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According to the European Environment Agency, the year 2015 was the warmest on record to that point, with a
series of heat waves from May to September resulted in high levels of tropospheric ozone. The implications of
such a year on the human well-being and health are therefore of multiple nature and can be quantified referring
to the exceedances of the corresponding thresholds. This work focused on the analysis of the May-September
period of 2015 in the city of Milan (Italy) in terms of Mediterranean Outdoor Comfort Index (MOCI) and ozone
concentrations, recorded by monitoring stations and modeled through the Weather Research and Forecasting
model. Main findings show that thermo-hygrometric stress events (periods of at least six consecutive days
characterized by daily maximum values of the MOCI higher than 0.5) are characterized by daily ozone higher
than the guideline level of the World Health Organization (equal to 100 pgm™>). This means that thermo-
hygrometric stress conditions are added up to poor air quality conditions, with severe risks for human health.
Moreover, a daily MOCI-daily ozone correlation coefficient equal to 0.6 was found for the whole period. The
degree of correspondence between ozone events (defined according to the European Air Quality Directive) and
MOCI events was also investigated pointing out that 86% and 95% of days during ozone events are correctly
predicted by events of recorded and modeled MOCI respectively, with a corresponding false alarm rate of 3% and
9%.

the hydroxyl radical (OH) in the presence of reactive nitrogen oxides
(NOx) and sunlight (Jacob and Winner, 2009; Jenkin and Clemitshaw,
2002). Species such as CO, CH4, NMVOCs and NOx are called “ozone
precursors”.

Ozone is dangerous for human health since it is a powerful oxidant
that can react with a wide range of cellular components and biological
materials. It may affect tissues of the respiratory tract or lung with
symptoms such as cough, throat irritation, chest tightness, asthma at-
tacks. In particular, it may cause asthma especially in children (Lee
et al., 2004; Pollock et al., 2017; Wilhelm et al., 2009) or inflammation
of the mucous membranes of the upper respiratory tract (Von Mutius,

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) recently
estimated that a global warming approximately equal to 1.0 °C above
pre-industrial levels have occurred and that such “global warming is
likely to reach 1.5 °C between 2030 and 2052 if it continues to increase
at the current rate” (IPCC, 2018).

The urban environment is particularly affected by such temperature
increase, because of the urban heat island phenomenon (Falasca et al.,

2016), with important consequences on the well-being and health of the
inhabitants, from different points of view including thermo-hygrometric
comfort and air quality (Salata et al., 2017a, 2017b).

Surface ozone is a pollutant included in the list of species affecting
human health, vegetation and ecosystems (Block et al., 2012). It is a
secondary species produced in the troposphere by oxidation of CO,
methane, and non-methane volatile organic compounds (NMVOCs) by
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2000). The higher sensitivity of some individuals to the effects of this
species can be linked to genetic predisposition (Gilliland, 2009). Most of
the evidence on effects of ozone in concentrations common in the
troposphere relates to short term (hours) exposures (EEA, 2016; Euro-
pean Environmental Agency, 2019). Hence, it is crucial to control ozone
formation to prevent negative effects on human health.
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Nomenclature

A standard deviation over the dataset

a in the (2x2) contingency table, the number of hits

ARPA Regional Environmental Protection Agency (“Agenzia
Regionale per la Protezione Ambientale”, in Italian)

b in the (2x2) contingency table, the number of false alarms

BEP Building Environment Parameterization

c in the (2x2) contingency table, the number of misses

Cm modeled values

Co observed values

d in the (2x2) contingency table, the number of correct
negatives

EEA European Environment Agency

FAC2 Fraction of modeled values within a faction of two of
observations

FR False alarm Rate

GFS Global Forecasting System

HR Hit Rate

HW Heat Wave

IPCC Intergovernmental Panel on Climate Change
MB Absolute Mean Bias

MOCI Mediterranean Outdoor Comfort Index [-]
NCEP National Center for Environmental Prediction
NMSE  Normalized Mean Square Error

NMVOCs non-methane volatile organic compounds
O3 surface or ground level ozone concentrations [pgm*3]

038h 8-h running mean [pgm 3]
OMD “Osservatorio Milano Duomo” (in Italian) foundation
PBLH Planetary Boundary Layer Height [m]

R correlation coefficient

RMSE Root Mean Square Error
SOER Report on the State of the Environment in Europe
WHO World Health Organization

WRF Weather Research and Forecasting model

According to the Report on the State of the Environment in Europe
(Axiak and Sammut, 2002), 95% of the European urban population is
exposed to concentrations of ozone above World Health Organization
(World Health Organization, 2005) air quality guidelines, even if the
reduction in emissions has led to a general improvement in air quality
(European Environmental Agency, 2019; World Health Organization,
2005). Analysis of surface ozone trends carried out within the Tropo-
spheric Ozone Assessment Report (Schultz et al., 2017) underlines that
there is “less evidence for decreases of daytime average ozone at urban
sites”, compared to a decrease in ozone pollution in Europe (Chang et al.,
2017).

Ozone pollution is critical usually in summer and for this reason the
period from May through September is called the “ozone season”. Due to
the photochemical nature of the production processes, the connection
between concentrations of surface ozone and meteorological variables
(e.g. temperature, humidity, stability, wind speed, mixing depth) has
been widely investigated (Otero et al., 2016; Porter et al., 2015; Porter
and Heald, 2019). In particular, the key-role of the temperature on the
ozone production is well recognized (Otero et al., 2016) and therefore
still explored (Porter and Heald, 2019). In the context of a climate
change with increasingly frequent and intense heat waves (HWs), recent
studies focused also on the effect of HWs on ozone pollution both
considering past HWs and climate change projections (Krug et al., 2019;
Orru et al., 2019; Pyrgou et al., 2018). For example (Meehl et al., 2018),
showed that surface ozone concentrations increase about 10%-60% on
future HW days compared to non-HW days. Therefore, during high
temperatures events, people are exposed to multiple risks, both thermal
stress and ozone pollution. In this regard, Stowell et al., 2017 found out
that under the Representative Concentration Pathways RCP8.5, in-
creases in ozone concentrations are expected to product over 2200
additional premature deaths per annum in the US.

In order to limit human exposure to this pollutant and its impact on
health, the European Directive 2008/50/EC on ambient air quality and
cleaner air for Europe (implemented in Italy with the D.Lgs. 155/2010
(Presidente and Repubblica, 2010)) defines the following thresholds of
ozone concentration for the protection of human health and vegetation:
i) a long-term objective, expressed in terms of maximum daily 8-h mean
and equal to 120 pgm~3; ii) an information threshold, expressed in terms
of hourly averaged value and equal to 180 pgm~3; ii) an alert threshold,
expressed in terms of hourly averaged value and equal to 240 pgm .

As previously mentioned, another crucial aspect for the well-being of
people especially in the frame of the climate change, is the thermo-
hygrometric comfort. It is influenced by local microclimatic variables
(e.g. temperature, wind speed, solar radiation, etc.) having a key-role

also in the production of surface ozone. Temperature is the parameter
most influencing outdoor comfort, but also the other microclimatic
quantities play an important role. The outdoor thermo-hygrometric
comfort can be quantified by means of suitable indexes, usually char-
acteristic of specific geographical areas and populations. These indices
are obtained on the basis of correlations between the values of measured
meteorological quantities representative of the local microclimate and
the thermo hygrometric sensations of a statistically valid sample of in-
dividuals making up the norm type of the population analyzed (Salata
et al., 2016a).

Although extensive literature concerns ozone formation and outdoor
thermo-hygrometric comfort, the question of possible relationships be-
tween these two parameters has not been addressed to the same extent.

The quality of urban outdoor spaces is considered a crucial goal for
designers, engineers, urban planners, and lawmakers, etc. (Rosso et al.,
2018). Therefore, a great effort is made all over the world to find solu-
tions improving the quality of life in existing (even historical) neigh-
borhoods and ensuring a high quality of life in neighborhoods to build,
both from the point of view of thermal comfort and air quality (Deng and
Wong, 2020; Rosso et al., 2018; Yuan et al., 2014). For example, (Kriiger
et al., 2011) observed and estimated relations between urban geometry
and modifications in pedestrian thermal comfort and air quality within a
city center in Brazil. (Falasca and Curci, 2018a) and (Falasca et al.,
2019) studied the effect of mitigation strategies on air quality and also
on outdoor comfort. However, a deep investigation on the environ-
mental conditions determining a coexistence of poor outdoor air quality
and thermo-hygrometric comfort is lacking in the scholarship. There-
fore, this work is aimed at identifying and analyzing co-occurrences of
thermo-hygrometric stress and heavy ozone events in the metropolitan
area of Milan (Italy).

The period considered in this research runs from 1st May to 30th
September, 2015. The choice of the year 2015 is due to the fact that it
was characterized by the WHO as being a historically warm year glob-
ally. On average over Europe, 2015 was “the warmest year on record to
that point” and the series of HWs affecting Europe from May to
September 2015 resulted in high tropospheric ozone levels (European
Environment Agency, 2017). During the year 2015, in Europe “41% of
all stations reporting ozone with the minimum data coverage of 75%
showed concentrations above the target value for the protection of
human health”, a considerably higher percentage than over the previous
5 years. Moreover, only 13% of all stations fulfilled the long-term
objective, while 88% of the stations with exceedances of this value
were background stations (European Environment Agency, 2017).

In the present work, the ozone season of year 2015 is characterized in
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Table 1
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Characteristics of the monitoring stations: species, network, name, geographical coordinates. For the air quality station, also the zone, the type and the international

code are specified.

Species Network Name Latitude Longitude Zone Type International Code
Weather OMD ClimateNetwork® Citta Studi 45.479995 9.229652 - - -
Air quality ARPA Pascal Citta Studi 45.4780 9.2360 Urban Background IT1692A

Fig. 1. The urban area of Milan (Italy). Red dots represent the monitoring stations, with the number 1 marking the weather station and the number 2 marking the air
quality station. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

terms of 8-h running averages (calculated from hourly recorded data,
according to the European Directive, 2008/50/EC) and daily concen-
trations for surface ozone and in terms of hourly and daily values of
Mediterranean Outdoor Comfort Index (MOCI), in order to find out
potential coexistences of thermo-hygrometric stress and poor air quality
circumstances. Thermo-hygrometric conditions consider other sides of
the pedestrians’ well-being in addition to the thermal side (indeed, the
MOCI equation also contains wind speed, humidity and solar radiation).
For this reason, the MOCI index is used for this analysis rather than only
temperature.

2. Materials and methods
2.1. Characteristics of the study city

Milan is an important European economic, financial and cultural
center. With about 1 million and 500 thousand inhabitants, it is the
second most populous city in Italy (Municipality of Milan, 2020). It is
located at the foot of Alps, in the center of the Po Valley, at about 120 m
above the sea level.

The Po Valley is a geographical area of alluvial origin, unitary from
the morphological and hydrographic points of view. Placed in southern
Europe, it extends along northern Italy mainly within the water

catchment area of the Po river, delimited by Alps to the North and West,
the Northern Apennines to the South and the Upper Adriatic to the East.
The Po Valley basin a humid temperate climate with very hot summer
(Cfa, according to the Koppen-Geiger classification), when maximum
temperatures can reach values higher than 38 °C. For example, the
temperature reached 43 °C during the 2003 summer, under subtropical
anticyclone conditions. Another characteristic of the Po climate is the
lack of ventilation, which makes summer days even hotter and muggier,
and generally amplifies the stagnation of pollutants, making the Po
Valley one of the most polluted areas in Europe.

2.2. Observations

In this work, data from a weather station and an air quality station
are used. Data of air temperature, wind speed intensity, relative hu-
midity, solar radiation were acquired by the “Pascal Citta Studi” weather
station included in ClimateNetwork® of the Osservatorio Milano Duomo
(OMD) foundation. Air temperature and wind intensity are used for the
evaluation of the model performance, while all the weather variables are
used for the computation of the MOCI. Data of ozone surface and NOy
concentrations were downloaded from the website of the Regional
Environmental Protection Agency (Italian acronym, ARPA) of the
Lombardia region (“ARPA - Environmental issues/Air/Detection
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Fig. 2. Properties of the model domains: Geographical areas covered by the domains (Europe, Italy, North- Western Italy, urban area of Milan). Different colors
correspond to different grid resolution. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

network,” 2020). The two selected stations are close, located in the same
urban pattern and next to two parallel urban canyons. Their character-
istics (species, name, geographical coordinates and zone, type and In-
ternational code for air quality stations) are summarized in Table 1 and
their geographical location is shown in Fig. 1.

2.3. The Mediterranean Outdoor Comfort Index

The MOCI equation, obtained through a transversal field survey in
Rome by (Salata et al., 2016b) originally included the mean radiant
temperature calculated using the globe temperature and the air
temperature.

The MOCI is an index based on an ASHRAE (American Society of
Heating, Refrigerating and Air-Conditioning Engineers) 7-point scale
[-3; —2; —1; 0; +1; +2; +3], obtained thanks to a robust statistical
survey. Such survey consisted in the compilation of a questionnaire
involving a statistically valid cross sample and simultaneously the
measurement of micro-meteorological quantities (air temperature,
average radiant temperature, relative humidity, wind speed and global
irradiation).

Subsequently, a relationship useful to predict (more precisely than
other previous indices) the sensations of a norm type belonging to the
Mediterranean population (i.e., habitually living in the Csa zone of the
Koppen- Geiger climate classification (F. Salata et al., 2017a, 2017b;
Salata et al., 2018a, 2018b)) was obtained through a Subsets Analysis.

Since the radiant temperature is not available in some applications,
the Authors subsequently modified the equation in order to obtain a new
version of the MOCI equation where the average radiant temperature is
replaced by the total incident solar radiation. In this work, the following
modified version of the MOCI equation is applied (Falasca et al., 2019):

MOCI = — 4.257 + 0.325-I¢;, + 0.146-T4 + 0.005-RH + 0.001-Ig
—0.235-WS (€]

where I¢, is the thermal clothing insulation, T4 is the ambient temper-
ature, RH is the relative humidity, Is is the total incident radiation and
WS is the wind speed intensity.

The thermal clothing insulation is a function of the ambient tem-
perature ( T4 ) and is computed as:

I, =1.608 — 0.038-T, 2)

Similarly to other indices, it is dimensionless and it is normally
comprised in the range between —3 and +3. Values between —0.5 and +
0.5 correspond to thermo-hygrometric comfort conditions, while values
lower than —0.5 and higher than +0.5 correspond to cold and hot
conditions, respectively. In environments characterized by severe
weather conditions, MOCI can be lower than such values and this means
an important physical stress for people, due to extreme conditions
compared to the needs of body thermoregulation. In this work, the
threshold for well-being thermal condition is established at 0.5 (Golasi
et al., 2016).

2.4. Ground-level ozone and standards

The second edition of the World Health Organization (WHO) Air
quality guidelines for Europe established the guideline value for ozone
at 120 pgm ™ for the 8-h daily average. However, according to the last
version of the WHO Guidelines (dated back to 2005) new evidence from
epidemiological studies reveal health effects at concentrations below the
guideline level and positive associations between daily mortality and
ozone levels. For these reasons, WHO reduced the guidelines level (for
the daily maximum 8-h mean) from 120 pgm™~> to 100 pgm ™3 (World
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Table 2
Physics options used for simulations with the WRF model.

Category Physics option

WSM6

RRTMG scheme

RRTMG scheme

Revised MM5 Monin-Obukhov

unified Noah land-surface model

Bougeault and Lacarrere

Building Environment Parameterization (BEP)

Microphysics

Long wave radiation
Short wave radiation
Surface layer

Land Surface

Planetary Boundary Layer
Urban Physics

Health Organization, 2005). However, in the European Directive on
ambient air quality and cleaner air for Europe (2008/50/EC) (Parlia-
ment et al., 2008), implemented in Italy with the D.Lgs.155/2010
(Presidente and Repubblica, 2010), the long-term objective is fixed to
120 pgm~>. In the same Directive, two other thresholds are specified,
that is the information threshold and the alert threshold. Both are
expressed in terms of hourly averaged value and are equal to 180 pgm 3
and 240 pgm 3, respectively.

2.5. Model configuration

The Weather Research and Forecasting (WRF) model is used to
reproduce the meteorological field in the urban area of Milan. The WRF

0,6
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model is a non-hydrostatic model, based on fully compressible Euler
equations and described in detail in (Skamarock et al., 2008). It is widely
used by research groups worldwide for meteorological and multidisci-
plinary applications. Here, the configuration tested in (Falasca and
Curci, 2018b) and applied in (Falasca and Curci, 2018a), (Ciancio et al.,
2018) and (Falasca et al., 2019) is adopted, with the only difference that
two-way nesting is used instead of one-way nesting. The geographical
areas covered by the four nested domains are visualized in Fig. 2, where
different colors stand for different resolution of the horizontal grid. More
in detail, domain 1 (framed in black in Fig. 2) covers Europe and is
characterized by the coarsest horizontal resolution, equal to 36 km.
Domain 2 (framed in white in Fig. 2) covers Italy and has a horizontal
resolution of 12 km. Domain 3, covering the North-Western Italy with a
horizontal resolution of 4 km, is framed in green in Fig. 2. Domain 4
(framed in orange in Fig. 2), centered over the urban area of Milan,
presents the highest horizontal resolution, equal to 1.333 km. The ver-
tical grid is common to the four domains and includes 33 eta vertical
levels, with 11 levels in the first kilometer above the ground. The first
level is at about 23 m and the top at 50 hPa. Initial and global boundary
conditions are the Global Forecasting System (GFS) operational analyses
of the National Center for Environmental Prediction (NCEP), with a
spatial resolution of 1 ° x 1 ° and a temporal resolution of 6 h (National
Centers for Environmental Prediction/National Weather Service/-
NOAA/U.S, 2000). Land use information are provided by the MODIS
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dataset. In order to include the effects of urban surface heterogeneity
and to reproduce the city-atmosphere exchanges within the urban can-
opy layer, a multi-layer urban canopy model is used, that is the Building
Environment Parameterization (Martilli et al., 2002). Other physics
options characterizing the WRF configuration are listed in Table 2.

2.6. Model evaluation

Consistently with the common use, the evaluation of the WRF model
performance was carried out by comparing the hourly temperature and
wind speed simulated by the WRF model with those acquired by the
OMD weather station. The station considered does not provide any ob-
servations on the height of the planetary boundary layer (PBLH),
therefore it is not possible to make a comparison of the simulated and
observed values of this parameter. The following statistical parameters
(Egs. (3)-(8)) were computed to measure the reliability of the applied
setup (Chang and Hanna, 2004):

Absolute mean bias (MB):

MB=]|C, — C,, 3)
— fractional bias (FB):
(c:-&)
FB=—7—""+ C))
05 (cg + c)
— correlation coefficient (R):
o c)fe )
R= %)
0c,0c,
— normalized mean square error (NMSE):
2
NMSE = M 6)
CO CIYI
— root mean square error (RMSE):
RMSE=1/(C, — C,)’ (7)

— fraction of modeled values within a faction of two of observations
(FAC2):

C,
0.5 SC— <20 (8a)

where:
— G, represents modeled values;
— C, represents observed values;
— overbar C represents average over dataset;
— oc represents the standard deviation over the dataset.

3. Results

This section illustrates: i) hourly values of weather variables (air
temperature, wind speed, relative humidity and solar radiation) ac-
quired by the OMD station; ii) hourly values of MOCI computed using
these weather variables; iii) hourly values of surface ozone and NO,
concentrations acquired by the air quality station; iv) hourly values of
the PBLH simulated through the WRF model.

Environmental Research xxx (xxxx) xxx

Table 3
Mean statistical parameters for the evaluation of the WRF model at the OMD
weather station.

MOCI Temperature ~ Wind Solar
Speed radiation

Relative
Humidity

> Mean Absolute 0.049 0.19 0.046 48.36 3.08
Bias (MB)

> Fractional Bias -0.10
(FB)

> Correlation 0.98 0.90 0.45 0.93 0.72
Coefficient (R)

> Normalized 0.14
Mean Square
Error (NMSE)

> Root Mean 0.18 2.4 0.92
Square Error
(RMSE)

> Fraction of 0.63 1 0.75 0.43 0.99
predictions
within a factor
of two of
observations
(FAC2)

—0.00065 -0.027  0.18 0.057

6.4-107° 0.28 0.26 0.055

132.15 12.77

For MOCI and ozone, also daily values are illustrated and analyzed:
the daily value for ozone is computed as the maximum daily value of the
8-h mean of the hourly concentrations, in accordance with the European
Directive on ambient air quality (Parliament et al., 2008). The daily
value for MOCI is defined as the maximum of the hourly values of each
day.

The evaluation of the WRF model performance in simulating weather
variables is also carried out.

3.1. Evaluation of model performance

Fig. 3 compares the average daily cycle of MOCI (Fig. 3a) and
meteorological variables (temperature, wind speed, solar radiation and
relative humidity) acquired in the 2015 ozone season (May-September)
by the OMD weather station, with the modeled values of the same
quantities. MOCI values have been computed using both the recorded
and simulated values of the weather quantities and following equation
(1). Values of mean statistical parameters (defined in Section 2.6) used
for the evaluation of the model’s performance throughout the entire
ozone season are collected in Table 3.

A perfect model should have MB, FB, NMSE and RMSE equal to zero
and R and FAC2 equal to one.

The comparison between the recorded MOCI and the simulated
MOCI (Fug. 3a) shows an underestimation by WRF during the night and
an overestimation during the daytime. As will be discussed in more
detail later, such overestimation can have positive implications in some
applications of the model. The overestimation of MOCI by WRF is
mainly a consequence of the positive bias of the temperature (Fig. 3b)
and of the wind speed (Fig. 3c), which are characterized by the highest
multiplicative coefficients in equation (1). In particular, temperature is
also included in the term of thermal clothing insulation in equation (1).
Relative humidity and solar radiation have much lower coefficients (in
equations (1), 0.005 and 0.001 respectively), so their bias do not
significantly influence the MOCI bias.

Table 3 shows that the fractional bias is included in a range between
the very low value of the temperature (—0.00065) and the high value of
the solar radiation (0.10). The R coefficient is low for the wind speed
(0.45) while it reaches values characteristic of a very strong linear
relationship for MOCI, Solar Radiation and temperature.

The FAC parameter is maximum and equal to 1 and 0.99 for tem-
perature and relative humidity, while it is quite low for solar radiation
(0.43).

Overall, although Table 3 shows that some quantities are much
harder to simulate, according to the criteria provided by (Hanna and
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Chang, 2012) the tested WRF configuration is judged suitable for the
simulations carried out in this work. In particular MOCI, that is the focus
of this study, exhibits a good agreement between observed and modeled
values.

With respect to the results of the work by (Falasca et al., 2019),
where a 10-day period during July 2015 was simulated, the application
of this modified setup (two-way nesting vs. one-way nesting) involves a
decrease in the temperature nighttime bias from 4 °C to less than 2 °C,
while the performance slightly worsen in the central hours of the day. As
for the wind speed, an improvement in the model performance can be
observed compared to previous applications over Milan (Falasca and

Curci, 2018b).

3.2. Characterization of the ozone season by means of hourly values

This section includes hourly data of weather parameters and pol-
lutants, both observed and simulated. In particular, the 8-h running
averages are shown for the ozone, calculated from hourly data according
to the European Directive 2008/50/EC.

Figs. 4 and 5 show the cumulative curve and the percentage distri-
bution of hourly MOCI values and 8-h running averages of ozone con-
centrations in the period May-September 2015. The range of the MOCI
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values corresponding to thermal well-being conditions is emphasized
thanks to the green area in Fig. 4a. And the values of attention and alarm
thresholds defined in the European directive (Parliament et al., 2008)
are visualized in Fig. 5a by means of the yellow and red vertical line,
respectively.

Fig. 4a show that about the half of the total of hourly MOCI records is
lower than thermal comfort conditions, while 7% is higher than thermal
comfort conditions. Therefore, about 40% of total MOCI records are
included in the thermal comfort range. Furthermore, the very low slope
of the curve at the lower end of the range indicates that few records take
on these values. For example, only 9% of records are less than —1.5.
While the MOCI hourly records are mainly concentrated in the center of
the observed range, the ozone records are concentrated towards the left
part of the x axis.

Concerning hourly ozone records, the percentage of records above
the European warning and alarm thresholds are very slight, less than
1%. The very high slope of the graph between 25 pgm > and 100 pgm >
means that a large amount of data is concentrated in this range. In fact,
these values correspond to percentage values equal to 96% and 26% in
the cumulative curve (Fig. 5a) and also in the distributive curve (Fig. 5b)
the bars included in this range are characterized by the highest per-
centages (up to 26%).

Fig. 6a and b shows the percentage distribution of the hourly values
of MOCI and the 8-h running averages of ozone during the weeks of the
2015 ozone season. For both parameters, the range of observed values

was divided into 5 ranges taking into account the thresholds used for the
identification of outdoor thermal stress events and severe ozone events
(described in sections 2.3 and 2.4, respectively). For MOCI only one
threshold is defined (equal to 0.5), whereas for ozone three thresholds
are defined in the European Directive: the long term objective (equal to
120 pgm™>), the information threshold (equal to 180 pgm ) and the
alert threshold (240 pgm™~3).

As for MOCI, the lowest values (less than —1.5) are present in some
weeks during all the months of the ozone season 2015, except for the
month of July. In June such values represent a percentage of a few
percentage units, that is effectively negligible in the months of July and
August. Values in the range between —1.5 and 0.5 are the most abundant
and are present throughout the season. The MOCI assumes values be-
tween 0.5 and 1.5 only during June, July and August, with the highest
percentages in July. Still in July, the only hourly value higher than 1.5 is
observed. Basically, July is the month with the highest MOCI values.

Similar to MOCI, also for ozone July is characterized by the highest
values. All the weeks of the 2015 ozone season are characterized by
records in the range 0-60 pgm 3, with percentages ranging from 70 to
80% in the first and last week of the period, to less than 10% in the
central weeks of July. The 60-120 pgm > range is also widespread, with
almost equal percentages throughout the period. The 120-180 pgm >
range is mainly represented during the summer months (late June, July
and early August) with percentages up to 35%. In May and September,
most of records are under the threshold of 120 pgm™ and in particular
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Fig. 7. Values of quantities in the ozone season 2015
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more than 70% of records are lower than 60 pgm ™ in September.

More in detail, weeks number 5, 6, 9-18 present MOCI values linked
to thermo hygrometric stress issues. In the same periods, there is a
correspondence with the formation of high levels of ozone.

Fig. 7a and b shows the daily cycles of MOCI and O38h averaged over
the period May-September 2015, together with maximum and mini-
mum values for each hour of the day during the same period. The
maximum and minimum values give the amplitude of the range in which
the records of each quantity are included for each hour of the day. As
regards the average daily cycle, that of the MOCI (Fig. 7a) has its min-
imum equal to about —1 at 6:00 a.m. and its maximum equal to about
0.2 at 3:00 p.m. The maximum values of the MOCI present a trend
similar to the average daily cycle and are between 0 and 1.5. The min-
imum values, in contrast, have a trend greatly differing from the average
daily cycle between 10:00 and 20:00 and have records between —3.5
and —1.9. The average daily cycle of O38h (Fig. 7b) has minimum and
maximum values delayed with respect to MOCI: the minimum (equal to
45 pgm™~2) is at 8:00 a.m. and the maximum (equal to 115 pgm™>) is at
20:00. The minimum values are between 1.3 pgm ™~ and 42 pgm ™~ and
the maximum values are between 95 pgm > and 255 pgm >, with a
trend similar to that of the average daily cycle.

In this section also the linear correlation between ozone and the
following parameters is investigated: MOCI, weather quantities included
in the computation of MOCI (i.e. temperature, wind speed, relative
humidity, total radiation), PBLH and NOs. To this end, Fig. 8 visualizes
the scatter plot among each of the hourly quantities listed above.

Fig. 8 shows a positive and relatively high linear correlation (r =
0,56) between MOCI and O38h. Among the parameters in the expression
of the MOCI, a remarkable positive correlation can be observed between

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Hour [UTC]

temperature and ozone (r = 0.73, higher than that of MOCI-ozone), a
positive and much lower wind speed-ozone correlation (r = 0.22), a
negligible radiation-ozone correlation (r = 0.08). A negative correlation
is found between relative humidity and ozone (r = —0.57), and for both
PBLH and NO3-ozone correlations, which are very small and negative (r
= —0.21 and r = —0.29, respectively). For these parameters, there is a
decrease in ozone concentrations with increasing RH, PBLH and NO,
concentrations. This picture is consistent with expected dependence of
ozone on listed predictors (Porter et al., 2015; Porter and Heald, 2019).
On the other hand, MOCI is highly correlated with temperature (r =
0.94), and with solar radiation (r = 0.61) much more than ozone, and
anti-correlated with RH (r = —0.62). This highlights the strong rela-
tionship among ozone, MOCI and temperature.

3.3. Characterization of the ozone season by means of daily maximum
values

Since the thresholds for the identification of events characterized by
outdoor thermal discomfort and high ozone concentrations are
expressed in terms of maximum daily values, the characterization of the
2015 ozone season is carried out also in terms of daily maximum values
of MOCI and ozone.

Similarly to Figs. 4 and 9 illustrates the percentage distribution of
daily maximum values of MOCI and ozone in the five established ranges
(see Section 3.2), both in the whole period May-September (Fig. 9a and
c), than in the individual months (Fig. 9b and d).

Fig. 9a shows that most of the maximum daily MOCI values (98%)
are between —1.5 and 1.5, with a prevalence of values between —0.5 and
0.5 (48%). Only 2% of the total is represented by daily values lower than
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—1.5 or higher than 1.5. This implies that in 40% of the days in the
period May-September 2015, the outdoor thermal discomfort threshold
(equal to 0.5) was exceeded. As regards the temporal distribution of the
values included in the ranges considered, in May there are no exceed-
ances of the outdoor thermal stress threshold and that in 80% of days the
maximum daily MOCI is between —0.5 and 0.5 (Fig. 9b). On the con-
trary, in July in more than 80% of days there are conditions of outdoor
thermal discomfort. In the months of June and August 45% and 60% of
the days are characterized by exceeding the outdoor discomfort
threshold, while in September only one day has the maximum daily
MOCI greater than 0.5.

Fig. 9c shows that the daily ozone values are distributed almost
equally below and above long-term objective (55% are lower than 120
pgm > and 45% are equal to or greater than 120 pgm™>). In particular,
the interval between 60 pgm~> and 120 pgm~2 represents the highest
percentage (equal to 49%) of the entire period, values higher than the
information threshold (180 pgm’?’) represent 4% of the total, while the
alarm threshold of 240 pgm ™2 is exceeded only once.

Fig. 10a and b shows a good agreement between the seasonal trend of
daily MOCI and daily ozone values and the scatter plot in Fig. 10c shows
a strong correlation between the two quantities (R? = 0.6). As already
observed in (Falasca et al., 2019), despite the presence of a significant
heat wave in July 2015, the maximum daily MOCI is approximately
equal to 1.5 during the ozone season, which corresponds to a surface
ozone concentration of approximately 234 pgm>, the second highest
value of the 2015 season. The minimum MOCI value is approximately
—1.6 and the corresponding ozone concentration is approximately 87
pgm >, well below the long-term objective for human health.
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3.4. Characterization of outdoor thermo-hygrometric stress events

As specified in section 2.3, in the present study outdoor thermal
stress events are identified similarly to the definition of a Warm or Cold
Spell Index defined by the Expert Team on Climate Change Detection
Indices (ETCCDI, 2020), We define an “event” a period of at least six
consecutive days characterized by maximum daily values of MOCI or
ozone always above a given threshold. We set this threshold as 0.5 for
MOCI and 120 pgm 3 for ozone. In this way, five outdoor thermal stress
(MOCI) and five pollution (ozone) events have been recognized in the
2015 ozone season, with different duration and range of observations.
The characteristics of the thermal stress events (start and end dates,
duration, extremes of the range of values observed) are reported in
Table 4. The five ozone events are very similar to those identified on the
basis of MOCI threshold (not shown).

Consistently with Figs. 6 and 9, Table 4 shows that July is the month
most afflicted by outdoor thermal stress, both in terms of number and
duration of events. In fact, two events occur in July, lasting 13 and 15
days respectively. June, like August, presents an 8 days-long event at the
beginning and an event at the end. As mentioned in section 3.3 in the
comment to Fig. 9, the only occurrence of a daily maximum MOCI
higher than 0.5 occurs in September, and such day is part of the last
event of the season.

To analyze the relationship between daily ozone and MOCI during
the five thermal stress events, Fig. 11 and Fig. 12 display the temporal
trends of the two quantities and the boxplot of MOCI and ozone during
the events and non-event periods. Fig. 11 visualizes MOCI values on the
left y-axis, while it visualizes ozone concentration on the right y-axis, for
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Fig. 9. Percentage distribution of the daily maximum values of MOCI and ozone in the period May-September (a—c) and in the individual months (b-d).

each thermal stress event. This figure confirms a very similar trend of
daily values of MOCI and ozone, as already observed for the entire
dataset of daily values (Fig. 10).

In Fig. 12 the distribution of ozone during each of the five MOCI
events is compared to the distribution during non-events, and the same
for MOCI distribution as a function of ozone events. In this kind of
representation, the notch displays a confidence interval around the
median. The event/non-event periods are clearly separated: both ozone
and MOCI during events are much higher than during non-events, with
high statistical significance (as denoted by the non-overlapping notches
of the boxplots), while among the events the differences are statistically
insignificant (as denoted by the overlapping notches).

3.4.1. The degree of correspondence between MOCI events and ozone
events

In Table 5 we further quantify the degree of correspondence between
MOCI and ozone events through the 2x2 contingency table calculated
with counts of event/non-event days in the two event classifications.
More in detail, Table 5 is based on MOCI computed using the variables
both recorded by the OMD weather station (hereinafter, recorded MOCI)
and simulated by the WRF model (hereinafter, simulated MOCI). In this
table, a, b, c and d represent the number of hits, false alarms, misses and

11

correct negatives respectively. Based on these outcomes, the Hit Rate
(HR) and the False Alarm Rate (FR) can be computed. The HR and FR are
defined as (equations (8) and (9)):

a

HR = p (8b)
and

b
FR:m 9

Both parameters have a range from O to 1. In this application, the HR
represents a measure of the probability of detection of ozone events
thanks to the MOCI events, while the FR represents a measure of the
probability of false detection of ozone events by means of MOCI events.

The overestimation of the MOCI values by the WRF model leads to an
increase in the values of a and ¢ (sum of the number of days of MOCI
events) and a decrease in the values of ¢ and d (sum of the days of non-
event days of MOCI). However, the sum of a and ¢ and b and d is the
same in Table 5, as it represents the sum of the days of ozone events and
non-ozone events, respectively. Therefore, using the simulated MOCI
entails an increase in the days of ozone events detected by MOCI events
(53 instead of 48, Table 5) and a decrease in the days of ozone events not
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Fig. 10. Daily maximum data for MOCI and ozone: a) seasonal trends; b) scatter plot with correlation coefficient.

detected by MOCI events (3 instead of 8, Table 5). On the other side, the
model’s overestimation of the MOCI involves 9 days of false alarms
procured by simulated MOCI rather than 3 days of false alarms procured
by recorded MOCI (Table 5).

The HR is equal to 0.86 for the recorded MOCI, while it is equal to
0.95 for the simulated MOCI. The FR is equal to 0.03 and 0.09 for the
recorded and simulated MOCI, respectively. Using the simulated MOCI
instead of the recorded MOCI, both HR and FR increase. In particular,
HR reaches almost the ideal value characteristic of a perfect corre-
spondence, i.e. 1. On the other side, although generally speaking the
increase of FR implies a decay of the MOCI events-ozone events corre-
spondence, in this application such increase appears to be defensive and
not damaging to public health.

12

4. Discussion

The analysis performed in this study allows to correlate MOCI values
with ozone concentrations during the May-September period of the year
2015 and to achieve the following findings:

— there is a time phase shift between the maximum values in the daily
cycles of MOCI (mean of the hourly measured values) and ozone (8 h
running mean of the hourly measured values), with a delay of about
5 h of the ozone maximum compared to MOCI. This means that,
although the perception of thermal stress occurs in the central hours
of the day, even the early hours of the evening is unsafe in terms of
ozone concentration.
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Table 4
Characteristics of the outdoor thermal stress events: start and end dates, duration (days), extremes of the range of values observed for MOCI and ozone.
Event  Start — End Duration “Minimum daily MOCI during ~ "Maximum daily MOCI during ~ “Minimum daily O38h during "Maximum daily 038h during
Dates (days) the event the event the event the event
1 2nd Jun - 9th 8 0.5 0.9 114.5 169.1
Jun
2 26th Jun - 8th 13 0.5 1.5 128.4 254.8
Jul
3 11th Jul - 15 0.8 1.5 121.7 171.5
25th Jul
4 2nd Aug - 9th 8 0.5 1.5 110.1 185.9
Aug
5 26th Aug — 1st 7 0.6 1.1 108.8 166.6
Sep

# Minimum among daily values of the parameter for each event.
Y Maximum among daily values of the parameter for each event.
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Fig. 11. Temporal trends of daily MOCI and O3 during the thermal stress events.
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Table 5
Contingency table of the correspondence of recorded and simulated MOCI and
ozone events (days).

MOCI events Ozone events

Event Non-Event
Recorded Event a=48 b=3
Non-event c=8 d=94
Simulated Event a=>53 b=9
Non-event c=3 d=288

— Based on the high correlation factor, MOCI proves to be an ozone
enhancement factor in the same way as temperature, enclosing the
effects of the weather quantities composing it.

— All thermal stress events (daily MOCI > 0.5) are characterized by
values of the daily ozone higher than 100 pgm 3, guideline level
specified by the World Health Organization. Even if most of such
values do not represent exceedances of the long-term objective
(equal to 120 pgm ) defined in the effective European Directive on
Air Quality, they constitute a risk for the health of people.

— The strong correlation between daily MOCI and ozone during the
thermal stress events implies that as the MOCI (and therefore ther-
mal discomfort) increases, the daily ozone concentration increases
consequently. Therefore, in these periods there is a double risk for
the population, both in terms of outdoor discomfort and in terms of
air quality.

— The classification of recorded MOCI events appears to be a good
predictor of ozone event classification with a hit rate of 0.86, indi-
cating that 86% of days during ozone events are correctly predicted
by MOCI events, and a low false alarm rate of 3%.

— The use of the MOCI simulated by the WRF model improves the hit
rate getting it up to 95% and at the same time increases the false
alarm rate from 3% to 9%.

Conclusions

In the present article an investigation of the May-September period
(defined as the “ozone season”) of 2015 has been performed in terms of
the outdoor thermo-hygrometric comfort index MOCI and ground levels
of ozone in Milan (Northern Italy). This city was chosen as a case study
because it is a large urban area, heavily populated, located in the center
of the Po Valley, characterized by critical air quality issues.

The main findings of this study concern the strong correlation be-
tween the daily MOCI and daily levels of surface ozone, both during the
whole ozone season (correlation coefficient equal to 0.6) and during the
individual thermal discomfort events (correlation coefficients between
~0.6 and ~0.8). Moreover, results show that thermo-hygrometric stress
conditions generally add on poor air quality conditions, with significant
implications on the human well-being and health, especially for subjects
at risk (e.g. chronic ill and elderly).

The evidence of co-existence of thermo-hygrometric discomfort and
poor air quality circumstances can also have implications from the point
of view of forecasting and control methods of high levels of surface
ozone. In fact, given the reliability achieved by the forecast weather
models, the knowledge of the correlation between the two quantities can
be useful for making a prediction of associated events of MOCI and high
concentrations of surface ozone. Furthermore, since it is not always
possible to have records on ground level ozone, it would be useful to
determine statistically robust correlations that can help predict these
concentrations as a function of easy-to-monitor environmental in-
dicators (using data from local meteorological variables, such as for
MOCI).

Air quality models are a valuable tool for predicting high concen-
trations of ground level ozone. Such models are quite complex and
require input data that have to be accurate to ensure good performance.
In the past we studied some aspects of this subject (e.g. (Falasca and
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Curci, 2018b)).

In the present study, results show that severe ozone events and MOCI
can be predicted by means of weather variables, without the use of
chemical modules, for example with the WRF model. This tool could not
replace air quality models in quantifying ozone concentrations, but it
could provide information for the identification of critical conditions for
the public health. Furthermore, the use of the WRF model (or similar
models) allows to detect severe ozone events both spatially and
temporally.

Although the strong correlation identified is highly specific to the site
considered and this study relates to a single pair of weather-air quality
stations, this study may constitute the first step in the exploration of a
research field of which little is known at present, and motivates the
possible development of a new joint thermal stress-air pollution index.
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