DEPTH 0cm 2cm 5cm 10cm 15cm 20cm 30cm 40cm 50cm 

RMSE1 (
oC ) 5.54 4.71 3.82 3.00 2.50 2.23 1.87 1.58 1.36 

RMSE2 (
oC ) 5.56 4.72 3.83 3.00 2.48 2.20 1.84 1.55 1.36 

RMSE3 (
oC ) 5.55 4.71 3.83 2.98 2.49 2.22 1.87 1.58 1.39 

RMSE4 (
oC ) 5.56 4.71 3.83 3.00 2.48 2.20 1.85 1.56 1.36 

RMSE5 (
oC ) 5.53 4.69 3.82 3.17 2.81 2.53 2.19 1.87 1.56 

RMSE6 (
oC ) 5.51 4.69 3.81 3.02 2.65 2.38 2.05 1.73 1.44 

 

 

DATE 

S
O

IL
 T

E
M

P
E

R
A

T
U

R
E

 (
o
C

) 
 

 

 



10ο COMECAP 2010, ΠΡΑΚΣΙΚΑ ΢ΤΝΕΔΡΙΟΤ    --    10th COMECAP 2010, CONFERENCE PROCEEDINGS 

 

25 – 28/5/2010, PATRAS, GREECE   521 
 

The RMSE values presented in Tables 1 and 2 are diminishing as we move deeper. 

Regarding the relationship between them, the smallest RMSE shows the first model in the 

AUA and the NOA in the second and third.  

 

4.2 Modeling the soil temperature profile in the frequency domain 

Temperature measurements at specific time-instances constitute a sequence of values, 

corresponding to a non-periodic discrete-time signal (Karagiannis 1991). Applying 

Fourier transform to such a sequence results to a spectrum (periodogram). 

The representation of non-periodic discrete-time signals through Fourier transform use 

the following Decomposition/Composition equations: 

 

Decomposition: 
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The spectrum describes the distribution of variability across the timescale. Σhe more the 

frequency increases the larger the number of vibrations of the signal, thus, a larger 

temperature variability (Kalouptsidis 1993). 

The resulting periodogram is an estimation of the spectral density of the signal at hand. 

The vertical axis represents the amplitude, while the horizontal axis represents the 

frequency; that is, the analysis is carried out in the frequency domain (Smerdon 2006). 

Each term in the frequency domain provides the number of whole cycles completed by a 

wave within a specific time interval. Each component contributes a certain percentage to 

the total variance in the complete data of the original time series. High amplitude values 

show a high level of variation, while the term corresponding to this variation occurrence 

shows the periodicity of the event.  

Typical periodograms for AUA and NOA are shown in Figures 4 and 5, respectively.  

The periodograms were implemented in SPSS statistical software through a spectral 

analysis procedure. It can be seen that at the surface and at the depths of 2 cm and 5 cm 

the lines are spread over a much broader range of frequencies. The peaks for the 

frequencies of 0.043, 0.09 and 0.13 correspond to a period of 5-24 hours, indicating a 

strong periodicity. At depths of 10 cm and more the variation corresponds to a period of 

11-24 hours; that is, the variation is diminishing. Generally, in the frequency domain, we 

observe the strong periodicity on the surface which is diminishing as we move deeper. 



10ο COMECAP 2010, ΠΡΑΚΣΙΚΑ ΢ΤΝΕΔΡΙΟΤ    --    10th COMECAP 2010, CONFERENCE PROCEEDINGS 

 

25 – 28/5/2010, PATRAS, GREECE   522 
 

Periodogram of STALL

Z:     .00

Frequency

.6.5.4.3.2.10.0

P
e

ri
o

d
o

g
ra

m

1000000

100000

10000

1000

100

10

1

.1

.01

.001

 

FIGURE 4. Spectral analysis for soil temperature at 0cm depth in AUA  
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FIGURE  5. Spectral analysis for soil temperature at 30cm depth in AUA  

 

 

5. CONCLUTIONS  
 

Based on the results of the present study, the following conclusions can be drawn: 

 

 The diurnal maximum temperature diminishes as we move to greater depths. 

 The value of RMSE error is small enough from the surface to greater depths. 
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 The smaller RMSE values pertain to the first model in AUA and the second and 

third model in NOA. 

 Spectral analysis shows that at surface and at 2cm and 5cm depth there is large 

variability. 
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