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a b s t r a c t

One of the determining factors for the use of outdoor spaces is the experienced thermal comfort by
people. There is a wide range of thermal indices. However, previous studies in Mendoza Metropolitan
Area, Argentina, revealed that the predictive ability from six thermal comfort indices of international
spread is less than 25%. This high contrast reveals the need for proposing an adaptive model to predict
the thermal comfort conditions of the adapted population to this “oasis city” of arid climate. For this
purpose, monitoring of microclimatic parameters and field surveys about the perception of the people on
a pedestrian street were carried out in both winter and summer. Fourteen Multiple Linear Regressions
were performed and the Akaike's information criterion was used to the model selection. As a result, a
new model has been developed: the “Thermal comfort Index for cities of Arid Zones (IZA)”. The formula
considers air temperature, relative humidity and wind speed, all significant, independent each other and
readily available variables. We found that the IZA's predictive ability is 73%, demonstrating the efficiency
of the proposed model. Designers and urban planners may use the IZA as a simple and useful tool to
improve the design of outdoor spaces.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The study on outdoor comfort could be used to support design
decision of outdoor public spaces. Extending the use of the spaces
through a good design practice has the potential of increasing
outdoor activity, leading to increases in commercial revenue,
property values, and opportunities for social interactions. In addi-
tion, a good outdoor microclimatic condition could improve the
indoor comfort level and thus reduce energy consumption [1e5].

The thermal quality of the outdoor environment varies signifi-
cantly from the typical controlled interior thermal environment.
Outdoor environment have greater fluctuations in temperature,
humidity, air movement, radiant heat, solar radiation. Moreover,
the complexity of the outdoor environment influences the variety
of these parameters. Humans feel comfortable in a wider range of
thermal conditions when inhabiting exterior environments
because they feel that do not have control over the factors that
determine the thermal qualities of the space [6e9].
: þ54 261 5244001.
.A. Ruiz).
It is recognized that the thermal comfort is not defined only by
the environmental parameters. Human psychology also has a
strong influence in the perception of comfort. Therefore, it is
important to include psychological adaptation parameters, namely
naturalness, expectations, experience (short/long-term), time of
exposure, perceived control, and environmental stimulation in or-
der to suitable prediction of outdoor thermal comfort [10e12].

In the context of this research, outdoor thermal conditions have
been assessed through field surveys in the Mendoza city, Argentina
[13e15]. People's thermal perception has been evaluated on a 5-
point scale, varying from “very cold” to “very hot”, and has been
defined as the Actual Sensation Vote (ASV) by Nikolopoulou et al.
[16,17]. The subjective data collected from the interviews was
compared with six thermal comfort models of broad international
spread: the Temperature-Humidity Index (THI), Vinje's Index (PE),
the Thermal Sensation (TS), the Predicted Mean Vote (PMV), the
energy balance S from COMFA model and the Physiological Equiva-
lent Temperature (PET) [18e23]. These models were selected
because they arewidely used and have different levels of complexity.
Although we are aware that some recently developed indices have
not been considered, each of selected ones uses variables and ap-
proaches relevant to this field research. The six indices were calcu-
lated by taking into account the environmental parameters recorded
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for the duration of the interview, clothing levels and metabolic rate,
for each interviewee. Results of this previous work revealed that
there is a high contrast between subjective responses and the results
produced by the different thermal comfort indices in both winter
and summer. In fact, all models tested had very low percentages of
predictive ability (under 25%). These results point to the need for a
local model to properly assess the thermal comfort perceived by the
inhabitants of the study city.

Therefore, this research focuses on the relationship between
urban microclimatic variables and thermal perception. The hy-
pothesis is that the prediction of thermal comfort in outdoor spaces
requires a subjective approach for a given population adapted to
certain climatic and cultural conditions. The goal is to propose an
adaptive model or an empirical index to quantify the correlations
between urban microclimatic variables and subjective variables
(thermal perception). Although such empirical indices may be
restricted to the geographical area or climate type, where the field
surveywas conducted, the advantage is its simplicity since does not
require an iterative calculation. Likewise, the new model aims to
predict the thermal comfort conditions of a population adapted to a
given climatic condition, in this specific case, the Mendoza
Metropolitan Area, Argentina, an oasis city in an arid area.

This new index is intended as a useful tool to assess the thermal
behavior of outdoor spaces not only according to climatic criteria,
but also to the subjective characteristics of users.
2. Study city

The research was conducted in the Mendoza Metropolitan Area
(MMA) in central-westernArgentina (32�400S, 68�510W,750mabove
sea level). It is the fifth largest city in the country with 1,055,679 in-
habitants and 168 km2 [24].

According to the K€oppen-Greiger climate classification is an arid
city: BWh or BWk depending on the isotherm used [25]. It is char-
acterized by cold winters (average temperature in July: 7.3 �C) and
hot summers (average temperature in January: 24.9 �C), with sig-
nificant dailyand seasonal thermal amplitudes.Winds aremoderate
and infrequent (average speed: 11 Km/h), the amount and intensity
of solar radiation is high (percent of possible sunshine: 63%) and the
average annual rainfall is 198 mm, with a concentration of 76% be-
tween October and March [26].

Currently it is estimated that approximately one third of the
world population lives in extremely arid, arid or semi-arid regions
[28]. Cities located in these areas display a compact urban model
characterized by narrow streets and buildings with interlaced
small-sized backyards. Created shades reduce the sun exposure in
warmer seasons and, consequently, the heat accumulation on
heavy material surfaces with high thermal admittance.
Fig. 1. Mendoza Metropolitan Area
Although,MMA is located in a semi-arid region, it doesnot follow
the aforementioned compact urban model. Their urban model is
defined by its wide and tree-lined streets that form green tunnels
(Fig. 1). The checkered frame contains the buildings while the main
strategy for minimizing the sun exposure is the vegetal frame [29].

The forest matrix of Mendoza is accompanied by a system of
irrigation canals formed by ditches [30]. The development of this
matrix has allowed ‘green tunnels’ which give the feature of a real
forest within the city. These qualities have been recognized locally
and internationally and have earned the rating of the city as “oasis
city” [31e33].

However, the intense forestation of urban canyons has been a
decrease of available sky view factor (SVF) and increased roughness
in themetropolitan area. Added to this, climatic characteristics (low
frequency and intensity of winds and predominance of clear days)
decrease the chances of passive cooling of the city by convection
and radiation. Consequently the urban heat island reaches 10 �C,
resulting in an increase of the needs of cooling [34]. The urban
temperature increase has a direct effect on environmental pollu-
tion, energy consumption and thermal comfort d particularly in
summer d [35e37]. Correa et al. [38] presents the geographical
distribution of heating and cooling degree-days in Mendoza's
Metropolitan Area taking into account the influence of urban heat
island's intensity over the heating and cooling energy requirements
in the city. The value of heating degree day (HDD) and cooling
degree day (CDD) has been calculated from temperature data
recorded at 16 fixed weather stations installed within MMA,
measuring temperature and humidity in the urban canyons during
a full yearly cycle. The calculation is performed using the Erbs's
method and the interpolated data for the studiedmetropolitan area
are mapped using GIS software. The results obtained have been
compared with those data computations coming from nearest
weather station, indicating that there is an under-estimation of
CDD for the city downtown of approximately 20% respect to the
value obtained from the nearest weather station, and in the case of
HDD there is an over-estimation close to 50%.

3. Methodology

A broad and detailed description of the methodology used in
this paper can be seen in Ruiz & Correa [39]. Nonetheless, here it
will describe the following items: (a) the monitoring points, (b) the
climatic data methodology, (c) the survey interviews methodology
and (d) the statistical analysis and model development.

3.1. Monitoring points

The field studywas developed in a central pedestrian streetwith
large amounts of people. The place has shops, restaurants, shading
. Adapted from Martinez [27].
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trees in alignment and seating. The local climate zone is LCZ 2Ab
according to Stewart & Oke [40]. Two sites or monitoring points
were selected: one in the center of the block (Point 1) and the other
in thewestern end of it (Point 2). Thewidth of the street is 30m and
the surrounded buildings are about 25 m of height. The criteria for
selection of sites were its features in relation to solar radiation and
wind access, so that the Point 1 is closed and the Point 2 is more
open. Figs. 2 and 3 show the hemispherical views of each moni-
toring point, both summer and winter and a layout to the field
study location.

Subjective questionnaires and microclimatic measurements
were carried out in winter 2010 (22, 26 and 27 July) from 9:00 to
17:00 and in summer 2011 (19, 20 and 21 December) from 9:00 to
20:00. Fig. 4 shows images of the field study.

The nearest meteorological weather station to Mendoza
Metropolitan Area is located at the premises of CONICET's Scientific
and Technological Center of Mendoza (32�5304700S; 68�5202800O),
3 km from the monitoring points. The station was 3 m above the
ground and free of obstructions within 20 m. Table 1 shows data
from this meteorological weather station during measurements
days.
3.2. Climatic data methodology

Monitoring climatic variables was according to ISO 7726 [41].
We used two mobile weather stations HOBO®, model H21-001,
Fig. 2. Hemispherical views of each monitori
equipped with temperature and relative humidity sensor S-THB-
M002, wind speed sensor S-WSA-M003, wind direction sensor S-
WDA-M003, silicon pyranometer S-LIB-M003 and barometric
pressure sensor S-BPA-CM10, located at 1.50 m height. The oper-
ating range is between �20 �C and þ50 �C, and the sensors were
set to record the conditions of the urban canyon every 5 min.

In addition, a globe thermometer for evaluation of mean
radiant temperature was assembled. It consists of a matte black
painted sphere according to the methodology of black globe of
Moore [42] validated in the study city by Mercado et al. [43].
Within the sphere a data logger HOBO H12-003 with thermo-
couple type T copper-constantan was placed. To calculate the
mean radiant temperature is performed a balance of thermal ex-
changes between the globe and the environment according to the
formula from ASHRAE [44].

Moreover, vertical and horizontal surface temperatures were
recorded every 15 min by two infrared thermometers FLUKE 66.

Fig. 5 shows mean microclimatic measurements in terms of
seasonal and time.
3.3. Survey interviews methodology

While microclimate monitoring was carried out, people were
also studied in their natural environment through observations and
structured interviews. Personal information was taken from an-
swers to a thermal comfort questionnaire, designed from the
ng point in both of the seasons studied.



Fig. 3. Features of field study location.
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principles established by the works of Nikolopoulou et al. [45],
K�antor et al. [46], and Monteiro [47].

The first part of the questionnaire consists of individual issues
related to sex, age, clothing, activity done before the interview and
place of origin (to account for the acclimatization factor). The sec-
ond part deals with subjective issues related to thermal perception
and preference to solar radiation, wind and humidity. An image of
summer questionnaire is found in Fig. 6.

In the present paper, we only analyze results concerning ther-
mal perception (perceptual scale) through the question: “How do
you feel at this exact moment?” We used a symmetrical 5-degree
two-pole scale, which has been defined as the Actual Sensation
Vote or ASV by Nikolopoulou et al. [45].

3.4. Statistical analysis and model development

The sample size may be estimated from population size, margin
of error, confidence level and response distribution. Counting a
population of approximately 1,000,000 inhabitants (MMA), with
an error margin of 5%, trust level of 95% and a response distribu-
tion of 33% (comfort, discomfort caused by cold, or discomfort
caused by heat), a minimum of 340 interviewees is required. For
large populations, acceptable sample sizes range between 400 and
500 individuals [48]. The sample used in this work was made up of
a total 622 questionnaires and it had a good balance of age (be-
tween 18 and 64), gender (61% men and 39% women) and distri-
bution of the interviewees over time (57% in winter and 43% in
summer).

The new proposed model is established through multiple linear
regressions between Actual Sensation Vote (ASV) and some of the
climatic variables. The proposal model is supported by comple-
mentary analytical studies of data collected empirically. The cor-
relation of multiple variables is commonly done through linear
regressions, as you can see in Givoni and Noguchi [49], Yin et al.
[50] and Monteiro [47], which generates quite simple and easy to
use equations.

Assuming the microclimatic variables are normally distributed
in all seasons, within the range [m � 2 S E; m þ 2 S E] approximately



Fig. 4. Field study (a) Mobile Weather Station on the monitoring site; (b) Overview of urban canyon on which the field study was conducted; y (c) Interviewer and interviewee.
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95.44% of the distribution is found.1 In order to develop linear re-
gressions, questionnaires carried out during one hour were
considered to be under the same climatic situation, thus the 622
questionnaires were distributed into 84 different microclimatic
situations. This procedure was made by two reasons. First, the
microclimatic situations represent the number of environmental
conditions actually monitored, and were applied in order to obtain
representative values. The second reason is that the adoption of
average values, referring to all questionnaires, facilitates analysis
and improves the correlation (R2).

A total of fourteen linear regressions were performed and the
Akaike's information criterion or AIC [51] was used to select the
model for the comfort evaluation of “oasis cities” embedded in arid
areas. The model where AIC is minimized is selected as the best for
the empirical data at hand. This concept is simple, convincing, and
is based on deep theoretical foundations.

The AIC is not a test in any sense: no single hypothesis is made to
be the null, no arbitrary a level is set, and no notion of significance is
needed. Instead, there is the concept of a best inference [52]. In this
method, inference may be based on the entire set of models (multi-
1 Where m is the arithmetic mean of the population and SE is the standard error
for the sample mean.
model inference). Such inferences could be made if a parameter is
in common over all models. This approach has the advantage that
the model-averaged estimator often has better precision and
reduced bias compared to the estimator of that parameter from
only the selected best model [53,54].

4. Results

4.1. Correlations between ASV and microclimatic variables

Linear relationships between Actual Sensation Vote or ASV and
microclimatic variables are considered. Fig. 7 shows the scatter
plots and annual Pearson coefficients for each pair of variables.

The Pearson correlation coefficient r is a measure of the linear
relationship between two random variables quantitative. It is in-
dependent of the scale of measurement of the variables and can
take values between�1 and 1. A value of zero implies that no linear
association exists and 1 means perfect association: if it is positive,
direct association and, if it is negative, inverse association.

The highest coefficient is for the air temperature, it means that
there is a positive linear relationship between variables, as well as
happens with surface temperature and the globe temperature.

Solar radiation has a not very high significant correlation, while
the wind speed does not present a significant linear correlation



Table 1
Data from the nearest meteorological weather station during measurement days.

Air temperature (�C) Relative humidity (%) Wind speed (m/s) Solar radiation (W/m2)

Winter Summer Winter Summer Winter Summer Winter Summer

Minimum �1.0 24.0 22.0 15.0 0.00 0.00 0 0
Media 6.9 29.6 45.4 26.4 1.61 2.84 155 339
Maximum 16.0 35.0 65.0 69.0 6.69 6.17 656 947
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with the ASV. In large part the latter is explained by the fact that the
air velocity varies in different environmental conditions, both cool
and heat. Moreover, in cases of extreme heat, where the air tem-
perature is higher than the exposed surface skin or clothing,
increased air velocity causes heat gain by convection.

The correlation with absolute humidity is high and positive. In
the study city winters are dry and summers are wetter, so it is
expected that people feel hotter with higher values of water vapor
per kilogram of air. For the relative humidity, the coefficient is high
and negative. Direct consideration of this information may result in
an erroneous interpretation. For instance that higher relative hu-
midity leads to more comfortable perceptions in summer, or that
higher absolute humidity leads to more comfortable perceptions in
winter. It may have resulted from the particular combinations of
solar radiation and humidity in the study city. When the humidity
is low, the solar radiation is high and the subjects felt warmmainly
because of solar radiation. Similar results were found in an exper-
imental study conducted in Japan in 1994e1995 by Givoni et al. [2].
Fig. 5. Microclimatic measurements
Moreover, when it is necessary to interpret the results, the
annual Pearson coefficients might be confusing. Here, this occurs in
the case of relative and absolute humidity.

When the seasonal analysis is made, the statistical results show
that in summer, relative and absolute humidity have positive co-
efficients. This means that higher humidity generates greater ASV
and as a consequence less comfort, as we expect. In winter, in
contrast, relative humidity has a negative coefficient (although
with a high p-value greater than 0.05). This may mean, higher
relative humidity produces lower ASV, generating less comfort, or
that the linear relationship between relative humidity and ASV is
not very strong and it must not be take into account.

Other hand, the absolute humidity coefficient is positive (and
significant p-value), which could be interpreted as that higher
absolute humidity produces higher ASV and therefore more
comfort. However, this statistical result masked the true rate of
change of the ASV, since the response of the people is more
associated with the air temperature variation that with the
in terms of seasonal and time.



Fig. 6. Summer questionnaire.
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absolute humidity variation, which is low and almost constant in
all arid climates, particularly in the dry season (winter) in MMA.
For the days assessed in this research, the air temperature varia-
tion in winter was 13 �C while absolute humidity variation was
1.68 g/kg.
It is found that surface temperatures (horizontal and vertical
surfaces) and globe temperature have high and positive linear
correlations (greater than 0.87) with respect to the Actual Sensa-
tion Vote. In contrast, the mean radiant temperature has no sig-
nificant linear relationship in the study area because the formula.



Fig. 7. Scatter plots and Pearson coefficients (r) between Actual Sensation Vote (ASV) and microclimatic variables.
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The mean radiant temperature depends largely on wind speed,
which is highly variable in both summer and winter.
4.2. Proposed adapted model

In order to have a tool for evaluating the thermal behavior of
outdoor spaces according to climatic and subjective criteria has
been developed a new model: the “Thermal comfort Index for
cities of Arid Zones (IZA, for its acronym in Spanish)”. Such is
based on linear regression between the ASV and urban microcli-
mate variables. The formula considers the three microclimatic
variables commonly used in studies of thermal comfort and
allows, within given limits, predicting thermal perceptions for a
population adapted to the microclimate of the study city
(Equation (1)).

IZA ¼ �0.9796 þ 0.0621$Ta � 0.3257$vþ0.0079$HR (1)
where:

Ta: air temperature, in �C.
v: wind speed, in m/s.
HR: relative humidity, in %.

It sought to find the variables that were significant in the model,
independent each other and readily available.

While it is known that relative humidity is affected by air
temperature, in the study city winters are dry and summers are
wetter, so that in this case there is higher correlation between air
temperature and absolute humidity than between air temperature
and relative humidity. It is important to include the humidity in the
model, thus it was decided to include the variable which has less
correlation with the temperature. Values of Variance Inflation
Factor (shown below) confirm this decision.

With respect to radiative phenomenon, it is noteworthy that
solar radiation or mean radiant temperature are not included in the



Table 3
Scale of values and perceptions of the new thermal
comfort model for arid zones.

Values of IZA Perception

>1.5 Hot
0.5 to 1.5 Warm
�0.5 to 0.5 Neutral
�0.5 to �1.5 Cool
<�1.5 Cold

M.A. Ruiz, E.N. Correa / Building and Environment 85 (2015) 40e5148
model for arid areas where it is an abundant resource. This is
because in the model selection process, those models that include
any of these variables had low values of the coefficient of deter-
mination R2, so they were relegated according Akaike's criterion.

This model is the result of the multi-model inference from a set
of confidence with a cumulative Akaike weight of 0.8004. This
means that the approximate probability that this is the best model
of the set of models considered is around 80%.

Although the Akaike Information Criterion does not provide R2

and p-value, weighted values of these parameters are reported as
they are commonly used in scientific research. The coefficient of
determination R2 adjusted and weighted is high (0.7196). The
weighted standard error is quite reasonable (0.2254), given the
values assumed for the thermal perception: �2 to þ2. When
considering the value that has been assumed for p (p < 0.05), the
value found (low to 2.2 � 10�16) indicates that the variables
contribute effectively to the prediction of the dependent variable.

The values of the constant and coefficients for each variable in
the equation are shown in Table 2. The t-statistic proves the null
hypothesis that the coefficient of the independent variable is zero,
i.e., does not contribute to the prediction of the dependent variable.
The value of t is the ratio of the regression coefficient and its
standard error. The p-values determine statistical significance in a
hypothesis test. The low p-values indicate the greater importance a
given independent variable in predicting the dependent variable. In
particular, all variables includes in the model are significant.

The variance inflation factor (VIF) indicates how much of the
variation of a predictor variable is explained by the others. It is
considered that a VIF higher than 5 is high, indicating that the
variable will generate multicollinearity problems. In the new
model, values of VIF are acceptable.

Finally, it is interesting to provide a scale of interpretation based
on the average values of thermal perception. Hence, the interpre-
tation scale associated to the IZA model is presented in Table 3.
5. Discussion

The universal application of certain physiological models has
been long debated. It is argued that the severe restrictions of
environmental parameters in laboratory experiments are very
different from those of the real spaces [55e57]. Even some of these
indices have been developed for interior and then its use has
transferred to outdoor spaces where microclimatic and individual
variables oscillate in greater magnitude. Although some models
have been developed based on experiences in outdoor spaces, they
do not consider the climate of each city, and the adaptation of the
local population to the same or cultural characteristics.

Moreover, Fanger and Toftum [58] state that a weakness of the
adaptation models is that not include clothing or human activity
that have a known impact on human heat balance and therefore on
the thermal perception. They argue that while the adaptive model
predicts quite well the thermal perception for buildings without air
conditioning in hot regions of the world, the question remains how
well it adapts to new types of spaces in the future in which the
Table 2
Weighted results to the constant and each variable in the proposed model.

Coefficient Standard
error

t-statistic p-value VIF

Intercept �0.9796 0.2278 �4.6490 0.0003
Air temperature Ta 0.0621 0.0036 15.3418 1.60E-16 2.2368
Wind speed v �0.3257 0.0660 �3.9583 7.44E-06 0.8689
Relative humidity HR 0.0079 0.0047 0.7960 0.0463 1.9152
occupants may wear different clothes and change its pattern of
activity.

According to the theory of heat balance at steady state, the
human body is a passive recipient of thermal stimuli outdoors,
instead of an active interaction with the person-environment sys-
tem through multiple feedback loops [59]. It does not take into
account changes in the human body, which play a key role in the
determination of subjective thermal perception [60].

From the point of view of the principle of adaptation, Hum-
phreys [61] points out the numerous strategies that people use to
achieve thermal comfort. People are not inert receivers of the
environment, but interact with them to optimize their conditions.

If a change such as to produce discomfort occurs, people react so
they tend to restore their comfort [62]. Therefore self-regulation
actions are performed. The human body responds to physiological
adaptation when exposed to thermal environment. The thermo-
regulatory system of human body creates a heat balance within a
wide range of environmental variables, and while this occurs, the
thermal perception is expressed. Physiological models, such as the
PMV [63] or the COMFA [64], are based on this theory. When the
individual feels discomfort with the environment, tries to make
adjustments to their behavior, including technological and envi-
ronmental approaches to achieve their own thermal comfort.

Numerous researches [55,59] based on the thermal comfort in
outdoor spaces show that the psychological self-regulation plays an
important role in the determination of thermal perceptions of a
human being. The study of thermal comfort in outdoor spaces
particularly interests because in these ones the stimulation is
continuous and variable and is difficult to have a high degree of
control of the source of discomfort. Furthermore, the source of
discomfort is not the only variable influencing physiological
adaptation. It is also necessary to consider both aspects related to
expectation and previous experiences as well as the configuration
of the city.

From the analysis of this background, the authors propose a new
empirical model of thermal comfort: the thermal comfort Index for
cities of Arid Zone (IZA). This simple tool can be used to predict the
thermal comfort conditions experienced by people of the city of
study located in an arid and intensely vegetated context. Thus,
urban planners have more elements to improve the design of
outdoor spaces.

Then, three points are discussed: the implementation of the
new IZA model, its comparison with the subjective responses and
its comparison with the results of models developed in previous
studies in other world cities.
5.1. Implementation of the new IZA model

It is noteworthy that the equation is derived from the data in
certain environmental situations and use in other situations is
subject to verification by correlation of results of possible extrap-
olations with the observed data. The limits observed in the survey
of environmental and individual variables are presented in Table 4.



Table 4
Validity limits of microclimatic and individual variables.

Winter Summer

Variables Minimum Maximum Minimum Maximum

Air temperature, �C 5.5 15.5 28.1 37.1
Relative humidity, % 27.2 47.8 20.6 28.4
Wind speed, m/s 0.0 1.3 0.1 2.6
Isolation value of

clothing (clo)
0.8 1.3 0.3 0.5

Metabolic rate (met) 1.1 3.0 1.3 3.1

Table 5
Correlation of various models and their respective observed data. Ta: air tempera-
ture; Rad: solar radiation; v: wind speed; HR: relative humidity; Tmr: mean radiant
temperature.

City Model R2

Athens, Greece 0:034$Taþ 0:0001$Rad� 0:086$v� 0:001$HR � 0:412 0.27
Thessaloniki,

Greece
0:036$Taþ 0:0013$Rad� 0:038$vþ 0:011$HR � 2:197 0.51

Milan, Italy 0:049$Ta� 0:0002$Radþ 0:006$vþ 0:002$HR � 0:920 0.44
Freiburg,

Germany
0:068$Taþ 0:0006$Rad� 0:107$v� 0:002$HR � 0:69 0.68

Kassel, Germany 0:043$Taþ 0:0005$Rad� 0:077$vþ 0:001$HR � 0:876 0.48
Cambridge,

England
0:113$Taþ 0:0001$Rad� 0:05$vþ 0:003$HR � 1:74 0.57

Sheffield,
England

0:07$Taþ 0:0012$Rad� 0:057$v� 0:003$HR � 0:855 0.58

Sao Paulo, Brazil 0:0698$Taþ 0:0603$Tmr� 0:306$v� 2:858 0.73
Mendoza,

Argentina
0:0621$Ta� 0:3257$vþ 0:0079$HR � 0:9796 0.72
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These limits attempt to give strength to the new model. Even
though Eq. (1) does not include clothing or human activity, surveys
have collected these data and are now set these limits that are
representative of the habits and customs of the inhabitants of the
MMA.

5.2. New IZA model and subjective answers

In order to evaluate the performance of the new proposed
model, the comparison was done between the results obtained
with the IZA and subjective throughout the year for the 84 re-
sponses microclimatic situations. It was found that the correlation
with model parameter was 0.95 and the Pearson coefficient in
relation to ranges was higher (0.90) than the six previously studied
models. But the value that shows more convincingly the effec-
tiveness of the proposed model is the predictive ability of 73%. This
value highlights compared with percentages of predictive ability of
all other assessed indices, which do not exceed 25% [13e15].

The results of this new model are also compared with those
provided by the subjective responses from the 622 questionnaires,
in both seasons and both monitoring points. The scatter plot can be
seen in Fig. 8.

By and large, results corroborate what was stated in previous
paragraph. The IZA significantly approaches the subjective re-
sponses of the interviewees. Winter results are found in the cool
and neutral categories, and have less dispersion than the summer
results. In the summer season, most of the results are found into
warm category.

5.3. Comparison with results of other models

The results of this study and those obtained by Nikolopoulou
et al. [16] andMonteiro [47], in seven European cities and in the city
of Sao Paulo, Brazil are presented in Table 4. The parameter used is
Fig. 8. Comparison between subjective responses and the new IZA model.
the coefficient of determination R2 between the values given by
eachmodel and the observed data in each study city. The coefficient
of determination of IZA model is the highest among the seven
European models analyzed, and is very similar to Monteiro's model
which was developed in a tropical city.

Regarding the sample sizes in European cities around 800e1900
questionnaires were applied in four seasons, while in Sao Paulo the
study were 876 questionnaires during summer and winter and in
the city of Mendoza were 622.

In this work we have followed the methodology of microcli-
matic situations according Monteiro, with in situ measurements of
environmental variables. Therefore, it was expected that the co-
efficients of determination R2 were similar in Mendoza and Sao
Paulo. But there is a dissimilitude: Sao Paulo is a tropical city and
Mendoza is in an arid area with a large seasonal variation.
Furthermore, correlations presented by Nikolopoulou are based on
data from the weather station so it is logical that their results less
meaningful.

In Table 5 we can see that all models developed in Europe have
the same variables: air temperature, solar radiation, wind speed
and relative humidity. However the coefficients of some of the
variables as solar radiation are very low, so the R2 also are low.

It is noticeable that in a tropical city as Sao Paulo where the
humidity is high during the all year, the model fromMonteiro does
not include this variable. It might be inferred that people has more
sensibility to the variability of less prominent variables for char-
acterize the local climate. Thus, the fact that the variables related to
radiative exchanges are not meaningful in the perception of ther-
mal comfort of the people in Mendoza could be explained by the
high available solar radiation throughout the year.

6. Conclusions

This paper attempts to clarify part of the complexity of the is-
sues related to the assessment of outdoors thermal comfort.
Although the microclimatic conditions affect the use of outdoor
spaces, a purely physiological approach is insufficient to charac-
terize the habitability conditions in outdoor spaces. It emphasizes
the need to investigate different ways to quantify outdoor comfort
conditions.

Previous studies in the Metropolitan Area of Mendoza, oasis city
in an arid area, demonstrated that none of the indices analyzed
(THI, PE, TS, PMV, COMFA and PET) efficiently showswhat the locals
feel. Given these limitations, a new model was developed: the
“Thermal comfort index for arid zones (IZA)”. The formula con-
siders the three microclimatic variables commonly used in studies
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of thermal comfort and allows, within given limits, predicting
thermal perceptions for a population adapted to the microclimate
of the city of study. A scale of interpretation based on the average
values of thermal perception is provided.

This model is the result of the multi-model inference and the
probability that this one is the best model of a set of confidence is
around 80%.

In future studies, nonlinear regressions may provide more sig-
nificant results according to the data type and the type of response
variable. However, proposed IZA model has the great advantage
over the models developed in other regions that has a high pre-
dictive ability of 73%. Besides, the new model has a good behavior
against nine models of international literature.

The IZA will be useful to designers and urban planners, in order
to estimate the degree of habitability of a public space. This is
important as a careful design of the outdoor spaces could provide
protection against the negative aspects and adequate exposure to
the positive aspects of climate. As a consequence, the increase in
the use of outdoor space throughout the year could improve
business, tourism and recover depressed historical places.
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