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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:

e Atmospheric columnar and vertical profile measurements of aerosol, clouds, and
water vapour to be used for atmospheric corrections of satellite imagery.

e 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.

e 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®. The Landsat TM as well as the MODIS images were obtained from
NASA’s WIST? archive, whereas the AVHRR and MSG-2 SEVIRI data from the NOAA
Class® and Landsaf* 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.

! http://imsweb.aster.ersdac.or.jp/ims/html/MainMenu/MainMenu.html
2 https://wist.echo.nasa.gov/~wist/api/imswelcome/

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

* http://landsaf.meteo.pt/
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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)).

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-Muiioz 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

v Sop— v — . 51 7 gt 3.7 "

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-Muioz et al. (2009) LST is computed based on
the following general formula:

1
Ts :7‘:;(V/1Lsen+l//2)+y/3:|+5 (1)

where T is LST, y and & are two parameters dependent on Planck’s function, 1, vy, and
y3 are related to atmospheric components and ¢ is the band 6 emissivity.

In the algorithm ¢ is computed from a simplification of the NDVI™™ (NDVI Thresholds
Method) from Sobrino et al. (2001) and Sobrino et al. (2008), with the formula provided
by Jiménez-Muifioz 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 NDVI, = 0.5
and NDVIs = 0.2. With regard to the 1, v, and 3 coefficients, these functions are
retrieved multiplying atmosphere coefficients obtained by simulation by water vapour
concentration (WV). In the present study, the values for the 1, v, and w3 coefficients
used obtained from the “SAFREE402” database (see Jiménez-Muiioz 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
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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)).

(b) (©)
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°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.

Total Cloud Fraction (%) UHI PROJECT
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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).
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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°C with a standard deviation of 1.64°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 Star_wdf_zlrd A_bsolute Star_wdr_:lrd

difference (%) Deviation Difference 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

REFERENCES

LANDSAF. HTTP://LANDSAF.METEO.PT/ [ACCESSED ON FEBRUARY, 16™, 2010]

LANDSAF User’s Manual, 2008: SAF for Land surface Analysis. Algorithm Theoretical Basis Document.
Meteosat  Second  Generation  Evapotranspiration  (MET)  product.  Available at
http://landsaf.meteo.pt/algorithms.jsp;jsessionid=43A1CD5F12EA9E53C2106C9B943D16427seltab
=6&starttab=6#adescription [accessed on March 7", 2010]

Gao & Kaufman, 1998: The MODIS Near-IR Water Vapor Algorithm.  Products: MODO05_L2,
MODO08 D3, MOD08_E3, MOD08_M3. ATBD Reference Number: ATBD-MOD-03. Available
at: http://modis-atmos.gsfc.nasa.gov/MODO05_L 2/athd.html [accessed on February, 16th, 2010]

Jiménez-Muiioz, J. C., Cristobal, J. Sobrino, J. A., Soria, G. , Ninyerola, M., and X. Pons, 2009: Revision
of the Single-Channel Algorithm for Land Surface Temperature Retrieval From Landsat Thermal-
Infrared Data. IEEE Transactions on Geoscience and Remote Sensing, 47 (1).

Sobrino, J. A., Raissouni, N. and Li, Z. -L., 2001. A comparative study of land surface emissivity retrieval
from NOAA data. Remote Sensing of Environment, 75, 256— 266.

Sobrino, J. A., Jiménez-Muiioz, J. C., Soria, G., Romaguera, M., Guanter, L., Moreno, J., Plaza, A. and
Martinez, P., 2008. Land Surface Emissivity Retrieval From Different VNIR and TIR Sensors. IEEE
Transactions on Geoscience and Remote Sensing, 46, 316 - 327.

Sobrino, J. A. and Raissouni, N., 2000. Toward remote sensing methods for land cover dynamic
monitoring. Application to Morocco. Int. J Remote Sens. 21, 353-366.

Wan. Z., 2009: MODIS Land Surface Temperature Products User’s Guide. Available at:
http://www.icess.ucsb.edu/modis/LstUsrGuide/MODIS LST_ products Users_guide C5.pdf
[accessed on February 16th, 2010]

25-28/5/2010, PATRAS, GREECE 477


http://landsaf.meteo.pt/
http://modis-atmos.gsfc.nasa.gov/MOD05_L2/atbd.html
http://www.icess.ucsb.edu/modis/LstUsrGuide/MODIS_LST_products_Users_guide_C5.pdf

100 COMECAP 2010, I[IPAKTIKA XYNEAPIOY -- 10th COMECAP 2010, CONFERENCE PROCEEDINGS

BIOKAIMATIKEE YYNOHKEX XTHN EYPYTEPH IIEPIOXH TQN AOHNQN:
TAXEIX, METABAHTOTHTA KAI EMMONH
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IIEPIAHYH

H gpyacio avt) €yl @g avTikeilevo ) depeuvnon TOV POKAUOTIKOV cuvONKAV Tov emKpiTnoay
oV gupvtepn TEPLOY TS TOANG Twv ABnvov (EITA), katd tn dudpkewn tov etdv 2001-2005, oe €&
drpopetikég TePLoyEc. Me Bdom To amoTEAESHLATO, SLOMICTOVETOL GE TOLEG MPEG TNG NUEPUG EMKPATEL GTOV
mnBoopd Bepuuc dveon M dSuceopio Ady® SVCUEVOV LeTE®POLOYIKOV cuvnkdv. Emiong, dwamotdveral
N SLUPKELO-EUUOVT] TOL PUVOLEVOD LEGT 0TO 24mpo, KaOMDG eniong Kat 0 aptBpudg TV S10d0 KOV NUEPOV
pe Beppukn dveeopio tov TANBVoROV, Katd TN didpkelo TG Bepung TeP1ddov Tov Etovg. Téhog, peretdron
1660 M peTAPANTOTNTO GGO KOl 1 TAOT TOV POKAPOTIKAOV GLVONKGOV 6T O1dpKel ™G Vad HeAET
TEVTOETIOG.

BIOCLIMATIC CONDITIONS IN THE GREATER ATHENS AREA: TRENDS,
VARIABILITY AND PERSISTENCE

K.P. MousTRISY, I.X. TsIROS?, I.K. LARISSI® AND A.G. PALIATSOS?

'Department of Mechanical Engineering, TEI of Piraeus
’Department of Geological Sciences and Atmospheric Environment, Agriculture University
of Athens
%Electronic Computer Systems Engineering Department, TEI of Piraeus
*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. EIZArQra

To eawvdpevo g Bepung aoTikng VNGidag eival I6MG TO MO ATOJEIELYUEVO QOLVOUEVO
TOV KMPATIKOV aAlay®v (Zoulia et al., 2009). To aivopevo ovtd cuvictatol oTig HEYOAES
OYETIKA dlopopég ot Beppokpacio Tov aépa peTad TV TEPLOYDOV TOV KEVIPOL HLOG
UEYOAOVTOANG, O OYE0M UE TIGC KOVTIVEG GTO KEVIPO TEPLOYEG-TPOdoTIa TG TOANG. Ot
Beppokpactaxés avtég dapopés Kupaivovtar omd 1 €wg ko 10 °C (Mihalakakou et al.,
2002). H évtaon tov @ovouévov Kot Tov 0eppokpactok®y dtapopdv e&aptatat and 1o
péyebog g mOANG, Tov TANOLGUO Kot TN Plopnyavikny g avamtuén, v Tomoypapio TN,
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™ QLoKn ddtaln, To TePIPePElakd KAna aAld kot Tic petewporoyikég ovvonkee (Oke,
1987). Ta televtaio ypdvia £xel yivel Eva peydlo TAN00C HETPNCEDV KOL HEAETMOV GTNV
oA TG AOMvag mov divouv T dVVATOTNTO P0G TTOAD O GOPOVS YVMOGNS TOV POLVOUEVOL
omv EITA (Angouridakis and Makrogiannis, 1982; Santamouris et al., 1998, Santamouris
et al., 1999; Mihalakakou et al., 2004), 0ALG KOl TOV EXMTOCEDY TOV UTOPEL VO £XEL TO
eowvopevo awtd oty vyeia tov katoikov g EITA (Katsouyianni et al., 1988; Tselepidaki
et al., 1992; Katsouyianni et al., 1993; Panagiotakos et al., 2004; Bartzkokas et al., 2003;
Nastos and Matzarakis, 2006), otig evepyElOKES QMALTHOELS TOV KTNPI®V, 6T0 TEPIBAAAOV
™G TEPLOYNG, OTN YA®PION TNG KAT.

Ymv epyacio aut yivetor pio Sepedvnorn TV POKAILATIKOV cLVONK®OV Tov
emkpdnoav omv EITA kotd ™ Oepur mepiodo tov etdv 2001-2005, pe t xpnon €vog
BlokApatikod deiktn mov meprypdoel v avOpomivy Bepuikny dveon-dvceopio AOy®
SVOUEVAOV PETEMPOLOYIKMYV GLVONKOV.

2. AEAOMENA KAI MEGOAOAOTI'TIA

H avBpomivn Bepuikny aveon-ovspopia. AOY®m SUGUEVOV HETEOPOAOYIKOV GUVONK®OV
pmopet  va  a&oloynBel pe  éva  peydho  aplBpd  BepnTIKOV  KOL  EUTEPIKAOV
OEIKTMV OEPUIKNG AVESTG-OVGPOPIOG TOL ATALTOVY Y10 TOV VTOAOYIGUO TOLG UEYOADTEPO M
piKpOTEPO 0pOUd TOPAUETPOV E10AYOYNG Owc 1 Bepprokpacia Tov aépa, N TavTNTO TOV
aépo, M NAokn aktvoBoAio, M OYETIKN vYpacio TOL A€PO, M MALKIOL TOL OTOUOVL Kol M
Kotdotaon oty onoia Ppioketal, o povyiopnog kA, (Ginovi, 1998; Givoni et al., 2003).

Mo tov mpocdoptopd g Beppukng dveonsg-ovopopiag Tov katoikmv g EITA, oty
gpyocio avtn, ypnopomombnke €vag deiktng Bepukng dveonc-ovoEopiag YVOoTOG MG
deikng yuktikng woyvog (Cooling Power-CP) mov avomtoyOnke kou mpotddnke amd toug
Siple ko Passel to 1945. Evag Pacikog Adyog mov ypnoipomomnke avtdc o ProkApatikdg
deikng elval 0TL voAoYileTon oYETIKA 0KOAN, APOV omattel povo Tipég g Beppokpaciog
Kot TG ToLTNTOS TOV 0EPQ, dEGOUEVO TTOV Elval GYETIKA EVKOAO VO KaToypapovv. Me )
ocuvaptnon (1) divetar n ox€on vIOAOYIGHOL TOL ProkKApaTikoy deikTn Bepuikng dveong-
dvopopiag CP (Tzenkova et al., 2003).

CP =1.163x (1045 +10x\V — V)x (33— T) (1)

omov, V n taydmra avépov (m/s) ko T n Beppoxpacio acpa (OC). O deikng CP €yel ¢
povada pETpnong o W/m? ko eKQPALEL OLGLUGTIKA TN OLVATAHTNTA TTOL £YEL TO AVOPAOTLVO
GO VO, AVTOALAGEL TOCE BepUikng evépyelog pe To TePPAAAOV TOL pE GTOYO TNV YOEN
tov. Otav o deiktng CP maipver Oeticég tyég, avtd onuaivel 6Tt T0 cOpo pmopel va
amoBdAiel Tpog to mePPAAAOV TOGA BeppdtnTog Ko va yoyetol. Avtifeta, dtav o deikng
CP maipver apvntikég TéG owtd onpaivel 0Tt 10 avOpOTIVO GO TPOSAAUPAVEL TOGA
Beppomtog amd to mepParrov, pe omotéreocpo ™ Oéppavon tov. H katdtaln tov
atcOnpatog g Bepuikng dveong-ovoeopiag pe Baon tig Tinég tov deiktn CP divetan otov
[Tivaxa 1 (Movotpng, 2009).

Ta dedopéva mov ypnoyomomdnkav mapoywpndnkov ard ™ AebBvven Eréyyov
Atpoopapikn)g Pomavong kot ®@opvfov (AEAP®) tov Ymovpyeiov Ilepifdiiovtog
Evépyeiag wor Khpotwkng Ardayng (YIHEKA) ot agopodv  wpiloieg Tipég g
Beppoxpaciag Tov aépa ((C) kot wplaieg TWEG TGS TOXLTNTOG TOL AVEROL (M/S), Yia T
yxpovikn mepiodo 2001-2005 kot yro €1 d1POopeTIKEG BEGELG KaTAypapnS TOL SIKTVOV NG
AEAPO. Zvuykekppéva yio tovg otabpovg Ayia [Hapackevn (AI'TI), N'eomovikn (I'EQ),
Awdoa (AIO), Momoiov (ITAT), Opaxopakeddves (BOPA) kot Avkoppvon (AYK).

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



100 COMECAP 2010, I[IPAKTIKA XYNEAPIOY -- 10th COMECAP 2010, CONFERENCE PROCEEDINGS

IMINAKAEZ 1. Ta&wounon g Oepuikng dveong-ovspopiag pe faomn tig Tiwég Tov deiktn CP
CP (W/m?) AilcOnpa wov onuiovpysitor
CP<0 IToAy 1oyvpn duceopia Tov TANOLVGHOV AOY® (EGTNG
0<CP<174 Ioyvpn dvoopia Tov TANOLGLOV AOY® (EoTNC
174<CP<349 Mepikn| Susopia Tov TANBLGUOD AOY® (EoTNg
349<CP<699 AicOnpa Beppikng dveong otov TAnBveuo
699<CP<1049 | Mepikn ducpopia Tov TANBLGHOD AOY® YHYOLS
CP>1050 | IToAV 1ovpn ducpopic ToL TANOVGLOV AOY® YOYOVG

YnoAoyiotnkav og wplaia Bacn ot Tipég tov dgiktn CP, ywa ) ypovikn mepiodo 2001-
2005 kot yuo TG €61 Tpoavapepbeioeg meployEs, Yo Ta Oepun mepiodo tov £Tovg. Qg Bepun
nepiodog Tov €Tovg ANEONKe M ypovikn mePiodog PETOED TV unvov Mdalov-Zentepppiov
(Movotpng, 2009). Ztn cuvéyela VTOAOYIGTNKE 0 OPLOUOC TV SLOOOYIKADV NUEPADV LLE TTOAD
woyvpn (CP<0 W/mz) 1N woyvpn Bepukn dvceopia (0<CP<174 W/mz), KkaBdg emiong kot o
aplpdc TV SdoYIKOV ®p®dV, otn ddpkeln Tov 24mpov, pe TOAD GoYvpPN 1N OYVPN
Bepukn dvseopia.

3. ANOTEAEXMATA

3.1 Téosig kot petapintotTnta

Me okond va e€etaotel 1 HETAPANTOTNTA KO Ol TACELS TOV €UPOvVICovV Ol aKpaieg
Tipnég tov dgiktn CP, vmoAoyiotnkov to mOc0GTA gUEAVIoNS muepadv pe tipnég CP
UEYOAVTEPEG 1 WKPOTEPES OMO GLYKEKPIUEVO KATMOOALN, KATA TN Oldpkewn g Oepung
TEPLOOOV TOL £TOVG, Katd TN Ypovikn mepiodo 2001-2005 xor otovg €51 vwd eEtaom
otafpovg.

210 Zynua 1 mapovoidletor n cuxvodtTa REdviong nuepov e TéS tov deiktn CP
peyaAOTEPEG N LIKPOTEPES OO cvuykekpipuéva katoeAlo (ITivaxoag 1), ent Tov Guvorlov TV
NUeP®V NG Bepung Tepldd0L TOV £T0VG, 6T dApKELD TNG VIO PEAETN TEPLOSOV, GE OAOVG
tovg e&etalopevoug otafpovg. aiveton 0Tt TO TOGOGTO TNG CLYVOTNTOS ELPAVICNS NUEPDV
pe moAd 1oyvpn OBepuikry dvoeopio (CP<0 W/m?) eivat VYNAO oT0 KEVTIPO NG TOANG
(otaBpog [Moamoiov 26.0%) Kot peidveton oTadlokKd 0G0 OmOUAKPVVOUOGTE Od TO KEVIPO
(otafpog Opaxopakeddves 2.1%). Avtictoyn ekdvo Topatnpeitonr Kol Yo TIC NUEPES LE
woyvpn Bepikn dvoeopia (0<CP<174 W/mz), OTOV TO TOGOGTO EUPAVIOTG TETOLMV NUEPDV
elvar moAd VYNAO TEPLOYES KOVTA 0T0 KEVTPO TG TOANG (otabudg Iewmovikn 54.2%) kot
UEIDOVETOL OTOOOKA OGO  EMIKEVIPOVOUOOTE TPOG TEPLOOTIKEG TePLoyéc. Evtovrolg
dwmpeitalr o VyYnAd emimedo  akOUN  KOU OTIC TEPLOYEG OVTEG, T.Y. OTUOUOG
Opaxopokeddveg 29.8%. Oa mpémel emiong va onuewwdel 6T 0 pvOUdC peiwong g
CLYVOTNTOG EUPAVIONG MUEPADV HE OoYVPN OLCEOPIL vl GYETIKA WKPOTEPOS OO TOV
avtiotolyo pulud peiwong ™S cLXVOTNTOS EUPAVIONS MUEPOV HE TOAD 1oyvpn Oepuikn
dvopopia, 6GO ATOUAKPLVOLACTE OO TO KEVTPO TNG TOANG. Me dAAa Adyla, SlomICTMVETAL
OTL TO TOGOGTO EUPAVIONG NUEP®VY U 1oyvpn Bepuikn| dvspopia (0<CP<174 W/mz), etvan
nepinov 6tabepd oe OAovg Tovg e&eTaldpevoug otabpovg (51.5% - 54.2%), evod peidveral
ONUOVTIKA HOVO OTOV TEPLOOTIKO otafud Opaxopokeddves. Téhog, TO mMOCOGTO TMOV
nuepdv Beppukic Gveone (CP>174 W/m®) eivar onpoviikd peyoldTepo o0& TEPLOGTIKEG
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0éoelg (otaBuoc Opoakopokedoves 68.1%), cLYKPVOUEVO e TO OVTIGTOLXO TOGOGTO
eppaviong oe Béon oto K€vipo g TOANG (otabpog [amoiov 22.1%).

B CP<0 B0<CP=s174 £174<CP<349 B 349<CP<699

100%

90%

80%

70% 1

60% 1

50%

40%

30%

ZYXNOTHTA EM®ANIZHZ HMEPQN

20% 1

10% 1

0% -

NATHZION FEQMONIKH AIOZIA AYKOBPYZH ATIATAPAZKEYH OPAKOMAKEAONEZ

YXHMA 1. [Tocootd epedvionc nuepdv pe Tipég Tov deiktn CP peyodvtepeg 1 kpdtepeg amod
ovyKekpléva KatdeAta. Xpovikn nepiodog 2001-2005

Y10 Zynua 2 gpoaviCetor 1 péomn nuepnota mopeio Tov Tindv tov ogiktn CP, xatd ™
dugpkelr g ypovikng meptodov 2001-2005, oe kdbe éva amd tovg efetaldpevoug
GTaOpOVG.

—=&— ATIA TAPASKEYH —&— FEQMONIKH —>%— AIOZIA === TATHZION - - ® - - OPAKOMAKEAONEE —+— AYKOBPYZH === CP<174 W/m2
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400 S s
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L .
® .
. I )
350 ‘o .-®
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e, o
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[ (3 .o---®
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T T T T T T T T T T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22 23 24
QPA

YXHMA 2. Oéoeig kot péceg opraies Tipég tov deiktn CP. Xpovikn mepiodog 2001-2005
Me Bdon 10 Zymua 2 yivetor €0KOAN avTIANTTO TO QUIVOUEVO NG Bepung aoTIKNG
VNGOG KOl TOV EMATOGEMV OV £XEL AVTO 6T Bepukn dveon Tov Kotoikwv g EITA ot

oapkeln g Oepung meptdoov tov €tovg. Metalh tov Kévipov g WOANG (oTaOUOG
[Momoimv) kot g meppépetog (oTtabpuog OpakopokedOVES) TOPUTNPEITOL 0L CTUOVTIKY
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dlpopd g mpog ™ OBepukn dveon tov TANBvopov. 1o otabud Iatnoiov 1 Oeppuxn
dvopopia, Katd TN ddpkela TG Bepung Teptddov Tov £Tovg, eppaviletal petad TV wPOV
10:00 wor 23:00 pe Swdpkewn egpedviong 13 mepimov wpdv. Avtifeta, oto otabuo
Opaxopakeddvec, dev eppavifetor avtiotoryn Beppikn dvoeopia Tov TANOBLGHOD.

210 ZyMua 3, mopovctdleTol 1 EXOYKOTNTA TNG CLYVOTNTOS EUPAVIONG MUEPDOV LLE
TOAD wupt| Oeppuky Susopia (CP<O0 W/m?).

B MAIOZ @IOYNIOZ HIOYAIOZ BAYFOYZTOZ OZENTEMBPIOZ

0,

60,0

50,0

40,0+

30,0+

20,0+

10,0+

ZYXNOTHTA EMOANIZHE HMEPQN ME CP<0 W/m®

J

0,0
MATHZION FEQMONIKH AIOZIA AYKOBPYZH ATIA NAPAZKEYH ©OPAKOMAKEAONEZ

YXHMA 3. Méon pnvaia cuyvomra (%) spedviong nuepdv pe CP<0 W/m?. Xpovikn mepiodog
2001-2005

opeova e To Zynpa 3, ot UNVEG e TN LEYOADTEPT GLYVOTNTO ELPAVIONG NUEPDOV LE
woyvpn Beppikn dvopopia eivar o IodMog kar 0 AVyovstog. 210 KEVIPO NG TOANG TO
TOGOGTO EUPAVIONG, 0TI SIPKELL QVTOV TV UNveV givor tepitov 50%, oe avtiBeon e Tig
mePLaoTIKEG B€oelg 6oLV T0 TOGOoTO eUPAVIoNS epeavilel onuovtiky peimon. Ewdwkotepa,
OTIG TEPLUOTIKEG BEGELG TO TOGOGTO aTd glvan HOAG TG TAENG ToL 5% Tepimov, Yo TOVG
unveg Iodho kot Avyovsto. i Obpkeld TV GAA@V punvav g Bepung mepidoov Tov
étovg (Mdawog, Iovviog kot XemtéufPprog) eaivetor 0Tl To TOCOGTH EUPAVIONG TETOLWV
NUEPOV glvar apkeTd pikpd. Movo o punvag lovviog eppavilel oyetikd vynAd T0606Td GTO
KEVTPO NG TOANG, TO OTTO10 LELDVOVTOL OGO OTOUOKPVVOLUGTE TPOG TEPLACTIKES TEPLOYES.

3.2 Eppoviy

Me 1tov 0po gupovi VOeitol 1 EUEAVIOT OOOOYIKOV MUEP®V OAAL KOl OL0O0YIKAOV
0pmVv, otn Odpkeld Tov 24wpov, e TOAD woyvpn Bepuiky dvcpopia. To yeyovog avtd
apevog pev Koot v moldTnTo TG (mNg TV KaTolk®V ™G TOANG TOAD TPOPANUOTIKY
€0 Kol EMKIVOLVT Yoo TNV LYEID TOVG, APETEPOL O AVEAVEL TIC OVAYKES KOTAVAA®ONG
gvépyelog yo tn Aettovpyio kKAMpotiotik@v povadwv oty EITA. T 10 okomd avtd,
voAoyioTNKay ot owdpkew G e&etalouevng YPOviKNG mePLOdov Kot oTovg €51 vd
e€étaon otabuovc, t660 0 apBUds TV OladOYIKOV MUEPOV OO KOl O aplBpdc TV
SO OYIKOV MPOV 6T Oldpkela evog 24wpov, dmov CP<0 W/m? n 0<CP<174 W/m®.

Ytov Iivaxa 2 gpeavifovtor ot cuyvotnteg ppdviong 1, 2, 3, Kok dlodo KOV NUEPDY
pe moAb woyvpn Bepuikn| dSvopopia (CP<0 W/mz) Kata TN Oepun mepiodo Tov £TOVG KOl GTO
ovvolo NG Eetalopevng xpovikng meptodov, 2001-2005.
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IMINAKAX 2. Ta&wopnon Zoyvomta UQAvVIong S10d0 KOV MUEPOV LE TOAD 1oyvpn Beppikn
dvogopia tov TAnBvopov (CP<0 W/mz). Xpovikry mepiodog 2001-2005. Ztabuoi: Avyia
[Mapackevn (AT'TI), I'ewnovikn (FEQ), Aocia (AIO), Tatnoiov (ITAT), @poakopakedoveg
(®PA), AvkoBpuon (AYK).

ApOpog Avodoikav nuepov pe | AI' | TE | Al | TTIA | OP | AY
CP<0 W/m® mn| Q| 0| T | A | K

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

Me Bdon ta otoyeio tov Ilivaxa 2, ¢aivetar 6Tt oto Kévipo g wOANG (ITAT)
onuetwdnkav 21 dwdoyikés nuépeg pe CP<0 W/m? oto Swwouo 13/08/2003 €wg ko
2/09/2003. Eniong onpeiwdnkov ond pa eopd 15, 14 kot 12 dwdoykég nuépeg pe CP<0
wW/m?. [evikdtepa eaiveTar 0Tl 1 ROV o€ OTL £(EL VoL KAVEL e TNV EROAVIOT] OLLOOYIKES
NUEPOV oYVPNG BepUikng dvopopiog ivar GNUOVTIKY Yo TO KEVTPO TNG TOANG KOl Yo
TEPLOYES KOVTA GE aLTO 1 He VIOV OIKIOTIKY avAmTLEN. Avtifeta, otV TTEPIPEPELD TNG
oG (OPA) 1 eppovn g Beppikng dvcpopiag eivor ToAd pikpoOTepT Kol meplopiletal o€
Lo e QDO TO TOAD J1000YIKES NUEPES e TOAD 1G5YVPY| Beppikn ducpopia Tov TANOLGLOV.

Avtiotoyo elvol To OMOTEAECUOTO KOL YO TH GLYVOTNTO EUPAVIONG OO0 KOV
nuep®v pe wyvpn Bepuikn dvoeopia (0<CP<174 W/md). Mopatmpndnke oto k€vipo g
oG (ITAT o 'EQ) 0 ap1Buoc tov 95 1€101mv S1000(1KOV NUEPDV TPELS CLVOAMKA POPES
péca oty e€etalopevn ypovikn mepiodo.

Y10 Zynuo 4 mapovotdletal To TOGOOTO gu@dviong nuepov pe 1, 2, 3, .., 24
SldoyIKég dpeg mOAD 1oyvpng Beprkng dvceopiag (CP<0 W/m?) N oyvpNs Bepukng
dvoopopiag (0<CP<174 W/mz), EML TOL GLVOAOL TOV MUEPOV HE TOAD 1GYLPN M OYXLPN
Bepkn dvspopia avtictorya.

XOoppova pe 1o Zynua 4, damotovetal 0t 610 KEVTpo g moAng (ITAT) oyedov o
ot §vo Muépec pe wyvpf Bepuikhy Svopopic (0<CP<174 W/m®?) éyet 24 Sdoyikés dpeg
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pe 0<CP<174 W/m?. Avtifeta, oTic meplooTikég meployés g EIIA, 10 mocootd twv

NUEPDY HE GLYKEKPUEVO OplOUd SLod0YIKOV ®P®OV TOAD 1oYLPNG N OoYXVPNS Bepuikng
dvopopiog ival 1l6oKATAVEUNUEVO KOl Cap®G KPOTEPO (Zynua 4).

NATHZION FEQMONIKH
5007 . — 5007
O AaBoxikég wpeg pe 0<CP<174 W/m2 W AiaBoxikég Gpeg pe CP<O W/m2 O AiaBoxikég wpeg pe 0<CP174 Wim2 B AlaBoxikég wpeg pe CPSO0 W/m2
450 - 507
003 — 40,07
£ 350 — :i 3503
] &
2 w00 — £ 300
g g
& 250 — Z 2507
£ g
I 2004 — £ 200 —
g 8
£ 150} l — % 1503 —
w
N z
100 i i I i — 1007 —
50] = 507 ||
12 s 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 2 2 23 2 12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
AIAAOXIKEE QPEX AIAAOXIKEE QPEX
AIOZIA AYKOBPYZH
50,01 500
O AtaBoxikég wpeg pe 0<CP<174 Wim2 W AtaBoxikég wpeg pe CP<O W/im2 O AtaBoxikég wpeg pe 0<CPs174 Wim2 W AraBoxikég wpeg pe CPSO Wim2
45,01 4503
0,07 4007
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H
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3 0] Z 0]
b g
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AIAAOXIKEE QPEX AAIAAOXIKEE QPEZ
ATIA MAPAZKEYH ©OPAKOMAKEAONEZ
50,07 50,0+
O AtaBoxikég Wpeg e 0<CPS174 Wim2 W AlaSoxiKEg GpEg pE CPS0 Wim2 O AaBoxikég Wpeg e 0<CP<174 Wim2 W AlaBoxikég Wpeg e CP<O Wim2
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AIAAOXIKEE QPEL AIAAOXIKEE QPES

EXHMA 4. Svyvomra epeaviong (%) Swdoykdv opodv pe CP<0 W/m? fj 0<CP<174 W/m? exi
TOV GLVOAOVL avticTorya TV Nuep®v pe CP<0 W/m? N 0<CP<174 W/ m?
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4. YYMIIEPAXIMATA

SOUPOVO PE TO OTOTEAEGUOTO OLOMICTOVETOL OTL KOTO Tn OlIPKEWL TNG YPOVIKNG
neptodov 2001-2005, 1o povopevo g Bepung aoTIKNG VNoidag £el MG AMOTELECUA TN
OMovpyic SOPOPETIKMY PLOKAMUATIKOV GUVONK®OV 6€ KOVTIVEG GYeTIKA eployés g EITA.
210 KEVTPO NG TOANG TG ABMvag, n Beppukn dvoeopia ivar Eviovn KaTd T SLAPKELD TNG
Bepung meprodov tov £Tovg (Mdog-ZentéuPp1og), 1060 ®G TPOG TNV EVTACT] TNG, OGO KoL MG
TPOG TN JLIPKELD Kot TV gupovr Te. Avtifeta, otig meplaotikéc meployés g EITA, 1
Bepuikn dvoeopia eivor mo NIl TOCO ®G TPOG TNV EVTOOH TNG, OCO Kol MG TPOG TN
OLIPKELL KOL TNV EUUOVT] TNG.
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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 11 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.

IIEIPAMATIKH MEAETH THE @OEPMIKHE KATAIIONHXZHX ME AIA®OPETIKEX
OEPMIKEX XYNOHKEX KAI ENINEAA AKTINOBOAIAX

I'. KATABOYTAZ, I'. ®EOXAPATOS, E.A. ®AOKA KAI A.N. ATHMAKOIIOY AOZ
Touéog DPvaoixnc lepipatioviog — Metewpoloyiag, Tunuo @voixg, Hovemoriuio AOnvav

IIEPIAHYH

YKomdg TNG mApoVoag HEAETNG €lvol 1 TTEPAUATIKY dlepgbvnon TG Beplikig KoTamdvnong yio o
opado atdpwv Kato amnd dwpopetikés ouvOnkes mepidiioviog. e t0 oKomd avTO, KATAAANAES
UETEMPOAOYIKEG KOl BEPLOPVCIOAOYIKEG UETPTOEIS TPOUYUATOTOONKAY KOTA TI OLAPKELN TEPOUOTIKNG
dwdkooiog oty [avemomuiovmoin AOnvav tov Iovito Tov 2008, pe t Bonbelo cvokeLNG TOALATADY
aeOntpov (SenseWear Pro II Armband). H extiunon tov Oeppukod mepipdAiovtog oto avOpdmivo chua
depevvndnke pe t Pondewa tov deiktn Oepukod @optov (HL) péow tov Man-ENvironment heat
EXchange model (MENEX). H pelétn vmodeikvietl ) GLVEIGPOPE TOG0 TV Bepuik@v 0G0 Kol TV
ocuvOnkov axtvoforiag KabMg Kol To eminedo JSpacTNPOTNTOG, TO ¥POVO 7OV damaviOnke kol Tnv
TPoYeVESTEPT] BEPUIKT KATAGTAGT TOV OVOPOTIVOU GOUOTOG OTNV EKTIUNON TNG OepluKng KaTamdvNong
HEC® €VOG ProkApaTikod deikt.

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 (Hoppe, 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°58" N,
23°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 Weight Height Dubois
Area
n (kg) (cm) (m?)
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 1l 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 0.01g Two standard deviation accuracy of £0.06 g
Heat flux 1Wm? Two standard deviation accuracy of £10 W m™
Galvanic skin response - Two standard deviation accuracy of £7.0 nSiemen
Skin temperature 0.05°C Two standard deviation accuracy of £0.8 °C

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 hMe?gf]ltjr(lrrr]lg)’
Air temperature Vector Instruments T351 +0.1°C 2
Relative humidity Rotronic MP100A +1 % 10
UOA Wind speed Vector Instruments A100L2 <2 % 5

meteorological Air pressure Vaisala PTB101B +0.5 mb
Station Global radiation Kipp&Zonen CM3 +3 % 2
Atmospheric radiation Kipp&Zonen CG1 +10 % 2
Soil temperature PT100 +0.1°C 0.05

Air temperature Rotronic S3C03 +0.1°C 2
Mobile station Relative humidity Rotronic S3C03 +1.5% 2
Wind speed Secondwind C3 +0.1 msec™ 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°C. Therefore, the 15", 18" and 24™ 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 18-7-2008 24-7-2008
hot day moderate hot day warm day

Air temperature at 2m (°C) 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™) 1.8 (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 (°C) 41.9 (0.1) 40.3 (0.2) 39.5(0.2)
Global radiation (W m™) 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):

Ts = 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 (Tn) iS the most
important meteorological parameter affecting human heat balance (Matzarakis et al.,
2007). Ty is defined as the uniform temperature of a hypothetical spherical surface
surrounding the subject (emissivity € = 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, Ty 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" of July, 0.25, 0.28 and 0.27 on the 18" of July and 0.24, 0.25 and 0.25 on
the 24™ 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™
throughout the track.

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

Heat 15-7-2008 18-7-2008 24-7-2008
fluxes hot day moderate hot da warm day
(Wm?)
per Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3
subject
M
Subl 52.3+7.1 220.5+10.2 54.3+5.6 56.0+3.1 207.8+12.5 58.1+8.0 57.3+£10.8 217.0+£25.4 55.5+6.8
Sub2 56.1£2.1 217.2+12.2 55.6£2.5 56.3+4.1 206.4+13.0 53.1£2.7 59.6£3.9 224.0+12.5 60.5£7.7
Sub3 53.9+3.3 232.8+11.6 53.1+4.0 54.1+£5.2 207.4+10.7 55.5+5.0 52.8+5.3 216.4+11.4 56.3+5.7
Sub4 58.1£2.4 254.0£9.4 56.4+4.4 63.5+£7.5 238.1£12.3 58.5+£2.2 62.0+£9.7 228.5+17.0 58.9+£5.7
C
Subl 9.6+3.1 10.5+3.4 7.6+2.3 -11.0+£3.4 -29.7+6.3 -13.444.8 -21.4+6.1 -58.0+13.6 -33.8+8.1
Sub2 10.5+£3.3 11.2£3.5 7.742.3 -10.4+3.3 -22.8+4.4 -10.6+4.0 -26.7£7.3 -58.7x15.2 -31.8+7.8
Sub3 10.9+3.6 11.7+4.1 6.0+2.1 -9.3+3.5 -24.6+4.6 -10.1£3.8 -21.9+5.8 -57.3+13.4 -29.8+6.9
Sub4 13.1+4.1 17.3£5.0 9.3+£2.7 -7.4+£2.9 -17.944.1 -7.7£3.4 -18.4+5.2 -46.7+10.9 -24.2+5.9
Res
Subl -4.0+0.6 -16.9+£0.9 -4.1£0.4 -4.4+0.2 -16.3+1.1 -4.6+0.6 -5.1+1.0 -19.1£2.1 -4.9+0.6
Sub2 -4.3+0.2 -16.6+1.1 -4.2+0.2 -4.4+0.3 -16.1x1.1 -4.2+0.2 -5.3+0.3 -19.7+1.0 -5.3+0.7
Sub3 -4.14£0.3 -17.8+1.1 -4.0+0.3 -4.3+0.4 -16.3+0.8 -4.4+0.4 -4.7+0.5 -19.0+0.9 -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
Subl 24.0+3.2 131.4+8.5 28.242.8 16.1+2.3 129.9+11.6 16.0+2.3 12.3+3.7 122.9+13.1 7.4x1.4
Sub2 24.6£3.2 131.6+8.4 28.3+2.9 16.5+2.4 131.9+11.4 17.7£2.4 9.3+£3.6 122.8+12.7 8.4x1.5
Sub3 24.8+3.2 131.7£8.3 27.0+£2.8 17.0£2.5 131.3x11.4 18.0+2.3 12.0+3.4 123.1x13.1 9.3x1.4
Sub4 26.3+£3.4 133.3+8.2 29.5+2.9 18.1+2.4 133.3+11.3 19.5+2.6 14.0+3.5 125.8+12.7 12.1£1.5
E
Subl -233.6£74.7 | -1018.9+288.8 -296.6+110.2 -87.5£22.2 -375.1£81.0 | -150.1+46.6 -44.5+14.2 -252.7£76.7 -97.8+21.3
Sub2 -147.0+48.7 -690.9+200.3 -205.4+85.0 -58.4£16.2 -194.9+20.7 -79.1£23.5 -45.8+14.5 -176.1+£42.7 -61.4+12.4
Sub3 -143.4+57.1 -681.6+154.4 -276.3£82.1 -54.3£15.7 -209.1£25.5 -76.6+£24.4 -30.6+9.1 -172.4+46.3 -54.2+12.6
Sub4 -160.1£61.1 -701.1£170.3 -225.1+84.2 -70.6£19.0 -249.6£19.9 -89.8+26.5 -38.0£11.3 -193.5+39.2 -55.3£11.9
S
Subl -151.8+£74.6 -673.5£290.5 -210.7£111.8 -30.8+27.9 -83.4+83.0 -94.1£52.8 -1.4+25.5 10.0+£77.9 -73.5428.9
Sub2 -60.1+48.6 -347.7£207.3 -118.0+86.3 -0.4+20.4 104.4+24.5 -23.1£28.7 -8.9+25.4 92.3+60.3 -29.6+22.8
Sub3 -57.9+£57.1 -323.3£158.6 -194.2+82.7 3.3+21.7 88.8+32.7 -17.6+£28.4 7.6+18.6 90.7+60.3 -23.4+19.7
Sub4 -67.1£61.3 -316.0£168.0 -134.1£83.6 -1.5422.0 85.3+24.4 -24.1£31.0 14.1+20.3 94.1+46.7 -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 (Try). It is worth-noting that the
average Tmr difference under the shade amounts to ~11 °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 (Subl) 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 Subl, 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% (Subl) 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 Subl, 50% for Sub2 and Sub3 and 27% for Sub4 (Fig. le-f).
Furthermore, slight warm stress becomes evident in 43% of HL values for Subl, 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).
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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,
ANNSs, 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
(°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?
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?) and mean absolute error (MAE) for temperature and
relative humidity estimations (2203 hourly observations for each station).

Stations R? 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.
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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.
Estimated
>t Very Hot Hot Comfortable Cool Total
~ | Very Hot 187 (87.8%)( 26 (12.2%)| O (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 (00%)| 0 (0.0%)| 0O (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.
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TABLE 3. THI Contingency table of the observed versus estimated values for each category of S2
total data.

Estimated
Very Hot Hot Comfortable Cool Total
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%) [ O (0.0%) | 1282 (100%)
Comfortable| 0 (0.0%) | 181 (24.0%) (573 (76.0%)| 0 (0.0%) | 754 (100%)
Cool 0 (00%)| 0 (0.0%) | 35 (77.8%)|10 (22.2%)| 45 (100%)

S2

Observed

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

Estimated
53 Very Hot Hot Comfortable Cool Total
~ | _Very Hot | 179 (67.8%)] 85 (32.2%)] O (0.0%)| O (0.0%)[ 264 (100%)
§ Hot 67 (4.6%)| 1239 (85.9%) 137 (9.5%)( O (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.

Estimated
Very Hot Hot Comfortable Cool Total
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%)
2
8

S4

Comfortable| 0  (0.0%) | 120 (16.7%)|598 (83.1%)|2 (0.3%) | 720 (100%)
Cool 0 (00%) | 0 (00%) | 5 (385%)|8 (61.5%)| 13 (100%)

Observed

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.

E®APMOTH ATMOXZ®AIPIKON MONTEAQN MEXHY KAIMAKAY I'lA THN
ITPOXOMOIQXIH THX AXTIKHY OEPMIKHXE NHXIAAY KAI TON YIIOAOT'IEMO
AEIKTON OEPMIKHE ANEXHX

©®. M. TIANNAPOS?, A. MEAAS! KAI I®. KEPAMITEOIAOY?

'Epyactipio doouic e Atudcpapas, Tujua ook, A. I1. O.
2Iverrotto Miaotnuxdv Epapuoydv ko Thlemoxomone, EQviké Aotepooromeio AOnvdrv

IIEPIAHYH

H napovoa epyasio mapovotdlel TV €poproyn TOV HETEMPOAOYIKOL HovTéhov péong kipaxag WRF
oe VYN yopikn avaloon (1-km), yia mv arotdnmon tng aotikng Oepuikng vnoidag (AGN) kot v
extipnon ™m¢ avBpomrvng Oeppikng dveong. Emtd adydpiBpor vrmoloyiopol deiktdv Oeppukng dveong
ypnowonomdnkay yoo TV amotiunon g omv gupdtepn mepoyxn ™S AONvac Kot TN ddpKE TOL
enelcodiov kavowva g 251n¢ IovAiov 2009. Ta amoteréouato mopoLoldlovTal He TV HOPPN YOPTOV
GTOVG OTO{OVG OMOTVIIMVETAL 1| YMPLKT KATAVOLT TV VTOAOYIGHEVTI®MV SEIKT®V 0TO0 AEKAVOTEIIO ATTIKNG
Kot oavoAvovToL ot Spopés TV aAyopifumy. Méca amd TNV TPOGOUOImOT TG YWPIKNAG KOTAVOUNG TOV
SEIKTOV OVTAOV ovadEIKVOETAL 0 POAOG TOVG GTNV LIToPoNdnon TG AYNG YOPIKE CTOXEVOUEV®V UETPOV
TOMTIKNG TPOGTAGING, GE TEPIMTOOT ENEPYOLEVOD KADCHOVOL.

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° x 1° 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.

1-kan ARW-WRF Forecast (GFS Init) Init 2009.07-24_12:00:00
LAP-AUT, UHI Project Valid: Saturday 25 Jul 2000 at 12-UTC

Discomfort Index (°C)

Model Info:Va.1.1 KF, YSU PBL, WSM 6-class, S-ayer TD LSM 1k, 28 levels Model Info:VA3.1.1 KF, YSU PBL, WSM 6-class, S-ayer TD LSM 1k, 28 levels

INo Discomfort [ Slight Discomfort [IModerate Discomfort lINo Discomfort [ Slight Discomfort [Istrong Discomfort
[IHeavy Discomfort [l I Sanitary Emergency [Strong Indiposition [l Serious Danger M Heat Strokes Danger

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.

1-kan ARW-WRF Forecast (GFS Init)
-AUTh, UHI Project

Init 2009-07-24._12:00| than Forecast (GFS Init) nit: 2009-07-24_12:00]
e Valid: Saturday 25 Jul 2009 at 12- LAP-AUTh, UHI Project Valid: Saturday 25 Jul 2009 at 12-4

Thermal Sensation

Model Info:VA.1.1 KF, YSU PBL, WSM 6-class, S-ayer TD LSM 1k, 28 levels Model Info:Va.1.1 KF, YSU PBL, WSM 6-class, Sayer TD LSM i, 28 levels Model Info:Va.1.1 KF, YSU PBL, WSM 6-class, S4ayer TD LSM 1k, 28 levels

MlCold [iCool [[Slightly Cool [T]Comfort [stightly Warm B Very Cold Wcold [Cool [INeutral [ Very Cold EECold [TComfort  [MHot
EEWarm [llHot I Very Hot Extremely Hot [l Dangerously H| IWarm [Hot [VeryHot [Extremely Hot [ Very Hot Extremely Hot
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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 °C and below 35 °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.

1-km ARW-WRF Forecast (GFS Init) Init: 2009-07-24_12:00:00
LAP-AUTh, UHI Project Valid: Saturday 25 Jul 2009 at 12-UTC

Index of Thermal Stress

226 276 326 376 426 463 —eomiont 1| Possible [
Model Info:V3.1.1 KF, YSU PBL, WSM 6-class, 5-layer TD LSM 1km, 28 levels -bIMV - Heat Strokes Possible .Exuumi ‘Danger - Heal Strokes Imminent

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 °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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MEAETH AIAKYMANXIHXE THE OEPMOKPAXIAY EAA®OYX ZE AITA®OPA BAOH
I'IA THN IEPIOXH THE AGHNAX

K. KOYTEAIAA L, B. E. W¥YAOTAOY 2KAI L. TSIPOS

Y Epyactipio I'evikiic xou ewpyikic Metewpoloyiag, Tuua Iewloyidv Exiotqudy ko
Aruoopoipixod lepiforioviog, ['ewmoviko llavemiotiuio AGnvaov
2 veritovro Epevvav Iepiféliovioc ki Bioyune Avimroéne, EOviké Aotepookoncio AOnviyv

ITEPIAHYH

2V Topovoa £pyacio, yivetotl SlEpELVION TOV OEO0UEVOV BEPLOKPAGIOV E3APOVS
tov EBvikod Aoctepookomeiov Abnvov, yio v mepiodo 1991-2008 pe oxomd v
extipnon Pacik®v OepikdV YopaKTNPIOTIKOV TOL £dapovs. Me Bdom v enelepyacia
TV dedopévov yivetar aglohdynorn Tov TAGTOVG TOV ETOYUKMV OUKVUAVOEMY TNG
Bepprokpaciag Tov €ddovg péxpt to PdBog tv 1.2 m, ekTiunom G YPOVIKNG
emPpadvvong tov Beppokpaciokod KOHTOS kabmg emiong kot TPOGOIOPIoUOS TNG
YPOVIKNG OOKAIONG KOTA TNV EUEAVIOT) TOV HEYIOT®OV Kot Aayiotov Beplokpacidv 6Ta
duapopa Baon.

STUDY OF SOIL GROUND TEMPERATURE PROFILES IN ATHENS, GREECE
K. KOYTELIDAY, B. E. PSILOGLOU 2 AND I. TSIROS *

! Laboratory of General and Agricultural Meteorology, Division of Geological Sciences and
Atmospheric Environment, Agricultural University of Athens
? Institute for Environmental Research and Sustainable Development,
National Observatory of Athens, Greece

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. EIZATQIH

H Ogppoxpoacio Tov €06povg amotedel oNUAVTIKY TOPAUETPO Yo TNV VTOPEN KoL TNV
SITNPNON TOV JOCIKAOV Kol YEOPYIKAOV OIKOGUGTNUATOV, HEGH YNUK®OV Kol BloAoYIKOV
otepyaciodv. o v omopd kot v PAdotnon kdbe @utod omouteiton opiopévo €HPoOg
Beppokpacidv £ddpove, evd veicTatol Kot o kpioyn Ty feppoxpaciog, oty omoia n
fAdotnon tov omdpwv sivar taydtepn. Emiong n adénon tov pilikod cvotipotog
emruyydvetor pe v avénon g Bepurokpaciog eddpovg péxplg opiopévov onueiov. H
avantuén ot emnpedlet kot kabopilel TNV avdmTuén ToV VIEPYEIOL TUNLOTOG TOV PUTOD.
Mikpég draxvpdvoelg g Bepprokpaciog Tov £64povg EnNPedlovy SLGUEVMOS TNV aVATTLEN
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Ko TV EMPiOoN TOV VEap®dV KOVOpopwv devopLALimv (Stathers et al., 1985; Bakisky and
Burton, 1995), xafd¢ kot v avantvén Kot v amdd00n TOV YEMPYIKOV KOAMEPYELDV,
péow tov PIkod GLGTNAUATOS, GE TOIKIAEC KOAMEPYELEG, GULUTEPIAAUPOVOUEVOY TOV:
KOAQUTOKL, QocoAa, Bpoun kot Papfaxt (Kaspar and Bland, 1992; ,Nabi and Mullins,
2007) aAAd Kot TV PAOCTIKN KAVOTITO TV GTTOPMV KoL TV KATAGTPOPN TOV GTOPOPUTHOV
and npocPoréc maboyovmv opyavicpmv (Oliver et al.,1986; McMichael et al., 1996).

Tic tedevtaieg dekaetieg 1 Bepuokpacioo Tov €0APOVS AMOTEAEL €MIONG, OMNUAVTIKY
TOPAUETPO VIO EQOPUOYEG ProkApatikod oyedtoopol, Onmg n madntikn Oépuavorn Kot
Yoén xTipiov ko Beppoknmok®dv eykatactdcemv. H yvdon g kotoavoung kot Tng
dwkdpavong g Bepuokpaciog £dapovg oe dapopa Padn amatteiton v Ty a&loldynon
TOV EVEPYELOKOD OVVOUIKOD TOV €0G(POVG, TNV OMOTEAEGUOTIKOTNTO O0POp®Y UECWHV
avtodhayng Oeppotntog pnetald 04poug Kot aépa (.Y, VIEIAPIEG COANVMGELS) KOl Y10 TOV
VIOAOYIOUO  TNG  OeplIknG  CLUUTEPLPOPES TOV  KTIPWKOV Kot Oeppoknmokdv
gykoTaotdoemv mov PBpiockovtar og dueon emagn pe to £€0agog (Givoni and Katz, 1985;
Stantamouris et al.,1995; Jacovides et al., 1996; Mihalakakou et al., 1997; Mihalakakou,
2002; Florides and Kalogirou, 2004).

2KOmOG NG mopovoag gpyaciag eivar M adlomoinon tov SwbécmV HETPIoEDV
Beppokpacidv Tov £dapovg og dtdpopa Pabn, Tov EBvikod Actepockomeiov ABnvav yio
NV ekTipnomn Tov akOAoVB®V BEPUIKOV XOPAKTNPIGTIKOV TOL £3APOVS: TOL TAUTOLS TMV
EMOYLOKMV OlaKLUAVeE®V NG Beppokpaciog avtov péypt to fabog twv 1.2 m, g YPOVIKNG
VOTEPNONG TOV BEPLOKPAGLOKOD KOUATOG KOL TNG YPOVIKNG ATOKAONG KOTA TNV EULPAVION
TOV peyioTov Kot eElayioTmv Oepuokpaciov ota dtdpopa BAOn.

2. AEAOMENA KAI MEGOAOAOTTA

210 EOvikd Actepookoneio ABnvav (E.A.A.), extedovvtor amd to 1911 cvompatikég
KaTaypapss g Beppokpaciog tov €d0povg ce odpopa PaOn, tpelg Popéc MuePNGImG
(08:00, 14:00 xor 20:00 LST). O otabudc (y. midrog 37° 58' B, y. unkog 23° 43' A,
vyopetpo 100 m amd v péon otdBun g Odhaccag) PpiokeTonr OTIC 1GTOPIKES
gykotaotdoels Tov E.A.A. 610 ®noelo, o pkpn andotacn amd v AKpOTOAT, KOVTIH GTO
Kkévpo g AOMvag.

2to téAn tov 1990 éywve owtopatomoinom tov otabpov pétpnong Bepuoxpacidv
€00(QOVG, UE OVTIKOTACTOON TOV KAUCGCIKAOV LOPUPYLPIKOV BEPUOUETPOV LE GVYXPOVOLS
acOnmpeg tomov ‘thermistor” ( probe 107 tng Campbell Scientific Ltd.) kot cvveyn
GLALOYY TV dedopévav avd 1 dpa (detypotoinyio avd 1 Aemtd kot péon Tyun ava dpa)
(Poroyrov, 1991).

[Mo v ekmévnon ¢ Tapovcag epyaciag YpNoILoToOnKay ot SBECIUES LETPTOELS
g Oeppokpaciog Tov ddpovg o€ dtdpopa Badn tov E.A.A., yuo tqv mtepiodo 1991-2008.

Ot petpnoelg Tpoépyovtal amd dVo OUASEG OPYAV®Y LETPNONS BEPLOKPACIOV EXAPOVS

I. OepudpeTpa dpeong ETaPNG EYKOTECTNIEVO OTIV EMPAVELN TOV €0GPOVG KAOMDS
Ko og fadn 2, 5, 10, 15, 20, 30, 40 kon 50 cm, kot
ii. Oepudperpa oe petaAlika doyeia, eykatestnuéva o€ fadn 0.3, 0.6,0.9, 1.2 m.
H Oepuoxpacioc tov oépa katoaypdoetor pe mAektpovikd Oepuduetpa o€
UETEMPOAOYIKO KA®PO, Kyoug 1.50 m. mdvm and 10 eninedo Tov £3APOLG.
o 10 okomd ™G HEAETNG QVTNG, aPYIKO TO OEOOUEVO VTEGTIOOV AETTOUEPELOKO
TOLOTIKO EAEYYO Y10 TOV EVIOTIGUO A0ODV KOl TNV OTOUAKPVVOT) TUXOV EGOUAUEVOV TILOV.
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2NV GLVEKELN, VITOAOYIGTNKOV Ol LEGES NUEPNOLES TIUEG KOOMG Kot 01 LEGEG UNVIOHES TUUES
g Bepokpaciog Tov aépa Kot Tov £6GPOVS oTa dtdpopa BAON.

3. ENEZEPIAXIA METPHIEQN

Ot petaforéc g Bepuoxpacioc Tov €6dPOVS TOGO GTNV EMPAVELN OGO KOl OTO
dupopa BaOn g cuvaptnon Tov YPOVOL TAPOLGSLALOVY TOGO MUEPNGLH OGO KOl ETNHOL0
TEPLOOIKOTNTAL.

3.1 ETijoua swekvpaven Osppokpaciog

Ov péoec unvioieg tipec g Oepuokpaciog Tov vIEPKEIPEVOL 0€PA, TOL YLUVOD
€04povg, kabmg Kot o€ Pabn and 2 émg 50 cm, yio v e&gTaldpuevn ypovikn mepiodo 1991-
2008, tapovoidlovrot ypoaeikd 6to Zymua 1.

OEPMOMETPA AMEZHY EITADHZZ / 1991-2008
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YXHMA 1. Etowa mopeia g péong unviaiog Beppokpaciog tov aépa, ToL Yupvos £6Gpovg Kot
o€ Badn and 2 £wg 50 cm, katd v wepiodo 1991-2008.

Amo 10 Zymua 1 eaiveton 011 0 lavovdplog ivar o yoypdtepog uvag Tov £Tovg, Oyt
UOVO GTNV YOUVN EMPAVELL TOL €04POVS OAAL Kot 6 Oha To BaOn péypt 40 cm, evd o
DeBpovdproc yia ta 50 cm. AvtiBeta, o lobAlog givar o Bepudtepog unvag émg to Pabog
tov 40 cm, evd o Avyovotog ywo too 50 cm. Ta amoteAéopota ovTd VTOINAMVOLY TV
omapén pog kabvotépnong oty HeTopopd TS BeppdtnToc HEGa 6To £30(POG.

A&iler va onuewwbel n avénon g Beppokpociog pe 10 Pabog omv mepiodo
OktoPpiov-Oefpovapiov, OMAad] Yy OVO HAVEG TPV Kol OVO UNVEC UETA Omd TO
AexépPpro, mov givar 0 pNnvog Pe TV HKPOHTEPT NAOPAVELQ.
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Téhog, o&iler va avapepbel ot1 yio v eEetaldpevn mepiodo 1991-2008, dev
Kotaypaenkay opvntikés Oeppokpacieg oe Badn peyordtepa tov 5 cm. AkOuo Kol 6TO
BaOog twv 5 cm mapatnprOnKav poévo 3-4 TéS apvnTiKOV Beprokpastdv TG TaENg TV —
0.2 °C povo. Ogppokpaocieg kbto Tov 0 °C KoTaypdQovIial 6TNV ETLPAVELL TOV £3APOVG
amd Tov AgkéuPpro péypt ko defpovdpro.

Ou péoeg punvioieg Tpég g Beppokpociog Tov £dapovg pe Bepuoduetpo péco o€
KomeAla, ota fadn 0.3, 0.6, 0.9 kot 1.2 m, xatd v e€etalouevn mepiodo, mapovstdlovion
GTO Xymua 2.

GOEPMOMETPA EE METAAATKA KYIIEAAA /1991-2008
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YXHMA 2. Etfioia mopeia g péong punviaiog Oeppokpasciog Tov aépa, ToL YORvoD €06(OoVS Kot 6Ta

Babn 0.3, 0.6, 0.9, ko 1.2 m, katd v wepiodo 1991-2008

Me Béion tig péoeg unviaieg TIHEG TOL GYNUOTOS 2, TO GTPAOUO TOV E0APOVS Omd 0.3
péxpt 1.2 m napovsialetar oyedov 1660eppo. To oo 0pog KOHavVoNS g Beppokpaciog
ehattoveror pe 1o Babog pe pkpd pvOpd. I'a ta fédn 0.3 ko 0.6 m 0 Oepuotepog
unvag gtvar o Todbhog, evd yo ta Babn 0.9 ko 1.2 m o Avyovctog. To yeyovdg avtd
eVIoYVEL TOV Kavova kKabvotépnong oty petagopd Bepudttog péca 610 £00.(pOS TOV
mapotnpnOnke kol otV opdda OBepuopétpov dueong emagng amd 0.2 €wg 50 cm.
[Mopatnpeiton emiong 6tL 0 YoypoOTEPOG UNVaG o€ OAa to BaOn eivar o DePpovdprloc pe
e€aipeon to PdOog 0.3 m yia to omoio eivan o lavovdpioc.

3.2 Hpeprjowa dwokdpaven Ogppokpaciog

210 oyfua 3 mapovstaleTar Ypoaeikd n péon MUEPNOLO SOKOUOVGT TOV aEPa, TOV
yopuvoL £6dpouvg kabmg kot ota Padn and 2 £wg 50 cm o ta OepuodpeTpa dpecng ETAPNG,
v Tovg punveg lavovdpilo, Anpiho, IovAlo kot OkT®Ppro, Yo v mepiodo 1991-2008.
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Xoupova pe to oynuae 3, m Bgpuokpocio TG EMPAVEINS TOV €0APOVS ALEAVEL
TPOOJEVTIKG OO TNV OVOTOAN TOV NAOL UEXPL TIG TPMTEG MPEG TOL OMOYEVLOTOC, YO VO
elTTmOEL 6TV GLVEKELD LEYPL TNV OVOITOAT] TOL A0V TNV emouevn nuépa. H Bepuokpacio
oV €8dpovg av&dvel ToAD ypryopa yupw otig 09:00 v 10:00 LST, kot eAattdveror mait
YPNYOPO LETA TNV 0VGN TOV NALOVL.

GOGEPMOMETPA AMEZHE EITA®HZ OEPMOMETPA AMEZHE ETIA®HE
1991-2008 / IANOYAPIOZ 1991-2008 / ATTPTIAIOZ
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YXHMA 3. Méon nuepnota dtakdpovern g 0eprokpaciog Tov aépa, ToL YOUVOD 0GP0V KOl GE
Babn amd 2émg 50 cm, ywo tovg pnveg lavovdplo, Ampidio, lodvAo kot OktdPpro, yioo v
e€etalopevn mepiodo 1991-2008.

To eldyioto g Bepprokpaciog otV ETPAVELL TOV £6APOVG KOTA TOV YEWUMVO KOl TO
KOAOKOiPL, TOPOLGLALETOL KOVOVIKG TNV OTIYUN TG avatoAng (N Alyo apydtepa), oyedov
TAVTOYPOVA LLE EKEIVO TOV PO TOV KATMOTEP®V OTPMUATOV, 6oV Exovpe eElcwon Tmv 600
avtifeng @opdc axtivoPoAldv (eloepyopevng mAlakng ko eEepyopevng ynvng). To
péyioto opmg mapatnpeitar yopw otig 13:00-14:00 LST, 1 opa mepinov petd to péyioto
™G NAMakng aktvoPoriog kot 1 mepimov dpa vopitepa amd to péyeto TG Beproxpaciog
TOV 0€PO. ZNUEIDVETOL EMioNG OTL N péom Beppokpocio ™G EMPAVELNG TOV €3GPOVS givort
UEYOAVTEPT] EKEIVNG TOV AEPOL, 101MG KATA T SLAPKELN TOV KAAOKOPIVAOV UNVOV.
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[Tepartépw, pe Baon to Zynuo 3 Tapotnpeiton 0Tl o€ peyaAvtepa fadn, mapovoidletal
dwdoyikd peimon TOL  €UPOVE MupepPNolag KOpovong TG OBepuoxpaciog.  Emiong
TOPOTNPEITAL OAO KO HEYOADTEPN YPOVIKN VOTEPNON KOTA TNV EUPAVION NG UEYIOTNG
Beppokpaociog oto exdotote BAB0G, € GYECT TAVTO [LE TNV YPOVIKT] CTLYUN EUOAVIONS TOL
UEYIOTOV OTNV EMPAVELN TOV £0APOVE. AVTO €xel ®¢ amotédecua 6to Paboc twv 50 cm, N
Beppokpacia va cuveyilel va avépyetol £mg TG Bpadivég N aKOUO Kot TIG TPATES TPMOIVEG
DOPES.

Oocov apopd Vv enidpacmn v omoia acKobV Ol ETOYIUKES LETAPOAEG TOV KOPOV GTNV
Slopdpemon g péong unviaiog nuepnotag mopeiog g Oeppokpaciog tov £6dpovg ota
duapopa Padn, Tapatnpeital v otadiakn peiwon pe v avénon tov Pabovg Kataypagng
™m¢ Bepuoxpaciag. Ilap’orla avtd n dwakvpaven e Bepuokpocioc tov €ddPovg eivon
pkpotepn tov lavovdpro kou peyorvtepn tov lovito.

©OEPMOMETPA TF METAAATKA KYITEAAA OEPMOMETPA ZF METAAAIKA KYTIEAAA
1991-2008 / TANOYAPIOT 1991-2008 / ATIPIATOS
—Aipug
- e :
14 4 30 -
0.3m
0.6m
12 D5 —0oom
~ o~ L2m
- | " i
ol A A
1 L1
g a4
510 520 1
S S
= = | by
: 2
8 1 15
® Afpug SO DT A e e A B A
—Duwé ibages | |
03m A I
6 o6m 10 gy
—09m I
12m
1 T 5
1 3 5 7 9 11 13 15 17 19 21 23 1 3 5 7 9 11 13 15 17 19 21 23
QPA (LST) QPA (LST)
©OEPMOMETPA SE METAAAIKA KYITEAAA ©OEPMOMETPA ZE METAAAIKA KYTIEAAA
1991-2008 / TOYATOZ 1991-2008 / OKTQBPTOE
. . -
——Aipag
—— Dupvi shagog
30 4
= s
0 3
= a
g :
2 S
) 2201
= =
@ 5
s
1) e
1 3 5 7 9 11 13 15 17 19 21 23 1 3 5 7 ¢ 11 13 15 17 19 21 23
QPA (LST) QPA (LST)

YXHMA 4. Méomn nuepnotwo dtokduavon e Oepuokpociog Tov aépa, ToL YOUVoL €6GMOVG Kol
ota Baon 0.3, 0.6, 0.9 kou 1.2 m, v tovg uriveg lavovdpio, Ampiito, lodio kot OxtdPpio, yia
v e&etalopevn mepiodo 1991-2008.
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210 oynuo 4 dtveton ypaeikd 1n UECT MUEPNOLO SLOKDLOVOT TOL OEPQ, TOL YUUVOD
€06povg kabdg kKot oto Badn and 0.3, 0.6, 0.9 ko 1.2 m, ywo ta OeppdpeTpa mov lvan
EYKATECTNUEVO O UETOAMKO KOTEAAD, Yo Tovg unveg lavovdplo, Ampiiio, Iovio kot
Oxtoppro, yio v wepiodo 1991-2008.

Amo 10 oyqua 4 sivar Qovepd 0Tt M nuepnotla petafoAn g Bepuoxpacioc ota
peyolvtepa Pabn dev eivor 1d1aitepn ONUOVTIKY, KOl TO €0pOC GTAG NG OLKOUOVOTG
pikpaiver pe v avénon tov Pdbovs. Emiong amodeikvoetor 0Tl Katd TNV O10pKED TOV
yeovo (Iavovdplog), n Beppokpacio tov €dd@ovg avEdvetor 0G0 TPOYOPOVUE GE
peyaAvtepa Padn, evd 10 aviiotpo@o AouPdvel ydpo KoTd THV KOAOKOIPV TEPi000
(IobMo). Ot mepiodot g avoiEng (Ampiiiog) kat Tov eHvommdpov (OxtdPprog) Bewpovvan
petopatikég mepiodot.

4. LYMIIEPAXMATA

Ao ™MV avaAvon TOV KoTaypapmv Tov Bepuokpaciov £ddpovg oto E.A.A. katd Vv
nepiodo 1991-2008, mpoxvmtovy o akOAOVOU GLUTEPAGHLATA

e To etfolo Bepuokpaciokd g0pog, dnA. n daeopd ¢ péong unviaiog Beppokpociog
Tov OepudTEPOL PNVA OO TNV OVTICTOLN TOL YLYXPOTEPOL UNVO, HELOVETOL MG
cuvaptnomn tov Pabovg, pe éva apketd agloonpeiowto pvOUd GTA TPAOTO GTPOUATO TOV
€06povc. Avtd 0modidetar Kupimg 6TO YEYOVOG OTL £va. LEYAAO TOGOGTO TNG NALOKNG
axkTvoPoAlag KatavaAioketal yio v BEPLOVOT TOV EMPAVEINK®DY CTPOUATOV TOL
€04.PovC.

e H peiowon g emotag dwakdpoavong g Bepuokpaciog owg cvuvaptnon tov Padoug.
2V OlpKELD TOV YEWMVA, 1 HéEon Beppokpacio tov Babitepov otpopdtov givol
vynAoTtepn omtd v Bepprokpacio Tov otpopdtomv Tov Bpiokovtal o pkpdtepo PaON.
Emopévog, tov yeipdva ‘petaxvovvtar’ mocd Oeppommrog amd to faditepa otpduaTe
TPOG TNV EMPAVELD, VD TO avtifeto cvpPaivel Katd Tovg Beptvoig prveg.

e H péon emoua Beppokpacio Tov £60povg o omotodnTote PAbog sivar peyardtepn amod
v péon etmota Beppokpacio tov aépa g atpodceapas. Emiong to youvd €dapog
avtoamokpivetonr Oeppokpactiokd moAD TayOTEP OTIC KOPKEG HETABOAEG am’ OTL Ta
peyoivtepa Béon, ta onoio mTapovstdlovv OA0 Kol LEYOADTEPT YPOVIKT] VOTEPNON CTNV
0OKPLoT| TOVG GTOVG ATHLOCPALPIKOVS TOPAYOVTEG.
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ESTIMATION OF SOIL TEMPERATURE: TIME AND FREQUENCY DOMAIN
MODELING

E.MAZOU!, I.TSIROS!, N.ALVERTOS!, S.LYKOUDIS? I. GAROFALAKIS!

Faculty of Sciences, Agricultural University of Athens
?Institute of Environmental Research & Sustainable Development, National Observatory of
Athens

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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NOA 1997-2000 HOURLY MEAN VALUES AT SURFACE PER MONTH
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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):

., 2t Z .2t YA
T(z,t)=T, + Ae % sin(——+¢ ——)+ AAe '“sin(C—+¢,——) -
0T s e gy A AR G
A g . 36427t yA A 4, .. ,366.27t Z
2e %gin -+ ——)——2e Y%sin +é +d ——
2 (8760 b+ 9, d3) 2 (8760 P+ 95 d4)

The parameters D, 4 and ¢ were obtained through non-linear regression using soil depth
and time as independent variables. The constantsd, ,d,,d,, d, 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:

d, - ’D-8760’ d - ;D~24’ d, - ﬂD~8760, d, = !D-8760 @)
T T 364 3667

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 (TnoO 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 TnoO (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.

0.0

70.0 1
& 60.0 1
TR
400
2.0
200
10.0 -
0.0 1

—STdl —Tal 10cm / Tall

UR

SOIL TEMPERAT

“10.0 T T T T T T T T T T T T T T
08/0111/01 02/02 06/02 08/02 1102 02/03 05/03 08/03 1103 02/04 05/04 08/04 11/04 02/05 05/05
DATE

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 (TnoO model) at 30cm depth in
NOA

TABLE 1. RMSE values of the various models applied to the AUA site

SOIL DEPTH Ocm 2cm 5cm 10cm 20cm 30cm
RMSE1(°C) 5.30 2.30 1.52 1.23 1.11 1.05
RMSE2 (°C) 6.40 2.53 1.59 1.26 1.12 1.06
RMSE3 (°C) 6.52 2.55 1.60 1.26 1.12 1.06
RMSE4 (°C) 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 | Ocm 2cm 5cm 10cm 15cm 20cm 30cm 40cm 50cm

RMSE1 (°C) | 5.54 471 |382 |3.00 2.50 2.23 1.87 1.58 1.36

RMSE2 (°C) | 5.56 472 |3.83 |3.00 248 2.20 1.84 1.55 1.36

RMSE3 (°C) | 5.55 471 |383 |2098 2.49 2.22 1.87 1.58 1.39

RMSE4 (°C) | 5.56 471 |383 |3.00 2.48 2.20 1.85 1.56 1.36

RMSE5 (°C) | 5.53 469 |382 |317 2.81 2.53 2.19 1.87 1.56

RMSE6 (°C) | 5.51 469 |381 |3.02 2.65 2.38 2.05 1.73 1.44
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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:

Z

-1

Decomposition: x(k) = x(m)e k, k=0,..,N-1 3)
m=0
1 N-1

Composition: x(m)=W x(k)e N , m=0,..,N-1 4)
k=0

The spectrum describes the distribution of variability across the timescale. The 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.
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FIGURE 4. Spectral analysis for soil temperature at Ocm 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:

e The diurnal maximum temperature diminishes as we move to greater depths.
e The value of RMSE error is small enough from the surface to greater depths.
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e The smaller RMSE values pertain to the first model in AUA and the second and
third model in NOA.

e Spectral analysis shows that at surface and at 2cm and 5cm depth there is large
variability.
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