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ABSTRACT: A relevant index for estimating the thermo-physiological response of users/pedestrians as a function of 

microclimatic and outdoor urban conditions is the PET (Physiologically Equivalent Temperature) index, expressed in 

°C, and defined as the equivalent temperature to the air temperature in which, for a typical indoor situation, the 

thermal balance of the human does not change, considering the same core and skin temperatures as in the original 

situation. Correlations between PET and the calculated or measured mean radiant temperature Tmrt are in general 

quite high, since the combined effect of radiant and convective heat gains/losses greatly affect the human energy 

balance in outdoor spaces. The most accurate way to determine Tmrt is by means of integral radiation measurements, 

i.e. measuring the short and long-wave radiation from six directions using pyranometers and pyrgeometers, an 

expensive and not always available procedure. Many studies use globe thermometer combined with air temperature 

and wind speed sensors. An alternative way to determine Tmrt is based on output from the RayMan model from 

measured data of incoming global radiation and geometrical features of the monitoring site, in particular sky view 

factor (SVF) data. The purpose of this paper is to assess the mean radiant temperature Tmrt by different methods, 

using the Tmrt calculated from field measurements as reference data for comparisons (air temperature, wind speed and 

globe temperature data applied to the forced ventilation formula of ISO 7726), for data collected in Glasgow, UK.  

Four different methods were used in the Rayman model for Tmrt calculations: input data consisting exclusively of data 

measured at urban sites; urban data excluding solar radiation, estimated SVF data and solar radiation data 

measured at a rural site; urban data excluding solar radiation with SVF data for each site; urban data excluding 

solar radiation and including solar radiation at the rural site taking no account of SVF information. Results have 

shown that all methods overestimate Tmrt when compared to ISO calculations. Correlations were found to be 

significant for the first method and weak for the other three. 

Keywords: human biometeorology, urban microclimate monitoring, mean radiant temperature. 

 
 

INTRODUCTION  

The importance of understanding the heat island 
intensity caused by urban settlements has been stressed 
by several authors and linkages to urban planning as 
well as to consequences of global warming on such 
planning have been sought over the last decade. In 
tropical areas, the formation of UHI associated with 
climate change can bring about serious consequences, 
thus UHI mitigation should be part of present and future 
urban design strategies. However, as shown by 
Kolokotroni et al. [1] and by Emmanuel and Krüger [2] 
from the analysis of historical data for Glasgow UK, the 
existence of the UHI in temperate regions may not be 
that detrimental: the benefit of energy savings on 
heating is only marginally diminished by increases in 
cooling demand, particularly in the case of heating 
dominated buildings. 

In some cases the thermal comfort assessment of 
urban sites can be an interesting complement to standard 
UHI analyses, taking into account the combined effect 
of biometeorological variables in terms of outdoor 
thermal comfort indices. Indeed, to support urban 
planning by the assessment of the outdoor thermal 

environment constitutes one of the major application 
areas of human biometeorology [3], as modifications in 
the physical attributes of the urban space could promote 
improved thermal outdoor conditions and positively 
influence the use of open spaces. For instance, from 
observed or predicted effects on pedestrians, direct 
impacts of urban geometry on outdoor thermal comfort 
can be taken into account, e.g. for providing more 
shaded or sun-lit areas in urban spaces meant for 
pedestrian use.  In recent years, a few indices have been 
developed such as PET (Physiologically Equivalent 
Temperature) and UTCI (Universal Thermal Climate 
Index), which are aimed at the estimation of the human 
thermal response in outdoor spaces.  

The PET index, expressed in °C, is defined as the 
equivalent temperature to the air temperature in which, 
for a typical internal situation, the thermal balance of the 
human does not change, considering the same core and 
skin temperatures as in the original situation [4]. PET 
has been frequently used as a reasonable predictor of 
thermal comfort/discomfort conditions in outdoor spaces 
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[5,6,7,8] and is one of the indicators used by German 
standards in urban and regional planning [9].  

UTCI was developed within the scope of the 
European COST Action 730 “Towards a Universal 
Thermal Climate Index UTCI for Assessing the Thermal 
Environment of the Human Being”, supported by the 
EU RTD Framework Programme. COST Action had the 
aim to develop and make easily available a 
physiologically assessment model of the thermal 
environment in order to significantly enhance 
applications related to health and well-being in the fields 
of public weather service, public health system, 
precautionary planning, and climate impact research 
(http://www.utci.org/cost.php). UTCI follows the same 
concept of PET of an equivalent temperature; thus equal 
physiological conditions are based on the equivalence of 
the dynamic physiological response predicted by the 
model for the actual and the reference environment. The 
UTCI equivalent temperature for a given combination of 
wind, radiation, humidity and air temperature is then 
defined as the air temperature of the reference 
environment, which produces the same strain index 
value [10]. 

The mean radiant temperature Tmrt is the most 
important meteorological input parameter for the human 
energy balance during sunny weather in summer, since 
the combined effect of radiant and convective heat 
gains/losses greatly affect the human energy balance in 
outdoor spaces. From a series of field measurements 
carried out in Glasgow, UK, within the framework of the 
present research, correlation between the actual thermal 
sensation (or PET) and Tmrt was found to be similar to 
that of the ambient temperature and substantially higher 
than correlations between actual thermal sensation (or 
PET) and measured global solar radiation, both for bulk 
and binned data.  However, the most accurate for 
obtaining Tmrt is relatively expensive and not always 
available, consisting of integral radiation measurements, 
i.e. measuring the short and long-wave radiation from 
six directions using pyranometers and pyrgeometers, a 
complex and not always viable procedure.  

Due to budget and equipment constraints, many 
studies use globe thermometers combined with air 
temperature and wind speed sensors for obtaining Tmrt. 
An alternative way to determine Tmrt is based on output 
of RayMan “Modeling of Mean Radiant Temperature in 
Urban Structures - Calculation of Thermal Indices” 
using measured data of incoming global radiation and 
geometrical features of the monitoring site, in particular 
sky view factor (SVF) data. Thus, the purpose of this 
paper is to assess the mean radiant temperature Tmrt by 
four different methods, using the calculated Tmrt as 
reference data for comparisons (air temperature, wind 
speed and globe temperature data applied to the forced 
ventilation formula of ISO 7726 [11]), from field data 
collected in Glasgow, UK throughout 2011. The 
ultimate purpose of the study is to devise a simple 

method for estimating the thermal comfort indices PET 
and UTCI, when globe temperature data are not 
available with possible contributions to create simplified 
protocols for collecting data in outdoor comfort studies 
[12].  
 
 
METHODOLOGY 

According to Koeppen-Geiger’s classification, Glasgow 
(55°51' N, 04°12' W) has a Cfb temperate climate, 
softened by the maritime influence, which affects 
mainly the seasonal thermal variation. The precipitation 
level is one of the highest in the UK (average annual 
precipitation = 1100 mm). The average maximum air 
temperature in the warmest months (July and August) is 
below 20°C, and at least during five months the daily 
average air temperature is above 10°C [13].  

Two sets of data are used in the present study: 1) 
microclimate data from outdoor comfort surveys with 
local population in the city core and 2) data collected 
outside the urban area, in both cases data were registered 
by standard weather stations. 

Field data in the urban area was gathered in the 
pedestrian area of downtown Glasgow, which extends 
for 1.5 km between Argyle Street and Sauchiehall 
Street, covering the main street, Buchanan Street, in the 
shape of a "Z '(Fig. 1).  

Measurements were carried out at six locations. 
Criteria for selection of the monitoring points were the 
following: street orientation, sky view factor, urban 
canyon geometry and street type (crossings and 
squares). The monitoring campaigns took place between 
March and July 2011, over 19 outdoor survey 
campaigns, covering a wide range of weather types, 
typically under clear-sky conditions. Data were collected 
typically from 10 am to 1 pm local time, spanned up to 
3h. Table 1 shows the dates of each campaign.  

As for the rural station, measurements were taken at 
Cochno Farm, a 350 ha experimental farm located 
approximately 15 km from downtown Glasgow (Fig. 2).  
Weather data monitoring with a 15-minute sampling 
time started on March 23rd and covered the entire time 
frame of the outdoor comfort surveys, except for two 
periods with missing data. Thus, a total of 13 campaigns 
are used here for comparisons, since the second method 
for estimating Tmrt is based on rural weather data. 
Coincidental periods at both sites (urban versus rural) 
are shown on Table 1.  

Standard Davis Vantage Pro2 weather stations were 
employed at both sites, consisting of: temperature and 
humidity sensors; three-cup anemometer and silicon 
pyranometer. At the urban sites, a globe thermometer 
was additionally used for assessing the mean radiant 
temperature (Tmrt), adopted here as a reference for 
comparisons, which consisted of a grey plastic sphere 
(diameter of approximately 110 mm), with an enclosed 
temperature data logger (Tinytag-TGP-4500).  
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To obtain the mean radiant temperature (Tmrt) from 
the temperature data collected by the encapsulated 
sensor and the air speed at the time of measurement, the 
equation for forced convection of ISO 7726 was used. 

The sky view factor was determined from fisheye 
images at each monitoring point, taken by a fisheye lens 
FC-E8 coupled to a Nikon CoolPix 4500 digital camera, 
using RayMan.  

 
 

 
Figure 1: Location of the urban monitoring points 

 
 

Figure 2: Location of the rural station 

 

 

 Table 1: Date and time periods of each monitoring 

campaign 
Campaign Date Urban 

Monitoring 
Point 

Stationary Weather 
Station 

1 3/3/2011 1 no operation 
2 3/17/2011 2 no operation 
3 3/24/2011 3 data available 
4 5/4/2011 4 data available 
5 5/11/2011 5 data available 
6 5/17/2011 1 data available 
7 6/2/2011 2 data available 
8 6/9/2011 6 data available 
9 6/15/2011 4 data available 

10 6/23/2011 5 data available 
11 6/28/2011 6 data not available 
12 7/7/2011 1 data not available 
13 7/12/2011 3 data not available 
14 7/14/2011 2 data available 
15 7/21/2011 4 data available 
16 7/22/2011 6 data available 
17 7/25/2011 5 data available 
18 7/27/2011 3 data available 
19 7/29/2011 1 data not available 
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An attempt to classify the urban monitoring points is 
shown below, based on the SVF and local descriptors 
(Table 2). 

 
 

Table 2: Characteristics of the monitoring points 

Location and description Sky View (fish-eye image) 

Point 1: Street corner,  location 
with possible wind channelling 
effect (SVF=0.41) 

 

Point 2: Middle point of a regular 
urban canyon (SVF=0.38) 

 

Point 3: Crossroads of 
pedestrianized streets (SVF=0.48) 

 

Point 4: Point close to a crossroads 
(SVF=0.39) 

 

Point 5: Middle point of a regular 
urban canyon (SVF=0.39) 

 

Point 6: Crossroads between a 
pedestrianized and a motorized 
street (SVF=0.45) 

 

Procedure of comparison 

The four different approaches employed in RayMan for 
Tmrt calculations were (Table 3): 1) input data consisting 
exclusively of data measured at urban sites; 2) urban 
data excluding solar radiation, estimated SVF data and 
solar radiation data measured at a rural site; 3) urban 
data excluding solar radiation with SVF data for each 
site; 4) urban data excluding urban solar radiation and 
including solar radiation at the rural site but taking no 
account of SVF information.  
 
Table 3: Different methods tested in RayMan 

method urban Rural SVF 

ISO Ta, RH, v, Tmrt - - 

1 Ta, RH, v, SR - - 

2 Ta, RH, v SR urban 

3 Ta, RH, v - urban 

4 Ta, RH, v SR - 

 
The rationale behind each method is as follows: 

1) Method 1: measured global short-wave 
radiation already incorporates the effect of 
local geometry, thus Tmrt can be directly 
calculated  

2) Method 2: RayMan should be capable of 
accounting for morphology effects on predicted 
global short-wave radiation and thus provide 
the estimated Tmrt 

3) Method 3: the use of SVF data as input with no 
solar radiation data relies on the capability of 
RayMan to use sky view factor and solar path 
for a given date [14] to predict shadowing 
effects, and therefore estimate Tmrt 

4) Method 4 tests whether SVF information in 
Method 2 effectively contribute to better 
estimates than using the trivial solar radiation 
data measured at the rural site. 

In RayMan Pro 2.1, Tmrt is calculated as a function of 
relevant human bio-meteorology variables such as the 
air temperature, wind speed, relative humidity (or vapor 
pressure) and global solar radiation (or cloud cover 
data). For the ranges measured at the urban sites, a 
sensitivity test shows that for same increments from the 
lowest value of each variable (keeping all other 
variables at an average condition, as shown on Table 4), 
air temperature and global solar radiation yielded the 
greatest variations in predicted Tmrt (Fig. 3), with a range 
of about 10K and 50K in Tmrt, respectively, against less 
than 5K for the two other variables. 

Ranges measured: 
• Ambient temperature (Ta): 7.9 – 21.9°C 
• Relative humidity (RH): 29 – 77% 
• Wind speed (v): 0 – 3.6 m/s 
• Global solar radiation (SR): 40 – 1050 W/m² 
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Table 4: Increments in measured variables for the urban sites  

T (°C) RH (%) v (m/s) SR (W/m²) 

8 30 0 50 

11 40 0.7 250 

14 50 1.4 450 

17 60 2.1 650 

20 70 2.8 850 

23 80 3.5 1050 

 

 
Figure 3: Sensitivity analysis for a six-fold variation from the 

lowest values, for each variable measured at the urban sites 

 
Thus, for the variables measured during the 

campaigns, Ta and particularly SR data will have a 
strong effect on predicted Tmrt. 

The first two methods will thus evaluate whether 
RayMan is able to estimate Tmrt from global radiation 
data, measured either within the city core or at the rural 
site, in the latter when accounting for local urban 
geometry features. Such comparison will allow us to 
define the best way for estimating such variable when 
globe temperature data are not available, which can be 
particularly relevant as meteorological stations normally 
do not provide globe temperature readings. The third 
method will prove if reasonable Tmrt estimates can be 
made without any information regarding solar radiation, 
relying only on local urban geometry parameters (of 
existing buildings or from planned urban interventions).   
 
 
RESULTS 

The monitoring campaigns were divided into two groups 
according to seasonal differences. The colder period 
(campaign 1-6) comprises four campaigns and the 
warmer period consists of nine days of measurements 
(campaign 7-19); the two periods have been defined 
from close observation of the daily average temperature. 
From the definition of both periods, corresponding 

clothing insulation of 1.55 clo (colder period) and 0.5 
clo (warmer period) were attributed to an average person 
in low activity (110 W; standard man: 1.75m, 70 kg and 
30 years old, according to ISO 8996 [15]) for calculating 
relevant comfort indices, such as PET. The values of 
Tmrt calculated according to ISO 7726 were used as 
reference values for comparisons.  

Figure 4 shows a comparison of the four different 
methods for all campaigns (data recorded at 15-minute 
intervals). At first glance, it can be noticed that one of 
the methods (Method 3) has the highest offset to 
measured data; Method 1 seems to be closer to measured 
data as it consists of in situ global radiation data; 
Method 2 yields reasonable results but tends to 
overestimate Tmrt on occasion. Surprisingly, Method 4 
gives similar estimates as Method 2, which suggests that 
SVF data could contribute to a closer match to 
calculated Tmrt.  

 

 
Figure 4: Different methods tested in RayMan against ISO 

calculation of the Mean Radiant Temperature Tmrt 

 
Table 5 shows correlation coefficients between 

hourly data for the four methods against calculated Tmrt 
data.  Method 1 has the strongest correlation throughout, 
followed by Method 4. Method 3 gives very weak 
correlations. The Root Mean Squared Error supports the 
r-values, showing larger squared errors for weaker 
correlations. The Willmott´s index of agreement, which 
indicates the accuracy of the method, i.e. the distance 
between the predicted and the measured values, also 
corroborates such observations. T-test results are all low 
(p<<<0.05), meaning that differences in general are not 
significant between estimated and calculated Tmrt data.  
 
 
DISCUSSION 

Three of the four methods tested show that limitations 
are found in RayMan Pro 2.1 in predicting Tmrt (here 
using ISO calculations of this factor as reference data). 
Method 3 showed very weak correlations and should 
therefore not be adopted. The fact that solar radiation 



PLEA2013 - 29th Conference, Sustainable Architecture for a Renewable Future, Munich, Germany 10-12 September 2013 

 

plays a major role in Tmrt calculations in RayMan, as 
shown on Figure 3, attests to this observation.  
 

Table 5: Results found for the 4 different Methods  

 
All 
data 

Colder 
period 

Warmer 
period 

Method 1 
Pearson’s r value 0.87 0.76 0.90 
RMSE 9.51 7.88 10.16 
Wilmott´s index of agreement 0.73 0.67 0.74 
Student´s t-test 0.00 0.01 0.00 

    
 

Method 2 
Pearson’s r value 0.38 0.46 0.31 
RMSE 10.35 7.84 11.29 
Wilmott´s index of agreement 0.57 0.57 0.57 
Student´s t-test 0.00 0.13 0.00 

    
 

Method 3 
Pearson’s r value 0.02 -0.36 -0.03 
RMSE 20.00 16.22 21.46 
Wilmott´s index of agreement 0.34 0.20 0.36 
Student´s t-test 0.00 0.00 0.00 

    
 

Method 4 
Pearson’s r value 0.62 0.82 0.55 
RMSE 15.55 12.78 16.64 
Wilmott´s index of agreement 0.49 0.35 0.51 
Student´s t-test 0.00 0.00 0.00 

 
 

Method 2 suggests that using global radiation data 
measured at a rural location while accounting for urban 
morphology aspects, expressed as local SVF data, 
somewhat improves results (in terms of RMSE and 
Wilmott´s index of agreement, but not in terms of r-
values) than the simple adoption of global radiation data 
collected at a rural location with no ‘morphology 
correction’. In the latter case, however, correlations are 
lower and RMSE values higher than in Method 1. 

Results suggest that for estimating Tmrt it is essential 
to conduct globe temperature measurements, should 
integral radiation measurements not be viable. If such 
data are not available, a reasonable estimate would be to 
use global radiation data measured at a rural location as 
a surrogate of missing SR data or globe temperature data 
recorded at the urban area, associated or not to urban 
morphology information such as SVF data. 

In general, all the four methods tested in RayMan 
tended to overestimate the Tmrt calculated according to 
the ISO method. 
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