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Motivation

Impact of extreme events during 2001-2010 compared with 1991-2000
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Increase in surface air temperature (T)
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Increase in extreme temperature
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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

Low humidity High humidity

jungle
At the beach or near
the ocean

Sweat evaporates into the It's harder for sweat to evaporate
air, which coolsthe body. because the air is already so moist.
The body doesn’tcool down as
easily. That's why it feels hotter.

At higher elevations
in the mountains

In the desert

US National Weather Service




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

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

A Specific Humidity

IPCC AR5 (Fig. 11.14)




Outline

» Part | Emulate the evolving distribution of
relative humidity conditional on daily
maximum temperature in a warming
climate

» Part |l Responses of Wet-Bulb Globe Temperature
to climate warming
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Common assumptions for evolving marginal distribution in a warming climate
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Evolving marginal distributions in a real case

July in Chicago (CESM LENS RCP8.5)
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Evolving Joint Distributions between Tmax and Relative Humidity (RH)

New York City July
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Evolving Joint Distributions between Tmax and Relative Humidity (RH)
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NYC 1990-2005 NYC 2026-2035 NYC 2071-2080

< 100 100 - 100 ;
o .y
2 80 80 80
. . . e
» NYC: New York City, humid temperate climate E 60 60 60
c
v 40 40 2| 40
. . . . =
» CHI: Chicago, hot-summer humid continental climate S 2 i 20 . 2 e
“ 10 2 30 40 10 20 30 40 10 20 30 40
. . ~ 100. CHI1990-2005  \\  CHI2026-2035 CHI 2071-2080
» PHX: Phoenix, hot-desert climate 8 - AN
2 80 80
©
. . . E 60 60 |
» NOLA: New Orleans, humid subtropical climate 2
© 40 40 |
2
8 20 20 1
. * ; S ~o7 {" 61 ()’53“ i :3'4539/ f : < ( b W ' !
X T 5 T T 10 20 30 10 20 30
i ' < iy e o < 50, PHX 1990-2005 50, PHX 20712080
0 : o - S h < it ©
W ‘ - NYC ’ %60 60 1
£
i . “gy S 40
g e [
e s b 220 20 |
A o
L oL i ; g 0 ¢ 0 b . 0 %
PHX ’ # 5 P 5, 20 30 40 50 20 30 40 50 20 30 40 50
) ‘ ; ;} 100 — NOLA 1990-2005 100 — NOLA 2026-2035 oo _NOLA 2071-2080
< r
r\'\‘ \i A LiA f g ~.:.
\ i NOLA I 2 80 80 | 80 {
LAY - Pt e i ft .'E
A ‘*;‘.’\\ . . fyl i 3 60 60 60 |
\ . I 20A v
2 40 40 40
©
T
€ 20— ; : — 20l ; : — 201 : : :
25 30 35 40 25 30 35 40 25 30 35 40
Tmax (°C) Tmax (°C) Tmax (°C)
B 2 |
3 4 5 6 7

Enthalpy(Megajoule/kg)



How to predict the evolving distribution of
RH conditional on Tmax?




Quantile Regression

Multi-linear regression: ¥ =Xx§ O &
g
Quantile regression: Y, = X5, o
S p——
= 8 1 -- 2.2/;;'.15th quantile
: : "0 100 200 300
Advantages of quantile regression Day of the year  Haugen et al. (2018)

* Without assuming any particular statistical form for the distribution

* Allows any changes in shape of distribution

16




Emulating the distribution of RH on Tmax through Quantile Regression

m
RH,(Tmax) = 0 +y (Tmax — Ty), + an K;(Tmax) (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)
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line) of the binomial distribution the counts should follow if the
model is accurate
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Model evaluation
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At fixed temperature (e.g. 95t quantile in 1990-2005)

Increases in RH will amplify the heat stress in a future day when climate gets warmer.

JULI NYC NYC

100 - i - ==~ 1990-2005(0.50) 20 !
o | —— 1990-2005(0.95) 2071'208@,)
2 90 : 2026-2035(0.50) 2026-203%
> E 2026-2035(0.95) '
5w | —-- 2071-2080(0.50) 451 1990-200%
I 1\ — 2071-2080(0.95)
S 70 :
T ¥ @)
0 ] : < 40,
'4% 50 4 \\\ E\\\ %
% \\E\\ \\\ E
o 40 i \\\ 8 35 |

- H N T

1990-2005

0.15 1
> 2026-2035
.*é 010 2071-2080 30
8 0.05

0.00 : : r T 7 T 231 ' \ ' ! y

15 20 5 30 35 40 a5 50 25.0 27.5 30.0 325 35.0 375
Tmax (C) Tmax (C)

Heat Index: a metric measures intensity of
heat stress considering both temperature
and relative humidity (Rothfusz, 1990) 21




At fixed quantile of temperature (e.g. 95t quantile in each period)

In a warming climate, despite a modest decrease in RH, heat stress will tend to increase
faster than temperature alone would indicate
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Wet bulb globe temperature

1. It is measurable

Te T
Globe temperature
(nature)

wet-bulb temperature

Ta
(dry-bulb)
temperature

https://ww
w.airmet.co
m.au/quest
emp-qt-34- 9 QUESTEmE 2o
heat-stress-
monitor

2. Has been widely used in health guidelines

Table 1. ISO 7243: WBGT reference values

Metabolic rate WBGT reference value
(Wm™)
Acclimatized (°C) Not acclimatized (°C)

Resting M < 65 33 32

65 <M< 130 30 29

130 < M < 200 ~ walking 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.

Parsons (2006)
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Wet bulb globe temperature

Wet-bulb globe temperature (WBGT): y
WBGT = 0.7XT,, + 0.2 T, + 0.1xT, Y
Simplified WBGT (appropriate for shaded conditions): Q /
WBGT* ~ 0.7xT,, + 0.3 XT, } ) .
o  WETBULB

Wet bulb temperature

» Empirical relationship based on psychrometric chat (Stull 2011) ~ limited by ranges of observations
» Wet bulb potential temperature (DAVIES-JONES 2008) ~ designed for severe weather forecast

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

CpaTw + Lyqs(Ty) = CpaT + Lyq

Enthalpy of saturated Enthalpy of initial moist air
moist air

26




Data and methods
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What is the historical heat stress like, measured by WBGT?
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United States, 1995-07-14 Europe, 2003-08-12 Russia, 2010-08-06
3 - - - - '




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 AGMST

_ WBGT*>31°C _ _ WBGT*>33°C  WBGT*>35°C
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WBGT>31°C WBGT>33°C WBGT>35°C
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Changes in Frequency of Exceedance with AGMST (Selected Sites)
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Changes in Frequency of Exceedance with AGMST (Shanghai)

Frequency
WBGT > 33°C of extreme heat
days with a WBGT AgMmsT °C)
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WBGT* > 33°C

WBGT* >31°C

World Population Exposure to Extreme WBGT
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Key Takeaways

» Humidity is an important contributor to the impact of heat stress:

» At fixed temperature, increases in RH will amplify the heat stress in a future day
» In a warming climate, despite a modest decrease in RH, heat stress will tend to increase faster

than temperature alone would indicate
» The frequency of heat-humidity extremes, measured using WBGT, will increase
dramatically in response to global warming
» The benefit of limiting AGMST to 1.5°C rather than 2°C is evident in reducing world

population exposure to life threatening heat stress.
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Thank You!

« J.Yuan*, M. I Stein, and R. E. Kopp (2020). The evolving distribution of relative humidity
conditional upon daily maximum temperature. Journal of Geophysical Research-
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Convert sea level pressure to surface pressure

P = pRT
dP = —pgdz
dT = T'dz
(1) +(2):
(3) +(4):

(1)
(2)
(3)

— — S—
dP = P dz
g dl g
—__Jd L __ I
dinP °T X T RT dinT

, (PS)_ gl (TS)
"\pst) = T Rr " \Ts1

'z ég_l“
Ps = PslXx <1 — (—)>
Ts

dinP = — L 4z

(4)



