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Warming climate is helping human beings
run faster, jump higher and throw farther
through less dense air

Check for updates

Shixin Wang1,2, Tiexi Chen 1, Jing-Jia Luo 2,3 , Meng Gao 4, Hongchao Zuo5, Fenghua Ling2,3,
Jianlin Hu3, Chaoxia Yuan2,3, Yuanjian Yang3, Lina Wang6, Huaming Huang6, Naiang Wang5, Yaojun Li7 &
Toshio Yamagata 8

Understanding both positive and negative impacts of climate change is essential for comprehensively
assessing and well adapting to the impacts of changing climate. Conventionally, climate warming is
revealed to negatively impact human activities. Here, we reveal that human beings’ performance in
anaerobic sports may benefit from climate warming. Using global weather observation and athletes’
performance datasets, we show that world-top athletes’performances in nearly all athletics anaerobic
events (i.e., sprints, jumps and throws) substantially improve as ambient temperature rises. For
example, 100m performance monotonically improves by 0.26 s as ambient temperature rises from
11.8° to 36.4 °C. Using Coupled Model Intercomparison Project Phase 6 datasets, we further show
that global warming can substantially improve world-top athletes’ performance in eleven of the
thirteen Olympics athletics anaerobic events by 0.27%–0.88% and 0.14–0.48% under high-emission
andmedium-emission scenarios, respectively, during 1979–2100.Among them, the improvements for
100m are 0.59% (0.063 s) and 0.32% (0.034 s), respectively. Mechanism analysis shows that the
warmed ambient atmosphere can improve competitors’ performance through expanding the air and
thus reducing the air resistance to the competitors and throwing implements for hummer throw and all
the sprints, hurdling and jumps. Quantitative analysis estimates that this thermodynamic process is
essential for the impacts of warmed ambient atmosphere on the performances in these events as
physiological processes are.

The warming climate and hot weathers are widely revealed to negatively
impact human activities and wellbeings1–7. They can increase thermal
discomfort4, reduce labor capacity5 and increase mortality3,6,8. Sport com-
petitions and physical exercises are among essential parts of public health
and human activities. The impacts of weather variations and climate
changes on the game organization and competitors’ performances have
draw much attention in existing studies. Extensive studies indicated that
increased air temperature can worsen the performance of endurance sports

such asmarathon9–15, and the impact of warming climate on human’s sports
performance also seems to be negative. Other studies indicate that the
increased ambient temperature and the warming climate may threaten
theheath of the competitors and even theholdingof the games including the
Olympic games16,17.

The effects of weather conditions, especially surface air temperature,
and climate changes on the performance of anaerobic sports (duration
<90 s, e.g., 100m sprint) have drawn limited attention. In fact, athletics
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anaerobic sports are very popular throughout the world. In recent Olympic
Games, 30 of the 47 athletics events are anaerobic sports (sprints, jumps,
throws and relay races). Especially, 100-meters dash is among the most
popular and prestigious sport events of all existing sports and its reigning
world champion such asUsain Bolt was often named “the fastestman in the
world”. Among all meteorological elements, tailwind18–22 and altitude
increase23–25 are acknowledged to improve the performance of sprints and
jumps. Besides, several studies also investigated effects of temperature and
humidity on these sports performances26–28.

However, they conventionally investigated the changes in the average
performances of all or certain parts of the competitors in each gamewith the
changes in ambient weather conditions across a series of relevant games.
This methodmay bring large uncertainties caused by the large difference in
the participants among different games. There are also no systematic and
large-scale investigations quantifying the impacts of weather conditions,
especially temperature, on the competitors’ performances in anaerobic
athletics events. We conduct this analysis via looking at certain individual
competitors instead of many games with different participants to eliminate
the relevant uncertainties. The mechanism of the impacts will be investi-
gated both qualitatively and quantitatively and we will reveal that the
thermodynamic processes in the atmosphere are almost as essential as the
physiological processes for the impacts of ambient temperature. Based on
the above analyses, we further assess the changes of the world top compe-
titors’ performance in anaerobic athletics events in the past and future
attributable to the global warming climate. We pay more attention to the
100m sprint in the analyses since it usually attracts the most attention
among all the anaerobic athletics events. Our results reveal a positive impact
of hot weathers and warming climate on the competitors’ performances.
This result is quite distinctive from the widely-recognized negative impacts
of the warming climate on human activities and the public health. Such an
analysis is of great significance formore comprehensivelyunderstanding the
balance of the positive and negative impacts of climate change, especially
regarding sports, and thus tomore comprehensively assess and better adapt
to the warming climate.

The rest of the paper is organized as follows. Section “Results” briefly
describes the data and the relevant methods used in this study. Section
“Discussions” and “Methods” investigate the effects of weather conditions
on the competitors’ performances in the athletics anaerobic events and
explore for the possible mechanism for the impacts. Based on these effects,
Section 5 estimates the world top athletes’ performance attributable to the
climate changes under different emission scenarios, followed by a brief
conclusion and further discussion in Section 6.

Results
Effects of weather conditions on the performance changes
In order to reveal the relation of competitors’ performance in each athletics
anaerobic event with the possible controlling factors, multiple linear
regression of the performance upon the controlling factors is conducted
(Table 1). Multivariate regression analysis is an attempt to account for the
contribution of the independent variables to the dependent variable syn-
chronically and its model is formulated as in the following:

y ¼ b0 þ b1x1 þ b2x2 þ . . .þ bnxn þ e ð1Þ

Where y is the dependent variables, xi is the independent variables, bi is the
regression coefficient for xi, b0 is the intercept, e is the error. Seemore details
for the model in29.

The involved factors include meteorological elements (ambient tem-
perature, tail wind speed, atmospheric pressure and relative humidity
anomalies), age, the climatological-mean temperature at the capital of each
athlete’s country (TC), the round of competition, each competitors’ annual
mean performance and the sex. The results show that the ambient tem-
perature has significant relationship with the competitors’ performance in
11 of the 13 athletics anaerobic events (P < 0.05). The performance tends to
be improved with the ambient temperature rise. Note that the shorter

finishing time or the longer height/distance denotes the better performance.
The two exceptions are the javelin throw and discus throw, whose perfor-
mance has no significant relationship with any of the four meteorological
variables (P > 0.1). For all the 5 events with wind speed records, the com-
petitors’ performance improves significantly with increasing tail wind
(P < 0.01). Athletes’ performanceworsenswith rising ambient pressure (i.e.,
altitude reduction) for 10 of the 13 events but not for shot put, javelin throw
and discus throw. The relationship is significant for 100m, 200m, 100/
110m hurdles, 400m and 400m hurdles, high jump and hammer throw
(P < 0.1). The relationship with relative humidity is not stable and statisti-
cally significant only for 400m hurdles and triple jump (P < 0.05). The
performance improves significantly with increasing competition round for
12 of the 13 events (P < 0.01) except javelin throw. The sex, age, annual-
mean performance (competitive level) and TC (nationality) have no sig-
nificant relationship with the performance in any of the 13 events (P > 0.1).

Figure 1a, d–f shows the more detailed 100m performance changes
with ambient weather conditions. The multivariable restricted cubic spline
generalized linear model (rcs-GLM) is used to illustrate these changes.
When the relationship between air temperature and 100m performance is
predicted, other three meteorological variables (i.e., the relative humidity,
atmospheric pressure and tail wind speed) and the competition round are
selected as covariates in the model, and so on for the relationship of other
weather variables with the performance. The age, the climatological-mean
temperature at the capital of competitor’s country and the annual mean
performance are not considered since they have no significant relationship
with competitors’ performance for all the 13 events based on the multiple
linear regression. The 100m performance improves monotonically by
0.26 second as ambient temperature anomaly increases from −12.9° to
11.7 °C (equivalent toambient temperature increasing from11.8° to 36.4 °C,
Fig. 1a), and the relationship is nearly linear. 0.26 s is quitemarked for 100m
competitors since the average performance of the currentlyworld place 20th
competitor is only 0.15 s and 0.36 s slower than the place 1st competitor for
men and women, respectively. If men and women are analyzed separately,
the performances monotonically improve with ambient temperature for
both sexes (Fig. 1b and c). The improvement for women is 0.0115 s °C−1

(Fig. 1c), slightly greater than that for men (0.0080 s °C−1) and mixed-sex
competitors (0.0101 s °C−1). This performance-temperature relationship is
interesting. It counters the intuition that high temperature makes human
feel uncomfortable. It is also quite distinct from the endurance sports
performances9,11,12,30 as well as public heath burdens, wellbeings and other
human activities, which usuallyworsen as ambient temperature rises at least
when ambient temperature is high5,6,8.

Figure1d shows that100mperformance improves by0.50 s as tailwind
speed anomaly increases from –3.6m s−1 to +2.9 m s−1. This relation is
overall consistent with existing studies and the decreased wind resistance as
tail wind increases is revealed to cause the performance improvement18–22.
100m performance also improves as atmospheric pressure decreases
(Fig. 1e), which is basically equivalent to altitude increasing according to
static equilibrium31. 2000m increase in altitude (equivalent to 240 hPa
decrease in atmospheric pressure) is associated with about 0.13 s
improvement in 100m performance. The decreased atmosphere pressure
can reduce the atmosphere density. The decrease in ambient temperature as
altitude rises can partly offset the atmosphere density decrease directly
caused by the pressure reduction based on the equation of state for dry air.
However, the proportion offset by the atmosphere cooling is small (see
Section “Methods” for detail). The reduced atmosphere density decreases
the air resistance as the tail wind does and thus improves competitors’
performance24. 100m performance tends to slightly improve as relative
humidity rises, however, the relationship of relative humidity with finishing
time anomalies is overall nonlinear and not statistically significant (Fig. 1f).
Repeating these analyses formen andwomen competitors separately shows
similar results to the abovemixed-sex results (Fig. 2).Overall, tailwind speed
and ambient temperature variations are related to much larger changes in
100m performance than relative humidity and atmospheric pressure
variations.
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One may argue that the annual important games (e.g., Olympic
Games) aremostly held in boreal summer and thus the competitorsmay be
in better form in summer than in other seasons. To eliminate interference of
this seasonal cycle in the performance-weather relationship, we repeat the
analysis shown in Fig. 1 using the competition results obtained in June, July
and August only. The result also shows that 100m performance increases
monotonically as ambient temperature rises and tailwind speed rises
(Fig. 3a, b). The improving slope of the performance with ambient tem-
perature is 0.0101 s °C−1, almost equal to that using the 12-months data (i.e.,
0.0098 s °C−1). 100m performance changes with ambient pressure and
relative humidity are very weaker based on the summer-month data
(Fig. 3c, d). Overall, the above results indicate the robustness of the inter-
esting monotonic relationship between ambient temperature and 100m
performance.

RandomForest is amachine learning technique using an ensemble
learning approach and it has prestigious advantage in tackling the
nonlinear and hierarchical relationships between predictor variables
and the response32. Here we use random forest regression method to
further assess the contributions of weather variables to 100 m perfor-
mance changes (Table 2). We randomly select 2/3 of all the 100 m
results during 2019–2021 as training data to train the random forest
regression model. The rest 1/3 results are used as testing data to eval-
uate the model prediction capacity, which is characterized with the
correlation coefficient (CC) between the predicted and actual finishing
time anomalies. We focus on the effects of the meteorological elements
(ambient temperature, tail wind speed, atmospheric pressure and
relative humidity anomalies). The other elements such as annual-mean

performance, competition round, TC, age and the sex are used as
covariates.

If one single variable is used to train and evaluate the model, the CC is
the largest using tailwind speed (V, CC = 0.51), followed by ambient tem-
perature (T, CC = 0.28). The CCs using relative humidity (H, CC = 0.13)
and atmospheric pressure (P, CC= 0.15) are smaller. If two weather vari-
ables are used, the CC using V+T (0.62) is higher than those using V+ P
(0.53) and V+H (0.57). When using three variables, the CC using V+
H+ P (0.57) is smaller than that using V+H+T (0.64) and V+ P+ T
(0.61).All these results suggest that tailwind speed and ambient temperature
are the twomost important weather variables affecting 100mperformance,
consistentwith that illustratedbymultiple linear regressionanalysis and rcs-
GLM (Figs. 1, 2 andTable 1). Overall similar results are obtained ifmen and
women are analyzed separately. The CCs using V+H+T+ P are 0.64,
0.55 and 0.64 for mixed-sex, men and women competitors, respectively,
indicating that a considerable part of 100m performance changes is attri-
butable toweather conditions. If training and evaluating themodel based on
only the covariates (i.e., annual-mean performance, TC, competition round,
age and sex), the derived CCs become –0.07, –0.16, –0.09 for mixed-sex,
men and women competitors, respectively. These results justify the sig-
nificance of the present study.

Figure 4 shows the weather-performance relationship for the rest 12
athletics events. Thefinishing time of the sprints/hurdles (i.e., 100m, 200m,
100/110mhurdles and 400mhurdles)monotonically decreases as ambient
temperature rises, indicating the performancemonotonically improves, and
the associated finishing time anomalies are mostly significant (Fig. 4a, b).
The distance/height of the four jumps shows monotonic increasing as

Table 1 | Multiple linear regression of competitors’ performance (anomalous finishing time for sprints and hurdles, distance/
height for jumps/throws) upon meteorological variables (i.e., anomalies of ambient temperature, tail wind speed, atmospheric
pressure and relative humidity), age, the climatological-mean temperature at the capital of each athlete’s country (TC), the
round of competition, each competitors’ annual mean performance (AMP) and the sex for each athletics anaerobic event

Variable 100m 200m 100/110mH Long Jump Triple Jump Hammer Throw

AMP 0.000 −0.008 0.009 0.013 −0.005 0.007

Temperature −0.010*** −0.010*** −0.011*** 0.007*** 0.018*** 0.056***

Pressure 0.055*** 0.137* 0.098*** −0.034 −0.031 −0.593*

Humidity −0.057* 0.002 −0.030 −0.013 0.259*** 0.415

Tail Wind −0.067*** −0.051*** −0.057*** 0.046*** 0.071*** /

TC 0.000 −0.001 0.000 0.000 0.000 0.004

age 0.000 0.002 0.001 −0.001 0.000 −0.002

Round −0.028*** −0.084*** −0.040*** 0.044*** 0.111*** 0.532***

Sex 0.004 0.013 0.005 0.017 −0.016 0.049

R Squared 0.41*** 0.11*** 0.20*** 0.12*** 0.15*** 0.05***

Standard Deviation 0.117 0.27 0.17 0.16 0.26 1.73

Sample Size 988 614 1122 787 706 997

Variable 400m 400mH Pole Vault High Jump Shot Put Discus Throw Javelin Throw

AMP 0.011 0.006 0.002 0.023 0.002 −0.001 0.000

Temperature −0.037*** −0.061*** 0.006*** 0.003*** 0.009*** 0.000 0.008

Pressure 0.278** 0.301** −0.033 −0.013* 0.066 0.411 0.156

Humidity −0.133 −0.580*** 0.012 0.003 −0.048 0.082 −1.217*

TC −0.001 −0.001 0.000 0.000 0.000 0.000 0.001

age 0.003 0.006 0.000 0.000 0.000 −0.003 0.000

Round −0.208*** −0.305*** 0.049*** 0.018*** 0.099*** 0.343*** 0.312*

sex −0.044 −0.022 0.004 0.007 −0.007 0.024 −0.012

R Squared 0.12*** 0.18*** 0.08*** 0.13*** 0.02** 0.01 0.01

Standard Deviation 0.60 0.67 0.13 0.039 0.49 1.83 2.58

Sample Size 762 831 917 780 1012 924 910

The number for each variable indicates the regression coefficient and *, ** and *** denote the ones significant at 90%, 95% and 99% confidence level, respectively.
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ambient temperature rises, also indicating performance monotonically
improves (Fig. 4c, d). Among the four throws, the performances of shot put
and hammer throw monotonically improve as ambient temperature rises,
although the changes are not so significant, while the changes in javelin
throw and discus throw performances are rather weak (Fig. 4e, f). Overall,
performanceof overwhelmingmajority of athletics anaerobic events beyond
100mmonotonically improves as ambient temperature rises despite of the
wide variation in the form of these events, indicating that the increasing
ambient temperature may be related to the improvement of human being’s
anaerobic capacity. In fact, javelin and discus are more aerodynamic than
other throwing implements33,34, which may cause the weak temperature-
performance relationship as discussed later.

Wet-Bulb Globe Temperature (WBGT) and Universal Thermal Cli-
mate Index (UTCI) provide comprehensive information of the thermal
environment5,35. We repeat the above analyses by replacing the ambient
temperature with WBGT and UTCI, respectively, for the 11 events (five
sprints/hurdles, 4 jumps and 2 throws, not including javelin throw and
discus throw). The result shows that the performance monotonically
improveswith the rise of bothWBGTandUTCI (Supplementary Figs. 2, 3),
which is similar to the relationwith increasing ambient temperature (Fig. 4).

Among these 12 athletics events, tailwind speed is reported only in
200m, 110m/100m hurdles, long jump and triple jump competitions.
Competitor’s performance in all the four events monotonically improves
(worsens) as tailwind (headwind) strengthens (Fig. 5). The increasing

percentages are around 3% associated with 4m s−1 increase in the tail wind,
which is similar to that of 100m sprint. As indicated in existing studies, the
decreased air resistance associated with increased tail wind is the possible
reason for the performance improvement in these events20,24. As relative
humidity rises, however, the performance changes of all the 12 events are
muchweaker than those associatedwith tail wind and ambient temperature
changes (Supplementary Fig. 4).

As ambient atmospheric pressure decreases, competitors’ perfor-
mances in 9 of the 12 events tend to improve (Fig. 6). The mean improving
rate of the 9 events is 0.58% per 100-hPa reduction in atmospheric pressure
and it ranges from the 0.20% of the triple jump to the 0.82% of the 100/
110mhurdling (Fig. 7).Thedecreased air resistance to the competitor or the
throwing implement when ambient pressure decreases is the possible cause
of the performance improvement25. The three exceptions are shot put,
javelin throw and discus throw. Competitor’s performance in javelin throw
and discus throwdoes not improve or evendeteriorates as ambient pressure
decreases (Fig. 6e, f). In fact, javelin and discus throwing are affected by
aerodynamic lift25,34. The performance in shot put tends to improve as
ambient pressure decreases, but the rate is small since both the implement
size and throwing speed of shot put are small and thus the air resistance to
the implement is weak. These are the possible reasons for the weaker rela-
tionship between ambient pressure and competitors’ performance in these
three events. The above results are overall consistent with those obtained by
multiple linear regression analyses (Table 1). It is noticeable that the

Fig. 1 | 100 m performance changes with ambient
weather conditions. Relation of 100 m finishing
time anomaly (unit: second) with (a) the ambient
temperature anomaly, (d) tail wind speed anomaly,
(e) atmospheric pressure anomaly and (f) relative
humidity anomaly using rcs-GLM. 988 competition
results of the current world-top 20 men and 20
women competitors with valid values of meteor-
ological variables are used for obtaining the relation.
The shadings denote the 95% confidence interval.
b, c As in (a), but for the 499 results of world-top
men and 489 results of world-top women competi-
tors, respectively.
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Fig. 2 | 100 m performance changes with ambient
weather conditions for men and women, respec-
tively. Same as Fig. 1d–f, but for the results of (left
column, a–c) men and (right column, d–f) women
competitors, respectively.

Fig. 3 | 100 m performance changes with ambient
weather conditions for boreal summer. a–d Same
as Fig. 1a, d–f, respectively, but only using the results
obtained in boreal summer (June, July and August).
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relationships obtained here have large uncertainties due to the too few
competitions held at moderate and high altitude (i.e., low ambient pressure
conditions). For example, only 17 and 117 of the total 988 competitions of
100m sprint were held when the ambient pressure was lower than 950 and
980 hPa, respectively. Therefore, the performance changes with ambient
pressure have large confidence intervals (Fig. 6). The too few high-altitude
competitions may also cause the underestimation of the performance
changes associate with ambient pressure. The reason is that the most pro-
minent impacts of altitude on the performance in athletics anaerobic events
such as 100m sprinting often occurwhen the altitude is higher than 1500m
(~850hPa)25.

The above results are obtained for the mixed sex. We also repeat the
analysis formenandwomencompetitors, respectively (SupplementaryFigs.
5, 6). Both men and women competitors’ performance monotonically
increase with the rise of temperature in nearly all the 26 events except men/
women’s discus throw, men’s javelin throw and women’s long-jump. The
performance improvement is obvious but not strictly monotonic for
women’s long jump and women’s discus throw, and no obvious improve-
mentwith ambient temperature anomaly is observed formen’s discus throw
and men’s javelin throw. These results are overall consistent with those for
mixed sex competitors revealed above. Although the performance changes
with ambient temperature are similar between men and women events,
some differences still exist between them. For example, the performance of
women’s javelin throw monotonically improves with the ambient tem-
perature rise, but that of men’s javelin throw does not (Figs. 4f, 5f).

The performance-temperature relationship at the individual runner
level is investigated based on multiple linear regression of competitors’
performance upon meteorological elements and the round of competition
for each athlete (Supplementary Table 1). Here the discus throw and javelin
throw are not analyzed since their performance-temperature relationship is
weak and not statistically significant based on both the multiple linear
regression analysis (Table 1) and rcs-GLM (Fig. 4) at event level. The results
indicate that the performance of a vast majority of the 440 athletes (80.4%)
for the 11 athletics anaerobic events improves with the rise in ambient
temperature. The rest 19.6% athletes have an opposite temperature-
performance relationship, possibly due to the too small sample size of
competitions for each athlete as well as individual differences. The average
sample size of the 440 athletes is only 21.6. In order to further investigate the
athletes’ individual difference and its possible dependencies, the correlation

between each competitor’s regression coefficient on ambient temperature
and possible controlling variables is analyzed (Supplementary Table 1). The
three variables include each competitor’s annual mean performance,
climatological-mean temperature at the capital of the competitor’s country
and age. The correlations aremostly not stable and statistically insignificant
for each of the three variables. For example, two of the five significant
correlations with annual-mean performance are negative, while the other
three are positive. Therefore, these variables are not among the significant
controlling factors for the individual difference; further exploration is
warranted.

Thermodynamic mechanisms
Here we explore for the mechanism for the relation of competitors’ per-
formance with ambient temperature in the anaerobic events. The equation
of state for dry air isP = ρRT, whereP is the atmosphere pressure,R is the gas
constant for dry air (R = 287 J kg−1 K−1), ρ is the air density and T is the
atmosphere temperature36. In the moist air, T is replaced with virtual
temperature (Tv = T(1+ 0.378e/P)). Since the difference between Tv and T
is very small, the moist air is usually regarded as the dry air when using the
equation of state. This equation suggests that both the decrease in atmo-
sphere pressure and the increase in air temperature can reduce the air
density.

As revealed in Section “Methods”, competitors’ performance in 10 of
the 13 athletics anaerobic events improves with the ambient pressure
decreasing. The decreased atmospheric pressure reduces the air density and
thus weakens the air resistance to the competitors or throwing implements,
which assists the competitors to perform better in these events. The rise in
air temperature also results in the decreased air density through expanding
the air and thus reduces the air resistance as the decreasing in ambient
pressure does, which assists the competitors to perform better in these
events. The exception is the shot put, javelin throw and discus throw25.
Competitors’ performance in javelin throw and discus throw does not
increase or even deteriorates with the decreasing in ambient pressure, while
the improving rate for shot put is small. Thus, the rise in ambient tem-
perature can not improve or even harm the competitors’ performance in
these events through expanding the air. This is consistent with the much
weaker changes in competitor’s performancewith ambient temperature rise
in these three events than in the rest events (Fig. 4).

This mechanism is further quantitatively investigated as follows. In
relative to the International Standard Atmosphere, 1 °C increase in air
temperature can cause 0.37% decrease in air density based on the equation
of state for dry air. This change will further reduce the air resistance
by 0.37%24.

The changes in competitors’ performance caused by the 0.37%
reduction in air resistance can be estimatedwith threemethods.We take the
100msprinting for instance. Thefirstmethod is basedon the relationshipof
competitors’ performance with the tail/heading wind speed. When the tail/
heading wind speed increases by 1m/s, the air resistance to a 100m com-
petitor at 9.39m/s (the mean speed of all the 988 competition results) is
reduced by about 21.3% based on the quadratic relationship between wind
speed and air resistance. Figure 1d shows that the 1m/s increase in tail/
heading wind speed can result in 0.074 s improvement in the 100m sprint
performance in average. Based on these results, we can infer that 0.37%
decrease in air resistance associatedwith1 °C increase in air temperature can
cause about 0.0013 s improvement in 100m sprint performance, account-
ing for about 13% of total 0.0101 s. This proportionmay be underestimated
because the runners tend to alter their posture to reduce the air resistance if
the heading wind speed is large37.

The second method is based on the extra energy cost due to the air
resistance and relationship between the total energy cost and running speed
reported in the literature. The relationship between the total energy coast
and running speed is approximately linear, as proposed by38. The air
resistance coasts about 7.8% of the total energy when sprinting at 10m/s37.
The 0.37% decrease in air resistance associated with 1 °C increase in air
temperature can thus save the 0.029% of the total energy cost for running.

Table 2 | Correlation between actual 100m finishing time
anomalies and the predicted ones with various weather vari-
ables by random forest method (regression)

Predictor variables Mixed-Sex (329) Men (166) Women (163)

V 0.51* 0.45* 0.52*

T 0.28* 0.16* 0.33*

H 0.13 -0.01 0.17*

P 0.15 -0.03 0.11

NAN −0.07 −0.16 −0.09

V+ T 0.62* 0.56* 0.64*

V+H 0.57* 0.48* 0.61*

V+ P 0.53* 0.47* 0.55*

V+ T+H 0.64* 0.55* 0.66*

V+ T+ P 0.61* 0.55* 0.62*

V+ P+H 0.57* 0.49* 0.59*

V+ T+H+ P 0.64* 0.55* 0.64*

V, T, H and P denote tail wind speed, ambient temperature, relative humidity and atmospheric
pressure anomalies, respectively.V+ T denotes thatV and T are used as predictors in themodel for
predicting the finishing timeanomalies, and soon for theothers. In all the experiments, annual-mean
performance, competition round, TC, age and the sex are used as covariates. NAN denotes the
experiments with only covariates. Star (*) denotes correlation statistically significant at 5% level
(two-tailed test).
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The saved energy can be used for increasing the running speed by about
0.029% or 0.0031 s during the 100m sprinting, accounting for about 31% of
the total 0.0101 s improvement of 100m sprint performance.

The third is based on the impact of ambient atmosphere pressure on
sprinting speed. As proposed by Peronnet et al. (1990) theoretically, 100m
performance improves by 0.096 s as altitude rises by 1000m. According to

the International Standard Atmosphere, 1000m rise in altitude is associated
with 114.2 hPa decrease in pressure, which reduces air density by 11.9%
according to the equation of state for dry air. However, air temperature
decreases by 6.5 K as altitude rises by 1000m, which is associated with 2.3%
increase inairdensity.Thus, 19.1%of the airdensity reductionassociatedwith
pressure decrease is offset by the air shrink due to the atmospheric cooling

Fig. 5 | Relation of competitors’ performances
with tail wind anomaly for the 4 athletics events.
a, b Same as Fig. 4 but for the relation of finishing
time or distance anomalies with tail wind speed
anomaly.

Fig. 4 |Weather–performance relationship for the
rest 12 athletics events. a–f Relation of finishing
time, height or distance anomaly (%) with ambient
temperature anomaly for the rest 12 athletics events.
The curves in each panel show the relationships
obtained using rcs-GLM. The shadings denote the
95% confidence intervals for the relationships
shown with the curves of the same color.

https://doi.org/10.1038/s41612-024-00635-z Article

npj Climate and Atmospheric Science |            (2024) 7:94 7



with the altitude rise. The net air density decrease associated with 1000m rise
in altitude (equivalent to 114.2hPadecrease inpressure) is 9.7%, causing9.7%
reduction in the air resistance to the 100m runner. Based on these results, we
can infer that the 0.37%decrease in air resistance associatedwith 1 °C increase

inambient temperature can improve the100mperformanceby0.0037 s.This
improvement accounts for about 36% of the total 0.0101 s °C−1. If using the
performance change with ambient pressure obtained in the present study
(about0.055 sper100hPa,Fig. 1e), theproportion is estimated tobe24%.This

Fig. 7 | Left bar for each event: percentage of
performance improvement associated with 100
hPa decrease in ambient atmosphere pressure
(unit: 0.01%). Right bar for each event: the pro-
portion of the impacts of the ambient temperature
rise on competitors’ performance improvement that
is taking effect through expanding the air and
reducing air resistance to competitors or throwing
implements (unit: 1.0%).

Fig. 6 | Relation of competitors’ performances
with ambient pressure anomaly for the 12 athletics
events. a–f Same as Fig. 4 but for the relation of
finishing time, height or distance anomalies with
ambient atmospheric pressure anomaly.
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is smaller than the 36% based on the theoretical relationship, which may be
due to the underestimation of the performance changes with ambient pres-
sure due to too few high-altitude results.

The results of the three methods all indicate that a substantial pro-
portion of the performance improvement of 100m sprinting associated
with ambient temperature rise is through the warming-induced air
expanding and the resultant air resistance reduction.

The mechanisms are also investigated quantitatively for the rest 9
events based on the competitors’ performance changes with ambient
pressure (Fig. 6) using the third method introduced above. The results also
show that a substantial proportion of the performance improvement
associated with the rise in ambient temperature takes effect through
expanding air and thus reducing air resistance for these events (Fig. 7),
which is similar to themechanism for the100msprinting.Theproportion is
estimated to be 31%based on themeanof the 9 events and ranges from7.9%
(triple jump) to 62.9% (200msprinting). The rest portion of the impactmay
be through other processes including physiological processes. For example,
the rise in ambient temperature may increase the muscle, core or brain
temperature and thus improve competitors’ performance in the athletics
anaerobic events. It is noticeable that the proportion mediated by the air
expanding is probably underestimated for these events due to too few high-
altitude results as that for 100m. Therefore, this thermodynamic process is
almost as essential as other factors including physiological processes for
inducing the relationof the competitors’performance changeswith ambient
temperature in these events.

Future projections under the warming climate
Considering the considerable impacts of weather conditions on the athletics
performance, we further investigate competitors’ performance changes in
these athletics events attributable to climate change. Among the four ana-
lyzedmeteorological variables, wind speed plays themost important role in
modulating competitors’ performances in 100m, 110/100m hurdles,
200m, long jump and triple jump. However, the angle between ambient
wind and running/jumping direction is highly random and the global-scale

net effect of wind is near-zero. Temperature plays the second and the first
most important role in these five and the rest six events, respectively. The
climate change in global-scale relative humidity is very small in both thepast
and the future4,39, and global-scale atmospheric pressure keeps constant
since the global-total atmosphere mass is almost constant. Moreover, rela-
tive humidity and atmospheric pressure play less important role in mod-
ulating the performance compared to ambient temperature. Thus, air
temperature dominates the changes in top competitors’ potential perfor-
mance (TCPP) in athletics anaerobic events attributable to climate change.
Temperature in bias-corrected CMIP6 global datasets provided from the
Earth’s historical and future climate (1979–2100)40 simulations and GHCN
CAMS monthly 2-m land surface air temperature datasets are used to
evaluate TCPP changes. We interpolate the gridded temperature into the
positions of the analyzed games before calculating TCPP. The temperature-
performance relationships of each event shown in Figs. 1 and 4 are used for
calculating TCPP.

Figure 8a shows the global-mean TCPP for 100m sprinting during
1979–2100 that is estimated by assuming that all the games and their
holding dates during 2019–2021 keep unchanged in each year of
1979–2100. We also assume that human physiology and thus the
performance-weather relationship keep unchanged during 1979–2100.
These assumptions are following the conventions of existing studies, in
which measures to adapt to the warming climate and the relationships for
the impacts of ambient weather conditions will keep unchanged. During
1979–2014,men, women andmixed-sex TCPPs based onCMIP6historical
simulations all show long-term improvements that are in good agreement
with those based on the observations (i.e., CAMSdata), although the former
is slightly greater. This confirms the reliability of the CMIP6 datasets in
estimating long-term TCPP changes. The warming climate improved
mixed-sex,men andwomenTCPP in 100m sprinting by 0.014 s, 0.11 s and
0.15 s, respectively, during 1979–2014 (CMIP6 dataset). The future TCPPs
all show continuous improvement for men, women and mixed-sex com-
petitors over the whole period of 2014–2100 under both the medium
(SSP245) and high (SSP585) emission scenarios. Under the SSP585, the

Fig. 8 | Global TCPP changes of athletics anaerobic events due to warming
climate. a TCPP of 100 m sprinting calculated game by game before averaging over
all the games throughout the world. Here TCPP is shown in relative to that at 15 °C
for visual purpose.We assume that all the games over 2019–2021will be held in each
year over 1979–2100 with no change in positions, dates and events. The Hist. Sim.
and Hist. Obs. denote the TCPP over 1979–2014 calculated based on the bias-
corrected CMIP6 historical climate simulations and the GHCN CAMS monthly
observations, respectively. The future projections are based on the CMIP6 projec-
tions under two future scenarios (SSP245 and SSP585)40 for 2015–2100. b Global

mixed-sex TCPP changes of the other 10 athletics events based on CMIP6 historical
(1979–2014) climate simulations and future (2015–2100) projections under the
scenario of SSP585. The TCPP changes are shown as the anomaly percentage to
those during 2019–2021 and the results for 200 m, 400 m, 400 m hurdles and 110/
100 m hurdles are reversed for visual purpose. c TCPP improvements (percentage)
over 2014–2100 and 1979–2100 under SSP585 for the 11 events shown in Panel (a)
and (b). The upper and lower bars for each event denote the improvement during
2014–2100 and 1979–2100, respectively. The TCPP changes during 1979–2014 are
based on CMIP6 historical climate simulations.
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TCPP will improve by 0.049 s, 0.041 s and 0.055 s during 2014–2100 for
mixed-sex, men and women competitors, respectively.

These improvements are non-ignorable given that the gold-medal
winner was often only <0.049 s faster than the silver-medal winner in the
100m sprinting of Olympic games and World Athletics Championships
(e.g. the 2021 Summer Olympics and the 2022 World Athletics Cham-
pionships). In fact, most of the new world record settings in recent decades
only improved the 100mworld recordby<0.049 s. Themixed-sex,menand
women TCPPs will improve by 0.021 s, 0.17 s and 0.23 s, respectively,
during 2014–2100 under SSP245, which is smaller but still non-ignorable.
These results indicate that human beings can substantially benefit from the
warming climate to run faster, though the warming climate has almost
always been blamed to negatively impact human beings.

Figure 8b shows impacts of thewarming climate onglobal-meanTCPP
of the other 10 athletics events calculatedwith the sameprocedures as that of
100m sprinting under SSP585. Here TCPP changes in javelin throw and
discus throw are not analyzed due to their weak temperature-performance
relationship (Fig. 4). Thewarming climate continuously improves theTCPP
of all the 10 events over 1979–2100, although the improving rate shows a
wide spread among these events. The TCPP improvement during
2014–2100 ranges from0.19% (shot put) to 0.68% (high jump),while that of
100m sprinting is 0.46%, ranking ninth among the 11 events (Fig. 8c). If
considering thewhole period of 1979–2100, the TCPP improvement ranges
from 0.27% (shot put) to 0.88% (high jump), while the TCPP of 100m
sprinting improves by 0.59%, ranking 7th among the 11 events. Similar
TCPP improvements can be found under the SSP245 scenario (Supple-
mentary Fig. 7), although the improving rate is overall smaller than that
under SSP585. Therefore, the warming climate can potentially improve
competitors’ performances in overwhelmingmajority (11 of 13) of athletics
anaerobic events despiteof the various formsof these events. In otherwords,
the warming climatewill assist human beings not only to run faster, but also
to jump further/higher and throw farther through expanding air and
reducing the air resistance to the competitors or the implements.

In fact, these athletics anaerobic events share the same aerodynamic
processes (air resistance) and muscle metabolism processes (e.g. anaerobic
processes) with a large quantity of non-athletics sports (e.g., rock climbing
and cycling track) and even some non-sport human activities (e.g., weight
carrying and step climbing). Thus, the revelation of the present study
implies that the changing climate will possibly also assist human beings to
perform better in various other sports and even certain daily life and labor
activities, assuming that human physiology keeps unchanged.

Discussions
Via looking at world-top competitors instead of certain games, the present
study reveals that the performance of nearly all athletics anaerobic events
monotonically improves as ambient temperature rises. This change coun-
ters our intuition and is quite distinctive from other human activities and
public heath burdens, which were conventionally recognized to be harmed
by the increasing temperature at leastwhen temperature is high.Mechanism
analysis shows that the rise in ambient temperature can improve the
competitors’ performance through expanding the air and thus reducing the
air resistance to the competitors or the throwing implements in these events.
Quantitative analysis estimates that a substantial proportion (about 31%) of
the total competitors’ performance improvement associated with ambient
temperature rise is through thismechanism. Further analysis shows that the
warming climate helps improve competitors’ performance in athletics
anaerobic events, which is distinct from the widely-revealed harm that the
warming climate has done and will continue to do on human beings. This
means that human beings can run faster, jump further/higher and even
throw farther with the assist of global warming. Similar positive impacts of
increased temperature and thewarming climatemayalso exist extensively in
many non-athletics sports and even non-sport human activities since the
aerodynamic processes and anaerobic capacity involve a variety of sports
and other human activities. However, this does not indicate that it is
unnecessary to commit to the activemitigation of greenhouse gas emission.

In fact, this kind of benefit brought by global warming is rare and it can far
from offset the extensive harm done by the climate change to other sports,
public heath burdens and human activities. Thus, global community should
still insist on controlling greenhouse gas emission, while a more compre-
hensive assessment of both the positive and negative impacts of anthro-
pogenic climate change on human beings is urgent to better adapt to the
changing climate.

Methods
Data of competition results
In the Olympic Games andWorld Athletics Championships, 43 individual
athletics events are held currently (excluding 4 relay events); 26 of them are
anaerobic.They are six sprints (men/women100m, 200mand400m), four
hurdles (women 100m hurdles, men 110m hurdles and men/women
400m hurdles), eight throws (men/women javelin throw, shot put, discus
throw and hammer throw) and 8 jumps (men/women long jump, triple
jump, pole vault and high jump). The competition results of all the current
world-top 20 competitors for each of the 26 events over 2019–2021 are used
in the present study. The original competition results (finishing time for
sprints and hurdles, height for high jumps and pole vault and distance for
long jump and high jump) are obtained from the world athletics official
website (https://worldathletics.org). For 100m, 200m, 100m hurdles,
110mhurdles, long jumpand triple jump,wind speedswere observed in the
Track-and-Field stadium when competition was going on, which are
obtained along with the competition results from the world athletics official
website. In these events, only competition results with valid wind observa-
tions are extracted. The rounds of competitions, the nationalities and the
ages of athletes are also acquiredalongwith the competition results. In order
to reduce uncertainties caused by incidents (e.g., getting injury in compe-
tition), the poorest 1% performance results are removed for each of the 26
events, respectively.

Weather observations
Temperature, relative humidity andatmospheric pressure for each result are
derived from the observations at adjacent weather stations based on the
Integrated Surface Data (ISD). Summary of the events, the athletes and
meteorological variables for each event that will be analyzed in the present
study is shown in Supplementary Table 2. The averages of weather variables
(temperature, dew point, atmospheric pressure) during 9:00–22:00 at the
nearest adjacent weather stations (ISD datasets) on the day when each
competition result was obtained are used to represent theweather condition
of this result. If any of the three weather variables on the day is invalid (with
<2 valid values), data at the second nearest station was used instead. If they
are still invalid, this competition result is dismissed. The period of
9:00–22:00 is selected because athletics anaerobic events are usually held in
this time range. In fact, exact times of these results are mostly not publicly
available since a competition usually hasmany rounds and trials.Moreover,
the averaged hour-to-hour variances of weather conditions over 9:00–22:00
are much smaller (e.g., ~8.7–12.9% for temperatures of the 13 events) than
the average variances among different competitions held in different days
and places (Supplementary Fig. 1). Hence errors caused by ignoring hour-
to-hour variances of the weather conditions are acceptable. Relative
humidity f (%) is calculated as follows:

f ¼ ea
E
× 100%; ð2Þ

where saturated vapor pressure E (hPa) and actual vapor pressure ea (hPa)
are derived from observed air temperature t (°C) and dew point t0 (°C),
respectively, via the Magnus formula with respect to water as follows41:

E ¼ 6:1094e
17:625t
tþ243:04; ð3Þ

ea ¼ 6:1094e
17:625t0
t0þ243:04: ð4Þ
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The land surface atmospheric pressure (pls, hPa) is calculated from sea
level pressure (psl, hPa), land surface altitude (H, m) and air temperature
derived from the original data in the ISD datasets as follows:

pls ¼ pslð1þ
γH

t þ 273:15
Þ
� g

γR

; ð5Þ

where g is the gravitational acceleration (9.8 m s−2), R is the gas constant for
dry air (287.053 J K–1 kg–1), γ is the environmental lapse rate. Here γ is set as
6.5 °C km−1, i.e., the global average value of γ. This formula is deduced based
on an idealmodel atmosphere in hydrostatic balance that has the constant γ
as given in the following equations:

dp
dz ¼ � gp

RT ¼ � gp
RðT0�γzÞ

p
�
�
z¼0

¼ psl
t ¼ Tjz¼H ¼ T0 � γH

8

><

>:

; ð6Þ

where p is the atmospheric pressure, z is the altitude, T0 is the atmosphere
temperature at sea level, and T is the atmospheric temperature in the ideal
model atmosphere.

Other covariates
Nationality can play a role in the competitors’ performance due to athletes’
acclimatization to different climates. For example, an athlete accustomed to
high temperature might perform better in a hot weather condition than the
one accustomed to low temperature. In order to investigate this effect, the
climatology of annual-mean temperature in the capital of each competitor’s
country is obtained from GHCN CAMS monthly 2-m land surface air
temperature datasets.

Different rounds of a competition might influence the performance of
athletes. For instance, 100m runners in the final roundmay perform better
compared to the preliminary round. We set the preliminary, semi-final/
qualifying-final and final round as round 1, 2 and 3, respectively, to quan-
titatively analyze the effect of the competition round on competitors’
performance.

The level of individual athletes may also influence the relationship
between weather conditions and their performance since top runners may
have different performance patterns compared to non-world class runners.
In order to characterize the level of an athlete of an event, the athlete’s
annual-mean performance (finishing time or distance) in this event is used.

Anomalies of athletes’ performance and other variables
To remove the competition level differences among competitors and among
years, we subtract annual-average height, distance or finishing time of each
competitor from original results of this competitor year by year to obtain
distance/height anomalies or finishing time anomalies. If only one valid
competition result exists in a year for a competitor, this result will be
removed. Correspondingly, ambient temperature, tail wind speed, atmo-
spheric pressure and relative humidity anomalies are calculated to keep
consistency. After these processes, the sample size of competition results
with valid meteorological variables for each event is summarized in Sup-
plementary Table 2.

Data availability
The athletes’ performance data are obtained from theworld athletics official
website https://worldathletics.org. The near surface weather observations
are provided by ISD datasets at https://www.ncei.noaa.gov/data/global-
hourly/access. The climate change projection data under SSP245 and
SSP585 emission scenarios are available at https://www.scidb.cn/en/detail?
dataSetId=791587189614968832&dataSetType=personal.

Code availability
All the keymethods (e.g. multiple linear regression analysis andGLM) used
in the present study are standard and are publicly available in the EXCEL
and R studio software.
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