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Abstract

Outdoor workers perform critical societal functions, often despite higher-than-average on-the-job risks and below-average pay.

Climate change is expected to increase the frequency of days when it is too hot to safely work outdoors, compounding risks to

workers and placing new stressors on the personal, local, state, and federal economies that depend on them. After quantifying

the number of outdoor workers in the contiguous United States and their median earnings, we couple heat-based work reduction

recommendations from the US Centers for Disease Control and Prevention with an analysis of hourly weather station data to

develop novel algorithms for calculating the annual number of unsafe workdays due to extreme heat. We apply these algorithms

to projections of the frequency of extreme heat days to quantify the exposure of the outdoor workforce to extreme heat and

the associated earnings at risk under different greenhouse gas emissions mitigation scenarios and, for the first time, different

adaptation measures. With a trajectory of modest greenhouse gas emissions reductions (RCP4.5), outdoor worker exposure to

extreme heat would triple that of the late 20th century baseline by midcentury, and earnings at risk would reach an estimated

$39.3 billion annually. By late century with that same trajectory, exposure would increase four-fold compared to the baseline

with an estimated $49.2 billion in annual earnings at risk. Losses are considerably higher with a limited-mitigation trajectory

(RCP8.5). While universal adoption of two specific adaptation measures in conjunction could reduce future economic risks by

roughly 90%, practical limitations to their adoption suggest that emissions mitigation policies will be critical for ensuring the

wellbeing and livelihoods of outdoor workers in a warming climate.
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Figure S1. For a normal daytime work schedule (A) and an adjusted daytime work schedule (B), average 
number of hourly observations of heat indices above 100°F (37.8°C) on days when daily maximum heat 
indices were between 100 and 104°F (37.8-40.0°C), the number of hourly observations of heat indices 
above 100°F and 105°F (40.6°C) on days when daily maximum heat indices were greater than 105°F 
(40.6°C) but not off the chart (OTC), and the number of hourly heat indices above 100°F, 105°F, and 
108°F (42.2°C) on days when daily maximum heat indices were OTC for the 16 different ASOS stations. 
Hourly observations covered the period 2001-2020. 
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Abstract 11 

Outdoor workers perform critical societal functions, often despite higher-than-average on-the-12 

job risks and below-average pay. Climate change is expected to increase the frequency of days 13 

when it is too hot to safely work outdoors, compounding risks to workers and placing new 14 

stressors on the personal, local, state, and federal economies that depend on them. After 15 

quantifying the number of outdoor workers in the contiguous United States and their median 16 

earnings, we couple heat-based work reduction recommendations from the US Centers for 17 

Disease Control and Prevention with an analysis of hourly weather station data to develop 18 

novel algorithms for calculating the annual number of unsafe workdays due to extreme heat. 19 

We apply these algorithms to projections of the frequency of extreme heat days to quantify the 20 

exposure of the outdoor workforce to extreme heat and the associated earnings at risk under 21 

different greenhouse gas emissions mitigation scenarios and, for the first time, different 22 

adaptation measures. With a trajectory of modest greenhouse gas emissions reductions 23 

(RCP4.5), outdoor worker exposure to extreme heat would triple that of the late 20th century 24 

baseline by midcentury, and earnings at risk would reach an estimated $39.3 billion annually. 25 

By late century with that same trajectory, exposure would increase four-fold compared to the 26 

baseline with an estimated $49.2 billion in annual earnings at risk. Losses are considerably 27 



higher with a limited-mitigation trajectory (RCP8.5). While universal adoption of two specific 28 

adaptation measures in conjunction could reduce future economic risks by roughly 90%, 29 

practical limitations to their adoption suggest that emissions mitigation policies will be critical 30 

for ensuring the wellbeing and livelihoods of outdoor workers in a warming climate.  31 

 32 
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 34 

1. Introduction 35 

Outdoor workers are among the most vulnerable people to heat-related illness – a 36 

condition in which the body is unable to successfully thermoregulate heat stress and, as a 37 

result, the core body temperature increases. Heat-related illness includes a range of conditions, 38 

from the relatively mild (e.g., heat cramps) to those more severe, such as heat stroke and can 39 

even lead to death (Gauer and Meyers, 2019). For outdoor workers, chronic exposure to 40 

extreme heat can also lead to other adverse health outcomes, such as acute kidney injury (Mix 41 

et al., 2018; Wesseling et al., 2020). In the United States, outdoor workers face a 42 

disproportionate risk of heat-related death (Gubernot et al., 2015) and among outdoor 43 

workers, heat-related fatalities occur disproportionately among Black and Hispanic or Latino 44 

people (Gubernot et al., 2015).  45 

Currently, there are few mandatory protections in place to prevent heat-related 46 

illnesses and deaths in the workplace at either the federal or state level. The National Institute 47 

for Occupational Safety and Health (NIOSH) under the Centers for Disease Control and 48 

Prevention (CDC) have published a detailed set of recommendations for employers to follow to 49 



protect employees from heat-related illness (Jacklitsch et al., 2016). However, only a small 50 

number of states – including California (Heat Illness Prevention in Outdoor Places of 51 

Employment, 2015) and Washington (Washington Department of Environmental & 52 

Occupational Health Sciences, 2021) – have enacted regulations requiring employers to take 53 

specific measures to prevent heat-related illness among employees. 54 

Moving forward, the hot and humid conditions that can lead to heat-related illness and 55 

death are projected to increase dramatically across the United States as a result of human 56 

caused climate change (Vose et al., 2017; Dahl et al., 2019). Dahl et al. (2019) found that the 57 

frequency of days with maximum daily heat index values above 100°F (37.8°C) increases four-58 

fold nationally by the end of the 21st century under a high-emissions scenario relative to late 59 

20th-century conditions. Despite the likely increase in risks outdoor workers will face due to 60 

continued climate change in the coming decades, their disproportionate exposure to extreme 61 

heat, and their importance to US society, few studies have attempted to quantify the impacts 62 

of future extreme heat on the wellbeing and livelihoods of outdoor workers. As a result, several 63 

critical knowledge gaps remain.  64 

First among these gaps is a lack of knowledge regarding where outdoor jobs are 65 

concentrated in the United States and how those patterns intersect with areas where extreme 66 

heat conditions are projected to occur more frequently as a result of human-caused climate 67 

change. Critically, most studies examining the effect of increasing extreme heat conditions on 68 

outdoor workers use industry-level rather than occupation-level data (Neidell et al., 2020; 69 

Tigchelaar et al., 2020; Zivin and Neidell, 2015) or only examine one sector of workers (e.g., 70 

Tigchelaar et al., 2020).  71 



Second, understanding local, state, and regional variability in outdoor worker exposure 72 

and vulnerability is critical for designing effective climate resilience policies, as is understanding 73 

the range of potential climate conditions we face. However, many studies examining the effect 74 

of increasing extreme heat on outdoor workers to date have used coarse-resolution models, a 75 

single greenhouse gas emissions scenario, or constrained estimates of the heat-humidity 76 

combination (Dunne et al., 2013; Tigchelaar et al., 2020).  77 

A third knowledge gap for addressing the scope of the problem includes the macro- and 78 

micro-economic impacts of climate change on outdoor workers. Previous studies (Dunne et al., 79 

2013; Neidell et al., 2020; Zivin and Neidell, 2015) have given little attention to the 80 

consequences of climate change for the earnings of individual workers in a range of outdoor 81 

occupations. Finally, while efforts have quantified the economic benefits of greenhouse gas 82 

emission reductions on the outdoor work sector (Dunne et al., 2013; Neidell et al., 2020; Zivin 83 

and Neidell, 2015), none, to our knowledge, quantify the economic benefits of implementing 84 

adaptation measures that could enhance worker safety. 85 

Given the gaps in our understanding of how heat is likely to impact outdoor workers as a 86 

result of human-caused climate change, this study focuses on three primary research 87 

objectives. First, this study aims to intersect spatial patterns of outdoor work across the 88 

contiguous United States with twenty-first century extreme heat projections to identify outdoor 89 

worker populations at particular risk of increasing exposure. Within this objective, we couple 90 

public health guidelines with an analysis of weather station data to develop novel algorithms 91 

for quantifying the number of workdays that could become unsafe under different global 92 

warming scenarios. Second, this study aims to quantify the individual and collective earnings at 93 



risk due to future extreme heat across a comprehensive suite of outdoor occupations. Third, 94 

this research aims to evaluate the macro and micro economic benefits of both emissions 95 

reductions and adaptation measures by analyzing multiple greenhouse gas emissions scenarios 96 

(RCP4.5 and RCP8.5) as well as two commonsense adaptation policies.  97 

To achieve these objectives, we couple fine-resolution extreme heat frequency 98 

projections for the contiguous United States from Dahl et al. (2019) with county-level data from 99 

the US Census’s American Community Survey to quantify changes in the frequency of unsafe 100 

workdays– defined here as the number of days per year with a heat index above 100°F (37.8°C, 101 

D100) – over the 21st century using two different global warming scenarios. We consider two 102 

greenhouse gas emissions scenarios (RCP4.5 and 8.5, see Methods for details) utilized by Dahl 103 

et al., (2019) and two time periods (midcentury, 2036-2065, and late-century, 2070-2099) 104 

compared to late 20th century (1971-2000) conditions. We further examine the economic 105 

impacts to the livelihoods of outdoor workers by calculating the earnings at risk of being lost 106 

due to unsafe workdays. We then apply our methodology to two potential adaptation options – 107 

using an adjusted work schedule that shifts work hours to cooler times of day and lightening 108 

workloads – to assess their potential benefits. We use these results to consider the regulatory 109 

gaps that should be filled to protect worker health, as well as the livelihoods of workers and 110 

their employers in order that no individual is faced with choosing between income and their 111 

health. 112 

 113 

2. Methods 114 

2.1 Identification of outdoor worker occupations  115 



We used data from the US Bureau of Labor Statistics’ (BLS) Outdoor Requirements 116 

Survey to identify occupations for which a significant portion (defined here by approximately 117 

two-thirds, or, 65.2% or more) of jobs require outdoor work (Bureau of Labor Statistics, no 118 

date). Information on occupations was available at different levels of specificity. For example, 119 

protective service occupations included police officers and firefighters. We selected the level 120 

for which county-level data were consistently available. This method yielded seven outdoor-121 

work occupational categories: Protective service; buildings and grounds cleaning and 122 

maintenance; farming, fishing, and forestry; construction and extraction; installation, 123 

maintenance, and repair; transportation; and materials moving.   124 

 125 

2.2 Outdoor worker data  126 

We determined the number of workers in each occupational category as well as their 127 

associated median annual earnings for each county using five-year average data (2013–2017) 128 

from the US Census Bureau’s American Community Survey (ACS; U.S. Census Bureau 129 

QuickFacts: United States, 2017). This was the only data source for which occupation and 130 

earnings data were available at the county level for most of the US civilian workforce, including 131 

self-employed individuals. 132 

In order to focus solely on the economic consequences of climate change on its own, we 133 

assume no change in the size of the US population or the outdoor workforce over time. While 134 

various population change scenarios were considered, each involved assumptions with similar 135 

repercussions to holding population constant. For instance, applying the contemporary fraction 136 

of outdoor workers per county to future time periods assumes no future inflection points in the 137 



automation of outdoor jobs or environmentally caused shifts in where and by whom outdoor 138 

work takes place. 139 

 140 

2.3 Extreme heat data  141 

To quantify the annual frequency of extreme-heat days historically and in the future, we 142 

utilized data developed by Dahl et al. (2019; hereafter D19). D19 developed fine-resolution, 143 

twenty-first century projections of the heat index – a heat stress index used by the US National 144 

Weather Service that combines temperature and relative humidity to produce a “feels like” 145 

temperature. In their study, D19 used statistically downscaled data (4-km grid resolution; 146 

Abatzoglou and Brown, 2012) covering the contiguous United States from 18 climate models 147 

from the 5th Coupled Model Intercomparison Project (CMIP5) to calculate a daily maximum 148 

heat index from April through October between 1971 and 2099.   149 

The heat index calculation was performed using the National Weather Service’s heat 150 

index algorithm (National Oceanic and Atmospheric Administration, 2014) with daily maximum 151 

temperature and daily minimum relative humidity as the two input variables. This pairing 152 

provides a conservative estimate of the daily maximum heat index as daily maximum 153 

temperature does not always coincide with the daily minimum in relative humidity. The authors 154 

then tallied the number of days when the daily maximum heat index exceeded a suite of heat 155 

index thresholds relevant to both the National Weather Service and human health including 156 

100°F (37.8°C; D100), 105°F (40.6°C; D105), and “off-the-charts” (OTC) conditions (Dotc). The latter 157 

refers to days where the combination of temperature and relative humidity exceeds the bounds 158 

of the National Weather Service heat index algorithm. It should be noted that the heat index 159 



calculation is designed to represent apparent temperatures in the shade, with notably higher 160 

sensible temperatures in direct sun (US Department of Commerce, no date).  161 

We utilized D19’s results from the RCP4.5 and RCP8.5 scenarios to analyze conditions 162 

during two time periods, midcentury (2036-2065) and late-century (2070-2099), in addition to 163 

the historical period (1971-2000; Meinshausen et al., 2011). These scenarios were constructed 164 

in order to examine the changes in climate induced by future changes in global greenhouse gas 165 

emissions. Under RCP4.5, emissions peak near 2040 then begin to decline, resulting in a global 166 

mean temperature change of roughly 2°C by the end of the century. Under RCP8.5, emissions 167 

continue to rise  through the end of the century, causing global mean temperature to rise by 168 

approximately 4°C (IPCC, 2014). It is important to note that recent studies suggest that the 169 

RCP8.5 trajectory is unrealistically dependent on coal as a future energy source (Ritchie and 170 

Dowlatabadi, 2017); however, the late-century warming projected by RCP8.5 has not been 171 

ruled out, particularly given the increased climate sensitivity of the latest generation (i.e., 172 

CMIP6) of climate models (Zelinka et al., 2020). 173 

 174 

2.4 Calculating unsafe workdays, earnings at risk, and worker heat exposure  175 

We examined the effect of increasing extreme heat on outdoor work conditions and 176 

worker earnings using an array of climate mitigation and adaptation options (Table 1). As 177 

described in greater detail below, we quantify unsafe workdays and related risks to outdoor 178 

worker earnings in counties across the United States for RCP 4.5 and 8.5 at both mid and late 179 

century. We also quantify the benefits of shifting work schedules to cooler parts of the day by 180 

examining how this adaptation would affect the number of unsafe workdays and worker 181 



earnings under both a normal work schedule, in which work is carried out during daytime 182 

hours, and under a so-called adjusted work schedule, in which work is carried out during the 183 

coolest contiguous 8-hour daytime period, typically between 5:00 and 13:00 local standard 184 

time in the weather station data described below. Finally, we consider the benefits of reducing 185 

workloads from moderate to light levels (described below). 186 

Emission 
Scenario 

Work 
schedule Workload 

RCP 4.5 Normal Moderate 
RCP 4.5 Normal Light 
RCP 4.5 Adjusted Moderate 
RCP 4.5 Adjusted Light 
RCP 8.5 Normal Moderate 
RCP 8.5 Normal Light 
RCP 8.5 Adjusted Moderate 
RCP 8.5 Adjusted Light 

Table 1. Array of climate mitigation and adaptation options for which unsafe workdays and earnings at risk were calculated. 187 

We developed algorithms to calculate the work time at risk of being lost as a result of 188 

extreme heat using an analysis of weather station data in concert with heat-based guidance 189 

from the CDC’s NIOSH (Table 2; Jacklitsch et al., 2016), and assumed this guidance would be 190 

followed. NIOSH recommends reducing work time for moderate levels of work when a heat 191 

stress metric equivalent to the heat index rises above 100°F (37.8°C; OSHA, 2021 ref). These 192 

recommendations are intended to estimate another commonly used indicator of heat stress 193 

conditions – the Wet Bulb Globe Temperature (WBGT, Morris et al., 2019) – using commonly 194 

available meteorological data. The recommendations are based on air temperature with 195 

suggestions for how to adjust those temperatures for higher or lower relative humidity 196 

conditions and sun exposure. However, the guidance provides only a gross estimate of how to 197 



adjust the air temperature based on whether conditions are sunny or partly cloudy to account 198 

for the WBGT’s radiant heat term. Similarly, OSHA guidance on the use of the heat index for  199 

heat illness prevention notes that the heat index could be up to 15°F (8.3°C) higher in direct 200 

sunlight (OSHA, no date).   201 

Recent research found that both the adjusted temperature variable featured in the 202 

NIOSH guidance and the heat index are suitable surrogates for WBGT (Bernard and Iheanacho, 203 

2015). For example, Bernard and Ihanacho (2015) suggest that heat index values are within 204 

1.4°F (0.8°C) of the adjusted temperatures for heat index values exceeding 100°F (37.8°C). For 205 

adjusted temperatures between 105°F (40.6°C) and 108°F (42.4°C), when NIOSH recommends 206 

the cessation of work, heat index values are, on average, 2.5°F (1.4°C) higher than adjusted 207 

temperatures. Given uncertainties around applying adjustments to either adjusted 208 

temperatures or the heat index based on sun exposure and given the fact that physiological 209 

responses to heat exposure vary greatly from person to person, for the purposes of this study 210 

we consider heat index an adequate stand-in for adjusted temperature. 211 

 212 

 213 
 214 
 215 

 216 

 217 



 218 

 219 

 220 

 221 

 222 

 223 

 224 

 225 

 226 
Table 2. Work schedule reduction recommendations from the Center for Disease Control and Prevention’s National Institutes for 227 
Occupational Health and Safety based on moderate and light levels of work (Jacklitsch et al. 2016). These recommendations 228 
assume workers are “physically fit, well-rested, fully hydrated, under age 40, and have adequate water intake,” as well as 229 
assuming there is “natural ventilation with perceptible air movement” (Jacklitsch et al. 2016). *For the purposes of this study 230 
and given the strong correlation between the two, we use heat index as a stand-in for adjusted temperature in this study. 231 

  232 

To translate the NIOSH guidance into algorithms that can use climate data to estimate 233 

the portion of a workday that is unsafe as a result of extreme heat, we first analyzed hourly 234 

temperature and humidity observations from 16 Automated Surface Observing Systems (ASOS) 235 

from airports across the US during 2001-2020 (NOAA NCEI, 2021; Supplementary Information). 236 

For days in the ASOS dataset with a maximum heat index above 100°F, 105°F, and OTC 237 

conditions, following the approach from D19, we tabulate the average number of hours spent 238 

above these three thresholds across the full set of weather stations (Table 2). We then used the 239 

work/rest guidance from NIOSH (Table 3) to calculate the number of hours that would be 240 

unsafe to work during a typical day in which the maximum heat index exceeds 100°F, 105°F, 241 

and OTC conditions under the different work scenarios described below. Finally, we coupled 242 

these findings with the annual average number of days projected to exceed these three 243 

thresholds at mid- and late century under RCP 4.5 and 8.5 from the D19 datasets to estimate 244 

Adjusted Temperature or 
Heat Index (°F)*  

Work/rest minutes per hour; 
moderate workloads  
(% hourly reduction)  

Work/rest minutes per 
hour; light workloads 
(% hourly reduction)  

90 Normal (0%) Normal (0%) 
100 45/15 (25%) Normal (0%) 
104 30/30 (50%) Normal (0%) 
105 25/35 (58.3%) Normal (0%) 
106 20/40 (66.6%) 45/15 (25%) 

108+ 0/60 (100%) 35/25 (41.6%) 
111+ 0/60 (100%) 0/60 (100%) 



the number of unsafe workdays in an average year under these different timeframes and global 245 

warming scenarios in counties across the contiguous United States. 246 

To calculate worker heat exposure, we calculated the total D100 for each of the 247 

seven occupational categories included in this study and for each model and scenario from D19. 248 

We then multiplied D100 by the number of people in each occupational category 249 

(e.g., protective service), and refer to this exposure metric as “person-days” per year.   250 

 251 

Table 3. Hours (and fraction of an 8-hour daytime shift) above heat index thresholds necessitating work reductions as per NIOSH 252 
guidance (Jacklitsch et al., 2016). Values in parentheses are fractions of 8-hr workdays that are used as inputs to the equations 253 
above.  1The 100°F and 108°F thresholds only apply to work reductions under moderate workloads.  2The 106 and 111°F 254 
thresholds only apply to work reductions under light workloads. 255 
 256 
 257 
2.4.1 Unsafe workdays with no adaptation measures implemented 258 

While there is anecdotal evidence that employers in some occupations and in some 259 

places will shift workers’ hours to cooler times of the day (Holloway and Etheredge, 2019), one 260 

recent survey of outdoor workers’ indicated that workers are typically outdoors for most or all 261 

of the entire 10 am – 4 pm window that was evaluated in their study (Peters et al., 2016), which 262 

according to our analysis of weather station data, overlaps with the majority of the work hours 263 

included in the normal work schedule scenario of our study. Put another way, it is therefore 264 

 
Daily Max 
HI>100°F 

Daily Max  
HI>105°F 

Daily Max HI  
Off the charts 

Hours > 
100°F1 

Hours > 
100°F 

Hours > 
105°F 

Hours > 
106°F2 

Hours > 
100°F 

Hours > 
105°F 

Hours > 
106°F2 

Hours > 
108°F 

Hours > 
111°F2 

Normal Schedule; 
Moderate Workload  

4.7 
(0.588) 

3.6 
(0.525) 

4.4 
(0.550) 

N/A 0.4 
(0.05) 

2.2 
(0.275) 

N/A 5.4 
(0.675) 

N/A 

Adjusted Schedule; 
Moderate Workload 

1.6 
(0.200) 

2 
(0.250) 

1.3 
(0.163) 

N/A 1.1 
(0.138) 

1.1 
(0.138) 

N/A 1.9 
(0.238) 

N/A 

Normal Schedule; 
Light Workload 

N/A N/A 0 
(0) 

3.1 
(0.388) 

N/A NA  4.1 
(0.513) 

N/A 3.9 
(0.488) 

Adjusted Schedule;  
Light Workload 

N/A N/A 0 
(0) 

0.9 
(0.113) 

N/A NA 2.9 
(0.363) 

N/A 1.4 
(0.175) 



reasonable to assume a no-adaptation baseline in which workers are outdoors exposed to heat 265 

during the hottest hours of the day. 266 

For moderate levels of exertion, following the NIOSH guidance for the discrete 267 

temperature thresholds from the D19 dataset, we calculate the average number of hourly 268 

observations of heat indices above 100°F (37.8°C) on days when daily maximum heat indices 269 

were between 100 and 104°F (37.8-40.0°C), the number of hourly observations of heat indices 270 

above 100°F and 105°F (40.6°C) on days when daily maximum heat indices were greater than 271 

105°F (40.6°C) but not off the chart (OTC), and the number of hourly heat indices above 100°F, 272 

105°F, and 108°F (42.2°C) on days when daily maximum heat indices were OTC for the 16 ASOS 273 

stations (Figure S1). Hourly observations covered the period 2001-2020. As our study assumes 274 

an eight-hour workday, we capped the number of hours above the extreme heat thresholds 275 

used to estimate work schedule reductions at eight. We did so by subtracting time from the 276 

number of hours spent above the lowest temperature threshold in a calculation, as we 277 

assumed that the normal work schedule will occur during the daytime when peak heat 278 

conditions occur (this measure was not necessary for the adjusted work schedule scenarios 279 

described below). Table 3 shows the average number of hours across the ASOS stations 280 

corresponding to thresholds from Table 2.  These data are used to calculate the annual number 281 

of unsafe workdays (U) assuming a normal work schedule and moderate workload following the 282 

NIOSH recommendations. The calculation was therefore:  283 



𝑈 =
5
7 [
(𝐷()) − 	𝐷(),) ∗ 0.25 ∗ (

4.7
8 ) +

(𝐷(), − 𝐷567) ∗ 0.583 ∗ (
4.4
8 )284 

+	(𝐷(), − 𝐷567) ∗ 0.25 ∗ 9
3.6
8 ; + 	𝐷567 ∗ 1 ∗ (

5.4
8 ) + 𝐷𝑜𝑡𝑐 ∗ 0.583 ∗ 9

2.2
8 ;285 

+ 𝐷𝑜𝑡𝑐 ∗ 0.25 ∗ (
0.4
8 )] 286 

 287 

Estimates are scaled by 5/7 to account for the typical 5-day work week; that is, we 288 

assume that outdoor workers are exposed to on-the-job heat 5 days per week rather than 7. 289 

Instead of reporting our findings in terms of the number of unsafe work hours, we calculate the 290 

number of workday equivalents that could become unsafe due to extreme heat exposure (that 291 

is, 8 hours of unsafe work). For instance, if work needs to be reduced by 50% during two 292 

separate days, we tally this as one full unsafe workday.  293 

 294 

2.4.2 Unsafe workdays with adaptation options implemented 295 

We modified the algorithms described above to calculate how effectively two different 296 

adaptation options — shifting work hours to cooler times of day and reducing physical 297 

workloads from moderate to light — would reduce the number of unsafe workdays and, in 298 

turn, earnings at risk due to extreme heat. 299 

To simulate an adjusted schedule in which work is shifted to cooler times of day, we 300 

again utilized the ASOS data described above (Figure S1). After identifying the coolest 301 

contiguous 8-hour period during daylight hours for each station (5:00-13:00 LST), we 302 

determined the number of hours within that period at or above the NIOSH thresholds and 303 

modified Equation 1 appropriately using the number of above-threshold hours for each heat 304 



index category (Table 3). Thus, the calculation for annual unsafe workdays with a schedule 305 

adjusted to the coolest 8-hour daytime shift (A) became:  306 

 307 

𝐴 =
5
7 B
(𝐷()) − 	𝐷(),) ∗ 0.25 ∗ 9

1.6
8 ; +

(𝐷(), − 𝐷567) ∗ 0.583 ∗ 9
1.3
8 ;308 

+	(𝐷(), − 𝐷567) ∗ 0.25 ∗ 9
2
8; + 	𝐷567 ∗ 1 ∗ 9

1.9
8 ; + 𝐷𝑜𝑡𝑐 ∗ 0.583 ∗ 9

1.1
8 ;309 

+ 𝐷𝑜𝑡𝑐 ∗ 0.25 ∗ 9
1.1
8 ;D 310 

 311 

We also simulated the potential benefits of reducing physical workloads from moderate 312 

levels to light levels. Because light work can be done in hotter conditions than moderate work, 313 

NIOSH guidance for reducing work time based on light levels of work relies on different heat 314 

thresholds than those described above for moderate levels of work (Table 2). Applying these 315 

thresholds to the ASOS data and using the number of hours above each of the thresholds (Table 316 

3), the calculation for annual unsafe workdays with light levels of work and a normal schedule 317 

(L) became: 318 

 319 

𝐿 =
5
7 [
(𝐷(), − 𝐷567) ∗ 0.25 ∗ (

3.1
8 ) + 	𝐷567 ∗ 1 ∗ (

3.9
8 ) + 𝐷𝑜𝑡𝑐 ∗ 0.25 ∗ (

4.1
8 )] 320 

 321 

Finally, in addition to simulating shifted work schedules and reduced workloads 322 

individually, we simulated the benefit of implementing these two adaptation options in 323 

conjunction, again using the ASOS data and the values in Tables 2 and 3. The equation for the 324 



annual number of unsafe workdays with both light levels of work and an adjusted schedule (LA) 325 

then became: 326 

 327 

𝐿𝐴 =
5
7 [
(𝐷(), − 𝐷567) ∗ 0.25 ∗ (

0.9
8 ) + 	𝐷567 ∗ 1 ∗ (

1.4
8 ) + 𝐷𝑜𝑡𝑐 ∗ 0.25 ∗ (

2.9
8 )] 328 

 329 

 330 
2.4.3 Earnings at risk 331 

To calculate earnings at risk of being lost due to extreme heat exposure for all 332 

combinations of time period, emissions scenario, and adaptation option, we 333 

assumed annual wages reported by the US Census Bureau are based on a 40-hour work week 334 

spread over five workdays, and 50 work weeks per year (250 days per year). We calculated 335 

earnings at risk for productivity loss estimates (E) as described above:  336 

 337 

 E=W*(M/T)  338 

 339 

Where E is earnings at risk; W is unsafe workdays; M is annual median earnings; and T is total 340 

workdays per year. 341 

 342 

3. Results 343 

3.1 Characterizing outdoor workers 344 

Using data from the ACS, we identified 31.7 million workers across the contiguous 345 

United States in the seven occupational categories the BLS identified as requiring outdoor work 346 



(Table 4; Bureau of Labor Statistics, no date). Males made up 83% of the workers included in 347 

this analysis. BLS statistics at the national level indicate that 29% of outdoor workforce 348 

identified as Hispanic or Latino, disproportionately higher than that of the 19% of the general 349 

population (U.S. Census Bureau, 2017; Bureau of Labor Statistics, 2019). People identifying as 350 

Hispanic or Latino are disproportionately represented within all outdoor occupation categories 351 

with the exception of protective service relative to their representation in the US population as  352 

a whole. Similarly, African Americans comprise 13% of the general population but represent 353 

roughly 20% of workers in specific outdoor occupations such as protective service and  354 

transportation (U.S. Census Bureau, 2017; Bureau of Labor Statistics, 2019). 355 

Table 4. Summary wage and demographic statistics for the occupational categories included in this study (US 356 
Census Bureau 2018; Bureau of Labor Statistics n.d.). *While the American Community Survey breaks 357 
Transportation and materials moving into two separate categories, the Bureau of Labor Statistics reports data for 358 
the two categories combined, thus all values except those for wages are identical for these two categories. 359 

 360 

 
Occupational 

category 

Percent of 
jobs 

requiring 
outdoor 

work 

Wages (as 
percent of 
median) 

Percent 
male 

Percent 
Black or 
African 

American 

Percent 
Hispanic or 

Latino 

Percent 
White 

Protective 
service 89.6 128.0 87.9 20.3 15.3 73.9 

Buildings and 
grounds 

cleaning and 
maintenance 

65.2 57.1 58.0 14.9 38.2 77.3 

Farming, 
fishing, and 

forestry 
71.1 77.3 74.8 4.4 47.6 89.3 

Construction 
and extraction 92.3 116.1 96.5 7.3 36.4 87.1 

Installation, 
maintenance, 

and repair 
74.9 132.6 96.1 9.1 20.3 84.0 

Transportation* 70.6 115.4 81.8 22.0 22.9 72.2 
Materials 
moving* 70.6 81.9 81.8 22.0 22.9 72.2 



Overall, median earnings for some outdoor occupational categories (e.g., protective 361 

service) were above the median income for all occupations nationally, but workers in several 362 

outdoor occupational categories earned notably less. For example, building and grounds 363 

cleaning and maintenance workers earned, on average, 43% less than the US workforce as a 364 

whole. Median earnings within each occupational category level reflect the range of earnings 365 

associated with each specific occupation within that category.  366 

 367 

3.2 Heat exposure  368 

Using the metric of person-days per year and assuming no growth or change in 369 

population, the nationwide exposure of the United States’ outdoor workers to days with a heat 370 

index above 100°F (37.8°C) would increase three- or four-fold by midcentury and four- to 371 

seven-fold by late century depending on the warming scenario (Table 5). Historically, 442 372 

counties have had 100,000 or more person-days of heat exposure per year (Figure 1). By 373 

midcentury, expansions in the frequency and intensity of days with a heat index above 100°F 374 

(37.8°C) increase the number of counties in that category to 1,264 under the RCP4.5 scenario 375 

and 1,557 – more than half of all counties – under the RCP8.5 scenario. These shifts grow 376 

substantially between midcentury and late century; however, as would be expected by the 377 

trajectory of emissions modeled by RCP8.5, exposure ramps up more steeply during the second 378 

half of the century under RCP8.5 than under RCP4.5. 379 

 380 

 381 

 382 



Table 5. Summary of results for each time period and scenario evaluated in this study. Historical, midcentury, and late century 383 
results reflect average conditions from 1971-2000, 2036-2065, and 2070-2099, respectively, and represent the multi-model 384 
mean as described by Dahl et al. 2019. Values for earnings at risk and percent of earnings at risk reflect results from the normal 385 
and adjusted work schedule scenarios described in the Methods section as well as the moderate and light workload scenarios. 386 
All values are in current USD ($). 387 
 388 

 389 

Figure 1. Person-days per year with a heat index above 100°F (37.8°C) for outdoor workers. a) Historical period (1971-2000); b) 390 
Midcentury (2036-2065) for RCP4.5; c) Late century (2070-2099) for RCP4.5; d) Midcentury for RCP8.5; and e) Late century for 391 
RCP8.5.  392 

Urban counties have historically had the highest number of person-days per year of 393 

extreme heat exposure owing to the fact that, on a county-by-county basis, they have the 394 

largest populations (Figure 1). As home to the cities of Miami, Phoenix, and Houston, Miami-395 

Dade County, Florida; Maricopa County, Arizona; and Harris County, Texas, have historically 396 

  Annual earnings (billions USD) at risk (percent) 
  Normal schedule Adjusted schedule 
Time Period 
(scenario) 

Exposure 
(pdpy) 

Moderate 
workload 

Light  
workload 

Moderate 
workload 

Light 
workload 

Historical 315 million $8.6 (0.8%) $1.0 (0.1%) $3.0 (0.3%) $0.3 (0%) 
Midcentury 

(RCP4.5) 
1.1 billion $39.3 (3.7%) $7.7 (0.7%) $14.2 ($1.3%) $2.4 (0.2%) 

Midcentury 
(RCP8.5) 

1.4 billion $55.4 (5.2%) $12.3 (1.2%) $20.1 (1.9%) $4.0 (0.4%) 

Late century 
(RCP4.5) 

1.2 billion $49.2 (4.7%) $10.4 (1.0%) $17.8 (1.7%) $3.3 (0.3%) 

Late century 
(RCP8.5) 

2.1 billion $107.5 (10.2%) $33.1 (3.1%) $39.8 (3.8%) $11.7 (1.1%) 



been the only three counties in the United States to experience, on average, 10 million or more 397 

person-days per year with a heat index above 100°F (37.8°C). By midcentury, driven by the 398 

increased frequency and intensity of extreme heat, the list of counties experiencing such heat 399 

grows to encompass an additional 10 (RCP4.5) to 14 (RCP8.5) counties, including Los Angeles, 400 

California; Las Vegas, Nevada; and Chicago, Illinois. By late century, under RCP8.5, 24 counties 401 

are projected to experience 10 million or more person-days per year with a heat index above 402 

100°F (37.8°C). These counties still all represent urban centers and include Queens, New York, 403 

one of the five boroughs of New York City. When considering our results for urban areas, it is 404 

important to note that statistically downscaled climate projections used to generate these 405 

results do not capture changes in urban heat island dynamics or other land cover changes that 406 

can affect the intensity of heat at the local level. 407 

Heavily agricultural areas across the Southwest and Southeast regions, such as the 408 

Central Valley in California and inland counties in Central Florida, also stand out in the historical 409 

time periods as having high exposure (in person-days per year) due to a combination of 410 

relatively frequent days with a high heat index and relatively large numbers of people engaged 411 

in outdoor work. However, in many other rural or suburban areas, while the absolute number 412 

of outdoor workers is relatively low compared with urban areas, outdoor workers comprise a 413 

larger share of the working population (i.e., the total civilian employed population ages 16 414 

years and over). In 63% of US counties—or 1,972 out of a total of 3,108--outdoor workers 415 

comprise 25% or more of the total working population. Historically, only 132 of these counties 416 

experienced 30 or more days per year with a heat index above 100°F (37.8°C), when work 417 

reductions would have been recommended. This number increases by mid-century to 982 and 418 



1,173 counties under RCP4.5 and RCP8.5, respectively. By late century, such conditions would 419 

impact 1,086 counties under RCP4.5 and 1,561 counties under RCP8.5.  420 

 421 

3.3 Unsafe workdays and earnings at risk 422 

Assuming normal work schedules and moderate workloads, we find that nationwide, 423 

nearly 3 million outdoor workers already experience 7 or more unsafe workdays per year – 424 

primarily across portions of the Southwest, Southern Great Plains, Midwest, and Southeast 425 

(Figure 2). By midcentury, however, the number of workers experiencing 7 or more unsafe 426 

workdays per year would rise to nearly 14 million under RCP4.5 or 18.4 million under RCP8.5. 427 

By late century, 17.1 million workers nationwide would experience 7 or more unsafe workdays 428 

per year (RCP4.5). This number would grow to 27.7 million under RCP8.5.  429 

 430 
Figure 2. Workdays at risk per year due to extreme heat given normal work schedules and moderate workloads. a) 431 
Historical period (1971-2000); b) Midcentury (2036-2065) for RCP4.5; c) Late century (2070-2099) for RCP4.5; d) 432 
Midcentury for RCP8.5; and e) Late century for RCP8.5. 433 
 434 

Assuming that workers are not paid for the hours during which it is too hot to work or 435 

offered a change in the times of day during which they work, the rise in unsafe working 436 



conditions would translate to substantial financial losses for outdoor workers and, by 437 

extension, the nation as a whole. Under RCP4.5, 3.7% (or a total of $39.3 billion) of outdoor 438 

workers’ earnings nationwide would be at risk by midcentury and 4.7% (or a total of $49.2 439 

billion) would be at risk by late century (Figure 3). Earnings losses would be higher under 440 

RCP8.5, with 5.2% (or a total of $55.4 billion) of outdoor workers earnings at risk by midcentury 441 

and 10.2% (or a total of $107.5 billion) at risk by late century. However, these national averages 442 

and totals obscure a growing number of counties where much higher percentages of wages are 443 

at risk as extreme heat becomes more frequent and more severe. By midcentury, 10% or more 444 

of annual earnings would be at risk from extreme heat for 4.1 million workers across the 445 

country under RCP4.5, or 7.1 million workers under RCP8.5. By late century, under RCP4.5, 6.0 446 

million workers would experience that level of earnings reductions, or 13.4 million workers 447 

under RCP8.5.   448 

 449 

 450 

Figure 3. Percent of outdoor workers’ earnings at risk annually due to extreme heat. a) Historical period (1971-2000); b) 451 
Midcentury (2036-2065) for RCP4.5; c) Late century (2070-2099) for RCP4.5; d) Midcentury for RCP8.5; and e) Late century for 452 
RCP8.5. 453 



By midcentury, at the individual level, the average outdoor worker in the United States 454 

risks losing approximately $1,200 in earnings per year under RCP4.5 and approximately $1,700 455 

per year under RCP8.5. In the 10 counties with the highest losses, however, average losses are 456 

substantially higher: approximately $5,600 per year under RCP4.5 and nearly $7,000 per year 457 

under RCP8.5. In terms of absolute dollar values, at midcentury under RCP8.5, total potential 458 

losses are highest for construction and extraction occupations, owing to the fact that a high 459 

percentage of outdoor workers are employed in that category.  460 

 461 

3.4 Benefits of implementing adaptation measures 462 
 463 

Results presented thus far indicate that protecting worker health by implementing 464 

temperature-appropriate work/rest schedules could come at a significant cost both to 465 

individual workers and to the broader economy. While maintaining work/rest schedules aimed 466 

at protecting worker health, the two adaptation measures simulated in this analysis — 467 

adjusting work schedules to cooler hours of the day and reducing workloads from moderate to 468 

light levels — were both found to reduce the number of unsafe workdays and earnings at risk 469 

due to extreme heat (Table 5). Most effective, however, was the combination of the two 470 

measures when implemented in conjunction. 471 

Compared to a baseline of maintaining a normal work schedule, adjusting work hours to 472 

cooler times of day while maintaining moderate workloads would reduce the number of 473 

workers with 7 or more workdays at risk annually due to extreme heat from 14.0 million to 6.5 474 

million under RCP4.5 and from 18.4 million to 9.2 million under RCP8.5 in the midcentury time 475 

period (Figure 4). Compared to a baseline of maintaining a normal work schedule and moderate 476 



workloads, reducing workloads to light levels again would reduce the number of workers with 7 477 

or more workdays at risk annually. In this case, the number of workers carrying this level of risk 478 

would decline from 14.0 million to 0.7 million under RCP4.5 and from 18.4 million to 4.9 million 479 

under RCP8.5 in the midcentury time period. If work schedule adjustments and work level 480 

reductions were implemented together, virtually no workers would risk losing 7 or more 481 

workdays per year by midcentury with either emissions scenario. By late century, universal 482 

implementation of both adaptation measures combined with emissions reductions consistent 483 

with the RCP4.5 pathway would reduce the number of workers experiencing 7 or more unsafe 484 

workdays per year to virtually none compared with 27.7 million workers who would experience 485 

such losses with the higher emissions RCP8.5 scenario and no adaptation measures 486 

implemented. These adaptation measures have significant benefits for preserving workers’ 487 

earnings as well: If both measures were implemented in conjunction, virtually no outdoor 488 

workers in the United States would be at risk of losing 5% or more of their earnings annually 489 

even by late century and with the high-emissions RCP8.5 scenario.  490 



 491 
FIGURE 4: Workers at risk of significant losses in workdays or earnings as a result of extreme heat with the implementation of 492 
different adaptation measures: a “normal” work schedule with moderate workloads (Normal/Moderate); a “normal” work 493 
schedule with light workload (Normal/Light); an adjusted work schedule with moderate workloads (Adjusted/Moderate); and an 494 
adjusted schedule with light workloads (Adjusted/Light). Graphs show the number of workers nationwide experiencing 7 or 495 
more unsafe workdays per year by midcentury (a) and late century (b) as well as the number of workers for whom 5% or more of 496 
annual earnings are at risk by midcentury (c) and late century (d). 497 
 498 
 499 
4. Discussion 500 

4.1 Comparisons to previously published studies 501 

These results show that increasingly frequent extreme heat could heavily burden the health 502 

and livelihoods of outdoor workers as well as the livelihoods of their employers vis-à-vis a 503 

decline in the number of safe working hours or days. As there are no mandatory heat 504 

protection standards for workers across much of the US, the implementation of heat-related 505 

work time or workload reductions or shifts in work schedules such as those quantified here is 506 

predicated on the notions that a) worker health will be the top priority in deciding whether or 507 

not work will be carried out; and b) employers will follow NIOSH’s health-based 508 



recommendations. If not coupled to income guarantees, health-focused reductions in the 509 

amount of time outdoor workers spend working would put workers’ earnings in jeopardy. This 510 

analysis also shows, however, that both emissions reductions and, in particular, adaptation 511 

measures have the potential to mitigate the number of unsafe workdays as well as the 512 

potential losses to workers’ earnings over this century. 513 

Our findings are directionally consistent with a growing body of literature indicating that 514 

extreme heat is already impacting worker health, capacity, and productivity around the world 515 

and will increasingly do so as our climate continues to warm (Dunne et al., 2013; Zander et al., 516 

2015; Kjellstrom et al., 2016; Takakura et al., 2017). For US agricultural workers specifically, 517 

work by Tigchelaar et al. (2020) has shown that the frequency of unsafe working conditions 518 

would double given a global mean warming of 2°C above pre-industrial temperatures and 519 

would triple with a global mean warming of 4°C (Tigchelaar et al., 2020). Such warming levels 520 

are roughly consistent with midcentury and late century warming projections under RCP8.5. 521 

Given differences in the Tigchelaar et al.’s methodology — including their use of lower-522 

resolution climate models, a simplified methodology for heat index projections, and industry-523 

based classifications as opposed to the occupation-based classifications used here — the broad 524 

consistency between our results and theirs is notable.  525 

Coupling American Time of Use Survey (ATUS) data by industry to observations and 526 

projections of temperature, Neidell et al. find that, during periods of economic growth in the 527 

United States, outdoor workers measurably reduce their work time when temperatures rise 528 

(Neidell et al., 2020). Similarly, Hsiang et al. 2017 used data based on the ATUS (Zivin and 529 

Neidell, 2015) to project the change in labor supply due to climate change over the course of 530 



this century and found a roughly 0.5% °C-1 decline in labor supply for high-heat-exposure jobs, 531 

which implies a smaller change by late century than our findings suggest absent the 532 

implementation of adaptation measures  (Hsiang et al., 2017). The differences in our results 533 

may be due to Neidell et al.’s inclusion of periods of economic contraction, the heat stress 534 

metrics used, or functional differences between what workers and their employers do in reality 535 

in response to heat versus the breaks in work that employees should be afforded. It is also 536 

possible that workers and their employers are already shifting work schedules and workloads 537 

somewhat such that Neidell et al.’s results would reflect a reality that is closer to one of the 538 

adaptation scenarios we analyzed. 539 

In terms of the efficacy of potential adaptation measures, Tigchelaar et al. 2020 conclude 540 

that while increasing workers’ rest time and decreasing the level of effort associated with their 541 

work would reduce workers’ heat exposure, such measures would come with costs to 542 

productivity, earnings, and labor costs for employers. Our results suggest that, without 543 

guarantees of payment for rest periods, simply adding additional rest periods to workers’ 544 

schedules without shifting work hours to cooler times of day or reducing workloads could 545 

provide health benefits but would also come at a significant cost to workers and the national 546 

economy. In contrast, shifting work to cooler times of day and reducing workloads while 547 

continuing to provide the necessary rest breaks would likely reduce heat stress and minimize 548 

financial repercussions.  549 

 550 

 551 

 552 



4.2 Broader implications 553 

Given that Black and Hispanic or Latino workers are disproportionately represented in many 554 

outdoor occupations, losses in outdoor workers’ earnings could exacerbate existing inequities 555 

in health outcomes, poverty rates, and economic mobility, all of which have accumulated from 556 

centuries of systemic racism. The health and lives of undocumented and migrant workers, who 557 

are likely underrepresented in the data underlying this study, could also be disproportionately 558 

affected by increases in extreme heat owing to the fact that fear of deportation and payment 559 

practices for these workers often discourage them from taking breaks, reporting symptoms of 560 

heat illness, or reporting employers’ negligence to provide a safe working environment 561 

(Gubernot et al., 2014; Moyce and Schenker, 2017). A climate-altered future could also 562 

necessitate radical shifts in outdoor work, such as increased replacement of outdoor workers 563 

by technology, as well as shifts in where and when certain occupations are performed. Without 564 

attention to justice and equity, such changes could fall especially hard on the working class. 565 

Communities — particularly those where outdoor workers make up a large proportion of 566 

the workforce — would likely experience adverse outcomes as a result of reduced outdoor 567 

worker labor and earnings. A loss in the amount of time outdoor workers can safely perform 568 

their jobs could disrupt the essential services they provide, from building maintenance and 569 

construction to law enforcement and the harvesting of food crops. Further, if employer costs 570 

rise due to changes needed to cope with extreme heat, costs could ultimately be borne on the 571 

shoulders of consumers. Reduced earnings for outdoor workers could also reduce local revenue 572 

from income taxes in some communities, affecting the public services dependent on that 573 

revenue.  574 



While beyond the scope of the present study, if emissions continue to rise and/or if 575 

employers fail to implement worker protection measures, the impacts to the health of outdoor 576 

workers and to the US healthcare system could be significant. For example, the 2018 US 577 

National Climate Assessment found that under RCP8.5, annual heat- and cold-related 578 

mortalities across large cities in the United States would reach 9,000 by late century (Ebi et al., 579 

2018). Considering their higher risk of heat-related fatalities among outdoor workers, outdoor 580 

workers could disproportionately bear that burden. 581 

In addition to those studied here, many additional factors could influence outdoor 582 

workers’ schedules or the nature of their work as the climate warms. For example, one could 583 

imagine certain types of outdoor work, such as planting crops, being shifted largely to pre-dawn 584 

hours. Other types of outdoor work, such as roofing, cannot be done at such times because of 585 

the disruption it would cause to homeowners and communities during sleeping hours. For the 586 

workers themselves, previous studies suggest that performing “shift work,” or work that is 587 

done outside standard daytime working hours, can be associated with poorer diet (Souza et al., 588 

2019) as well other negative health outcomes (Shan et al., 2018) (Hansen, 2017). Thus, while 589 

our results simulate the benefit of shifting work to cooler hours of the day, in practical terms, 590 

the extent to which work hours for certain types of work can be shifted may be limited and 591 

shifting work hours could have drawbacks for worker health.  592 

Similarly, there may be limits to how much physical workloads can be reduced. While 593 

we have simulated a shift from moderate to light workloads in the present analysis, barring 594 

advances in the automation of the tasks typically associated with moderate workloads, the fact 595 

remains that there are work-related functions that will continue to necessitate at least 596 



moderate levels of physical exertion. As a result, the potential benefits of workload 597 

adjustments and/or work schedule shifts quantified here are likely overestimates in some 598 

instances but provide useful comparisons with typical work conditions. 599 

 600 

4.3 Limitations and areas for future research 601 

This study has several limitations that should be noted. The ACS dataset used here do 602 

not fully capture all outdoor workers because it focuses only on occupations for which outdoor 603 

work is essential. Each occupational category in the analysis contains a number of sub-604 

categories. For example, protective service includes firefighters and police officers. Some sub-605 

categories are not clearly outdoor occupations; in other instances, sub-categories could 606 

be listed under other occupational categories that largely do not conduct work outdoors and 607 

would thus be excluded from our analysis. Furthermore, workers in some 608 

occupations (e.g., preschool and elementary school teachers) typically conduct work outdoors 609 

but outdoor work is not necessarily essential for conducting those jobs. This analysis does not 610 

include those occupations. Similarly, the COVID-19 pandemic necessitated people in a broad 611 

variety of occupations to shift their work at least partially outdoors; those occupations are not 612 

included here. The analysis also does not include agricultural and construction managers, as 613 

ACS includes these workers into a broader category of managers. Finally, ACS data lack 614 

precision at smaller geographic areas. Total outdoor worker counts should therefore be taken 615 

with caution at small geographic areas (e.g., counties) as well as for the reasons listed above.   616 

 This study assumes that outdoor workers are evenly distributed over the area of each 617 

county and that there is no change, redistribution, or growth in population of outdoor workers 618 



over time. Nor does it include many additional adaptation measures that could lessen future 619 

heat exposure, such as the greater use of protective clothing or the potential for human 620 

acclimatization to hotter conditions. In this sense, the study is focused on changes in exposure 621 

and risk resulting exclusively from climate change.  622 

The extreme heat data underlying this study have some limitations as well. For example, 623 

daily minimum heat index values and multi-day heat waves are known to affect heat-health 624 

outcomes but are not considered. In addition, we utilize county average heat statistics, and do 625 

not consider their spatial variability within a county. For much of the United States counties are 626 

small enough that this spatial variability is likely to not be important. However, in counties with 627 

a larger area, such as in parts of the Western United States, such variability could be important 628 

and is not considered. The data also do not capture current or future urban heat island 629 

dynamics or other land cover changes that can affect the intensity of heat at the local level. 630 

Following our analysis of weather station data, we applied our assumptions about the 631 

persistence of extreme heat uniformly across the country, though conditions do vary from 632 

region to region.  633 

Recent research has shown that cases of heat-related illness in the United States begin 634 

to rise when the heat index reaches 80°F, which is well below the 100°F (37.8°C) threshold 635 

identified by the CDC and used in this study (Morris et al., 2019; Vaidyanathan et al., 2019). A 636 

lower heat index threshold (e.g., 80°F (26.7°C)) is particularly justified when outdoor workers 637 

must wear protective clothing, such as when applying pesticides to crops (Ferguson et al., 638 

2019). Given that our study only considers work reductions on days when the heat index is 639 

above 100°F (37.8°C) as well as light and moderate (but never heavy exertion), our estimates of 640 



unsafe workdays and earnings at risk may be conservative. On the other hand, because the 641 

heat index tends to be higher than the adjusted temperature, particularly for adjusted 642 

temperatures above 105°F (40.6°C), our application of the heat index to the NIOSH work 643 

reduction guidance could lead to a slight overestimation of the number of hours necessitating 644 

work reductions on days with a heat index above 105°F (40.6°C).   645 

 646 

4.4 Policy Implications  647 

In all but two US states — California and Washington — there are no enforceable heat 648 

protection standards for outdoor workers. While the OSH Act requires that employers provide 649 

employees with a workplace that is free of hazards that could cause serious physical harm or 650 

death, there are no federal measures that employers are mandated to follow to ensure that 651 

preventable heat-related illnesses and deaths are in fact prevented. Rather, employers are 652 

provided with recommendations from OSHA and NIOSH. The lack of standards enforceable 653 

under state or federal law is a clear gap in heat-health policies in the United States.  654 

This research may provide data useful for workers and advocates for workers’ rights, as 655 

well as for policymakers seeking to understand how climate mitigation and adaptation 656 

measures could affect their jurisdictions and constituents. The results of our research show that 657 

under ideal circumstances, adaptation measures can prevent the majority of outdoor worker 658 

exposure to unsafe work time, as well as the majority of earnings losses. However, as discussed 659 

above, reducing work schedules and lightening workloads will not be possible in many 660 

instances, and in some instances, such adaptation measures can have their own adverse 661 



consequences for outdoor worker wellbeing. As a result, it is critical that mitigation measures 662 

also be taken to limit the increase in extreme heat conditions.  663 

Any new heat-safety policies must prioritize the health, well-being, and safety of 664 

workers who have faced longstanding inequities, with guarantees of fair wages and benefits, 665 

safe working conditions, legal safeguards to protect worker rights, access to medical care, and 666 

access to safe, affordable, cool housing. For many outdoor workers, particularly in agricultural 667 

occupations, housing is provided by employers as part of their compensation (Coronese et al., 668 

2019). While OSHA requires that such housing meet a basic set of criteria, revision of those 669 

criteria to ensure adequate cooling could be merited (Occupational Safety and Health 670 

Administration (OSHA), 2005). Agricultural and construction work are among the occupations 671 

that most expose workers to heat stress (Gubernot et al., 2015); these occupations include high 672 

proportions of low-wage, migrant, and undocumented workers and people of color (Passel and 673 

Cohn, 2015; U.S. Census Bureau, 2017; Bureau of Labor Statistics, 2019; USDA Economic 674 

Research Service, 2020). Language barriers, gaps in health insurance, and concerns about 675 

immigration status compound the consequences of a lack of protective standards and leave 676 

workers who experience heat-related injuries or on-the-job illnesses with little to no legal 677 

recourse (Guild and Figueroa, 2018). 678 

5. Conclusions 679 

This research shows that outdoor workers in the United States would experience 680 

marked increases in heat exposure in the coming decades as a result of human-caused climate 681 

change. We show that this increased exposure would lead to significant adverse impacts to 682 

outdoor worker health, work schedules, and earnings. At the same time, we show that 683 



adaptation measures such as shifting work schedules and lightening workloads could prevent 684 

the majority of outdoor worker exposure to unsafe work time as well as the majority of outdoor 685 

worker earnings losses. As these adaptation measures will not always be possible, and may 686 

create their own risks to outdoor workers, it is critical that ambitious mitigation measures also 687 

be taken to limit the rise of extreme heat conditions across the United States. We show that 688 

such mitigation measures would also be effective in reducing outdoor worker heat exposure 689 

and earnings losses. Given the risks facing outdoor workers, mandatory heat protection 690 

measures that follow NIOSH’s recommended standards must be put in place, with particular 691 

attention to aspects of outdoor work such as work schedules, workloads, access to sufficient 692 

shade, and hydration. Protective measures should also be put in place that protect the 693 

livelihoods of both workers and employers in the face of extreme heat, such that neither party 694 

is faced with deciding between the health and wellbeing of workers, and their earnings. 695 
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