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Abstract
	Unhoused individuals are exposed to hazardous weather due to their lack of shelter and resources. Extreme temperatures are one hazard experienced frequently by those sleeping outside, including those who sleep in tents. Given the potential impacts of hot and cold nights on human health, and the scarcity of research on overnight temperature exposure of the unhoused population, the study aimed to fill gaps and contribute to our understanding of how unhoused individuals are exposed to heat and cold over the course of a day. This study uses data gathered during two periods in Knoxville, Tennessee, including once in the summer and once in the winter, with 10 study participants in each sample period. Participants who were living in a tent throughout the study period, which was one week long, were invited to participate. iButton Hygrochons were placed inside tents to observe temperature and humidity levels. After the data were collected, they were analyzed to discern patterns of temperature exposure within residential tents. The findings include elevated in-tent temperatures during summer nights, potentially hindering the body’s ability to recover from daytime heat exposure. On the other hand, colder nighttime temperatures during the winter led to dangerous cold exposure, though tents provided some warmth. The findings demonstrated how tents may not mitigate, and at times may worsen, exposure to dangerous thermal conditions, highlighting the vulnerability of unhoused individuals using them as overnight shelters. 
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[bookmark: _Toc193982861]Chapter 1 – Introduction
[bookmark: _Toc193982862]1.1 Homelessness Across Knoxville
Homelessness affects men, women, and children of all races and ethnicities. In the U.S., approximately 3 million people, 1% of the population, are unhoused in any given year (Maness & Khan, 2014). In 2020, 7,796 individuals across Knox County, Tennessee, were either unhoused or at risk of becoming homeless (Figure 1). During the Point-in-Time (PIT) Count––an annual survey of unhoused people in the U.S.––in January 2023, 30 volunteers counted 925 unhoused individuals in the city of Knoxville, 24% of which were unsheltered (City of Knoxville, 2023). However, the PIT count has been criticized for its lack of reliability, validity, and ability to capture an accurate numerical count of the unhoused population (Schneider et al., 2016). Specifically, the PIT count is known to undercount because unhoused individuals are mobile and attempt to stay hidden (School et al., 2021) in a perpetual game of hide-and-seek (Berghahn Books, 2020). Because living in tents is prohibited in Knoxville, it is impossible for encampments to stay in one location for an extended period; the local government uses abatements or “sweeps” to address the increasing number of encampments. Sweeps undermine and directly harm the health of unhoused individuals, leading to serious health consequences (Chang et al., 2022). 
[image: A graph showing the number of clients

Description automatically generated]
Figure 1. Homelessness in Knoxville: Total number of active unhoused clients in Knoxville who received service during a given year (Homeless Services in Knoxville / Knox County, Tennessee, 2021).
[bookmark: _Toc193982863]1.2 The Challenges of Homelessness
A combination of complex, advanced medical problems, and psychiatric illnesses, exacerbated by drug and alcohol abuse makes the unhoused population a unique challenge for the healthcare system (Maness & Khan, 2014). In 2017, the average age of death of an unhoused person was 53.5 years old, which was 17.5 years shorter than that recorded for the general population (Romaszko et al., 2017). Climate change exacerbates these healthcare challenges, in part because unhoused individuals are vulnerable to new and resurgent disease processes. The distribution of many different viruses such as West Nile Virus and Ebola virus have changed as a result of climate change (Ramin & Svoboda, 2009). One such example is a large shigellosis outbreak in Oregon in 2015, during which warm weather and heavy precipitation were associated with shigellosis transmission among unhoused individuals but not housed individuals (Hines et al., 2018). Additionally, extreme weather is amplified by climate change and has health consequences. Past research has demonstrated relationships between extreme hot and cold weather and morbidity and mortality (Gronlund et al., 2018). Heat waves exacerbate chronic conditions, cardiovascular and respiratory mortality, and morbidity (Basu, 2009), while cold weather conditions can cause hypothermia, frostbite, and non-freezing cold injuries. To better understand how individuals are impacted by extreme temperatures, recent studies have assessed how individuals are exposed to hot and cold weather and how it affects their health (Seltenrich, 2015; Masselot et al., 2023). Unhoused participants reported a higher perceived severity of excessive heat, which aligns with their heightened vulnerability due to living conditions and limited access to resources. This underscores the necessity for targeted interventions for unhoused individuals, emphasizing the heightened risks and promoting awareness campaigns tailored to their unique circumstances (Robertson et al. 2024). This study is the first to investigate how unhoused individuals are exposed to hot and cold weather when sleeping in tents. 
[bookmark: _Toc193982864]1.3 Objective of Research
	The objective of this project was to collect and analyze data from inside tents of unhoused individuals living in Knoxville, Tennessee, to understand their exposure to extreme heat and cold. Specifically, we wanted to determine the difference between the ambient temperature and the in-tent temperature during the overnight period. I attempted to answer two research questions:
[bookmark: _Toc193982865]1.4 Research Questions
1. What overnight temperatures are observed inside tents during the hottest and coldest periods of the year?
2. What factors may contribute to the temperatures experienced inside the tents?











[bookmark: _Toc193982866]Chapter 2 - Background
[bookmark: _Toc193982867]2.1 Residential Tents
	Some unhoused individuals resort to living in tents and encampments, in part because of the sense of community, privacy, and autonomy these arrangements provide (Cohen et al., 2019). Unhoused individuals living in a tent city just outside the city of Victoria, British Columbia, said that a key contributor to a sense of community and safety was the level of stability felt by residents, who are able to avoid constant movement, displacement, and theft experienced when sleeping outside on the street (Olson et al., 2023). On the other hand, one study in Amsterdam also found that outside sleepers may steal from one another, resulting in violence towards each other to protect their interest (Steger & Brunt, 2003). In the city of Knoxville, living in tents is prohibited and abatements or sweeps are used to enforce this law, forcing tent-dwellers from their homes back into even more precarity (City of Knoxville, 2022.). In urban areas such as Knoxville, the city experiences warmer temperatures than the surrounding rural area due to heat-absorbing surfaces like asphalt or buildings. This phenomenon is known as an urban heat island (UHI).
Greenspaces and other hidden areas are places where unhoused individuals often build or erect tents, keeping them out of the public view where they feel unwelcome or discriminated against (Koprowska et al., 2020). Urban green spaces are attractive spaces to socialize and rest, where aspects of peacefulness, brought by nature, are highly valued. Here, unhoused individuals can feel at home, out of sight of the public, and less likely to be bothered and told to move. “Under the bridge, people can’t see me,” said an unhoused woman, interviewed in a different study, who described living unhoused as being an eyesore (Langegger & Koester, 2016).	Unhoused people can encounter numerous problems while sleeping outside including exposure to harsh weather, safety threats, and health issues that stem from a combination of factors including sleep deprivation, heat stress, and cold exposure (Gonzalez & Tyminski, 2020; Romaszko et al., 2017). Those who sleep in tents may have some protection from inclement weather, but in some cases, tents can be damaged or flooded, resulting in the loss of a safe sleeping area (Every et al., 2019).
[bookmark: _Toc193982868]2.2 Microclimates within an Urban Setting
	While cities are often warmer than rural areas overall, microclimates exist within a single urban area. Longwave and shortwave solar radiation exchange differences produce complex interactions of physical phenomena across short time and length scales (Allegrini et al., 2015). A feature that may lead to a microclimate is an elevation change, which may cause cold air drainage, meaning lower-lying areas are cooled by cold air advection (Sachsen et al., 2013). In  Knoxville this is observed with the river valley created by the Tennessee river that runs through the center of Knoxville where cold air can pool causing a microclimate in the lower elevations of the river valley. Meanwhile other features such as building density and the thermal mass of urban areas all influence microclimates (Loibl et al., 2021). 
Trees play a pivotal role in creating local urban microclimates that can mitigate urban heat and enhance thermal comfort (Rahman et al., 2020). Trees can modify the microclimate by providing shade, reducing wind speed, and cooling the air via evapotranspiration (Georgi & Zafiriadis, 2006). These effects together seem to raise the comfort of an individual strictly based on temperature alone (Cheng et al., 2012). This is why we see unhoused populations drawn to areas like parks with plentiful tree cover to provide shade and protection against the elements (Speer & Goldfischer, 2020). Tree species with dense and big canopies provide better shading and human thermal comfort (Helletsgruber et al., 2020). Park Cool Islands have a cooling effect within urban areas, but different densities and distribution of trees play a factor in cool island intensity (Spronken-Smith et al., 2000). 
Because of their cooling properties and other characteristics, green spaces are one location of choice for unhoused residents to spend their time. There are other strategic locations where unhoused individuals set up their tents that can provide protection from the elements. For example, an encampment in California was at the bottom of a hill next to a canal and under an overpass (Speer, 2017). At locations such as these in low-lying areas, cold air drainage reduces night-time temperatures beginning right after sunset (McKendry et al., 2001). Overpasses also offer shading and protection from the elements, leading to overpasses being a place used for encampments in Knoxville as well. However, the overpass stores incoming solar irradiance to remit at night which, especially in locations without cold air drainage, may keep the area somewhat warmer than out in the open (Ellis et al., 2024). Data collected across 10 weather stations in the city of Knoxville found that downtown Knoxville was warmer than surrounding neighborhoods over the summer, especially at night (Ellis et al., 2017). A second study found that places where unhoused individuals often sleep outside in downtown Knoxville, including a downtown park area with plentiful trees that kept daytime temperatures down, maintained warmer temperatures than the suburbs overnight, showing a nocturnal UHI (Ellis et al., 2024).
[bookmark: _Toc193982869]2.3 Heat Exposure and Impacts
The increasing frequency, duration, and severity of heat waves along with the rapidly growing at-risk population around the world amplifies the health implications from weather events (Kenney et al., 2014). One of these implications is heat stress, which, under global warming, is becoming more frequent and intense (Kenney et al., 2014). Heat kills about 600 people per year in the U.S., more than any other extreme weather event in the country (US Department of Commerce, 2023), though that number is likely a considerable undercount (U.S. Global Change Research Program, 2018). Unhoused individuals are particularly vulnerable to heat events (Gabbe et al., 2023). This was recently demonstrated in Las Vegas, where heat is among the deadliest natural event in the region. In 2021, heat-related deaths totaled 245 people as temperatures hit 117 °F, doubling from 125 deaths in 2020. Among these deaths, the coroner office estimates that the unhoused population accounted for around half (Simonton, 2022).
The role of night-time warming in heat-related health effects is growing due to climate change. Daily minimum temperature has increased more than 1 °C in the past few decades (Wang et al., 2020). In addition, night-time heat exposure could be exacerbated by the UHI effect within urban areas, as the maximum UHI is often at night (Shi et al., 2021). By the 2100s, the population exposed to night-time heat is projected to increase four to eight times compared with the 2010s across the northern hemisphere (Wang et al., 2020). Therefore, it could be reasoned that the health effects due to hot nights worsen in a warming climate.
Mitigation efforts have been made to inhibit the impact heat has on unhoused individuals. For example, cities may use cooling shelters, which are air-conditioned public spaces open during abnormally hot days in summer. Usually, local community centers or churches serve as cooling shelters where an individual can seek refuge out of the heat, but for a variety of reasons unhoused individuals may seek refuge in other spaces. Often during heat waves, knowledge of cooling shelters is only spread by word of mouth or by having seen the cooling shelter’s location (Berisha et al., 2017). Additionally, heat alerts may not reach unhoused individuals (Bezgrebelna et al., 2021). Heat education and outreach activities should ensure that vulnerable populations have information made readily available to them along with the ability to access cooling shelters (VanderMolen et al., 2022), and must recognize that, without careful attention, technological advances in heat-health systems may not be beneficial to the unhoused community (Longo et al., 2017). When access to cooling shelters is not provided, unhoused individuals might seek refuge in a park under a shade tree, a library, or a shopping mall (Every et al., 2019); however, they risk being removed by security or law enforcement from these public spaces (Cusack et al., 2013). Tents provide shade and could offer some protection from heat until daytime sunshine warms up the inside of the tent higher than the ambient air temperature. Furthermore, adding a cover material such as a tarp to shade a tent has been found to cause an even higher air temperature inside the tent (Karanja et al., 2023), though thermal environments of tents in which people are living have not yet been observed.
[bookmark: _Toc193982870]2.4 Cold Exposure and Impacts
	In many parts of North America, cold weather conditions persist during the cold months. Unhoused individuals spend most of their time in these conditions, resulting in prolonged cold exposure, and those who sleep outside are exposed to the coldest conditions of the day. Cold stress can quickly overwhelm human thermoregulation with consequences ranging from impaired performance to death (Stocks et al., 2004). Luckily, many climate models indicate cold extremes are becoming less severe and frequent. Areas like Knoxville usually only see one or two extreme cold events each winter. The duration of such events could be impacted too with the changing climate, with models pointing towards a shortening period of extreme cold events (Kodra et al., 2011).
	An unhoused individual may attempt to combat the cold nights of the year with multiple methods to warm themselves or the spaces they live in. Drugs and alcohol may be used to provide relief, but they can dangerously dull the senses giving an individual the feeling of warmth even when they are not. Burning bits of trash and paper against bricks or rocks, which hold heat, can help warm structures (Batty, 2011). In a previous study, one unhoused woman described being cold at night and running to the nearest public restrooms for warmth, but unfortunately many times the public restrooms were closed (Alewett, 2014). These methods are not ideal for staying warm at night, but with the circumstances surrounding homelessness many do not have any other options.
	The health implications of cold exposure can be severe. Hypothermia is the most common ailment, in which individuals staying outdoors in cold environmental conditions develop abnormally low body temperature, cardiovascular, central nervous system dysfunction, and potentially fatal outcomes. The odds of experiencing hypothermia increase 1.64-fold with every 5 °C of cooling (Zhang et al., 2019). Also common is frostbite, when a person’s exposed skin becomes white-colored due to lack of blood flow, the cells die, and the tissue freezes. This damage can be temporary or permanent depending on the severity (Frostbite on Jstor, 1952). Disability from amputation following frostbite affects at least 20 percent of patients and disproportionality affects the unhoused population (Endorf & Nygaard, 2021).









[bookmark: _Toc193982871]Chapter 3 – Data and Methods
[bookmark: _Toc193982872]3.1 Study Area
Data were collected from across the downtown district of Knoxville, Tennessee (Figure 2). Knoxville is considered a medium-sized city with an estimated population of 190,740 as of 2020 (Knoxville Census, 2022.). Knoxville exists in a valley, located east of the Cumberland Plateau and west of the Great Smoky Mountains. The Tennessee River separates South Knoxville from the rest of the city and downtown, where the data were collected. Knoxville is a humid subtropical climate, with hot, humid summers and mild winters, but not regular frosts.
[bookmark: _Toc193982873]3.2 Participant Recruitment and Characteristics
There were two data collection periods: one in winter 2024 and one in summer 2024. For each period, ten unhoused individuals who were living in a tent were recruited to participate in this study. The Volunteer Ministry Center of Knoxville (VMC) helped identify potential participants. Once a participant was chosen, they agreed to participate in the study by signing a
consent form. The form has 2 parts, a section on demographic information being collected for a separate study, and a section about participating in the in-tent observation portion of the study. Upon initial consent, a $20 gift card was given to the participant for completing the demographic
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Figure 2. Study Area: Data were collected in tents located within the circle.
survey. The VCM Street Team led the research team around Knoxville to locate participants in the study and place equipment. When arriving at the tent, the street team loudly identified the group as “VMC and UT” and asked if they can access the tent. If no one answered, no sensors were placed in the tent. If someone answered, exited the tent, and allowed access, then the temperature sensors described in section 4.2 were placed in the participant’s tent. Notes were taken about the type of tent materials and any evident mitigation measures for extreme temperatures. During each of the two data-collection periods, participants were given a $20 Kroger gift card for every other day during the collection period that they participate. A total of $100 in gift cards were given to everyone participating in the study. This research was approved by the University of Tennessee Institutional Review Board (UTK IRB-24-07952-XP).
Some problems with recruitment occurred when completing the study. During each study period, 10 tents were initially accessed, but some tents could not be included in this study for reasons such as erroneous observation or the participant did not have a tent. For example, two participants volunteered but did not mention they do not live in a tent. Unfortunately, when the team arrived at the location where they lived, there was only a pavilion. Since these conditions are what so many of the unhoused community have to face the team went ahead and recorded observations at the location, but the data was not included in the study.
Participant demographic information was collected via a survey performed orally in a VMC office. The average age of a person who participated in the study was 46 years old, and ages ranged from 34–63. Participants had been unhoused for as few as 4 months to as long as 20 or more years. The length of time exposed to the elements matters because of the impacts of long-term exposure on health (Heaviside et al., 2017). Several participants shared with the team that this was not their first experience being unhoused. They explained that they had previously secured housing, but due to various circumstances, they once again found themselves without stable shelter. 
When asked how they received information about impending weather events, participants gave two primary responses. About half reported obtaining inclement weather updates via cell phone alerts, while several others relied on family and friends for timely warnings. Participants were also asked which weather conditions most affected their health when sleeping in a tent. Common responses included extreme cold, intense heat, rain, snow, and high winds. Sixteen participants reported that cold weather negatively impacted their ability to sleep in a tent, while twelve indicated that hot weather influenced their decision on whether to use a tent for sleeping. These findings demonstrate that everyday weather patterns impact the study participants. Several participants noted only fair health, citing prolonged exposure to the elements as a contributing factor to their declining well‑being. Individuals who reported being in very good health were those who had experienced long-term homelessness. This may be attributed to their developed expertise, resilience, and adaptability in navigating the challenges of life without stable housing.
[bookmark: _Toc193982874]3.3 Temperature Observations
The winter portion of the study took place from February 14–21 2024. The summer portion of the study took place from August 14–21 2024. These dates were chosen based on personnel availability, including partners at the VMC who were integral to ensuring the camps were not swept during the study. The weather during the collection periods is shown in Tables 1 and 2. For each collection period, sunny and cloudy weather was observed, accounting for a 
multitude of conditions unhoused individuals face. Frontal systems were also observed during

Table 1.  Winter Study Observations: Weather observations reported from the KCNI airport weather station during our winter study period from February 14–21, 2024.
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Table 2. Summer Study Observations: Weather observations reported from the KCNI airport weather station during our summer study period from August 14–21, 2024.
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both collection periods allowing for drastic changes to temperatures throughout the collection period.
Data were collected using iButton Hydrochrons secured inside a radiation shield to ensure accurate data collection. The iButtons recorded temperature and relative humidity data at 15-minute time increments, which we downloaded from the device onto a local computer. The iButton Hygrochron has an accuracy of ± 0.5 °C and ± 5% relative humidity (Longo et al., 2017). Data were collected inside unhoused individuals’ tents where the devices holding the iButtons
were placed one foot from the center ceiling of the tent (Figure 3). This location within the tent has been used by other researchers and produced the best outcome with data collection (Karanja et al., 2023). A control iButton was placed outside of the tent to measure ambient air temperature so that it can be compared to the temperature inside the tents. 
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Figure 3. Instrumentation: Photo of instrumentation placed inside of participant’s tent. This instrument was placed one foot from the ceiling of the tent, and the two iButtons are on the inside of the radiation shield recording temperature and relative humidity observations.
[bookmark: _Toc193982875]3.4 Analysis
For the statistical portion of the study, we only used data from days that lied between 2 standard deviations from the climatological temperature averages (Figure 4) and exhibited no synoptic forcing, ensuring we focus on typical weather instead of extremes. This resulted in three (four) days for the winter (summer) portion of the study.
Because we were interested in overnight exposure when residents were most likely inside their tents, we analyzed the period from 12 am to 7 am. This specific period was chosen because
it is the time average adults are asleep for (Monk et al., 2000); though we recognize that the patterns of unhoused individuals may be different, this is likely a period where they do not have other places to go and will be in their tent.                                                                                                  
The data collected from the iButton Hydrochrons were analyzed in R Studio using descriptive statistics to investigate relationships between in-tent temperature and ambient temperature. Graphical representations were created to highlight these patterns, plotting ambient 
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Figure 4. Climatological Averages: Climatological averages (°C) for winter (a) and summer (b) are depicted by the middle temperature in each set of numbers––winter and summer highs (orange) and winter and summer lows (blue). The surrounding numbers depict two standard deviations out from the climatological averages. The smaller dots are recorded highs and lows from a nearby airport, KCNI, during the study period to help determine what days fall within two standard deviations.
temperature alongside in-tent temperature for the study periods, which allows visual comparisons of the trends observed at both diurnal and sub-hourly scales. These graphs form the groundwork for the exploration of potential factors influencing the observed thermal behavior. A paired-samples t-test was used to compare ambient air temperature to the in-tent temperature using the Bonferroni correction to account for the error induced when conducting multiple t-tests. The Bonferroni correction adjusted alpha from 0.05 to 0.000357. The multitude of variables within the study made it challenging to isolate any single variable to discern its impact on temperature exposure. Such variables included smoking within a tent, which has been found to skew temperature observations, burning candles, and the wide variety of materials and tent types.
[bookmark: _Toc193982876]3.5 Field Notes
When each tent was visited for instrument implantation, physical observations were also taken of the tent. Table 3 provides an overview of the surrounding environment, structural descriptions, contents inside the tent, and other field notes including how many people were living in the tent. These descriptions provide powerful insights and connections that can be made 
Table 3. Tent Conditions: Each row is the description of a tent with fourteen tents in total as a part of this study. Six tents were observed for the winter portion of the study. Eight tents were observed for the summer portion of the study.
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Table 3. Continued
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when comparing them to the graphical figures. Each row within Table 3 represents a unique tent, highlighting the differences within the individual’s set-up and living conditions. These tents vary in terms of their construction, from minimalistic structures that offer little to no insulation to more robust tent setups with materials that retain heat and improve the tent’s thermal comfort. Likewise, the contents range from basic bedding on the ground to more elaborate setups with a mattress, blankets, food, water, night table, lights, and drawers for belongings. The observations highlight the impact of both personal choices and environmental factors on the variability of tent conditions, providing valuable insights into currently employed and potential adaptive strategies.













[bookmark: _Toc193982877]Chapter 4 - Results and Discussion
[bookmark: _Toc193982878]4.1 In-Tent Temperatures vs. Ambient Temperature
The relationship between ambient and in-tent temperatures provides insight into microclimatic conditions within makeshift shelters such as tents, and the potential implications for occupant comfort and safety. This study examines the thermal characteristics of tents relative to the external environment by analyzing 15-minute temperature observations during a summer and winter period. The results provide a nuanced understanding of how tent structures respond to ambient temperature fluctuations and the extent to which they amplify or buffer external conditions.
In-tent temperatures tended to exceed ambient temperatures during daytime and nighttime periods in both summer and winter, as seen with tents Winter 3 and Summer 8 in Figure 5, for example. The differences were greater during the day, at times 7–8 °C, which can be attributed to incoming solar radiation being trapped inside the tent and limited ventilation within the structure increasing the temperature inside the tent. At night, in-tent temperatures remained slightly elevated (e.g., 3–4 °C) compared to ambient temperatures, suggesting that body heat, tarps, or supplemental heating sources keep the tent warmer as the ambient environment cools. Figure 5a highlights the importance of tents for the unhoused population by keeping them warmer in the winter and less exposed to cold and other extreme conditions, though the conditions they experience are still capable of severe health impacts. Meanwhile, Figure 5b demonstrates that during the summer, sleeping in a tent may result in increased nighttime heat exposure, at a time when the body would typically recover from daytime heat exposure.
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Figure 5. Single Tent Comparison: Example of one set of in-tent (solid red line) and ambient temperatures (bolded solid blue line) during the a) winter and b) summer. The tent ID for “a” is Winter 3. The tent ID for “b” is Summer 8 (Table 3). 



Multiple tents located in a single location provided an opportunity to assess differences in
exposure between tents. In Figure 6a, we illustrate temperatures in a set of tents in a single encampment in the winter. Despite having nearly the same external conditions, the in-tent temperature profiles have notable variations, highlighting the impact of internal factors within the tents. Tent 1 had two people living inside the tent with a fire outside the tent they used to cook their food and stay warm at night, which resulted in warmer temperatures compared to the other tents during the overnight hours. The sharp increases during the overnight hours are indicative of supplemental heating sources such as burning candles, pieces of paper, or hand sanitizer to produce heat. 
Even though some participants used methods to heat tents during the wintertime, most of the tents we studied did not show signs of heating up the tent overnight. This exposed participants to prolonged cold temperatures, which could lead to hypothermia or frostbite in 
extreme cases. In a study on drug and alcohol abuse among unhoused individuals, researchers mentioned a number of participants said they drank alcohol to “warm up,” i.e., to better endure Montreal’s cold climate (Ochoa et al. 2023). The common feeling of warmth after drinking alcohol is because alcohol affects the thermoregulation of humans. When alcohol is consumed an immediate reaction of the body is the vasodilation seen in peripheral blood vessels, which causes warmth to be felt on the outside of the body (Yoda et al. 2005). Similar studies on alcohol clearly show that alcohol consumption dramatically affected the circadian core body temperature by inducing its nocturnal increase (average increase of 0.36°C; Danel et al. 2001). This is one potential reason alcohol and drug dependence is the most common mental disorder among the unhoused population (Fazel et al. 2008). 
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Figure 6. Multiple Tents Comparison: Temperature observations from within a set of tents located at a single encampment, as well as ambient encampment temperature, during a) the winter where Tent 1 ID is Winter 4, Tent 2 ID is Winter 5, and Tent 3 ID is Winter 6 and b) the summer where Tent 1 ID is Summer 1, Tent 2 ID is Summer 8, Tent 3 ID is Summer 2, Tent 4 ID is Summer 5, and Tent 5 ID is Summer 4.



During the summer study, the tents within the single encampment largely had a similar temperature profile to the ambient temperature. The exception was Summer 5, which was in the
direct sunlight causing warmer in-temp temperature during the daytime. During the nighttime, body heat and heat trapped inside the tent kept the tent warm and, in some cases, uncomfortably warm, upwards of 25 °C (77 °F). The ideal temperature for sleep is between 65–70 °C (Raj et al. 2020), which is not experienced on the average summer or winter night in a tent. While there is not yet a full understanding of the impact of overnight heat exposure on health, it is believed that being exposed to heat overnight prevents the body’s ability to recover from daytime heat exposure (Murage et al., 2017). Additionally, unhoused individuals lack of sleep can affect their cognition, resulting in reduced attention, psychomotor vigilance, and increased variability in behavioral responses (Killgore et al. 2010). 
There are few to no options for cooling a tent down to optimal sleeping temperatures during summer months. One mitigation measure is the use of shade. An experiment in Arizona found that erecting a shade over a tent affects temperatures in tents significantly––enough to affect health outcomes. Specifically, tent covers can be used to reduce daytime heat but they should be removed at night or they will trap heat (Karanja et al., 2023). However, this experiment was performed in the desert and results could differ in a humid subtropical climate. In our study, many participants used trees to shade their tents, which means they have no structure to remove at night. It is doubtful that those who did erect shade structures remove them at night due to the complexity of the shade structures, many of which were built from scrap materials. Instead, we saw participants attempting to mitigate heat by increasing air flow in the summer months. They opened doors and windows and removed layers of blankets and tarps from the roof of the tent (Table 3). This shows that heat mitigation measures are going to vary geographically, and some measures may not be possible in these makeshift structures. A common spot tent dwellers were found throughout the study is underneath overpasses in attempt to provide shade and other protection from the elements. Overpasses are a commodity to the unhoused community, and some argue they should be allowed to take advantage of the existing infrastructure (Hall, 2011).
	Mitigation strategies were more impactful in the winter. The in-tent temperature constantly exceeded the ambient temperature (Figure 7), with temperature spikes suggesting the use of supplemental heating methods such as candles, small fires, or other heating sources. Despite participant attempts at warming their tent, the average temperature of this particular tent during the coldest part of the morning was around 6 °C  (42 °F), which is approximately 12 °C below recommended ambient sleep temperature, though warmer than the ambient temperature. Inside the tents used in our study, we observed temperatures below the -0.5 °C threshold where frostbite and other cold exposure sicknesses can occur (Fudge et al. 2015). In addition, burning
candles is a dangerous mitigation measure, as this practice can destroy a tent or an entire community (Murray et al. 2009). These results provide insights as to how effectively individuals attempt to adapt to outdoor living conditions and mitigate winter temperatures, and also demonstrate that these mitigation measures may not make a large enough difference to contribute to better health outcomes or may be inherently dangerous.
Table 4 illustrates 14 paired t-test results comparing the difference between ambient temperature and in-tent temperature for both summer and winter. The results show the majority tents from summer and winter periods experience significant differences from the ambient temperature. During the winter period, these differences were much greater than when compared to the summer data, demonstrating the impact of mitigation measures. Though tents only 
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Figure 7. Heating a Tent: Ambient temperature and in-tent temperatures during the winter, showing how heating sources such as candles cause sharp peaks in the in-tent temperature. The tent ID for this tent is Winter 2.

Table 4. Summer vs. Winter Statistics Tent Statistics: Mean differences in 15-minute overnight temperature observations (°C) between tents and the ambient environment during the summer and winter. Positive values depict the in-tent temperature as warmer than the ambient temperature. Significance is reported based on a paired-samples t test (*p<0 .05, **p<.00357). Subscript values correspond with tent ID number.
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captured minimal additional warmth overnight in the summer, the overnight heat exposure may still have negative health consequences. Similarly, though tents remain significantly warmer overnight in the winter, residents are still being exposed to dangerously cold temperatures.
[bookmark: _Toc193982879]4.2 Limitations
	This study was limited by sampling capabilities that affected the size and timing of the data collection. The timing of the study periods had to be planned weeks in advance and coincide with periods where all personnel were available and VMC could confirm with officials that they would pause camp sweeps. This resulted in data collection occurring in unseasonably mild temperature periods for summer and winter. This deviation from average conditions could have introduced bias, limiting the conclusive findings to other periods of the year.	
	Furthermore, many variables for this study area were not controlled for such as smoking (Figure 8), unknown heating sources (Figure 7), daily lives of unsheltered individuals, or tent
[image: ]
Figure 8. Smoking in a Tent: Ambient temperature and in-tent temperatures during the winter, showing how smoking in a tent can increase the temperature inside the tent drastically observed by the sharp spikes in the in-tent temperature data.

placement. This is what also made this study important, the fact that the research team was able 
to go out into the field and work alongside the real unhoused population. Some of these complex variables are potentially impactful for unhoused individuals and would be interesting to study in isolation; for example, the comorbidity of smoking and thermal exposure among those sleeping in tents, or the effects of burning candles on core body temperature. Some data were also excluded because an ambient sensor was covered with a wet shirt so we could not use that data. This is a good example of the challenges associated with relying on volunteers to host equipment. Lastly, many participants lived in a semi-urban or low-lying forested environment, which limited this study’s ability to explore connections between the unhoused population and the UHI. These limitations all reflect the innate challenges of conducting field-based research on a vulnerable and highly mobile population.
[bookmark: _Toc193982880]4.3 Future Research
	Future research should focus on addressing the limitations of this study while attempting to expand the scope of thermal dynamics surrounding the unhoused population. A necessary improvement would be to ensure data collection across climatological averages for the studied season based off of temperature, which has been proven hard to achieve. Another interesting component to investigate would be to repeat this study under climatologically extreme temperatures for winter and summer to see how the thermal dynamics within tents change. Incorporating additional variables, such as human activities, sky view factor, and health data like body temperature would be important to consider. Future studies could also investigate unhoused populations living in a denser urban setting to look at the direct effects of the UHI on the unhoused population. Finally, incorporating descriptive qualitative data, such as in-depth questionnaires for participants on their thermal comfort and coping strategies, could provide valuable context to support the quantitative findings and inform interventions that improve the living conditions of unhoused individuals.



















[bookmark: _Toc193982881]Chapter 5 – Conclusion
	This project is the first to assess thermal conditions of residential tents. The findings revealed that tents consistently maintain higher temperatures than their surroundings. During the wintertime this result is positive, with tents helping the unhoused stay warmer in the cold conditions. On average, tents in the winter were 8.73 °C warmer overnight than the ambient environment, though the temperatures still reached cold enough conditions to cause health concerns, even on average winter nights. One study participant who has been living in a tent long-term had a few frostbit toes and was likely going to have them removed. Alternatively, in the summer, the excess heat inside the tents, which were approximately 2.48 °C warmer than the ambient temperature on average overnight, increases individual heat exposure.  Individuals could benefit from sleeping outside during the summer in the cooler ambient air, but as documented from this study the mosquitos were unbearable at some encampment locations. Originally this study aimed to use heat index as a variable to study, but during the summer study period the warmest temperature observed was 30 °C. The relative humidity during the entire period was also low, making the heat index negligible. However, multiple individuals told the team that even if it is not 38 °C, 29 °C is still hot and strains their body.
	Shading effects on tents also emerged as a notable factor that influenced temperature regulation within the tent. Dense tree cover where tents were situated experienced cooler in-tent temperatures mainly during the daytime hours than those exposed to direct sunlight. While shade can mitigate heat in the summer months, it could reduce warming inside the tent during the wintertime. Luckily, during the winter months the team noticed that the trees were off the leaves creating more sunlight in dense tree covered areas. Unfortunately, as many unhoused individuals mentioned to the team that the limited leaves on the trees made it harder for them to stay hidden, increasing their chances of getting swept by the local officials. These findings suggest that the tent location with consideration of shading and sunlight could improve safety and comfort for unhoused individuals.
	This study illustrates the variability in thermal performance between tents in proximity to each other. Differences in the surrounding environment, structure type, contents, and the amount of people living in the tent are all factors that impact the in-tent temperature. For example, tents with tarps or space blankets perform better at retaining heat. Alternatively, tents with thinner materials or in more exposed locations were less effective at retaining heat. As the team went around from encampment to encampment a pattern evolved of tents that were slashed, and we finally asked the VMC team members if they knew how this occurred. They told the researchers that the local officials come through and slash the tents of unhoused individuals to ward them away from the area and make their tent not suitable for living. Now the elements like wind and rain can infiltrate their tent making living conditions miserable for the inhabitant. Table 3 summarizes these descriptions demonstrating the wide variability within tents and belongings of unhoused individuals, which can significantly influence the effectiveness of the tent as a shelter.
Tents are a vital resource for the unhoused populations throughout the year, regardless of their limited ability to reduce thermal exposure. Unfortunately, encampment sweeps are conducted by local officials every couple of weeks creating a scarcity of tents within the community. This forces unhoused individuals to constantly move their camp and/or replace their items, increasing their precarity. If individuals could remain in one location, they could improve the livability of tents through simple interventions. Methods could involve decreasing cold exposure in the winter months by using blankets or safe external heat sources. Some reduced heat exposure could occur through appropriate removal of tarps and use of windows in locations where an individual is comfortable doing so. These findings also allude to broader systematic challenges as while tents do provide short-term protection against harsh elements, there is currently no long-term solution for housing insecurity. 
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