
Chapter 4
Sensitivity of UTCI Thermal Comfort
Prediction to Personal and Situational
Factors—Residual Analysis of Pedestrian
Survey Data
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Abstract The Universal Thermal Climate Index (UTCI) assesses the interaction of
ambient temperature, wind, humidity and radiant fluxes on human physiology in
outdoor environments on an equivalent temperature scale. Based upon the dynamic
thermal sensation (DTS) from theUTCI-Fialamodel of human thermoregulation, the
UTCI allows for thermal comfort prediction. Here we compare those predictions to
thermal sensation votes as recorded on the 7-unit ASHRAE scale for two Brazilian
cities, Curitiba and Pelotas. Outdoor comfort surveys from 1551 respondents in
Curitiba and 1148 in Pelotas, respectively, yielded negligible bias and less than one
unit root-mean square error (rmse), which was similar in magnitude for both study
areas. Residual analysis revealed that factors such as age, sex, body composition,
site morphology (open space, street canyon), climatic state (comfort/discomfort)
and clothing choice only explained a small portion of the prediction error variance,
which in the total sample was dominated for over 94% by residual inter-individual
variability. Adding historical weather information from the previous three days gave
superior information compared to longer time lags and helped to reduce the residual
variance to 88%. Those findings underpin current limitations in individual thermal
comfort prediction, whereas personal and situational factors hardly affected UTCI
predictive performance, which showed reasonable accuracy at the population level.
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1 Introduction

The Universal Thermal Climate Index (UTCI) has become an established tool for
assessing the outdoor thermal environment in the major fields of human biometeo-
rology (Jendritzky et al. 2012; Jendritzky and Höppe 2017). The UTCI summarises
the interaction of ambient temperature, wind, humidity and radiant fluxes on human
physiology. The dynamic physiological responses are simulated by an advanced
multi-node model of human thermoregulation (Fiala et al. 2012) coupled with a
model of adaptive clothing choice in urban populations (Havenith et al. 2012). The
model considers the distribution of clothing over different body parts, and the reduc-
tion of thermal and evaporative clothing resistances caused by wind and the move-
ment of the wearer, who is assumed walking at 4 km/h (1.1 m/s) on the level. UTCI
values are expressed using an equivalent temperature scale. This involved the defi-
nition of a reference environment with 50% relative humidity (but vapour pressure
not exceeding 20 hPa), with still air and mean radiant temperature equalling air
temperature, to which all other climatic conditions are compared.

The operational procedure (Bröde et al. 2012a) provides simplified algorithms to
compute UTCI values from air temperature, wind speed, mean radiant temperature
and water vapour pressure. It was supplemented by an assessment scale establishing
UTCI threshold values that define different categories of thermal stress from extreme
cold to extreme heat, with UTCI values from 18 to 26 °C complying with the thermal
comfort zone (Bröde et al. 2012a, 2013).

Based upon the dynamic thermal sensation (DTS) from the UTCI-Fiala model
of human thermoregulation (Fiala et al. 2012, 2003), the UTCI allows for thermal
comfort prediction, which can be compared to observed thermal sensation votes on
the ASHRAE thermal sensation scale (ASHRAE 2004). We have already presented
the UTCI operational procedure and its application to outdoor thermal comfort
surveys from Curitiba, Brazil (Bröde et al. 2012b, 2013). For interviews carried
out in Curitiba, the observed clothing insulation was in good agreement with the
UTCI-clothing model. In addition, the actual votes were well predicted by the DTS
from the UTCI-Fiala model simulations carried out for UTCI reference conditions
(Fiala et al. 2003, 2012). Specifically, the averaged error (bias) was found negligible
and the root-mean square errors (rmse) less than one unit on the 7-unit scale (ISO
10551 1995). Detailed simulations considering the individual climatic conditions and
observed clothing insulation did not further improve the predictions indicating that
the assumptions underlying the UTCI model are appropriate for the surveys carried
out in Curitiba (Bröde et al. 2012b).

However, we had observed larger negative bias (i.e. underestimation) and rmse
for the thermal sensation votes from a survey conducted in Glasgow, UK, where the
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pedestrians were wearing less insulating clothing than assumed by the UTCI model
(Krüger et al. 2012; Bröde et al. 2014).

Regional differences in thermal comfort, as they have been reported in field studies
withinEurope (Nikolopoulou andLykoudis 2006) and in tropical regions (cf. Chap. 6:
Regional adaptation of the UTCI: comparisons between different datasets in Brazil,
in this book), can be partly attributed to climatic and sociocultural aspects and to some
extent to personal and situational influences. These comprise psychological and phys-
iological factors related to thermal physiology (Havenith 2001; Havenith et al. 1998;
Cabanac 1971), thermal aspects of occupant behaviour (Hellwig 2015; Schweiker
et al. 2013, 2016, 2020b), and non-thermal factors affecting outdoor thermal comfort
(Nikolopoulou 2011; Nikolopoulou et al. 2001; Nikolopoulou and Steemers 2003;
Knez et al. 2009).

It is unknown, however, whether those personal and situational factors have an
impact on the accuracy of the UTCI outdoor thermal comfort predictions. To address
this we have expanded our data to include a recent survey carried out in Pelotas,
another Brazilian city (Krüger et al. 2020), and have:

– analysed how the residues of UTCI predictions on thermal sensation depend on
personal characteristics (sex, age, body composition) and urban site morphology
(open spaces vs. street canyons); as well as

– considered effects related to recent experience (Nikolopoulou et al. 2001;
Nikolopoulou and Steemers 2003) by including UTCI values available from
a meteorological data archive, which were calculated days, weeks and months
before each survey took place.

2 Material and Methods

Here, we briefly review the field surveys’ methodology, as detailed descriptions are
available in recent publications (Bröde et al. 2012b; Krüger et al. 2020), and in the
Regional Adaptation chapter of this book (Chap. 6).

2.1 Outdoor Surveys

Field measurements with concurrent administration of comfort questionnaires were
carried out in Curitiba, Brazil (25°26′S, 49°16′W, 917 m amsl, subtropical climate
in elevation) and in Pelotas, Brazil (31°46′18′′S, 52°20′33′′W, 14 m amsl, humid
subtropical climate). Both field studies used similar protocols, thus ensuring compat-
ibility of the employed procedures. In both locations, surveys were carried out in
pedestrian areas during daytime (typically from 10 a.m. to 4 p.m. local time) with
portable weather stations recording air temperature, relative humidity, air velocity
and globe temperature, from which mean radiant temperature was calculated (ISO
7726 1998).
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We applied a standard comfort questionnaire to collect personal information
like age, sex, height and weight. Participants rated their thermal sensations using
a symmetrical 7-unit two-pole scale ranging from −3 = ‘cold’ over 0 = ‘neutral’ to
+3 = ‘hot’ (ISO 10551 1995). Intrinsic clothing thermal insulation was determined
from the worn items observed on site according to standardised tables (ISO 9920
2007).

2.2 Data Analysis and Statistics

Only data of permanent residents (i.e. living for more than 6 months in the city)
of adult age (older than 17 years) who had spent at least 15 min moving outdoors
before the interview were considered eligible for the analysis. This yielded to 1148
responses from Pelotas and 1551 from Curitiba.

UTCI values were computed using the table look-up approach of the UTCI oper-
ational procedure (Bröde et al. 2012a) from measured air temperature, humidity,
air velocity and mean radiant temperature. Predictions of dynamic thermal sensa-
tions (DTS) averaged over 2 h exposure time (Bröde 2019) were obtained from the
output of the UTCI-Fiala model (Bröde et al. 2012a; Fiala et al. 2012) for reference
clothing. In previous analyses, a more complex model incorporating actual clothing
insulation did not reduce the prediction error (Bröde et al. 2012b, 2014). Therefore,
we restricted our subsequent analyses on the DTS predictions for UTCI reference
conditions, which are available as online dataset (Bröde 2019).

DTS prediction error was defined as the difference of DTS to the actual thermal
sensation vote, with negative values indicating underestimation and positive values
representing overestimation. We calculated the averaged error (bias), root-mean
square error (rmse) and Pearson’s correlation coefficient (r) to assess the deviations
between predicted and measured thermal sensation votes.

General additive models (Wood 2017) with locally estimated smoothing splines
(LOESS) and 95%-confidence intervals (CI) were computed to describe the average
course of clothing insulation, of thermal sensation and of the prediction error consid-
ering the potentially non-linear relationships with air temperature and the UTCI,
respectively. For comparing models with different predictors, Akaike’s Information
Criterion (AIC) was used to assess the goodness-of-fit (Zuur et al. 2009).

The influence of potential modifiers on the prediction error was assessed by
computing bias, rmse and correlation coefficients for subgroups defined by city
(Curitiba or Pelotas), sex and other classifying factors as described below. We calcu-
lated body mass index (BMI) from weight and height and classified the persons’
body composition as ‘underweight’, ‘normal’, ‘overweight’ or ‘obese’ according to
WHO guidelines (Bröde et al. 2012b; WHO 1995), which were also applied to build
age subgroups as below 25 years (young), between 25 and 64 (adult) and above
64 (elderly). Two urban site morphology groups were defined: ‘street canyons’ and
‘open spaces or crossroads’. We used the thermal state classification according to
the UTCI assessment scale with the thermal comfort zone corresponding to UTCI
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values from 18 to 26 °C, cold discomfort below 18 °C and warm discomfort above
26 °C (Bröde et al. 2012a, 2013). The deviation of worn clothing insulation (Iclobs)
from the UTCI-clothing model (Iclmod) was determined as percentage deviation, i.e.
(Iclobs – Iclmod)/Iclmod*100. Percentage deviation was classified in three levels as
more than 20% below (<80% Iclmod) or above (>120% Iclmod) or within ±20% of
Iclmod, the clothing insulation from the UTCI model.

Variance components of prediction error attributable to the factors described
above were obtained separately for both cities and for the total sample, respectively,
by fitting linear mixed models (Schützenmeister and Piepho 2012) considering the
factors as random and using the package ‘VCA’ of R 4.0.2 (R Core Team 2020).

The data were supplemented by historical weather records for time periods
preceding the survey campaigns, which comprised records in hourly intervals of
UTCI values derived from ERA5-HEAT (Di Napoli et al. 2020). From this data, we
calculated daily averages of UTCI from the recordings obtained between 10 a.m. and
4 p.m. (corresponding to the usual time frame of the surveys). For each study area,
we obtained averaged historical UTCI values at 1, 3, 7, 14, 28 and 56 days prior to
the actual campaign. This allows the study to cover in a logarithmic manner periods
from days, weeks to almost two months. The differences between actual and histor-
ical UTCI values corresponding to the mean for the time frame of the surveys were
used as predictors of the DTS prediction error by fitting cubic regression splines by
generalized additive models GAM (Wood 2017). For the variance component anal-
ysis, these differences were classified in intervals±3 °C (actually as cool/warm as in
previous period), <−3 °C (actually cooler than in previous period), > +3° (actually
warmer), with the thresholds corresponding to the inter-quartile range for the lagged
values (Fig. 3a).

3 Results

3.1 Prediction of Clothing Insulation and Thermal Sensation

Clothing thermal insulation showed considerable inter-individual variation, but on
average dropping with increasing air temperature in both study areas (Fig. 1a). It was
in good agreement with the UTCI-clothing model, especially at low temperatures in
Curitiba and at higher temperatures in both cities. Although the observed insulation
oscillated around the UTCI model between 12 and 25 °C, overall mean deviations
(bias) from the UTCI-clothing model were negligible with a typical error (rmse) of
0.25 clo and correlation coefficients ranging between 0.7–0.8 (Table 1).

Thermal sensations also varied largely and increased with the UTCI (Fig. 1b).
Generally, bias was negligible and rmse was less than one unit on the 7-unit thermal
sensation scale (Table 1). These figures, including the correlation coefficients slightly
above 0.6, were very similar in both study areas.
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a b

Fig. 1 Individual recordings in Curitiba and Pelotas superimposed by smoothing splines with
95% confidence intervals for clothing thermal insulation related to air temperature (a) and thermal
sensation votes (−3: ‘cold’,…,0: ‘neutral’,…, +3: ‘hot’) related to UTCI (b). Black dashed lines
indicate predictions by the UTCI model

Table 1 Number of respondents (n), averaged errors (bias), root-mean-square errors (rmse) and
Pearson correlation coefficient (r) by study area between observed and predicted clothing insulation
(clo), and for the observed thermal sensation votes (7-unit scale) compared to the dynamic thermal
sensation predicted by the UTCI-Fiala model for the UTCI reference environment

n Clothing insulation (clo) Thermal sensation (7-unit scale)

bias rmse r bias rmse r

Curitiba 1551 0.02 0.25 0.69 −0.12 0.95 0.61

Pelotas 1148 −0.09 0.21 0.78 −0.12 0.97 0.63

Total 2699 −0.02 0.23 0.77 −0.12 0.96 0.65

3.2 Factors Influencing Thermal Sensation Prediction Error

There were only small changes in the bias, rmse and correlation presented for the
different subgroups in Table 2 compared to the overall results (Table 1). The BMI
categories showed a tendency of increased underestimation error with increasing
obesity. There was a small underestimation bias due to warmer sensations reported
in canyons compared to open spaces (Table 2), as well as slightly increased under-
estimation bias with young respondents and under cold discomfort conditions more
relevant in Curitiba (Fig. 2b). However, the variance component analysis (Fig. 2)
revealed that all factors only accounted for a very small portion of total variance,
which was dominated by residual inter-individual variability (Fig. 2a), amounting to
more than 90% in relative terms (Fig. 2b).
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Table 2 Averaged thermal sensation prediction errors (bias) and root-mean-square errors (rmse)
by study area comparing observed thermal sensation votes to DTS predicted by the UTCI model
in relation to the modifying factors age, body composition (BMI), sex, site morphology, thermal
comfort/discomfort zone according to the UTCI and deviation of worn clothing insulation from
Iclmod of the UTCI clothing model

Factor Curitiba Pelotas Total

bias rmse bias rmse bias rmse

Age

Young −0.23 0.97 −0.19 0.99 −0.21 0.98

Adult −0.09 0.94 −0.10 0.97 −0.09 0.96

Elderly −0.10 0.96 0.08 0.84 −0.04 0.92

BMI category

Underweight 0.02 0.95 0.10 0.96 0.05 0.95

Normal −0.09 0.94 −0.10 1.02 −0.09 0.97

Overweight −0.15 0.97 −0.07 0.90 −0.12 0.94

Obese −0.21 0.97 −0.25 0.97 −0.23 0.97

Sex

Female −0.11 1.01 −0.15 0.99 −0.13 1.00

Male −0.13 0.91 −0.06 0.93 −0.11 0.92

Site morphology

Open space 0.05 0.98 −0.08 0.99 −0.03 0.99

Street canyon −0.21 0.93 −0.25 0.90 −0.22 0.93

UTCI zone

Cold discomfort −0.30 0.99 −0.24 0.95 −0.29 0.98

Comfort −0.14 0.89 0.02 0.98 −0.09 0.92

Warm discomfort 0.06 0.98 −0.15 0.97 −0.07 0.97

Clothing insulation worn (clo)

Under-dressing (<80% Iclmod) −0.14 0.97 −0.06 0.93 −0.09 0.95

Conformity (100 ± 20% Iclmod) −0.08 0.94 −0.22 1.00 −0.13 0.96

Over-dressing (>120% Iclmod) −0.16 0.96 −0.12 1.02 −0.15 0.98

3.3 Prediction Error and Historical Weather Data

While Fig. 3a indicates only slight variation in the distribution of changes in UTCI
compared to prior values with different time lags, Fig. 3b illustrates the influence of
those lagged values on thermal sensation prediction error for the survey data from
both study areas and the total sample, respectively, against the background of the large
individual variation. The AIC values (Fig. 3c) indicate that 3 days lag information
fitted better than longer lag periods, and were superior to using 1-day lag values.

The fitted spline functions in Fig. 3b for lags greater than one week exhibited
monotonically decreasing prediction errors with increasing lagged values. On the
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a b

Fig. 2 Partitioning of the variance for the DTS prediction error into factors corresponding to Table
2 shown separately for the study areas and the total sample as absolute mean square error (MSE)
(a) and in relative terms (b), respectively. Note that factor “city” only applies to the total sample
and that panel (b) does only show the range above 80%

a b

c

Fig. 3 a Empirical cumulative distribution function (ECDF) of the difference of actual UTCI to
lagged values averaged over different lag periods from 1 day to 8 weeks for the total sample.
Vertical reference lines at −3 and + 3 °C approximately intersect with the 1st and 3rd quartiles,
respectively. b Individual DTS prediction errors in the study areas and the total sample, respectively,
in relation to the difference of actual to lagged UTCI values with cubic regression spline functions
fitted separately for different lag periods. Dashed horizontal reference lines indicate mean bias
from Table 1. c Values of Akaike’s Information Criterion (AIC) assessing the goodness-of-fit for
the separate functions in (b) with lower values indicating superior fit
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a b

Fig. 4 aRelative partitioning of the variance for the error in thermal sensation votes (TSV)predicted
by the UTCI model into factors considered in Fig. 2 plus the difference of actual UTCI to lagged
values averaged over 3 days (�UTCI-to-3-days-lag) shown separately for the study areas and the
total sample. Note that factor “city” only applies to the total sample and that the left panel does
only show the range above 80%. b Bias and rmse for the categories of �UTCI-to-3-days-lag in the
study areas and the total sample, respectively

other hand, the information from shorter previous periods (lag 1–3 days) displayed
a U-shaped variation with a reduced underestimation of thermal sensation turning to
slight overestimation at both negative and positive ends of the differences between
actual and lagged UTCI values.

The categorized analysis for the best fitting 3 days lag period (Fig. 4b) corrobo-
rated this U-shape only in Curitiba, but not in Pelotas and the total sample, where
the decreased negative bias only occurred in connection with a preceding warmer
(negative difference) period. This suggests that a largely warmer period preceding
the actual day resulted in diminished warm sensations of the respondents and thus
a reduced negative bias. Only in Curitiba, we found this also for cooler past days
(Fig. 4b).

Figure 4, which presents the variance components of DTS prediction error in
relative terms, depicts that the consideration of UTCI values from the 3 previous
days reduced the residual inter-individual variability by 3–4%. This was even slightly
increased in combination with the other factors, e.g. for the total sample reducing
residual variance from over 94% (Fig. 2) to 88% (Fig. 4).

4 Discussion

The dynamic thermal sensations (DTS) calculated by the UTCI-Fiala model for
UTCI reference climatic conditions provided essentially unbiased predictions of
actual thermal sensation votes recorded in outdoor field surveys with rmse typically
less than 1 unit on the 7-unit thermal sensation scale. Given that thermal sensation
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votes in the range of±1 are applied to define thermal comfort in survey studies (Rossi
et al. 2012), this level of accuracy appears reasonable. Sex, age, body composition,
site morphology, thermal status, and clothing choice hardly affected the prediction
error with only marginal differences between Pelotas and Curitiba.

However, the large portion of 90% and more of unexplained inter-individual
residual variance indicates current limitations in individual thermal comfort
modelling. We had previously noted that explicitly considering individual clothing
insulation in the heat exchange model did not improve the predictions (Bröde et al.
2012a, 2014). This might be explainable by inter-individual differences in human
thermoregulation, probably interconnected with the clothing choice.

Recently, attempts to adapt a thermo-physiological model to Asian populations
have beenmadebymodifying the passive part of the system, i.e. anthropometry (Zhou
et al. 2013). Nevertheless, given the limited influence of personal characteristics
found in our study, it remains questionable, whether such alterations will sufficiently
account for psychological influences (Nikolopoulou and Steemers 2003; Nasrollahi
et al. 2020) or even semantic differences in perceiving thermal comfort in different
cultures or regions (Tochihara et al. 2012; Schweiker et al. 2020a; Pantavou et al.
2020). Achieving a better understanding on the psychological part of thermal comfort
(Lenzholzer and Nikolopoulou 2020) remains crucial for adequately considering
regional (Nikolopoulou and Lykoudis 2006) and inter-cultural differences (Havenith
et al. 2020).

Additional information on prior weather as a surrogate of short-term experi-
ence (Nikolopoulou and Steemers 2003) could only help reducing the large inter-
individual residual variance if it refers to a short previous period, with an optimum fit
for 3 days lag in our study. This concurs with earlier results for a survey carried out
in Glasgow (Bröde et al. 2014), though in that study 1 day lagged values fitted best
to the data. It also confirms regression analyses from earlier studies (Nikolopoulou
et al. 2001) showing lower capacity of temperatures recorded at longer time lags for
neutral temperature prediction. The reduced bias due to diminished warm sensations
following a preceding short warmer period (Figs. 3 and 4) may be attributable to
habituation or short-term acclimation (Krüger et al. 2017; Lam et al. 2021), which
are considered in another chapter of this book (Chap. 5: Long and short-term acclima-
tization effects on outdoor thermal perception versus UTCI). Corresponding effects
due to a previous cooler period only occurred in Curitiba, but had also been observed
for Glasgow, UK (Bröde et al. 2014). The mechanisms underlying such regional
differences still have to be elucidated,which could be facilitated by databases summa-
rizing outdoor thermal comfort studies as described in another chapter of this book
(cf. Chap. 11: Proposed framework for establishing a global database for outdoor
thermal comfort research, in this book).
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5 Conclusions

The accuracy of UTCI predictions of outdoor thermal comfort as experienced by
pedestrians in two Brazilian urban areas was acceptable at the population level, thus
confirming recent studies in Brazil and other regions (Xue et al. 2020; Krüger and
Drach 2017). The personal and situational factors considered in this study hardly
affected UTCI predictive capability.

As an outlook, recently developed personal monitoring systems have shown the
potential to move forward towards an individualized assessment of thermal stress
related to comfort and health in outdoor environments (Hondula et al. 2021; Sugg
et al. 2020; Runkle et al. 2019; Buller et al. 2018). This may be supplemented by inte-
grating human thermalmodellingwith emerging technologies (Anderson et al. 2021),
with climate modelling (Brecht et al. 2020; Di Napoli et al. 2020) or weather fore-
casts (Petersson et al. 2019), as exemplified in the Operational Forecasting chapter
of this book (Chap. 10, in this book).

Acknowledgements UTCI was developed within COSTAction 730, the COST office is supported
by the EU framework program Horizon 2020.
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P, Dzyuban Y, Aguilar R, Agan PN, Kunda JJ, Garcia-Chapeton G, de França Carvalho Fonsêca
V, Nascimento ST, Zurita-Milla R (2021) Technological opportunities for sensing of the health
effects of weather and climate change: a state-of-the-art-review. Int J Biometeorol 65(6):779–
803.https://doi.org/10.1007/s00484-020-02063-z

ASHRAE (2004) Standard 55—thermal environmental conditions for human occupancy. ASHRAE
Inc., Atlanta

Brecht BM, Schädler G, Schipper JW (2020) UTCI climatology and its future change in Germany
– An RCM ensemble approach. Meteorol Z 29(2):97–116. https://doi.org/10.1127/metz/2020/
1010

Bröde P (2019) UTCI-to-DTS [Data set]. 1.0 edn. Zenodo. https://doi.org/10.5281/zenodo.3372231
Bröde P, Fiala D, Blazejczyk K, Holmér I, Jendritzky G, Kampmann B, Tinz B, Havenith G
(2012a) Deriving the operational procedure for the universal thermal climate index (UTCI).
Int J Biometeorol 56(3):481–494. https://doi.org/10.1007/s00484-011-0454-1

Bröde P, Krüger EL, Rossi FA, Fiala D (2012b) Predicting urban outdoor thermal comfort by
the universal thermal climate index UTCI—a case study in Southern Brazil. Int J Biometeorol
56(3):471–480. https://doi.org/10.1007/s00484-011-0452-3

Bröde P, Krüger EL, Fiala D (2013) UTCI: validation and practical application to the assessment
of urban outdoor thermal comfort. Geogr Pol 86(1):11–20. https://doi.org/10.7163/GPol.2013.2

Bröde P, Krüger EL, Fiala D (2014) Residual analysis of UTCI predictions on outdoor thermal
sensation survey data. In: Cumberland Lodge, Windsor, UK, 10–13 April 2014. Network for
Comfort and Energy Use in Buildings, London, pp 776–784

Buller MJ, Welles AP, Friedl KE (2018) Wearable physiological monitoring for human thermal-
work strain optimization. J Appl Physiol 124(2):432–441. https://doi.org/10.1152/japplphysiol.
00353.2017

https://doi.org/10.1007/s00484-020-02063-z
https://doi.org/10.1127/metz/2020/1010
https://doi.org/10.5281/zenodo.3372231
https://doi.org/10.1007/s00484-011-0454-1
https://doi.org/10.1007/s00484-011-0452-3
https://doi.org/10.7163/GPol.2013.2
https://doi.org/10.1152/japplphysiol.00353.2017


78 P. Bröde et al.

Cabanac M (1971) Physiological role of pleasure. Science 173(4002):1103–1107. https://doi.org/
10.1126/science.173.4002.1103

Di Napoli C, Barnard C, Prudhomme C, Cloke HL, Pappenberger F (2020) ERA5-HEAT: a global
gridded historical dataset of human thermal comfort indices from climate reanalysis. Geosci Data
J. https://doi.org/10.1002/gdj3.102

Fiala D, Lomas KJ, Stohrer M (2003) First principles modeling of thermal sensation responses in
steady-state and transient conditions. ASHRAE Trans 109(1):179–186

Fiala D, Havenith G, Bröde P, Kampmann B, Jendritzky G (2012) UTCI-Fiala multi-node model
of human heat transfer and temperature regulation. Int J Biometeorol 56(3):429–441. https://doi.
org/10.1007/s00484-011-0424-7

Havenith G (2001) Individualized model of human thermoregulation for the simulation of heat
stress response. J Appl Physiol 90(5):1943–1954

HavenithG,Coenen JML,Kistemaker L,KenneyWL (1998)Relevance of individual characteristics
for human heat stress response is dependent on exercise intensity and climate type. Eur J Appl
Physiol 77(3):231–241. https://doi.org/10.1007/s004210050327

Havenith G, Fiala D, Blazejczyk K, Richards M, Bröde P, Holmér I, Rintamaki H, Ben Shabat Y,
Jendritzky G (2012) The UTCI-clothing model. Int J Biometeorol 56(3):461–470. https://doi.org/
10.1007/s00484-011-0451-4

Havenith G, Griggs K, Qiu Y, Dorman L, Kulasekaran V, Hodder S (2020) Higher comfort
temperature preferences for anthropometrically matched Chinese and Japanese versus white-
western-middle-European individuals using a personal comfort/cooling system. Build Environ
183:107162. https://doi.org/10.1016/j.buildenv.2020.107162

Hellwig RT (2015) Perceived control in indoor environments: a conceptual approach. Build Res Inf
43(3):302–315. https://doi.org/10.1080/09613218.2015.1004150

Hondula DM, Kuras ER, Betzel S, Drake L, Eneboe J, Kaml M, Munoz M, Sevig M, Singh M,
Ruddell BL, Harlan SL (2021) Novel metrics for relating personal heat exposure to social risk
factors and outdoor ambient temperature. Environ Int 146:106271. https://doi.org/10.1016/j.env
int.2020.106271

ISO 10551 (1995) Ergonomics of the thermal environment—assessment of the influence of
the thermal environment using subjective judgement scales. International Organisation for
Standardisation, Geneva

ISO 7726 (1998) Ergonomics of the thermal environment—instruments for measuring physical
quantities. International Organisation for Standardisation, Geneva

ISO 9920 (2007) Ergonomics of the thermal environment—estimation of thermal insulation and
water vapour resistance of a clothing ensemble. International Organisation for Standardisation,
Geneva

Jendritzky G, Höppe P (2017) The UTCI and the ISB. Int J Biometeorol 61(Suppl 1):23–27. https://
doi.org/10.1007/s00484-017-1390-5

Jendritzky G, de Dear R, Havenith G (2012) UTCI—why another thermal index? Int J Biometeorol
56(3):421–428. https://doi.org/10.1007/s00484-011-0513-7

Knez I, Thorsson S, Eliasson I, Lindberg F (2009) Psychological mechanisms in outdoor place and
weather assessment: towards a conceptual model. Int J Biometeorol 53(1):101–111. https://doi.
org/10.1007/s00484-008-0194-z

Krüger EL, Drach P (2017) Identifying potential effects from anthropometric variables on outdoor
thermal comfort. Build Environ 117:230–237. https://doi.org/10.1016/j.buildenv.2017.03.020

Krüger EL, Bröde P, Emmanuel R, Fiala D (2012) Predicting outdoor thermal sensation from two
field studies in Curitiba, Brazil and Glasgow, UK using the universal thermal climate index
(UTCI). In: 7th Windsor conference, Cumberland lodge, Windsor, UK, 12–15 April 2012 2012.
Proceedings of 7th Windsor conference. Network for Comfort and Energy Use in Buildings,
London, pp 1–12

Krüger EL, Tamura CA, Bröde P, Schweiker M, Wagner A (2017) Short- and long-term acclimati-
zation in outdoor spaces: exposure time, seasonal and heatwave adaptation effects. Build Environ
116:17–29. https://doi.org/10.1016/j.buildenv.2017.02.001

https://doi.org/10.1126/science.173.4002.1103
https://doi.org/10.1002/gdj3.102
https://doi.org/10.1007/s00484-011-0424-7
https://doi.org/10.1007/s004210050327
https://doi.org/10.1007/s00484-011-0451-4
https://doi.org/10.1016/j.buildenv.2020.107162
https://doi.org/10.1080/09613218.2015.1004150
https://doi.org/10.1016/j.envint.2020.106271
https://doi.org/10.1007/s00484-017-1390-5
https://doi.org/10.1007/s00484-011-0513-7
https://doi.org/10.1007/s00484-008-0194-z
https://doi.org/10.1016/j.buildenv.2017.03.020
https://doi.org/10.1016/j.buildenv.2017.02.001


4 Sensitivity of UTCI Thermal Comfort Prediction to Personal … 79

Krüger EL, Silva TJV, da Silveira Hirashima SQ, da Cunha EG, Rosa LA (2020) Calibrating
UTCI’S comfort assessment scale for three Brazilian cities with different climatic conditions. Int
J Biometeorol. https://doi.org/10.1007/s00484-020-01897-x

Lam CKC, Gao Y, Yang H, Chen T, Zhang Y, Ou C, Hang J (2021) Interactive effect between
long-term and short-term thermal history on outdoor thermal comfort: comparison between
Guangzhou, Zhuhai and Melbourne. Sci Total Environ 760:144141. https://doi.org/10.1016/j.
scitotenv.2020.144141

Lenzholzer S, Nikolopoulou M (2020) Foreword to the special issue on subjective approaches to
thermal perception. Int J Biometeorol 64(2):167–171. https://doi.org/10.1007/s00484-019-018
57-0

Nasrollahi N, Ghosouri A, Khodakarami J, Taleghani M (2020) Heat-mitigation strategies
to improve pedestrian thermal comfort in urban environments: a review. Sustainability
12(23):10000. https://doi.org/10.3390/su122310000

Nikolopoulou M (2011) Outdoor thermal comfort. Front Biosci 3:1552–1568. https://doi.org/10.
2741/245

Nikolopoulou M, Lykoudis S (2006) Thermal comfort in outdoor urban spaces: analysis across
different European countries. Build Environ 41(11):1455–1470. https://doi.org/10.1016/j.bui
ldenv.2005.05.031

Nikolopoulou M, Steemers K (2003) Thermal comfort and psychological adaptation as a guide for
designing urban spaces. EnergyBuild 35(1):95–101. https://doi.org/10.1016/S0378-7788(02)000
84-1

Nikolopoulou M, Baker N, Steemers K (2001) Thermal comfort in outdoor urban spaces: under-
standing the human parameter. Sol Energy 70(3):227–235. https://doi.org/10.1016/S0038-092
X(00)00093-1

Pantavou K, Koletsis I, Lykoudis S, Melas E, Nikolopoulou M, Tsiros IX (2020) Native influences
on the construction of thermal sensation scales. Int J Biometeorol 64:1497. https://doi.org/10.
1007/s00484-020-01927-8

Petersson J, Kuklane K, Gao C (2019) Is there a need to integrate human thermal models with
weather forecasts to predict thermal stress? Int J Environ Res Public Health 16(22):4586. https://
doi.org/10.3390/ijerph16224586

R Core Team (2020) R: a language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. https://www.R-project.org/. Accessed 12 Apr 2020

Rossi FA, Krüger EL, Bröde P (2012) Definição de faixas de conforto e desconforto térmico para
espaços abertos em Curitiba, PR, com o índice UTCI (Definition of thermal comfort and discom-
fort ranges for open spaces inCuritiba, PR,with theUCTI index).AmbienteConstruído 12:41–59.
https://doi.org/10.1590/S1678-86212012000100004

Runkle JD, Cui C, Fuhrmann C, Stevens S, Del Pinal J, Sugg MM (2019) Evaluation of wearable
sensors for physiologic monitoring of individually experienced temperatures in outdoor workers
in southeastern U.S. Environ Int 129:229–238. https://doi.org/10.1016/j.envint.2019.05.026

Schützenmeister A, Piepho H-P (2012) Residual analysis of linear mixed models using a simulation
approach. Comput Stat Data Anal 56(6):1405–1416. https://doi.org/10.1016/j.csda.2011.11.006

Schweiker M, Brasche S, Bischof W, Hawighorst M, Wagner A (2013) Explaining the individual
processes leading to adaptive comfort: exploring physiological, behavioural and psychological
reactions to thermal stimuli. J Build Phys 36(4):438–463. https://doi.org/10.1177/174425911247
3945

Schweiker M, Hawighorst M, Wagner A (2016) The influence of personality traits on occupant
behavioural patterns. Energy Build 131:63–75. https://doi.org/10.1016/j.enbuild.2016.09.019

Schweiker M, Rissetto R,Wagner A (2020b) Thermal expectation: influencing factors and its effect
on thermal perception. Energy Build 210:109729. https://doi.org/10.1016/j.enbuild.2019.109729

Schweiker M, André M, Al-Atrash F, Al-Khatri H, Alprianti RR, Alsaad H, Amin R, Ampatzi
E, Arsano AY, Azar E, Bannazadeh B, Batagarawa A, Becker S, Buonocore C, Cao B, Choi
J-H, Chun C, Daanen H, Damiati SA, Daniel L, De Vecchi R, Dhaka S, Domínguez-Amarillo
S, Dudkiewicz E, Edappilly LP, Fernández-Agüera J, Folkerts M, Frijns A, Gaona G, Garg V,

https://doi.org/10.1007/s00484-020-01897-x
https://doi.org/10.1016/j.scitotenv.2020.144141
https://doi.org/10.1007/s00484-019-01857-0
https://doi.org/10.3390/su122310000
https://doi.org/10.2741/245
https://doi.org/10.1016/j.buildenv.2005.05.031
https://doi.org/10.1016/S0378-7788(02)00084-1
https://doi.org/10.1016/S0038-092X(00)00093-1
https://doi.org/10.1007/s00484-020-01927-8
https://doi.org/10.3390/ijerph16224586
https://www.R-project.org/
https://doi.org/10.1590/S1678-86212012000100004
https://doi.org/10.1016/j.envint.2019.05.026
https://doi.org/10.1016/j.csda.2011.11.006
https://doi.org/10.1177/1744259112473945
https://doi.org/10.1016/j.enbuild.2016.09.019
https://doi.org/10.1016/j.enbuild.2019.109729


80 P. Bröde et al.

Gauthier S, Jabbari SG, Harimi D, Hellwig RT, Huebner GM, Jin Q, Jowkar M, Kim J, King N,
Kingma B, Koerniawan MD, Kolarik J, Kumar S, Kwok A, Lamberts R, Laska M, Lee MCJ, Lee
Y, Lindermayr V, Mahaki M, Marcel-Okafor U, Marín-Restrepo L, Marquardsen A, Martellotta
F, Mathur J, Mino-Rodriguez I, Montazami A, Mou D, Moujalled B, Nakajima M, Ng E, Okafor
M, OlwenyM, OuyangW, Papst de Abreu AL, Pérez-Fargallo A, Rajapaksha I, Ramos G, Rashid
S, Reinhart CF, Rivera MI, Salmanzadeh M, Schakib-Ekbatan K, Schiavon S, Shooshtarian S,
Shukuya M, Soebarto V, Suhendri S, Tahsildoost M, Tartarini F, Teli D, Tewari P, Thapa S,
Trebilcock M, Trojan J, Tukur RB, Voelker C, Yam Y, Yang L, Zapata-Lancaster G, Zhai Y,
Zhu Y, Zomorodian Z (2020a) Evaluating assumptions of scales for subjective assessment of
thermal environments—do laypersons perceive them the way, we researchers believe? Energy
Build 211:109761.https://doi.org/10.1016/j.enbuild.2020.109761

Sugg MM, Fuhrmann CM, Runkle JD (2020) Perceptions and experiences of outdoor occupational
workers using digital devices for geospatial biometeorological monitoring. Int J Biometeorol
64(3):471–483. https://doi.org/10.1007/s00484-019-01833-8

Tochihara Y, Lee JY,Wakabayashi H,Wijayanto T, Bakri I, Parsons K (2012) The use of language to
express thermal sensation suggests heat acclimatization by Indonesian people. Int J Biometeorol
56(6):1055–1064. https://doi.org/10.1007/s00484-011-0519-1

WHO (1995) Physical status: the use and interpretation of anthropometry. Report of aWHO Expert
Committee. WHO Technical Report Series. Geneva. http://whqlibdoc.who.int/trs/WHO_TRS_
854.pdf. Accessed 20 Jul 2010

Wood SN (2017) Generalized additive models: an introduction with R, 2nd edn. Chapman &
Hall/CRC, Boca Raton, Florida

Xue J, Hu X, Sani SN, Wu Y, Li X, Chai L, Lai D (2020) Outdoor thermal comfort at a univer-
sity campus: studies from personal and long-term thermal history perspectives. Sustainability
12(21):9284. https://doi.org/10.3390/su12219284

ZhouX, Lian Z, Lan L (2013) An individualized human thermoregulationmodel for Chinese adults.
Build Environ 70:257–265. https://doi.org/10.1016/j.buildenv.2013.08.031

Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM (2009) Things are not always linear:
additive modelling. In: Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM (eds) Mixed
effects models and extensions in ecology with R. Statistics for Biology and Health. Springer,
New York, pp 35–69. https://doi.org/10.1007/978-0-387-87458-6_3

https://doi.org/10.1016/j.enbuild.2020.109761
https://doi.org/10.1007/s00484-019-01833-8
https://doi.org/10.1007/s00484-011-0519-1
http://whqlibdoc.who.int/trs/WHO_TRS_854.pdf
https://doi.org/10.3390/su12219284
https://doi.org/10.1016/j.buildenv.2013.08.031
https://doi.org/10.1007/978-0-387-87458-6_3

	4 Sensitivity of UTCI Thermal Comfort Prediction to Personal and Situational Factors—Residual Analysis of Pedestrian Survey Data
	1 Introduction
	2 Material and Methods
	2.1 Outdoor Surveys
	2.2 Data Analysis and Statistics

	3 Results
	3.1 Prediction of Clothing Insulation and Thermal Sensation
	3.2 Factors Influencing Thermal Sensation Prediction Error
	3.3 Prediction Error and Historical Weather Data

	4 Discussion
	5 Conclusions
	References




