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This research discusses thermal indices and outdoor comfort before and during the
Coronavirus Disease of 2019 (COVID-19) pandemic in three counties in Connecticut
(41.6032°N, 73.0877°W), United States. The counties are Fairfield, Hartford, and New
Haven. Existing research noted that people residing in highly populated urban and low-
income areas are disproportionately affected by the pandemic and subject to health,
heat, and cold stress-related problems. As a result, the study is motivated to examine
outdoor comfort and thermal indices in the counties that account for over 75% of the
population in the state. The specific aim of the study is to examine outdoor comfort and
thermal indices a year before and during the pandemic to determine if the pandemic
significantly affects outdoor occupants and their overall well-being. Due to lesser
activities observed during the pandemic than before the pandemic, the research
questions include 1) Does the pandemic year provide a more comfortable thermal
environment for outdoor occupants than the period before the pandemic? 2) Does the
period provide a cleaner environment with no thermal or cold stress to occupants than
before the pandemic? The research approaches include the field data recorded in 2019
and 2020. The research also utilized observations and mathematical models. The
findings revealed that the mean monthly temperatures varied from −3.2°C to 25.2°C
and relative humidity ranged from and 62.6–70.7%. The study revealed cold stress in
wintertime, especially in Fairfield. Heat stress is also noted in summertime across the
counties. New Haven is more prone to heat stress than other counties because of some
factors (such as climate change, lesser land area, higher incidence from solar radiation,
etc.). Higher thermal indices are reported in 2020 (during the pandemic) than the indices
computed for 2019 (pre-pandemic) which could influence thermal comfort, health, and
well-being of people. The indices are strongly influenced by outdoor temperatures and
dew-point. A combination of some environmental variables such as temperature and
wind speed also have significant effects on the indices. The study recommends that the
use of clean energy for running infrastructure systems would help in mitigating the impact
of climate change in various locations. The investigation suggests that a thorough
evaluation of environmental conditions and interventions should be explored for
developing resilience to emergencies in cities and urban areas. The research
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outcomes provide useful information for designers, planners, stakeholders,
policymakers, etc., to develop pathways for achieving resilient zero-carbon cities in
various places.

Keywords: thermal indices, outdoor comfort, resilience, climate change, environmental variables, urban areas,
COVID-19 pandemic

1 INTRODUCTION

The World Health Organization (WHO) referred to the COVID-
19 pandemic as a global emergency and it requires an innovative
approach to mitigate (WHO, 2020). The pandemic has impacted
the entire globe and changed how we interact, conduct businesses
amongst others (UN, 2020; WHO, 2020). Additionally, the daily
operations in many offices, organizations, and cities have been
either re-organized, reduced, or close due to the various
restrictions and guidelines to keep everyone safe (United
Nations—UN, 2020; WHO, 2020). The pandemic has led to
many fatalities and cases across the world, especially in highly
populated cities and low-income neighbourhoods. It has also
brought many lessons and created opportunities for further
research on comfort, health, and well-being of people in
different thermal spaces (UN, 2020; WHO, 2020). As a result,
the investigation is developed to assess the outdoor comfort and
well-being of occupants in various metropolises in the study area.

This study intends to contribute to the on-going discussions
on developing resilience to emergencies by assessing outdoor
comfort and thermal indices before and during the COVID-19
pandemic in three counties in the Northeast of the United States.
The specific purpose of the study is to examine outdoor comfort
and thermal indices a year before and during the pandemic to
determine if the pandemic significantly influences outdoor
occupants and their overall well-being. The principal goals of
the study are—to understand various parameters influencing
outdoor comfort before and during the pandemic in the most
populated counties. The study also aims to examine strategies that
can be explored for developing resilience to emergencies in the
thermal environment which are critical for actualizing pathways
to resilient zero-carbon cities across the world. Due to lesser
activities reported during the pandemic than before the
pandemic, the research questions include 1) Does the
pandemic year provide a more comfortable thermal
environment for outdoor occupants than the period before the
pandemic? 2) Does the period provide a cleaner environment
with no thermal or cold stress to occupants than before the
pandemic? The main objectives of the study include:

1) To gather outdoor environmental data for 1 year before and
during the COVID-19 pandemic in the study areas for
evaluation.

2) To identify the effect of these parameters on the thermal
comfort of occupants in the study locations.

3) To discuss the important variables influencing outdoor
comfort and identify approaches for developing resilience
to emergencies that are crucial for achieving pathways to
resilient zero-carbon cities.

4) To make recommendations and provide useful information
for designers, planners, policymakers, and stakeholders that
could advance the initiatives for realizing zero-carbon cities.

Developing resilience to emergencies in municipalities across
the world is critical towards attaining zero-carbon cities in
different locations and climates. Existing research discussed
that in many advanced countries such as the United States,
approximately 80% of the people live in cities (US Census
Bureau, 2013; Martin, 2015). Generally, cities are complex and
mutually dependent systems (Godschalk, 2003). They are also
prone to threats from humans and nature (Godschalk, 2003;
Martin, 2015). These threats include climate change,
environmental pollution, etc.

2 LITERATURE REVIEW

2.1 Cities and Urban Heat Islands
Cities consist of infrastructures, resources, and human activities
that make them desirable and liveable (Dwyer et al., 2004).
Among the characteristics that make cities desirable and
feasible include their high populations, different structures
with architectural features, places for people to meet,
interconnected infrastructure systems (Godschalk, 2003; Dwyer
et al., 2004). Cities also provide growth opportunities in many
areas. Moreover, cluster infrastructure may also increase cities’
vulnerability to the disruptive impacts associated with natural
disasters (hurricanes, flood, earthquake, etc.), attacks from
terrorists (Godschalk, 2003), urban heat island (UHI) effects
usually caused by the design of the built environment and
aggravated by climate change (Gago et al., 2013;
Environmental Protection Agency—EPA, 2020a), noise
pollution (de Paiva Vianna et al., 2015), poor environmental
conditions (Torrey, 2004) including air quality (EPA, 2020b),
thermal discomfort (Emmanuel, 2005), sound discomfort
(Chepesiuk, 2005), and visual discomfort (Alkhalifa et al., 2018).

Existing research evaluated the effect of anthropogenic climate
change and human actions on our environment and ecosystems
(Mahmoud and Gan, 2018). The study found out that human
actions, industrial development, deforestation, land use
modification, and change in greenhouse gases had noticeable
effects on the environment and ecosystem services. According to
the National Geographic Society (2021), human beings have
impacted the environment in numerous ways such as
pollution, deforestation, overpopulation, burning fossil fuels,
etc. The changes have led to poor quality of air, soil erosion,
climate change, water contamination, and others. Additionally,
the changes have led to increasing temperatures in urban and
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sub-urban areas due to additional built-up areas, abrupt changes
to land use, development of infrastructures that reduce air quality,
etc. (Kenward et al., 2014; EPA, 2021). Therefore, UHI has
impacted occupants’ comfort and their well-being in several
cities and urban areas in many locations (EPA, 2001;
Chakraborty and Lee, 2019), including different metropolises
in the study area and across the United States as shown in
Figure 1. The study (Kenward et al., 2014) recommends that
planning and design of urban areas that integrate additional trees
and parks, reflective roofs, and supplementary materials for
urban infrastructure can help mitigate the impacts of UHIs.
However, increasing greenhouse gas emissions are predicted to
drive mean US summertime temperatures even higher in the next
decades, aggravating UHIs and their related health risks
(Kenward et al., 2014).

2.2 COVID-19, Climate Change, and Urban
Resilience
Plough et al. (2013) explained the significance of building
communities including cities’ resilience to disasters. The authors
(Plough et al., 2013) mentioned that communities that are created
to be resilient to disasters should be able to mitigate and bounce
back rapidly in the occurrences of public health emergencies
including pandemics such as COVID-19, natural disasters, or
any other threats. Chandra et al. (2010) stated that the core
components of developing resilience to emergencies should
include how to advance well-being, access, education,
engagement, self-dependency, partnership, quality, and efficiency.

Furthermore, a report by the United Nations Office for
Disaster Risk Reduction (UNISDR, 2012) highlighted main
essentials to make cities more resilient. Some of the essentials
include multi-hazard risk assessment, infrastructure protection,
education and health, building regulations and land use planning,
environmental protection and strengthening of ecosystems, early
warning and response, recovery and rebuilding, and others. These
essentials and framework developed for each variable are crucial

steps taken to address and reduce risks relating to health, growth,
and climate change (Aitsi-Selmi et al., 2015).

Cheshmehzangi (2020) mentioned the issues relating to
preparedness through urban resilience. The study explained
how cities should be boosted and planned for emergencies.
Existing research also examined different forms of resilience
that cities should prepare. These forms of resilience include
disaster (Manyena, 2006; Bosher, 2014), engineering (Klein
et al., 2003; Davoudi et al., 2012; Eken, 2019), ecological
(Monstadt, 2009; Davoudi et al., 2012), socio-ecological
(Meerow and Newell, 2016; Eken, 2019), evolutionary
(Davoudi et al., 2012), built-in (Bosher, 2014), and climate
change (Adger et al., 2011).

According to the Intergovernmental Panel on Climate Change
(IPCC, 2019), climate change has a substantial impact on
numerous communities across the globe. The report noted
that the effects are more intensely felt in most populated
communities and cities. Climate change has also been
associated with a rise in the frequency of natural disasters in
various locations (Yilmaz, 2021). Additionally, a range of
interventions has been developed under various topics such as
sustainable cities, climate-friendly initiatives, and low-carbon
metropolises (Yilmaz, 2021). Existing research has also
discussed that cities are usually warmer than rural districts
and this outcome can be attributed to the effect referred to as
urban heat island—UHI (Ward et al., 2016). Therefore, the UHI
phenomenon can result in different forms of discomfort such as
thermal, mental, health, etc. for people in such thermal conditions
(Luber and McGeehin, 2008). Thermal topology is evaluated as
one of the initiatives that can help minimize discomfort in
different thermal spaces (Saraoui et al., 2018).

On the relationship between the pandemic (COVID-19) and
climate change, a study assessed the effects of the pandemic on
the performance of the thermal environment (Alonso et al.,
2021). The study (Alonso et al., 2021) noted that carbon
dioxide (CO2) levels decreased by 400 ppm per week when
natural ventilation is considered during the operating hours.

FIGURE 1 | Area satellite illustrations highlighting the impacts of UHI and surface temperatures in the United States (A) and Hartford region, Connecticut (A). (B)—
Adapted from Climate Central, 2014.
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Despite this encouraging outcome, thermal discomfort was still
reported during those hours due to concerns about the
environmental quality of the thermal environment. Moreover,
the Occupational Safety and Health Administration (OSHA,
2020) provided the COVID-19 guidance on the use of cloth
face covering for people working or staying outdoors in hot and
humid weather conditions. The report (OSHA, 2020) noted that
people in such an environment may find using face covering
uncomfortable outdoors. However, people without masks in areas
that are prone to poor environmental quality including pollution,
odour, etc., may also be prone to various risks.

To address the effect of climate change on our society,
different policies have been formulated to lessen the impact
across various regions of the world. According to the United
Nations Framework Convention on Climate Change (UNFCCC),
nearly every nation including the United States has agreed to
reduce greenhouse gas (GHG) emissions to a level that will not
lead to dangerous anthropogenic (human-induced) interruption
with the climate system (United Nations (UN), 1992). The
Intergovernmental Panel on Climate Change (IPCC) released a
report on Global Warming of 1.5°C in 2018. The report outlined
the effects of a 1.5°C temperature increase and recommends
mitigation approaches to remain below the 1.5°C mark
(Intergovernmental Panel on Climate Change (IPCC), 2018).
EPA (2001) recommends market-based instruments and

regulatory instruments as part of the general policies for
mitigating the impact of climate change. For instance, in the
US, the Safer Affordable Fuel-Efficient (SAFE) vehicles rule was
put into effect in 2020 (NHTSA (National Highway Traffic Safety
Administration) and EPA, 2020). The rule was administered by
National Highway Traffic Safety Administration (NHTSA). The
directive provides lower efficiency improvement marks of 1.5%
per annum than the 2012 Corporate Average Fuel Economy
(CAFE) benchmarks (Federal Register, 2012; NHTSA (National
Highway Traffic Safety Administration) and EPA, 2020). These

FIGURE 2 |Map of the United States showing the locations of the counties within the state of Connecticut (A), closemap of the study area highlighting the locations
of the three counties (B) and impacts of urban heat islands amplified by climate change within the study area (C).

TABLE 1 | Summary of the main features of the selected countiesa.

Features/County Fairfield Hartford New Haven

Largest city Bridgeport Hartford New Haven
Coordinates 41.2560°N, 73.3709°W 41.7924° N, 72.8043° W 41.3267°N, 72.8043°W
Total area (km2) 2,167.82 1942.49 2,232.57
Land area (km2) 1,618.74 1903.90 1,565.67
Population estimates 943,332 891,720 854,757
Population per km2 3,800.03 3,149.94 3,695.14
No of towns and cities 32 48 28
Major economic activities Wholesales, shipments, accommodation, food

services
Wholesales, retails, shipment, finance,
insurance

Wholesales, shipments, retails,
healthcare

Average household
income

$95,645 $75,148 $69,905

Housing units 375,360 381,401 368,670

aSome data are extracted from the US, Census Bureau, 2021, QuickFacts.

TABLE 2 | Summary of the historical climatic data of averages up to 50-years
record in the counties.

Variables/County Fairfielda Hartford New Haven

Average temp. (°C) 11.4 10.1 12.0
Average max. temp. (°C) 15.7 15.7 16.9
Average min. temp. (°C) 7.1 4.3 7.3
Average no of days >32°C 6.3 17.8 18.6
Average no of days <0°C 92.1 132.6 85.9
Average precipitation (mm) 1,084.6 1,149.0 1,216.0
Average RH (%) 67.6 66.7 72.0
Average wind speed (km/h) 16.9 12.6 13.0
Average snowfall (cm) 70.1 123.4 15.8
Average dew-point (°C) 5.3 3.7 5.0

aHistorical data for the city of Bridgeport in Fairfield County.
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policies are part of the initiatives that can help in attaining zero-
carbon cities.

2.3 Outdoor Comfort and Thermal Indices
In terms of the assessments of outdoor comfort and thermal
indices in cities to make them resilient, Lau et al. (2019)
mentioned outdoor comfort is influenced by urban
morphology and the forms of the urban environment.
Bajšanski et al., 2015 examined different variables to improve
outdoor comfort in municipalities during extreme weather
conditions by exploring automatic algorithms. The study
(Bajšanski et al., 2015) found out that an increase in the
thermal indices (such as the Universal Thermal Climate
Index—UTCI) leads to a decrease in the building height and
population density within the metropolis. Additionally, the
shading from the buildings also reduces the possibility of
thermal stress in summer and vice-versa in winter.

On the possible impact and interrelation between the COVID-
19 pandemic, occupants’ comfort, and thermal indices, Aram
et al. (2020) noted that in more populated metropolises, an
increase in air temperature because of urban heat island (UHI)
can affect thermal comfort and health of the people. Populated
urban areas and low-income neighborhoods in inner cities,
especially in the US are disproportionately affected by the
pandemic due to various factors such as poor indoor
environmental quality, limited open and green areas, energy
poverty, health-related issues, etc. (Gout and Kelly, 2020;
Environmental Health, 2021). The investigations (Gout and
Kelly, 2020; Environmental Health, 2021) noted that the
pandemic amplifies racial and socio-economic disparities
regarding comfort and vulnerability of people to extreme
weather conditions in different seasons.

Existing research explained that large parks in urban areas can
improve thermal comfort of people and the impact of UHI (Ward
et al., 2016; Aram et al., 2020), especially during the warm seasons
when changes in temperatures are more noticeable than other
seasons Aram et al., 2020). Therefore, this study intends to
examine if there are noticeable differences regarding the
impact of the pandemic on occupants’ comfort and thermal
indices before and during the period in various urban areas.

Several investigations on thermal comfort have been widely
considered due to the noticeable effect of thermal comfort on the
quality of life of people (Chen and Ng, 2012). Past research noted
that on the one hand, human comfort is influenced by various
parameters such as humidity, air movements, solar radiation,
climate, sunlight, air temperature (Nikolopoulou and Lykoudis,
2006; Rupp et al., 2015). On the other hand, occupants’
perception of the thermal environment is affected by non-
climatic variables like age, clothing layer, age, etc. (Djongyang
et al., 2010). The literature reveals various variables that can
influence occupants’ comfort and their perceptions in various
thermal spaces.

To date, different thermal indices have been developed (Gagge
et al., 1986; Jendritzky et al., 2009), and applied to assess thermal
comfort of people in various thermal environments (Aram et al.,
2020; Adekunle, 2021). Some of the thermal indices developed for
evaluating outdoor thermal comfort include Standard Effective

Temperature—SET (Gagge et al., 1986), Wet Bulb Globe
Temperature—WBGT, Universal Thermal Climate
Index–UTCI (Jendritzky et al., 2009), Physiological Equivalent
Temperature—PET (Höppe, 1999), Predicted Mean Vote—PMV
(Fanger, 1973), and others. Also, Potchter et al. (2018) and Aram
et al. (2020) mentioned thermal indices such as SET, UTCI, PMV,
and PET as the four widely used indices in investigations on
outdoor thermal comfort. The extensive literature review and
mathematical models on these thermal indices have been
considered in existing research (Aram et al., 2020; Adekunle,
2020; Adekunle, 2021), and they will not be discussed in this
paper. In the current study, the thermal indices will also be
explored to assess outdoor thermal comfort in the study location.

3 METHODS

The research approaches explored in this study followed the
outlines presented below.

1) Development and design of the research including the
research aim, questions, and objectives.

2) Review of the literature to capture the research gaps this study
intends to fill.

3) Assessments of the study areas to ensure the criteria (location
of the counties within Connecticut, populations, etc.) set for
the selected locations are met.

4) Measurements and collection of environmental variables.
5) Analysis and interpretation of the research data.
6) Findings and discussion on the main results obtained from the

study. The study also discussed the research limitations.
7) Conclusion, recommendations, and possible areas for future

research.

The study expects that future research can expand on all or
some of the research approaches outlined in this research.

3.1 Study Area
The research considered the most populated counties in
Connecticut (41.6032°N, 73.0877°W) in the Northeast of the
US. According to Köppen–Geiger climate classification and
Köppen climatic chart (Kottek et al., 2006), the climate of the
study area varies from humid continental one (Dfa, Dfb) in the
northern part of the state to humid subtropical (Cfa, Cfb) in the
south. Generally, summertime in the study location is hot and
humid. In wintertime, the weather conditions can vary frommild
in the coastal areas to cold and snow in the other parts of the state.
The counties examined in this study include Fairfield, Hartford,
and New Haven (Figure 2). The three counties account for more
than 75% of the state’s population. The selected counties remain
the economic hubs of the state and attract diverse populations
who either live or work in the areas whichmay be impacted by the
pandemic. Due to the populations and demographics of the
selected counties, especially in urban and low-income areas,
people may be subject to health, heat, and cold stress-related
problems. The counties are selected as the sites for this study due
to their impacts of urban heat islands, high populations, urban
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built-up, economic activities, and strategic locations to other
major cities within the region. For instance, Fairfield and New
Haven counties are within a 2-h drive to the city of New York.

Likewise, Hartford is within a 2-h drive to the city of Boston in
Massachusetts. Table 1 summarises the main features of the
selected counties.

FIGURE 3 | Historical data showing average outdoor temperatures (monthly) in the counties [Fairfield (Bridgeport)—(A), Hartford–(B), and New Haven—(C)].

FIGURE 4 | Historical data showing the average number of days above 32°C (monthly) in the counties [Fairfield (Bridgeport)—(A), Hartford—(B), and New
Haven—(C)].

FIGURE 5 | Historical data showing the average number of days below 0°C (monthly) in the counties [Fairfield (Bridgeport)—(A), Hartford—(B), and New
Haven—(C)].
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In terms of the land area and the number of towns and cities in
each of the counties, Hartford is the largest county. Concerning
the total geographical area of the study area (land and water),
New Haven is the largest county; while Fairfield is the most
populated and richest county when it comes to the population
estimates and average income per household. Table 2 below
summarises the historical data of the study area. Also, Figures
3–6, Supplementary Figures S7, S8 present the charts of
historical climatic data obtained from the study areas.

3.2 Measurements of Microclimate
The research considered the collection of measured
environmental variables at 60-min intervals for a year before
(January to December 2019) and during the pandemic (January
to December 2020). The variables include air temperature,
relative humidity (RH), dew-point, precipitation, solar
irradiation, wind speed, gust, sea level pressure, and others.
The measured variables from the meteorological stations were
considered based on their proximity to the major cities in each of
the counties. The study also considered the weather stations that
provide the required data that can be considered for analysis. For
instance, the microclimate variables for Fairfield County were
collected from a local meteorological station in Bridgeport. The
weather station is within the city of Bridgeport, the largest
metropolitan area in Fairfield County. In Hartford County, the
weather data were gathered from a meteorological station at the
International Airport within the county. The weather station is
less than a 20-min drive to the downtown of the city of Harford,
the largest city in the county. For New Haven County, the
microclimate variables were collected from a nearby airport
near the city of New Haven. The airport is within an 8 km
radius of downtown, the city of New Haven.

The data are checked and loaded into statistical software (such
as Microsoft Excel and SPSS—Statistical Package for the Social
Sciences) for analysis and to find associations between the
variables. Additionally, observations and mathematical models
to compute the indices (such as the Wet Bulb Globe
Temperature—WBGT and Universal Thermal Climate
Index—UTCI) are considered. The mathematical models (e.g.,
UTCI) were developed by previous investigators (Jendritzky et al.,

2009). The features of the mathematical models, how they were
developed and can be applied have been discussed in existing
research (Adekunle, 2021). Therefore, the development of
mathematical models will not be covered in this paper. By
applying the mathematical models, the study assessed the
range of the indices for determining people’s vulnerability to
heat or cold stress. The approach regarding the methodology
adopted in this current has been explored in similar existing
research (Aram et al., 2020). However, the current study explored
more indices and captured a wide range of data over an extended
period than some of the similar investigations in the field.

FIGURE 6 | Historical data showing average RH (monthly) in the counties [Fairfield (Bridgeport)—(A), Hartford—(B), and New Haven—(C)].

TABLE 3 | Summary of the averages of the environmental variables and thermal
indices in the study locations.

Variables/County Fairfield Hartford New Haven

2019
Average temp. (°C) 15.0 10.7 12.1
Average max. temp. (°C) 10.0 15.9 16.3
Average min. temp. (°C) 4.9 5.6 7.8
Average dew-point (°C) 4.3 3.9 5.9
Average precipitation (mm) 2.9 4.0 3.3
Average RH (%) 70.7 62.8 65.8
Average wind vel. (km/h) 9.1 12.3 11.5
Average sea level pressure 999.6 1,010.1 1,016.1
WBGT (°C) 8.2 8.5 9.9
UTCI (°C) 10.1 10.7 12.2

2020
Average temp. (°C) 11.0 11.6 12.8
Average max. temp. (°C) 16.1 17.1 17.0
Average min. temp. (°C) 5.8 6.3 8.4
Average dew-point (°C) 5.4 4.6 7.2
Average precipitation (mm) 2.9 3.0 2.5
Average RH (%) 68.4 62.6 68.8
Average wind vel. (km/h) 9.4 12.7 11.5
Average sea level pressure 995.4 1,010.4 1,016.2
WBGT (°C) 9.2 9.3 10.9
UTCI (°C) 11.2 11.6 13.0
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4 DATA ANALYSIS

The historical data of the selected counties showed that over the
last 5 decades (Tables 3, 4), the highest minimum, maximum,
and average temperatures were reported in New Haven County.
The data analysis revealed that the effects of UHI are likely to be
more noticeable in New Haven than other counties due to the
built environment over a lesser area of land than other counties.
Moreover, New Haven has the lowest mean annual income per
household among the three counties considered in this study.
From the literature, it is noted that populated and low-income
areas are more affected by the impact of the pandemic coupled
with climate change. The data showed this may have influenced
occupants’ comfort in metropolises within the county (New
Haven) more than other counties over the last few decades.

The data analysis revealed the mean annual temperatures and
RH before the pandemic (i.e., 2019) ranged from 10.7°C to 15.0°C,
and 62.8–70.7%. During the pandemic (2020), the mean
temperatures varied from 11.0°C to 12.8°C while the average

RH ranged from 62.6 to 68.8%. The analysis showed that higher
mean annual temperatures were recorded in Hartford and New
Haven counties during the pandemic than before the period and
vice-versa in Fairfield County. Similarly, higher thermal indices
were computed in all the counties during the pandemic than
before the pandemic. The analysis also revealed that higher RH
values were recorded in the pre-pandemic period in the study
locations than during the pandemic period except in New Haven
County. The summary of the averages of the variables recorded
before and during the pandemic is presented in Table 3 below.

On solar irradiation, the analysis also showed that the higher
mean annual direct normal irradiation values are reported in New
Haven than those values reported in Fairfield and Hartford.
However, higher values of the mean annual global horizontal
irradiation, diffuse horizontal irradiation, etc. are observed in
Fairfield than in Hartford and New Haven. The data provided
additional information on the vulnerability of people in New
Haven to thermal and cold stress in various seasons. Across the
case studies, higher direct normal irradiation values are recorded
daily between 07:00 and 17:00 than other hours per day.
Additionally, the highest mean values of the variables were
observed daily between 10:00 and 14:00 in the locations.
Table 4 summarizes the information collected on the mean
direct normal irradiation, global horizontal irradiation, etc. in
the study locations.

5 RESULTS AND DISCUSSION

The results of the annual mean microclimate data as shown in
Table 5 revealed that Fairfield County is much warmer before the
pandemic than during the pandemic and vice-versa in Hartford
and New Haven counties. The UHI phenomenon caused by
climate change, and other parameters such as the proximity of
Fairfield County to the city of New York with more people, higher

TABLE 4 | Summary of the averages of the direct normal irradiation, global horizontal irradiation, diffuse horizontal irradiation, and other parameters.

Variables/County Fairfield Hartford New Haven

Mean direct normal irradiation (kWh/m2)—yearly sum 1,585.8 1,543.9 1,590.5
Mean hourly direct normal irradiation (kWh/m2) from 07:00–17:00 403.1 391.4 403.6
Mean hourly direct normal irradiation (kWh/m2) from 10:00–14:00 472.0 455.3 471.4
Mean global horizontal irradiation (kWh/m2)—yearly sum 1,485 1,447.1 1,481.9
Diffuse horizontal irradiation (kWh/m2) 585.7 584.3 583.8
Global tilted irradiation at optimum angle (kWh/m2) 1,753.5 1,718.8 1,751.8
Terrain elevation (m) 5.0 24.0 10.0

TABLE 5 | Summary of the mean annual temperatures and direct normal irradiation in the locations.

County Fairfield—historical Fairfield—2020 Hartford—historical Hartford—2020 New
Haven—historical

New
Haven—2020

Average temp. (°C) 11.4 11.0 10.1 11.6 12.0 12.8
Average direct normal irradiation
(kWh/m2)

133.8 183.3 130.1 178.2 133.9 183.4

Yearly (sum) direct normal
irradiation (kWh/m2)

1,605.2 2,199.1 1,561.1 2,138.9 1,606.4 2,200.6

FIGURE 7 | Comparison of the mean monthly and annual direct normal
irradiation values (historical and 2020) in Fairfield, Hartford, and New Haven.
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population per square km, increase in pollution rate, and higher
carbon emissions from activities including frequent transport
activities (cars, rails, etc.) may have contributed to the higher
temperatures reported in Fairfield County before the pandemic
than during the period. During the pandemic, the lockdown of
activities has reduced all non-essential travels, activities, and led
to less pollution and carbon emissions which could have
contributed led to a drop of 4.0°C in annual mean
temperature (Table 3). Also, a higher incidence of solar
irradiation may have contributed to the higher temperatures
recorded in the counties during the pandemic than in the pre-
pandemic era (Table 5). Figure 7 illustrates the mean monthly
and annual direct normal irradiation at the locations.

The study revealed that the pre-pandemic period was more
humid in the counties than the pandemic period except in New
Haven County. The county (NewHaven) has the largest total area
(km2) but the lowest land area. New Haven County also has the
largest area covered by water (667 km2), which is approximately
30% of the total area of the county. This development may
contribute to the findings observed in the study location.
Further analyses of the microclimate variables revealed that an
increase in air speed tends to lower the temperature and reduces

the impact of heat stress which can improve the outdoor comfort
of occupants. The study noted that New Haven County has a
higher population and dwellings per km2 in major cities and
towns within the county than those in other counties, especially in
Hartford County. The urban configuration and land area of New
Haven County may also influence the humidity level of the study
location.

Also, the average sea level pressure and precipitation were
higher in 2019 (pre-pandemic year) than during the pandemic
period (2020). The mean maximum, and minimum
temperatures, as well as dewpoints, were higher in 2019 (pre-
pandemic period) than in the pandemic era. Climate change,
fewer activities by the residents also play a vital role in the changes
observed regarding the sea level pressure, precipitation, air speed,
thermal indices, and other parameters before and during the
pandemic.

The research also found out that people are more vulnerable to
thermal stress during the pandemic than before the period.
During the cold seasons, people may be more vulnerable to
cold stress before the pandemic than during the period.
However, further assessments would be required to assess the
level of vulnerability of people to the thermal environment. The

FIGURE 8 | (A): Links between mean temperatures, dewpoint, and thermal indices in Fairfield (left), Hartford (middle), and New Haven (right) in 2019 (pre-
pandemic year). (B): Links between mean temperatures, dewpoint, and thermal indices in Fairfield (left), Hartford (middle), and New Haven (right) in 2020 (pandemic
year).
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results showed the impact of climate change and human activities
on thermal comfort and well-being of people. Concerning the
average monthly microclimate data, higher mean values were
noted in the counties during July before (2019) and during the
pandemic (2020). Temperatures and dewpoint tend to have a
significant impact on the thermal indices in the study locations,
especially during the warmer months than the rest of the year
(Figures 8A,B). The research revealed that relationships exist
between mean temperatures, dewpoint, and thermal indices
before and during the pandemic, especially during the pandemic.

The results showed associations are found between mean RH,
temperatures, and thermal indices in the study locations before
and during the pandemic year. The study showed a rise in
temperature and dewpoint also leads to an increase in thermal
indices. An increase in RH does not lead to a significant increase
in thermal indices, especially WBGT. The research revealed lower
thermal indices in the cold months and RH has a less significant
impact on thermal indices (Figures 9A,B). The research also
showed that the thermal indices are strongly influenced by
measured parameters such as mean outdoor temperatures
(Figures 10A,B). Regression analyses showed the R2 values to
establish correlations between the variables varied from 0.9978 to
0.9998. Additionally, a combination of environmental variables
such as temperatures, dew-point, gust, wind speed (Figures
11A,B), and others have significant effects on the indices.

The study also highlighted that across the counties, people are
more vulnerable to thermal stress in summer than in any other

season, especially during the pandemic year (Table 6). Since there
is less pollution from various sources (vehicles, rails, aviation,
etc.), lockdown of economic activities, higher incidence of solar
radiation, and fewer carbon emissions, the impact of climate
change is more felt during the pandemic, especially in warm
seasons than the cold seasons. Additionally, higher population
densities, urban forms, a rise in the number of towns and
neighborhoods, and housing units, as well as lesser total areas
observed in Fairfield and Hartford counties than in New Haven
County, may also have contributed to the outcomes of this study.

The current study creates awareness regarding the impact of
the pandemic occupants’ comfort and their overall well-being in
urban areas in the state of Connecticut. The study has also
highlighted the need for developing rapid interventions for
resilience in cities that are experiencing the UHI phenomenon
amplified by climate change. Our cities including the study area
should be developed to be more resilient to pandemics, thermal
stress, disasters, health-related problems, etc., and safe for people
across various spectra. The findings from the current study can
also help in assessing and improving microclimatic conditions of
the counties examined in this research. The study expects that
populated urban and low-income areas would benefit from the
study as experts and stakeholders seek opportunities and
interventions to improve their thermal environment, especially
by providing facilities, opportunities, and infrastructure that
could improve the overall environmental quality of the
study area.

FIGURE 9 | (A): Links between mean RH, temperatures, and thermal indices in Fairfield (left), Hartford (middle), and New Haven (right) in 2019 (pre-pandemic
year). (B): Links between mean RH, temperatures, and thermal indices in Fairfield (left), Hartford (middle), and New Haven (right) in 2020 (pandemic year).
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Further research would consider the impact of additional
microclimate variables before and during the pandemic in
these locations. Future work will also consider additional
thermal indices to assess outdoor comfort in the study
locations. The current work provides the original contributions
to the field being the first study to assess outdoor comfort and
thermal indices before and during the pandemic in the study
locations.

6 CONCLUSION

The study assessed the range of the indices for determining people’s
vulnerability to heat or cold stress. The investigation explored the
collection of measured environmental parameters for a year (pre-
pandemic) and 1 year during the pandemic from the nearby
meteorological stations. The research also considered observations
and mathematical models (such as the WBGT and UTCI). The
findings showed the average monthly temperatures and RH varied
from −3.2°C to 25.2°C and 62.6–70.7%, respectively. On the one
hand, the thermal indices showed cold stress in wintertime,
especially in Fairfield County. On the other hand, heat stress is
reported in summertime across the counties. The highest mean
minimum (−7.8°C) and maximum (31.9°C) temperatures are
observed in Hartford County. New Haven County is more prone
to heat stress than other counties because of some contributing
factors (climate change, less pollution from activities, higher

incidence from solar radiation, fewer land areas for vegetation,
etc.). The outcomes revealed a broad range of thermal indices in
different seasons. Higher thermal indices are calculated during the
pandemic than those reported for the year before the pandemic
which could have impacted the overall thermal comfort of people,
health, and their well-being.

Based on the findings obtained from this investigation, the study
suggests that efforts should bemade bymajor stakeholders including
government officials in developing and promoting local legislations
as well as planning guidelines in the state of Connecticut
surrounding the development of more sustainable landscapes for
the inhabitants. With these initiatives, sustainable landscapes can
help in reducing the impact of climate change on residents and their
well-being in urban areas. The research recommends that additional
interventions should be considered for developing resilience to
emergencies in urban areas. Some of the interventions (such as
policies that encourage the use of vehicles with clean energy) should
be considered.

Adoption of clean energy initiatives would improve the
environmental quality of the locations. The use of clean energy
could serve as a reliable indicator to quantify and provide some
background information on how the UHI landscape has changed in
the study locations. For instance, assessments of the greenhouse gas
emissions (such as CO2), air quality, pollution rate, solar irradiation,
visibility rate, etc., before and after the intervention (clean energy)
could provide useful information on how the UHI landscape has
changed over the time. Various forms of incentives should be made

FIGURE 10 | (A): Correlations betweenmean temperatures and thermal indices in Fairfield (left), Hartford (middle), and New Haven (right) in 2019 (pre-pandemic
year). (B): Correlations between mean temperatures and thermal indices in Fairfield (left), Hartford (middle), and New Haven (right) in 2020 (pandemic year).
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available for people that embrace the use of clean energy to promote
the initiative at various levels.

Additionally, thorough assessments of the pre-pandemic
activities that increased pollution rates and generated more
carbon emissions in the study locations should be carried out.
Policies that promote the development of infrastructures that

reduce carbon emissions should be considered. Strategies that
promote carbon credits for offices, businesses, and individuals for
lowering carbon emissions should be explored. Strong partnerships
between public and private organizations to support property
owners in cities and towns to explore retrofit measures and
renewable energy technologies, etc. should be encouraged.

FIGURE 11 | (A): Relationships between average wind speed, mean temperatures, and thermal indices in Fairfield (left), Hartford (middle), and NewHaven (right)
in 2019 (pre-pandemic year). (B): Relationships between average wind speed, mean temperatures, and thermal indices in Fairfield (left), Hartford (middle), and New
Haven (right) in 2020 (pandemic year).

TABLE 6 | Summary of the seasonal averages of the environmental variables in the study locations.

Variables/County Fairfield Hartford New Haven

2019 2019 2019

W Sp S F W Sp S F W SP S F

Temp. (°C) −0.7 8.8 21.5 10.8 −0.9 9.4 22.8 11.8 1.7 10.1 23.2 13.8
RH (%) 69.2 62.9 70.5 82.6 65.9 59.2 62.8 65.2 64.5 63.9 70.8 67.1
Wind speed (km/h) Range from 7.5 to 10.3 Range from 10.3 to 13.9 Range from 9.2 to 12.9
WBGT (°C) −1.2 6.8 19.1 9.2 −2.1 7.1 19.5 9.7 0.2 8.0 20.7 11.7
UTCI (°C) −0.8 8.7 22.1 11.0 −1.5 9.2 23.0 11.8 1.4 10.0 24.1 14.0
Variables 2020 2020 2020
Temp. (°C) 1.1 8.7 22.1 12.2 1.1 9.4 23.1 12.7 3.3 10.0 23.4 14.7
RH (%) 67.5 60.3 72.1 74.4 64.9 54.3 63.1 68.5 67.2 62.4 73.8 72.4
Wind speed (km/h) 9.6 11.9 8.1 8.0 12.1 15.6 11.2 11.8 11.2 13.4 9.7 10.9
WBGT (°C) −0.3 6.5 19.8 10.7 −0.3 6.7 19.9 10.7 1.8 7.8 21.1 12.9
UTCI (°C) 0.7 8.6 22.9 12.6 0.8 9.1 23.4 12.8 3.1 9.9 24.4 15.1

W, Winter; SP, Spring; S, Summer; and F, Fall.
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Also, policies that encourage people that their jobs permit
them to work from home to reduce all non-essential travels
should be promoted. Changes should be made to existing
land-use guidelines in major cities to promote the effective use
of green spaces. Sustainable urban fabric, gardens, and green walls
should be promoted in urban areas to reduce the impact of UHI
caused by climate change. Assessments of the outdoor
environmental conditions between those periods should be
also considered in most urban areas. Finally, the current
research provides useful information for designers, planners,
scientists, policymakers, and stakeholders, etc., on possible
interventions that can provide pathways for attaining resilient
zero-carbon cities in different locations.
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