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Abstract

:

The thermo-hygrometric sensation of pedestrians in outdoor environments can be quantified by means of bioclimatic indices. In this work, the Mediterranean Outdoor Thermal Comfort Index (MOCI) is applied in the city of Rome (Italy) for the purpose of investigating the effect of local environmental conditions (urban, suburban, rural) on pedestrian thermal comfort. Hourly values of MOCI are calculated for the May–September period in the years 2015–2021 using weather quantities acquired by the four monitoring stations of the Regional Agency for Environmental Protection included in the metropolitan area of Rome. MOCI data are analyzed based on the comfort and (cold/hot) discomfort conditions during both daytime and nighttime. At the urban station, 26% of daily records exceed the comfort threshold revealing the effect of urban overheating, whereas only 0.1% of hot discomfort occurrences are recorded overnight. Here, greater nighttime thermal comfort is experienced than in non-urban locations suggesting that the nocturnal thermo-hygrometric conditions are satisfactory for inhabitants in downtown Rome, despite the urban heat island. It also suggests that other factors, such as orography and atmospheric circulation, influence outdoor thermal comfort. The development of this work will therefore include at least these two elements.
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1. Introduction


Given the progressive urbanization of the global surface [1], a growing percentage of people live in metropolises and are exposed to widely investigated issues such as poor air quality [2] and thermal discomfort [3]. “Thermal Comfort is that condition of mind that expresses satisfaction with the thermal environment” (ASHRAE Standard 55). This definition leaves open what is meant by the condition of mind or satisfaction, but it correctly emphasizes that the judgment of comfort is a cognitive process involving many inputs influenced by physical, physiological, psychological, and other processes [4,5,6]. Different approaches are used to assess the outdoor thermal comfort in cities characterized by different climates (e.g., Brazil [7], Hong Kong [8], The Netherlands [9], Spain [10], and other European cities [11], United States [12], and India [13]). As is well known, built areas alter the local surface energy balance, impacting micrometeorological variables (e.g., air temperature and humidity) and local atmospheric circulation, with consequences for pedestrian comfort conditions. In particular, some scholars focused on the relationship between geometric features and comfort (e.g., aspect ratios and sky view factors [14]). Shahfahad et al., 2022 [15] highlighted the correlation between the size of built-up areas and the worsening in thermal comfort in recent decades in Delhi (India). Van Hove et al., 2015 [16] ascribed the higher number of discomfort hours in Rotterdam to “much lower winds in urban areas”. A general enhancement of the outdoor thermal comfort due to urban green spaces was detected by [17]. At the same time, the effectiveness of different heat mitigation strategies is investigated in order to define good practices for the sustainable development of cities, especially in the context of climate change. The most popular mitigation techniques are high-albedo materials [18], vegetation/green coverage [19], urban geometry, water-based systems [20], and the combinations of these [21,22]. Recently, some reviews discussed the latest findings on this topic [23,24].



It is important to highlight that outdoor thermal comfort is usually studied with different approaches or “models”, such as bioclimatic indices [25]. Several bioclimatic indices have been proposed in the last decades to quantify outdoor thermal sensation. They are based on different rationales and can be grouped into rational, empirical, and direct indices [26]. Site-specific empirical indices have been designed/developed for specific geographical areas, such as the thermal comfort Index for cities of Arid Zones (IZA) [27], and the Mediterranean Outdoor Thermal Comfort Index (MOCI) [28], Turkish Outdoor Comfort Index (TOCI) [29]. A comprehensive examination of bioclimatic indices can be found in [30].



In this work, MOCI is applied to investigate the effect of local environmental conditions on the thermo-hygrometric comfort of pedestrians in Rome (Italy). Rome has been chosen as a case study since it is the most populous city in Italy, as well as its capital, and has peculiar morphological characteristics due to its ancient origin. The phenomenon of the urban heat island in Rome has been extensively studied from different points of view. Ciardini et al., 2019 [31] investigated the interconnections between the urban heat island and the spatial and temporal micrometeorological variability. Morini et al., 2018 [32] found that increased albedo can favor the mitigation of the urban heat island and proposed a new numerical parameterization able to better represent the Rome morphology. Di Bernardino et al., 2022 [33] analyzed through numerical simulations the interaction between atmospheric circulation and urban heat island in Rome, evaluating the impact of land use and thermal/physical properties of the surfaces. The outdoor thermal comfort in Rome has been also investigated in relation to heat waves and mitigation strategies [34], daily shading [35], tourism [36], everyday movements of people [37], and historical urban canyons [38]. However, the link between thermo-hygrometric comfort and the local environment is poorly explored.



In the present study, four in-situ meteorological stations, belonging to the micrometeorological monitoring network managed by the Regional Agency for Environmental Protection (ARPA Lazio) are considered. The location of the four weather stations allows the link between thermal comfort and local environmental conditions to be adequately explored. Furthermore, the temporal coverage of the data (from 2015 to 2021) can be considered sufficiently representative of the local weather conditions.



The paper is structured as follows: Section 2 presents the material and methods of the proposed work, with the presentation of the area of interest and the description of the dataset and of the MOCI index. The main results of the study are presented and discussed in Section 3, while the main findings are summarized in Section 4.




2. Materials and Methods


In this work, the outdoor thermal comfort in the metropolitan area of Rome is quantified through the MOCI index during the May–September months from 2015 to 2021. As described in Section 2.3, the computation of MOCI requires weather variables supplied by the monitoring stations of ARPA Lazio micrometeorological monitoring network. In the following subsections, the study area and the methodology are described in detail.



2.1. The Study Area


Rome is the Italian capital and the metropolitan area, hosting 2.8 million residents in about 1300 km2, is the first European municipality by territorial extension, and one of the densest populated European urban areas (www.comune.roma.it, last accessed on 27 July 2022).



Although the city of Rome has developed over many centuries, during the last decades its urban arrangement has changed considerably, passing from being a compact city, with a structure typical of historic towns, to a widespread metropolis, still developed around a city center but more branched and dispersed in the surrounding areas, and without a logical and systematic criterion. This implies that, even in downtown Rome, densely built-up areas with a compact building fabric alternate with scattered building fabric areas and large urban parks.



The city stretches along the Tiber valley and is surrounded by the Apennine Mountains to the north-west and by the Alban Hills to the south. To the east, the coast of the Tyrrhenian Sea is about 27 km far from the urban center.



Thanks to the morphology of the region and the proximity of the sea, Rome is subject to two peculiar anemological regimes: (i) the drainage flow in the Tiber valley [39], with wind from the northeast, characteristic of the innermost areas, and (ii) the sea/land breeze regime, typical of the region closest to the Tyrrhenian coast and of the western portion of the city. This latter regime develops because of the thermal differences between inland and sea surface, giving rise to winds from the southwest during daytime and from the northeast during nighttime [40]. According to the climate classification proposed by Köppen–Geiger [41], the region belongs to the Csa group, i.e., hot summer Mediterranean characterized by hot, dry summers and mild, wet winters.




2.2. Micrometeorological Measurements


In what follows, the micrometeorological stations used in the present study are briefly presented.



As shown in Figure 1, the weather stations are located both in downtown Rome and in its surroundings, allowing for the comparison of meteorological parameters in areas with different degrees of urbanization and different land use categorization. Geographical coordinates, altitude, and land use of the stations are listed in Table 1.



The Boncompagni (hereinafter, Bon) station is located in the center of Rome, in a densely built-up area. Tor Vergata (TV) is about 10 km southwest of Rome, in the sub-urban area with dispersed buildings and industries. The Castel di Guido (CdG) and Cavaliere (Cav) stations are both in rural environments, surrounded by cultivated fields without significant buildings or obstacles, and are located respectively to the west and east of the metropolitan area of Rome. The different distance from the Tyrrhenian coast (about 8 km for CdG and 40 km for Cav) makes it possible to evaluate the effect of local and mesoscale atmospheric circulation systems (such as the sea/land breeze regime) under the same environmental conditions. At TV, CdG, and Cav, the meteorological instruments are mounted on masts placed on the ground, away from obstacles that can affect the measurements, whereas at Bon the mast is positioned on the roof of a 5-storey building, so as not to be affected by the proximity of neighboring buildings. All the stations are equipped with a USA1 Scientific ultrasonic anemometer (METEK Meteorologische Messtechnik GmbH, Elmshorn, Germany), a HMP 45AC thermohygrometer (Vaisala, Vantaa, Finland) and a CNR1 radiometer (Kipp & Zonen, Delft, The Netherlands) and provide wind speed (m/s) and direction (degrees), surface air temperature (°C), and global solar radiation (W/m2) as hourly-averaged values. All sensors are WMO (World Meteorological Organization) compliant, so as to provide measures that can be used for urban meteorology studies and for the assessment of comfort at the pedestrian level [42] and data are provided by ARPA Lazio as quality checked, although no exact information about data uncertainty is currently available.




2.3. The Mediterranean Outdoor Thermal Comfort (MOCI) Index


The Mediterranean Outdoor Thermal Comfort Index (MOCI) estimates the average thermal sensation in outdoor spaces of people living in the Mediterranean area. It is based on the ASHRAE 7-point scale ranging from −3 (very cold) to +3 (very hot), with 0 corresponding to neutral thermal sensation.



A transversal field survey conducted in Rome from February 2014 to January 2015 and involving more than 1000 people included questionnaires and micrometeorological measurements. The results were then used to build a multiple regression model, also taking into account the results of a best-subsets analysis, and thus define an index of well-being in outdoor spaces. This index was developed in order to have a tool that was able to both evaluate and predict the thermal perception of the normotype of the Mediterranean area [24]. The original expression of MOCI included the following independent variables: air temperature, average radiant temperature (quantifying how people experience radiation), wind speed, relative humidity, and thermal clothing insulation. A modified version of MOCI (Equation (1)) omitting the average radiant temperature has been introduced and applied in [18] to calculate the MOCI through the weather variables simulated by the Weather Research and Forecasting model.


MOCI = −4.257 + 0.325 × ICL + 0.146 × TA + 0.005 × RH + 0.001 × IS − 0.235 × Ws,



(1)




where ICL is the thermal clothing insulation, TA is the ambient temperature, RH is the relative humidity, IS is the solar radiation, and Ws is the wind speed intensity.



Thermal clothing insulation is defined as:


ICL = 1.608 − 0.038 × TA,



(2)







Since the ARPA monitoring stations do not acquire the radiant temperature, in this work the modified MOCI (Equation (1)) is employed.



The Mediterranean Outdoor Comfort Index (MOCI) was compared with 4 other weather indicators: Actual Sensation Vote Europe (ASVEUROPE), Effective Temperature (ET), Physiological Equivalent Temperature (PET) and Predicted Mean Vote (PMV). The comparison took place through four criteria (the Spearman’s rho measure of correlation, the symmetrical measure of association gamma, the total percentage of correct predictions, and the distribution of the correct predictions for each class of thermal perception) and showed that the MOCI is the most suitable index to examine the external thermal comfort in the Mediterranean area [43]. In particular, thermal comfort conditions correspond to the range −0.5÷0.5. Higher MOCI values imply hot sensation, whereas lower MOCI values imply cold sensation.





3. Results


According to the Köppen–Geiger climate classification [41], in the case of Mediterranean climate, in Rome the conditions of the greatest thermal discomfort are experienced during the warm months. For this reason, the analysis is focused on the observations collected from May 01 to September 30 of the years 2015–2021. Furthermore, to deepen the analysis and to evaluate the level of thermal comfort according to the time of day, the hourly dataset has been divided into a daytime (from 06:00 to 19:00 LT) and a nighttime (from 20:00 to 05:00 LT) sub-dataset.



3.1. Daily-Averaged MOCI Index


Figure 2 shows the time series of the diurnal daily-averaged MOCI values for the four selected weather stations. Similarly, Figure 3 shows the time series of the daily-averaged MOCI values at night.



Both during daytime and nighttime, all the stations present an evident seasonal cycle. The MOCI index assumes lower values in May and September and reaches peaks between June and August, i.e., when in Rome the highest air temperatures and humidity rates are typically measured [44]. Furthermore, although all the years show a comparable variation, 2018 was an unfavorable year from a thermo-hygrometric point of view and very high day and night MOCI values were recorded in all the months analyzed. On the contrary, the months of May and June 2019 were particularly cold and resulted in MOCI values often below −0.5 in all the stations.



During the day, the threshold value of 0.5 is more frequently exceeded at Bon, followed by TV and Cav. CdG is the station that records the least number of exceedances, which only sporadically in 2017, 2020, and 2021, and reaches average daily values of about 0.6. Otherwise, at night, the MOCI values are always below 0.25 and, although the highest values are measured at the Bon urban station, the discomfort threshold is never exceeded.



The analysis of the time series shows a clear correlation between the MOCI values and the degree of urbanization of the analyzed sites. In fact, the worst conditions of thermal comfort are recorded at the Bon station, i.e., in the station located in downtown Rome, in a highly urbanized environment. On the contrary, moving away from the urban center, well-being conditions improve, and the best thermal conditions are reached in rural areas where, even on hot summer days, the MOCI levels do not exceed the 0.5 threshold.




3.2. Hourly-Averaged MOCI Index


Figure 4 and Figure 5 show the MOCI frequencies using the daytime and nighttime hourly values for each station, yearly-aggregated over the period 2015–2021.



The results suggest that, during the day, Bon is the only station for which MOCI > 1.5 is reached and 2018 and 2021 were the hottest years. In general, during both day and night, the urban station has the highest discomfort due to overheating. The average conditions of well-being improve when leaving the city center and are comparable at Cav and TV. Specifically, during the daytime, at Cav MOCI is always greater than −2.0 and, compared to other extra-urban stations, a higher percentage of cases with MOCI > 0.5 can be identified. The daytime time series shows that 2018 was the year of greatest overheating in both urban and rural environments. In particular, in 2018 at Bon only a very small percentage of MOCI data (about 7%) is under −0.5 with a negligible percentage of data under −1 (less than 1%), whereas records in the discomfort range (MOCI > 0.5) represent a percentage of almost 44%. Moreover, only in 2018 and 2021 the percentage of MOCI > 1.5 reaches a few percentage points, that is 6.3% and 4.2% in 2018 and 2021, respectively. At the other stations no such high values of MOCI are recorded in these two years. On the contrary, 2016 and 2019 are characterized by greater daytime cooling. Indeed, only in 2016 and 2019 in non-urban stations MOCI reaches values lower than −2 in more than 2% of data. In 2019, Bon also recorded 45 occurrences in such a range, equal to about 2.2%.



Overnight, MOCI is below 0.5 at all the stations selected except for nine occurrences recorded at Bon. It is, therefore, important to underline that, despite the phenomenon of the urban heat island, the conditions of thermo-hygrometric comfort at night are acceptable for the citizens. Furthermore, the greater extension of the “green” bands at Bon compared to the other stations indicates that local overheating (cause of daytime thermal discomfort) can be instead associated with nighttime thermal comfort. In other words, in most years well-being records are over 30% at Bon, whereas in other stations they rarely reach 20%. The year of 2018 is confirmed to be the hottest year among those analyzed. At the Bon station this implies that the MOCI data are divided almost equally between the well-being range (−0.5 < MOCI < 0.5) and the cold range (MOCI < −0.5). In non-urban stations, on the other hand, the percentage of data in the well-being range does not differ much from that of other years (about 25%); however, data in the −0.5/−1 range are preponderant to the detriment of even lower values.



To facilitate the comparison between the stations and, therefore, to deepen the link between thermal stress and urbanization, the MOCI frequencies discussed above have been summarized in Figure 6 and Figure 7, where the cumulative distributions of the MOCI hourly values are presented, and calculated for the day and night intervals, respectively.



The Bon urban station depicts the greatest day and night thermal discomfort due to overheating, followed by Cav (rural) and TV (semi-urban). The best conditions always occurred at CdG (rural). It is interesting to note that, although Cav and TV correspond to a different degree of urbanization, the cumulative distributions show that the two stations have a very similar behavior for MOCI < −0.5, whereas a greater thermal comfort is experienced at TV compared to Cav. This is attributable to the concomitance of various factors related to the regional orography and the atmospheric circulation. In fact, the TV station, although being on the edge of the city, is located near the Alban Hills and is affected by local circulation, especially during the day when cool wind blows from the hills, lowering the values of MOCI.



During the day, at Bon, the MOCI values exceeded by 1 in 10% of the hourly data analyzed and by 0.5 in 26% of total cases. The level of well-being (MOCI between −0.5 and 0.5) is found in 46% whereas, in the remaining 28%, MOCI is lower than −0.5. The other stations show a similar growth rate in the range −0.5÷0.5 but the percentage of cases with MOCI > 0.5 is 19% for Cav, 13% for TV, and 9% for CdG. During the night, Cav and TV have similar behavior for the whole range of MOCI values, despite the different land use. As observed for the daytime, this could be due to TV’s geographic location, with cool winds from the hills reducing the values of MOCI. Here, the percentage of MOCI data higher than −0.5 is equal to 16.5%, whereas it is equal to 13% for CdG and 35% for Bon, respectively.



Figure 8 and Figure 9 show the occurrences for each hourly data station of MOCI divided into the three main ranges, corresponding to hot sensation (MOCI > 0.5), neutral sensation (−0.5–0.5), and cold sensation (MOCI < −0.5) for daytime and nighttime, respectively. The histograms show that the conditions of daytime heat stress are much worse than those at night, especially in the urban area. Bon shows the worst thermal comfort conditions, with 26% of data exceeding the well-being threshold. The percentage of data characterized by cool conditions is 28%, so the breakdown data divides almost equally between “cold” and “hot” stress. This shows that the conditions in downtown Rome are not prohibitive in terms of thermal stress despite the presence of the urban heat island. The urban heat island effect, which, as is well-known, involves an increase in temperature in urbanized areas with respect to the rural surroundings, is more evident during nighttime. Rural stations (Cav and CdG) present a very different amount of exceedances of the well-being threshold, with a value more than double for Cav (19%) compared to CdG (9%). In particular, Cav has a number of surpluses even greater than those at TV (13%), and 47% of data are below the “cool” threshold (47% CdG and 38% Cav), confirming that the geographical position with respect to the urban area of Rome significantly affects the conditions of thermo-hygrometric well-being. In fact, CdG is located west of Rome near the Tyrrhenian coast, whereas Cav is inland, east of Rome. Finally, the TV station, the only station located in a suburban environment, has a number of data of MOCI < −0.5 and MOCI > 0.5 between those of Cav and CdG.



At night, the effect of urban overheating is very evident in terms of histograms. However, this phenomenon does not affect the well-being in downtown Rome. In fact, the number of exceedances of the well-being threshold is negligible and the occurrences of MOCI in the well-being range are double those in Cav and TV and almost three times those in CdG. The vast majority of MOCI data in non-urban stations (83−87%) is in the cool discomfort range.





4. Conclusions


The city of Rome, capital of Italy, is located near the Tyrrenian coast in the center of the Mediterranean area. This makes it a very interesting case study for studying the thermo-hygrometric comfort of pedestrians.



This study investigates the influence of land-use on thermo-hygrometric conditions thanks to the application of MOCI in four locations, corresponding to weather stations supplying the quantities used for the calculation of the MOCI. These stations belong to the ARPA Lazio measurement network and are characterized by surroundings with different degrees of urbanization (rural, semi-rural, urban). This allows the investigation of the influence of local microclimatic conditions on the thermo-hygrometric comfort of the pedestrians under the same large-scale forcing. Most of the articles on thermo-hygrometric well-being are based on field campaigns that necessarily have a limited temporal duration. On the contrary, in this work, a 7-year-long time series (from 2015 to 2021) of weather variables acquired by monitoring stations have been examined. Although a climatological analysis is beyond our aim, the availability of a multi-year dataset allows the identification of hot and cold features of some years compared to the others.



Hourly MOCI data have been analyzed in order to determine for each station the occurrences in the three ranges of MOCI levels corresponding to sensations of cold, well-being, and heat during daytime and nighttime. The results show that the urban area of Rome (Bon station) experiences daytime overheating in 26% of daily records, whereas only 0.1% of hot discomfort occurrences are recorded overnight, suggesting satisfactory nocturnal thermo-hygrometric conditions for inhabitants in downtown Rome, despite the urban heat island. In non-urban stations, the diurnal exceedances of the MOCI well-being threshold are between 9% (CdG) and 19% (Cav), whereas, during the night, discomfort due to overheating is never reached. The outcomes suggest that the degree of urbanization plays a key role in determining the level of thermal stress. At the same time, the local environmental conditions are not sufficient to carry out a comprehensive characterization, as the orography and the atmospheric circulation can significantly affect the thermo-hygrometric well-being. In fact, although it is clear that thermal discomfort is much greater in heavily built-up districts than in green, rural areas, in zones with a low degree of urbanization and scattered building fabric, concomitant factors must be taken into account. Based on these observations, this work can be considered as a first approach that will be deepened in further studies focusing on the investigation of the atmospheric circulation (e.g., presence of the sea/land breeze regime), the time evolution of the building density, and the orography, suggesting food for thought to policy-makers and urban planners in its usefulness for choosing the best climate change mitigation/adaptation strategies suited to the peculiarities of the area under investigation.
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Figure 1. Map of the region of interest for this study with indication of the surface micrometeorological stations. The enlargements show the urban texture of the areas surrounding the stations. 
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Figure 2. Time series of daily-averaged diurnal (from 06:00 to 19:00 LT) MOCI index for the four ARPA stations. 
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Figure 3. Time series of daily-averaged nocturnal (from 20:00 to 05:00 LT) MOCI index for the four ARPA stations. 
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Figure 4. MOCI frequencies for the four ARPA stations. The frequencies are calculated using diurnal (from 06:00 to 19:00 LT) hourly data and are presented in yearly units. 
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Figure 5. MOCI frequencies for the four ARPA stations. The frequencies are calculated using nocturnal (from 20:00 to 05:00 LT) hourly data and are presented in yearly units. 
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Figure 6. Cumulative distribution of average diurnal (from 06:00 to 19:00 LT) MOCI index for the four ARPA stations. 
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Figure 7. Cumulative distribution of average nocturnal (from 20:00 to 05:00 LT) MOCI index for the four ARPA stations. 
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Figure 8. Occurrence of the main MOCI ranges for the four ARPA stations. Occurrences are calculated using diurnal (from 06:00 to 19:00 LT) hourly data. 
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Figure 9. Occurrence of the main MOCI ranges for the four ARPA stations. Occurrences are calculated using nocturnal (from 20:00 to 05:00 LT) hourly data. 
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Table 1. Characteristics of the micrometeorological stations belonging to ARPA Lazio network used in the present study.
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	Station
	Station ID
	Latitude (°)
	Longitude (°)
	Altitude (m a.s.l.)
	Land Use





	Boncompagni
	Bon
	41.91
	12.50
	72
	Urban



	Tor Vergata
	TV
	41.84
	12.64
	104
	Semi-rural



	Cavaliere
	Cav
	41.93
	12.66
	57
	Rural



	Castel di Guido
	CdG
	41.89
	12.27
	61
	Rural
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