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Abstract: Labor productivity, human capital formation, and income growth decline
amid hot ambient temperatures. The implications of such temperature sensitivity for
climate change damages depend upon the capacity for human adaptation to persistent
temperature changes—as opposed to idiosyncratic temperature variation. Studying
millions of collegiate track and field performances from 2005 to 2019, this paper
shows that performance diminution in hot ambient conditions is mitigated by heat
adaptation, a physiological response to heat stress and associated physical and cogni-
tive impairments. Across varied specifications of the temperature-performance rela-
tionship, adaptation reduces performance losses from alternative climate change sce-
narios by more than 50%.
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AS HIGH AMBIENT TEMPERATURES are expected to become more common due to
global climate warming, evidence is accumulating that exposures to such conditions
impair human performance across many domains. Scholastic test scores fall, learning
is diminished, and labor supply and productivity decline (Graff Zivin and Neidell
2014; Graff Zivin et al. 2018; Garg et al. 2020; Park 2020; Park et al. 2020; Park
et al. 2021). In laboratory settings, decision making and cognition are impaired at even
moderately high ambient temperatures (Seppanen et al. 2003). Such impacts result
from physiological responses to hot environments that favor heat dissipation, including
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increases in cutaneous blood flow, at the expense of blood flow to muscles and other
organs, including the brain (Robinson et al. 1943; Yoshimura 1960; Wyndham 1967;
Brinnel et al. 1987). They imply losses in human capital formation and labor productivity
from a warming climate that are evidenced by the temperature sensitivity of aggregate
economic production (Hsiang 2010; Dell et al. 2012; Burke et al. 2015b).

These temperature impacts are typically estimated from idiosyncratic changes in
temperature, and, thus, they predict losses from a mean shift in the temperature dis-
tribution due to climate change in the absence of human adaptation to persistent tem-
perature changes (Deschênes and Greenstone 2007, 2011; Auffhammer et al. 2013;
Dell et al. 2014; Burke and Emerick 2015; Hsiang 2016; Graff Zivin et al. 2018).
Though mortality impacts of weather and efforts to mitigate the harm from tempera-
ture extremes vary by climate (Deschênes and Greenstone 2011; Carleton et al. 2020;
Heutel et al. 2021), evidence of human adaptation to climate change is sparse, even in
the climate-exposed agriculture sector (Schlenker and Roberts 2009; Schlenker et al.
2013; Burke and Emerick 2015). The lack of evidence of climate change adaptation
may reflect challenges in identifying adaptations to long-term dynamic processes as well
as incorrect perceptions of harms or high costs of behavior changes that moderate the
ill effects of heat exposure (David 1975; Mendelsohn 2000; Moore et al. 2019; Heutel
et al. 2021).

This paper estimates the human performance effect of heat adaptation, or acclima-
tization, and its implications for estimates of human performance losses from climate
change. Acclimatization is defined by the US Centers for Disease Control and Preven-
tion (CDC) as “the beneficial physiological adaptations that occur during repeated ex-
posure to a hot environment.”1 Such adaptations can occur within 1 week and persist
amid heat exposure, yielding reduced body temperature, improved skin blood flow, im-
proved thermal tolerance, increased sweat rate, and other physiologic responses that
improve thermal comfort in hot environments and mitigate the consequences of heat
stress, including diminished performance (Périard et al. 2015). The universal human
capacity for acclimatization has been investigated, predominantly in occupational and
military settings, since at least 1768, when it was documented in Europeans exposed
to East and West Indian climates (Lind 1768; Henschel et al. 1943; Robinson et al.
1943; Horvath and Shelley 1946; Hellon et al. 1956; Lind 1963; Strydom et al. 1966;
Wyndham 1967; Shvartz et al. 1973; Pandolf et al. 1977). European colonists were ob-
served to “enjoy a pretty good state of health” upon acclimatization (Lind 1768).

We employ data on millions of outdoor, collegiate track and field performances by
hundreds of thousands of athletes and exploit idiosyncratic variation in competition
temperatures and preceding 7-day temperature exposures to identify their causal effects
on performance. Performance losses from projected end-of-century climate change are
simulated, as are the losses avoided by acclimatization.
1. See https://www.cdc.gov/niosh/topics/heatstress/acclima.html.

https://www.cdc.gov/niosh/topics/heatstress/acclima.html
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We estimate statistically significant effects of acclimatization: performance in hot
temperatures is diminished for some events, but previous exposure to hot temperatures
mitigates these performance losses. In our data, such human adaptation is projected to
reduce performance losses from climate change by at least 50% relative to projections
that ignore acclimatization. Our results also suggest that existing estimates of perfor-
mance sensitivity to contemporaneous temperature are attenuated by the confounding
effect of acclimatization unless sufficient temperature lags are included in estimation.2

While underestimating contemporaneous temperature sensitivity, such models likely
overestimate performance losses from climate change by ignoring the human capacity
to acclimatize to persistently higher temperatures in the future.3 The magnitude of
these biases increases in the variance of contemporaneous and lagged temperatures be-
cause contemporaneous temperatures less effectively proxy for the omitted lagged tem-
peratures.4 Even where lagged temperature effects are modeled in the previous litera-
ture in order to deconfound contemporaneous temperature effects, their implications
for adaptation to climate change are ignored.5

Though we exploit idiosyncratic temperature variation to identify the human capac-
ity for acclimatization, we use the identified parameters to estimate the performance
consequences of acclimatization amid alternative projections of future temperatures
predominantly defined by increased mean temperatures relative to today. Acclimatiza-
tion to the hotter environment should persist if the exposure to the hotter environment
persists, for example, due to climate warming. Hence, the higher average level of acclima-
tization developed in response to the mean temperature shift anticipated under climate
change can be thought of as resulting from a single additional acclimatization period—
with concomitant costs—though the resulting benefits of the higher average level of ac-
climatization will persist as long as the climate remains warmer. Such a change in aver-
age acclimatization levels in response to the mean temperature shift does not foreclose
acclimatization and de-acclimatization to intra-annual or intraseasonal weather variabil-
ity around the long-term mean temperature in a warmer future. However, the costs of
2. See, e.g., Heilmann and Kahn (2019), Heyes and Saberian (2019), Baylis (2020), Dundas
and von Haefen (2020), and Park (2020). Adhvaryu et al. (2020) and Somanathan et al. (2021)
are prominent examples of models that include temperature lags and avoid such bias.

3. Cumulative heat effects may cause contemporaneous temperature effects to be estimated
with upward bias if cumulative heat effects are ignored and if they dominate acclimatization effects.

4. The Pearson correlation of contemporaneous daily average temperature and the preceding
1-week average of daily average temperature is 0.532 in our data. Hence, we show that failure to
model lagged temperature effects introduces considerable bias in projections of future climate
change harms.

5. Though they do not include temperature lags in their models of temperature effects on
time allocation between labor and leisure, Graff Zivin and Neidell (2014) explore the possibility
for adaptations inclusive of acclimatization to mute temperature induced reallocations. They do
not find robust evidence of acclimatization.
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this seasonal acclimatization are not expected to increase from climate change because
climate change is not generally expected to change the intra-annual variability of temper-
ature, and, indeed, it is stable in the temperature projections we employ. Hence, the mean
shift in temperature and acclimatization to that mean shift drive our projection results.

Our findings of human adaptation contrast with findings in the agriculture sector,
for example, Schlenker and Roberts (2009), Schlenker et al. (2013), and Burke and
Emerick (2015). Our results are consistent with Deschênes and Greenstone (2011),
Carleton et al. (2020), and Heutel et al. (2021), who identify less mortality sensitivity
to hot temperatures in hot climates. Our results suggest a mechanism by which the di-
minished heat sensitivity of mortality in hot climates is achieved.

While we expect the cost of acclimatization to a persistent change in climate to be low
relative to the perpetual benefits amid climate warming, Carleton et al. (2020) estimate
substantial costs of adaptation based on observed heterogeneity in temperature sensitiv-
ity of mortality, which are assumed to embody differences in marginal adaptation ben-
efits across local climates. Such cost estimates are inclusive of all forms of adaptation
currently extant, including both physiological acclimatization and technical measures
such as air conditioning systems. These estimates do not, therefore, conflict with our
results, which suggest one low-cost adaptation, but certainly do not imply that all adap-
tations would be cheap nor that optimal levels of adaptation would come cheaply.

The study of acclimatization in this setting is advantageous for several reasons. First,
performance in track and field events is precisely, consistently, and objectively mea-
sured by distance, height, or speed, and directly comparable across venues, particularly
when conditioned on event and venue-specific factors. Second, our reliance upon student-
athlete performances allows credible measurement of precompetition “training” temper-
ature exposures so long as collegiate athletes reside at or near their home institutions
between collegiate competitions. Third, by exploiting random variation in 1-week spells
of weather, this study identifies the causal performance effects of a rapid adaptive re-
sponse while flexibly controlling for individual athlete characteristics. Studies of other
forms of climate change adaptation are hindered by the temporal invariance of climate
over relevant time frames and, therefore, are subject to omitted variables bias, including
that induced by endogenous location choices. Because the beneficial effects of human
acclimatization emerge quickly and persist with continued exposure to high tempera-
tures, this setting provides a unique opportunity to leverage plausibly random temper-
ature variation to identify an adaptive response that is relevant to a long-termmean shift
in the temperature distribution.

The physiological consequences of heat stress and the responses afforded by acclima-
tization both indicate that the performance effects we estimate likely generalize to other
populations and to other performance settings, including those that are relatively more
cognitively demanding. In particular, heat stress diminishes cerebral blood flow, leading
to the accumulation of heat in the brain, which has been shown to acutely impact brain
function. In fact, the brain is particularly sensitive to heat, and acclimatization is shown
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to mitigate heat-induced decline in cognitive function (Brinnel et al. 1987; Nybo and
Nielsen 2001; Nielsen and Nybo 2003; Radakovic et al. 2007; Hales et al. 2011;
Racinais et al. 2017; Wijayanto et al. 2017). Moreover, acclimatization is induced by
exposure to elevated temperature, not by physical activity per se, and it is observed in
experimental settings among young and old and trained and untrained individuals. It
is evidenced by performance of physical, cognitive, and occupational tasks (Dresoti
1935; Robinson et al. 1943; Horvath and Shelley 1946; Hellon et al. 1956; Strydom
et al. 1966; Wyndham 1967; Wagner et al. 1972; Shvartz et al. 1973; Pandolf et al.
1977; Hanna and Brown 1983; Pandolf et al. 1988; Armstrong and Maresh 1991;
Périard et al. 2015). There are no known demographic limitations to acclimatization
(Edholm andWeiner 1981; Hanna and Brown 1983). Consequently, the US Occupa-
tional Safety and Health Administration (OSHA) and the CDC recommend acclima-
tization protocols for all heat-exposed workers across occupations.

This paper proceeds by introducing data and methods in section 1. Section 2 pre-
sents results. Section 3 discusses the implications of these results.

1. DATA AND METHODS

1.1. Identification of Heat and Acclimatization Effects

The extent to which performance is diminished amid hot temperatures is assessed sep-
arately for sprint, strength and endurance events contested at collegiate competitions
from 2005 to 2019. Standardized measures of 3.5 million performances are related
to a function of contemporaneous daily average temperature, g(T), that is flexibly mod-
eled as either a step function admitting a unique temperature response for each 5°F
temperature interval, a quadratic or cubic function of temperature, or a linear or cubic
temperature spline. Standardized performance for athlete i in year j ∈ {1,2,3,4} of ath-
letic eligibility competing in event e during meet m at venue z in week of season w is
estimated as:

yijemzw 5 g(Tm) 1 d0Xem 1 kdiz 1 ai 1 jj 1 riez 1 tw 1 εijemzw, (1)

whereXem is a vector of control variables that includes precipitation, dew point, ozone,
and “wind assistance,” an event-and-competition-specific measure of wind speed and di-
rection; diz is the distance between the home institution of athlete i and venue z. We
control for fixed effects by athlete (ai), athlete year of eligibility, that is, freshman, soph-
omore, and so forth, (jj), a triple interaction of indicators for event, venue, and home-
field advantage (riez), and week of competitive season (tw). The term εijemzw is an idio-
syncratic error. Standard errors are two-way clustered by athlete and competition.6
6. Collegiate competition schedules are typically determined months in advance of competi-
tion in coordination among teams and athletic conferences. That is, venues are selected long be-
fore accurate weather forecasts are available. Hence, it is extremely unlikely that venues are se-
lected according to weather, though they may be determined as a function of climate, i.e., mean
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The performance response to precompetition temperature exposures is investigated
by interacting the competition temperature function with f (H), a function of 7-day
(or 14-day) average daily temperature at the athlete’s home institution immediately
preceding competition. This function is alternatively modeled as (1) the difference
in the precompetition average temperature exposure and competition temperature,
(2) the count of days during the precompetition exposure period for which average
temperature exceeded 60°F, (3) the mean daily average temperature during the pre-
competition exposure period, and (4) an indicator for whether the precompetition av-
erage temperature exposure exceeds 60°F.7

The response to f(H) is allowed to vary across g(T) by interacting the two func-
tions. For identification of acclimatization effects, we specify g(⋅) as the competition
temperature step function previously defined. Thus, we estimate:

yijemzw 5 o
b∈Bn 55–60f g

βbtempbinbm 1 o
b∈B

gb tempbinbm × f (Him)
� �

1 d0Xem 1 kdiz 1 ai 1 jj 1 riez 1 tw 1 εijemzw,

(2)

where tempbinbm are indicators for the temperature bin that includes Tm for b∈B 5
f< 40, 40–45, ::: , 70–75, > 75g. For performances impeded by hot competition tem-
peratures, that is, βb < 0, acclimatization is identified as statistically significant and
positive marginal effects of precompetition heat exposures, that is, g

b
> 0.

1.2. Simulating Performances in Warmer Climates

With sufficient density of performance observations in each competition tempera-
ture bin for each bin of precompetition temperature exposures, we could estimate the
7. Results reported in the paper are for f(H) defined by a 7-day precompetition exposure
period. Results are similar if f(H) is a function of a 14-day exposure period, as shown in the
appendix.

weather. Variation in outcomes due to selection along mean venue characteristics is absorbed by
venue fixed effects. To test for selection on weather, we related venue adoption probability for
each observed competition to a step function of daily average temperature on event date, meet
fixed effects, and venue-by-month-of-year fixed effects. We find no evidence of selection away
from venues that experience hot temperatures on competition day. However, we estimate statis-
tically significant negative effects of cold weather on venue selection probability. We attribute
this effect to the cancellation of scheduled events due to winter storms or cold shocks. Results
are available from the authors upon request. These results notwithstanding, we conclude that
were venues selected to avoid hot temperatures, and were such selection of relatively cool venues
to advantage proximal teams also exposed to relatively cool weather to an extent beyond that cap-
tured by their proximity and any home-field advantage, for which we control, then we would
attribute the relatively strong performances of such teams to relatively cool precompetition tem-
peratures. This would induce a downward bias in our estimates of acclimatization.
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temperature-performance relationship nonparametrically with sufficient temperature
granularity to inform projections of performance in alternative climate warming scenarios.
Absent data with such density of observations, we estimate continuous, semi-parametric
temperature functions in the spirit of (2). In our baseline specification, the competition
temperature function, g(T), is flexibly modeled as a linear spline with knots at 50°F,
60°F, and 70°F, and f(H) is modeled as a linear spline with knots at 50°F and 60°F, rep-
resenting approximately the 33rd and 66th percentiles of the precompetition tempera-
ture distribution. Specifically, g( f (H),T) is defined as:

g( f (H),T) 5 β0T 1 o
7

k55
βk1½T > 10k�(T – 10k)

1o
2

p50
max(H – Cp, 0) × βp0T 1 o

7

k55
βpk1½T > 10k�(T – 10k)

" #
,

(3)

where Cp (p 5 0, 1, 2) is the 0, 33rd, and 66th percentiles of the historic training tem-
perature distribution.

We use parameter estimates from these models to generate conditional predictions
of future performances pursuant to future temperature scenarios described in the next
section. We project future performances based on four distinct assumptions about ac-
climatization. In the first simulation, precompetition temperatures are completely omit-
ted from the estimation of the temperature-performance relationship. This is consistent
with treatment in some of the literature that precedes us. The resulting competition
temperature parameters are used to predict future performances as a function of future
competition temperature projections. In the second simulation, we estimate (3) inclu-
sive of precompetition temperature exposures and use the full set of temperature pa-
rameters to predict future performances as a function of projected competition and
precompetition temperatures. In this way, we expressly model acclimatization due to
hotter competition and precompetition temperatures.

A third simulation estimates parameters as in (3) but assumes that only competition
temperatures are hotter than the historic record used in estimation. This scenario is
deemed highly unlikely because there is no reason to expect that only competition days
become hotter due to climate change.However, this simulationmirrors others studying
adaptation that conservatively assume that agents do not adapt beyond actions ob-
served in the historical record. In the present setting, however, the adaptation is a con-
sequence of an autonomous response that exhibits increasing returns to performance
at higher temperatures over the study period.

A final simulation estimates (3) to identify competition temperature effects uncon-
founded by precompetition temperature exposures but projects future performances as
a function only of competition temperature. This simulation effectively “turns off ” the
human capacity for heat adaptation. It is distinguished from the first simulation by
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deconfounding competition temperature responses from adventitious, or random, ac-
climatization due to idiosyncratic weather variation in the historical data. It, thus, ex-
cludes both the systematic acclimatization in response to a mean shift in temperature
that is modeled in our second simulation as well as the adventitious acclimatization due
to random weather fluctuations that confounds the first simulation.

1.3. Data

1.3.1. Dependent Variable

Track and field performance outcomes are reported by Direct Athletics, Inc., which
operates the official track and field results reporting system of the National Collegiate
Athletic Association. All outdoor results from 2005 to 2019 were scraped from a web-
site operated by Direct Athletics, as were competition date, event type, venue, athlete
gender, year of eligibility, home institution, and “wind assistance.” These data include
3.5 million results across 8,829 competitions for 3,176 teams and 285,609 athletes.
Venue and home institution zip codes were obtained from Google Maps.

In order to compare performances across events, and following Mullins (2018), a
result i in event e, Resultie, is standardized as:

yie5
– WorldRecorde – Resultiej j

SD(Resulte)
,

whereWorldRecorde is the 2019World Record in event e and SD(Resulte) is the stan-
dard deviation of event e results reported in the data. The negative sign ensures that an
increase in this standardized measure is associated with a move toward the world rec-
ord, which is always an improvement in performance.8 Men’s and women’s competi-
tions are treated as separate events. Events are classified as “sprint,” “strength,” or “en-
durance” as indicated in table A1 (tables A1–A15 are available online).9 Summary
statistics for standardized results and independent variables are reported in table A2.

1.3.2. Temperature

Precompetition and competition temperature observations are the daily average tem-
peratures recorded by the Global Historical Climatological Network (GHCN) and re-
ported by the National Centers for Environmental Information. For each training and
competition zip code, daily average temperatures are computed as the inverse-distance-
weighted average of the observations of all weather stations within 50 kilometers of the
respective zip code centroids. For missing observations from these weather stations, we
interpolate temperatures by taking the weighted average of the temperatures within
8. World records are reported by World Athletics: https://www.worldathletics.org/records
/by-category/world-records.

9. Following convention, endurance events include all running races of 800-meter distance or
greater. Strength events include all jumping and throwing events.

https://www.worldathletics.org/records/by-category/world-records
https://www.worldathletics.org/records/by-category/world-records
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5 days of the missing observation with higher weights assigned to observations in greater
proximity to the missing observation. Competition weather characteristics, including
temperature, are computed as averages across days of the competition because dates
onwhich specific events are contested at competitions are unreported in the data. Because
we do not precisely measure event-specific competition temperatures or athlete-specific
precompetition temperature exposures, our estimates of temperature responses are at-
tenuated by measurement error.

1.3.3. Control Variables

Our main analyses control for inverse-distance-weighted average precipitation and dew
point as observed at weather stations within 50 kilometers of zip code centroids, and
wind assistance as observed at the time and venue of competition. Precipitation is mea-
sured in inches per day. Dew point is specified as a step function with intervals of 5°F.
Wind assistance is measured in meters per second. We also control for daily average
ozone measured in parts per million by air quality monitoring stations of the Envi-
ronmental Protection Agency (EPA) Air Quality System. Zip code measures are the
inverse-distance-weighted average of observations within 50 kilometers. Results are ro-
bust to the exclusion of these control variables, as reported in appendix A1.5 (appendix
is available online).

1.3.4. Future Temperatures

Simulations of the performance impacts of climate change rely upon assumptions about
future temperature distributions. In our baseline future temperature scenario, we as-
sume that the same athletes compete in the same competitions amid the temperatures
projected for 80 years in the future. Temperatures for these days are projected by the
NASA Earth Exchange Global Daily Downscaled Projections (NEX-GDDP) data
set. These data report daily temperatures for each of 21 climate models of the Coupled
Model Intercomparison Project 5 (CMIP5) model set that projects daily temperatures.
Our baseline model relies upon temperature projections pursuant to the representative
concentration pathway (RCP) 8.5 “business as usual” scenario, wherein emissions con-
tinue to rise throughout the twenty-first century (van Vuuren et al. 2011). Daily max-
imum and minimum temperatures are projected for each climate model at a spatial res-
olution of 25 square kilometers. We average these daily maximum and minimum
temperatures to generate a daily average temperature, and we further average these
daily averages across all 21 climate models. Zip code projections are the daily average
temperatures projected for the 25 square kilometers nearest the zip code centroid. Rel-
ative to observations in the historical record of this analysis, these projections result in
an average 7.4°F increase in competition temperature and an average 7.0°F increase in
1-week precompetition temperature.

We also report results in appendix A1.3 for three alternative future temperature sce-
narios, including one that employs climate model projections of warming from stabilized
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carbon emissions over the century, that is, RCP4.5. Additionally, we considermean shifts
in daily average temperatures of 1°F, 2°F, and 4°F. The distributions of historical tem-
peratures and temperature projections by the climate models are shown in figure A1
(figs. A1–A8 are available online). These distributions are also summarized in table A2.

2. RESULTS

2.1. Temperature Effects

For strength, sprint, and endurance events, performance is estimated to generally in-
crease at a decreasing rate in temperature, yielding concave performance-temperature
relationships. This is shown in figure 1, which depicts the estimated temperature step
functions in solid lines, and 95% confidence intervals defined by the gray dashed lines.
The vertical axis in each figure marks the change in performances relative to 55°F–
60°F. The horizontal axis indicates contemporaneous (competition) temperature inter-
vals. The histogram in each panel of figure 1 shows the distribution of daily average
competition temperature in the analyzed data for each event category. This concave
temperature relationship exhibited across event categories in the figure is common to
many outcomes of interest to economists, including economic growth, labor supply,
and crop yields, and it implies an optimal temperature for performance beyond which
performances suffer (e.g., Schlenker and Roberts 2009; Graff Zivin and Neidell 2014;
Burke et al. 2015a).

Sprint and strength event performances improve on average amid warmer compe-
tition temperatures up to 75°F, beyond which performance declines modestly and in-
significantly. In contrast, performances in endurance events decline significantly when
Figure 1. Nonlinear relation between temperature and performance by event type. a, Endur-
ance; b, sprint; c, strength. Event types are defined in the appendix. Graphs at the top of each
frame display changes in performance by 5°F competition temperature interval relative to per-
formance at 55°F–60°F. The 95% confidence band, after adjusting for competition and athlete
error correlation, is depicted between the gray, dashed curves. Histograms at the bottom of each
frame display the distribution of competition temperature exposure among all competitions in
the event category. Color version available as an online enhancement.



Adaptation and Performance in a Warming Climate Sexton, Wang, and Mullins 151
temperatures are above 60°F. An absence of significant performance decline for sprint
and strength events is unsurprising: we do not observe extremely hot average tempera-
tures in the data because collegiate competition occurs in spring in North America, and
the short-duration efforts that characterize sprint and strength events are unlikely to
generate sufficient metabolic heat to induce heat stress amid mild temperatures. Absent
heat stress, acclimatization is not expected to provide discernible performance gains
(Périard et al. 2015). Therefore, our subsequent analysis focuses on endurance events.
Further results for strength and sprint events are reported in appendix A1.12 and are
appropriately interpreted as placebo, or falsification, tests.

Heterogeneity in the competition-temperature response function by precompeti-
tion temperature exposure is demonstrated in figure 2. It depicts the performance ef-
fects of competition temperature separately for the one-third of performances preceded
by the coolest training temperatures (in gray) and for the one-third of performances
preceded by the warmest training temperatures (in black). Dashed lines indicate 1/–
two standard errors. Panel a displays an estimated quadratic function of competition
temperature. An estimated cubic function of temperature is shown in panel b. Panel c
depicts an estimated linear spline with two knots at 50°F and 60°F, and a cubic spline
with knots at 50°F, 56°F, and 63°F, respectively the 25th, 50th, and 75th percentiles of
average training temperatures, is shown in panel d. With each of these specifications,
both the level and temperature of peak performance are estimated to be greater for
performances preceded by hot temperature exposure than for those preceded by rela-
tively cool temperature exposure. The differences in performance levels are statistically
significant at the 5% level or greater across a range of hot temperatures for each speci-
fication. At cool competition temperatures, performances are similar whether preceded
Figure 2. Nonlinear relation between temperature and performance by precompetition temper-
ature exposure. Each frame depicts a nonlinear temperature relation for one-third of competitions
preceded by warmest 1-week temperature averages (black) and coolest 1-week temperature aver-
ages (gray). The vertical axis is standardized performance relative to world record. Less negative
values indicate performances closer to the world record. Dashed lines define 1/– two standard
errors corrected for possible athlete and competition error correlation. Panels depict quadratic
(a), cubic (b), linear spline (c), and cubic spline (d) functions of competition temperature.
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by relatively hot or cold exposures, indicative of precompetition exposure to high tem-
peratures mitigating heat stress, as opposed to providing a generalized performance
advantage.

Estimates of the marginal effect of the difference in precompetition and competition
temperature exposures at each 5°F interval of competition temperature, that is, gb in
(2), are reported in table 1. As reported in column 1 of the table, the hotter is pre-
competition exposure relative to competition temperature, the better is performance
at warm competitions, ceteris paribus. The same is true for precompetition exposures
defined by the 14 days preceding competition, as we show in the appendix. Below daily
average competition temperatures of 55°F, temperature differences have no statistically
significant performance effect. Above daily average competition temperatures of 60°F,
the performance effects of temperature differences are statistically significant at the 1%
level for each temperature interval. The magnitudes of the effect increase monotoni-
cally up to daily average temperatures of 75°F. Across hot competitions with daily av-
erage temperatures greater than 70°F, each 1-degree increase in temperature difference
reduces the performance loss from high competition temperature by 1.6%–3.5%.

Similar results are obtained if the competition temperature step function is inter-
acted with counts of days in the week prior to competition for which daily average tem-
perature exceeded 60°F. These are reported in column 2. Column 3 reports results re-
lating performance to the interaction of the competition temperature step function and
average temperature during the precompetition exposure period. Results reported in
column 4 demonstrate that training in the warmest one-third of temperatures in the
data offsets hot competition temperature losses by 44%–72% relative to training in the
coolest third of temperatures for those competitions contested between 65°F and
75°F. These marginal effects are statistically significant at the 1% level.

To explore whether longer exposures to hot temperatures also mediate the effect of
hot competitions, we interact the contemporaneous temperature step function with a
count of the number of days for which average daily temperature exceeds 60°F in the
1 year preceding competition. Hot average temperatures at home institutions statisti-
cally significantly improve performances at all but the coldest competition tempera-
tures, as reported in column 5 of table 1. The magnitude of performance improvements
is greatest for competition temperatures above 70°F. The marginal effect of an addi-
tional hot day is approximately an order of magnitude greater if it occurs within 7 days
of competition than if it occurs within 1 year as evident by comparing point estimates of
column 5 to those of column 2.

Consistent with physiological theories of seasonal acclimatization, we also find that
acclimatization benefits are greatest for performances occurring within the first half of
the competitive season, which typically runs from spring to summer amid progressively
warming temperatures across the United States. Intuitively, the first exposure to warm
training temperatures confers adaptation benefits to all future warm competitions un-
less an absence of heat exposure causes acclimatization to degrade. These results are



Table 1. Adaptation from 1-Week Exposure to Warm Temperatures

Variables Interact With:

Temperature
Difference

(1)

No. Days
> 60°F in
1 Week
(2)

Mean Training
Temperature

(3)

Hottest Third of
Pre-exposure

(4)

No. Days >
60°F in 1 Year

(5)

≤40°F .00065 .00400 .00185* .12275*** –.00013
(.00093) (.00507) (.00096) (.03112) (.00020)

40°F–45°F .00010 .00241 .00079 –.00533 .00033**
(.00065) (.00260) (.00063) (.01617) (.00016)

45°F–50°F .00048 .00147 .00040 .00496 .00027**
(.00037) (.00137) (.00037) (.00776) (.00012)

50°F–55°F .00052 .00028 .00066** .00859 .00030***
(.00032) (.00105) (.00032) (.00645) (.00010)

55°F–60°F .00062** –.00048 .00049 .00493 .00027***
(.00031) (.00096) (.00031) (.00612) (.00010)

60°F–65°F .00107*** .00079 .00089*** .02398*** .00034***
(.00030) (.00086) (.00030) (.00603) (.00010)

65°F–70°F .00145*** .00284*** .00123*** .03660*** .00038***
(.00035) (.00107) (.00035) (.00726) (.00010)

70°F–75°F .00176*** .00385** .00163*** .03911*** .00047***
(.00046) (.00157) (.00047) (.01204) (.00011)

≥75°F .00165*** .00371* .00118** .02937 .00052***
(.00061) (.00200) (.00059) (.01861) (.00012)

Observations 929,470 929,470 929,470 541,665 929,470
No. athletes 101,798 101,798 101798 85,280 101,798
Adjusted R2 .886 .886 .886 .886 .900
Note. This table presents the coefficient estimates for the interaction terms between the competition
temperature step function and a function of 1-week average temperature at athletes’ home institutions im-
mediately preceding the competitions, including the difference in the precompetition average temperature
exposure and competition temperature (col. 1), the count of days within 1 week prior to the competition for
which average temperature exceeded 60°F (col. 2), the average temperature during the precompetition ex-
posure period (col. 3), and an indicator for whether the precompetition average temperature exceeds 60°F
(col. 4). In column 4, we compare the performance of the athletes who experienced the coolest and the
warmest third of precompetition temperature exposure. Column 5 interacts the competition temperature
step function with the count of days within 1 year prior to the competition for which average temperature
exceeded 60°F. The standard errors in parentheses are two-way clustered at the athlete and competition
level.

* p < .1.
** p < .05.
*** p < .01.
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reported in appendix A1.2. As also reported in the appendix (see A1.1), we find no
evidence of systematic differences across athlete abilities in the magnitudes of acclima-
tization effects relative to competition temperature responses, indicating common ac-
climatization across abilities.

2.2. Performance Losses from Climate Change

The performance effects of temperature form a performance surface defined by com-
petition and training temperatures. This estimated surface is depicted in figure A2a
for our baseline model given by (3), and in figure A2b for the competition tempera-
ture function specified as a quadratic, a cubic, a two-knot linear spline, and a three-knot
cubic spline.10Thesefiguresdepict three-dimensional, concave functions.The competition-
temperature-performance plane defines the concavity, which becomes flatter withmove-
ment toward higher temperatures along the training temperature axis. Estimated co-
efficients for competition and training temperature splines of our baseline model are
reported in table A3.11

For each of these temperature functions, table 2 reports predicted performance
changes by end of century for simulations that (1) ignore acclimatization in estimation
of contemporaneous temperature effects and in projecting future performances (sce-
nario 1), and (2) explicitly model acclimatization in estimation and prediction (sce-
nario 2).We report both the level change measured in standardized performance result
and the corresponding percentage change relative to the current performance. Across
alternative specifications of temperature functions, future performances are predicted
to decline amid a warmer climate. When explicitly modeled, however, acclimatization
reduces these performance losses by 50%–58%. Hence, models that ignore the amelio-
rative effects of acclimatization may overstate future performance losses by 100% or
more. These differences in performance changes are statistically significant as deter-
mined by 1,000 bootstrap samples of athletes in the data. The distribution of these
bootstrapped estimates of mean performance losses for each simulation are shown in
figure 3 for our baseline model.

Table 2 also reports results for two additional simulations. The first of these sup-
poses that competition temperatures are warmer in the future, but precompetition
temperatures are those observed in the historical record of this study (scenario 3). As
such, the scope for acclimatization, that is, the extent of adaptation, is limited to that
which is observed in the historical record. This simulation admits no systematic accli-
matization to the warmer climate reflected in competition temperatures and no greater
idiosyncratic adaptation to warmer temperatures during precompetition exposures.
10. The linear spline is defined by knots at 50°F and 60°F; the cubic spline is defined by
knots at 50°F, 56°F, and 63°F.

11. Temperature parameter estimates of the alternative models are available from the au-
thors upon request.
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Performance changes reported in scenario 3 are strikingly similar to those reported in
scenario 1, indicating that the acclimatization effects on performance changes esti-
mated in scenario 2 are not predominantly attributable to relatively greater benefits of
adventitious acclimatization. A comparison of the first three scenarios of the table sug-
gests that considerable mitigation of performance losses is afforded by systematic accli-
matization to a mean temperature shift, not to adventitious acclimatization.
Table 2. Estimated Performance Change by 2100 from RCP8.5 Climate Warming

Scenarios Baseline Quadratic Cubic
Linear Spline
Two Knots

Cubic Spline
Three Knots

1. Absent explicit accounting
for adaptation:

Level change –.0102 –.0112 –.0110 –.0097 –.0096
(.0000) (.0000) (.0000) (.0000) (.0000)

Percentage change (%) –.6488 –.7136 –.7005 –.6108 –.5973
(.0103) (.0066) (.0079) (.0113) (.0131)

2. Accounting for future
adaptation:

Level change –.0026 –.0047 –.0037 –.0031 –.0038
(.0000) (.0000) (.0000) (.0000) (.0000)

Percentage change (%) –.2369 –.3547 –.3010 –.2593 –.2916
(.0116) (.0077) (.0095) (.0130) (.0135)

3. Accounting for historical
adaptation:

Level change –.0107 –.0120 –.0114 –.0104 –.0102
(.0000) (.0000) (.0000) (.0000) (.0000)

Percentage change (%) –.6725 –.7514 –.7197 –.6465 –.6280
(.0118) (.0071) (.0092) (.0125) (.0131)

4. “Turn off ” adaptation effect:
Level change –.0346 –.0343 –.0251 –.0216 –.0183

(.0001) (.0001) (.0000) (.0000) (.0000)
Percentage change (%) –2.0603 –2.0123 –1.4440 –1.2086 –1.0641

(.0367) (.0142) (.0156) (.0270) (.0038)
Note. In scenario 1, we estimate the semi-parametric function specified in eq. (3) without explicitly ac-
counting for adaptation effect, i.e., not including the terms with precompetition temperatures. In scenario 2,
we account for adaptation effect by including the precompetition temperatures in the semi-parametric es-
timation and assume that both competition and precompetition temperature are warmer in the future. In
scenario 3, we assume that competition temperatures are warmer in the future but precompetition temper-
atures are those observed in the historical record. In scenario 4, we include a function of precompetition
temperature in the estimation of competition temperature responses but set equal to zero those parameters
related to precompetition temperature. For each scenario, we calculate the level change measured in stan-
dardized performance result and the percentage change measured in percent.
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The final simulation we consider assumes that future humans do not adapt to tem-
perature.We purge contemporaneous temperature effect estimates of bias from adven-
titious acclimatization (by controlling for acclimatization in the historical data) and
project performances amid warmer competition temperatures without consideration of
precompetition temperatures. These results are reported in the last four rows of table 2.
The performance change under this scenario is appropriately compared to the perfor-
mance change reported in scenario 2 wherein temperature parameters are estimated from
the same empirical specification. Performance losses under this scenario are an order of
magnitude greater than those under the model that explicitly accounts for acclimatiza-
tion, highlighting both the bias in conventional estimates of contemporaneous tempera-
ture response that ignore heat adaptations or lagged temperature effects and the consid-
erable capacity for heat adaptation to ameliorate harms from climate change.

2.3. Robustness and Limitations

The foregoing results are robust to various permutations of the modeling choices pre-
viously described, including definition of 2-week precompetition exposure periods,
Figure 3. Distribution of bootstrap estimates of mean performance losses. This figure plots
the distribution of block-bootstrap estimates of mean performance losses at the end of the cen-
tury for the baseline performance model in equation (3) that respectively models or ignores
adaptation to precompetition temperature exposures. To account for sampling uncertainty,
the performance model is estimated 1,000 times by randomly sampling with replacement the
athletes in the data. For each bootstrap sample, estimated competition and training temperature
effects are used to project end-of-century performance changes.
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measurement of temperatures by daily maximums rather than daily averages, omission
of control variables in estimation of temperature effects, and alternative specifications
of fixed effects and assumptions about error correlation structures. We also demon-
strate that the performance losses avoided by systematic acclimatization to mean tem-
perature shifts are similar for alternative future temperature scenarios. These results
are reported in the appendix.

Despite the robustness of ourmain results, and the advantages afforded by the quasi-
experimental setting of this study, it is not without limitations. First, we imprecisely
measure the temperatures at which performances occur and the temperatures to which
individuals are exposed prior to performances. Imprecision in our measures of temper-
ature exposures likely results in classical measurement error that attenuates our esti-
mates of competition temperature response and heterogeneity by training tempera-
ture exposure. Strategic behavior that we deem unlikely may cause dependence between
measurement errors and the true, underlying temperature exposures. However, such
dependence is likely still to attenuate estimates of the acclimatization effect. If colleges
and universities in extreme climates are equipped with facilities to minimize exposure to
extreme temperatures, such as indoor tracks, treadmills, and so forth, then our analysis
overstates the variation in precompetition temperature exposure across collegiate teams.
We would attribute marginal changes in performance to differences in precompetition
exposures that are too large, biasing toward zero our estimates of the acclimatization
effect. Similarly, if athletes affirmatively seek to acclimatize in advance of events expected
to be contested in hot conditions, for example, by training away from campus or in
climate-controlled settings, then we attribute the relatively strong performances of such
actively acclimatized athletes to relatively cool ambient conditions at their home insti-
tutions. This raises the average performances of those to whom we ascribe relatively cool
temperature exposures, lowering the estimated average gain from hot precompetition
temperature exposure.

Second, this analysis identifies acclimatization to warm temperatures in the current
climate. There may exist limits to adaptation such that acclimatization is ineffective in
mitigating performance losses at extreme competition temperatures not observed in the
temperature record of our analysis. Likewise, training in extreme temperatures may less
effectively moderate performance losses in hot competition environments. Our results,
however, suggest that acclimatization benefits are increasing over the support of com-
petition and training temperatures in our data. This is evident in figures A3a and A3b,
which show the mean temperature response for each of several distinct ranges of pre-
competition temperature, that is, 35°F–44°F, 45°F–54°F, and so forth. Temperature
sensitivity is lower on average for performances preceded by warmer precompetition
temperatures; performances are generally better at hot competitions when preceded by
warmer precompetition temperature exposures; and the performance difference be-
tween those results preceded by hot or cold temperature exposures generally increases
in competition temperature. Thus, the scope for future acclimatization is likely to be
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greater than that which is exhibited in the historical record of any analysis. This evidence
not withstanding, assessment of any such limitations to thermoregulatory adaptation
comprises interesting ground for future research.

Finally, the setting of this study is admittedly specific. Yet the robust findings of the
physiological literature on the universality of acclimatization imply that the scope for
such adaptation and its capacity to mitigate cognitive and physical harms of heat stress
across settings should be in proportion to the heat stress to which individuals are ex-
posed. Our findings are relevant, therefore, to any settings in which heat stress affects
outcomes of interest.

The performance benefits of lagged temperatures in hot performance settings that
we identify as acclimatization are net of any cumulative effects of heat stress that may
exacerbate the performance losses from hot temperatures, for example, during heat
waves.12 In our setting, performance is unlikely to be encumbered by cumulative heat
stress given opportunities for individuals to retire from the heat to climate-controlled
conditions outside of training periods.However, because acclimatization diminishes heat
stress in response to heat exposure, we might also expect it to slow the accumulation of
heat stress. Thus, the benefits of acclimatization may not be diminished in such settings
where cumulative heat effects are relevant. In fact, acclimatization may confer additional
performance and health benefits during heat waves if harms increase at an increasing rate
in cumulative heat exposure.

Several recent studies have estimated detrimental effects of lagged temperature ex-
posures on various outcomes. Such results are consistent with our focus on the im-
portance of considering exposures beyond contemporaneous ones, though none are di-
rectly relevant to the comparison of contributions from acclimatization and cumulative
heat exposure on performance because of the nature of the studied outcomes. Park
et al. (2020) and Park et al. (2021) identify negative impacts on test scores of high
temperature realizations in (the up to 5) preceding years. These results demonstrate
the cumulative nature of learning: reduced human capital formation in past years—
driven by contemporaneous high temperature realizations during school days—accu-
mulates losses across years. While important, this intertemporal aggregation process is
not one of accumulating heat stress but of aggregating effects of contemporaneous heat
stress. The study design neither identifies nor disproves acclimatization in their set-
ting. Somanathan et al. (2021) identify increased absenteeism at work due to lagged tem-
perature effects, but they do not identify reduced productivity conditional on work atten-
dance.Hence, their results are suggestive of cumulative heat effects on time allocation but
not performance.
12. Such performance losses would imply that models ignoring lagged temperature effects
may generate estimates of contemporaneous temperature effects that have both an upward bias
due to overlooked acclimatization and a downward bias from overlooked cumulative heat stress.
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3. DISCUSSION

Evidence of climate change adaptation is difficult to obtain because of the relative tem-
poral invariance of climate and because, in most settings, short-run temperature shocks
are unlikely to induce adaptations that may be undertaken in response to expected
long-term temperature changes. Studies that exploit temperature shocks can identify
low-cost and short-run adaptations, like changes to the timing of recreation, but they
cannot identify costlier adaptations to climate warming that may only be undertaken in
response to expected long-run temperature changes (Dundas and von Haefen 2020).
Studies that instead rely upon cross-sectional climate variation are subject to selection
bias, and potentially other omitted variables bias (Deschênes and Greenstone 2011;
Heutel et al. 2021). Finally, those studies that exploit slight temperature variation in
long-run mean temperatures since the mid- to late twentieth century seek to identify
adaptation to temperature differences that may reflect idiosyncratic weather variations
and that may have been unanticipated by agents when decisions were made about long-
term adaptation investments (Burke and Emerick 2015).

This paper’s focus on acclimatization overcomes many of these challenges to identify
one mechanism of adaptation to persistent temperature change. Because acclimatiza-
tion benefits accrue from as little as 1-week exposure to hot temperatures, the research
design of this paper exploits random, short-run temperature variation in combina-
tion with fixed competition schedules to identify a response to persistent temperature
change that is unconfounded by the omitted variables that impede cross-sectional stud-
ies. The statistical evidence that this paper documents of acclimatization and its im-
pacts on human performance amid climate warming, though novel, is consistent with
numerous case studies in the physiology literature on thermoregulation and hyperther-
mia (Dresoti 1935; Robinson et al. 1943; Horvath and Shelley 1946; Eichna et al.
1950; Hellon et al. 1956; Lind 1963; Strydom et al. 1966; Fox et al. 1967; Wyndham
1967; Wyndham et al. 1968; Shvartz et al. 1973; Pandolf et al. 1977; Edholm and
Weiner 1981; Hanna and Brown 1983; Brinnel et al. 1987; Pandolf et al. 1988; Nybo
and Nielsen 2001; Nielsen and Nybo 2003; Hales et al. 2011; Périard et al. 2015).
This literature documents heat adaptation among all test subjects, including young
and old, athletic and nonathletic. It also documents both the particular sensitivity of
the brain to heat stress and the moderating effects of acclimatization on such sensitivity
(e.g., Radakovic et al. 2007; Racinais et al. 2017; Wijayanto et al. 2017). Acclimatiza-
tion occurs with remarkable ease (Hanna and Brown 1983), leading to lower heart
rates, internal body temperatures, and skin temperatures, and perceived effort in hot
environments, as well as higher blood flow and perceived comfort.

This fairly rapid and autonomous response to hot temperatures may, therefore,
constitute a low-cost human adaptation to climate warming that significantly mitigates
future human performance declines and improves human comfort. Such physiological
adaptations may explain, for instance, why youth cognitive performance in the United
States is impaired by hot temperatures and, yet, long-run cognitive attainment is not
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(Graff Zivin et al. 2018). Likewise, heterogeneity in the sensitivity of mortality to ex-
treme temperatures across climate zones may reflect acclimatization, in addition to other
long-run adaptations, like infrastructure and durable goods investments (Heutel et al.
2021).

The acclimatization identified in this paper constitutes passive adaptation because it
is identified from ambient temperature exposures where individuals reside. Such passive
acclimatization is expected to occur in a warmer climate in any setting in which individ-
uals are customarily exposed to elevated temperatures, whether in a classroom, a factory,
or on an athletic field (Fox et al. 1967; Hanna and Brown 1983; Périard et al. 2015).
Just as acclimatization occurs rapidly amid repeated exposure to hot temperatures, the
adaptation also dissipates quickly upon the cessation of hot temperature exposures. In
the context of climate change, however, this does not imply a short-run adaptation, as
predicted changes in temperature due to climate warming are generally approximated
by a mean shift in the temperature distribution. Thus, acclimatization can be expected
to afford a long-run adaptation to a mean shift in temperatures unless and until it is
reversed, even though interannual temperature variability is expected to induce continual
seasonal adaptation and de-adaptation in a warmer future, much as it does today.

Models that relate human performance or other economic outcomes only to con-
temporaneous temperature generate biased estimates of contemporaneous temperature
sensitivity amid the autonomous heat adaptation identified in this study. Just as this
study identifies acclimatization parameters from idiosyncratic variation in 1-week tem-
perature distributions, studies that ignore acclimatization are likely to estimate contem-
poraneous temperature responses that are biased down by such adventitious acclima-
tization. Despite this downward bias in the estimated contemporaneous temperature
responses, projections of climate change damages based upon such parameter estimates
are biased up, implying greater losses in human performance, for instance, than are ex-
pected if humans acclimatize. They fail to account for the greater adventitious and sys-
tematic acclimatization induced by a warmer climate.
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