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Figure S1. Current country-level productivity associated with heat and air pollution. Circles on each country show annual country-level productivity losses (2017 PPP$) currently (2015-2019 mean) under SSP3-7.0 (a) and as a fraction of each country’s GDP in 2017 (b). Red circles show losses associated with humid heat, and blue circles show losses associated with air pollution. The area of the circle increases as a function of loss; the legend illustrates how the area of the circle increases with losses. Losses from humid heat are calculated using the exposure response function from Kjellstrom et al., 2018 using hourly ERA5 data (present). Labor losses associated with air pollution are calculated using CMIP6 SSP3-7.0 PM2.5 data (2015-2019 mean) and a concentration response function (CRF) from the WHO (Methods).
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Figure S2. Mid-century country-level productivity losses associated with humid heat and air pollution exposure. As in Figure S1, but circles on each country show annual country-level productivity losses (2017 PPP$) mid-century (2050-2054 mean) under SSP3-7.0 with 1°C of warming, both in absolute 2017 PPP$ (a) and in terms of each country’s 2017 Gross Domestic Product (GDP, b). Losses associated with heat exposure are calculated using the exposure response function from Kjellstrom et al., 2018 using hourly ERA5 data combined with CMIP6 patterns of warming to project changes at 1°C warming. Labor losses for air pollution are calculated from CMIP6 PM2.5 projections for 2050-2054.
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Figure S3. Present PM2.5 concentration in CMIP6 models. Mean 2015-2019 near-surface PM2.5 concentration in the SSP1-2.6 experiment. Upper panels show individual CMIP6 models used in analysis, with the multi-model mean PM2.5 shown in the bottom center. PM2.5 definition in Methods.
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Figure S4. Country-level labor losses associated with heat and air pollution. Time series showing country-level sums of potential labor losses associated with exposure to heat (lines) and air pollution (dots) under SSP1-2.6 (red) and SSP3-7.0 (blue). Thin lines and small dots show the individual CMIP6 model results, and thick lines and large dots show the multi-model median results.
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Figure S5. Avoided country-level labor losses associated with heat and air pollution. Time series showing avoided country-level potential labor losses associated with avoided exposure to heat (lines) and air pollution (dots). Avoided losses are calculated as the difference between losses in CMIP6 SSP1-2.6 and SSP3-7.0. Thin lines and small dots show the individual CMIP6 model results, and thick lines and large dots show the multi-model median results.
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Figure S6. Avoided country-level productivity losses associated with heat and air pollution. Time series showing avoided country-level potential productivity losses (2017 PPP$) associated with avoided exposure to heat (lines) and air pollution (dots). Avoided losses are calculated as the difference between losses in CMIP6 SSP1-2.6 and SSP3-7.0. Thin lines and small dots show the individual CMIP6 model results, and thick lines and large dots show the multi-model median results.
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Figure S6. Light, medium, and heavy intensity labor productivity losses associated with heat exposure, currently and with global warming. Annual totals of light (left column), medium (center column), and heavy (right column) intensity labor (hours/person/year, with a theoretical maximum of 4,380 lost work hours/year, or 12 hours/day and 365 days/year of work) calculated from Kjellstrom et al. 2018 humid heat exposure response function and hourly sWBGT calculated from ERA5 data for the present as well as for global temperature changes (‘Global ΔT’) of +1°C, +2°C, and +3°C relative to the present. For future warming, patterns of CMIP6 simplified Wet Bulb Globe Temperatures (sWBGT) warming patterns are used (Parsons et al., 2021). For the present, annual sums of labor lost (2015-2019) are calculated from the hourly sWBGT ERA5 data, the average over the 2015-2019 time period is shown (Methods).
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Figure S7. Global avoided labor productivity losses from air pollution and heat using a 7% annual discount rate.
Time series showing avoided cumulative productivity losses discounted at an annual 7% rate (a), and combined annual productivity and marginal investments losses discounted at an annual 7% rate. Avoided losses are due to avoided labor losses associated with heat exposure (lines) and air pollution exposure (dots) under Shared Socioeconomic Pathways (SSPs) SSP1-2.6 vs SSP3-7.0. Thin lines and small dots show the individual Coupled Model Intercomparison Project Phase 6 (CMIP6) model results, and thick lines and large dots show the multi-model median results. The grey triangles (b) show the combined avoided global productivity (2017 PPP$) losses from avoided heat and PM2.5 exposure under SSP1-2.6 vs SSP3-7.0, and the green shading outlines the annual estimated marginal investments to transform the energy system to limit warming to 2°C, with the dashed green line showing the mean estimate in McCollum et al.25 also discounted at an annual 7% rate.
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Figure S8. Avoided labor productivity losses using Foster et al. 2021 exposure response function. Similar to Figure 4 in the main text, but in place of the Kjellstrom et al. 2018 heat exposure response function (ERF), here the Foster et al. (2021) ERF is used, which produces labor losses at humid heat as low as 18°C, whereas the Kjellstrom ERF does not begin to show labor losses until humid heat reaches at least ~23°C. Above a humid heat threshold of ~33°C, the Foster ERF begins to show lower productivity loss than the Kjellstrom ERF. Time series (a) shows cumulative avoided global productivity (2017 PPP$) losses from heat and air pollution separately and (b) combined annual avoided productivity (2017 PPP$) losses from heat and air pollution as well as estimated marginal costs of energy investments needed to limit warming to 2°C, with the dashed green line showing the mean estimate and the shading showing the range of estimates from McCollum et al.23. Time series (c) shows avoided losses and combined annual productivity and marginal investments (d) discounted at an annual 3% rate.
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Figure S9. Projected time horizon when climate benefits outweigh air pollution benefits for labor using the Foster et al. 2021 exposure response function. Similar Figure 5 in the main text, but in place of the Kjellstrom et al. 2018 heat exposure response function (ERF), here the Foster et al. (2021) ERF is used. Scatter plot (a) shows latitude and year when each country is expected to show greater benefits from climate mitigation than air pollution, bar graph (b) shows distribution of countries by latitude as a function of when each country is expected to show greater climate as opposed to air pollution benefits, and map (c) shows the approximate year for each country in which climate benefits overtake air pollution benefits from emissions reductions, with darker colors indicating  more delayed climate relative to air pollution benefits.
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[image: ]Figure S10. Global, annual mean population-weighted PM2.5 exposure (a), global, annual days of labor loss associated with annual PM2.5 exposure (b) from ‘model + satellite’ Aerosol Optical Depth (AOD) estimates compared with the values in the Coupled Model Intercomparison, Phase 6 (CMIP6) models used in the main text, and avoided labor losses in CMIP6 SSP3-7.0 vs CMIP6 SSP1-2.6 (c). CMIP6 PM2.5 data are unbiased (Methods). In (a), CMIP6 SSP1-2.6 are shown with blue squares, CMIP6 SSP3-7.0 are shown with red squares, and the ‘model + satellite’-based observations are shown with black symbols. Observations and model data use average annual ambient PM2.5 from the 2015-2019 time period, with the exception of the Shaddick data, which is shown as an average of 2014-2016 time period. Note that with the exception of the MRI and UKESM models, both the SSP1-2.6 and SSP3-7.0 global mean exposure values fall within the range of observation-based estimates in the lower panel.


Table S1. CMIP6 models with necessary data to calculate global-mean temperatures and PM2.5.

	CMIP6 Model
	Variant or Ensemble Member 

	GFDL-ESM4
	r1i1p1f1

	GISS-E2-1-G
	r1i1p3f1

	MIROC-ES2L
	r1i1p1f2

	MRI-ESM2-0
	r1i1p1f1

	NorESM2-LM
	r1i1p1f1

	UKESM1-0-LL
	r1i1p1f2




Table S2. Labor intensity and values used to calculate loss fraction from heat exposure.

	Labor Intensity 
	WBGTaver 
	WBGTSD 

	Light: 200 W 
	35.533 
	3.948 

	Medium: 300 W 
	33.492 
	3.948 

	Heavy: 400 W 
	32.465 
	4.1607 




image5.png
== e
o N b

(Billions of Days/Year)

o N A O

Avoided Labor Losses

3.5
3.0
2.5
2.0
15
1.0
0.5
0.0
-0.5

Avoided Labor Losses
(Billions of Days/Year)

1.75
1.50
1.25
1.00
0.75
0.50
0.25
0.00

Avoided Labor Losses
(Billions of Days/Year)

a. China Avoided Labor Losses

b. India Avoided Labor Losses

35
30
25
20
15
10

20202030204020502060207020802090
c. Nigeria Avoided Labor Losses

20202030204020502060207020802090
d. Indonesia Avoided Labor Losses

20202030204020502060207020802090
e. Brazil Avoided Labor Losses

20202030204020502060207020802090
f. United States Avoided Labor Losses

1.0

0.8

0.6

0.4

0.2

0.0

Heat (K18 ERF)
PM, 5 (EU ERF)

20202030204020502060207020802090
Year

20202030204020502060207020802090
Year




image6.png
800

(2]
o
o

N
(=}
o

o

(Billion 2017 PPP$/Year)
iy
o
o

Avoided Productivity Losses

-200

175

Jun
w
o

(Billion 2017 PPP$/Year)
=
o
o

Avoided Productivity Losses

150
125
100

N U N
v o u

Avoided Productivity Losses
(Billion 2017 PPP$/Year)

o

a. China Avoided Productivity Losses

b. India Avoided Productivity Losses

1500
1250
1000
750
500
250

20202030204020502060207020802090
c. Nigeria Avoided Productivity Losses

20202030204020502060207020802090
d. Indonesia Avoided Productivity Losses

300

250

200

150

100

50

20202030204020502060207020802090
e. Brazil Avoided Productivity Losses

20202030204020502060207020802090
f. United States Avoided Productivity Losses

400

300

200

100

Heat
PM.5

20202030204020502060207020802090
Year

20202030204020502060207020802090
Year




image7.png
Light Work in 12-hr Workday: Medium Work in 12-hr Workday: Heavy Work in 12-hr Workday:
Present Day (Global AT +0°C) Present Day (Global AT +0°C) Present Day (Global AT +0°C)





image8.png
0 10! 102 10°
Time Lost (Hours/Person/Year)




image9.png
= = 1 Marginal Investment/Year
Avoided PM, 5 + Heat Losses

Year

-

.
s
o

b. Discounted (7%) Annual Combined Avoided Losses
and Estimated Marginal Energy Investments (2017 PPP$)

o o o
S o ©
S M &

500
100
-200
-300

(Jedr/$ddd L10Z U
SJUSWISAU| |eul
puUe S9SS07 PIPIOAY PIIUN0ISIQ

85 -100

a. Discounted (7%) Cumulative Avoided Global
Productivity Losses (2017 PPP$)
Heat
PMys
5
Y $H
o N
Year

14
2

$9S5077 PaPIOAY dAI3R|NWND PAIUN0ISIA




image10.png
~
o

o
=}

a. Cumulative Avoided Global
Productivity Losses (2017 PPP$)

Heat (F21 ERF)
PM; 5

ion 2017 PPP$/Year)

Avoided Productivity Losses and
Marginal Energy Investments

b. Annual Combined Avoided Losses
and Marginal Estimated Energy Investments (2017 PPP$)

= =1 Marginal Investments
Avoided PM; 5 + Heat (F21 ERF) Losses





image11.png
A Avoided PM; 5 + Heat (F21 ERF) Losses

= =+ Marginal Investment/Year

d. Discounted (3%) Annual Combined Avoided Losses
and Estimated Marginal Energy Investments (2017 PPP$)

o © o 9 o o
S o o S
© © ¥ N N

1000
0
—400

(Jedn/$ddd LTOT Ut
SjudwWsanu| |eulbiey
pue 535507 PAPIOAY PAIUN0ISIa

©

Qo

=)

o

P

&

Sa

oo

>

5

VLo

>0

20

Iy

=)

£48

33

<2

X3

uk=]

st

Bglg

[==

Sa| g

o g

S |x

Q2 s 2

a 35

. Hm

8]
[ J
o o o o (=]
< m ~N -

($ddd £T0Z uol|jiL)
S95507 PAPIOAY DAIIRINWIND PAIUNOISI




image12.png
Avoided Climate Impacts > PM, s Impacts (Year)

a. Latitude of Country and Year When Country Experiences b. When Countries Experience

Avoided Climate Impacts > PM, s Impacts Avoided Climate Impacts > PM, s Impacts
20901« 2090
2080 : ¢ 2080
2070 T + 2070
2060 @0 2060
w
2050 3 e @@ 2050
Cl WO ) © ®@® @ O
2040 {® DNl EBE 409 SENiE P ¢ 2040
0 10 20 30 40 50 60 0 20 40 60 80 100

Latitude (°N or °S) Number of Countries




image13.png
c. CMIP6 SSP1-2.6 vs SSP3-7.0: Avoided Heat > Avoided PM, 5 Labor Impacts
= ~ R

) L et
= = =

2035 2040 2045 2050 2055 2060 2065 2070 2075 2080 2085 2090 2095
Year




image14.png
a. Global Population-Weighted PM; s Exposure (2015-2019):
Observation-Based and CMIP6

80
¢ CMIP6 SSP1-2.6
~70 s ¢ CMIP6 SSP3-7.0
% A MERRA-2
g0 ¢ @ Shaddick
¢ 5 6 ® ® L ® ’ * GBD 2019
2 ‘ + van Donkelaar
S0l % * * * ¢ *
g '
& L4 4 4 + ) +
~ 30
s A 4 4 A A A
T 20
°
910
0 S 5
< A Q NS
&\“ q/;\, ((/@ Q"v ’V\/ N
N < (¢ 9 (,)k“ \‘\’\’
L i &L X & 2
© & N N & 3




image15.png
b. Global Labor Loss Associated with PM; s Exposure:

30

= N N
=] o o
+ % @ >

=
o

Global Labor Lost
(Billions of Days/Year)

Observation-Based and CMIP6 Data

5 CMIP6 SSP1-2.6
[0 CMIP6 SSP3-7.0
MERRA-2
Shaddick
GBD 2019 ||

van Donkelaar

0
2020 2030 2040 2050 2060 2070 2080 2090
Year

25

N
o

15

10

Global Labor Loss Avoided
(Billions of Days/Year)

c. Global Labor Loss Avoided:
CMIP6 SSP3-7.0 vs SSP1-2.6

I A labor lost

0 -
2020 2030 2040 2050 2060 2070 2080 2090

Year




image1.png
60°N

30°N

0°

30°s

60°S

60°N

30°N

0°

30°S

60°S

a. Current (2015-2019) All-Sector Productivity (2017 PPP$) Losses

eV @ -
[
@ PM,s (414 x 10° PPP$)
@ Heat (372 x 10° PPP$)
120°W 60°W 0° 60°E 120°E 180°
b. Current (2015-2019) All-Sector Productivity Losses (% of 2017 GDP)
.
@
~...
.. ®
° °
° L
®
P IE
© PMs(3% i
@ Heat (5%)
120°W 60°W 0° 60°E 120°E 180°




image2.png
60°N

30°N

0°

30°s

60°S

60°N

30°N

0°

30°S

60°S

a. Mid-Century All-Sector Productivity (2017 PPP$) Losses: SSP3-7.0

< “ g . °
N WY@
3N
: ®
. 3 L 2
®
L]
@ PMas (449 x 10° PPP$)
@ Heat (595x 10° PPP$)
120°W 60°W 0° 60°E 120°E 180°
b. Mid-Century All-Sector Productivity Losses (% of 2017 GDP): SSP3-7.0
L]
)
%,
o ®
. @
® - q
®
PO
© PMys (4% i
@ Heat (8%)
120°W 60°W 0° 60°E 120°E 180°




image3.png
GFDL-ESM4 GISS-E2-1-G MIROC ES2L
Tz —— . —_—

MRI-ESM2-0 NorESM2-LM

PM2.5 Concentration (ug/m”~3)




image4.png
= = N
o w o

(Billions of Days/Year)
w

Annual Labor Losses

wv

IS

(Billions of Days/Year)
N w

Annual Labor Losses

1

0

(Billions of Days/Year)
=2 NN
o (6] o ul

o
n

Annual Labor Losses

0.0

a. China Labor Losses

b. India Labor Losses

.“00000000000.0

60

50

40

30

20

10

0

besdssddssisiseis

20202030204020502060207020802090
c. Nigeria Labor Losses

20202030204020502060207020802090
d. Indonesia Labor Losses

— v g g

pess8888333833332

20202030204020502060207020802090
e. Brazil Labor Losses

20202030204020502060207020802090

20202030204020502060207020802090
Year

1.6
1.4
1.2

0.0

f. United States Labor Losses

m— 5SP370 (Heat)
m— 5SP126 (Heat)
@ ssp370 (PMys)
@ sspl26 (PMys)

20202030204020502060207020802090
Year




