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Motivation
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Impact of extreme events during 2001-2010 compared with 1991-2000 

Motivation
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4.1.2 Comparison of 2001–2010 with 1991–2000

Figure 17 (a) shows that, during the decade 2001–2010,more than 370 000 lives were 
lost owing to extreme climate conditions, including heat, cold, drought, storms and 
floods, marking an overall increase of +20 per cent with respect to the previous 
decade, 1991–2000. This increase is due mainly to the dramatic increase in the total 
reported deaths arising from heatwaves in 2003 and 2010. In fact, in 1991–2000, total 
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Increase in surface air temperature (T)

39-model average of surface air temperature in 2081-2100 
deviating from 1986-2005 (IPCC AR5 Fig. 12.11) 

Multi-model ensemble of global-mean surface 
air temperature deviating from 1986-2005 (The 
Climate Science Special Report Fig.1.4) 
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Increase in extreme temperature 
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Figure 4. Projected changes in 50-year return values of TXx and TNn. (A-D) The CMIP6 multi-2 

model median changes in the 50-year return values of TXx and TNn in 2071-2100 under the 3 

lower SSP1-2.6 and higher SSP5-8.5 scenarios relative to 1985-2014. (E-F) The corresponding 4 

changes at 2.0°C and 4.0°C global warming above preindustrial relative to the 1.0°C global 5 

Li et al. (2020)
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Humidity is another important contributor to heat stress 
People feel hotter when relative humidity is higher even the temperature is the same

US National Weather Service
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are larger than the estimated standard deviation of internal variability 
only at high latitudes and over the tropical oceans. Decreases in evap-
oration over land (i.e., Australia, southern Africa, northeastern South 
America and Mexico) and oceans are smaller than the estimated stand-
ard deviation of internal variability; the only  exception is the western 

North Atlantic, although the model agreement is low in that region. 
Projected changes in (E – P) over land (Figure 11.14b) are generally 
consistent with the zonal mean changes shown in Figure 11.13b. In the 
high northern latitudes and the tropics, (E – P) changes are mostly neg-
ative as dominated by precipitation increases (Figure 11.12), while in 

Figure 11.14 |  CMIP5 multi-model annual mean projected changes for the period 2016–2035 relative to 1986–2005 under RCP4.5 for: (a) evaporation (%), (b) evaporation minus 
precipitation (E – P, mm day–1), (c) total runoff (%), (d) soil moisture in the top 10 cm (%), (e) relative change in specific humidity (%), and (f) absolute change in relative humidity 
(%). The number of CMIP5 models used is indicated in the upper right corner of each panel. Hatching and stippling as in Figure 11.10.

2016-2035 relative to 1986-2005 under RCP4.5

IPCC AR5 (Fig. 11.14)

Over land, specific humidity increases while relative humidity (RH) decreases

What is the indication of climate warming to heat stress considering both T and RH? 
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Ø Part I Emulate the evolving distribution of    
relative humidity conditional on daily 
maximum temperature in a warming
climate

Ø Part II Responses of Wet-Bulb Globe Temperature 
to climate warming 
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Ø Part I Emulate the evolving distribution of    
relative humidity conditional on daily 
maximum temperature in a warming
climate

Ø Part II Responses of Wet-Bulb Globe Temperature 
to climate warming 
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Common assumptions for evolving marginal distribution in a warming climate 

Hansen et al. (2012)
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Evolving marginal distributions in a real case

July in Chicago (CESM LENS RCP8.5)

Mean:        65.6 ;  63.49;  60.29
STD:           15.72; 16.68;  17.97
Skewness:  -0.16;  -0.20;  -0.15

Mean:        26.90 ;  28.72;  32.04
STD:              2.72; 2.90;  3.29
Skewness:  0.42;  0.62;  0.81

Data: 35 members from CESM Large Ensemble 6-hourly data RCP8.5
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Evolving Joint Distributions between Tmax and Relative Humidity (RH)

New York City July

Tmax Tmax Tmax
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Evolving Joint Distributions between Tmax and Relative Humidity (RH)

New York City July

Enthalpy = 𝑇𝑚𝑎𝑥×𝐶! + 𝑅𝐻×
𝑒"#$×0.622
𝑃 − 𝑒"#$

×𝐿

Sensible heat Latent heat

Tmax Tmax Tmax
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CHI
NYC

PHX

NOLA

Ø NYC: New York City,  humid temperate climate

Ø CHI: Chicago, hot-summer humid continental climate

Ø PHX: Phoenix, hot-desert climate

Ø NOLA: New Orleans, humid subtropical climate 
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How to predict the evolving distribution of 
RH conditional on Tmax? 
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Quantile Regression

Multi-linear regression: !𝒀 = 𝑿 %𝛽

Quantile regression: !𝒀! = 𝑿 %𝛽!

Advantages of quantile regression：

• Without assuming any particular statistical form for the distribution

• Allows  any changes in shape of distribution
use 32 basis functions in total, including an intercept
term. We then fit each q quantile of temperature
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where all of the coefficients depend on q, but we sup-
press the dependence for convenience. This fit de-
termines coefficients a, ai, bj, and ci,j for each quantile at
each location.
To simplify notation, consider a matrix X where each

column corresponds to a basis function, and each row
refers to a unique value of d, t, and ensemble member.
Using this matrix, we construct our temperature model
in vectorized form:

T
q
5Xb

q
, (2)

where bq contains the 32 basis coefficients a, ai, bj, ci,j.
The predictor matrix X has 32 columns, each corre-
sponding to one basis function, and 3653 2503 50 rows.
To get a confidence interval for each entry of Tq, we re-
estimate the coefficients bq 100 times using resampled
datasets. We resample the data by randomly drawing
with replacement 50 whole simulations from our en-
semble of 50 simulations. By resampling complete re-
alizations, the dependency structure within realizations
is maintained in the resampled data. Appendix B,
section c provides further details about uncertainty
quantification.
As an example of a typical model fit, we show in Fig. 3

the seasonal cycle in CESM daily temperatures for three
locations, along with estimates of low, median, and high
quantiles. We show here data from 1850 to demonstrate
the seasonal fit rather than that of the long-term trend.

All locations show strong seasonal differences in vari-
ance that are well represented by our smooth estimates.
Relevant features that are captured include an asym-
metrical seasonal cycle in all locations; a clear left
skewness in wintertime in all three locations (although
most pronounced in the higher-latitude locations a and
b); and a distinct springtime shoulder in the higher-
latitude locations. These examples show the benefit of
explicitly modeling the seasonal cycle in variability
through smoothly varying quantile functions. The more
standard practice of treating all days within a season as
statistically identical would tend to obscure nuances
evident in Fig. 3, such as the decrease in winter tem-
perature spread (variability) from early to late winter.

4. Results and discussion

To facilitate comparison with previous studies, we first
perform a preliminary analysis where we replicate more
standard methods. That is, we examine changes in the
aggregate distribution of temperatures over multiweek
and multimonth intervals before we show results from
our new approach that calculates responses for indi-
vidual days. The standard analysis readily shows that
temperature distributions in the CESM ensemble
change over the RCP8.5 scenario (Figs. 4–6, which
compare the ‘‘initial’’ and ‘‘final’’ time windows 1850–64
and 2086–2100). Means uniformly shift to warmer tem-
peratures, but the distributions also change in terms of
standard deviations and skewness. Figure 4 shows initial
and final distributions in our example locations for ag-
gregated 15-day periods in winter and summer.
Regarding the spatial characteristics of temperature

distributions, we see the expected strong decrease in

FIG. 3. Illustration of results of our quantile estimation procedure using the 50-member CESM ensemble. The figure shows ensemble
daily mean temperatures for the year 1850 for the three representative locations a–c plotted in Fig. 2. The ensemble provides 50 points per
day, but for clarity, we show only 10% of the data. Solid lines show the median daily temperature, and dashed lines show the 0.025 and
0.975 quantiles estimated by our procedure. The locations of the points outside of the 0.025 and 0.975 quantile curves are fairly evenly
spread across day of year (notwithstanding the sizes of the exceedances), suggesting that these estimated quantile curves capture the
seasonally changing patterns in the tails of the distributions reasonably well.

15 OCTOBER 2018 HAUGEN ET AL . 8577

Haugen et al. (2018)
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Emulating the distribution of RH on Tmax through Quantile Regression
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Quantile regression solves the following minimization problem: 

(1)
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Lines: Estimated quantiles by the 
Quantile Regression Model (1) 

Dots: raw data from CESM LENS
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Model evaluation

Empirical inverse quantiles + cross validation of the RH data in a small Tmax interval (1 degree C)

99 quantiles from 0.01 to 0.99

the solid lines mark the 0.025 (lower line) and 0.975 (upper 
line) of the binomial distribution the counts should follow if the 
model is accurate
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Model evaluation

GOOD!
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At fixed temperature (e.g. 95th quantile in 1990-2005)

Heat Index: a metric measures intensity of 
heat stress considering both temperature 
and relative humidity (Rothfusz, 1990)

Increases in RH will amplify the heat stress in a future day when climate gets warmer. 
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In a warming climate, despite a modest decrease in RH, heat stress will tend to increase 
faster than temperature alone would indicate

At fixed quantile of temperature (e.g. 95th quantile in each period)
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Ø Part I Emulate the evolving distribution of    
relative humidity conditional on daily 
maximum temperature in a warming
climate

Ø Part II Responses of Wet-Bulb Globe Temperature 
to climate warming 
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Wet bulb globe temperature

1. It is measurable
Tg

Globe temperature
Tnw

(nature)
wet-bulb temperature

Ta
(dry-bulb)

temperature

2. Has been widely used in health guidelines372 Ken PARSONS

Industrial Health 2006, 44, 368–379

ISO 7933 (1989) and is illustrative.  A more recent analytical
method for ISO 7933 based upon the Predicted Heat Strain
method is now available but the principle still applies.

Example of the Application of International
ISO Standards to the Assessment of a Hot
Environment

The following hypothetical example demonstrates how
ISO Standards can be used in the assessment of hot
environments.  Workers in a steel mill perform work in four
phases.  They don clothing and perform light work in a hot
radiant environment for one hour.  They rest for 30 min and
then perform the same light work shielded from the radiant
heat, for one hour, then perform work involving moderate
activity in a hot radiant environment for 30 min.

ISO 7243 provides a simple method for monitoring the
environment using the WBGT index.  If the calculated WBGT
levels are less than the WBGT reference values given in the
standard, then no further action is required.  If the levels
exceed the reference values then the strain on the workers
must be reduced.  This can be achieved by engineering
controls and/or working practices.  A complementary or
alternative action is to conduct an analytical assessment as
described in ISO 7933.

The WBGT values for the work are presented in Table 2.
The environmental and personal factors relating to the four
phases of the work are presented in Table 3.  It can be seen
that for part of the work the WBGT levels exceed those of
the reference values.  It is concluded that a more detailed
analysis is required.

The analytical assessment method presented in ISO 7933
was performed using the data presented in Table 3 and the
computer program provided in the standard.  The results

for acclimatized workers in terms of an alarm level are
presented in Table 4.

An overall assessment therefore predicts that acclimatized
workers suitable for the work could carry out an eight-hour
shift without undergoing unacceptable (thermal)
physiological strain.  If greater accuracy is required, or
individual workers are to be assessed, then ISO 8996 and
ISO 9920 will provide more detailed information on
metabolic heat production and clothing insulation.  ISO 9886
provides methods for measuring physiological strain on
workers and can be used to design and assess environments
for specific workforces.  For example, internal body
temperature, mean skin temperature, heart rate and sweat
loss may be of interest in this example.

Validity, Reliability and Usability of ISO 7243

The validity of the WBGT index is related to how well
the WBGT value reflects the heat stress to which people
are subjected and how that relates to thermal strain.  There
have been a number of, mostly laboratory based, studies.
Bethea and Parsons6) have provided a summary and a number
of limitations are identified (e.g. when used for individuals
or when wearing specialist protective clothing).  There is a
general finding that within these limits WBGT provides a
valid index for the assessment of heat stress.  The principle
of the standard is that the WBGT is an index that is affected
by all of the basic factors that are important to human response

Table 1.   ISO 7243: WBGT reference values

Metabolic rate WBGT reference value
     (Wm–2)

Acclimatized (°C) Not acclimatized (°C)

Resting M < 65 33 32
65 < M < 130 30 29
130 < M < 200 28 26
200 < M < 260     25  (26)*     22  (23)*
M > 260     23  (25)*     18  (20)*

The values given have been established allowing for a maximum rectal
temperature of 38°C for the persons concerned.
*: Figures in brackets refer to sensible air movement. Table 3.   Basic data for the analytical assessment

Work phase ta tr Pa v Clo Act
(min) (°C) (°C) (kpa) (ms–1) (Clo) (Wm–2)

0–60 30 50 3 0.15 0.6 100
60–90 30 30 3 0.05 0.6 58
90–150 30 30 3 0.20 0.6 100
150–180 30 60 3 0.30 1.0 150

From ISO 7933 (1989)

Table 2. WBGT values (°C) for four work phases

Work phase WBGT* WBGT reference
(min)

0–60 25 30
60–90 23 33
90–150 23 30
150–180 30 28

*: WBGT=WBGTank+2×WBGTabd+WBGThd
4

https://ww
w.airmet.co
m.au/quest
emp-qt-34-
heat-stress-
monitor

Parsons (2006)

～walking
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Wet bulb globe temperature

𝑊𝐵𝐺𝑇 = 0.7×𝑇* + 0.2 𝑇+ + 0.1×𝑇,

Wet-bulb globe temperature (WBGT):

Simplified WBGT (appropriate for shaded conditions):

𝑊𝐵𝐺𝑇∗ ≈ 0.7×𝑇* + 0.3 ×𝑇,

Wet bulb temperature

Ø Empirical relationship based on psychrometric chat (Stull 2011)  ~ limited by ranges of observations

Ø Wet bulb potential temperature (DAVIES-JONES 2008) ~ designed for severe weather forecast 

Ø Isobaric wet bulb temperature (Li et al. 2020) ~  the cooling of body through perspiration

𝐶!#𝑇% + 𝐿&𝑞"(𝑇%) = 𝐶!#𝑇 + 𝐿&𝑞

Enthalpy of initial moist air Enthalpy of saturated 
moist air 

√
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Data and methods
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What is the historical heat stress like, measured by WBGT?
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What is the implication for heat stress, measured by WBGT, 
under the different level of global warming?
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Changes in Frequency of Exceedance with ∆𝐺𝑀𝑆𝑇
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Changes in Frequency of Exceedance with ∆𝐺𝑀𝑆𝑇 (Selected Sites) 
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Changes in Frequency of Exceedance with ∆𝐺𝑀𝑆𝑇 (Shanghai) 
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ØHumidity is an important contributor to the impact of heat stress:
Ø At fixed temperature, increases in RH will amplify the heat stress in a future day

Ø In a warming climate, despite a modest decrease in RH, heat stress will tend to increase faster 

than temperature alone would indicate

ØThe frequency of heat-humidity extremes, measured using WBGT, will increase 

dramatically in response to global warming

ØThe benefit of limiting ∆GMST to 1.5°C rather than 2°C is evident in reducing world 

population exposure to life threatening heat stress.
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Convert sea level pressure to surface pressure

𝑃 = 𝜌𝑅𝑇

𝑑𝑃 = −𝜌𝑔𝑑𝑧

𝑑𝑇 = Γ𝑑𝑧

(1)

(2)

(3)

(1) + (2) :  𝑑𝑃 = −
𝑔
𝑅𝑇 𝑃 𝑑𝑧

𝑑𝑙𝑛𝑃 = −
𝑔
𝑅𝑇 𝑑𝑧

(3) + (4) :  

(4)   

𝑑𝑙𝑛𝑃 = −
𝑔
𝑅Γ

×
𝑑𝑇
𝑇
= −

𝑔
𝑅Γ

𝑑𝑙𝑛𝑇

𝑙𝑛
𝑃𝑠
𝑃𝑠𝑙 = −

𝑔
𝑅Γ 𝑙𝑛

𝑇𝑠
𝑇𝑠𝑙

𝑃𝑠 = 𝑃𝑠𝑙× 1 −
Γ𝑧
𝑇𝑠

!
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