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Chapter 10 ®)
The Universal Thermal Climate Index ez
as an Operational Forecasting Tool

of Human Biometeorological Conditions

in Europe

Claudia Di Napoli, Alessandro Messeri, Martin Novak, Joao Rio,
Joanna Wieczorek, Marco Morabito, Pedro Silva, Alfonso Crisci,
and Florian Pappenberger

Abstract In operational weather forecasting standard environmental parameters,
such as air temperature and humidity, are traditionally used to predict thermal condi-
tions in the future. These parameters, however, are not enough to describe the thermal
stress induced by the outdoor environment to the human body as they neglect
the human heat budget and personal characteristics (e.g. clothing). The Universal
Thermal Climate Index (UTCI) overcomes these limitations by using an advanced
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thermo-physiological model coupled with a state-of-the-art clothing model. Several
systems have been recently developed to operationally forecast human biometeoro-
logical conditions via the UTCI, i.e. by computing UTCI from the forecasts of air
temperature, humidity, wind speed and radiation as provided by numerical weather
prediction models. Here we describe the UTCI-based forecasting systems developed
in Czech Republic, Italy, Poland, Portugal and at the pan-European scale. Their char-
acteristics are illustrated and their potential as warning systems for thermal hazards
discussed.

Keywords Thermal health hazards - Heat stress - Cold stress + Forecasting *
Universal Thermal Climate Index + Biometeorology * Preparedness

1 Introduction

Air temperature is the core figure of any weather forecast. It seldom is, however,
the only atmospheric parameter affecting the well-being of an individual. Wind may
cool down the human body by taking away its heat. Sunlight and humidity may warm
it up instead by radiation exposure and by limiting sweating, respectively. Knowing
how the outdoor environment influences the heat exchange between the human
body and its surroundings is mandatory to make the forecasts of air temperature,
wind, radiation and humidity meaningful from a physiological point of view. Being
based on an advanced heat budget model, the UTCI is able to provide this knowl-
edge as a one-dimensional biometeorological-sound measure quantifying the thermal
comfort/discomfort perceived by the human body when exposed to outdoors condi-
tions. As the World Meteorological Organisation underlines the need for national
meteorological services to incorporate biometeorological forecasts into their suite of
products and services offered to the public (WMO 2004), the production and dissemi-
nation of UTCI forecasts in operational mode, i.e. as a 24/7 automated process, would
represent a significant advancement in this sense.

The UTCI has been extensively applied in climatological studies to investigate
heat- and cold-related hazards and their negative impacts on human health, also
within vulnerable groups (Nastos and Matzarakis 2012; Morabito et al. 2014; Urban
and Kysely 2014; Krzyzewska et al. 2017; Romaszko et al. 2017; Blazejczyk et al.
2018; Di Napoli et al. 2018; Skutecki et al. 2019; Urban et al. 2021 for a more
detailed review, refer to Chap. 2 of this book). Less research has however focused on
assessing the UTCI as a predictor tool of thermal health hazards for public weather
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services (Novdk 2013). Computational power and data accessibility as well as the
skill of numerical weather prediction (NWP) models have for years favoured the
use of simpler standard parameters, such as air temperature and humidity, in the
forecast of environmental conditions detrimental to human health. Recently, though,
UTCI forecasts computed from a state-of-the-art NWP model have been shown to
successfully predict thermal health hazards at different spatial and temporal scales
across the globe thus demonstrating that technical capabilities are now mature for the
implementation and use of the UTCI for operational purposes (Pappenberger et al.
2015).

To date, five operational forecasting systems based on the UTCI exist in Europe.
They have been developed by the Czech Hydrometeorological Institute (CHMI), the
Polish Institute of Meteorology and Water Management — National Research Insti-
tute (IMGW-PIB), the Portuguese Institute of the Sea and the Atmosphere (IPMA),
the European Centre for Medium-Range Forecasts (ECMWF) and an Italian multi-
institute consortium composed of the Italian National Research Council - Institute
of BioEconomy (IBE-CNR), the University of Florence - Centre of Bioclimatology
(CIBIC) and the Laboratory of Monitoring and Environmental Modelling for Sustain-
able Development (LaMMA). Each system is based on the offfine coupling between
a NWP model and the UTCI model, i.e. forecast outputs of air temperature, humidity,
wind speed and radiation from a NWP model are passed to the UTCI model for the
computation of UTCI forecasts. UTCI forecasts are either location specific (point
forecasts) or mapped (gridded forecasts) and extend into the future at distinct time
steps (lead time). These steps are embedded within a fully automated procedure,
called operational chain, that develops over three main stages. First, the forecasts
generated by a NWP model for air temperature, humidity, wind speed and radiation
are retrieved. Second, these forecasts are input as forcings into the UTCI model
(mostly used in its operational form, Brode et al. 2012) which produces UTCI fore-
casts as outputs. Third, UTCI forecasts are disseminated to end-users. This chapter
describes for the first time the five UTCI-based forecasting systems that, to the
authors’ knowledge, are currently operational in Europe. Their characteristics are
illustrated and their role as thermal hazards warning systems discussed.

2 UTCI Forecasting Systems in Europe

The UTClI-based forecasting systems currently operational in Czech Republic, Italy,
Poland, Portugal and at the pan-European scale are here presented and described.
Their main characteristics are summarised in Table 1.
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Table 1 Summary table of UTCI forecasting systems currently operational in Europe

Czech Italy Poland Portugal Europe
Republic
NWP model ALADIN GFS GFS ECMWF ECMWF
Spatial resolution | 2.3 km 12 km City City 9-18 km
Temporal 1h 1h 6h 1-3h 6h
resolution
Outputs Maps, charts | Maps Maps Maps, charts Maps
Maximum lead 3 days 5 days 2 days 6 days 10 days
time
End-users National General General General public, | Civil
weather public public, Civil protection | protection
service National agencies, Public | agencies
weather health
service authorities
Communication Internal Web Web Web platform | Web
and dissemination | (GRIB outputs | platform platform platform
channel and web) (internal)

2.1 Czech Republic

CHMI, the national weather service for the Czech Republic, has been publishing
biometeorological forecasts for the whole area of Czechia since 1994. In recent
years a need had arised to build a new biometeorological forecasting system where
the latest advancements in weather prediction and human biometeorology could
be integrated. One of these advancements was the definition of the UTCI in 2009.
Comparative studies performed against different thermal indices demonstrated the
ability of the UTCI to better describe biometeorological conditions across different
seasons and locations in the country (Novadk 2011a, b, 2013). Following this, the
UTCI was considered as the main reference parameter for the new Czech biome-
teorological forecasting system. The implementation of the UTCI as a forecasting
tool required its operational computation from ALADIN, the NWP model currently
in use at CHMI (Termonia et al. 2018). This was achieved in two phases. The first
phase consisted in setting up an automated procedure for the computation of the mean
radiant temperature (Ty,). The Ty is a critical physical quantity for the calculation
of the UTCI and represents how human beings experience radiation, specifically its
solar (i.e. shortwave) and thermal (i.e. longwave) components. ALADIN provides
forecasts of both shortwave and longwave radiation fluxes. Since 2018, those forecast
fluxes have been used to routinely calculate Ty, as model output via the method-
ology described by Fanger (1970). The second phase consisted in including also the
operational computation of the UTCI into the model. This was achieved in 2019
alongside other upgrades of ALADIN, such as a higher spatial resolution (from 4.7
to 2.3 km) and a more accurate orography representation. UTCI forecasts are calcu-
lated via the operational procedure by Brode et al. (2012). Their lead time is 54 h
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Fig.1 Overview of UTCI forecast outputs generated by the Czech Hydrometeorological Institute.
Left: fields of maximum (red lines) and minimum (blue lines) UTCI values at 6 h interval, UTCI
mapped distribution over the Czech Republic (bottom). Right: meteogram of UTCI and Ty at
Teplice (50.51° N, 13.84° E, 236 m asl, top), table of UTCI values predicted at different Czech
locations (72-h lead time, bottom). Outputs are visualised via IBL Visual Weather

(18UTC release) or 72 h (00, 06, 12UTC release). Different types of UTCI outputs
are produced, from meteograms to charts and maps (Fig. 1). These are currently
available to meteorologists at central and regional CHMI forecasting offices (via SW
Visual Weather directly from GRIB outputs or via internal web presentation).

2.2 Italy

In Italy, national-level forecasts of biometeorology conditions have been limited.
Since 2007, however, the Italian National Research Council - Institute of BioE-
conomy (IBE-CNR), the University of Florence - Centre of Bioclimatology (CIBIC)
and the Laboratory of Monitoring and Environmental Modelling for Sustainable
Development (LaMMA) have been joining forces to realise an operational chain
for the automated production of UTCI forecasts. The chain uses air temperature,
humidity, wind speed and radiation data from the Global Forecast System (GFS)
refined by a Limited Area Model (LAM). The LAM downscales the four variables
to a higher horizontal resolution grid (12 km) than GFS (28 km) via an improved
parametrization scheme of soil and surface exchanges. The R package HeatStress
has been included in the chain to calculate water vapour pressure and globe temper-
ature (Casanueva 2019). From the latter, T,y can be computed using the method-
ology described in Thorsson et al. (2007). In order to reduce computational time,
specific additional procedures have been embedded. Location-specific information,
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for instance, is extracted from available stations and used to calibrate outputs by
using a set of Model Output Statistics (MOS) methodologies. From January 2017,
hourly UTCI forecast maps of thermal comfort/discomfort for Italy are provided
with a 5-day lead time. The maps are available to the general public on a web plat-
form (http://www.lamma.rete.toscana.it/meteo/comfort-termico, Fig. 2) and show
predicted UTCI values in full sunlight or shade as well as associated frostbite risk.
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Fig. 2 Hourly UTCI forecast maps as issued for Italy by a multi-institute consortium composed
of the Laboratory of Monitoring and Environmental Modelling for Sustainable Development
(LaMMA), the University of Florence Centre of Bioclimatology (CIBIC) and the Italian National
Research Council Institute of BioEconomy (IBE-CNR). Maps are made available to the general
population via a public web platform (http://www.lamma.rete.toscana.it/meteo/comfort-termico)
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2.3 Poland

The implementation of the UTCI as a NWS product by the Polish meteorological
service began in 2010. The UTCI is computed via application of the operational
procedure described by Brode et al. (2012) with the input parameter Ty, calcu-
lated using the procedure provided by the association of German engineers (VDI
3789 1994). Both calculations use as inputs meteorological parameters automatically
derived from the GFS 0.25° model. Calculations based on data from the Consortium
for Small-scale Modeling (COSMO-7) are also available but are not published to the
public.

The first UTCI forecast issued for the general public appeared in June during the
2012 UEFA European Football Championship. Since February 2015, UTCI forecasts
are provided daily and made publicly available as the “Heat load in the human body
according to the UTCI)” on the web platform of the Polish official biometeorological
service (https://biometeo.imgw.pl/%3Fpage%3DUTCI). The service is overseen by
the Polish Institute of Meteorology and Water Management — National Research
Institute (IMGW-PIB). UTCI forecasts are issued for 21 major cities in Poland with
a 48-h lead time (“today” and “tomorrow”) and a time resolution of 6 h (Fig. 3).
They are initialised each morning and expressed in terms of UTCI categories (—5
to +4). A table describes each thermal stress category, the physiological responses
correspondingly induced in the human body and possible protective measures. The
choice of using UTCI categories instead of the single numerical values was made in
order to avoid potential misunderstandings by end-users, such as interpreting UTCI
values as an apparent (feels like) temperature.

The occurrence of strong heat stress conditions (32 °C < UTCI < 38 °C) is also
provided as an additional information to the Polish meteorological service. It has been
observed in recent years that heatwaves start to affect Poland earlier and earlier in the
spring/summer season. This poses a serious threat to local populations as they are
not yet adapted to hot conditions just after winter. Specifically, the risk of mortality
in the Polish population has been observed to increase more than 25% (mainly as a
result of cardiovascular dysfunctions) when the UTCI is above 32 °C, making this a
useful threshold for the surveillance of heat stress-related health impacts (KLIMADA
2013).

2.4 Portugal

The Portuguese Institute for Sea and Atmosphere (IPMA) has been using the UTCI
as a biometeorological tool since 2010, when the first UTCI datasets started being
computed from surface observations. Climatological studies were also performed to
investigate the applicability of the index in mainland Portugal (Cunha et al. 2011). In
recent years, the UTCI has been operationally computed using observations, with a
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Fig. 3 City-specific UTCI forecasts as issued for Poland by the Polish Institute of Meteorology
and Water Management — National Research Institute IMGW-PIB). Forecasts are available to the
general population on a public web platform (https://biometeo.imgw.pl/%3Fpage%3DUTCI) where
protective measures are suggested for predicted UTCI categories

3-h frequency and publicly shown as maps on the IPMA official website for mainland
Portugal (http://www.ipma.pt/pt/oclima/biometeo/utci/; Fig. 4a).

Currently only point UTCI forecasts are computed for around 400 locations using
statistically post-processed values of 2 m air temperature, relative humidity and 10 m
wind speed (Rio et al. 2018). Radiation fluxes and surface temperature are from the
ECMWEF high resolution forecasting model. Specifically, radiation fluxes are direct
model outputs whereas surface temperature is corrected to account for differences
between real and model altitudes. Location-specific UTCI forecasts are provided
hourly up to 72 h and 3-hourly from day 4 to 6. Whereas UTCI observational maps
are available to the public, location-specific UTCI forecasts are exclusively intended
for civil protection agencies and public health authorities. To these specific end-users,


https://biometeo.imgw.pl/%3Fpage%3DUTCI
http://www.ipma.pt/pt/oclima/biometeo/utci/

10 The Universal Thermal Climate Index as an Operational ... 201

@)

[ )
PMA

. O

Forecast (date-run): 20180207-00

Temperature [*C]

B06 02 A8 1000

Woe O7A2 OFME (B0 0806 0BA2 (BAE 0200

fime {dayhaour)

Fig. 4 Examples of UTCI forecast outputs generated by the Portuguese national meteorological
centre (IPMA). Panel a Nation-wide map of the UTCI as computed from surface observations
for the current day and publicly available on the IPMA website (http://www.ipma.pt/pt/oclima/bio
meteo/utci/). Panel b Time series of forecast UTCI values and thermal stress categories as provided
to civil protection agencies and public health authorities

the biometeorological information carried by local UTCI forecasts is presented as
a time series of forecast values with color-coded intervals overlapped to allow a
fast assessment of the type and duration of thermal stress periods (Fig. 4b). This
information is one of the tools used by local authorities in Lisbon for the activation
of emergency plans to safeguard vulnerable communities, such as the homeless.

2.5 Europe

Since 2016, an operational chain has been set up to deliver gridded maps of UTCI
forecasts at the pan-European scale. The chain first takes as input the forecast fields
of air temperature, humidity, wind and radiation as computed by the latest releases
of ECMWF high resolution and ensemble models (OOUTC and 12UTC). It then
computes Ty, forecasts from solar and thermal radiation fields, and finally UTCI
forecasts via the operational procedure (Brode et al. 2012; Di Napoli et al. 2020a).
UTCI forecasts are issued at 6-hourly steps with a 10-day lead time. The spatial
resolution is 9 or 18 km according to whether input parameters are from ECMWF
high resolution and ensemble model, respectively. Ensemble UTCI forecasts are the
mean of the 50 UTCI forecasts that are correspondingly generated using as many
ECMWEF ensemble forecasts.

Pan-European UTCI forecasts are currently part of a decision-support platform
that aims to enhance self-preparedness to single and multiple weather-induced
hazard (Horizon2020 ANYWHERE project, EnhANcing emergencY management
and response to extreme WeatHER and climate Events, Grant agreement ID: 700099).
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Fig. 5 Pan-European UTCI forecasts predicting the extreme thermal stress conditions achieved
during the heatwave that affected the continent in June 2019

The platform is intended for civil protection agencies and local authorities only.
Figure 5 shows the UTCI forecasts issued on 27 June 2019 and made available
to first responders through the platform. Widespread conditions of very high and
extreme heat stress were predicted in Western Europe in agreement with the intense
heatwave episode affecting the area in the same period.

3 Discussion and Perspectives

The implementation and usage of UTCI forecasts across different European coun-
tries answer the call to integrate human thermal models with weather forecasts
(Petersson et al. 2019). UTCI forecasts hence represent an opportunity to inves-
tigate the capabilities of this index to predict human thermal stress in an operational
setting.

As predictors of future biometeorological conditions, the quality of UTCI fore-
casts needs to be assessed. This can be achieved by comparing the forecasts against
observations of what actually occurred. Preliminary verification studies were carried
out on UTCI forecasts issued in Poland and Czech Republic. For instance, between
May and September 2018 the occurrence of strong heat stress conditions as forecast
at 12 UTC in a selection of Polish cities was higher than what was correspondingly
observed near IMGW-PIB stations. During a heatwave that occurred between 28
July and 10 August 2018, the difference between UTCI forecast values and UTCI
observed values was up to 2 classes (Fig. 6a). In a meteorological station in the Czech
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Fig. 6 Preliminary validation results for UTCI forecasts issued in Poland and Czech Republic.
Panel a UTCI values at 12UTC as forecast (dashed lines) and observed! (solid lines) at indicated
Polish cities between 28 July and 10 August 2018. Panel b Time series of UTCI forecasts (dashed
lines) and objective analysis (black dots) at Teplice, Czech Republic during February 2019

IObserved UTCI’ calculations were based on historical data from telemetry and actinometrical
stations of the IMGW-PIB network that are nearest to the city location. If longwave upwelling
radiation and longwave downwelling radiation data (necessary to be included in the VDI procedure)
were missing, the MRT values were calculated from the simplified formula of prof. Blazejczyk,
which is based on measured global solar radiation data.
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Republic, UTCI forecast values during February 2019 were instead lower than their
observed counterparts (Fig. 6b). Reanalysis data, such as ERAS5-HEAT, may also be
used as a proxy for observations when assessing the quality of UTCI forecasts (Di
Napoli et al. 2020b).

The discrepancy between forecasts and observations can be justified by the accu-
racy of NWP models, namely their ability to predict atmospheric processes such as
cloud formations. Cloud cover and occurrence has been shown to be underestimated
at low and middle altitudes (Hogan et al. 2009). This may influence the amount of
radiation reaching and leaving the surface, with a potential overestimation of radia-
tion fluxes (Weihs et al. 2012; Di Napoli 2020b). This can be observed, for instance,
in the summer season when the formation of convective clouds is characterised by
great time and spatial variability. Future model developments are expected to reduce
these radiation-related uncertainties. Another factor influencing the accuracy of NWP
models is their spatial resolution. NWP outputs are a collection of cell-averaged
values whereas station observations are collected from single point locations. One
way to improve a model’s ability to forecast air temperature, humidity, wind and
radiation, and as a consequence T, and UTCI is to increase its spatial resolution.
The Italian UTCI forecasting system, for example, is planned to refine from 12 to
3 km their grid cell size. Another way is to relate NWP outputs to observational or
additional model data via statistical methods. This technique, called post-processing,
is already included in the operational UTCI forecasting chain of Italy and Portugal
suggesting its applicability to other countries and at the pan-European level.

Being able to communicate effectively a forecast is as important as monitoring
and assessing its uncertainty. This is particularly true for UTCI forecasts. As a biome-
teorological tool predicting human discomfort to future environmental conditions,
their ultimate purpose is to provide guidance for the safeguard of populations’ well-
being. Misinterpretation is therefore to be avoided. In Portugal, for instance, location-
specific UTCI forecasts are not available to the public. This choice has been made
following the index’s high sensitivity to wind speed which can lead to very negative
UTCI values (e.g., —15 °C in Lisbon) and large differences from 2 m air temperature
that might not be correctly interpreted by the general public. Other thermal indices
are therefore disseminated on official IPMA forecasts.

In Poland, potential misunderstandings in the interpretation of UTCI forecasts
have been avoided by showing a dimensionless number that corresponds to the
predicted UTCI category rather than the specific UTCI numerical value expressed
in °C. This representation, reinforced by the use of a blue—white—red scale, draws
the attention directly on the type of thermal (cold or heat) load local populations
will be exposed to. It also recommends via a self-explanatory table which protective
measures should be taken against predicted thermal loads. This has the advantage
to underline the nature of UTCI forecasts as a biometeorology advisory service. On
the other hand, however, this representation relies on category thresholds. Slight
differences in the forecasts might be responsible for having UTCI numerical values
assigned to one category instead of another. Using post-processing to integrate model
forecasts with observations might help reduce the uncertainty in the category assign-
ment. This might become of great importance particularly when UTCI thresholds are
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deployed as triggers for preparatory actions (Di Napoli et al. 2019; Shartova et al.
2019; Urban et al. 2021).

Another aspect worth noting is the communication platforms used to disseminate
UTCI forecasts. These are shown on websites by four out of five operational fore-
casting systems here described. The widespread distribution of technology, however,
suggests that other tools may also represent an effective means for communicating
forecasts and associated prevention information, especially to the general public.
A smartphone app, for instance, has been recently developed in the Netherlands to
display in a user-friendly way city-specific UTCI forecast (Heusinkveld et al. 2017).
The Italian and Polish UTCI forecasting systems will disseminate its outputs via an
app as well as a web platform in their next implementation.

Using the biometeorological information carried by UTCI forecasts as a decision
making tool for thermal environments detrimental to human health has been a poten-
tial field of application for the UTCI since its definition. As supported by bioclimate
impact research on thermal extremes (see e.g. Basarin et al. 2020), UTCI forecasts
would be useful to both the general population and target groups, i.e. outdoor workers
and sportsmen as well as the vulnerable groups (e.g. the elderly). They would also
help optimise emergency response to thermal extremes when these occur at the same
time as other meteorological health hazards, such as wildfires (Vitolo et al. 2019).

Some of the assumptions currently at the basis of the UTCI model—fixed
moderate activity level, exposure time of 2 h, typical clothing for urban popula-
tion—have however prevented the application of the UTCI in specific fields such
as occupational health (NIOSH 2016). Improving the index so that it can account
for the characteristics of each worker and each working activity would help make
it a suitable, applicable tool for the assessment of thermal risk in the workplace
too. Differently from the indices currently used in occupational heat health warning
systems (e.g. wet bulb globe temperature; Morabito et al. 2019), the UTCI would
be able to provide comfort/discomfort information for both heat and cold environ-
ments and on the basis of a thermo-physiological model. Given the importance of
the topic, research is currently ongoing to extend the application of the UTCI to
different activity levels and exposure duration (Brode et al. 2016). This and further
implementations, i.e. the effect of protective clothing in hot environments, will open
the path to the UTCI as an application tool also in the occupational field (Gao et al.
2018).

4 Conclusions

Since its creation in 2009, the UTCI has been defined to help public weather and
health services in the precautionary planning for thermal health hazards, such as heat-
waves and cold spells. In recent years, the implementation of UTCI-based forecasting
systems in Europe made this areality. To date, five operational systems produce UTCI
forecasts for the prediction of human comfort/discomfort conditions in the Czech
Republic, Italy, Poland, Portugal and at the pan-European scale. UTCI forecasts are
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disseminated to and used by a wide range of end-users, from the general public
to civil protection agencies and public health authorities. The application of UTCI
forecasts by national weather services suggests that post-processing techniques can
help improve the quality of the forecast and biometeorological information has to be
communicated in a misinterpretation-free way.
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