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Increasing Health Risks During Outdoor Sports Due To
Climate Change in Texas: Projections Versus Attitudes

Sylvia G. Dee! (), Ebrahim Nabizadeh? (®, Christine L. Nittrouer? (©/, Jane W. Baldwin*5 (), Chelsea
Lil, Lizzy Gaviria', Selena Guo® (), Karen Lu', Beck Miguel Saunders-Shultz’, Emily Gurwitz®, Gargi
Samarth!, and Kate R. Weinberger’

'Department of Earth, Environmental, and Planetary Sciences, Rice University, Houston, TX, USA, *Department of
Mechanical Engineering, Rice University, Houston, TX, USA, Rawls College of Business, Texas Tech University, Lubbock,
TX, USA, “Department of Earth System Science, University of California Irvine, Irvine, CA, USA, Lamont-Doherty Earth
Observatory, Columbia University, Palisades, NY, USA, ®Department of Economics, Rice University, Houston, TX, USA,
"Department of Civil and Environmental Engineering, Rice University, Houston, TX, USA, 8Stanford University School of
Humanities and Sciences, Palo Alto, CA, USA, °School of Population and Public Health, The University of British Columbia,
Vancouver, BC, Canada

Abstract Extreme heat is a recognized threat to human health. This study examines projected future
trends of multiple measures of extreme heat across Texas throughout the next century, and evaluates the
expected climate changes alongside Texas athletic staff (coach and athletic trainer) attitudes toward heat
and climate change. Numerical climate simulations from the recently published Community Earth System
Model version 2 and the Climate Model Intercomparison Project were used to predict changes in summer
temperatures, heat indices, and wet bulb temperatures across Texas and also within specific metropolitan
areas. A survey examining attitudes toward the effects of climate change on athletic programs and student
athlete health was also distributed to high-school and university athletic staff. Heat indices are projected
to increase beyond what is considered healthy/safe limits for outdoor sports activity by the mid-tolate 21st
century. Survey results reveal a general understanding and acceptance of climate change and a need for
adjustments in accordance with more dangerous heat-related events. However, a portion of athletic staff still
do not acknowledge the changing climate and its implications for student athlete health and their athletic
programs. Enhancing climate change and health communication across the state may initiate important
changes to athletic programs (e.g., timing, duration, intensity, and location of practices), which should be
made in accordance with increasingly dangerous temperatures and weather conditions. This work employs
a novel interdisciplinary approach to evaluate future heat projections alongside attitudes from athletic
communities toward climate change.

Plain Language Summary Heat extremes are dangerous for humans, and anthropogenic climate
change is making extreme heat events more frequent over time. Future changes in extreme heat may prove
particularly dangerous to athletes who participate in outdoor sports, as they are susceptible to exertional heat
illness (EHI). This study was spearheaded by a team of undergraduate students at Rice University who were
interested in how extreme heat events might impact athletics across the state of Texas. We surveyed hundreds of
athletic staff at Texas colleges and high schools to assess their awareness of future heat risks to student athlete
health. We compared survey results to climate model projections of summer temperatures and indices like

heat index and wet bulb temperatures (variables which consider humidity as well as temperature) across Texas
throughout the next century. Heat indices are projected to increase beyond what the National Weather Service
considers safe for outdoor sports by the mid-21st century. Despite the clear trend toward increasingly dangerous
hot weather conditions, some athletic staff still do not acknowledge the changing climate and its implications
for student athlete health. Climate change communication is needed to initiate changes to athletic programs and
reduce the risk of EHIs for athletes in Texas.

1. Introduction

Climate change is expected to increase temperatures and alter weather patterns throughout much of the United
States; by the mid-21st century, the annual number of days above 100°F is projected to double (Dahl et al., 2019).
If there is no effort made to reduce emissions, Texas and the Southern Plains regions are predicted to experience
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30-60 additional days per year where temperatures exceed 100°F by the late 21st century (Wuebbles et al., 2017).
Overall, there will be more extreme heat events as a result of the thermodynamic and possibly dynamic effects
of global warming (Perkins-Kirkpatrick & Lewis, 2020; Russo et al., 2014). A study from Horton et al. (2015)
shows that a greater occurrence and persistence of anticyclonic patterns is correlated with more extreme high
temperatures and heat waves. Changes in such regional circulation patterns can drive extreme temperature events
by initiating a cascade of self-reinforcing, heat-accumulating land-atmosphere feedback processes (Miralles
etal., 2019).

Across North America, the frequency, spatial extent, and severity of heat waves will increase due to climate
change (Perkins-Kirkpatrick & Lewis, 2020). While there is no single standard definition of a heat wave, they
are generally defined as a series of days/nights with maximum/minimum temperatures above a particular high
percentile threshold, usually the 90th and 99th percentiles of the daily temperature distribution (Keellings
et al., 2018). For example, the National Weather Service (NWS) Heat Wave criteria define an event as the
number of consecutive days with a high of at least 90°F (US Department of Commerce, n.d.-a). Changes in
heat wave patterns are projected for Texas: heat wave frequency and total land mass affected by heat waves are
projected to increase, while heat wave patches are changing and becoming more complex in shape (Keellings
et al., 2018). In general, by 2100, almost half of the world's population is likely to experience annual lethal heat
wave events (Mora et al., 2017). Lyon et al. (2019) reported that based on an RCP8.5 forcing scenario, the size
of contiguous U.S. summer heat waves and the exposed population is projected to increase by a factor of over
2 by the mid-21st century. Additional work by Nabizadeh et al. (2019) reported an increase in the size of the
blocking events, which to some extent explains these projected increases in the size of heat waves. Tempera-
ture anomalies caused by blocking events are shown to intensify over land under climate change (Nabizadeh
et al., 2021).

These increasing heat wave hazard trends are concerning as heat waves have long been known to have profound
impacts on human health. Indeed, NWS statistics (US Department of Commerce, n.d.-b) indicate that heat is the
number one weather-related cause of death in the United States. High temperatures can result in illness and death
directly (e.g., heat stroke) and can also exacerbate preexisting medical conditions and increase overall mortality
rates (Gasparrini et al., 2015); these effects may be pronounced among individuals who spend time outdoors
(Wexler, 2002). In addition, heat waves substantially impact outdoor sports, as athletes are physically affected
by extreme heat conditions. Specifically, extreme heat events are associated with exertional heat illnesses (EHIs)
(Hosokawa et al., 2019), and athletes training outdoors in the heat are at increased risk for developing EHIs
(Kerr et al., 2013; Navarro et al., 2017). EHIs manifest on a spectrum of symptoms but are largely preventa-
ble (Gauer & Meyers, 2019). Mild cases might present symptoms, such as heat rash, exercise-associated muscle
cramps, exercise-associated collapse, or heat edema. More severe cases can range from heat exhaustion to a
life-threatening heat stroke (Howe & Boden, 2007).

Exertional heat stroke, the most serious form of EHI, is one of the leading causes of death among high-school
athletes (Barrow & Clark, 1998). Estimates suggest that roughly 9,000 high-school athletes are affected by EHIs
each year (Gauer & Meyers, 2019). Within collegiate athletics, football players experience the most EHIs, but
all NCAA athletes are at risk of EHIs (Yeargin et al., 2019). Risk factors for EHI can be intrinsic (e.g., age) or
extrinsic (e.g., weather) (Casa et al., 2015; Smith, 2019). It has been shown that the incidence of EHIs increases
when wet bulb globe temperature (WBGT), a measure of heat stress in direct sunlight, is higher than usual
(Cooper et al., 2016). In a retrospective analysis on hyperthermia deaths in American football players, all deaths
occurred under “high” or “extreme” conditions as measured by the WBGT (Grundstein et al., 2012), though
the level of WBGT that leads to death varies depending on regional climate and acclimatization (Grundstein
et al., 2018). Generally, atypically high solar radiation, temperature and humidity conditions can increase the
risk of EHIs.

Guidelines do exist in various settings to reduce incidence of EHIs through the modification of activity duration
and intensity (Hosokawa et al., 2019). For example, the National Athletic Trainers' Association has provided
comprehensive guidelines for how to address and prevent EHIs in athletes (Casa et al., 2015). Texas provides
recommendations regarding EHIs in outdoor sports (e.g., via the University Interscholastic League (UIL, n.d.)).
Most but not all high-school athletic trainers have explicit policies to reduce incidence of EHIs (Scarneo-Miller
et al., 2020), and some states have recommended heat policies specifically for football, a sport in which EHIs are
particularly common (Cooper et al., 2020).
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Given an already vast and growing body of climate literature (e.g., IPCC, 2013, and IPCC ARG®6, in press)
that indicates more frequent and severe heat waves, athletic staff must be prepared to address growing
heat-related health concerns for the safety of their athletes. In addition to temperature, specific humidity
increases with global warming following the Clausius-Clapeyron relationship; this will further exacerbate
EHIs by reducing sweating efficiency: higher humidity reduces the skin-air difference in moisture, which
leads to less evaporative cooling (Buzan & Huber, 2020). Additionally, there has been a greater increase in
exposure to humid heat compared to dry heat (Rogers et al., 2021). Previous work addresses climate change's
effect on human thermoregulation (Hanna & Tait, 2015; Lim, 2020; Smith, 2019; Williams, 2020), and
more recent work addresses the relationships between heat waves and heat illness in athletes, given recent
increases in high heat events (Kerr et al., 2019). For example, significant attention was paid to heat risk in
the lead up to the Tokyo Olympics (e.g., Kakamu et al., 2017; Vanos, Thomas, et al., 2020), motivated by
climate change.

While such studies linking high temperatures to athlete health risks exist, these efforts are generally geared
toward monitoring immediate threats in the present. Given the severity of projected future warming, additional
adaptation will likely be required. Focus on regional analyses of extremes is lacking in large compilation reports
(e.g., IPCC AR6), specifically for Texas. Furthermore, to date, the attitudes of trainers and athletic directors
toward climate change and increasing temperatures have not been assessed.

Addressing this gap, here, we perform a coupled study of temperature change projections and attitudes
toward outdoor sports in Texas in the context of a warming climate. We evaluate a realistic warming scenario
(SSP3-7.0) in a state-of-the-art general circulation model (GCM), the Community Earth System Model
version 2 (CESM2), for the state of Texas using multiple measures of temperature stress. Frequency and
intensity of high-heat days are characterized using three complementary metrics: average and maximum
daily surface air temperatures (7,), heat index (7)), and wet bulb temperature (T,). The three measures
differ in that both T}, and T, explicitly consider humidity in combination with temperature; at extremely
high levels (e.g., >95°F), T, provides a quantitative thermodynamic limit for mammalian heat dissipation
(Sherwood & Huber, 2010), and NWS uses heat index as a metric for heat warnings in the United States
(Hawkins et al., 2017).

To the best of our knowledge, ours is the first study to evaluate attitudes from athletic communities toward climate
change and athlete health concerns in concert with future heat projections. Using climate projections and the
survey results, we test the following hypotheses:

e [H1,] Extreme summer temperatures and metrics of heat stress rise in Texas over the coming decades as a
function of carbon emissions scenario;

* [H2,] Concern over temperature and climate change positively relates to consideration of these factors when
making practice decisions;

o [H2,] Athletic staff are largely not concerned about temperature and/or climate change.

By addressing these hypotheses, we seek to provide a novel understanding of athletic perspectives on climate
change and potential for adaptation to rising temperatures in our state and local communities.

2. Methods

We first introduce the survey design, which explores attitudes from athletic staff regarding how climate change
will affect their sports, as well as the climate data and metrics used to analyze heat trends in Texas.

2.1. Survey of Athletic Directors, Trainers, and Coaches in Texas

High school and collegiate athletic staff (i.e., coaches, directors, and athletic trainers) participated in an anony-
mous, online, cross-sectional survey that evaluated attitudes toward outdoor sports and climate change. Partic-
ipants received an email entitled Participate in a Rice University Survey on Heat, Student-Athlete Health and
Sports; the full text of the email and the survey questions are given in Supplementary Information Text S1 and
S2 in Supporting Information S1. Responses were collected over a period of three and half months beginning in

DEE ET AL.

30f23



A7t |

Fa\C ¥ GeoHealth 10.1029/2022GH000595
ADVANCING EARTH
AND SPACE SCIENCE
Facilities
(a) Do you typically coach indoors, (b) Do You Have Access to Indoor Climate- (c) Have School Officials Outside the
outdoors, or some combination? Controlled Facilities? Athletic Program Talked With the Athletic
120 160 Staff about Temperature Issues?
105 ) 100 94 92
100 140 135 o
120 80
80 70
100 88 ;
60 . 60
46 50
40 60 40 38
40 30
20 13 20
5 20
o e - 10
Always Mostly Mostly Always 0 0
indoors indoors outdoors outdoors Yes No Yes No Unsure

Figure 1. Athletic staff access to facilities and attitudes. (a) Indoor versus Outdoor coaching. (b) Access to Climate-Controlled facilities. (c) Discussions on
temperature issues among athletic program directors. *Note that four people skipped (a) indoor versus outdoor question, and one person skipped (b) access to indoor

climate-controlled facilities.

January 2021 and closing in mid-April. We define a sport to be an “outdoor sport” if official competitions take
place outdoors. We focus on Texas due to the high interest in outdoor sports, especially football, and Texas's
extreme risk to rising temperatures by 2100.

2.1.1. Participants and Study Design

Participants were invited to participate in the survey via a variety of methods to create as large and represent-
ative a sample of athletic staff in Texas as possible. Surveys were shared by email and word of mouth (e.g.,
direct solicitation and snowball sampling) at universities and high schools across Texas. We reached out to
4,701 email contacts in total. Surveys were sent to all varsity athletics departments at 166 Texas colleges and
universities and 3,796 Texas high schools. We obtained a list of all the Texas colleges and universities from
the Texas Comptroller of Public Accounts website and manually eliminated schools with no varsity sports. We
targeted athletic programs located in Dallas, Houston, Austin, San Antonio, and McAllen (the five largest metro
areas by population), along with El Paso and Amarillo (the largest metro areas in West Texas and the panhandle,
respectively).

The survey contained 22 questions, none of which required responses (i.e., they could all be completed voluntar-
ily, and thus individual questions varied in terms of the number of responses reported). We restrict our reported
data to those individuals who had complete data for our primary variables of interest (e.g., those related to climate
change and temperature). The objective of the survey questions was to measure attitudes toward outdoor sports
and climate change, specifically with respect to extreme heat, humidity, and student athlete health and safety.

A total of 299 individuals took the initial survey, of which 224 surveys were fully completed for primary variables
of interest (as noted in figure captions). Using the total number of institutions contacted as our subject pool, we
received responses from approximately 8% of the total contacts (N = 299). However, because we did not require
responses to every question, we removed the participants with missing data to avoid issues with interpretation
of response means; this resulted in N = 224. Thus, in our correlation tables, we used data from a total of 224
participants.

Of these individuals, 93% (213) coach sports in the fall (September—November), 81% (186) coach sports in the
winter (December—February), 90% (206) coach sports in the spring (March-May), and 67% (153) coach sports
during the summer months (June—August); note that many staff members coach multiple sports across multiple
seasons. These details are shown in Figure 1. Regarding sports coached, 51% (117) of the sample coach football,
40% (91) coach track and field, 29% (66) coach soccer, 24% (55) coach softball, 23% (53) coach baseball,
23% (52) coach cross-country, 19% (43) coach tennis, 19% (43) coach golf, 11% (26) coach swimming, 1%
(2) coach lacrosse, and 12% (28) selected “other” sports. In terms of facilities, 60% (135) of the sample have
access to indoor climate-controlled facilities, but 40% (88) do not; the majority of participants coach “always”

DEE ET AL.

4 of 23



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

GeoHealth 10.1029/2022GH000595

or “mostly” outdoors (67%; 151). Regarding decision-making, 88% (202) of participants have the power to
decide if practice will occur or not. These demographic survey results provide insight as to what resources are
available to athletic programs, how heat currently influences practices, and the sport(s) and seasons in which
the coaches work.

The first three questions ask participants what season their sport takes place in, for which sport they coach/train
students, and if they help decide if practice will occur. The next questions ask about the impact heat and humid-
ity might have on practice. For example, one question asks participants how often they have canceled practice
due to high temperatures. The survey also asks participants about how concerned they are about climate change
affecting outdoor sports at their institution. The last part of the survey asks participants about their long-term
concerns about their athletics program, the attitudes of student athletes toward high temperatures, and if school
officials outside of the athletics program have addressed temperature concerns. The complete survey question-
naire and unfiltered results can be found in the Supplemental Materials (Text S1-S3, Figures S4-S12 in Support-
ing Information S1).

2.1.2. Measures

The research team generated original self-report items to assess attitudes and behaviors related to climate change,
high temperatures, and the conditions necessary to influence practice cancellation decisions.

In an effort to demonstrate construct validity with other preexisting measures regarding attitudes toward
climate change, we conducted a small, second validation study to demonstrate convergent validity (DeVellis
& Thorpe, 2021). We include details in the pertinent table captions with more information in Supplemental
Materials (Table S1, Figures S4-S12 in Supporting Information S1). Significant evidence of convergent validity
emerged for both the concern and consider composites herein described.

2.1.2.1. Concern Composite

The Concern measure assesses participants' concern regarding temperature and climate change effects on their
athletes and the longevity of their program. It consists of four items, using a 5-point Likert-type scale, ranging
from 1 (Extremely concerned) to 5 (Not concerned at all). These items included: 1—“How concerned are you
about the effects of temperature on the long-term success of your athletic program?”; 2—“How concerned are
you about the effects of temperature on practices and student-athlete health?””; 3—“How concerned are you about
the effects of climate change on the long-term success of your athletic program?”’; and 4—“How concerned are
you about the effects of climate change on practices and student-athlete health?”

We conducted an exploratory factor analysis (EFA) on these items (a traditional approach when examining the
reliability of a measure) to see if the items quantitatively load together (see DeVellis and Thorpe (2021)). We used
eigenvalues greater than 1, principle axis factoring, and a varimax rotation for the EFA. This analysis generated
one factor, using a cut on the scree plot, which accounted for 91% of the total scale variance. Thus, we averaged
the items into one composite with good reliability (Cronbach's Alpha = 0.97).

2.1.2.2. Consider Composite

The Consider measure assessed if participants factored daily temperature and humidity levels into their practice
decisions. It consists of two items, using a 3-point scale: 1—Yes, 2—No, 3—I don't know. The items include:
1—*Do you/your school consider daily temperatures in decisions to hold practice?”; 2—*“Do you/your school
consider humidity levels in decisions to hold practice?” We averaged the two items together to generate one
composite with good reliability (Cronbach's Alpha = 0.84).

2.1.2.3. Single Item Measures

The remaining items that we measured are single items, utilizing a variety of scales. They are listed here: 1—“Have
you/your school ever canceled a practice due to high temperatures?” (la—Yes, multiple times; 1b—Once or
twice; 1c—Never; 1d—Unsure); 2—“Example scenario: it's 100°F outside. Do you...” (2a—Hold practice as
normal, 2b—Adjust practice activities/duration, 2c—Move practice indoors, 2d—Cancel practice altogether);
3—*“Are you aware of heat warnings issued by the NWS?” (3a—Yes, 3b—No); 4—“During a season, how often
do you cancel practice for heat-related reasons?” (4a—Never, 4b—Once or twice, 4c—Three to five times, 4d—
More than six times); 5—“Do you have access to indoor climate-controlled facilities?” (5a—Yes, 5b—No);
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6—Do athletes complain about temperature?”” (6a—A great deal, 2b—A lot, 2c—A moderate amount, 2d—A
little, 2e—Not at all).

2.2. Climate Model Simulations and Temperature Indices

This study utilizes open source, fully coupled numerical climate simulations from the CESM2 large ensemble
to model the past, present, and future climate states through the year 2100 ([data set] Danabasoglu et al., 2020;
Rodgers et al., 2021). CESM2 is a state-of-the-art GCM developed at the National Center for Atmospheric
Research. The data set consists of a 100-member Large Ensemble at a horizontal resolution of ~1° for the
“current climate” (1850-2014) based on the historical radiative forcing, and the same number of members for
the “future climate” (2015-2100) based on the SSP3-7.0 radiative forcing scenario, which refers to +7 W/m? of
radiative imbalance due to anthropogenic greenhouse gas emissions. We use this high-emissions scenario given
that emission trends over the past few decades track slightly above previously used business-as-usual radiative
forcing, RCP8.5 (Peters et al., 2013). Here, we only use the 50-member sub-ensemble based on the original
CMIP6 biomass burning emission protocols. Variables including reference height air temperature (2-m temper-
ature), maximum air temperature, and relative humidity were extracted for each model day. In our analysis, we
compared the last 25 years of the 20th (1976-2000) and 21st centuries (2076-2100), labeled as current versus
future. We assigned model grid cells to urban areas (e.g., Dallas or Houston) by minimizing the distance between
the grid cell center and the given city location (a single grid cell per city).

To compare the results from CESM2 to alternative GCMs and forcing scenarios, we employ the Climate
Model Intercomparison Project 6 (CMIP6 [data set] Eyring et al., 2016) multimodel ensemble, which was
extracted via the Pangeo platform ([software] Eynard-Bontemps et al., 2019). We used temperature data for
two complementary emission scenarios, SSP2-4.5 and SSP5-8.5, for comparison. Note that the Pangeo CMIP6
model archive includes roughly 15 GCMs which contained the required temperature and humidity data (Text
S5, Table S2 in Supporting Information S1). Surface temperature and relative humidity at 1,000 hPa were used
to compute wet-bulb temperature and heat index, following the methods described in Text S4 in Supporting
Information S1.

Note that the horizontal resolution of the GCMs employed in this study is insufficient to resolve microclimate
effects that can influence local manifestations of heat stress (e.g., CESM2 has ~1° resolution), which may bias
our results. For example, urban heat islands and other local land surface features are not captured in these GCM
simulations, which omits fine-scale patterns of near-surface air temperature and humidity (Zhao et al., 2018). The
impacts of these assumptions are discussed in Section 4.

To compare future projections of climate in Texas with past and current conditions, we calculated heat index (HI)
and wet-bulb temperature (T,B) from the climate model data and examined these metrics alongside raw mean
and maximum temperature. Heat index estimates the equivalent human-perceived temperature and can be calcu-
lated from the ambient air temperature (7) and relative humidity (RH, %) to represent how weather conditions feel
in shaded areas. In direct sunlight, the apparent temperature may increase by up to 15°F. Specifically, the apparent
temperature represents the temperature felt by a human body based on human heat balance principles; heat index
is a simplified representation of apparent temperature that requires knowing only temperature and humidity
(Rothfusz, 1990). Heat index is developed from multiple regression of temperature and humidity against apparent
temperature (Vanos, Baldwin, et al., 2020).

We chose to include the heat index in this study in part because it is the measure used by most local offices of
the NWS to make decisions about when to issue heat warnings. NWS states that heat indices at or above 103°F
can lead to dangerous heat disorders with prolonged exposure and/or physical activity in the heat. However,
heat-related risk increases across a range of heat index values, and the values at which the heat index is dangerous
varies widely by location (Gasparrini et al., 2015). In general, heat warnings are issued at lower values of the
heat index in the northern United States and higher values in the southern United States (Hawkins et al., 2017;
US Department of Commerce, n.d.-a). In warm places like Texas, higher values of the heat index may be more
strongly related to health outcomes. The NWS Southern Region has region-specific criteria for Texas areas,
including HGX (“Coastal Offices,” Houston), EWX (Austin, San Antonio), and FWD (“Non-Coastal Offices,”
https://www.weather.gov/images/srh/SRHeatCriteriaApril2016.JPG). In Houston, Austin, and San Antonio, heat
advisories are issued for heat index greater than or equal to 108°F or temperatures greater than or equal to 103°F;
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excessive heat warnings are issued for heat index greater than or equal to 113°F or temperatures greater than or
equal to 105°F (US Department of Commerce, n.d.-a). In Dallas, the T, values are slightly lower; heat advisories
are issued for heat index greater than or equal to 105°F, or temperatures greater than or equal to 103°F; excessive
heat warnings are issued heat index greater than or equal to 110°F, temperature greater than or equal to 105°F
(US Department of Commerce, n.d.-a).

All equations for combined temperature-humidity metrics of heat stress are provided in the Supplemental Mate-
rials, Text S4 in Supporting Information S1, but we summarize these metrics here. We calculate heat index
using the Steadman equation (Rothfusz, 1990) for temperatures below 80°F; the Rothfusz regression is employed
when conditions of temperature and humidity yield a heat index value above 80°F (Rothfusz, 1990). Wet-bulb
temperature (7',,,) measures the temperature of an object undergoing evaporative cooling assuming a constant
ambient air temperature and good air flow. Most cooling of the human body is mediated through sweating and its
related evaporative cooling; therefore, T, is an accurate tool for determining if there is a heat hazard present for
humans (Buzan & Huber, 2020). We calculate T, from ambient temperature (7) in degrees Celsius and relative
humidity (RH%) using the Stull formula (Stull, 2011) (Supplemental Text S4 in Supporting Information S1). A
T,,; exceeding 95°F (35°C) for an extended period of time will put humans at risk of hyperthermia (Raymond
et al., 2020; Rogers et al., 2021), a physiologic upper limit to survivability. However, we note that other health
impacts are likely to occur at or before reaching these temperatures, especially if physical activity is involved
(Vanos, Baldwin, et al., 2020). For example, recently, Vecellio et al. (2022) found that the 35°C T, threshold
may be too high in more realistic settings and varies depending on humidity; the critical threshold for heat toler-
ance in an experimental group of young, healthy adults was found to be 30-31°C T, for warm-humid conditions
and ranged from 25 to 28°C T, for various hot-dry conditions.

Note that we employ both mean and maximum daily temperatures representing the hottest temperature of each
day in each model month in our analyses. Daily maximum temperatures are the likely unit athletes and staff use
in their decision-making. Evaluating the changes in mean temperature shifts is also useful for understanding
changes in temperatures over time.

3. Results

We first evaluate survey responses surrounding staff attitudes and concerns about heat (Section 3.1). Changes
in climate for the state of Texas are reviewed to contextualize survey response results in Section 3.2. We
evaluate three metrics: mean and maximum daily temperature, heat index, and wet-bulb temperature. Temper-
ature changes are evaluated geographically, and as time series to examine the evolution of temperatures in
four cities (Houston, Austin, Dallas, and San Antonio) through 2100. We additionally provide probability
density functions (PDFs) showing temperature shifts in the beginning and end of the 21st Century. Tables
documenting current and future 90th and 99th percentile temperatures for the largest cities in Texas are also
provided. Note that while considerable year-to-year variability (natural variability) is observed within indi-
vidual ensemble members in the time series data, we here focus on the average of all 50 CESM2 ensemble
members, which represents the forced response (or anthropogenic climate change signal) in temperature
changes.

3.1. Survey Results: Attitudes Toward Heat and Athlete Safety

The coach attitudes and concerns subsection of the survey results describe our findings in terms of how athletic
staff perceive climate versus heat in relation to student health and success of their athletic program, what their
primary concerns are for their programs both at present and in the long term, and their thoughts on how extreme
heat may affect the future of their programs. Note that additional survey details and results are given in Supple-
mentary Text S1-S3 in Supporting Information S1.

3.1.1. Composite Results

We report data for a cross-sectional survey assessing climate change-related attitudes and behaviors of Texas high
school and college athletic staff. As described in our initial hypotheses (Section 1), we expect athletic directors'
attitudes to be related to their behaviors. For example, if staff report that they are concerned about temperature
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Table 1
Correlations of Coach and Athletic Director Responses

Cancel high Athletes

Metric " c Concern  Consider temperature Cancel 100°F  Cancel often  Indoor access complain
Concern (1-5 scale) 297 1.12 1 0.159%* 0.3377% —0.225%* —0.425%* 0.111 0.370%*
Consider (1-3 scale) 1.33 041 1 0.399: —0.264%* —0.283%* 0.114 0.135%
Cancel High Temperature (14 scale) 2.21  0.89 1 —0.330%* —0.577%* 0.149* 0.224%#%
Cancel 100 Degrees (14 scale) 2.03 0.55 1 0.253%* —0.206%* —0.156*
Cancel Often (14 scale) 1.56 0.67 1 -0.074 —0.333%*
Indoor Access (1—yes, 2-no) 1.39 0.5 1 0.13
Athletes Complain (1-5 scale) 338 097 1

Note. Correlation Table with variables including: level of concern of athletic staff toward impacts of temperature and climate change on athlete health and athletic
program, consideration of temperature and climate warnings, canceling practice due to high temperatures, canceling practice when it is above 100°F, canceling practice
often, having access to indoor facilities, and having athletes complain about temperatures.

*Correlation Is Significant at p < 0.05 *Correlation Is Significant at p < 0.01.

and climate change's effects on athlete health and athletic programs, we expect that they would also be more likely
to cancel or alter practices due to temperature.

As summarized in Table 1, Table S1 in Supporting Information S1, and Figure 2, we observe a significant,
positive correlation (0.159) between concern about temperature and climate change impacts and considering

Concern Composite Questions

(a) How concerned are you about the effects of (b) How concerned are you about the effects of
temperature on practices and student health? temperature on the long term success of your
» 90 84 athletic program?
g 80 ” 70 66
g 70 62 & 60
8 60 55 S 50 48
o Q 41
o 50 2 10 39
5 40 € 30
é 30 kS
15 5 20
520 8 3
u
0 | 20
Extremely Very Moderately Slightly Not concemed Extremely Very Moderately Slightly ~ Not concemed
concerned concerned concerned concerned at all concerned concerned concerned concerned at all
Responses Responses
How concerned are you about the effects of How concerned are you about the effects of
(c) climate change on practices and student-athlete (d) climate change on the long term success of your
health? athletic program?
2 % 68 £ 70 -
2 2 58
* -
@' 50
4 40 33 38 31 & 37
% 30 40 30
P 5 28
= 20 o 30
210 é 20
Eo 5 10
z Extremely Very Moderately Slightly Not Z 9
concerned concerned concerned concerned concerned at Extremely Very Moderately Slightly ~ Not concemed
all concerned concerned concerned concerned at all
Responses Responses

Figure 2. (a) Level of concern on the impact of temperature on practices and student-athlete health. (b) Level of concern on the impact of temperature on long-term
success of athletic program. (c) Level of concern for the impact of climate change on practices and student-athlete health. (d) Level of concern for the impact of climate
change on long-term success of athletic program.
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temperature and humidity in decisions to hold practice (Figure 4). This is consistent with our hypothesis H2a:
concern over temperature and climate change should positively relate to taking these factors into consideration
when making practice decisions. We also observed a significant, positive correlation between athletic directors'
concern over and consideration of temperatures (0.337 and 0.399, respectively) and canceling practices due to
high temperatures. Further, data indicated that athletic staff factor in the longevity of their program and their
athletes' health (r = 0.16, p = 0.018, 95% C.I [0.028, 0.284]) when factoring temperature into decision making,
including their decisions to cancel practice for high temperature (r = 0.34, p < 0.001, 95% C.I [0.216, 0.449]),
and their perceptions that athletes complain about heat (r = 0.37, p < 0.001, 95% C.I [0.252, 0.478]). Yet, still,
they reported being less likely to cancel practice at 100°F (r = —0.225), and rather opted to adjust activities
(Figures 5b and 5d). It is possible we see this relationship because 100°F is simply not considered that hot in the
locations we studied, which could explain the negative correlation between canceling due to high temperatures
and canceling at 100°F. This potentially also drove the significant, negative correlation between this concern and
the frequency with which they canceled practice (—0.425). Thus, while their athletes' health is a primary driver of
their concern, so too is their concern over the longevity of their athletic program. For example, canceling practice
more frequently may lead to decreased longevity in one's coaching career, particularly in Texas sports. Access to
indoor facilities was not significantly related to concern regarding the longevity of programs and athletes health
(related to temperature and climate change; p > 0.05). Finally, as shown in Figure 3, 99% of the sample report
being aware of heat warnings issued by the NWS and 88% (196) of those participants state that they factor those
warnings into decisions to cancel/modify practice.

The responses to individual survey questions contain item-level trends, which could arguably have a reliability
issue (e.g., individual-level items can be idiosyncratic). We thus limit our discussion to general takeaways (and see
Supplementary Materials, Text S3, Figures S4-S12 in Supporting Information S1 for more information). Despite
the dangerous impacts that high temperatures and humidity have on humans, only 54% of survey respondents indi-
cated that they take humidity into account when deciding whether to host practice for athletes or not (Figure 4b).
However, 88% of respondents do utilize the heat warnings issued by the NWS to determine whether or not to host
practice, which do account for humidity via the use of the heat index (Figures 3a and 3b). This discrepancy suggests
that there may be a lack of understanding among athletic staff in how humidity affects perceived temperature.

Regarding athletic staff attitudes toward hosting practices in hotter temperatures due to climate change, frequent
responses included adjusting practice time (to early morning or later in the evening), moving practices indoors,
and modified practices (more water breaks, less intense practices, equipment changes, and heat acclimation)
(Figure 5, Figure S12 in Supporting Information S1). Other responses regarded warming temperatures as irrele-
vant either because their sport season does not occur in the summer or they do not anticipate warming to occur.

Perhaps most interesting is the fact that athletic staff placed heavier emphasis on and were more concerned about
the impact of temperature rather than climate change (Figure 2, Text S3 in Supporting Information S1). Temper-
ature and climate change are fundamentally different concepts (i.e., temperature can be interpreted to be about
present-day temperature and its variations, while climate change focuses on the future). Differences may stem
from perceived short-versus long-term impacts on programs rather than the choice of terminology. However, we
cannot rule out that the response differences may be driven by differences in participant beliefs in climate change.
With respect to the effects of these two factors on student-athlete health, the most common response (38%)
was “very concerned” with the effect of daily temperatures, while the most common response (30%) was “not
concerned at all” with the effect of climate change (Figures 2a and 2c). A similar observation emerges comparing
the responses to the level of concern about temperature and climate change on the future of athletic programs.
The highest number of responses (29%) was “moderately concerned” and the second highest (21%) was “very
concerned” about the impact of temperature, while the highest number of responses (32%) were, once again, “not
concerned at all” about the impact of climate change (Figures 2a and 2c). These results indicate partial support
for Hypothesis H2,, athletic staff are largely not concerned about temperature and/or climate change.

3.2. Projected Changes in Extreme Heat in Texas Over the 21st Century
3.2.1. Geographic Changes in Temperature

Spatial projections of temperature across the state of Texas indicate heterogeneous warming through the 21st
century (Figures 6, 7, 8). We first evaluate 2-m air temperatures. We extracted daily mean (7},;,,) and daily
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Awareness & Cancellations

(a) Are you aware of heat (b) Do you factor these warnings into

warnings issued by the
National Weather Service?

your decisions to modify or
cancel practice?

=Yes
=Yes = No
=No I don't know
87.77%
98.78%
1.22% 2.62%
Yes No Yes No
(c) Have youl/your school ever (d) During a season, how often do you
cancelled a practice due to high cancel practice for heat-related reasons?
temperatures? 40
90
8 80 76 78 120 119
g 8 100
£ 60 57 5§ 84
; 50 § 80
£ s
é 40 g 60
30 €
2 40
20 13 19
10 20
; i 0 B
Yes, multiple  Once or twice Never Unsure Never Once ortwice Three to five  More than six

times

times times

Figure 3. (a) Coach awareness of National Weather Service (NWS) heat warnings. (b) Use of NWS warnings in the decision-making process to modify or cancel
practice. (c) Have athletic staff ever canceled practice due to temperature. (d) Frequency practice cancelations due to high temperatures. *Note that one person skipped
(d) frequency of practice cancelations question.

Consider Composite Questions

(a) Do You/Your School Consider Daily (b)
Temperatures in Decisions to Hold Practice?
250 140
[}
3 120
2 200 193 0
g 3 100
g 5
& 150 a 80
£ 100 X 60
c o]
S 5 40
z e}
50 29 E 20
2 Z
0 || 0
Yes No | don't know
Responses

Do You/Your School Consider Humidity in

Decisions to Hold Practice?

120

10

Yes No | don't know
Responses

Figure 4. Factors considered for holding practice (Consider Composite; see Table 1. (a) Decisions to hold practice based on daily temperatures. (b) Decisions to hold
practice based on humidity levels. *Note that one person skipped (b) humidity question.
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Heat Tolerance

(@) How hot does it have to be for you/your school to (b) Example scenario: it’s 100F outside. Do you...
cancel practice? 180 168
38
% 40 160
@ 35 2 140
2 30 @
? 5 120
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S 20 & 100
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g 10 2 60
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5 z 40 2 28
0 20 . .
3
N <& 0
& SN el § & & N N Hold practice as  Adjust practice Move practice Cancel practice
N N N normal activities/duration indoors altogether
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(© Do athletes complain about temperature? (d) Texas is predicted to experience 30-40 additional
days of 100F+ by 2030. How do you anticipate this
; affecting outdoor sports at your institution?
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@ 60 2100
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Figure 5. (a) Temperature threshold for canceling practice. (b) 100°F scenario. Reactive behavior during 100°F conditions regarding athletic practices. (c) Do athletes
complain about temperature? (d) Anticipated effects of increased summer temperatures in Texas on outdoor sports. Responses to the projected scenario where Texas is
predicted to experience 30—40 additional days of 100°F+ weather by 2030. Are adjustments/adaptation needed?

Future ©T Future-Current
mean mean

(@ T___ Current T
38 bt 38 =
N

-110 -105 -100 -95 -90 -110 -105 -100 -95 -90 -110 -105  -100 -95 -90
(d) T__ Current (e) T__ Future () T__ Future-Current
max max max
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Figure 6. Temperature changes across Texas in the 21st century. Shown are the June-July-August mean 2-m air temperatures (a—c) and monthly maximum 2-m air
temperatures (d—f); (a), (d) Show the current climate, defined as 1976-2000; (b), (d) show the future climate, defined as 2076-2100; (c), (f) show the difference
between the two periods (future minus current).

DEE ET AL. 11 of 23



A7
AV GeoHealth 10.1029/2022GH000595

ADVANCING EARTH
AND SPACE SCIENCE

(a) Heat Index Current (b) Heat Index Future (c) Heat Index Future-Current
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Figure 7. Heat index changes across Texas in the 21st century. Shown are the June-July-August mean heat index values (a—c) and monthly maximum heat index values
(d—f); (a), (d) Show the current climate, defined as 1976-2000; (b), (d) show the future climate, defined as 2076-2100; (c), (f) show the difference between the two
periods (future minus current).

maximum temperatures (i.e., the hottest temperature during the day, T,,,,) for summer months (June-July—
August, JJA) at all model grid points. Figure 6b shows that average summer air temperatures over Texas regularly
exceed 90°F by end-of-century; Figures 6¢ and 6f further indicate that the changes in mean temperatures range
from 46 to +8.5°F with maximum increases in north and west Texas. Notably, maximum daily temperatures
(Figure 6e) exceed ~100-104°F almost everywhere in Texas by 2076-2100.

»

-110 -105 -100 -95 -90 -110 -105 -100 -95 -90 -110 -105 -100 -95 -90

dT, Current

WB, max (e) WB, maxFUture

({j] TWB’ maxFuture-Current .

-110 -105 -100 -95 -90 -110 -105 -100 -95 -90 -110 -105 -100 -95 -90

Figure 8. Wet-bulb temperature changes across Texas in the 21st century. Shown are the June-July-August mean wet-bulb temperatures (a—c) and monthly maximum
wet-bulb temperatures (d—f); (a), (d) Show the current climate, defined as 1976-2000; (b), (d) show the future climate, defined as 2076-2100; (c), (f) show the
difference between the two periods (future minus current).
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Similarly, Figure 7 shows the changes in heat index across Texas by the end of the 21st century, which considers
the joint impacts of humidity and temperature. Heat index values are averaged over summer months (JJA) and
are shown for current (1976-2000, a, d) and future (2076-2100, b, ) climates as well as the change in heat index
between the current and future climates (c, f). Coastal regions along the Gulf of Mexico are projected to experi-
ence the greatest increase in average heat index with a net change of 14-16°F. The southern region of Texas along
the Mexican border shows the largest increase in maximum daily heat index for T, (Figure 7f) with values
rising by up to 22°F. These changes in heat index are substantial and indicate maximum summer heat index values
exceeding 110°F for most of the state by end-of-century.

Finally, we show the change in wet-bulb temperatures in Figure 8. Again, due to elevated humidity, the highest
wet-bulb temperatures are found along the Gulf Coast in both current and future climates with future climates
exhibiting wet-bulb temperatures 5-6°F warmer than present. Wet-bulb temperatures decrease from east to west
roughly as a function of longitude (Figures 8a, 8b, 8d, 8e), which corresponds to the strong precipitation gradient
across Texas (Nielsen, 2018). The largest increases in the wet-bulb temperature occur through the west-central
regions of the state by the end of the 21st century. JJA wet bulb temperatures calculated from daily maximum
temperatures remain below the survivability threshold of 95°F by end-of-century (Figure 8e).

3.2.2. Probability Density Functions

To further compare the current and future climate in Texas, we use PDFs to examine how the distribution of
temperatures is expected to change. PDFs for summer (JJA) daily temperatures, heat indices, and wet bulb temper-
atures are shown in Figures 9 and 10. Figure 9 shows current and future PDFs for Houston, Austin, San Antonio,
and Dallas using JJA daily mean temperatures (a, d, g, j), heat index (b, e, h, k), and wet-bulb temperature (c, f,
i, 1). Unsurprisingly, in all cities, mean summer temperatures shift toward hotter temperatures; PDFs consistently
indicate increased probability of higher temperatures in the future across Texas. The largest shifts occur for
heat index values, which regularly exceed 110°F in all cities by 2076-2100 (Figures 9b, 9e, Sh and 9k). Note that
Austin's air temperatures by end-of-century exceed those of Houston (Figures 9a and 9g); however, when humid-
ity is considered using heat index, Houston's distribution for T, (Figure 9b) exceeds that of Austin (Figure 9h).

The PDFs for maximum daily temperatures show much larger changes (Figure 10). Raw temperatures
(Figures 10a—10d) shift toward means and extremes >10°F hotter than the current climate with future tempera-
ture averages centered on approximately 105°F in all four cities. As mentioned above, Ty, > 95°F is generally
considered a physiological limit for heat dissipation. Panels (c, f, i, 1) show that in all four cities, the upper tails
of the maximum monthly summer wet bulb temperatures all exceed 95°F. The heat index calculations are even
more striking: Figures 10b, 10e, 10h, 10k show heavy skew toward extremely high T};;_\,,x values in all four
cities, exceeding 150°F regularly. Given that (a) heat index values above 113°F (110°F) result in heat and exces-
sive heat warnings in Houston, San Antonio, Austin (and Dallas) and are considered dangerous, and (b) wet bulb
temperatures are projected to exceed 95°F, these results provide a stark warning of future high heat extremes in
the state's major metropolitan areas. An important caveat to interpreting the absolute quantitative values of these
projections is that nonlinearity of the temperature-humidity metrics creates sensitivity to the temporal resolution
of the data used for analysis. Using higher temporal resolution data (e.g., 6-hourly) or calculating heat index and
wet bulb temperature as diagnostics on the GCM model timestep using HumanIndexMod, for example, (Buzan
et al., 2015), might reduce these values. Nevertheless, the large shift in extremes between the two periods is
striking, and qualitatively robust.

3.2.3. Time Series

Finally, the averages of daily mean and daily maximum temperature during each summer in the four largest
cities in Texas were analyzed as time series in CESM2 over the 21st century (Supplemental Figures S1-S3 in
Supporting Information S1). Specifically, we averaged summer (June-August, JJA) daily temperatures (Typan)
and then additionally averaged the daily maximum temperatures (JJA, T},,y). Both T}, and Ty, are plotted
for the years 2000-2100. Panels a—d show the evolution over time of the summer high temperatures for Houston,
Austin, San Antonio, and Dallas, respectively. For all three temperature metrics and in all four cities, temperatures
show a steady linearly-increasing trend in heat from 2000 to 2100. Figure S3 in Supporting Information S1 in
particular shows the time series of T, change; JJA-mean wet-bulb temperatures calculated from daily maximum
temperatures in all cities are at least 5°F below the physiological threshold for humans of 95°F by end-century.
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Figure 9. Current and future probability density functions of heat metrics for the four largest cities in Texas from Community Earth System Model version 2 June-July-
August projections, calculated from daily mean temperatures. Current probability density functions (PDFs) in blue are based on data from 1976 to 2000, and the future
PDFs in red are based on data from 2076 to 2100. Left column: air temperature; middle column: heat index; right column: wet bulb temperature. Cities are demarcated
on the y axis. NWS heat advisory (green dashed line); NWS heat warning (red dashed line).

However, as the PDFs in Section 3.2.2 indicate, the variability around these mean values can still yield intermit-
tent temperature spikes above the 95°F survivability threshold.

Finally, all daily temperatures were analyzed in each city to produce 90th and 99th percentiles for the current
(1976-2000) to future (2076-2100) climate scenarios. Tables 2 and 3 provide the change in the 90th and 99th
percentiles of daily mean and maximum temperatures, respectively. Tables 2 and 3 additionally include heat
metrics for hotter and drier major cities in Texas (Lubbock, El Paso, Midland/Odessa, and Abilene) for complete-
ness. Temperatures are projected to increase by approximately 5—7°F in Houston, Austin, San Antonio, and
Dallas. In all four cities, heat index values at both the 90th and 99th percentile in the future scenario are regularly
above the 108/113 threshold for NWS heat warnings in Houston, Austin, and San Antonio and the 105/110
threshold for Dallas. In west and north Texas cities (Lubbock, El Paso, Midland/Odessa, and Abilene), average
heat index values (Table 2) increase by even larger amounts, up to 13°F; maximum 77, changes (Table 3) in these
cities are closer to ~+30°F. Note that the physiological T, value of 35°C is approximately 95°F; a threshold
closer to 30.5°C (or lower for hot-dry climates) measured in Vecellio et al. (2022) is about 87°F. This threshold is
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Figure 10. Current and future probability density functions of heat metrics for the four largest cities in Texas from Community Earth System Model version 2
June-July-August projections, calculated from daily maximum temperatures. Current probability density functions (PDFs) in blue are based on data from 1976 to 2000,
and the future PDFs in red are based on data from 2076 to 2100. Left column: air temperature; middle column: heat index; right column: wet-bulb temperature. Cities
are demarcated on the y axis. NWS heat advisory (green dashed line); NWS heat warning (red dashed line). The black-dashed line indicates the T\ survivability limit.

exceeded in maximum summer temperatures projected for every single city, no matter its average climate, except
for El Paso (Table 3, Ty _yax 99)-

3.2.4. Sensitivity to GCM and Carbon Emissions Scenario

As described above, CESM2 is used in this study to model future temperature scenarios for Texas between 2076
and 2100 under the SSP3-7.0 emission scenario. The CESM2 ensemble accounts for irreducible uncertainty
due to internal variability, but neglects structural uncertainty associated with our imperfect understanding of the
climate system and computational constraints. It also neglects scenario spread associated with uncertainty in
future carbon emissions trajectories. An ensemble of multiple GCMs forced with different emissions scenarios,
such as the Coupled Model Intercomparison Project (CMIP), provides an opportunity to evaluate this structural
and scenario uncertainty and the robustness of CESM2 projections (IPCC, 2013). Furthermore, while SSP3-7.0
is plausible, the use of different emissions scenarios, such as a lower (SSP2-4.5) and higher (SSP5-8.5) forcing
applied through 2100, provides a lens into the reduced temperature benefits of climate mitigation efforts.

DEE ET AL.

15 of 23



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

GeoHealth

10.1029/2022GH000595

Table 2

The 90th and 99th Percentiles of Average Daily Mean Summertime Temperatures in Current (1976-2000) and Future
(2076-2100) Climates of Texas Cities (°F) and Heat Stress Metrics Calculated From These Temperatures

City

TMEAN 90

TMEAN 99

TWB—MEAN 90

TWB—MEAN 9

THI—MEAN 90

THI—MEAN 99

Houston

Dallas

Austin

San Antonio

Lubbock

El Paso

Midland/Odessa

Abilene

Current: 89°F
Future: 95°F
Current: 94°F
Future: 100°F
Current: 91°F
Future: 97°F
Current: 90°F
Future: 96°F
Current: 90°F
Future: 98°F
Current: 88°F
Future: 97°F
Current: 90°F
Future: 98°F
Current: 92°F
Future: 99°F

Current: 94°F
Future: 99°F
Current: 99°F
Future: 106°F
Current: 96°F
Future: 103°F
Current: 94°F
Future: 102°F
Current: 99°F.
Future: 103°F
Current: 91°F
Future: 101°F
Current: 94°F
Future: 103°F
Current: 96°F
Future: 104°F

Current: 77°F
Future: 84°F
Current: 76°F
Future: 82°F
Current: 76°F
Future: 82°F
Current: 75°F
Future: 81°F
Current: 71°F
Future: 77°F
Current: 68°F
Future: 74°F
Current: 71°F
Future: 77°F
Current: 73°F
Future: 78°F

Current: 77°F
Future: 85°F
Current: 77°F
Future: 83°F
Current: 77°F
Future: 83°F
Current: 77°F
Future: 83°F
Current: 73°F
Future: 79°F
Current: 70°F
Future: 76°F
Current: 73°F
Future: 79°F
Current: 74°F
Future: 80°F

Current: 96°F
Future: 112°F
Current: 97°F
Future: 110°F
Current: 94°F
Future: 109°F
Current: 93°F
Future: 107°F
Current: 89°F
Future: 100°F
Current: 85°F
Future: 96°F
Current: 87°F
Future: 101°F
Current: 91°F
Future: 103°F

Current: 99°F
Future: 117°F
Current: 100°F
Future: 115°F
Current: 98°F
Future: 114°F
Current: 96°F
Future: 113°F
Current: 92°F
Future: 104°F
Current: 88°F
Future: 100°F
Current: 92°F
Future: 105°F
Current: 95°F
Future: 108°F

Note. All temperatures/numbers are in degrees Fahrenheit (°F). 90th and 99th percentiles are labeled as 90 and 99, respectively.

Table 3

The 90th and 99th Percentiles of Average Daily Maximum Summertime Temperatures in Current (1976-2000) and Future
(2076-2100) Climates of Texas Cities (°F) and Heat Stress Metrics Calculated From These Temperatures

City

Tyiax 90

sz &%

TWB—MAX 90

TWB—MAX 99

THI—MAX 90

THI—MAX 99

Houston

Dallas

Austin

San Antonio

Lubbock

El Paso

Midland/Odessa

Abilene

Current: 99°F
Future: 106°F
Current: 103°F
Future: 110°F
Current: 101°F
Future: 108°F
Current: 101°F
Future: 108°F
Current: 102°F
Future: 111°F
Current: 99°F
Future: 108°F
Current: 101°F
Future: 110°F
Current: 103
Future: 111°F

Current: 105°F
Future: 112°F
Current: 109°F
Future: 117°F
Current: 107°F
Future: 114°F
Current: 107°F
Future: 115°F
Current: 108°F
Future: 117°F
Current: 103°F
°FFuture: 113°F
Current: 106°F
Future: 116°F
Current: 110°F
Future: 118°F

Current: 86°F
Future: 93°F
Current: 84°F
Future: 90°F
Current: 85°F
Future: 91°F
Current: 84°F
Future: 91°F
Current: 80°F
Future: 86°F
Current: 76°F
Future: 82°F
Current: 80°F
Future: 86°F
Current: 82°F
Future: 88°F

Current: 89°F
Future: 95°F
Current: 87°F
Future: 94°F
Current: 88°F
Future: 95°F
Current: 88°F
Future: 95°F
Current: 85°F
Future: 92°F
Current: 80°F
Future: 86°F
Current: 84°F
Future: 91°F
Current: 86°F
Future: 93°F

Current: 123°F
Future: 151°F
Current: 117°F
Future: 140°F
Current: 120°F
Future: 145°F
Current: 118°F
Future: 144°F
Current: 108°F
Future: 128°F
Current: 100°F
Future: 116°F
Current: 107°F
Future: 128°F
Current: 113°F
Future: 133°F

Current: 134°F
Future: 165°F
Current: 129°F
Future: 157°F
Current: 131°F
Future: 162°F
Current: 131°F
Future: 162°F
Current: 120°F
Future: 150°F
Current: 106°F
Future: 128°F
Current: 118°F
Future: 146°F
Current: 127°F
Future: 154°F

Note. All temperatures/numbers are in degrees Fahrenheit (°F). 90th and 99th percentiles are labeled as 90 and 99, respectively.
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Figure 11. SSP2-4.5 and SSP5-8.5 current and future probability density functions of heat index for the four largest cities in Texas (Climate Model Intercomparison
Project Model output multimodel average, June-July-August). Current probability density functions (PDFs) in blue are based on data from 1976 to 2000, and the

future PDFs in magenta (SSP2) and red (SSP5) are based on data from 2076 to 2100. Left column: air temperature; middle column: heat index; right column: wet-bulb
temperature. Cities are demarcated on the y axis. The average of all the models' PDFs is shown as the multimodel average, and the shading represents the standard error
among the models. NWS heat advisory (green dashed line); NWS heat warning (red dashed line). The black-dashed line indicates the T, survivability limit.

Thus, we recomputed the PDFs described in Section 3.2.2 (Figures 9 and 10) using the CMIP6 model output
for the two additional emissions scenarios. Figure 11 shows PDFs of summer temperature for the CMIP6 model
ensemble for SSP2-4.5, a lower emissions scenario (Figure 11, magenta line) and SSP5-8.5, a higher emissions
scenario (Figure 11, red line). The average of all the models' PDFs is shown as the multimodel average, and the
shading represents the standard error among the model ensemble members. The summer temperature projec-
tions in the CMIP6 ensemble data are broadly consistent with those of CESM2: average air temperatures, heat
index values, and wet bulb temperatures rise substantially in the future (Figure 11). In agreement with the
CESM2 PDFs shown in Figure 9, heat index values regularly exceed 113°F in all four cities, even in the lower
emissions scenario SSP2 (Figures 11b, 11e and 11h, 11k, magenta line). For the higher emissions scenario
SSP5 (Figures 11b, 11e and 11h, 11k, red line), the average heat index values are approximately 125°F for
Dallas, Austin, and San Antonio, 12°F above the NWS heat warning levels. Note that the CMIP6 ensemble
T, values are comparable to the average CESM2 T, for these four cities shown in Figure 9, indicating that
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CESM2 is consistent with average IPCC model projections. Finally, and crucially, in SSP2-4.5 (Figures 11c
and 11f, 11i, 111, magenta line), wet-bulb temperatures very rarely exceed the 95°F physiological limit; by
contrast, in SSP5-8.5 (Figures 11c, 11f and 11i, 111, red line), the PDFs' upper tails for all four cities exceed
95°F, indicating that critical differences in dangerous heat conditions emerge depending on future carbon
emission scenarios.

4. Discussion

This work evaluated future heat projections through the lens of athlete health risks; using an interdisciplinary
and novel approach, we assessed attitudes from athletic communities toward climate change and juxtaposed
those survey results with regional future heat projections. We examined future projections for temperature, heat
index, and wet-bulb temperature in Texas under a high emissions scenario (SSP3-7.0) relative to current climate
conditions. Using the coupled GCM CESM2, we compared two key 25-year periods: 1976-2000 (a base control
representing current climate) and 2076-2100 (end of the twenty-first century representing future climate). We
also contextualized these projections against results from the CMIP6 multimodel ensemble with two contrasting
high- and low-emission scenarios. These data were further subdivided by city to create a finer-grained under-
standing of how temperature and humidity conditions are expected to change. We also conducted a survey of over
200 high school and university athletic staff members across the state of Texas to gain insight into how athletic
programs currently function with respect to extreme heat, and the short- and long-term attitudes and concerns
held by the athletic staff with respect to the impact of temperature on their programs. Here, we review our results
and their implications for human health and outdoor sports in the context of a rapidly changing climate.

4.1. Climate Projections for Texas in the 21st Century

Temperature, heat index, and wet-bulb temperatures are projected to increase in Texas by the end of the twenty-first
century. On average, ambient mean summer temperatures are expected to rise by approximately 6-8°F by 2100
(Figure 6), reaching 105°F in Houston, Austin, San Antonio, and Dallas (Figure 9, S1 in Supporting Infor-
mation S1). Accounting for natural variability, these changes could realistically result in temperature changes
exceeding more than 10°F by end-of-century. Similarly, maximum heat index and wet-bulb temperatures, both
of which account for humidity, are expected to increase by 15-23°F (Figure 7f.) and 5-6°F (Figure 8f.), respec-
tively. Summertime maximum heat indices regularly exceed thresholds for NWS heat advisory (T}; >= 108°F)
and excessive heat warning (T, >= 113°F); local warnings are issued at even lower values for the Dallas area
(NWS-FWD), Ty, >= 110°F (US Department of Commerce, n.d.-a).

We interrogated future temperature projections as maps, time series, PDFs, and as raw values in Tables 2 and 3
to provide a comprehensive view of the Texas temperature projections. From a health perspective, all metrics
are meaningful; however, the PDFs of heat metrics are likely most relevant, given that exposure to even a single
day's worth of extremely high temperature can have substantial impacts on health (Gasparrini et al., 2015). The
PDFs show the full range of daily heat metrics for all summer days; by contrast, the time series show the JJA
seasonal averages of daily mean and maximum temperatures, averaging out extreme temperatures captured by the
distribution. The PDFs from both CESM2 and the CMIP6 model ensembles show the probability that wet bulb
temperatures will exceed 95°F during the 21st century. The sections of the distribution exceeding 7', = 95°F
are small (Figures 10 and 11), but far from negligible. Sherwood and Huber (2010) argue that, based on human
energy budget considerations, a 4-6 hr-long exposure >95°F/35°C wet-bulb temperature would be fatal. Thus,
to have a large impact on heat stress requires only relatively short-duration periods above this temperature. Thus,
we assert that both measures (time series and maps vs. PDFs) are important but imply different things: the mean
projections suggest that these locations remain habitable, but the distribution suggests that adaptation is going to
be necessary for outdoor activities (like sports) for many days in the summer.

4.2. Attitudes Toward Temperature, Climate Change, and Athlete Health

Our climate projections provide context for interpreting the results of our survey, which examines athletic staff
attitudes toward the impact of high temperatures and climate change on their programs (Table 1, and Figures 1-5).
Concerns over athlete health were hypothesized to correlate with their behaviors of actually canceling practices
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due to high temperatures. Two key concepts/terms, temperature versus climate change, were differentiated in our
questions purposefully. When athletic staff are asked to consider “temperature,” they are likely to consider daily
threats to their programs. By contrast, when considering “climate change,” athletic staff may be prompted to think
solely about future threats. The differences in responses to the two terms may be due to the fact that athletic staff
are more concerned about present-day effects rather than effects that seem far off in the future. Weather variations
could also be large compared to the increases due to climate change (though this is not addressed here).

In terms of practice cancellation, there is a broad disconnect between attitudes toward temperature and heat-related
events and actions in response to these events (e.g., Figures 3d, 5). While 88% of respondents report considering
temperatures when deciding to hold practices, only 1% of respondents report canceling practice if the tempera-
ture was 100°F outside (Figure 5b). Comparing attitudes toward temperature and the reality of when it becomes
dangerous for human health (T = 103°F), we found that only 17% of respondents consider 100—104°F to be the
threshold temperature for when to cancel practice (Figure 5a); a majority said they would only cancel practice at
even higher temperatures.

In Texas, the NWS issues heat advisories when the heat index exceeds 108—110°F or temperature exceeds
103-105°F (depending on region), implying a human health hazard above those temperatures; a Ty, of 95°F is
considered the upper limit of survivability for humans. Further, health impacts are likely at or before reaching the
most extreme heat thresholds, especially if physical activity is involved. Vecellio et al. (2022) found that the 35°C
limit may be too high in both warm-humid and hotter, drier environments (conditions which essentially encom-
pass most Texas cities) and found a critical threshold for heat exposure closer to 30.55 + 0.98°C in warm-humid
climates due to increased skin heating and limited variation in sweat rates. Thus, the observed status of atti-
tudes toward practice cancellation in response to heat is concerning: wet-bulb temperatures and heat indices
are projected to increase dramatically in the future throughout Texas (Lutsko, 2021). Taken together, our results
suggest there is a large, urgent need for further education among Texan athletic staff about the role of humidity in
heat stress to promote accurate adaptation of practices in a warming climate.

4.3. Caveats and Future Work

We acknowledge important limitations of this study and directions for future work, which we separate for the
survey and the climate model projections for clarity.

4.3.1. Survey

Our survey results include a relatively small sample size of 299 respondents that were not required to answer
each question (we had N = 224 with complete data on our key variables of interest). Specifically, two of our
survey questions were directed to a subsample and yielded fewer than 200 responses, limiting our sample size in
response to some items. In addition, our low survey response rate (8%) of those we solicited may be due in part
to the time of year in which the study was conducted (January—April), as many athletic staff are also full-time
teachers. Given the relatively small sample, our survey responses may not be representative of all athletic staffs in
Texas, especially considering that we focused efforts on distribution in metropolitan areas (i.e., Houston, Austin,
Dallas, and San Antonio). In the future, we hope to expand this work to conduct a larger-scale study, exploring
whether the same distribution of answers applies throughout Texas.

The voluntary nature of the survey may also skew our results toward athletic staff who are already interested in
heat policy and therefore more interested in taking the survey. The survey was designed as a convenience sample
(i.e., we accepted responses from any coach who provided them). This has two important implications: (a) We
are not able to tell if the athletic staff who responded represent the general population of athletic staff in terms of
sport, season, geographic location, etc., and (b) it is possible that athletic staff who self-select and take the survey
are more likely to have certain attitudes (e.g., thinking climate change is important) rather than athletic staff who
chose not to take it. Sampling bias is possible if athletic staff who participated are more concerned about the
implications of future climate change, and would cause underrepresentation of the quantity of athletic staff who
reject the fact that is climate change. Thus, these data may have yielded a relatively conservative test of our main
research questions.

Finally, while we did prompt athletic staff with plausible projections for the number of days over 100°F by
2030 (see Figure 5d), we did not provide the maps, time series, or PDF data to participants prior to taking the
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survey. This was due to the fact that we evaluated multiple sets of climate model results throughout the project as
model data availability increased (e.g., the CESM2 large ensemble was released after the survey was completed).
Providing the data given in Figures 611 to participants in advance may change the survey outcomes and forms
the basis for further study. More broadly, providing this information to athletic staff is also an important step for
future work in outreach and communication.

4.3.2. Climate Model Results

The main GCM employed in this work (CESM2) has a horizontal resolution of approximately 1° x 1°, and the
CMIP6 GCMs have varying but comparable resolutions. This is insufficient to resolve micro-climate effects
such as urban heat islands, which are important drivers of near-surface air temperature on human-relevant spatial
scales. While a single model grid point can provide projections of temperature and heat index, these values may
vary dramatically at the sub-grid scale as a function of the above-mentioned micro-climate effects. For example,
thermal comfort in a practice field in an urban area surrounded by pavement, versus a practice field in a less
developed area surrounded by open fields and trees, could vary greatly, and we are unable to resolve these differ-
ences with GCMs.

The climate analysis in this study focuses on temperature and humidity in one climate model ensemble
(CESM2, N = 50 ensemble members). As we are using SSP3-7.0, the highest “business as usual” emission
scenario, it follows that the results generated with these data represent a hotter scenario of possible future
climate. Furthermore, previous research does indicate that, among other IPCC-class GCMs, the equilibrium
climate sensitivity in CESM2 is on the high-end compared to other models (5.3 K for a doubling of CO,)
(Gettelman et al., 2019). To address this uncertainty, we compared the CESM2 output to CMIP6 temperature
projections under two complementary forcing scenarios, SSP2-4.5 and SSP5-8.5 (Figure 11), which bracket
the SSP3-7.0 forcing used in the CESM2 large ensemble simulations. As described in Section 3.2.4, the results
suggest that a lower emission pathway (SSP2-4.5) drastically reduces the risk of exposure to wet-bulb temper-
atures T, exceeding 95°F.

Concerted mitigation efforts to lower emissions will decrease health risks. To this end, further comparisons
of temperature and humidity across various models and across lower emission scenarios would thus enhance
the work presented here. Analyzing 7}, and T, at the model time step (1-hourly, 6-hourly) or calculated
directly by the model using HumanIndexMod, for example, (Buzan et al., 2015) would also enhance this
work, given the nonlinearity of these metrics and complex subdaily relationship between temperature and
humidity (Buzan et al., 2015). Buzan et al., (2015) also note that the Stull (2011) T, formula is inaccu-
rate in drier climates and overestimates wet bulb temperatures compared to the formulation presented in
Davies-Jones (2008); thus, for west and north Texas cities (drier climates), our wet bulb temperature esti-
mates may be slightly high. Sensitivity to both heat index and wet bulb temperature formulations can and
should be addressed in future work.

Finally, we focused on magnitude of daily heat metrics, but our work could be expanded to consider heat duration,
which also plays an important role in heat stress (Baldwin et al., 2019). While high temperatures are expected
to increase incidence of heat stroke/EHI, this study does not analyze mortality/morbidity explicitly. Future work
might seek to quantitatively project EHI in the context of a warming climate. Our survey results indicate that
athletic staff anticipate the need for adaptation (Figure 5d), and that a majority are discussing temperature issues
with school officials (Figure 1c). Future generations could potentially become acclimatized to a warmer climate
alongside increased access to climate-controlled facilities and other adjustments (e.g., Figure 1, S12 in Support-
ing Information S1), hopefully reducing risk.

4.4. Climate Change Adaptation and Mitigation Policy Implications

Extreme heat events are projected to increase globally, especially in high-emission scenarios (e.g., Figure 11).
While these impacts are well-known and widely documented in previous work (e.g., IPCC, 2013, and IPCC
ARG, in press), the survey results presented here underscore novel implications for how scientists must work
with decision-makers and local community members in the arena of Texas athletics. As mentioned above, guide-
lines are in place to prevent EHIs (Cooper et al., 2020; Hosokawa et al., 2019; Scarneo-Miller et al., 2020),
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including via the National Athletic Trainers' Association (Casa et al., 2015), and the University Interscholastic
League (UIL, n.d.), but further outreach is required to establish, educate about, and enforce local policies and
public health interventions to reduce risk. Individual college athletic programs generate hundreds of millions of
dollars in revenue per year (UT Football revenue topped $200 million in 2020 alone, Davis, 2021). Public health
policy interventions are necessary both to protect athletes' health and to help ensure the longevity and continued
economic and cultural value of athletic programs in Texas.

As shown in Figure 11, the differences in temperature projections with and without carbon emissions mitigation
are stark. In a lower forcing scenario (SSP2-4.5), wet-bulb temperatures rarely (if ever) exceed physiological
survivability limits, even in the summer, but in a higher forcing scenario (SSP5-8.5), the physiological limit is
intermittently exceeded. The comparison between these different climate projection results is highly relevant
for policy makers, and in the context of this study, the possible implications for sports are clear: mitigation
reduces athlete health risks. This physiological limit is highly conservative, and exertional heat impacts become
substantial well below this value, especially in hot and humid conditions, making mitigation all the more critical
(Vanos, Thomas, et al., 2020; Vecellio et al., 2022). The importance of communicating the connections between
mitigation and heat exposure to local policy makers cannot be understated: beyond the athletic staff community,
local leaders and stakeholders must be informed about the risks of exposure to extreme heat and the possible
implications for the athletics industry as a whole if carbon emissions are not abated.

5. Conclusions

Summer temperatures across Texas are expected to increase in the next century. Changes in humidity will
compound with increasing temperatures, resulting in wet-bulb temperatures and heat index values that exceed
existing guidelines for heat stress safety. Utilizing climate simulations from CESM2 and the CMIP6 model
ensemble to model past, present, and future climate states through the year 2100, the evidence for a changing
climate in Texas is clear (supporting Hypothesis H1,). The consequences of these climate projections include
more adverse effects on human health, especially for student athletes during the hottest months of the year.
Currently, heat stroke is one of the leading causes of death among high-school athletes (Yeargin et al., 2019).
With the increasingly extreme heat conditions, the rate of heat stroke is likely to worsen in the future.

The results of this study suggest the vast majority of trainers do consider temperature as a risk factor, indicating
a baseline level of awareness of heat impacts that could be built upon for climate change adaptation (providing
support for Hypothesis H2,). However, only 54% consider humidity. Furthermore, despite the dangers a changing
climate poses for student athletes, concern about the impacts of climate change with regard to athletic training is
currently limited (offering limited support for Hypothesis H2,). The lack of awareness and/or initiative to plan
for a hotter, more humid future is concerning when considering the potential impacts on student athlete health:
adjustments must be made including but not limited to rescheduled/canceled practices, increased hydration, tran-
sition to indoor facilities, and adjusted exercise regimens. Such decisions are likely to be required in the future to
save lives and prevent EHI-related adverse health impacts.

This analysis of attitudes toward climate change from athletic staff alongside projected climate changes in Texas
necessitates a pointed response from athletic programs. A challenge exists in the timescale of projections, which
often exceeds the timescale of school strategic planning. Nevertheless, a key result emerges in the differences in
heat extremes in lower (SSP2-4.5) and higher (SSP5-8.5) emission scenarios, and these divergent estimates of
heath risks should be communicated to local stakeholders. Future work should enhance climate projections to
more rigorously model physiological response to heat stress while exercising and could explore how educating
athletic staff about these climate change projections changes their decision-making and awareness of heat stress.
Our work takes a first step toward merging climate and social science data to anticipate and plan for societal
response to extreme heat in the future, specifically regarding collegiate and high-school student athletes. We hope
that this and other forthcoming studies may contribute to critical public education on heat extremes and athlete
health risks.
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