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Training Outline
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Total Heat-Related Deaths
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Credit: NASA Credit: Mallen et al., 2019
Land Surface Integrating
Temperature-based Urban Socioeconomic Data
Heat Island Mapping with Satellite Imagery

for Constructing Heat
Vulnerability Indices -
Session 1
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Credit: Conlon et al., 2020

Integrating
Socioeconomic Data
with Satellite Imagery
for Constructing Heat
Vulnerability Indices -

Session 2

11 August 2022

S
.

Credit: CIESIN

Using High-Resolution,
Satellite Derived Hot-
Humid Heat Estimates and
Gridded Population Data
to Map Exireme Heat
Exposure Worldwide

2.


https://landsat.visibleearth.nasa.gov/view.php?id=36227
https://cpn-us-w2.wpmucdn.com/sites.gatech.edu/dist/f/1440/files/2020/09/SAM-and-HVI-in-Dallas_Mallen-et-al.pdf
https://ehp.niehs.nih.gov/doi/10.1289/EHP4030
https://sedac.ciesin.columbia.edu/downloads/maps/sdei/sdei-global-summer-lst-2013/sdei-global-summer-lst-grids-2013-day-max-north-america.png

Course Structure and Materials

 Webinar recordings, presentations,
and the homework assignment can

be accessed from the fraining page:

— https://appliedsciences.nasa.gov/join- ARSET - Satellite Remote Sensing for
mission/training/english/arset-satellite- .
remote-sensing-measuring-urban-heat- Measuring Urban Heat Islands and
islands-and Constructing Heat Vulnerability Indices

NASA’s Applied Remote Sensing Training Program


https://appliedsciences.nasa.gov/join-mission/training/english/arset-satellite-remote-sensing-measuring-urban-heat-islands-and
https://appliedsciences.nasa.gov/join-mission/training/english/arset-satellite-remote-sensing-measuring-urban-heat-islands-and

Homework and Certificate

« Homework Assignment:

— There will be one homework assignment for this webinar series.

— Answers must be submitted via instructions found on the
training page

— Due date: August 25, 2022

« A certificate of completion will be awarded to those who:
— Attend all live webinars

— Complete the homework assignment by the deadline

— You will receive a certificate approximately two months after
the completion of the course from
marines.martins@ssaing.com

h NASA's Applied Remote Sensing Training Program



https://appliedsciences.nasa.gov/join-mission/training/english/arset-satellite-remote-sensing-measuring-urban-heat-islands-and
mailto:marines.martins@ssaihq.com

Learning Objectives

After participating in today’s fraining, attendees will be
able to:

« Define the Wet Bulb Globe Temperature and how it is
a measure of heat stress

 Discuss the Global High Resolution Daily Extreme Urban
Heat Exposure dataset and how it is used with
socioeconomic data for understanding exposure

 Demonstrate the use of a Python Jupyter Notebook for
assessing extreme urban heat exposure

NASA's Applied Remote Sensing Training Program



https://earthobservatory.nasa.gov/features/GreenRoof/greenroof2.php

Presenter Bio

| am a human-environment geographer at
CIESIN, a center at the new Columbia Climate
School and an in-coming Assistant Professor at
Montana State University.

My research focuses on the intersection of
extreme heat exposure, climate change, and
food security.

My goal is to inform adaptation strategies that o
reduce the harmful and inequitable impacts of Cascade Tuholske, PhD

extreme heat events. Postdoctoral Research Scientist

: : Center for International
| received my P,hD in Geography from UC Earth Science Information Network
Santa Barbara in 2020. Columbia Climate School

&2 COLUMBIA CLIMATE SCHOOL M

CENTER FOR INTERNATIONAL EARTH SCIENCE

INFORMATION NETWORK MONTANA : )
STATE UNIVERSITY Montana State University

Assistant Professor (Fall '22)
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Part 4: Using High-Resolution, Satellite Derived Hot-Humid Heat :
Estimates and Gridded Population Data to Map Exireme Heat
Exposure Worldwide

« |Introduction to Wet Bulb Globe Temperature

« Overview of Global High Resolution Daily Extreme Urban Heat Exposure (UHE-
Daily), vl (1983-2016)

« Overview of Annual Global High-Resolution Extreme Heat Estimates, v
« Jupyter Notebook Demonstration

« Questions and Answer Session

h NASA's Applied Remote Sensing Training Program




The Urban Heat Island & Human Health + Wellbeing

 Many satellite-borne Earth observation derived
temperature datasets (e.g., MODIS, Landsat)
measure land surface temperature (LST).

* But humans don’t live on the ground, we live ~2
meters above.

 LST temperature is the radiated heat from a given
surface.

 LST can vary greatly over very short distances and
time span.

« Example: Grass football field next to an asphalt
parking lot.

NASA’s Applied Remote Sensing Training Program

(Google Earth)
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The Urban Heat Island & Human Health + Wellbeing

Figure 2.9. A multitude

of measures exist for AMBIENT AIR
) o TEMPERATURE

heat, including remote .
9 S0%  RELATIVE

]
Vv
sensing of land surface HUMIDITY E
temperatures, ambient

ir temperatur LAND SURFACE
air temperatures, WET BULB GLOBE TEMPERATURE

and wet bulb globe TEMPERATURE
, 24 _ (INDOOR)
temperature readings WET BULB GLOBE WET BULB GLOBE
, TEMPERATURE TEMPERATURE
(Laad Keith and Sara o7op (FULLSUN) )
Meerow) A\

(Keith & Meerow, 2022)
« LST, orradiated heat, can amplify heat impacts to human health + wellbeing.

* But observing LST alone is not sufficient.

NASA's Applied Remote Sensing Training Program 9 .




Wet Bulb Globe Temperature (WBGT) Overview

* Wet Bulb Globe Temperature (WBGT) accounts for
ambient (2 meter) air temperatures, relative
Humi;ji’ry, radiated heat (LST), and wind speeds (air

OWS).

* WBGT is usually measured with a field instrument
called a WBGT thermometer.

 WBGT=0.7Twb +0.2Tg +0.1 Ta

— Twb: temp of 'natural wick’ (wetted cotton
exposed)

— Tg: temp of black globe (exposed)

— Ta: air temperature (not exposed)

* Important: WBGT and Wet Bulb Temperature are
two different metrics.

Kestrel Insfruments

NASA's Applied Remote Sensing Training Program 10 .




Wet Bulb Globe Temperature (WBGT) Overview

« WBGT was created in the 1950s
for the US Marine Corps.

« WBGT Is often used for
occupational health risk
standards, as well by sporfing
leagues, to identify dangerous
thresholds to human health.

NASA’s Applied Remote Sensing Training Program

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 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)



Wet Bulb Globe Temperature (WBGT) Overview

e International Standards Organization
(ISO) 7243 is an often-cited criteria for
WBGT dangerous thresholds.

 |ISO WBGT thresholds are defined by
metabolic rates and time exerting.

SO WBGT thresholds were designed for
the "working man’ (e.g., young, fit,
healthy, American Marines) ... e.g., not
the vast majority worldwide of people
who are most at risk to heat stress
(Parsons 2006; Cheung et al. 20195).

NASA’s Applied Remote Sensing Training Program

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 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)



Wet Bulb Globe Temperature (WBGT) Overview

Earth’s Future

Research Article () Open Access € @

Explicit Calculations of Wet-Bulb Globe Temperature Compared
With Approximations and Why It Matters for Labor Productivity

* WGBT can be estimated from R
meTeorO|OgiCG| dGTG ObTGined from First published: 31 January 2022 | https://doi.org/10.1029/2021EF002334
space-born Earth-observing satellites. m e\ To0s <

« WBGT can also be estimated with Abstract

Wet-bulb globe temperature (WBGT) is a widely applied heat stress index. However, most

m eTe O ro | O g i C O | d O TO fro m C | i m O Te applications of WBGT within the heat stress impact literature that do not use WBGT at all,

. but use one of the ad hoc approximations, typically the simplified WBGT (sWBGT) or the
re O n G |YS|S p rOd U C'I'S . environmental stress index (ESI). Surprisingly, little is known about how well these
approximations work for the global climate and climate change settings that they are
being applied to. Here, we assess the bias distribution as a function of temperature,
humidity, wind speed, and radiative conditions of both SWBGT and ESI relative to a well-

i S eV e rG | m e T h O d O I O g i eS eXiST for validated, explicit physical model for WBGT developed by Liljegren, within an idealized

context and the more realistic setting of ERAS reanalysis data. SWBGT greatly

C O | C U | O Ti n g W B GT WiT h m eTe Oro | Og iC G | overestimates heat stress in hot-humid areas. ESI has much smaller biases in the range

of standard climatological conditions. Over subtropical dry regions, both metrics can

d O 'I'O (S e e KO n g G n d H U b er 2022) substantially underestimate extreme heat. We show systematic overestimation of labor
loss by sWBGT over much of the world today. We recommend discontinuing the use of
SWBGT. ESI may be acceptable for assessing average heat stress or integrated impact
over a long period like a year, but less suitable for health applications, extreme heat
stress analysis, or as an operational index for heat warning, heatwave forecasting, or
guiding activity modification at the workplace. Nevertheless, Liljegren's approach should
be preferred over these ad hoc approximations and we provide a fast Python
implementation to encourage its widespread use.

NASA's Applied Remote Sensing Training Program 13
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WBGT, Urban Areas, and the Lack of Station Data

Rural
B Peri-urban
4| HEE Urban

- Over 4,000,000,000 people live
more than 25 km from a
weather station with a robust,
longitudinal reporfing record.

L

« Half are ‘urban’ residents. 1

Population (Billions)
o %)

== ikm 1-5km 5-10km 10-25km =25km
Distance from GHCN/GSQOD Station

Zaitchik & Tuholske 2021

h NASA's Applied Remote Sensing Training Program 14 .



WBGT, Urban Areas, and the Lack of Data

For India, there are ~3,000 ‘urban’
settlements but only 111 robust,
longitudinal weather stations.

Earth observations are thus key for
assessments of historical change,
current monitoring, short-term and
seasonal forecasting, and future

climate projections of extreme heat.

NASA’s Applied Remote Sensing Training Program
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WBGT, Urban Areas, and the Lack of Data

Satellite data combined with station
observations can gap-fill areas where
we lack femperature data.

CHIRTS-daily, from UC Santa Barbara
Climate Hazards Center, is the most
accurate and highest resolution daily
(0.05°) global temperature product,
available from 1983 - 2016 (update to
present forthcoming).

CHIRTS-daily leverages the temporal
accuracy of stations with the spatial

coverage of meteorological satellites.

DOI: hitps://doi.org/10.15780/G2008H

h NASA's Applied Remote Sensing Training Program
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Tuholske et al. 2021


https://doi.org/10.15780/G2008H

Global High Resolution Daily Exireme Urban Heat Exposure
(UHE-Dadily), v1 (1983-2016)

.

4L o
 Use CHIRTS-daily to calculate daily
maximum heat index, following the US o
National Weather Service procedure. _ E20% rh
-
. . . T &40% rh
— Daily maximum air temperature '
— Daily minimum relative humidity = @80% rh
* Then convert Himax fo WBGTmax, 48 WEBGT = -0.0034 HIZ + 0.06 H - 34
following Bernard & Iheanacho 2015.
* Assumes a fixed wind speed and L .00 120 140
radiation. HI[“F]

Bernard & Iheanacho 2015.

h NASA's Applied Remote Sensing Training Program 17 .



Global High Resolution Daily Exireme Urban Heat Exposure
(UHE-Dadily), v1 (1983-2016)

Combine CHIRTS-daily WBGTmax record
with the Global Human Settlement Layer
Urban Centre Data Base (Florczyk et al.

2019)

Create arecord of WBGTmax for every
urban settlement on the planet from CHIRTS-daily
1983 - 2016 (150 million observations). ol

Apply ISO threshold to identify
dangerous hot-humid days (e.g.,
WBGTmax > 30°C) for each city on the
planet, from 1983 — 2016 to produce a
record of all urban hot-humid heat
waves.

GHS-UCDB Raster

NASA’s Applied Remote Sensing Training Program

GHS-UCDB

Area-averaged WBGT




Global High Resolution Daily Exireme Urban Heat Exposure
(UHE-Daily), v1 (1983-2016)

Exposure

(Person-days)

Hot Days = # Days WBGTax >30° C
Exp = Hot Days X Population

NASA’s Applied Remote Sensing Training Program



Global High Resolution Daily Exireme Urban Heat Exposure
(UHE-Daily), v1 (1983-2016)

{:)) (9)

Total Exposure Trend due to population growth Trend due to urban warming

Avg. annual increase: ) Avg. annual increase: Annual increase:
2.1 billion person-days yr~1 1.4 billion person-days yr~1 0.7 billion person-days yr~1
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Tuholske et al. 2021

Global exposure increased 200% from 1983 — 2016. Total urban warming
conftributed a third of the annual increase in exposure.

NASA’s Applied Remote Sensing Training Program




Global High Resolution Daily Exireme Urban Heat Exposure
(UHE-Daily), v1 (1983-2016)

.

Annual increase in exposure

Person-days yr*
10°°
o
10*°
10°°
® 10¢
® 10™

Tuholske et al. 2021

Nearly 6,000 urban settlements had an increase in exposure, which housed 1.7
billion people in 2016.

h NASA's Applied Remote Sensing Training Program 21 @



Global High Resolution Daily Exireme Urban Heat Exposure

Contribution to increase in
exposure

(UHE-Daily), v1 (1983-2016)

Share of Increase
~ 100% Warming

Equal

100% Population

Tuholske et al. 2021
Heterogenous contribution of population growth vs. total urban warming.
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Global High Resolution Daily Exireme Urban Heat Exposure

Annual increase in days yr™
WBGT > 30°C

(UHE-Daily), v1 (1983-2016)

Days yr' > 30°C
0-0.5
05-1

-1.

5
5-2
-2.5
-3
5

Tuholske et al. 2021
Important Note: Urban warming is both climate change and the urban heat

island effect.
h NASA’s Applied Remote Sensing Training Program




Global High Resolution Daily Exireme Urban Heat Exposure
(UHE-Dadily), v1 (1983-2016)

Increase in humid-hot days (WBGT > 30°C)
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Tuholske et al. 2021

“Proximate” urban settlements of similar size populations and levels of economic

development have much different increase in the number of dangerous hot-humid
days per year.

NASA’s Applied Remote Sensing Training Program




Global High Resolution Daily Exireme Urban Heat Exposure
(UHE-Dadily), v1 (1983-2016)

Other DAAC

%% EARTHDATA

Socl0ECONOMIC DATA AND APPLICATIONS CENTER (SEDAC)
4 Data Center NASAs Earth Observing Svstem Data and Inf Svstem (EOSDIS) Hosted by ( S at ( " " it
[ N -
DATA MAPS THEMES RESOURCES SOCIAL MEDIA ABOUT HELP
Katellite-Derived Environmental Indicators Follow Us: ® BB #% | Sharc: # 03

S o Global High Resolution Daily Extreme Urban Heat Exposure

- UHE-Daily, v1 dataset is available s (UHE.Daily), v (19832016)

from the NASA Socioeconomic Data ,

ily), vi (1983

2016)
4 b Show All To provide a high-resolution, longitudinal global data set of extreme urban heat
O n p p I C O | O n S e n e r . Map Gallery events and urban heat exposure
Map Service Abstract

- T'he Global High Resolution Daily Extreme Urban Heat Exposure (UHE-Daily),

PY R e C O rd | n C | U d eS . 1983-2016 data set contains a high-resolution, longitudinal global record of

° geolocated urban extreme heat events and urban population exposure estimates for
more than 10,000 urban settlements worldwide for 1983-2016. Urban extreme heat
cvents and urban population exposure are identified for each urban settlement in

E h -I- h M d b h -I- the data record for five combined temperature-humidity thresholds: two-day or
- Ve ry O - U | I I I U r O n e O WO Ve Y longer periods where the daily maximum Heat Index (HImax) > 40.6 °C; one-day
. . or longer periods where Himax > 46.1 °C; and one day or longer periods where
I n C | U d I n d G 'I'es O n d W B GTm OX the daily maximum Wet Bulb Globe Temperature (WBGTmax) > 28 °C, 30 °C,
g and 32 °C. The WBGTmax thresholds follow the International Standards

Organization (ISO) criteria for risk of occupational heat related heat illness,

estimates, from 1983 — 2016 for wherse oo lax fwndhokds Slln e 1 5. Ntonal Wehr Sorioe?

definition for an excessive heat warning. For each criteria, across urban

settlements worldwide, the data set also contains the duration, intensity, and
re e res O S I I l OX severity of each urban extreme heat event

Recommended Citation(s)*:

0] (0] (0]
’ ’ Tuholske, C., K. Caylor, C. Funk, A. Verdin, S. Sweeney, K t:‘-::-\““:‘ “'\‘ & RefWorks)

Grace, P. Peterson, and T. Evans. 2021. Global High
Resolution Daily Extreme Urban Heat Exposure (UHE-
Daily), 1983-2016. Palisades. NY: NASA Socioeconomic
Data and Applications Center (SEDAC)
https://doi.org/10.7927/fq7g-ny13. Accessed DAY
MONTH YEAR
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Global High Resolution Daily Exireme Urban Heat Exposure
(UHE-Dadily), v1 (1983-2016)

A Data Center in NASA's Earth Observing System Data and Inf

SocioECONOMIC DATA AND APPLICATIONS CENTER (SEDAC)

tion System (EOSDIS) — Haosted by CIE [

Rttt |

DATA MAPS THEMES RESOURCES SOCIAL MEDIA ABOUT HELP

Ratellite-Derived Environmental Indicators Follow Us: # E3E*¢ | Shure: # KD

S o Global High Resolution Daily Extreme Urban Heat Exposure
(UHE-Daily), v1 (1983-2016)

Data Sets
!k

on Daily

Set Overview  Data Download = Documentation

Extreme Urban Heat

-  Annual person-day estimates for = i~ S b
each urban settlement.

Show All To provide a high-resolution, longitudinal global data set of extreme urban heat

M Ga) events and urban heat exposure.

Map Services Abstract

o EXpOSU re + WO rming _l_re ﬂdS for eo C h The Global High Resolution Daily Extreme Urban Heat Exposure (UHE-Daily),

1983-2016 data set contains a high-resolution, longitudinal global record of
geolocated urban extreme heat events and urban population exposure estimates for
U rb O n S e 'I"I'l e m e n 'I' more than 10,000 urban settlements worldwide for 1983-2016. Urban extreme heat
. cvents and urban population exposure are identified for each urban settlement in
the data record for five combined temperature-humidity thresholds: two-day or
longer periods where the daily maximum Heat Index (HImax) > 40.6 °C; one-day

- Dataset available in .json, .csv. & .shp

the daily maximum Wet Bulb Globe Temperature (WBGTmax) > 28 °C, 30 °C,
R and 32 °C. The WBGTmax thresholds follow the International Standards
fl | e fo rm O 'I'S Organization (ISO) criteria for risk of occupational heat related heat illness,

° whereas the HImax thresholds follow the U.S. National Weather Services'

definition for an excessive heat warning. For each criteria, across urban

settlements worldwide, the data set also contains the duration, intensity, and
L]
. . severity of each urban extreme heat event
« DOI: hit d 10.7927/ta7g-ny13
. S. Ol.0r . N

Recommended Citation(s)*:

Tuholske, C., K. Caylor, C. Funk, A. Verdin, S. Sweeney, K. & ENW (EndNote & RefWorks)
Grace, P. Peterson, and T. Evans. 2021. Global High . RIS (Other

Resolution Daily Extreme Urban Heat Exposure (UHE-

Daily), 1983-2016. Palisades, NY: NASA Socioeconomic

Data and Applications Center (SEDAC)

https://doi.org/10.7927/fq7g-ny13. Accessed DAY

MONTH YEAR
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Annual Global High-Resolution Extreme Heat Estimates, v1

.
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Annual Global High-Resolution Extreme Heat Estimates, v1

Annual increase in days per year WBGTmax > 32°C from 1983 - 2016
* Similar fo UHE-daily, V1 B LR NS :

 Global, annual count number of
dangerous hot-humid days at 5-
km spatial resolution

e |SO WBGTmax WBGTmax 28°C,
30°C, & 32°C thresholds

* Also includes annual rate of
increase in days per year that
exceed a given threshold

e DOI:

D Urban Extent

Days [ Year WBGT>32°C
' 0.0000

Il 0.5000
https://doi.org/10.7927 /hffO- e
k565 == e
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Demonstration using Python Jupyter Notebook



References

* Bernard, T. E., & Iheanacho, I. (2015). Heat index and adjusted temperature as surrogates for wet bulb globe
temperature to screen for occupational heat stress. Journal of Occupational and Environmental Hygiene, 12(5), 323-333.

®* Cheung,S.S., Lee, J. K., & Oksa, J. (2016). Thermal stress, human performance, and physical employment
standards. Applied physiology, nutrition, and metabolism, 41(6), S148-S164.

®* Florczyk, A. J., Melchiorri, M., Corbane, C., Schiavina, M., Maffenini, M., Pesaresi, M., ... & Ehrlich, D. (2019). Description of
the GHS urban centre database 2015. Public Release, 1, 1-75.

* Keith, L. & Meerow, S. (2022). Planning for Urban Heat Resilience. Planning Advisory Services (PAS) Report 600. American
Planning Association.

®* Kong, Q., & Huber, M. (2022). Explicit Calculations of Wet-Bullbb Globe Temperature Compared With Approximations and
Why It Matters for Labor Productivity. Earth's Future, 10(3), €2021EF002334.

®* Parsons, K. (2006). Heat stress standard ISO 7243 and its global application. Industrial health, 44(3), 368-379.

®* Tuholske, C., Caylor, K., Funk, C., Verdin, A., Sweeney, S., Grace, K., ... & Evans, T. (2021). Global urban population
exposure to extreme heat. Proceedings of the National Academy of Sciences, 118(41), €2024792118.

®* Verdin, A., Funk, C., Peterson, P., Landsfeld, M., Tuholske, C., & Grace, K. (2020). Development and validation of the
CHIRTS-daily quasi-global high-resolution daily temperature data set. Scientific Data, 7(1), 1-14.

* aitchik, B. F., & Tuholske, C. (2021). Earth observations of extreme heat events: leveraging current capabilities to
enhance heat research and action. Environmental Research Letters, 16(11).

NASA's Applied Remote Sensing Training Program 30 .




Questions?

Please enter your questions in the
Q&A box. We will answer them in
the order they were received.

We will post the Q&A 1o the
training website following the
conclusion of the webinar.

NASA's Applied Remote Sensing Training Program
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https://www.nasa.gov/mission_pages/landsat/news/40th-earthasart.html

Contacts

* Trainers
— Cascade Tuholske, PhD : cascade@ciesin.columbia.edu

« Training Webpage:
— hitps://appliedsciences.nasa.gov/join-

mission/training/english/arset-satellite-remote-sensing-
measuring-urban-heat-islands-and

 ARSET Website:

— hitps://appliedsciences.nasa.gov/what-we-do/capacity-
building/arset
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Thank Youl!
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