
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

Accuracy	of	a	Heat	
Vulnerability	Index	for	
Estimating	Heat	Mortality	in	
Dallas,	Texas	

	
	

Megan	French	
Advisor:	Brian	Stone,	Jr.,	Ph.D.	
April	27,	2018	



	 2	

Table	of	Contents	

INTRODUCTION	 3	

RELEVANCE	OF	HEAT	AND	HUMAN	HEALTH	 3	
INCREASING	RISK	 4	

LITERATURE	REVIEW	 5	

HEAT	VULNERABILITY	AND	HEAT	VULNERABILITY	INDICES	(HVIS)	 5	
HVIS	IN	PUBLIC	HEALTH	 7	
EXTREME	HEAT	AND	VULNERABILITY	IN	DALLAS	 8	

METHODS	 9	
DATA	 10	

RESULTS	 16	

DISCUSSION	 17	

POLICY	RECOMMENDATIONS	 19	

HEAT	PLAN	 19	
RESPONSE	TO	EHES	 20	
UNDERSTANDING	VULNERABILITY	 20	
ENVIRONMENTAL	MITIGATION	 21	

CONCLUSION	 21	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	 3	

Introduction	
	
Significant	research	has	been	done	to	explore	the	effects	of	heat	on	human	health	and	comfort,	
particularly	as	this	relationship	becomes	more	pronounced	in	the	face	of	increasing	temperatures	due	to	
global	warming	and	urban	heat	island	effect.		Identifying	and	quantifying	the	relationship	between	heat	
and	health	is	becoming	an	increasingly	important	focus	of	public	health	officials	and	others	working	to	
improve	human	health	outcomes.			

There	have	been	numerous	studies	in	the	Dallas	region	on	the	causes	and	effects	of	urban	heat	island.	
However,	fewer	studies	have	focused	on	identifying	the	populations	most	vulnerable	and	those	most	
affected	by	heat	within	the	city.	This	should	be	a	priority	for	the	City	of	Dallas	in	the	coming	years	due	to	
the	projected	temperature	increase.		According	to	Habeeb	et	al.,	“Dallas-Fort	Worth	experienced	the	
greatest	change	in	heat	wave	duration,	increasing	the	length	of	its	average	heat	wave	by	0.7	days	per	
decade	(±0.15),	with	heat	waves	on	average	3.5	days	longer	in	the	2000s	as	compared	to	1960s.”1			

The	goal	of	this	paper	is	to	examine	the	accuracy	of	a	heat	vulnerability	index	(HVI)	in	estimating	heat	
mortality	within	the	City	of	Dallas	in	Dallas	County.		A	comparison	of	the	HVI	to	modeled	mortality	will	
be	performed	by	census	tract	to	evaluate	how	the	HVI	performs	relative	to	a	more	sophisticated	
modeling	approach.		Subsequently,	policy	recommendations	are	provided	to	guide	the	city	in	reducing	
heat	vulnerability	among	its	citizens.	
	
Relevance	of	Heat	and	Human	Health	
	
Extreme	heat	events	(EHE)	are	defined	by	the	U.S.	Environmental	Protection	Agency	(EPA)	as	“periods	of	
summertime	weather	that	are	substantially	hotter	and/or	more	humid	than	typical	for	a	given	location	
at	that	time	of	year.”2		EHEs	can	be	further	characterized	by	stationary	masses	of	warm	air	and	repeated	
nights	with	elevated	minimum	temperatures	and	can	vary	based	on	numerous	factors.	3			These	factors	
include	location,	time	of	year,	and	weather	conditions	such	as	temperature,	cloud	cover,	and	humidity.		
Extreme	heat	can	be	measured	with	the	heat	index,	which	factors	in	relative	humidity	with	actual	air	
temperature	to	measure	how	hot	it	actually	feels.	Humidity	is	an	important	factor	in	how	hot	it	feels	as	
the	more	water	in	the	air,	the	less	evaporation	takes	place,	making	it	more	difficult	for	the	body	to	cool	
itself	through	evaporation.	4	EHEs	are	a	significant	threat	to	public	health	including	increased	
hospitalization,	illness	and	death.5			
	
Extreme	temperatures	most	directly	affect	health	by	limiting	the	body’s	ability	to	control	its	internal	
temperature.	A	number	of	illnesses	including	heat	cramps,	heat	exhaustion,	heatstroke,	and	
hyperthermia	in	the	presence	of	extreme	heat	are	the	result	of	the	body’s	loss	of	internal	temperature	
control.		Extreme	temperatures	can	also	worsen	chronic	conditions	including	cardiovascular	disease,	
respiratory	disease,	cerebrovascular	disease,	and	diabetes	related	conditions.		Additionally,	increased	
hospital	admissions	for	cardiovascular,	kidney,	and	respiratory	disorders	can	be	associated	with	
prolonged	exposure	to	high	temperatures.	6		A	total	of	28,000	heat-related	hospitalizations	were	
recorded	across	20	states	from	2001	to	2010.		Annual	heat-related	hospitalization	rates	ranged	from	
one	case	per	100,000	people	to	nearly	four	cases	per	100,000	people	across	these	states.7		A	number	of	
risk	factors	can	increase	the	likelihood	of	health	effects	from	extreme	temperatures	including	high	levels	
of	humidity,	obesity,	fever,	dehydration,	prescription	drug	use,	mental	illness,	poor	circulation,	sunburn,	
and	alcohol	use.8	
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Exposure	to	extreme	heat	can	also	result	in	death.		From	2000	to	2009,	EHEs	or	heat	waves	were	the	
most	common	cause	of	weather-related	death	in	the	U.S.9		According	to	the	EPA,	since	1979,	more	than	
9,000	Americans	were	reported	to	have	died	as	a	direct	result	of	heat-related	illnesses	such	as	heat	
stroke.	The	annual	death	rate	is	higher	when	accounting	for	deaths	in	which	heat	was	reported	as	a	
contributing	factor,	including	the	interaction	of	heat	and	cardiovascular	disease.”	10	One	of	the	most	
severe	heat	events	in	recent	U.S.	history	took	place	in	Chicago	in	July	1995	with	an	estimated	result	of	
more	than	650	deaths.11		Worldwide,	cities	are	experiencing	considerable	effects	of	EHEs,	including	
14,800	heat-deaths	from	a	2003	severe	heat	wave	in	France.		Most	deaths	occurred	in	urban	areas	
where	temperatures	reached	record	highs.	12	
	
Increasing	Risk		
	
A	number	of	factors	are	increasing	the	effects	and	importance	of	addressing	EHEs	worldwide.		Global	
warming,	increasing	urban	populations,	extended	number	of	EHEs	and	extreme	heat	days,	aging	
populations,	and	a	lack	of	concern	or	understanding	regarding	the	impacts	of	EHEs	are	key	drivers	for	
communities	in	developing	resilience	strategies.	
	
Globally,	the	annual	average	temperature	has	been	increasing	since	the	early	part	of	the	20th	century	
with	temperatures	expected	to	rise	through	the	end	of	the	century.		Since	2000,	15	of	the	16	warmest	
years	on	record	have	occurred,	with	the	exception	of	1998.	13		In	the	U.S.,	average	temperatures	have	
increased	by	1.3°F	to	1.9°F	since	1985	and	the	warmest	decade	on	record	was	from	2000-2009.	14			
	
According	to	the	CDC,	in	addition	to	global	warming,	an	increase	in	the	number	of	EHEs	and	heat	waves	
is	expected	to	occur.	In	the	U.S.	since	the	1970s,	there	has	been	an	increase	in	the	number	of	(highs)	or	
unusually	hot	summer	days	and	an	even	faster	rate	of	increase	in	the	(lows)	or	unusually	hot	summer	
nights,	leading	to	less	cooling	at	night.	15		This	trend	is	expected	to	continue	with	increasing	greenhouse	
gas	emissions.	Heat	waves	are	predicted	to	become	“more	common,	more	severe,	and	longer-lasting”		
and	even	small	increases	in	extreme	heat	may	lead	to	increased	health	risk.16		In	the	U.S.,	the	average	
number	of	extremely	hot	days	is	projected	to	more	than	triple	from	2050	to	2100	without	global	
greenhouse	gas	mitigation	efforts.	17	
	
Along	with	increasing	temperatures,	there	has	been	a	rise	in	the	number	of	people	living	in	urban	
populations	where	the	urban	heat	island	effect	exacerbates	effects	of	EHEs.		This	could	result	in	a	larger	
population	at	risk	for	heat	related	illness	and	death.18		Globally,	urban	areas	are	gaining	approximately	
67	million	people	each	year	(about	1.3	million	per	week).		It	is	estimated	that	by	2030,	“approximately	
60%	of	the	projected	global	population	of	8.3	billion	will	live	in	cities.”	19	
	
Along	with	the	increase	in	urban	populations,	it	is	anticipated	that	older	populations	(ages	65+)	will	
nearly	double	from	2015	through	2050	from	approximately	48	million	to	88	million.	20,21		From	2001	to	
2010,	the	65+	population	accounted	for	more	heat	related	hospitalizations	than	any	other	age	group	
and	were	“several	times	more	likely	to	die	of	heat-related	cardiovascular	disease	than	the	general	
population.”	22	
	
Lastly,	there	is	a	lack	of	concern	surrounding	EHEs	and	difficulty	in	gathering	data	on	heat	illness	and	
death	due	to	the	difficulty	of	identifying	heat	related	illness	and	death.		Because	of	this,	heatwaves	can	
be	silent	killers	and	once	heatwaves	have	passed,	memories	quickly	disappear.	23		Many	heat	related	
deaths	are	not	identified	as	such	and	therefore	may	not	be	properly	recorded	on	the	death	certificate.	24		
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Additionally,	due	to	variability	of	the	underlying	data,	it	is	difficult	to	determine	overall,	if	the	U.S.	has	
experienced	long-term	trends	heat	related	deaths.	25		

Literature	Review	
	
The	following	section	highlights	previous	research	and	data	on	defining	heat	vulnerability,	the	
development	of	the	heat	vulnerability	index,	how	heat	vulnerability	indices	are	integrated	into	public	
health,	and	the	ways	in	which	health	impacts	of	temperature	are	measured.	
	
Heat	Vulnerability	and	Heat	Vulnerability	Indices	(HVIs)	
	
Exposure,	sensitivity,	and	adaptive	capacity	are	the	three	components	of	vulnerability	for	populations’	
elevated	risk	to	EHEs.	26	27	Full	explanations	of	these	terms	can	be	seen	in	Figure	1	from	the	US	Global	
Change	Research	Program.	

 

Figure	1:	Determinates	of	Vulnerability	Source:	US	Global	Change	Research	Program	Chapter	1:	Climate	Change	and	Human	
Health:	Defining	the	determinants	of	vulnerability	to	health	impacts	associated	with	climate	change,	including	exposure,	
sensitivity,	and	adaptive	capacity.28	(Figure	source:	adapted	from	Turner	et	al.	2003)29 

The	determinants	of	vulnerability	are	associated	with	social	and	demographic	factors	such	as	education	
and	level	of	wealth,	along	with	other	characteristics	of	people	and	places,	such	as	the	state	of	
infrastructure	and	ecosystems.30	Particular	vulnerable	populations	show	an	increased	risk	of	mortality	
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including	the	elderly,	people	of	lower	socioeconomic	status,	people	who	live	alone,	people	with	less	
education,	people	of	races	other	than	white,	people	with	preexisting	health	conditions	such	as	
cardiovascular	disease,	diabetes,	renal	disease,	nervous	disorders,	cerebrovascular	disease,	pulmonary	
conditions,	and	mental	health	conditions,	people	without	access	to	cooling	devices	such	as	air	
conditioning,	and	people	in	neighborhoods	with	less	green	space.31		Other	vulnerable	populations	
include	infants	and	children,	athletes,	outdoor	workers.32	
	
Vulnerability	has	been	studied	for	decades.		Definitions	for	vulnerability	are	seen	from	1974	as	“degree	
to	which	a	system,	subsystem,	or	system	component	is	likely	to	experience	harm	due	to	exposure	to	a	
hazard,	either	a	perturbation	of	stress/stressor.”33		Since,	a	number	of	techniques	have	been	developed	
for	measuring	the	variables	that	make	populations	most	vulnerable	including	the	development	of	the	
HVI.		The	framework	and	methodologies	vary	greatly	for	HVIs	yet	most	studies	include	components	that	
address	exposure,	sensitivity,	and	adaptive	capacity.34	The	overall	goals	are	often	similar:	providing	data	
on	the	most	vulnerable	populations,	locations,	and	projections	for	areas	of	potentially	high	impact	due	
to	EHEs	to	more	effectively	protect	people’s	health.		

As	early	as	the	1930s,	research	on	heat-related	mortality	began	to	identify	vulnerable	populations	and	
geographic	distribution	of	deaths	in	a	number	of	cities	across	the	U.S.35		Research	in	the	1960s	and	1970s	
further	investigated	the	spatial	relationship	of	heat-related	mortality	as	well	as	socioeconomic	and	
environmental	factors	relevant	in	heat-related	mortality.	36		In	following	years,	researchers	broadened	
the	study	on	how	regional	characteristics	may	lead	to	an	individual’s	vulnerability	to	heat-related	illness,	
expanding	research	on	relevant	environmental	and	socio-economic	factors.37		It	wasn’t	until	more	
recently	that	indices	or	maps	have	been	proposed	and	implemented	specifically	focused	on	heat	
vulnerability	and	risk.	38		In	2009,	Reid	et.	all	created	the	first	national	map	of	county-level	heat	
vulnerability	“using	variables	shown	in	the	epidemiologic	literature	to	increase	vulnerability	to	heat-
related	health	effects	in	urban	areas.”	39			

To	date,	there	have	been	a	limited	number	of	studies	to	evaluate	the	performance	of	heat	vulnerability	
indices.40	Wolf	et	al.	(2014)	validated	the	performance	of	their	HVI	in	London	using	daily	mortality	and	
ambulance	dispatch	data;	Reid	et	al.	(2012)	evaluated	HVIs	in	five	states,	California,	New	Mexico,	
Washington,	Oregon,	and	Massachusetts	by	determining	if	areas	with	high	HVI	scores	had	higher	rates	
of	morbidity	and	mortality	on	abnormally	hot	days	than	on	other	days;	Chow	et	al.	(2012)	evaluated	
geographical	change	in	heat	stress	risk	and	heat	vulnerability	among	different	ethnic	populations	in	
Phoenix;	Harlan	et	al.	(2013)	used	heat-death	data	and	binary	regression	to	validate	HVIs	in	Maricopa	
County;	and	Chuang	&	Grober	(2015)	evaluated	hospital	admissions	for	heat	stress	to	validate	HVIs	in	
Phoenix.41	

Beyond	academic	research,	the	CDC	has	recently	published	a	guide	for	health	departments	titled,	
Assessing	Health	Vulnerability	to	Climate	Change.	Its	purpose	is	to	assist	health	departments	in	creating	
their	own	vulnerability	assessments	to	implement	more	targeted	action	to	reduce	impacts	of	climate	
change	on	people.		The	report	highlighted	an	HVI	for	Georgia	as	a	case	study	on	heat	vulnerability,	
identifying	heat	in	Georgia	as	the	“most	important	climate-sensitive	health	outcome	of	concern	in	a	
survey	of	the	eighteen	grantees	of	the	CDC’s	Climate-Ready	States	and	Cities	Initiative.”42		This	case	
study	serves	as	the	basis	for	methods	conducted	in	this	study	due	to	the	accessibility	of	data	and	
practical	application	of	methodology	proposed	for	local	public	health	practitioners.	
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HVIs	in	Public	Health	

City	government	officials	are	increasingly	aware	of	the	importance	of	heat	warning	plans	and	have	
acknowledged	their	need	for	additional	information	and	resources	to	help	develop	and	implement	such	
plans.43		Luber	and	McGeehin	state,	“Public	health	practitioners	can	play	an	active	role	in	developing	
adaptation	measures	such	as	city-specific	heat	response	plans.	The	development	and	implementation	of	
these	plans	should	be	guided	by	the	best	evidence,	generated	by	epidemiologic	studies	and	ecologic	
models,	on	the	relationship	between	hazard	and	health	outcomes.”44		

HVIs	could	help	fill	this	data	gap.		According	to	the	CDC,	“A	climate	and	health	vulnerability	assessment	
using	an	overlay	analysis	approach	can	identify	communities	and	places	susceptible	to	climate-sensitive	
health	outcomes	by	incorporating	data	on	sensitive	populations,	exposures	to	hazardous	conditions,	and	
measures	on	the	ability	to	limit	or	cope	with	hazardous	exposures.”45		With	this	information,	a	number	
of	more	targeted	approaches	can	be	developed	to	better	assist	highly	vulnerable	populations	and	areas	
within	a	city.46	HVIs	can	assist	local	governments	in	developing	better	and	more	focused	early	warning	
systems.47		Mapping	can	provide	emergency	response	personnel	tools	to	improve	heatwave	planning	
and	preparation	by	allowing	more	precise	resource	allocation	and	targeted	health	outreach	
communication	among	diverse	ethnic	or	demographic	populations.		Additionally,	mapping	can	be	used	
during	EHEs	for	state	and	local	energy	policy	managers	prioritizing	locations	for	electricity	suspensions	
or	cut-offs	or	for	finding	the	areas	in	most	need	of	Low	Income	Home	Energy	Assistance	Program	
(LIHEAP)	cooling	assistance.	48	HIAs	and	mapping	can	also	help	local	governments	identify	the	most	
effective	locations	for	cooling	centers.	49		

While	HVIs	have	great	potential	in	public	health	outcomes,	additional	efforts	by	local	governments,	
researchers,	and	practitioners	can	be	done	in	validating	the	results	of	HVIs	with	measured	health	impact	
data.	It	is	important	for	decision	makers	to	reflect	on	the	characteristics	of	their	cities	to	see	how	well	
actual	risk	is	identified	by	vulnerability	maps.	In	Phoenix	for	example,	“the	variables	used	on	a	national	
scale	allowed	us	to	accurately	classify	only	about	54%	of	the	census	tracts	based	on	heat	
hospitalizations.”50		Cities	can	consider	collecting	more	hospitalization	data	to	better	help	characterize	
impacts	of	EHEs	on	different	parts	of	their	cities.	51		Lastly,	it	will	be	important	to	“explore	how	future	
adaptive	measures	and	behaviors	can	be	included	in	quantitative	models	of	health	impacts	associated	
with	extreme	temperatures”.52	
	
Measuring	Health	Impacts	of	Temperature	
 
According	to	the	U.S.	Global	Research	Program,	“Two	broad	approaches	are	used	to	study	the	
relationship	between	temperatures	and	illness	and	death:	direct	attribution	and	statistical	methods.”	53	 	
In	direct	attribution	studies,	diagnosis	codes	from	medical	records	are	used	to	create	links	between	
health	outcomes	and	temperatures.		This	type	of	approach	is	commonly	known	to	produce	
underestimates	of	mortality	from	temperature	extremes	due	to	a	lack	in	consistent	diagnosis	criteria	
and	lack	of	reporting	or	difficulty	in	identifying	temperature	as	factor	in	exacerbated	preexisting	medical	
conditions.	54		In	statistical	studies,	researchers	use	the	number	of	cases	that	relate	to	an	observed	
weather	condition	or	socio-demographic	factors	to	measure	the	impact	of	temperature	on	health.		The	
relationship	between	temperature	and	premature	illness	and	premature	illness	or	death	is	established	
through	varying	modeling	methods.	55		The	differences	in	the	methods	make	comparing	mortality	data	
across	studies	complicated	and	can	often	lead	to	very	different	results.	56	
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Extreme	Heat	and	Vulnerability	in	Dallas	
	

According	to	Green	Dallas,	a	City	of	Dallas	website	focused	on	sustainability	and	environmental	
management,	“By	the	end	of	this	century,	models	predict	that	we	will	have	around	100	days	over	100°F	
every	year”.57		The	growing	number	of	days	over	100°F	pose	health	threats	and	create	stagnant	air	
conditions	resulting	in	poor	air	quality.		Dallas	is	also	concerned	with	the	impacts	of	extreme	heat	
leading	to	an	increased	stress	on	the	energy	supply,	a	shortened	lifespan	of	transportation	
infrastructure,	and	a	contributor	to	drought.58		The	city	is	actively	taking	steps	to	better	understand	the	
growing	threat	of	extreme	heat	for	the	city	and	its	residents.		A	number	of	studies	have	been	performed	
to	detail	the	relationship	of	the	city	and	heat.		These	include	the	following:	

	
2009	–	Dallas	Urban	Heat	Island	Study,	showing	Dallas	had	the	third	most	rapidly	growing	heat	
island	in	the	U.S.	from	1961-2010.	
	
2010	–	Roadmap	to	Tree	Planting	and	Planning,	assessing	the	overall	tree	canopy	of	Dallas.	
	
2013	–	Evaluating	Open	Space	and	the	Impact	of	Canopy	Change,	analyzing	the	impact	of	
canopy	change	on	undeveloped	properties.	
	
2014	–	i-Tree	Eco	Study,	provides	urban	and	community	forestry	analysis	and	benefit	
assessment	tools.	

2015 – Climate	Change/Extreme	Weather	Vulnerability	and	Risk	Assessment	for	Transportation	
Infrastructure	in	Dallas	and	Tarrant	Counties	Report,	investigating	infrastructure	vulnerability	to	
the	impacts	of	extreme	weather	and	climate	change.	

2015	–	State	of	the	Dallas	Urban	Forest,	provides	an	overview	on	the	current	urban	canopy.	
	
2017	–	Dallas	Urban	Heat	Island	Management	Study,	analyzing	to	what	extent	rising	
temperatures	will	impact	health	and	recommendations	for	minimizing	the	urban	heat	island	
effect	in	Dallas.		

	
Additionally,	there	have	been	at	least	two	HVIs	constructed	for	Dallas.		The	initial	HVI	was	part	of	a	
national	study	conducted	in	2009	by	Reid	et	al.	to	determine	highest	correlation	among	previously	
identified	vulnerability	factors.		This	study	stated	that	although	Dallas	showed	less	overall	heat	
vulnerability	than	other	cities,	it	had	a	higher	vulnerability	in	the	central	area.59		More	recently,	a	thesis	
examined	tree	planting	suitability	for	Dallas	which	included	the	basis	of	an	HVI.		The	methods	were	
based	on	the	CDC’s	BRACE	framework	through	an	overlay	analysis.		This	study	evaluates	areas	of	highest	
heat	vulnerability	among	residents	and	the	most	suitable	locations	for	tree	plantings	and	tree	
preservation	to	minimize	vulnerability.			

	
Neither	of	these	studies,	however,	validated	the	results	of	the	HVI	for	Dallas.	Without	this	step,	there	is	
less	certainty	that	the	policy	recommendations	or	infrastructure	changes	that	take	place	as	a	result	of	
vulnerabilities	identified	through	an	HVI,	are	done	in	the	areas	of	highest	risk.	This	study	can	help	
provide	an	initial	analysis	about	whether	the	CDC’s	proposed	methods	for	creating	an	HVI	accurately	
reflect	the	areas	of	highest	mortality	for	the	City	of	Dallas.		
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Methods	

In	this	study,	an	HVI	is	produced	and	a	validation	is	performed	to	test	accuracy	of	the	HVI	in	estimating	
mortality	for	the	City	Dallas	within	Dallas	County.	The	determinates	and	methodology	used	in	this	study	
closely	follow	those	recommended	by	the	CDC	in	their	guide	for	health	departments,	Assessing	Health	
Vulnerability	to	Climate	Change:	A	Guide	for	Health	Departments.		Based	on	available	information,	there	
has	yet	to	be	a	validation	of	the	CDC’s	HVI	methodology.	Validation,	however,	is	proposed	as	a	last	step	
in	the	sample	HVI	of	Georgia,	but	was	not	performed	in	their	assessment.		
	
The	CDC’s	guide	was	developed	to	help	health	departments	prepare	for	climate	change	and	its	impacts	
on	human	health.	It	follows	a	framework	called	Building	Resilience	Against	Climate	Effects	(BRACE).		This	
five-step	process	is	intended	to	guide	health	departments	through	a	systematic,	evidence	based	process	
for	identifying	vulnerabilities	and	customizing	the	response	to	local	needs.60		The	following	sequence	
lists	the	suggested	steps	for	assessing	health	vulnerabilities	associated	with	climate	change:	

	

	
Figure:	2	Adapted	from	CDC’s	BRACE	Framework61	
	

The	CDC’s	methodology	was	developed	for	use	by	public	health	practitioners.		The	proposed	
methodology	for	a	quantitative	approach	to	vulnerability	assessment	is	to	use	GIS	and	perform	either	an	
overlay	analysis	of	factors	or	spatial	regression.		The	CDC	suggests	the	overlay	analysis	method	is	the	
underlying	technique	for	numerous	risk	factor	analysis	methodologies,	including	environmental	justice	
screening	and	social	and	medical	vulnerability	indices.	62	Other	HVI	methods	include	a	statistical	based	
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approach	through	using	principal	component	analysis	to	“create	a	smaller	number	of	hybrid	factors”	
developed	through	a	reduction	process	that	groups	independent	variables	based	on	covariance.	63	Both	
the	spatial	regression	technique	and	the	PCA	approach	require	more	statistical	expertise.		HVIs	often	
address	exposure,	sensitivity,	and	adaptive	capacity	even	if	they	don’t	explicitly	state	these	categories.	
Most	HVIs	address	socioeconomic	variables,	environmental	factors,	and	health	conditions	that	are	
known	to	impact	vulnerability.		

	
Data	
	
Availability	of	data	informed	the	location	of	this	study.	All	data	for	the	HVI	was	publicly	accessible	and	
mortality	rates	were	provided	by	the	Urban	Climate	Lab	within	Georgia	Institute	of	Technology’s	School	
of	City	and	Regional	Planning.		The	study	area	encompassed	a	total	of	254	census	tracts,	highlighted	in	
Figure	3.		Tracts	were	limited	to	those	within	Dallas	County	and	completely	within	the	City	of	Dallas	
boundary.		The	determinates	employed	and	data	sources	for	the	HVI	can	be	found	in	Figure	4.			
	
	

	
Figure	3:	Study	area	highlighted	
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Determinate	 Source	/	(Resolution)	

EXPOSURE:	 	

Number	of	heat	events		 National	Environmental	Public	Health	Tracking	Network	–	
2011	(County)	

SENSITIVITY:	 	
Percent	population	>65	living	alone	 US	Census	-	2010	(Tract)	
Percent	population	living	below	poverty	line	 US	Census	-	2010	(Tract)	

Prevalence	of	diabetes	 500	Cities:	CDC	(Tract)	
Percent	impervious	surface	 National	Land	Cover	Database	(NLCD)	2011	(30m)	

ADAPTIVE	CAPACITY:	 	
Number	of	medical	infrastructure	facilities	 Homeland	Infrastructure	Program	(X,Y	Coordinates)	

Figure	4:	Determinates	and	Sources	

	
Exposure	
	
Exposure	was	determined	by	the	CDC	as	the	number	of	heat	events	experienced	per	county,	defined	as	
“two	or	more	consecutive	days	when	the	heat	index	was	>100°F”64.	However,	definitions	of	extreme	
heat	events	vary	from	region	to	region.	The	thresholds	specific	to	North	Texas	have	been	used	in	this	
study,	defined	as	daytime	heat	index	expected	to	meet	or	exceed	110°F,	or,	daytime	air	temperature	
expected	to	meet	or	exceed	105°F	for	at	least	two	consecutive	days.65,66	Daytime	air	temperatures	were	
evaluated	on	this	basis	which	indicated	a	total	of	six	EHEs	for	Dallas	during	the	summer	of	2011.	Because	
of	the	scale	of	this	data,	each	census	tract	has	the	same	vulnerability	in	terms	of	extreme	heat	exposure:	
	

	
	
The	extent	of	the	EHE	is	not	factored	into	the	exposure	rate,	however,	which	may	further	impact	
vulnerable	populations.		The	longest	stretch	of	consecutive	days	over	105°F	was	15,	which	occurred	
from	August	16th	to	August	30th,	2011.	
	
Sensitivity	
	
Sensitivity	was	calculated	by	the	CDC	as	a	weighted	combination	of	four	determinates:		
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Determinant	 Determinant	Type	 Source	/	

(Resolution)	
Literature	Source	

%	population	below	poverty	line	 Social	 US	Census	(Tract)	 (Currero	et	al.	2002;	Reid,	
O’Neil	et	al.	2009)	

%	population	≥	65	years	of	age	living	alone	 Social	 US	Census	(Tract)	 (Naughton	et	al	2002;	Reid,	
O’Neill	et	al.	2009)	

Non-vegetated	areas	(e.g.	impervious	surfaces,	
non-green	space)	

Environmental	 USGS	(30m)	 (Harlan,	Brazel	et	al.	2006;	
Reid,	O’Neill	et	al.	2009)	

Prevalence	of	renal	Diseases	 Biological	 Medicare	(Zipcode)	 (Semenza,	Rubin	et	al.	1999)	
Figure	5:	Table	2	Sensitivity	factors	for	extreme	heat	used	in	the	overlay	analysis67	
	
This	study	used	the	first	three	determinates	based	on	data	availability;	however,	renal	disease	rates	
were	not	publically	available.	As	an	alternative	biological	measure,	prevalence	of	diabetes	was	included	
due	to	a	positive	relationship	in	previous	studies	between	higher	mortality	risk	and	diabetes.68	Non-
vegetated	areas	(impervious	surface)	was	included	but	data	was	taken	from	the	National	Land	Cover	
Database	as	impervious	surface	coverage	had	already	been	calculated	for	2011.		
	
Weights	within	the	sensitivity	layer	were	applied	based	on	a	quartile	classification	and	assigned	a	
weighting	factor	according	to	risk	(0.25,	0.5,	0.75,	1.0).		The	highest	risk	categories	received	a	weight	of	
1.0	while	the	lowest	risk	received	a	0.25.		Once	the	weights	were	assigned,	an	overlay	was	performed	to	
combine	the	four	variables	into	a	cumulative	sensitivity	layer,	with	each	category	accounting	for	one-
fourth	of	the	total	sum.	The	following	maps	are	represented	using	quantile	classification	with	4	
categories:		
	
Percent	Population	in	Poverty	
	 	 	 	 	 	
	 	 	 	 	 	
	 	

Percent	Population	Older	than	65	Living	Alone	
	
	

	 	 	 	 	 	 	
Impervious	Surfaces	
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Percent	Impervious	Surface	

	
Raster	data	from	NLCD	was	intersected	with	census	tract	geography	in	ArcGIS	to	determine	percent	
impervious	per	tract.		Within	the	raster	dataset,	each	pixel	was	given	a	value	from	1-100	indicating	
percent	imperviousness.		A	count	of	pixels	per	parcel	was	calculated	along	with	a	total	sum	of	values	
indicating	imperviousness.	A	percentage	of	impervious	surface	was	calculated	by	taking	sum/count*100	
to	derive	the	average	percent	imperviousness	per	tract.	
	
Crude	Prevalence	of	Diabetes		

	
Adaptive	Capacity	

Hospital	insufficiency	was	the	CDC’s	determinate	for	addressing	adaptive	capacity.		This	measure	was	
defined	as	the	total	number	of	medical	infrastructure	facilities	per	county,	which	included	total	number	
of	hospitals,	surgical	facilities,	ambulatory	services,	and	Red	Cross	shelters.	Because	the	scale	of	the	
initial	study	was	at	the	state	scale,	a	total	number	of	medical	facilities	per	county	may	have	been	
sufficient.		However,	for	this	study,	county	level	information	was	insufficient	in	determining	vulnerability	
at	a	census	tract	level.		The	total	count	of	medical	infrastructure	facilities	was	thus	calculated	per	census	
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tract.		Values	were	assigned	for	each	census	tract	based	on	the	number	or	medical	facilities	present,	
where	a	tract	with	zero	facilities	received	a	three	(yellow),	one	facility	received	a	two	(orange),	and	
tracts	with	two	or	more	facilities	received	a	zero	(brown).

Medical	Facilities		
	

Hospital	Insufficiency		

	
Heat	Vulnerability	Index	Results	
	
HVI	Results	
	

	
	
The	methods	for	generating	the	composite	HVI	closely	followed	those	of	the	CDC	study.	Once	the	
cumulative	sensitivity	layer	was	summed	based	on	the	initial	weighting,	the	heat	exposure,	hospital	
insufficiency,	and	sensitivity	layers	were	summed	with	equal	weights	through	an	overlay	function	in	GIS.		
	
To	generate	the	HVI	score	per	census	tract,	the	composite	raster	file	for	the	HVI	was	assigned	points	for	
each	pixel.		These	were	spatially	joined	to	the	census	tracts	based	on	centroids.		All	points	within	each	
census	tract	had	uniform	values	since	all	input	data	into	the	HVI	was	at	the	tract	level.		All	values	were	
dissolved	to	create	a	singular	value	per	census	tract,	indicating	the	cumulative	HVI	score	per	tract.		
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This	approach	gives	equal	weight	to	adaptive	capacity,	exposure	and	sensitivity.		This	may	not	be	an	
appropriate	weighting	for	this	scale	of	study	as	the	exposure	layer	has	no	variability	and	the	adaptive	
capacity	layer	has	very	limited	variability	with	a	methodology	that	is	best	suited	for	larger	scales.		
	 	
Mortality	Data	

The	comparison	method	employed	in	this	paper	uses	an	exposure	response	function	based	on	observed	
mortality	in	Dallas.		The	mortality	data	was	developed	by	the	Urban	Climate	Lab	through	a	statistical	
attribution	method	done	through	the	use	of	an	advanced	model	to	predict	mortality	at	the	½	km2	grid	
cell	–	geographically	locating	the	estimated	number	of	deaths	due	to	heat	for	2011.	Total	population	by	
age	and	sex	along	with	average	daily	mortality	data	were	allocated	to	each	grid	cell.		Mortality	risk	was	
developed	through	an	exposure-response	relationship	from	data	of	348	cities	around	the	world,	
including	Dallas.	Lastly,	the	grid	cell	daily	temperatures	from	the	climate	scenario	modeling	were	used	to	
estimate	the	number	of	heat-related	deaths.69	

Mortality	rates	were	calculated	for	each	census	tract	through	a	series	of	functions	in	GIS.	Each	grid	cell	
provided	had	a	value	associated	with	total	number	of	deaths.	Mortality	rates	were	assumed	to	be	
constant	over	the	gridded	area.	An	intersect	function	provided	an	integration	of	the	grid	cell	and	tract	
layer.		In	cases	where	the	grid	cell	was	split	by	two	or	more	census	tracts,	mortality	rates	were	
calculated	by	determining	the	percentage	of	grid	cell	within	each	tract.	All	values	per	tract	were	
summed	and	this	result	provided	the	overall	number	of	deaths	per	census	tract.	

Mortality		

	

HVI	Validation	

The	validation	of	the	HVI	is	based	on	a	comparison	of	the	outcomes	of	the	HVI	with	the	modeled	
mortality	at	the	census	tract	level.		This	can	provide	an	assessment	of	the	accuracy	of	the	HVI	in	
estimating	mortality	based	on	a	more	sophisticated	modeling	approach.	This	validation	method	assumes	
that	the	model	estimates,	which	are	based	on	actual	mortality,	can	approximate	actual	heat	mortality,	
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which	cannot	be	measured.	Maps	are	represented	by	quintile	indicating	low,	medium	and	high	
vulnerability	and	mortality.	
	
Composite	HVI		 Mortality	

	

Results	
	
The	results	produced	by	this	study	indicate	the	HVI	developed	through	the	proposed	methodology	has	a	
low	accuracy	rate	in	estimating	modeled	mortality.		Visual	inspection	indicates	there	is	little	overlap	in	
areas	of	high	heat	vulnerability	and	areas	of	high	mortality.	Figure	7	displays	the	results	of	this	type	of	
comparison.		When	looking	at	the	outcomes	in	terms	of	percentages	broken	down	by	three	quintiles	
(low,	medium,	and	high),	fourteen	tracts	indicate	both	high	vulnerability	and	high	mortality.		A	larger	
number	of	tracts	indicate	medium	to	low	vulnerability	and	mortality.		Overall,	there	were	a	total	of	66	
tracts	in	the	HVI	that	exhibited	the	same	percentage	range	as	those	of	mortality,	indicating	a	25.98%	
overlap	among	the	breakdown	of	quintiles.		
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Figure	6:	Overlap	between	HVI	and	Mortality	
	

Ranking	
HVI	/	Mortality	

Quintile	Ranking	
by	Number	

Quintile	
Ranking	by	%	

No.	Tracts	
with	Overlap	

Low	/	Low	 1	 Less	than	33	 21	  
Medium	/	Medium		 2	 33-66	 31	     
High	/	High	 3	 66-100	 14	 Total	%	Overlap	
	 	 Total	 66	 25.98	

Figure	7:	HVI	Accuracy	Evaluation	

Discussion	
	
While	the	results	of	this	study	do	not	indicate	a	high	accuracy	of	this	HVI	in	estimating	mortality,	a	
number	of	observations	can	be	made	and	further	work	may	be	proposed	for	improving	the	HVI	and	its	
use	in	increasing	positive	health	outcomes.			
	
Observations	
	
The	resultant	overlay	map	may	provide	a	good	basis	and	information	for	considering	how	and	where	to	
best	invest	in	mitigation	efforts	and	targeted	EHE	outreach.		For	areas	exhibiting	high	values	in	both	the	
HVI	and	Mortality	map,	the	city	may	more	reasonably	assume	that	the	factors	included	in	this	HVI	have	
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a	larger	effect	on	mortality.	The	HVI	results	can	be	used	by	cities	who	have	applied	the	exposure	
response	function	as	a	way	to	establish	a	system	for	prioritizing	mitigation	by	location	and	type.		
Additionally,	the	results	may	indicate	the	areas	for	targeted	public	outreach	during	an	EHE	to	reduce	
vulnerability	to	heat	related	morbidity	and	mortality.	Similarly,	the	areas	of	low	vulnerability	and	low	
mortality	are	understood	to	offer	less	threat	to	public	health	during	EHE	and	may	be	prioritized	as	such.	
	
A	more	detailed	analysis	may	be	performed	on	the	areas	of	high	vulnerability	and	high	mortality	to	
better	understand	the	specific	factors	that	produced	this	result.		14	census	tracts	exhibited	values	in	the	
top	third	of	the	HVI	and	mortality	studies.	
	
The	following	information	offers	a	further	look	into	the	high-ranking	census	tracts.		The	city’s	average	
rates	are	found	at	the	far	left	of	the	chart	under	Dallas	as	a	comparison	to	the	tracts	that	exhibited	high	
vulnerability	and	mortality.			
	

	
	
Figure	8:	Health	Outcomes,	Source:	CDC’s	500	Cities		
	
Improvements	
	
For	this	type	of	methodology	to	be	applicable	to	other	cities	which	may	not	have	the	resources	to	have	a	
mortality	study	performed,	it	is	reasonable	to	assume	that	improvements	to	the	HVI	are	needed	to	
provide	a	more	accurate	assessment.		A	couple	of	methods	may	be	proposed	to	increase	accuracy	for	
the	HVI	and	potentially	improve	estimates	of	mortality.	
	
First,	revisions	to	the	methodology	would	be	useful	to	target	a	more	granular	set	of	data	for	use	by	cities	
and	counties.		The	methodology	proposed	by	the	CDC	is	performed	at	a	state	scale	with	results	at	a	
county	level.	This	scale	of	analysis	provides	little	valuable	information	to	cities	or	counties	who	have	the	
power	to	enact	policies	that	may	impact	land	use,	development,	and	public	health	outcomes.		A	more	
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granular	study	to	provide	results	at	the	census	tract	would	allow	cities	and	counties	the	ability	to	know	
where	specific	populations	may	be	at	risk	of	heat	related	morbidity	or	mortality	and	make	concerted	
efforts	to	minimize	risk	in	targeted	locations.		
	
Second,	based	on	the	results	of	this	study,	it	is	possible	to	assume	that	key	variables	indicating	heat	
vulnerability	may	not	have	been	included	or	the	ones	that	were	included	did	not	have	much	explanatory	
power.		A	number	of	other	studies	have	looked	at	rates	of	homes	with	air	conditioning,	or	proxies	since	
this	is	data	is	not	available	nationally	or	publicly	accessible.	There	may	be	other	variables	that	would	be	
worth	including	based	on	regression	analysis	from	previous	studies.		For	those	included	in	this	study,	a	
more	rigorous	determination	of	adaptive	capacity	may	be	needed	beyond	hospital	insufficiency,	or	at	
least	a	methodology	for	determining	this	at	the	census	tract	level.			

Policy	Recommendations	 
	
While	the	City	and	County	are	currently	incorporating	heat	into	plans	and	policies,	a	number	of	
strategies	can	be	implemented	to	improve	health	outcomes	from	extreme	heat	events	and	create	a	
more	resilient	city.		This	would	include	further	preparation	of	a	city	heat	plan	under	the	emergency	
response	plan.		Second,	a	broadening	of	the	public	health	response	to	extreme	heat.	Third,	a	broader	
understanding	of	vulnerability	will	assist	planning	officials	in	targeting	outreach	and	mitigation	efforts.	
And	lastly,	enhancing	infrastructure	resilience	will	play	an	essential	role	in	reducing	environmental	
factors	that	increase	vulnerability	and	heat.		
	
Heat	Plan	
	
Both	the	City	of	Dallas	and	Dallas	County	include	extreme	heat	in	their	emergency	response	plans.		The	
city’s	plan,	Master	Emergency	Operations	Basic	Plan,	lists	Extreme	Heat	as	a	natural	hazard	that	is	highly	
likely	to	occur,	will	have	a	moderate	estimated	impact	on	public	health	and	safety	and	a	limited	
estimated	impact	to	property.		The	plan	details	responsibilities	of	various	parties	based	on	the	threat	of	
emergency.		There	are	no	specific	plans	listed	for	response	to	an	extreme	heat	event,	only	the	general	
protocol	for	an	emergency	situation.			
	
The	Dallas	County	PLAN	details	the	threat	of	extreme	heat	for	the	county,	provides	deaths	related	to	
heat	for	the	previous	five	years,	and	briefly	discusses	particular	vulnerability	for	residents	over	65	and	
low-income	residents.		The	death	toll	provided	for	2011	was	the	highest	of	any	years	reported	from	
2008	to	2013	with	a	total	of	19	deaths	attributed	to	heat.		However,	based	on	the	mortality	provided	in	
this	study,	the	total	number	of	deaths	modeled	in	2011	was	111,	showing	a	difference	of	92	between	
recorded	and	predicted.	This	is	a	significant	difference	and	identifies	the	need	for	improved	action	
during	EHEs.	
	
The	city	can	look	to	Philadelphia	as	an	example	of	one	city	that	has	developed	a	specific	heat	plan	that	
outlines	actions	to	perform	during	an	EHE,	referred	to	as	a	heat/health	watch	warning	system	
(HHWWS).		The	policy	is	based	on	historical	data	of	health	outcomes	and	how	particular	heat	events	
may	impact	health.		This	plan	has	a	formalized	process	provides	city	departments	a	specific	set	of	
actions	to	be	taken	during	an	EHE.	One	study	showed	117	lives	were	saved	because	of	this	plan	during	a	
period	of	four	years.70	
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One	portion	of	this	plan	ensures	utility	shutoffs	are	halted	during	EHEs.		Currently,	the	Public	Utility	
Commission	of	Texas	states	that	Retail	Electric	Providers	(REP)	may	not	authorize	disconnection	of	
electric	service,	“For	non-payment	during	an	extreme	weather	emergency,	and	upon	request,	the	REP	
must	offer	you	a	deferred	payment	plan	for	bills	due	during	the	emergency.”71		This	language	for	this	
policy	could	be	strengthened	to	include	that	REPs	may	not	authorize	disconnection	of	electrical	service	
during	extreme	weather	emergencies.		This	would	require	that	EHEs	fall	into	the	definition	of	an	
extreme	weather	emergency.			

Response	to	EHEs	

As	part	of	a	formalized	heat	plan,	the	city	should	consider	broadening	the	public	health	response	to	
EHEs.	Using	the	Philadelphia	example	again,	the	city	could	implement	a	number	of	public	health	
outreach	responses	prior	to	and	during	EHEs.		Prior	to	an	EHE,	these	may	include	organizing	awareness	
campaigns	and	mobile	workshops	throughout	the	city,	particularly	in	vulnerable	communities,	on	the	
dangers	of	heat	and	how	communities	can	prepare	for	and	protect	their	health	during	EHEs.			

Additionally,	the	city	can	work	with	the	health	department	to	develop	a	permanent	location	for	
resources	where	individuals	can	locate	information	related	to	EHEs,	namely	health	symptoms	of	heat	
related	health	problems,	cooling	center	locations,	hours,	and	resources	available	at	the	cooling	centers.		
This	would	mean	working	with	the	current	provider	of	cooling	centers,	The	Salvation	Army,	to	ensure	
certain	locations	would	remain	open	and	available	during	any	particular	EHE,	and	possibly	expanding	
cooling	centers	to	city	run	facilities	such	as	libraries,	swimming	pools,	etc.	to	ensure	coverage	
throughout	the	city.		

During	an	EHE,	the	public	health	outreach	can	be	expanded	to	provide	services	such	as	a	heat	hotline	
where	public	health	nurses	would	be	available	to	answer	questions	about	symptoms	and	provide	
information	about	resources	available	to	individuals	and	communities.		Additionally,	public	health	
dispatch	or	mobile	teams	may	be	made	available	to	check	on	particularly	vulnerable	populations.		The	
city	may	also	consider	developing	partnership	with	organizations	providing	shelter	for	homeless	
individuals	to	extend	shelter	hours	or	provide	additional	services.		
	
Understanding	Vulnerability	

Mortality	data	can	be	used	in	a	number	of	ways	to	identify	vulnerability	within	the	city.		The	data	used	in	
this	study	for	example	can	be	useful	in	seeing	the	areas	of	highest	impact.		This	can	provide	insights	into	
locations	where	mitigation	efforts	may	prove	most	effective.		Additionally,	the	city	can	perform	in-depth	
analyses	on	deaths	attributed	to	heat.		The	New	York	City	Department	of	Health	and	Mental	Hygiene	
performed	a	review	of	death	certificates	and	medical	examiner	investigation	reports	to	better	
understand	the	characteristics	and	circumstances	that	lead	to	death	during	the	2013	summer	season.		
Excerpts	of	the	analysis	performed	can	be	seen	in	Figure	9.		An	understanding	of	this	level	of	mortality	
data	can	help	improve	HVIs	and	the	ability	of	the	city	to	better	prepare	for	and	respond	to	future	EHEs.	
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Figure	9:	Source	EPI	Data	Brief72	

HVIs	may	play	an	important	role	in	determining	vulnerable	populations.		Because	mortality	data	can	be	
difficult	to	attribute	to	heat,	knowing	the	factors	that	lead	to	morbidity	and	mortality	in	the	population	
may	still	improve	targeted	approaches	to	reaching	the	most	vulnerable	populations.		As	more	data	
becomes	available	and	at	more	granular	scales,	the	accuracy	of	the	HVI	may	also	be	improved.			

Environmental	Mitigation	

Lastly,	the	environmental	factors	leading	to	vulnerability	will	be	important	to	monitor	and	implement	
physical	changes	to	improve	cooling.		The	city	currently	has	a	number	of	adaptive	mitigation	techniques	
in	place	to	combat	urban	heat	island.		These	include	the	Adopt-a-Median	program,	the	Green	Building	
Program	and	Standards,	and	the	Sustainable	Skylines	Initiative.73		Additional	mitigation	measures	can	be	
found	in	the	Dallas	Urban	Heat	Island	Management	Study.		The	study	indicates	the	most	effective	
approach	to	promote	cooling	and	health	benefits	is	a	combination	of	a	greening	and	cooling	strategy,	
implemented	separately	and	in	combination	based	on	land	use	and	feasibility.		The	study	states	that	to	
achieve	the	energy	efficiency	outcomes	and	land	cover	changes	modeled	in	the	study,	“a	combination	of	
new	regulatory	and	economic	incentive	programs	will	be	needed”.74				

Conclusion	
	
The	results	from	this	comparison	of	an	HVI	and	mortality	data	show	that	the	HVI	did	not	have	a	high	
accuracy	in	estimating	mortality,	modeled	through	more	sophisticated	measures.		The	HVI	methodology	
needs	improvement	at	a	more	granular	level	to	improve	accuracy	and	be	of	more	use	to	city	and	county	
policymakers.	However,	results	from	this	HVI	may	still	be	useful	in	helping	the	city	prioritize	areas	that	
indicate	both	high	vulnerability	and	high	mortality	for	mitigation	efforts.		Lastly,	regardless	of	the	HVI	
outcomes,	there	are	still	a	number	of	steps	the	city	can	take	to	become	a	more	resilient	city	in	the	face	
of	increasing	heat	and	EHEs.	
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