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1.0 Summary	
	
Collaborators	with	California	State	University	San	Marcos	and	the	University	Auxiliary	Research	Services	
Corporation	worked	in	partnership	with	the	United	States	Department	of	Agriculture-Forest	Service,	CAL	
FIRE,	 CAL	 FIRE	 Local	 2881,	 the	 International	Association	of	 Fire	 Fighters,	 and	 the	National	 Institute	of	
Standards	and	Technology	to	evaluate	the	physiological	and	working	conditions	of	wildland	firefighters	
and	smoke	exposure	in	the	wildland	urban	interface	(WUI).	Funding	for	this	work	was	provided	by	the	
Federal	Emergency	Management	Agency	(FEMA)	Fire	Prevention	and	Safety	Program	(FPS).		

Conditions	dictate	that	wildland	firefighters	are	often	required	to	work	for	extended	periods	
in	 intense	 heat	 and	 brutal	 environmental	 conditions.	 Today,	 a	 WUI	 incident	 represents	 a	 dynamic,	
complex	environment	where	wildland,	structure,	and	vehicle	fires	often	merge.	As	a	result,	we	do	not	
clearly	understand	of	 the	 risks	and	hazards	 this	 synthesis	 creates.	Moreover,	protection	 standards	 for	
firefighters	are	specific	to	each	incident	type,	and	often	overlook	the	concomitant	risks	that	firefighters	
face	when	responding	to	an	incident	in	the	WUI.		
	
This	study	assesses	air	pollutants	during	wildland	and	urban	interface	fires,	develops	protocols	and	sensor	
platforms	for	measuring	and	assessing	smoke	exposure	in	the	WUI,	monitors	the	physiological	condition	
of	 wildland	 firefighters	 on	 duty,	 and	 assesses	 common	materials	 in	 a	WUI	 incident	 under	 controlled	
laboratory	 burns	 and	 actual	WUI	 incidents	 to	 identify	 and	 understand	 constituents	 of	 concern	 in	 the	
smoke.	 Overall,	 the	 exposure	 to	 wildland	 firefighters	 is	 significant,	 and	 often	 exceeds	 occupational	
exposure	 limits,	 particularly	 on	 those	 incidents	 that	 include	 combusted	 materials	 from	 the	 urban	
environment	(e.g.	homes,	vehicles,	and	infrastructure).	While	CO	and	PM	were	commonly	observed	in	
both	the	laboratory	and	field	testing,	other	constituents	pose	a	significant	threat	to	wildland	firefighters.	
In	those	incidents	where	manmade	materials	were	included	(for	both	training	burns	and	WUI	incidents),	
key	constituents	were	observed	that	were	otherwise	absent	or	below	occupational	exposure	levels	in	the	
other	vegetation-only	burns.	While	the	laboratory	tests	provided	similar	results,	the	data	collected	in	the	
field	on	actual	WUI	and	training	fires	demonstrated	a	much	more	consistent	and	elevated	exposure	risk	
in	certain	constituents.	 In	general,	PM,	CO,	SO2,	VOCs,	NO,	cyanide,	and	benzene	were	commonplace	
when	these	combusted	materials	were	included	in	the	smoke	exposure,	while	PAHs,	HCN,	and	HCL	were	
also	 detected	 (however	 these	 occurrences	 were	 typically	 at	 lower	 levels	 of	 occurrence	 and	 minimal	
exceedances	of	occupational	levels).		
	
Ninety-five	wildland	firefighters	with	CAL	FIRE	volunteered	to	participate	in	this	study,	including	
personnel	at	training	events	(extended	hose	lays),	controlled	burns,	and	actual	wildland	fires.	The	results	
show	that	wildland	firefighters	regularly	exceeded	safe	physiological	conditions	(regardless	of	the	event	
type).	Nearly	65%	of	the	firefighters	had	sustained	peak	heart	rates	above	200	beats	per	minute	(bpm),	
with	nearly	20%	exceeding	220bpm	(all	but	three	of	the	volunteers	regularly	exceeded	the	
recommended	maximum	hearts	rate	for	work	(220bpm	minus	your	age).	Likewise,	measured	core	body	
temperatures	exceeded	102F	in	roughly	70%	of	the	firefighters,	with	10%	exceeding	103F.	Furthermore,	
nearly	two-thirds	of	the	firefighters	started	their	shifts	at	or	near	a	level	of	dehydration.	Dehydration	
rates	significantly	increased	across	all	firefighters	at	the	end	of	duty,	with	only	25%	of	the	firefighters	
that	started	off	at	or	near	dehydration	self-correcting	and	becoming	more	hydrated	by	the	end	of	the	
shift.	Finally,	the	type	of	personal	protective	equipment	(PPE)	worn	by	wildland	firefighters	has	a	
significant	influence	on	their	physiology.	The	results	suggest	that	the	traditional	double-layer	PPE	
produces	significantly	higher	core	body	temperatures,	higher	incidence	of	dehydration,	and	higher	heart	
rates	than	single-layer	PPE.	



	
	
	
	
	 	



2.0	Literature	Review	on	Primary	Constituents	of	Concern	
	
Today,	a	WUI	incident	represents	a	dynamic,	complex	environment	where	wildland,	structure,	and	vehicle	
fires	often	merge.	As	a	result,	we	do	not	clearly	understand	of	the	risks	and	hazards	this	synthesis	creates.	
Moreover,	protection	standards	 for	 firefighters	are	specific	 to	each	 incident	 type.	This	 report	seeks	 to	
rectify	this	situation	by	improving	our	understanding	of	the	exposure	risks	across	the	myriad	of	incident	
types,	 providing	 a	 synthesis	 of	 existing	 literature	 and	 reports	 associated	with	wildland,	 structure,	 and	
vehicle	fires.	This	can	serve	as	a	springboard	for	evaluating	tools	for	assessing	and	predicting	hazards,	and	
recommending	safeguards	for	improving	health	and	safety.	
	
The	paradigm	shift	from	wildland	to	WUI	firefighting	has	transformed	conventional	risk.	Traditionally,	fire	
studies	focused	on	the	three	broad	categories:	wildland,	structure,	and	vehicle.	Each	incident	type	comes	
with	distinctive	exposures,	hazards,	and	risks	with	protocols,	tactics,	and	PPE	specific	to	each	scenario.	A	
WUI	fire	represents	a	dynamic	and	complex	incident	where	these	incident	types	merge.	Firefighters	may	
respond	 to	 a	wildland	 fire,	 but	 often	 focus	on	 community	 defense	where	 structures	 and	 vehicles	 can	
become	involved.	The	evolution	of	modern	wildfires	fires	suggests	that	this	is	not	only	a	common	scenario,	
but	 is	 a	 virtual	 certainty.	 The	 result	 is	 a	 transition	 from	 a	 wildland	 fire	 (where	 firefighters	 may	 be	
reasonably	prepared	and	protected)	to	an	atmospheric	mix	of	pollutants	that	can	have	severe	risks	and	
consequences.		
	
While	 smoke	 exposure	 at	 some	 wildfires	 and	 prescribed	 burns	 can	 be	 no	more	 than	 a	 nuisance,	 on	
occasion	it	approaches	or	exceeds	legal	and	recommended	occupational	exposure	limits.	The	composition	
of	 the	 smoke	 depends	 on	 variables	 such	 as	 fuel	 type,	moisture	 content,	 temperature,	 and	wind	with	
different	 fuels	 containing	 variable	 levels	 of	 cellulose,	 lignin,	 polyphenols,	 oils,	 fats,	 resins,	waxes,	 and	
starches.	 The	 smoke	 is	 a	highly	 variable	 and	 complex	mixture	of	 carbon	dioxide,	water	 vapor,	 carbon	
monoxide	 (CO),	 particulates	 (PM),	 unburned	 fuel,	 polycyclic	 aromatic	 hydrocarbons	 (PAHs),	 nitrogen	
oxides,	trace	minerals	and	diverse	hazardous	air	pollutants	(HAPs).	While	this	is	daunting	in	itself,	when	
wildland	fires	become	WUI	fires,	the	range	of	natural	and	synthetic	materials	from	structures	and	vehicles	
release	additional	pollutants,	many	of	which	are	highly	hazardous,	carcinogenic,	and	toxic.		
	
Many	safeguards	for	structure	and	vehicle	fires	are	not	part	of	WUI	standards;	customary	protocols	and	
PPE	may	actually	be	incompatible.	For	example,	extended	duty	on	many	wildland/WUI	fires	means	that	
traditional	 the	 breathing	 apparatus	 used	 for	 these	 incidents	 would	 provide	 only	 a	 fraction	 of	 the	
protection	needed	during	a	12-,	16-,	or	24-hour	shift	where	exposure	can	be	unpredictable.	This	device	is	
further	 limited	simply	due	 to	 the	physical	constraints	 it	places	on	 the	 firefighter	 in	 the	 field.	Similarly,	
turnout	gear	for	structure	fires	is	designed	to	afford	adequate	protection	for	an	interior	attack,	not	the	
exterior	attack	more	typical	of	WUI	firefighting.	The	thick,	heavy,	urban	gear	induces	serious	heat	stress	
for	firefighters	conducting	exterior	or	vegetative	fire	suppression.	Proper	WUI	safeguards	are	imperative.		
	
This	project	compiled	nearly	two	hundred	sources	of	literature	and	reports	related	to	exposure	hazards	
and	risks	related	to	wildland,	structure,	and	vehicle	fires.	The	goal	is	to	provide	an	assessment	of	the	types	
or	hazards	and	exposure	risks	that	can	occur	in	the	outside	environment	for	a	WUI	fire	(where	traditional	
wildland,	structure,	and	vehicle	fires	can	occur	simultaneously).	The	findings	included	herein	can	be	used	
to	 inform	 firefighting	 agencies	 and	 firefighters	with	 responsibility	 for	WUI	 fires.	 This	 synthesis	 helped	
identify	gaps	in	information,	as	well	as	which	constituents	of	concern	we	should	focus	on	for	our	broader	
exposure	study.		
	



2.1	Methods	
In	 order	 to	 assess	 the	 current	 understanding	 of	 hazards	 and	 risks	 related	 to	wildland,	 structure,	 and	
vehicle	fires,	we	conducted	an	exhaustive	search	of	the	literature	and	reports	available	on	this	topic,	with	
an	 emphasis	 on	 those	 studies	 that	 have	 been	 competed	 since	 2000.	 Our	 literature	 search	 included	
keyword	 searches	 with	 both	 and	 “OR”	 and	 “AND”	 qualifier	 using	 combinations	 of	 terms,	 including:	
firefighter,	structure	fires,	vehicle	fires,	wildland	fires,	wildland	urban	interface	fires,	smoke,	exposure,	air	
pollution,	contaminants,	and	emissions.	We	searched	key	databases	including:	Web	of	Science,	PubMed,	
Medline,	BIOSIS,	PubMed,	JSTOR,	Google	Scholar,	and	the	Cal	State	and	University	of	California	Databases	
with	San	Diego	State	University	and	UC	San	Diego.	We	also	conducted	general	Internet	searches	and	key	
agency	contacts	including	the	US	Forest	Service,	the	National	Institute	for	Occupational	Health	and	Safety,	
Centers	 for	 Disease	 Control	 and	 Prevention,	 National	 Institute	 of	 Standards	 and	 Technology,	 and	 the	
Motor	 Vehicle	 Fire	 Research	 Institute.	 Additional	 references	 were	 identified	 in	 key	 papers	 that	 were	
screened	for	relevant	articles	that	were	not	identified	in	the	original	search.	All	articles	were	compiled	in	
an	EndNote	database	(Version	8),	with	annotations	and	digital	copies	of	the	source	(where	available).		
	
	

2.2	Results		
In	total,	the	searches	resulted	in	2,028	potential	articles	that	met	our	search	criteria.	We	then	evaluated	
these	 articles	 for	 accessibility	 and	 validity,	 selecting	 literature	 that	was	 either	 published	 by	 reputable	
sources,	agencies,	or	peer	reviewed	literature.	We	then	read	through	the	articles	to	identify	those	that	
were	relevant	to	this	particular	study	and	human	exposure.	This	resulted	in	194	sources:	85	for	wildland	
fires,	67	for	structure	fires,	and	49	for	vehicle	fires	(fifteen	articles	spanned	both	structure	and	wildland	
fire	topics).	These	sources	were	then	further	analyzed	to	identify	specific	hazards	and	exposure	risks	that	
can	reasonably	be	related	to	firefighters	in	the	wildland	urban	interface.		
	
A	database	was	compiled,	evaluating	each	article	on	several	key	factors	(Table	1):		

• The	type	of	study	conducted	(e.g.	whether	it	was	an	exposure	study,	assessment	of	combustible	
materials,	or	an	analysis	of	a	particular	injury-related	incident)	

• Whether	the	study	specifically	included	or	referenced	firefighting	and	firefighters	
• Whether	the	study	addressed	smoke	related	issues	(generally	and	specifically)	
• Key	 constituents	 included	 in	 the	 study	 including	 hazardous	 air	 pollutants	 (HAPs),	 polycyclic	

aromatic	 hydrocarbons	 (PAHs),	 volatile	 organic	 compounds	 (VOCs),	 particulates,	 carbon	
monoxide,	 carbon	 dioxide,	 nitrogen	 species,	 sulfur	 dioxide,	 benzene,	 cyanide,	 and	 acids	
(hydrochloric	and	sulfuric)	

• Whether	the	study	included	an	assessment	of	heat	as	part	of	the	analysis	
• Whether	the	study	specifically	addressed	wood	and/or	wood	related	products	
• Whether	the	study	addressed	the	use	of	SCBA	or	respirators	as	part	of	the	evaluation	
• For	 vehicle	 fires,	 the	 evaluation	 also	 identified	whether	 the	 study	was	 specific	 to	 tunnel	 fires	

and/or	whether	they	included	tire	combustion	in	the	assessment	
	
Appendix	A	provides	a	complete	table	and	evaluation	criteria	for	each	resource	included	in	this	analysis.	
Appendix	B	provides	a	complete	list	of	the	literature	included	in	the	literature	review.	
	
	 	



Table	1.	Number	and	type	of	studies	that	addressed	specific	categories	of	combustion	constituents	
	

	
	
	
Table	2.	Number	and	type	of	studies	that	included	key	criteria	(discussed	above)	
	

	
	
Results	of	 this	 review	 led	us	 to	 identify	 the	key	physiological	measurements	 that	we	collected	on	 the	
firefighters	as	well	as	the	key	constituents	of	concern	to	assess	in	our	WUI	smoke	exposure	assessment	
(described	in	the	following	sections).		
	
	
	

	 	

Incident(Type HAPs PAHs VOCs PM CO CO2 NOx SO2 Benzene Cyanide Acids
Structure'Fire'Total 14 8 8 9 16 5 5 3 3 14 4
Vehicle'Fire'Total 4 5 6 2 8 5 2 1 4 3 3
Wildland'Fire'Total 2 8 19 26 25 2 3 1 9 6 2
GRAND(TOTAL((N=194) 20 21 33 37 49 12 10 5 16 23 9

Incident(Type
Firefighter(

Study Heat
Wood(

Combustion
SCBA(and/or(

Respirator(Use
Tunnel(
Study Tire(Fires*

Structure'Fire'Total 27 5 8 4 NA NA
Vehicle'Fire'Total 8 6 1 1 12 5
Wildland'Fire'Total 49 0 17 4 NA NA
GRAND(TOTAL((N=194) 84 11 26 9 12 5
*This'criteria'only'applies'to'vehicle'fires'included'in'this'assessment



3.0	Laboratory	Analysis	and	Sensor	Assessment	
Significant	 research	 has	 been	 conducted	 to	 better	 understand	 the	 conditions	 that	 fire	 fighters	 and	
occupants	are	exposed	to	during	structure	fires	and	to	a	somewhat	lesser	extent,	during	wildland	fires.			
Less	research	has	been	conducted	to	understand	the	exposure	to	WUI	fires.				This	study	was	designed	to	
better	characterize	smoke	generated	by	wildland-urban	interface	fires	to	better	understand	the	exposure	
of	 fire	 fighters	 and	 the	 public	 to	 WUI	 smoke.	 	 A	 portable	 gas	 and	 particulate	 sampling	 system	 was	
developed	to	collect	data	both	at	laboratory-	and	full-scale	for	smoke	from	combinations	of	structural	and	
vegetative	fuels.	
	
This	study	focuses	on	the	exposure	of	fire	fighters,	but	the	data	collected	by	the	sensor	package	is	also	
applicable	to	characterizing	the	exposure	of	the	public	during	WUI	fires.			This	study	extends	the	work	of	
previous	studies	 (including	 those	conducted	by	NIST)	on	 the	physical	and	chemical	 characterization	of	
smoke,	laboratory	experiments,	and	field	assessments	to	identify	key	constituents	of	smoke	[1-16].				
	

3.1	Smoke	Sampling	
Combustion	 smoke	 can	 be	 sampled	 and	 analyzed	 using	 a	 range	 of	 technologies	 including	 gravimetric	
sampling,	 optical	 and	 paramagnetic	 sensors,	 gas	 chromatographs,	 photoionization	 detectors,	 and	
electrochemical	diffusion	cells.			Some	of	these	techniques	can	track	species	or	particulate	concentrations	
in	 real	 time	 while	 others	 collect	 an	 integrated	 or	 batch	 sample	 which	 is	 analyzed	 off-line	 to	 report	
concentrations.	 	 Although	 batch	 sampling	 typically	 requires	 less	 equipment	 in	 the	 field	 because	 the	
sample	is	returned	to	the	laboratory	for	analysis,	batch	samples	provide	concentrations	averaged	over	
the	entire	collection	period,	not	time-resolved	data.					
	
Smoke	 can	 be	 characterized	 in	 terms	 of	 chemical	 composition,	 concentration,	 and	 aerodynamic	 size.			
Identifying	 the	 chemical	 components	 of	 smoke	 is	 necessary	 to	 determine	 what	 compounds,	 both	
inorganic	 and	organic,	 that	 fire	 fighters	 could	potentially	 be	exposed	 to	on	 the	 fire	 ground.	 	 	Organic	
compounds	 may	 include	 toxic	 gases	 (hydrogen	 cyanide	 and	 carbon	 monoxide),	 asphyxiants	 (carbon	
dioxide	[17]),	carcinogens	(benzene	and	polycyclic	aromatic	hydrocarbons	[18])	and	unburned	fuel	(soot,	
vegetation,	and	volatile	organic	compounds).		Inorganic	compounds	may	include	toxic	gases	(hydrogen	
sulfide	and	sulfur	dioxide),	 irritant	gases	 (hydrogen	chloride,	hydrogen	bromide,	nitrogen	oxides),	and	
particulates	(soil).				Quantifying	how	much	or	the	of	the	specific	compounds	are	present	in	the	smoke	is	
necessary	to	assess	the	potential	impact	of	the	chemical	compounds.		For	gaseous	species	concentration	
is	often	expressed	as	parts	per	million	(ppm)	or	volume	percent	while	solid	particulates	are	reported	in	
mg/m3.			
	

3.2	Soot	and	Particulate	Sampling	
3.2.1	Mass	Concentration	
Soot	and	particulate	sampling	can	be	conducted	using	gravimetric	 filters,	either	batch	or	 real	 time,	or	
optical	light	cell	based	techniques.			The	simplest	approach	is	gravimetric	batch	where	a	pump	is	used	to	
pull	smoke	through	a	filter	media.		Filter	media	can	be	cellulosic	or	quartz	fibers	or	polymeric	membranes.			
The	filter	is	weighed	before	collection,	smoke	at	a	known	flow	rate	is	pulled	through	the	filter,	and	the	
filter	is	re-weighed	after	collection.		 	Dividing	the	total	mass	collected	on	the	filter	by	the	total	volume	
provides	an	average	concentration.	 	 	Soot	and	particulates	can	also	be	sampled	gravimetrically	 in	real-
time	using	a	tapered	element	oscillating	microbalance	(TEOM).				The	TEOM	techniques	involves	causing	
a	small	filter	to	vibrate	at	a	known	frequency,	and	pulling	a	known	volume	of	smoke	sample	through	the	
filter	media.			Although	this	technology	can	be	deployed	to	the	field,	As	the	mass	accumulates	on	the	filter,	



the	frequency	of	the	vibration	changes,	and	the	accumulated	mass	can	be	calculated	from	the	frequency	
change	 in	real	time.	 	 	Again,	dividing	the	 instantaneous	mass	by	the	flow	rate	provides	real-time	mass	
concentration.		However,	the	relatively	small	EOM	filter	(<	1.3	cm	diameter)	can	become	clogged	in	high	
mass	concentrations	requiring	frequent	filter	changes.			For	low	concentrations	of	smoke,	a	single	filter	
can	collect	for	many	hours,	but	for	higher	concentrations	of	smoke,	such	as	those	in	close	proximity	to	
active	fires,	a	single	filter	may	only	collect	for	several	minutes	before	necessitating	a	filter	change.			
	
In	additional	to	TEOM	techniques,	light-	or	optical-cells	can	also	be	used	to	monitor	soot	and	particulates	
in	real-time.			Smoke	is	pulled	into	a	small	volume	while	a	beam	of	light	is	transmitted	through	the	smoke.			
The	light	source	which	can	be	a	laser,	an	incandescent	filament,	or	light	emitting	diode,	is	typically	in	the	
visible	and/or	infrared	portion	of	the	electromagnetic	spectrum.		Smoke	can	either	absorb	or	scatter	light	
within	the	cell	volume.		The	amount	of	light	adsorbed	and	scattered	is	a	function	of	mass	concentration,	
size	distribution,	index	of	refraction,	and	the	wavelength	of	the	light.			Optical	cells	can	be	small	portable	
hand	held	models	or	more	complex	10	liter	cells	mounted	on	an	optical	board	or	frame.		
	
3.1.2	Size	Distribution	
The	size	distribution	of	soot	and	particulates	can	be	conducted	using	aerodynamic	impactors	(batch),	or	
optical	 light	 cell	 based	 techniques	 (real-time).	 	 	 A	 pump	 is	 used	 to	 pull	 smoke	 through	 a	multi-stage	
impactor.	 	 At	 each	 stage	 the	 smoke	 is	 accelerated	 and	 required	 to	 negotiate	 90	 degree	 changes	 in	
direction.			At	each	stage,	the	particles	with	larger	aerodynamic	diameter	are	less	able	to	follow	the	flow	
lines	 of	 the	 gas	 and	 impact	 a	 thin	 foil	 collection	media.	 	 	 As	 the	 smoke	 is	 accelerated	more	 at	 each	
subsequent	stages,	the	smoke	particulates	are	collected	on	the	different	foils	according	to	aerodynamic	
size.			The	size	distribution	of	the	particulates	is	calculated	by	weighing	the	mass	of	particles	on	each	sizing	
stage.			Some	impactors	are	designed	to	simulate	how	deep	the	particulates	would	penetrate	the	human	
respiratory	system.		Large	particles	would	be	deposited	in	nose/throat,	smaller	particles	in	the	bronchial	
tree,	and	still	smaller	particles	would	be	carried	deeper	into	the	lungs.				
	
Optical	light	cell	particle	counters	can	use	light	scattering,	light	obscuration,	or	direct	imaging	to	count	
and/or	size	smoke	particulates.		Typically,	a	pump	pulls	a	smoke	sample	into	a	sensing	chamber	where	a	
high	intensity	light	(LED,	laser,	or	halogen)	illuminates	the	particles.				Photo	detectors	track	the	scattered	
light	and/or	obscured	light	and	the	amplitude	of	the	light	scattered	or	light	blocked	allows	particles	to	be	
counted	 and	 tabulated	 into	 standardized	 counting	 bins.	 	 	 For	 direct	 imaging,	 the	 sensing	 chamber	 is	
illuminated	by	a	high	intensity	light	and	digital	images	of	the	particles	are	recorded	for	subsequent	analysis	
by	 imaging	software.	 	While	 light	scattering	or	 light	blocking	particle	counters	can	display	data	 in	real-
time,	direct	imaging	counters	typically	do	not	report	data	in	real	time.			
	

3.2	Gas	Species	
Combustion	smoke	gas	species	can	be	sampled	and	analyzed	using	a	range	of	technologies	including	light	
absorption	 cells,	 paramagnetic	 sensors,	 electrochemical	 cells,	 photoionization	 detectors,	 and	 gas	
chromatographs.		Many	of	these	monitors	provide	real-time	or	near	real-time	gas	concentrations	while	
others	utilize	batch	collection	and	off-line	analysis.	
	
3.2.1	Light	Absorption	Optical	Cells	
Within	Carbon	monoxide	and	carbon	dioxide,	within	the	smoke	can	be	individually	detected	using	non-
dispersive	infrared	sensors.			After	passing	the	smoke	through	a	cold	trap	to	remove	water	and	a	filter	to	
remove	 particulates,	 smoke	 is	 pumped	 through	 a	 small	 cell.	 	 	 A	 beam	 of	 infrared	 light	 is	 split	 and	
transmitted	through	the	sample	cell	and	a	reference	cell	which	contains	the	gas	species	of	interest	at	a	



known	concentration.			Both	the	sample	and	reference	cells	absorb	portions	of	the	transmitted	light	in	
proportion	 to	 the	 gas	 species	 being	 detected.	 	 The	 ratio	 of	 the	 two	 signals	 provides	 real-time	
concentration	of	gas	species	in	the	reference	cell.		
	
3.2.2	Paramagnetic	Detectors	
Oxygen	 concentrations	 can	 be	 tracked	 in	 real-time	 because	 oxygen	 has	 the	 unique	 paramagnetic	
properties	which	cause	a	flow	of	oxygen	containing	gas	to	induced	an	internal	magnetic	field	when	placed	
in	an	externally	applied	magnetic	 field.	 	Since	the	 induced	magnetic	 field	 is	proportional	 to	amount	of	
oxygen	molecules,	oxygen	concentrations	can	be	tracked	in	real-time.	 	Typically,	the	smoke	is	pumped	
through	a	cold	trap	to	remove	water	vapor	and	a	filter	to	remove	particulates.	
	
3.2.3			Electro-Chemical	Cells	
The	gas	diffuses	 into	 the	sensor,	 through	 the	back	of	 the	porous	membrane	 to	 the	working	electrode	
where	it	is	oxidized	or	reduced.		This	electromechanical	reaction	results	in	an	electric	current	that	passes	
through	the	external	circuit.		In	addition	to	measuring,	amplifying	and	performing	other	signal	processing	
functions,	the	external	circuit	maintains	the	voltage	across	the	sensor	between	the	working	and	counter	
electrodes	 for	 a	 two	 electrode	 sensor	 or	 between	 the	 working	 and	 reference	 electrodes	 for	 a	 three	
electrode	cell.		At	the	counter	electrode	an	equal	and	opposite	reaction	occurs,	such	that	if	the	working	
electrode	is	an	oxidation,	then	the	counter	electrode	is	a	reduction.	
	
3.2.4	Photoionization	Detectors		
Photoionization	detectors	measure	volatile	organic	compounds	and	other	gases	in	concentrations.		In	a	
photoionization	detector	high	energy	photons,	typically	in	the	vacuum	ultraviolet	range,	break	molecules	
into	positively	charged	ions.			As	compounds	enter	the	detector	they	are	bombarded	by	high	energy	UV	
photons	and	are	ionized	when	the	absorb	the	UV	light,	resulting	in	ejection	of	electrons	and	the	formation	
of	positively	charged	ions.		The	ions	produce	an	electric	current,	which	is	the	signal	output	of	the	detector.		
The	greater	the	concentration	of	the	component,	the	more	ions	are	produced,	and	the	greater	the	current.		
PIDs	are	non-destructive	and	can	be	used	before	other	sensors	in	multiple-detector	configurations.	
	

3.3	Sorbent	Tubes	
Sorbent	tubes	are	widely	used	collection	media	for	sampling	gases	and	volatile	compounds	in	air	or	smoke.			
Sorbent	tubes	are	small	glass	tubes	packed	with	various	types	of	sold	adsorbent	materials.			The	medium	
is	tailored	to	the	component(s)	of	interest.		Activated	charcoal	and	a	crosslinked	polystyrene	copolymer	
resin	are	often	used	to	capture	benzene	and	polycyclic	aromatic	hydrocarbons,	respectively.	 	Smoke	is	
pulled	 through	 a	 sorbent	 tube	 and	 the	 chemicals	 are	 trapped	 onto	 the	 sorbent	 material	 during	 the	
sampling	period.	 	 	Sorbent	tubes	are	returned	to	a	 laboratory	for	desorption	and	subsequent	analysis.			
Often	 the	 analysis	 is	 completed	 using	 a	 gas	 chromatograph.	 	 Once	 analyzed,	 often	 done	 via	 a	 gas	
chromatograph,	the	total	amount	of	chemical	is	reported.			Dividing	the	total	amount	by	the	volume	pulled	
by	the	pump	through	the	sorbent	tube	provides	an	integrated	value	over	the	entire	sampling	period.			
	

3.4	Chromatography	
Chromatography	is	an	analytical	technique	which	can	be	used	to	quantify	compounds	in	smoke.		Samples	
are	 introduced	 typically	 into	 a	 small	 diameter	 column	which	 is	 packed	with	 a	 specific	medium.	 	 	 The	
medium	is	tailored	to	the	component(s)	of	interest.			The	sample	is	moved	through	the	medium	within	
the	column	by	either	a	carrier	gas	or	liquid	solvent.			Compounds	move	through	the	medium	at	different	
rates	because	of	specific	material	properties.	 	 	For	example,	 large	molecules	may	take	more	time	than	



small	molecules	to	elude	from	the	end	of	the	column.		Detectors	at	the	end	of	the	column	sense	when	
specific	 compound	 emerge	 as	 a	 function	 of	 time.	 	 The	 amount	 of	 time	 required	 for	 sample	 to	move	
through	 medium	 is	 dependent	 on	 compound,	 carrier/solvent	 flow,	 and	 length	 of	 column.	 	 Portable	
chromatographs	and		micro-chromatographs	can	be	deployed	to	the	field,	but	do	not	provide	real-time	
data.	 	 By	 selecting	 different	medium,	 columns,	 carriers/solvents,	 and	 detectors,	 chromatographs	 can	
identify	a	broad	range	of	compounds,	but	not	simultaneously.	
	

4.0	Instrumentation	Package	
On	the	fire	ground,	whether	 it	be	an	urban,	wildland,	or	wildland-urban	interface	fire,	fire	fighters	are	
exposed	a	range	of	combustion	products.		A	field	deployable	instrumentation	package	would	allow	smoke	
to	be	sampled	on	the	fire	ground.		Deployment	of	multiple	packages	would	allow	smoke	exposure	to	be	
characterized	at	multiple	location	simultaneously.			Smoke	sampling	technologies,	both	commercial	off-
the-shelf	systems	as	well	as	laboratory	prototypes,	each	system	was	reviewed	to	assess	the	suitability	of	
sensors	 and	 monitoring	 devices	 for	 potential	 precision/accuracy,	 reliability/repeatability,	 durability,	
length	of	deployment,	portability	(size/weight),	data	distribution	and	communications	compatibility,	real-
time	capabilities,	and	ease	of	use	and	interpretation.		It	was	also	critical	that	the	selected	instruments	be	
compatible	with	other	systems	in	order	to	allow	all	the	sampling	to	be	assembled,	powered,	and	deployed	
in	a	single	rugged	system.			
	
4.1.1	Smoke	Sampling	Capabilities	
The	system	needed	to	include	the	capability	of	monitoring	multiple	combustion	products	including	toxic	
and	irritant	gases,	polycyclic	aromatic	hydrocarbons,	volatile	organic	compounds,	particulate	materials	as	
well	 as	 temperature	 and	 relative	humidity.	 	 Smoke	 components,	 sensors,	 and	analysis	 techniques	 are	
tabulated	in	Table	3.	
	
Table	2.		Smoke	Components,	Sensors,	and	Analysis	Techniques.	
	

Smoke	Component	 Sample	
Type	

Detection	Method	 Reported	Data	

Carbon	Monoxide	 Real	time		 Optical	Cell	–	light	
absorption	

Concentration	
Volume	Percent	

(Parts	Per	
Million)	

Carbon	Dioxide	 Real	time	
	

Optical	Cell	–	light	
absorption	

Hydrogen	Cyanide	 Real	time	 Electrochemical	Cell	
Hydrogen	Chloride	 Real	time	 Electrochemical	Cell	
Hydrogen	Flouride	 Real	time	 Electrochemical	Cell	
Nitric	Oxide	 Real	time	 Electrochemical	Cell	
Nitrous	Oxide	 Real	time	 Electrochemical	Cell	
Sulfur	Dioxide	 Real	time	 Electrochemical	Cell	
	 	 	 	
Benzene	 Integrated	

Batch	
Sorbent	Tube	
Chromatography	

Mass	
Concentration	

Mg/m3	

Polycyclic	aromatic	
hydrocarbons	

Integrated	
Batch	

Sorbent	Tube	
Chromatography	

Volatile	Organic	
Compounds	

Real	time	 Photo	ionization	

	 	 	 	



Particulate	Material	 Integrated	
Batch	

Gravimetric	 Average	Mass	
Concentration	

Integrated	
Batch	

Gravimetric	 Particle	Size	
Distribution	

Real	Time	 Optical	Cell	–	Light	
Scattering	

Particle	Size	
Distribution	

	
	
Smoke	monitoring	analyzers	are	commercially	available	as	single	gas	or	multiple	gas	systems.		In	order	to	
minimize	weight	and	size	as	well	as	power	required,	multiple-gas	analyzers	were	selected.			Two	multi-gas	
systems	were	configured	to	monitor	carbon	dioxide,	carbon	monoxide,	volatile	organic	com	dedicated	to	
tracking	one	gas	or	compound	or	as	multiple	analyzer	
	
Table	3.		Smoke	Component	and	Sample	Configuration	
	

Smoke	Component	 Sample	Configuration	
Hydrogen	Cyanide	 Multi-Gas	System1	
Hydrogen	Chloride	
Hydrogen	Flouride	
Nitrous	Oxide	
Sulfur	Dioxide	
	 	
Carbon	Monoxide	 Multi-Gas	System	2	
Carbon	Dioxide	
Nitric	Oxide	
Volatile	Organic	Compounds	
	 	
Benzene	 Sorbent	Tube	&	portable	

pump	
Polycyclic	aromatic	hydrocarbons	 Sorbent	Tube	&	portable	

pump	
Particulate	
Material	

Average	Mass	
Concentration	

Filter	&	portable	pump	

Particle	Size	
Distribution	

Cascade	Impactor	&	
portable	pump	

Particle	Size	
Distribution	

Particle	Analyzer	with	
built-in	pump	

	 	
	 	

	
	
4.1.2	Active	Smoke	Sampling	
The	key	feature	of	active	smoke	sampling	is	that	a	sample	is	extracted	from	the	fire	conditions	or	smoke	
plume.	 	Typically,	a	pump	 is	employed	 to	pull	 the	 sample	 through	 the	probe	at	a	 calibrated	 flow	rate	
through	tubing	to	a	detector.			The	probe	and	tubing	can	be	glass,	metal,	or	plastic.			The	smoke	may	or	
may	not	be	conditioned	to	prepare	it	for	analysis.			Filters	are	used	to	remove	particulates,	cold	traps	to	
remove	water,	 and	 specific	 adsorbents,	 to	 scrub	 carbon	dioxide.	 	Gravimetric	 analysis	 for	particulates	



almost	always	requires	that	a	volume	be	pulled	through	a	filter	media	in	order	to	separate	out	the	solid	
component	of	the	smoke.		When	sampling	for	multiple	compounds,	it	can	be	useful	to	use	the	same	probe	
to	pull	all	the	samples.			If	multiple	probes	and	sample	locations	are	used,	it	can	introduce	uncertainty	as	
to	whether	or	not	 there	was	variability	 in	chemical	 composition	 related	 to	different	 sample	 locations.			
Since	active	sampling	involves	moving	a	sample	from	the	sampling	point	to	an	analyzer,	electrical	power,	
either	hardwired	or	battery,	is	needed.		
	
4.1.3	Passive	Smoke	Sampling	
Rather	than	using	pumps	to	extract	a	sample,	passive	sampling	relies	on	wind	or	air	currents	to	move	or	
convect	the	smoke	to	the	detector.		The	smoke	may	or	may	not	be	well	mixed,	so	multiple	sensors	located	
small	distances	apart	may	be	immersed	and	thus	sampling	in	smoke	of	different	concentrations.		However,	
since	 passive	 sampling	 does	 not	 require	 a	 pump	 to	 extract	 a	 sample,	 the	 need	 for	 electrical	 power	
requirements	are	significantly	reduced.			
	

4.2	Smoke	Sampling	Package	
In	order	to	monitor	and	track	multiple	components	of	smoke	which	were	identified	during	the	early	stages	
of	 this	 study,	 the	 design	 of	 this	 instrumentation	 package	 needed	 to	meet	 a	 number	 of	 requirements	
including	1)	real-time	concentration	measurements	of	8	different	gas	species,	2)	real-time	concentrations	
of	 volatile	 organic	 compounds,	 3)	 batch	 sample	 collection	 for	 polycyclic	 aromatic	 hydrocarbons	 and	
benzene,	4)	real-time	monitoring	of	size	distribution	of	particulates,	5)	gravimetric	measurement	of	soot	
and	particulate	mass	concentrations,	6)	portable	and	relatively	low	weight,	7)	battery	powered,	8)	data	
logging	for	real-time	data	streams,	and	9)	able	to	survive	brief	exposure	to	flame	radiation	and	embers.			
	
4.2.1	Analyzer	Enclosure	
The	enclosure	for	the	analyzers	is	a	thin	wall	stainless	steel	duct	of	24	cm	(	9	inch)	diameter	and	40	cm	(16	
inch)	long(Figure	1).		An	end	cap	at	the	exhaust	or	lower	end	a	centered	mounting	column,	battery	pack,	
and	exhaust	fans	(Figure	2).		 	Another	end	cap	at	the	entrance	or	upper	end	is	perforated	with	twenty	
holes	of	2.5	cm	(1	inch)	diameter.		The	20	orifices	help	ensure	that	the	smoke	drawn	into	the	main	body	
of	the	cylinder	is	well	mixed	and	prevents	large	embers	from	entering	(Figure	3).			
	
4.2.2	Multi-Gas	Systems	
Multi-gas	 systems	 1	 and	 2	 are	 positioned	 parallel	 to	 and	mounted	 to	 the	 center	 support	 (Figure	 4).			
Temperature	and	relative	humidity	sensors	are	incorporated	into	both	of	the	multi-gas	systems.			As	the	
smoke	is	pulled	into	the	cylinder	and	through	the	perforated	end	cap,	the	smoke	volume	appeared	well-
mixed	within	 the	 cylinder.	 	 	 The	 gravimetric	 and	 sorbent	 tube	 sampling	 trains	were	 located	 after	 the	
electro-chemical,	photoionization,	and	light	absorption	optical	cells.	
	
4.2.3			Gravimetric	and	Sorbent	Tube	Sampling	
Filter	holder	for	gravimetric	soot	mass	concentration	and	small	funnel	shaped	entrance	tip	to	soot	particle	
size	analyzer	are	mounted	in	between	the	multi-gas	systems	(Figure	5).		Sorbent	tubes	for	benzene	and	
polycyclic	aromatic	hydrocarbons	(PAH)	are	mounted	on	the	opposite	side	from	the	multi-gas	analyzers	
(Figure	6).			Both	sorbent	tubes	have	a	filter	located	before	the	sorbent	tube	to	remove	soot	and	other	
particulates.			The	PAH	sorbent	tube	is	larger	diameter	and	filled	with	white	XAD-2	adsorbent	(Figure	7).			
The	benzene	sorbent	tube	is	a	smaller	diameter	filled	with	black	coconut	charcoal	(Figure	7).				
	



4.3.4			Pumps,	Particle	Size	Analyzer	and	Data	Acquisition	System	
Once	the	stainless	steel	cylinder	has	been	re-installed	over	the	analyzers,	filters,	and	sorbent	tubes,	the	
portable	battery-powered	pumps	are	mounted	on	the	outside	of	the	cylinder	(Figure	8).		Each	pump	is	
connected	 via	 6	mm	 (0.25	 inch)	 diameter	 plastic	 tubing	 to	 a	 sample	 train	which	 includes	 a	 filter	 and	
sorbent	tube.		The	flow	rate	for	the	benzene	and	polycyclic	aromatic	hydrocarbon	sampling	trains	were	
set	at	0.2	l/m	and	2.0	l/m,	respectively.		In	addition	to	the	sample	pumps,	the	battery-powered	particulate	
sizing	analyzer	is	also	mounted	on	the	outside	of	the	cylinder	and	connected	to	the	sampling	tip	on	the	
inside	of	the	cylinder	by	a	small	diameter	3	mm	(0.125	inch)	plastic	tube	(Figure	9).		A	battery-powered	
data	acquisition	system	was	also	mounted	on	the	outside	of	the	cylinder.			It	was	connected	to	the	multi-
gas	analyzers	and	other	instruments	inside	the	cylinder	and	the	particle	analyzer	on	the	outside	(Figure	
10).	
	
	 	



4.3.5	Final	Sensor	Measurement	Matrix	
The	following	table	shows	the	final	sensors	used	to	assess	smoke	samples	in	both	the	laboratory	and	in	
the	field.		
	
Table	4.	Wildland-Urban	Interface	Fire	Exposure	Selected	Measurement	Technology	
	

	

Temperature Air / Gas Thermocouple
Chromel-
Alumel

Thermal Flux
Thermal 
Radiation

Heat Flux 
Transducer

Conduction 
cooled

Chemical 
Component

Type of 
Measurement

Sample 
Acquisition

GrayWolf 
Analyzer

Opto-chemical Real Time

Biomimetic Assisted 
Convection 

Electrochemical

Semiconductor

Real Time
Assisted 
Convection
Real Time
Assisted 
Convection
Real Time
Assisted 
Convection
Real Time
Assisted 
Convection
Real Time
Assisted 
Convection

Sulfuric Acid Real Time

H2SO4
Assisted 
Convection

Hydrochloric 
Acid

Real Time

HCl
Assisted 
Convection

Hydrobromic Real Time

HBr
Assisted 
Convection

Hydroflouric Real Time

HF
Assisted 
Convection
Real Time
Assisted 
Convection

Integrated 
Sample

Offline 
analysis

Sorbent Tube/
Integrated 
Sample

SKC 
PUF/XAD/PU
F

Foam 
Offline 
analysis

Cat No. 226-
129

Inhalable Real Time
Coarse 
Particles

Assisted 
Convection

PM10
Inhalable Real Time

Fine Particles Assisted 
Convection

PM 2.5

Temperature
Single Point 
Real Time IQ-610

Wind Speed & 
Direction

Single Point 
Real Time

Humidity
Single Point 
Real Time IQ-610

Mass

IQ-610Non-Dispersive 
Infrared

Carbon 
Dioxide

IQ-610Cabon 
Monoxide

IQ-501
Electro-
Chemical 
Diffusion Cell

Nitric Oxide, 
NO

IQ-501
Electro-
Chemical 
Diffusion Cell

Nitrogen 
Dioxide, NO2

IQ-610
Electro-
Chemical 
Diffusion Cell

Cyanide

IQ-501
Electro-
Chemical 
Diffusion Cell

Sulfur Dioxide

IQ-501
Electro-
Chemical 
Diffusion Cell

Electro-
Chemical 
Diffusion Cell

IQ-501
Electro-
Chemical 
Diffusion Cell

Electro-
Chemical 
Diffusion Cell

SKC Sorbent 
Tube Cat No. 
222-3-50

Sorbent TubesBenzene

IQ-610
Electro-
Chemical 
Diffusion Cell

VOC’s

Energy

Weather

PC-3016AOptical 
Scattering

PC-3016AOptical 
Scattering

PAHs



	
	
	
Figure	1.			Stainless	steel	duct	analyzer	enclosure.	
	
	 	



	
	

	

	
Figure	2.		End	cap	with	centered	mounting	column,	battery	pack	and	exhaust	fans.	Top	image	sampling	
side	and	lower	image	from	exhaust	side.	
	
	



	
	

	
	
	
Figure	3.			Perforated	entrance	plate.	



	

	
Figure	4.		Multi-gas	systems	1	and	2	are	positioned	parallel	to	and	mounted	to	the	center	support.	
Impact	of	Ventilation	
	 	



	
	
	
Figure	5.	Filter	holder	for	gravimetric	soot	mass	concentration	and	small	tip	for	soot	particle	size	analyzer	
are	mounted	in	between	the	multi-gas	systems	
	 	



	
	
Figure	6.		Sorbent	tubes	for	benzene	and	polycyclic	aromatic	hydrocarbons	(PAH)	are	mounted	on	the	
opposite	side	from	the	multi-gas	analyzers.	
	



	
	
	
Figure	7.		Sorbent	tubes	for	polycyclic	aromatic	hydrocarbons	(top)	and	benzene	(bottom).	
	
	 	



	
	
Figure	8.		Portable	battery-powered	pumps	are	mounted	on	the	outside	of	the	cylinder.	
	
	
	



	
Figure	9.		Battery-powered	particulate	sizing	analyzer	is	also	mounted	on	the	outside	of	the	cylinder.	



	
	
Figure	10.			A	battery-powered	data	acquisition	system	was	also	mounted	on	the	outside	of	the	cylinder.	
	



	

5.0	Laboratory	Testing	of	WUI	Materials	
Smoke	assessments	were	conducted	at	the	Fire	Research	Division	of	the	Engineering	Laboratory	at	the	
National	Institute	of	Standards	and	Technology	(NIST),	located	in	Gaithersburg,	Maryland.	Vegetation	
was	collected	from	areas	in	southern	and	northern	California	(ponderosa	pine,	California	cedar,	and	
chaparral),	Texas	(grassland),	Florida	(palmetto)	and	Colorado	(pine).	Materials	were	burned	as	stand-
alone	vegetation	or	mixed	with	standard	PVC,	gypsum	(wall	board),	or	wooden	planks	(e.g.	standard	
construction	lumber)	to	simulate	a	wildland	fire	or	a	fire	with	mixed	materials	as	would	be	found	in	a	
WUI	incident.	The	basic	premise	was	twofold:	first	to	assess	the	viability	of	the	sensor	platform	and	its	
ability	to	assess	smoke	at	wildland	incidents,	and	second,	to	isolate	these	materials	in	a	laboratory	
setting	to	assess	the	key	constituents	of	concern.		The	following	figures	shows	the	laboratory	conditions	
and	protocols	used.	The	samples	were	placed	into	metal	bins,	with	a	natural	gas	burner	at	the	bottom	of	
the	material	(for	initial	ignition).	The	smoke	is	collected	by	the	shroud	located	above	the	material,	and	
then	funneled	into	a	chamber	where	the	smoke	sensors	are	able	to	measure	the	various	constituents.		
	
	

	
	
Figure	11.			Metal	cage	and	gas	coil	burner	used	for	vegetation	testing.	
	
	 	



.

	
	
Figure	12.	Weighing	the	plant	material	placed	into	metal	cage.		
	
	 	



	
	
Figure	13.			Metal	hood	used	to	collect	smoke	from	the	burn,	and	funnel	it	to	the	sensor	array.	



	
Figure	14.			Sensor	platform	connected	to	metal	tubes	that	send	smoke	through	to	be	analyzed.	



	
	
Figure	15.			Real-time	monitoring	of	material	burn.	

	 	



	
Figure	16.			Active	burning	of	pine,	gypsum,	and	PVC	to	simulate	a	WUI	fire.	

	
	 	



5.1	Laboratory	Results	
The	following	tables	and	figures	represent	some	of	the	raw	data	collected	during	the	laboratory	
sampling.	Following	the	initial	testing	of	the	chaparral,	it	was	determined	that	the	sensor	array	
needed	to	be	modified	to	allow	for	the	detection	of	higher	levels	of	and	increased	range	for	
total	VOCs.	The	other	gas	sensors	were	also	not	operating	with	accurate	results.	Therefore,	
limited	data	were	collected	on	the	chaparral.	Additionally,	some	of	the	plant	materials	were	
unusable	for	burning	as	they	were	contaminated	with	mite	outbreaks,	or	became	too	dry	
during	the	shipping	process	(no	longer	reflecting	actual	vegetation	conditions).	However,	once	
these	issues	were	resolved,	laboratory	data	were	collected	on	materials	sent	on	the	Saw	
Palmetto,	California	Cedar,	Texas	Grass,	Ponderosa	Pine,	and	White	Pine	(with	gypsum,	PVC,	
and	pine	wood	being	combined	to	these	materials	to	simulate	a	WUI	fire	incident.		
	
Table	5.	Fuel	packages	and	mass	tested	in	the	fire	lab.	
	

Test ID Fuel Package Initial Fuel Mass (g) 
WETS160112c Saw Palmetto 23.3 
WETS160113a Saw Palmetto 45.4 
WETS160113b Saw Palmetto 44.4 
WETS160113c Saw Palmetto 55 
WETS160113d Saw Palmetto 54.5 
WETS160114a Saw Palmetto 46.6 
WETS160114b Saw Palmetto 37.7 
WETS160114c Saw Palmetto 47.3 
WETS160114d Saw Palmetto 42.2 
WETS160115a Texas Grass 21.4 
WETS160115b Texas Grass 19.8 
WETS160115c Texas Grass 29.3 
WETS160115d Ponderosa Pine 58.2 
WETS160115e Ponderosa Pine 28.5 
WETS160115f Ponderosa Pine 83.2 
WETS160128a California Cedar 77.6 
WETS160128b California Cedar 91.4 
WETS160128c California Cedar 88.6 

WETS160129a California Cedar + Gypsum (6)        
+ Pine Wood (8) 67.1 

WETS160129b California Cedar + Gypsum (6)        
+ Pine Wood (8) 65.2 

WETS160129c California Cedar + Gypsum (5)        
+ Pine Wood (7) + PVC (2) 86 

WETS160129d Grass                     + Gypsum (5)        
+ Pine Wood (7) + PVC (2) 59.7 

WETS160201a White Pine 63.1 
WETS160201b White Pine 74 
WETS160201c White Pine 83.9 

WETS160201d White Pine           + Gypsum (5)       
+ Wood (7)          + PVC 96.1 

WETS160201e Gypsum (22)       + Wood (28)          
+ PVC (6) 156.1 

	
	
	
	
	
	



In	general,	there	was	a	variability	in	the	particle	size	that	was	observed	when	non-vegetation	
materials	were	added	to	the	burn,	with	smaller	particles	showing	up	earlier	in	the	smoke	
column	with	the	introduction	of	gypsum	and	typically	occurring	throughout	the	burn	test.		
	

Figure 17. Particle Size Distribution- California Cedar/Gypsum/Pine Wood Test WETS160129b. 
 
With regard to particle sizes, across all vegetation types, the dominant and persistent particle 
sizes that were observed throughout the laboratory tests consisted largely of PM 2.5-5.0, with 
some samples showing period releases of PM 1.0-2.5. Additional particle size distribution 
figures are provided in Appendix A.  
 
The tests showed that the concentrations of carbon monoxide were generally above 1,000 ppm, 
and tended to carry a stable concentration throughout the burn. Concentrations of SO2, NO, 
HCN, HCI, and HF all peaked at the early stages of the burn and then slowly dissipated, with 
SO2 taking longer (in general to dissipate). Concentrations of total VOCs showed a similar 
pattern of high early concentrations that took longer to dissipate compared to the other 
constituents. Finally, NO2 was found in relatively low levels throughout the burns. It is also 
important to note that the concentrations of total VOCs were likely much higher than what was 



recorded in the lab tests simply because the sensor had limits to its peak detection capabilities. 
Graphs of the cone data reports for laboratory testing is provided in Appendix B. 
 
When comparing the data collected from laboratory burns that included just the natural 
vegetation, versus those that included materials to simulate a WUI scenario, several observations 
were made. First, not significant differences were detected with regard to the relative humidity, 
temperature, or concentrations of carbon dioxide or carbon monoxide when WUI materials were 
introduced to test burns. This was true across all types of vegetation tested. With regard to SO2, 
concentrations were relatively consistent across both vegetation, and WUI + vegetation burn 
experiments, however time to reach peak concentrations was often more rapid when WUI 
materials were introduced into the burn tests. Concentrations of Cyanide for strictly vegetation 
burns tended to have slightly higher peaks when compared to test burns that included WUI 
materials. Airborne acids (HCl) were also typically found in higher concentrations when WUI 
materials were introduced into the test burns, when compared to vegetation alone. With regard to 
VOCs, no significant differences were observed between test burns with or without WUI 
materials, however in many cases initial levels of TVOCs were more variable at the beginning of 
the burn when WUI materials were not present. Finally, NO was typically higher in test burns 
that included WUI materials when compared to vegetation-only tests (although these differences 
tended to somewhat variable and only slightly higher).  
 
The following figures show a side-by-side comparison between vegetation-only test burns versus 
test burns that included WUI materials (including pine board, PVC, and gypsum). Additional 
graphs of test burns under various conditions are provided in Appendix B. 
 
 
 
  



FIGURE 18. COMPARISON OF WHITE PINE AND WUI MATERIALS 
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FIGURE 19. COMPARISON OF TEXAS GRASS AND WUI MATERIALS 
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FIGURE 20. COMPARISON OF CALIFORNIA CEDAR AND WUI MATERIALS 
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The	data	collected	through	the	sorbent	tubes	included	concentrations	of	both	Benzene	and	
PAHs.	In	general,	the	Benzene	concentrations	tended	to	be	significantly	higher	for	those	test	
burns	that	included	both	the	vegetation	and	the	WUI	materials.		
	
Table 6. Benzene Concentration by sample type – Coconut Charcoal Sorbent Tube 
	

Sample  Sample 
Volume 

L 

Sample 
Time 

s 

              
   Concentration 
 
mg/m3        ppm 

Reportable 
Limit 

mg/m3 

Notes 

White Pine 
WETS160201b 

4.49 1348 8.7 2.7 0.22  

White Pine 
WETS160201c 

3.95 1186 12 3.9 0.25  

Ponderosa Pine 
WETS160115f 

3.86 1159 14.0 4.4 0.002  

California Cedar 
WETS160128c 

4.51 1353 4.2 1.3 0.002  

       
California 
Cedar/Gypsum/Wood 
WETS160129b 

3.15 944 16.5 5.2 0.002  

       
White 
Pine/Gypsum/Wood/PVC 
WETS160201d 

4.58 1374 16 5.1 0.22  

Gypsum/Wood/PVC 
WETS160201e 

4.58 1374 120 38 2.2 Benzene on 
Backup Sorbent 
Section - Possible 
break through 

California 
Cedar/Gypsum/Wood/PVC 
WETS160129c 

3.88 1164 20 6.2 0.26  

       
Air Blank 3.79 1136 0.79 0.2 0.002  
Burner Blank 3.87 1162 0.52 0.2 0.002  

	
With	regard	to	PAH	concentrations,	most	of	the	samples	were	below	the	reportable	limits	
under	the	analysis,	with	only	instance	where	Phenantherene	was	recorded	in	a	sample	burn	
that	included	white	pine,	gypsum,	pine	wood	board,	and	PVC.	This	suggests	that	PAH	
concentrations	under	these	laboratory	scenarios	is	somewhat	limited	and	not	able	to	produce	
detectable	results	under	the	volume	burned	and	time	allotted	(Appendix	C).		
	 	



6.0	Field	Assessment	of	Smoke	Exposure	
6.1	Methods	
During	the	fire	assessments,	the	sensor	platform	was	placed	at	or	near	where	firefighters	were	actively	
engaged	in	training	activities,	suppression,	or	other	duties	related	to	the	incident.	Data	were	typically	
collected	for	4	hours	where	possible	(ensuring	that	no	operational	impact	from	the	data	collection	
occurred	to	the	fire	operations).	Sensors	were	either	placed	or	carried	alongside	where	the	firefighters	
were	actively	engaged	in	their	duties,	with	an	emphasis	on	identifying	those	individuals	or	teams	that	
were	working	in	conditions	where	smoke	exposure	was	likely.		
	
Eighteen	fire	incidents	were	analyzed	during	the	study,	including	six	controlled	burns,	seven	wildland	
fire	incidents,	and	five	training	academy	burns.	The	controlled	burns	were	conducted	in	Northern	
California,	Riverside,	and	San	Diego	County,	in	grassland	areas	and	mixed	grass/shrubland	during	fire	
control	training	courses	conducted	by	CAL	FIRE	during	the	spring/summer	of	2014-16.	The	wildland	fire	
incidents	included	two	“typical”	wildland	fires	in	southwest	Riverside	County	in	mixed	chaparral/coastal	
sage	scrub,	two	incidents	in	both	Riverside	and	San	Diego	county	that	included	mixed	scrub,	grassland,	
and	some	wildland	urban	interface,	and	three	fires	in	northern	California	that	were	dominated	by	
timber	(mostly	pine	and	cedar)	that	included	infrastructure,	homes,	vehicles,	etc.	from	the	wildland	
urban	interface	(Table	7).	The	sensors	used	to	collect	data	at	these	burns	included	the	same	sensor	
platform	used	at	the	NIST	burn	laboratory,	however	the	sensors	were	not	encased	in	the	steel	cylinder	
as	we	were	attempting	to	monitor	ambient	air	constituents.	
	
	

6.2	Results	
In	general,	controlled	burns	showed	limited	levels	of	exposure,	with	CO	and	PM	being	the	most	common	
exposure	type.	While	the	firefighters	were	working	in	the	smoke,	the	occupational	exceedances	of	both	
PM	and	CO	were	commonplace,	however	the	variability	of	wind	gusts	seemed	to	have	an	effect	on	the	
ability	of	the	sensors	to	accurately	collect	data	on	ambient	air	quality	conditions.	It	was	noticed	on	these	
incidents	(and	others)	that	even	in	a	heavy	inversion,	when	gusts	of	wind	would	pass	through	the	
sensors,	they	typically	reached	at	or	near	zero	levels	of	key	constituents.	This	may	be	a	limitation	of	the	
sensors	themselves,	and	may	not	accurately	reflect	actual	ambient	air	conditions	outside	the	laboratory.	
It	was	thought	that	encasing	the	sensors	in	the	same	type	of	metal	cylinder	that	was	used	in	the	NIST	
laboratory	experiments,	and	allowing	small	fans	to	pull	in	ambient	air	from	outside	would	help	stabilize	
that	ambient	air	conditions	in	the	field,	providing	for	a	more	accurate	assessment	of	environmental	
contamination.	We	were	unable	to	test	this	hypothesis	during	this	study,	but	will	continue	to	evaluate	
this	as	an	option	for	future	studies	on	wildland	smoke	exposure.		
	
In	those	incidents	where	manmade	materials	were	included	(for	both	training	burns	and	WUI	incidents),	
key	constituents	were	observed	that	were	otherwise	absent	or	below	occupational	exposure	levels	in	
the	other	vegetation-only	burns.	While	the	laboratory	tests	provided	similar	results,	the	data	collected	
in	the	field	on	actual	WUI	and	training	fires	demonstrated	a	much	more	consistent	and	elevated	
exposure	risk	in	certain	constituents.	In	general,	PM,	CO,	SO2,	VOCs,	NO,	cyanide,	and	benzene	were	
commonplace	when	these	combusted	materials	were	included	in	the	smoke	exposure,	while	PAHs,	HCN,	
and	HCL	were	also	detected	(however	these	occurrences	were	typically	at	lower	levels	of	occurrence	
and	minimal	exceedances	of	occupational	levels).		
	
With	regard	to	the	use	of	sorbent	tubes	on	actual	wildfire	incidents,	there	were	both	logistical	and	
technological	issues	that	limited	our	ability	to	collect	reliable	data.	To	overcome	those	issues,	we	have	



investigated	the	use	of	optical	sensors	that	can	detect	PAHs	and	Benzene	in	real	time.	Unfortunately,	
this	method	does	not	allow	for	a	similar	analysis	as	a	sorbent	tube	(as	was	used	in	the	laboratory	
testing),	with	total	exposure	and	air	volume	sampling	not	immediately	comparable	to	the	data	collected	
by	a	sorbent	tube,	it	is	still	valuable	to	be	able	to	detect	levels	of	PAHs	and	Benzene	on	a	wildland/WUI	
incident	and	determine	whether	these	constituents	are	present.	
	
	
Table	7.	Controlled	burns,	training	burns,	and	WUI	incidents	with	key	exposures/toxicants	found	at	the	
incidents	exceeding	established	threshold	values	for	NIOSH	(REL-ST)	and	OSHA	(IDLH).		
.	

	
	
	 	

Fire	Type Main	Products	Combusted Atmospheric	Conditions Key	Exposures	Detected
Controlled	Burn
NorCal1a Grassland 75F,	48%RH,	wind	<2mph CO,	PM

GrassV1a Grassland 72F,	33%RH,	wind	<1mph CO,	PM

Grassv1b Grassland/Shrub 71F,	30%RH,	wind	4mph PM

Cleveland Shrub/Timber 88F,	44%RH,	wind	3mph CO,	PM,	HCN

Riverside Grassland/Shrub 68F,	33%RH,	wind	<2mph CO,	PM,	SO2

Training

Clark1a

Household	products,	furniture,	

mattress,	carpet,	gypsum 84F,	28%RH,	wind	3mph CO,	PM,	NO2,	NO,	SO2,	VOCs,	Cyanide

Clark1b Plywood,	tar	shingles,	pine 84F,	28%RH,	wind	3mph CO,	PM,	SO2,	HCL

Indio1 Home	burn	(no	furniture	or	carpet) 79F,	40%RH,	wind	5mph CO,	PM,	SO2,	HCN,	HCL,	VOCs

Indio2 Home	burn	(no	furniture	or	carpet) 73F,	44%RH,	wind	<2mph CO,	PM,	SO2,	HCN,	HCL,	VOCs

Riverside1 Home	burn	(no	furniture	or	carpet) 85F,	34%RH,	wind	<2mph CO,	PM,	SO2,	HCN,	HCL,	VOCs

Riverside2

Home	burn	(office/home	furniture	

and	carpet) 85F,	34%RH,	wind	<2mph CO,	PM,	SO2,	HCN,	HCL,	PAHs,	Benzene,	VOCs

WUI
Temecula Chaparral,	Freeway,	Utilities 95F,	25%RH,	wind	15mph CO,	NO2,	Cyanide,	PM

Sands Timber/WUI 75F,	28%RH,	wind	7mph CO,	Cyanide,	VOCs,	Benzene,	PM,	NO2

Yolo Grassland/Homes 83F,	35%RH,	wind	3mph CO,	PM,	NO

Cleveland Chaparral,	Freeway,	Utilities,	Barn 75F,	34%RH,	wind	<2mph CO,	PM,	Cyanide,	VOCs

Calaveras

Timber,	Shrubland,	homes,	

vehicles,	utilities 80F,	22%RH,	wind	<2mph CO,	PM,	NO,	NO2,	SO2,	Cyanide,	HCL,	VOCs,	Benzene,	PAHs

Napa

Timber,	Shrubland,	homes,	

vehicles,	utilities 71F,	34%RH,	wind	<2mph PM,	CO,	NO,	VOCs

Paradise

Timber,	shrubland,	highway	and	

utility	infrastructure 98F,	20%RH,	wind	15mph PM,	CO,	NO,	VOCs



	
Figure	21.		Firefighter	exposure	at	grass	fire	controlled	burns.	



	
Figure	22.	Limited	respiratory	protection	provided	for	wildland	and	WUI	incidents.		
	



	
Figure	23.	Typical	timber	and	shrubland	wildfire.		
	



	
Figure	24.	Sensors	deployed	at	WUI	incident.		



Figure	25.	Typical	smoke	exposure	and	materials	burned	at	WUI	incident.		



Figure	26.	Typical	smoke	exposure	and	materials	burned	at	WUI	incident.		



Figure	27.	Urban	materials	burn	testing	conducted	at	Clark	Training	Base	with	CAL	FIRE.		



Figure	28.	WUI	training	burn	smoke	exposure	sampling.		



	

7.0	Wildland	Urban	Interface	Firefighter	Assessment		
	
In	conjunction	with	the	FEMA-FPS	funded	program	described	herein,	our	team	worked	in	partnership	
with	the	US	Forest	Service,	International	Association	of	Fire	Fighters,	CAL	FIRE,	and	CAL	FIRE	Local	2881	
to	evaluate	the	physiological	conditions	of	wildland	firefighters	between	through	2014-2015.	Wildland	
firefighters	often	work	for	extended	periods	in	intense	heat	and	brutal	environmental	conditions.	It	is	
important	to	understand	how	the	regular	duties	and	environmental	conditions	experienced	by	wildland	
firefighters	influence	key	physiological	conditions	including	heart	rate,	respiratory	rate,	core	body	
temperature,	and	hydration.		Ninety-five	wildland	firefighters	with	CAL	FIRE	volunteered	to	participate	
in	this	study,	including	personnel	at	training	events	(extended	hose	lays),	controlled	burns,	and	actual	
wildland	fires.	The	results	show	that	wildland	firefighters	regularly	exceeded	safe	physiological	
conditions	(regardless	of	the	event	type).	Nearly	65%	of	the	firefighters	had	sustained	peak	heart	rates	
above	200	beats	per	minute	(bpm),	with	nearly	20%	exceeding	220bpm	(all	but	three	of	the	volunteers	
regularly	exceeded	the	recommended	maximum	hearts	rate	for	work	(220bpm	minus	your	age).	
Likewise,	measured	core	body	temperatures	exceeded	102F	in	roughly	70%	of	the	firefighters,	with	10%	
exceeding	103F.	Furthermore,	nearly	two-thirds	of	the	firefighters	started	their	shifts	at	or	near	a	level	
of	dehydration.	Dehydration	rates	significantly	increased	across	all	firefighters	at	the	end	of	duty,	with	
only	25%	of	the	firefighters	that	started	off	at	or	near	dehydration	self-correcting	and	becoming	more	
hydrated	by	the	end	of	the	shift.	Finally,	the	type	of	personal	protective	equipment	(PPE)	worn	by	
wildland	firefighters	has	a	significant	influence	on	their	physiology.	The	results	suggest	that	the	
traditional	double-layer	PPE	produces	significantly	higher	core	body	temperatures,	higher	incidence	of	
dehydration,	and	higher	heart	rates	than	single-layer	PPE.	
	
A	full	report	on	the	findings,	methods,	and	recommendations	is	provided	in	a	separate	report.	

	

	

8.0	Presentations	and	Workshops	
Throughout	the	research	process,	we	worked	closely	with	partners	in	the	IAFF,	CAL	FIRE,	CAL	FIRE	Local	
2881,	NIST,	and	the	US	Forest	Service.	Annual	updates	were	provided	at	conferences	and	symposia	for	
both	CAL	FIRE	and	the	IAFF	(Redmond	and	Alts),	as	well	as	presentations	given	at	the	NWCG	annual	
conference.	In	2014	and	through	2015,	a	symposium	was	held	in	Sacramento	that	included	all	the	major	
state	and	federal	agencies	that	deal	with	wildland	and	urban	interface	issues.		
	
The	results	of	that	effort	are	included	in	a	separate	report.		
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APPENDIX	  A
Wildland	  Urban	  Interface	  Fire	  Exposure	  Risks	  and	  Hazard	  

Related	  to	  Wildland,	  Structure,	  and	  Vehicle	  Ignition	  Emissions

RESOURCE EXPOSURE	  TYPE OTHER	  INFORMATION

Incident	  Type Author Year Digital	  Copy Type	  of	  Study
Firefighter	  
Study

Smoke	  
(generally) HAPs PAHs VOCs PM CO CO2 NOx SO2 Benzene Cyanide Acids Heat

Wood	  
Combustion

SCBA	  and/or	  
Respirator	  
Use

Tunnel	  
Study Tire	  Fires

Structure Alarie 2002 No Exposure	  Study X X X X X
Structure Anseeuw	  et	  al. 2013 Yes Exposure	  Study X
Structure Antonio	  et	  al. 2013 Yes Exposure	  Study X X X
Structure Aubin	  et	  al. 1994 No Exposure	  Study
Structure Austin	  et	  al. 2001 No Exposure	  Study X X
Structure Austin	  et	  al. 2001 Yes Exposure	  Study X
Structure Bari	  et	  al.	   2010 Yes Materials	  Study X X X
Structure Baxter	  et	  al.	   2010 Yes Exposure	  Study X X
Structure Bernard	  et	  al. 1979 No Exposure	  Study X
Structure Bertol	  et	  al. 1983 No Exposure	  Study X X
Structure Birky	  et	  al. 1981 Yes Exposure	  Study
Structure Bisby	  et	  al. 2005 No Materials	  Study
Structure Blomqvist	  et	  al. 2003 Yes Materials	  Study X X
Structure Bølling	  et	  al. 2009 Yes Materials	  Study X X
Structure Bolstad-‐Johnson,	  et	  al. 2000 No Exposure	  Study X
Structure Boman	  et	  al. 2003 Yes Exposure	  Study X
Structure Borron	  et	  al. 2007 Yes Exposure	  Study X
Structure Brandt-‐Rauf	  et	  al. 1989 Yes Exposure	  Study X
Structure Brandt-‐Rauf	  et	  al. 1988 Yes Exposure	  Study X X X X X X X X X
Structure Burgess	  et	  al. 2001 Yes Exposure	  Study X X X X X X X X X X
Structure Burgess	  et	  al.	   1979 No Exposure	  Study X X
Structure Caux	  et	  al. 2002 No Exposure	  Study X X X
Structure Clark	  et	  al. 1988 No Exposure	  Study X
Structure Cone	  et	  al.	   2008 Yes Exposure	  Study X X X X
Structure Cone	  et	  al.	   2005 Yes Exposure	  Study X X X
Structure Currie	  et	  al. 2009 No Exposure	  Study X X X X X X X X
Structure DeMarse 2006 No Strategies/Tactics X X
Structure Doroudiani	  et	  al. 2010 No Materials	  Study X
Structure Einhorn 1975 Yes Materials	  Study X
Structure Fabian	  et	  al. 2011 No Exposure	  Study X X X X X X
Structure Fabian	  et	  al. 2010 Yes Exposure	  Study X X X X X X X X X
Structure Fabio	  et	  al.	   2002 No Exposure	  Study X
Structure Gann 2004 No Exposure	  Study X X
Structure Gann 2008 No Materials	  Study X
Structure Gold	  et	  al. 1978 No Exposure	  Study X X X X X X X
Structure Grabowska	  et	  al. 2012 No Exposure	  Study X X
Structure Greven	  et	  al. 2011 Yes Exposure	  Study X X
Structure Heggers	  et	  al.	   1995 No Exposure	  Study X
Structure Heimbach	  et	  al. 1988 Yes Exposure	  Study X X X
Structure Horii	  et	  al.	   2010 No Exposure	  Study X X X
Structure Hoyeto	  et	  al. 1999 No Exposure	  Study X X X
Structure Irvine	  et	  al. 2000 Yes Materials	  Study X
Structure Jankovic	  at	  al. 1991 Yes Exposure	  Study X X X X X X X X X
Structure Kumar	  et	  al. 2010 No Materials	  Study X
Structure Lahn	  et	  al. 2003 No Exposure	  Study X
Structure Laitinen	  et	  al. 2010 Yes Exposure	  Study X X X X X X
Structure Large	  et	  al. 1990 No Exposure	  Study X X
Structure Laumbach	  et	  al. 2012 Yes Exposure	  Study X X
Structure Lestari	  et	  al. 2012 Yes Exposure	  Study X
Structure Lipsett	  et	  al.	   1994 No Exposure	  Study X
Structure Maciulaitis	  et	  al. 2013 No Materials	  Study X X X X
Structure Mouritz	  et	  al. 2009 No Materials	  Study
Structure NIOSH 1997 No Materials	  Study
Structure NIOSH 1997 No Incident	  Analysis X X
Structure Northcross	  et	  al.	   2012 Yes Materials	  Study X X
Structure Peters	  et	  al.	   1974 No Exposure	  Study X X
Structure Pettit	  et	  al. 1997 No Incident	  Analysis X X
Structure Pyror	   1992 No Materials	  Study X
Structure Schoket 1999 Yes Exposure	  Study X X
Structure Sharma	  et	  al. 2004 No Materials	  Study
Structure Shusterman 1993 Yes Exposure	  Study X
Structure Sorathia	  et	  al. 1996 Yes Materials	  Study X X X
Structure Stefanidou	  et	  al. 2004 No Exposure	  Study X
Structure Stefanidou	  et	  al. 2008 Yes Exposure	  Study X X
Structure Tong	  et	  al. 2004 No Exposure	  Study X
Structure Treitman	  et	  al. 1980 No Exposure	  Study X X X X X X X
Structure Valavandis	  et	  al. 2008 No Exposure	  Study X X X
Vehicle Ahrens 2013 Yes Incident	  Analysis X
Vehicle Bari	  et	  al. 2005 Yes Exposure	  Study X X X X
Vehicle Bates	  et	  al.	   1998 Yes Incident	  Analysis
Vehicle Battipaglia	   2003 Yes Materials	  Study X X X X X
Vehicle Borgerson	  et	  al. 2011 No Exposure	  Study X X
Vehicle Bunn	  et	  al. 2004 No Exposure	  Study
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Vehicle Capleton	  et	  al. 2005 Yes Exposure	  Study X X
Vehicle Chow	  et	  al. 2003 Yes Materials	  Study
Vehicle Chow	  et	  al.	   1999 Yes Exposure	  Study X X X
Vehicle Chow	  et	  al.	   2001 Yes Incident	  Analysis X X
Vehicle Connell	  et	  al. 2008 Yes Incident	  Analysis X X X
Vehicle Dalrymple 2012 Yes Incident	  Analysis
Vehicle Digges	  et	  al. None	  given Yes Materials	  Study
Vehicle Digges	  et	  al. 2008 Yes Materials	  Study
Vehicle Digges	  et	  al. 2005 Yes Materials	  Study X
Vehicle Dillon	  et	  al. 2009 Yes Materials	  Study X
Vehicle Duckworth 2008 Yes Incident	  Analysis X X
Vehicle Fabian	  et	  al. 2010 Yes Exposure	  Study X X X X X X X X X
Vehicle Fent	  et	  al. 2012 Yes Exposure	  Study X X X X X X
Vehicle Fent	  et	  al. 2011 Yes Exposure	  Study X X X X X
Vehicle Griffith	  et	  al. 2005 No Materials	  Study X X X X
Vehicle Hirschler	  et	  al. 2002 Yes Materials	  Study X X
Vehicle Jafari	  et	  al. 2011 Yes Exposure	  Study X X X
Vehicle Janssens	  et	  al. 2008 Yes Materials	  Study
Vehicle Jones	  et	  al. 2009 Yes Materials	  Study X
Vehicle Karlsson	  et	  al. 2006 Yes Exposure	  Study X
Vehicle Kit	  et	  al. 2009 Yes Exposure	  Study X X
Vehicle Kumar	  et	  al. 2013 Yes Exposure	  Study X X
Vehicle Laumbach	  et	  al. 2012 Yes Exposure	  Study X X
Vehicle Lestari	  et	  al. 2012 Yes Exposure	  Study X
Vehicle Liu	  et	  al. 2007 Yes Exposure	  Study X X
Vehicle Lonnermark	  et	  al. 2006 Yes Exposure	  Study X X X X X X
Vehicle Murray 2003 Yes Exposure	  Study X X
Vehicle Murray 2010 Yes Exposure	  Study X
Vehicle Okamoto 2009 Yes Materials	  Study X
Vehicle Qu	  et	  al. 2012 Yes Exposure	  Study X X X
Vehicle Sanchez	  et	  al. 2006 Yes Exposure	  Study X
Vehicle Santrock	  et	  al. 2001 No Materials	  Study X
Vehicle Shakya	  et	  al. 2008 Yes Exposure	  Study X X
Vehicle Shipp	  et	  al. 1995 No Materials	  Study X
Vehicle Sidhu	  et	  al. 2006 No Exposure	  Study X X
Vehicle Stephenson	  et	  al. 2005 Yes Materials	  Study
Vehicle Stephenson	  et	  al. 2006 Yes Materials	  Study
Vehicle Stroup	  et	  al. 2001 No Materials	  Study X
Vehicle Vianello	  et	  al. 2012 Yes Exposure	  Study X
Vehicle Wantanabe	  et	  al. 2007 Yes Exposure	  Study
Vehicle Wichmann 1995 Yes Exposure	  Study X X X
Vehicle Willson	  et	  al. 2006 Yes Materials	  Study X X X X X X
Vehicle Zhang	  et	  al. 2007 Yes Exposure	  Study X X
Wildland Adetona	  et	  al. 2011 Yes Exposure	  Study X X
Wildland Adetona	  et	  al. 2011 Yes Exposure	  Study X X
Wildland Adetona	  et	  al. 2013 Yes Exposure	  Study X X X X
Wildland Adetona	  et	  al. 2013 Yes Exposure	  Study X X
Wildland Arbex	  et	  al. 2010 No Exposure	  Study X
Wildland Baldwin	  et	  al. 2012 No Incident	  Analysis X X
Wildland Barboni	  et	  al. 2010 Yes Exposure	  Study X X X X
Wildland Baris	  et	  al. 2002 No Exposure	  Study X
Wildland Baud 2007 No Exposure	  Study X
Wildland Baud	  et	  al.	   2011 No Exposure	  Study X X
Wildland Beason	  et	  al. 1996 No Exposure	  Study X X
Wildland Bizovi	  et	  al. 1995 No Exposure	  Study X X
Wildland Blake	  et	  al. 2009 No Exposure	  Study X X
Wildland Bolstad-‐Johnson	  et	  al. 2000 No Exposure	  Study X X
Wildland Boman	  et	  al. 2003 Yes Exposure	  Study X
Wildland Booze	  et	  al. 2004 Yes Exposure	  Study X X X X X X
Wildland Brandt-‐Rauf	  et	  al. 1988 Yes Exposure	  Study X X X X X X X X X
Wildland Brotherhood	  et	  al. 1990 No Exposure	  Study X X
Wildland Burgess	  et	  al. 2001 No Exposure	  Study X X X
Wildland Castaneda	  et	  al. 2013 Yes Exposure	  Study X
Wildland Caux	  et	  al. 2002 No Exposure	  Study X X X X
Wildland Cone	  et	  al.	   2010 No Exposure	  Study X X X
Wildland Delfino	  et	  al. 2009 Yes Exposure	  Study X
Wildland DeVos	  et	  al. 2009 Yes Materials	  Study X X X X
Wildland DeVos	  et	  al. 2006 No Exposure	  Study X X X
Wildland Dost 1991 No Exposure	  Study X X X X
Wildland Dunn	  et	  al. 2013 Yes Exposure	  Study X X
Wildland Dunn	  et	  al. 2009 Yes Exposure	  Study X X
Wildland Edwards	  et	  al. 2005 Yes Exposure	  Study X X
Wildland Fabian	  et	  al. 2010 No Exposure	  Study X X
Wildland Gann 2004 No Exposure	  Study X X
Wildland Gaughan	  et	  al. 2008 Yes Exposure	  Study X X
Wildland Giancasbro	  et	  al. 2008 Yes Materials	  Study X X
Wildland Greven	  et	  al. 2011 Yes Exposure	  Study X X
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Wildland Greven	  et	  al. 2012 Yes Exposure	  Study X
Wildland Greven	  et	  al. 2011 Yes Exposure	  Study X X
Wildland Guidotti	  et	  al. 1992 No Exposure	  Study X X
Wildland Hall	   2004 No Exposure	  Study X
Wildland Heji	  et	  al. 2013 Yes Exposure	  Study X X X X
Wildland Henderson	  et	  al. 2011 Yes Exposure	  Study X X
Wildland Huff	  et	  al. 1995 Yes Exposure	  Study X
Wildland Johnston	  et	  al. 2012 Yes Exposure	  Study X
Wildland Jordan	  et	  al. 2006 No Materials	  Study X X
Wildland Kochi	  et	  al. 2010 Yes Exposure	  Study X
Wildland Kurmi 2010 Yes Exposure	  Study X X
Wildland Kurmi	  et	  al. 2013 No Exposure	  Study X X X
Wildland Laitinen	  et	  al. 2010 Yes Exposure	  Study X X X X X X X
Wildland Laitinen	  et	  al. 2012 Yes Exposure	  Study X X X X
Wildland Larson	  et	  al. 1994 No Exposure	  Study X X
Wildland Laurent	  et	  al. 2011 Yes Exposure	  Study X X
Wildland Lees 1995 No Exposure	  Study X X X X X X X X X
Wildland Leonard	  et	  al. 2007 Yes Exposure	  Study X X
Wildland Materna	  et	  al. 1992 No Exposure	  Study X X X X X X X
Wildland McCammon	  et	  al. 1999 No Incident	  Analysis X
Wildland McNamara	  et	  al. 2012 Yes Exposure	  Study X X
Wildland Miranda	  et	  al. 2012 Yes Exposure	  Study X X X X X
Wildland Miranda	  et	  al. 2010 Yes Exposure	  Study X X X X X
Wildland Mott	  et	  al. 2002 Yes Exposure	  Study X
Wildland Naeher	  et	  al. 2013 Yes Exposure	  Study X X
Wildland Naeher	  et	  al. 2007 No Exposure	  Study X
Wildland Naeher	  et	  al. 2007 No Exposure	  Study X X X X X
Wildland Neitzel	  et	  al. 2009 Yes Exposure	  Study X X
Wildland Ouyang	  et	  al. 2012 Yes Exposure	  Study X X X
Wildland Reinhardt	  et	  al. 2004 Yes Exposure	  Study X X X X X
Wildland Reisen	  et	  al. 2009 Yes Exposure	  Study X X X X X
Wildland Reisen	  et	  al. 2011 Yes Exposure	  Study X X X X X
Wildland Ribeiro	  et	  al. 2009 Yes Exposure	  Study X X
Wildland Shaw	  et	  al. 2014 Yes Exposure	  Study X
Wildland Simoneit 2002 No Exposure	  Study X X
Wildland Simpson	  et	  al. 2010 Yes Exposure	  Study X X
Wildland Slaughter	  et	  al. 2004 Yes Exposure	  Study X X X X
Wildland Stefanidou	  et	  al. 2008 Yes Exposure	  Study X X
Wildland Swiston	  et	  al. 2008 Yes Exposure	  Study X X X
Wildland Terrill	  et	  al. 1978 No Exposure	  Study X X
Wildland Townsend	  et	  al. 2002 Yes Exposure	  Study X X
Wildland Tzamtzis	  et	  al. 2006 No Exposure	  Study X X
Wildland Wang	  et	  al. 2011 Yes Exposure	  Study X X
Wildland Ward	  et	  al. 1991 Yes Exposure	  Study X X X X X
Wildland Washenit	  et	  al. 2001 No Incident	  Analysis X
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APPENDIX	A.	
	
Laboratory	Cone	Experiments	for	California	Cedar,	Texas	Grass	and	white	pine,	with	baseline	data	
collected	for	ambient	air	quality	in	the	laboratory	and	for	burn	fuel	used	to	ignite	vegetation	during	burn	
testing	(showing	minimal	contributions	to	results	observed	during	vegetation	and	WUI	materials	burns).	
	
	
 
 
 
 
 
 
 

 
Figure 1. Particle Size Distribution- California Cedar Test WETS160128a. 
 



 
Figure 2. Particle Size Distribution- California Cedar Test WETS160128b. 
 



Figure 3. Particle Size Distribution- California Cedar Test WETS160128c. 
 



Figure 4. Particle Size Distribution- California Cedar/Gypsum/Pine Wood Test WETS160129a. 
 



Figure 5. Particle Size Distribution- California Cedar/Gypsum/Pine Wood Test WETS160129b. 
 



Figure 6. Particle Size Distribution- California Cedar/Gypsum/Pine Wood/PVC Test 
WETS160129c. 
 



Figure 7. Particle Size Distribution- Texas Grass/Gypsum/Pine Wood/PVC Test WETS160129d. 
 



Figure 8. Particle Size Distribution- White Pine Test WETS160201a. 
 



Figure 9. Particle Size Distribution- White Pine Test WETS160201b. 
 



Figure 10. Particle Size Distribution- White Pine Test WETS160201c. 
 



Figure 11. Particle Size Distribution- White Pine/Gypsum/Pine Wood/PVC Test WETS160201d. 
 



Figure 12. Particle Size Distribution- Gypsum/Pine Wood/PVC Test WETS160201e. 
 
 
 



Figure 13. Particle Size Distribution- Air  WETS160203_Air. 
 
 
 
 



Figure 13. Particle Size Distribution- Natural Gas  WETS160203_Burner. 
	



APPENDIX	B	
	
Laboratory	Cone	Data	on	gas	species	detected	from	NIST	for	vegetation	burns	and	WUI	materials	
(including	gypsum,	pine	wood,	and	PVC).		
	

Date Test ID Fuel Package Initial 
Fuel 
Mass 

Mass at 
Suppression 

Peak 
Heat 
Release 
Rate 

1/12/2016 WETS160112c Saw Palmetto 23.3   
1/13/2016 WETS160113a Saw Palmetto 45.4   
1/13/2016 WETS160113b Saw Palmetto 44.4   
1/13/2016 WETS160113c Saw Palmetto 55   
1/13/2016 WETS160113d Saw Palmetto 54.5   
1/14/2016 WETS160114a Saw Palmetto 46.6   
1/14/2016 WETS160114b Saw Palmetto 37.7   
1/14/2016 WETS160114c Saw Palmetto 47.3   
1/14/2016 WETS160114d Saw Palmetto 42.2   
1/15/2016 WETS160115a Texas Grass 21.4   
1/15/2016 WETS160115b Texas Grass 19.8   
1/15/2016 WETS160115c Texas Grass 29.3   
1/15/2016 WETS160115d Ponderosa Pine 58.2   
1/15/2016 WETS160115e Ponderosa Pine 28.5   
1/15/2016 WETS160115f Ponderosa Pine 83.2   
1/28/2016 WETS160128a California Cedar 77.6   
1/28/2016 WETS160128b California Cedar 91.4   
1/28/2016 WETS160128c California Cedar 88.6   

1/29/2016 WETS160129a 
California Cedar + 
Gypsum (6)        + 

Pine Wood (8) 
67.1 

  

1/29/2016 WETS160129b 
California Cedar + 
Gypsum (6)        + 

Pine Wood (8) 
65.2 

  

1/29/2016 WETS160129c 

California Cedar + 
Gypsum (5)        + 
Pine Wood (7) + 

PVC (2) 

86 

  

1/29/2016 WETS160129d 

Grass                     + 
Gypsum (5)        + 
Pine Wood (7) + 

PVC (2) 

59.7 

  

2/1/2016 WETS160201a White Pine 63.1   
2/1/2016 WETS160201b White Pine 74   
2/1/2016 WETS160201c White Pine 83.9   

2/1/2016 WETS160201d 

White Pine           + 
Gypsum (5)       + 
Wood (7)          + 

PVC 

96.1 

  



2/1/2016 WETS160201e 
Gypsum (22)       + 
Wood (28)          + 

PVC (6) 
156.1 

  

2/3/2016 WETS160203_AIR X X   
2/3/2016 WETS160203_BURNER X X   

	
	
	
	 	



Figure 1. Gas Species Concentrations- Saw Palmetto Test WETS160112c. 



Figure 2. Gas Species Concentrations- Saw Palmetto Test WETS160113a. 



Figure 3. Gas Species Concentrations- Saw Palmetto Test WETS160113b. 



Figure 4. Gas Species Concentrations- Saw Palmetto Test WETS160113c. 



Figure 5. Gas Species Concentrations- Saw Palmetto Test WETS160113d. 



Figure 6. Gas Species Concentrations- Saw Palmetto Test WETS160114a. 



Figure 7. Gas Species Concentrations- Saw Palmetto Test WETS160114b. 



Figure 8. Gas Species Concentrations- Saw Palmetto Test WETS160114c. 



Figure 9. Gas Species Concentrations- Saw Palmetto Test WETS160114d. 



Figure 10. Gas Species Concentrations- Texas Grass Test WETS160115a. 



Figure 11. Gas Species Concentrations- Texas Grass Test WETS160115b. 



Figure 12. Gas Species Concentrations- Texas Grass Test WETS160115c. 



Figure 13. Gas Species Concentrations- Ponderosa Pine Test WETS160115d. 



Figure 14. Gas Species Concentrations- Ponderosa Pine Test WETS160115e. 



Figure 15. Gas Species Concentrations- Ponderosa Pine Test WETS160115f. 



Figure 16. Gas Species Concentrations- California Cedar Test WETS160128a. 



Figure 17. Gas Species Concentrations- California Cedar Test WETS160128b. 



Figure 18. Gas Species Concentrations- California Cedar Test WETS160128c. 



Figure 19. Gas Species Concentrations- California Cedar/Gypsum/Pine Wood Test 
WETS160129a. 



Figure 20. Gas Species Concentrations- California Cedar/Gypsum/Pine Wood Test 
WETS160129b. 



Figure 21. Gas Species Concentrations- California Cedar/Gypsum/Pine Wood/PVC Test 
WETS160129c. 



Figure 22. Gas Species Concentrations- Texas Grass/Gypsum/Pine Wood/PVC Test 
WETS160129d. 



Figure 23. Gas Species Concentrations- White Pine Test WETS160201a. 



Figure 24. Gas Species Concentrations- White Pine Test WETS160201b. 



Figure 25. Gas Species Concentrations- White Pine Test WETS160201c. 



Figure 26. Gas Species Concentrations- White Pine/Gypsum/Pine Wood/PVC Test 
WETS160201d. 



Figure 27. Gas Species Concentrations- Gypsum/Pine Wood/PVC Test WETS160201e. 



APPENDIX C 
Concentrations of Benzene and PAHs on sorbent tube samples collected during laboratory test burns of 
vegetation and WUI materials.  
 
 
 
Benzene Concentration – Coconut Charcoal Sorbent Tube 
	

Sample  Sample 
Volume 

L 

Sample 
Time 

s 

              
   Concentration 
 
mg/m3        ppm 

Reportable 
Limit 

mg/m3 

Notes 

White Pine 
WETS160201b 

4.49 1348 8.7 2.7 0.22  

White Pine 
WETS160201c 

3.95 1186 12 3.9 0.25  

Ponderosa Pine 
WETS160115f 

3.86 1159 14.0 4.4 0.002  

California Cedar 
WETS160128c 

4.51 1353 4.2 1.3 0.002  

       
California 
Cedar/Gypsum/Wood 
WETS160129b 

3.15 944 16.5 5.2 0.002  

       
White 
Pine/Gypsum/Wood/PVC 
WETS160201d 

4.58 1374 16 5.1 0.22  

Gypsum/Wood/PVC 
WETS160201e 

4.58 1374 120 38 2.2 Benzene on 
Backup Sorbent 
Section - Possible 
break through 

California 
Cedar/Gypsum/Wood/PVC 
WETS160129c 

3.88 1164 20 6.2 0.26  

       
Air Blank 3.79 1136 0.79 0.2 0.002  
Burner Blank 3.87 1162 0.52 0.2 0.002  

	
	
	
	 	



	
PAH Concentration - California Cedar/Gypsum/Pine/PVC 
	

Sample  Sample 
Volume 

L 

Sample 
Time 

s 

Sample 
Flow 
l/m 

  	

California 
Cedar/Gypsum/Pine/PVC 
WETS160129c 

29.13 1164 1.5 
  	

 
 Glass Fiber Filter XAD-2 Sorbent Tube Reportable Limit (RL) 
 µg/m3 ppm µg/m3 ppm µg/m3 ppm 
Acenaphthene <  RL <  RL  <  RL <  RL  860  0.16 
Acenaphthylene <  RL <  RL  <  RL <  RL  860 0.14 
Anthracene <  RL <  RL  <  RL <  RL  860 0.12 
Benz[a]anthracene <  RL <  RL  <  RL <  RL  860 0.092 
Benz[a]pyrene <  RL <  RL  <  RL <  RL  860 0.083 
Benzo[b]flouranthene <  RL <  RL  <  RL <  RL  860 0.083 
Benzo[ghi]perylene <  RL <  RL  <  RL <  RL  860 0.076 
Benzo[k]fluoranthene <  RL <  RL  <  RL <  RL  860 0.083 
Chrysene <  RL <  RL  <  RL <  RL  860 0.092 
Dibenz[a,h,j]anthracene <  RL <  RL  <  RL <  RL  860 0.075 
Fluoranthene <  RL <  RL  <  RL <  RL  860 0.10 
Fluorene <  RL <  RL  <  RL <  RL  860  0.13 
Indeno[1,2,3-cd]pyrene <  RL <  RL  <  RL <  RL  860  0.076 
Napthalene <  RL <  RL  <  RL <  RL  860 0.16 
Phenanthrene <  RL <  RL  <  RL <  RL  860  0.12 
Pyrene <  RL <  RL  <  RL <  RL  860  0.10 
	 	 	 	 	 	 	

	
	 	



PAH Concentrations – White Pine 
	

Sample  Sample 
Volume 

L 

Sample 
Time 

s 

Sample 
Flow 
l/m 

  	

White Pine 
WETS160201b 33.83 1353 1.5   	

 
 Glass Fiber Filter XAD-2 Sorbent Tube Reportable Limit (RL) 
 µg/m3 ppm µg/m3 ppm µg/m3 ppm 
Acenaphthene <  RL <  RL  <  RL <  RL  740 0.14 
Acenaphthylene <  RL <  RL  <  RL <  RL  740 0.12 
Anthracene <  RL <  RL  <  RL <  RL  740 0.10 
Benz[a]anthracene <  RL <  RL  <  RL <  RL  740 0.079 
Benz[a]pyrene <  RL <  RL  <  RL <  RL  740 0.072 
Benzo[b]flouranthene <  RL <  RL  <  RL <  RL  740 0.072 
Benzo[ghi]perylene <  RL <  RL  <  RL <  RL  740 0.065 
Benzo[k]fluoranthene <  RL <  RL  <  RL <  RL  740 0.072 
Chrysene <  RL <  RL  <  RL <  RL  740 0.079 
Dibenz[a,h,j]anthracene <  RL <  RL  <  RL <  RL  740 0.065 
Fluoranthene <  RL <  RL  <  RL <  RL  740 0.089 
Fluorene <  RL <  RL  <  RL <  RL  740 0.11 
Indeno[1,2,3-cd]pyrene <  RL <  RL  <  RL <  RL  740 0.065 
Napthalene <  RL <  RL  <  RL <  RL  740 0.14 
Phenanthrene <  RL <  RL  <  RL <  RL  740 0.10 
Pyrene <  RL <  RL  <  RL <  RL  740 0.089 
	 	 	 	 	 	 	

	
	 	



PAH Concentrations – White Pine 
	

Sample  Sample 
Volume 

L 

Sample 
Time 

s 

Sample 
Flow 
l/m 

  	

White Pine 
WETS160201c 29.63 1185 1.5   	

 
 Glass Fiber Filter XAD-2 Sorbent Tube Reportable Limit (RL) 
 µg/m3 ppm µg/m3 ppm µg/m3 ppm 
Acenaphthene <  RL <  RL  <  RL <  RL  840 0.16 
Acenaphthylene <  RL <  RL  <  RL <  RL  840 0.14 
Anthracene <  RL <  RL  <  RL <  RL  840 0.12 
Benz[a]anthracene <  RL <  RL  <  RL <  RL  840 0.090 
Benz[a]pyrene <  RL <  RL  <  RL <  RL  840 0.082 
Benzo[b]flouranthene <  RL <  RL  <  RL <  RL  840 0.082 
Benzo[ghi]perylene <  RL <  RL  <  RL <  RL  840 0.075 
Benzo[k]fluoranthene <  RL <  RL  <  RL <  RL  840 0.082 
Chrysene <  RL <  RL  <  RL <  RL  840 0.090 
Dibenz[a,h,j]anthracene <  RL <  RL  <  RL <  RL  840 0.074 
Fluoranthene <  RL <  RL  <  RL <  RL  840 0.10 
Fluorene <  RL <  RL  <  RL <  RL  840 0.12 
Indeno[1,2,3-cd]pyrene <  RL <  RL  <  RL <  RL  840 0.075 
Napthalene <  RL <  RL  <  RL <  RL  840 0.16 
Phenanthrene <  RL <  RL  <  RL <  RL  840 0.12 
Pyrene <  RL <  RL  <  RL <  RL  840 0.10 
	 	 	 	 	 	 	

	 	



PAH	Concentrations	-	White	Pine/Gypsum/Wood/PVC	
	
	

Sample  Sample 
Volume 

L 

Sample 
Time 

s 

Sample 
Flow 
l/m 

  	

White 
Pine/Gypsum/Wood/PVC 
WETS160201d 

34.35 1374 1.5 
  	

 
 Glass Fiber Filter XAD-2 Sorbent Tube Reportable Limit (RL) 
 µg/m3 ppm µg/m3 ppm µg/m3 ppm 
Acenaphthene <  RL <  RL  <  RL <  RL  730 0.14 
Acenaphthylene <  RL <  RL  <  RL <  RL  730 0.12 
Anthracene <  RL <  RL  <  RL <  RL  730 0.10 
Benz[a]anthracene <  RL <  RL  <  RL <  RL  730 0.078 
Benz[a]pyrene <  RL <  RL  <  RL <  RL  730 0.071 
Benzo[b]flouranthene <  RL <  RL  <  RL <  RL  730 0.071 
Benzo[ghi]perylene <  RL <  RL  <  RL <  RL  730 0.064 
Benzo[k]fluoranthene <  RL <  RL  <  RL <  RL  730 0.071 
Chrysene <  RL <  RL  <  RL <  RL  730 0.078 
Dibenz[a,h,j]anthracene <  RL <  RL  <  RL <  RL  730 0.064 
Fluoranthene <  RL <  RL  <  RL <  RL  730 0.088 
Fluorene <  RL <  RL  <  RL <  RL  730 0.11 
Indeno[1,2,3-cd]pyrene <  RL <  RL  <  RL <  RL  730 0.064 
Napthalene <  RL <  RL  <  RL <  RL  730 0.14 
Phenanthrene 1500 0.20  <  RL <  RL  730 0.10 
Pyrene <  RL <  RL  <  RL <  RL  730 0.088 
	 	 	 	 	 	 	

	 	



PAH Concentrations - Gypsum/Wood/PVC 
	
	

Sample  Sample 
Volume 

L 

Sample 
Time 

s 

Sample 
Flow 
l/m 

  	

Gypsum/Wood/PVC 
WETS160201e 34.38 1375 1.5   	

 
 Glass Fiber Filter XAD-2 Sorbent Tube Reportable Limit (RL) 
 µg/m3 ppm µg/m3 ppm µg/m3 ppm 
Acenaphthene < RL < RL < RL < RL 730 0.14 
Acenaphthylene 3500 0.56 < RL < RL 730 0.12 
Anthracene 1500 0.21 < RL < RL 730 0.10 
Benz[a]anthracene 1400 0.15 < RL < RL 730 0.078 
Benz[a]pyrene < RL < RL < RL < RL 730 0.071 
Benzo[b]flouranthene 960 0.093 < RL < RL 730 0.071 
Benzo[ghi]perylene < RL < RL < RL < RL 730 0.064 
Benzo[k]fluoranthene 990 0.096 < RL < RL 730 0.071 
Chrysene 1400 0.15 < RL < RL 730 0.078 
Dibenz[a,h,j]anthracene < RL < RL < RL < RL 730 0.064 
Fluoranthene 3200 0.39 < RL < RL 730 0.088 
Fluorene 2000 0.30 < RL < RL 730 0.11 
Indeno[1,2,3-cd]pyrene < RL < RL < RL < RL 730 0.064 
Napthalene 1900 0.76 7300 1.4 730 0.14 
Phenanthrene 5500 20 < RL < RL 730 0.10 
Pyrene 2300 0.28 < RL < RL 730 0.088 
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Abstract

The Wildfire Research Center at San Diego State University and the Wildfire Program 
at California State University San Marcos worked in partnership with the United States 
Department of Agriculture-Forest Service, CAL FIRE, and CAL FIRE Local 2881 to 
evaluate the physiological and working conditions of wildland firefighters between      

           2012 and 2015.  

Conditions dictate that wildland firefighters are often required to work for extended periods 
in intense heat and brutal environmental conditions. This study will delineate how the 
regular duties and environmental conditions experienced by wildland firefighters influence 
key physiological factors including heart rate, respiratory rate, core body temperature, 
and hydration.  Ninety-five CAL FIRE wildland firefighters participated in this study, including 
personnel at training events, controlled burns, and actual wildland fires. The results reveal 
that wildland firefighters regularly exceeded safe physiological conditions while performing 
their duties (regardless of the event type). Nearly 65% of the firefighters had sustained 
peak heart rates above 200 beats per minute (bpm), while nearly 20% exceeded 220bpm. 
Virtually every firefighter regularly exceeded the recommended maximum heart rate for 
work (220bpm minus age). Likewise, measured core body temperatures exceeded 102°F 
in roughly 70% of the firefighters, with 10% exceeding 103°F. Furthermore, nearly two-thirds 
of the firefighters started their shifts at or near a level of dehydration. Regardless of their 
starting status, dehydration rates significantly increased by the end of their duty, with 
only 25% of the firefighters (that started off at or near dehydration) self-correcting and 
becoming more hydrated by the end of the shift. Finally, the type of personal protective 
equipment (PPE) worn by wildland firefighters has a significant influence on their overall 
physiology. The results suggest that the traditional double-layer PPE produces significantly 
higher core body temperatures, higher incidence of dehydration, and higher heart rates 
than single-layer PPE.
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1.0 Introduction

Awareness of wildfires as an issue may avoid worldwide focus, but has never been greater in 
our country’s history than now. What were once considered issues of the West are nationally 
recognized as an increasing threat to all of our communities and ecosystems. As our population 
continues to grow, decisions on developing and managing the wildland urban interface (WUI) 
determines our vulnerability and the risks imposed on our firefighters and communities. Given 
the complexity of land use and natural areas, many firefighters will, at some point in their career, 
respond to a fire in the wildland and WUI. In the conterminous U.S., the WUI covers approximately 
277,668 square miles and has over 45 million housing units.1 Much of this area is adjacent to the 
vast areas of federal lands managed by the U.S. Forest Service, Bureau of Land Management, 
and National Park Service, as well as various state parks, reserves, and open space.  The WUI is 
a modern phenomenon that has become a persistent and permanent presence in the eastern 
U.S., reaching a maximum of 72% of land area in Connecticut. California, not surprisingly, has the 
highest number of WUI housing units of any state (5.1 million). 

Predictably, as human interaction with our wild areas takes root, we’ve witnessed an increase 
in the incidence of fires. On closer inspection the statistics become staggering. Since the 1970s, 
our nation has  endured an increase from an average of three million to an overwhelming seven 
million acres burned each year – with further increases projected. 2 2015 was distinguished as the 
single highest acreage count on record, with over 10 million acres burned in wildland and WUI 
fires.3 In California, only about 4% of wildfires are natural events, meaning that well over 95% of 
our wildfires are the result of human activity.4 The building and the burning has made the term 
‘wildland fire’a bit of a misnomer. Large wildfires frequently threaten homes, businesses, and lives, 
shifting the focus to the urban interface. Further exacerbating the situation, a new paradigm is 
emerging: we are witnessing a dramatic shift in the frequency and intensity of wild fires due to a 
variety of factors, again most of which are human-caused. 

Recent research suggests that the fire season is much longer than historically observed.5 In an 
analysis of the western United States, the numbers and intensity of wildfires have significantly 
increased since the mid-1980s. Shifting climatic conditions and land use change have combined 
to produce more frequent wild fires while also increasing the overall annual wildfire season.6 Even 
more disconcerting is that recent research suggests that regional temperatures in places like 
California may increase from 1.7 C to 5.8 C by 2100, depending on the climate model used 
and the emissions scenarios assumed.7 If these trends continue, and the concomitant problems 
associated with drought and climate change suggest the trend is inexorable, it is conservatively 
predicted that large fires (defined as 500 acres or more) will increase nearly 35% by 2050 and an 

1  Radeloff, V., R. Hammer, S. Stewart, J. Fried, S. Holcomb, and J. McKeefry. 2005. The Wildland-Urban Interface in the United States. Ecological Appli-
cations 15:799-805.
2  Headwater-Economics. 2011. U.S. Communities Dealing with WUI Fire Fact Sheet. (ICC) 1.1.2011.
3  National Interagency Fire Center. 2016. https://www.nifc.gov/fireInfo/fireInfo_stats_totalFires.html (last accessed 6/10/16)
4  Rahn, M. 2009. Wildfire Impact Analysis: 2003 Wildfires in Retrospect. http:// re.sdsu.edu. San Diego State University. Wildfire Research Report No. 1.      
Montezuma Press. San Diego, CA.
5  Running, S.W. 2006. Is Global Warming Causing More, Larger Wildfires? Science 313: 927-928.
6  Westerling, A., H. Hidalgo, D. Cayan, and T. Swetnam. 2006. Warming and Earlier Spring Increase Western U.S. Forest Wildfire Activity. Science 940.
7  D. Cayan, A. L. Luers, M. Hanemann, G. Franco, and B. Croes, Scenario of Climate Change in California: Overview. CEC-500-2005-186-SF (2006).



Page 5

alarming 55% by the end of this century.8 Future decisions 
on development and management of the WUI are critical 
in determining future vulnerability and risks. 

The more we gather data the portrait for firefighters darkens. 
These changing conditions have a direct and negative 
impact on firefighter exposure as the frequency of high or 
extreme fire-risk days increases. What this means for the 
“traditional” concept of wildland firefighting is that the 
regularity, intensity, and complexity of wildland firefighting 
is increasing, resulting in associated increases in the risks 
to firefighters responding to these incidents. The ability to 
effectively combat wildfires is inextricably linked to firefighter 
health and safety. 

The firefighters response to a wildland or WUI fire, demands 
strenuous physical work over rugged terrain, often in hot, 
dry, smokey conditions. Incidents can last hours or weeks, 
usually requiring consecutive working days and shifts of 
up to 24 hours long.9,10,11 While the general impression of 
wildland firefighting is that the firefighters are working in 
near constant presence of actual fire, in many incidents 
a majority of tasks performed during wildfire suppression 
occur away from the fire or after the fire has been put out 
(e.g. mop-up). Consequently, it is vital that we understand 
the physiological conditions of firefighters across a diversity 
of duties and tasks, and across a range of environmental 
conditions.

Even a cursory glance forces us to appreciate that the 
physical demands of wildland firefighting are executed 
while wearing personal protective equipment (PPE). This 
can create a highly insulating environment, in addition to 
individuals carrying an additional 10- to 20-kg (or more) of 
food, water, safety gear, and equipment. This combination 
of exertion, psychological stress, weighted personal 
equipment and hostile environmental conditions creates 
a demanding work environment that can affect nearly 
every system of the body. As a result, wildland firefighters  

8  Westerling, et al. 2006.
9  Aisbett, B., A. Wolkow, M. Sprajcer, and S. Ferguson. 2012. Awake, Smoky, and Hot: 
Providing an Evidence-base for Managing the Risks Associated with Occupational Stressors 
Encountered by Wildland Firefighters. Applied Ergonomics 43: 916–925.
10  Rodríguez-Marroyo J., J. Villa, J. López-Satue, R. Pernía, B. Carballo, J. García-López, et al. 
2011. Physical and Thermal Strain of Firefighters According to the Firefighting Tactics Used to 
Suppress Wildfires. Ergonomics 54: 1101–1108. 
11  Cater H., D. Clancy, K. Duffy, A. Holgate, B. Wilison, and J. Wood. 2007. Fatigue on the 
Fireground: The DPI Experience. Hobart, Australia. 
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experience the limits of what the human body was meant to endure. Repeated exposure to 
these conditions can lead to injuries, long-term health effects, and increased morbidity and 
mortality.  

Unfortunately, the majority of the research describing the effects of firefighting have investigated 
relatively short bouts of activity, or simulated events in controlled or simulated environments. This 
stands in stark contrast to the often long hours worked on extended attack incidents with chaotic 
and diverse environmental conditions. These studies certainly provide valuable information 
about relationships between the working environment and the effects on the human body, 
but it is likely that the results obtained under these controlled conditions are not necessarily 
analogous to actual working conditions. They may in fact underestimate the physiological 
stresses that occur during an actual incident. What is more concerning is that a vast majority 
of the work on firefighter health and safety tends to focus on urban, structure, and high-rise 
incidents. As a result, experts in the industry generally agree that wildland firefighting is, in many 
respects, at least a generation behind with regard to fundamental research and understanding 
health effects.12 

The magnitude of physiological strain, cardiovascular impact, and thermal stress experienced 
by a wildland firefighter are the result of diverse and complex variables including environmental 
(e.g. work performed, duration, protective equipment, and ambient environmental 
conditions) and personal factors (e.g. individual characteristics, hydration, physical fitness, 
and health condition). This project was designed to improve our understanding and provide 
recommendations to improve the health and safety for those working on wildland and WUI fires. 

1.1 Core Body Temperature

Thousands of occupational heat related illnesses (HRI) are documented annually, and hundreds 
of duty-related civilian causalities that result from environmental heat exposure.13 In 1986, the 
National Institute for Occupational Safety and Health (NIOSH) estimated that roughly 5 to 10 
million workers in the U.S. experience excessively hot working conditions that may impact health 
and safety.14 Higher temperature working conditions and thermal loading of an individual is not 
only physically dangerous, it also decreases an individual’s productivity, decreases their ability 
to perform tasks, and can lead to a higher incidence of injury.15,16,17 Once on notice policymakers 
recognize staffing and liability concerns. This is of particular importance to wildland firefighting 

12  Rahn, M. and T. McHale. 2015. A Comprehensive View on the Future of Fighting Wildfires by a Team of Experts. CAL FIRE Local 2881 Symposium. 
Sacramento, CA.
13  Bureau of Labor Statistics. Last accessed: May 14, 2016. Injuries, Illnesses, and Fatalities databases. 2014 Available at: http://www.bls.gov/iif/
14  National Institutes for Occupational Safety and Health (NIOSH). 1986. Criteria for a recommended standard…Occupational Exposure to Hot 
Environments Revised Criteria 1986. U.S. Department of Health and Human Services, Public Health Service, Centers for Disease Control, NIOSH, and 
Division of Standards Development and Technology Transfer. Full report available at: www.cdc.gov/niosh/docs/86-113/86-113.pdf.
15  Lin, R. and C. Chan. 2009. Effects of Heat on Workers’ Health and Productivity in Taiwan. Glob Health Action. doi: 10.3402/gha.v2i0.2024.
16  Ramsey, J. 1995. Task Performance in Heat: a Review. Ergonomics. 38(1):154–65.
17  Park, E., K. Hannaford-Turner, and H. Lee. 2009. Use of Personal Protective Equipment in Agricultural Workers Under Hot and Humid Conditions. Ind 
Health. 47(2):200–1.
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given the complex and hazardous working environment that regularly requires rapid response 
and decision-making.

Studies addressing HRI often focus on physical exertion; those working in an outdoor environment 
are at particularly high risk, especially for those jobs that require significant exertion and/or 
endurance.18 Seasonal wildland firefighters, short duration employees, and those in the early 
stages of their training (e.g. military) are identified as a relatively susceptible population for 
HRI.19,20 Studies on heat exposure have been a key priority for the military since the 1950’s when 
guidelines at training facilities were established to help reduce heat causalities.21 Additional 
research with the military also identified that heat stroke is more commonly associated with 
overweight individuals, and often occurs (regardless of fitness level) within the first two hours of 
activity.22 This basic research has helped us understand the human response to stressful working 
environments.  The bad news is that a singular focus and body of literature on wildland and WUI 
firefighters is lacking.  This is unacceptable given the modern dynamic of wildland firefighting.

What we do know, is that the onset of heat stress occurs when a person has either been 
overexposed to high thermal conditions or has exerted themselves beyond a safe level for 
the existing thermal environment.23 This is unfortunately a common scenario for most wildland 
firefighters.24 It is well documented that the use of PPE can exacerbate the risk of HRI, even 
when the subject is operating in conditions that are not considered particularly hot.25 Studies 
on firefighters found that PPE profoundly influenced an increase in HRI, with incidence of injury 
occurring at significantly lower ambient temperatures when compared with the general civilian 
workforce (~79°F versus ~89°F respectively).26 Further confounding the situation, dehydration can 
significantly influence HRI, even in individuals that are generally physically fit and acclimated to 
the heat.27 Suitable understanding of the relationships between heat related illnesses and the 
implications for wildland/WUI firefighters remains limited. 

1.2 Heart Rate

Take a moment to consider that heart or cardiovascular disease accounts for almost half of all 
duty-related fatalities among U.S. firefighters.28,29 Additionally, it is estimated that for every heart-
related fatality, there are an estimated seventeen non-fatal, line-of-duty cardiovascular disease 
events that occur in the U.S. fire service.30 The number of cardiac events has been relatively 
stable since 2005.31 Many of these fatalities are related to sudden cardiac death during fire 

18  Nelson, N., C. Collins, R. Comstock, and L. McKenzie. 2011. Exertional Heat-Related Injuries Treated in Emergency Departments in the U.S., 1997–
2006. Am J Prev Med. 40(1):54–60.
19  Maeda, T., S. Kaneko, M. Ohta, K. Tanaka, A. Sasaki, and T. Fukushima. 2006. Risk Factors for Heatstroke Among Japanese Forestry Workers. J Oc-
cup Health. 48(4):223–9.
20  Epstein, Y., D. Moran, Y. Shapiro, E. Sohar, and J. Shemer. 1993. Exertional heat stroke: a case series. Med Sci Sports Exerc. 31(2):224–8.
21  Minard, D., H. Belding, and J. Kingston. 1957. Prevention of heat casualties. J Am Med Assoc. 165(14):1813–8.
22  Esptein et al. 1999.
23  National Oceanic and Atmospheric Administration (NOAA). 2005. Heat wave: a major summer killer. Last Accessed 5/10/2016.: www.nws.noaa.
gov/om/brochures/heat_wave.shtml
24  Rodríguez-Marroyo et al. 2001.
25  Crockford, G. 1999. Protective Clothing and Heat Stress: Introduction. Ann Occup Hyg. 43(5):287–8.
26  Bonauto, D., E. Rauser, and L. Lim. 2010. Occupational Heat Illness in Washington State, 2000–2009. Washington State Department of Labor & Statis-
tics. Technical Report Number 59-2-2010.
27  Ekbom, B., J. Greenleaf, and L. Hermansen. 1970. Temperature Regulation During Exercise Dehydration in Man. Acta Physiol Scand. 79:475–483.
28  Fahy, R., R. LeBlanc, and J. Molis. 2009. Firefighter Fatalities in the United States – 2008. Quincy, MA: National Fire Protection Association.
29  Kales, S., E. Soteriades, C. Christophi, et al. 2007. Emergency duties and deaths from heart disease among firefighters in the United States. N Engl J 
Med. 356:1207–1215.
30  Karter M. and J. Molis. 2005. Firefighter Injuries. National Fire Protection Association. Quincy, MA.
31  Fahy, R. 2010. U.S. Fire Service Fatalities in Structure Fires, 1977-2009. NFPA.
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ground activities and when responding to, or returning from fires.32,33 

In an investigation of on-duty cardiac-related fatalities, NIOSH reports “Firefighting activities 
are strenuous and often require firefighters to work at near maximal heart rates for long periods. 
The increase in heart rate has been shown to begin with responding to the initial alarm and 
to persist through the course of fire suppression activities.”34 Additional studies suggest that the 
risk of dying from coronary heart disease (and related factors) is 10 to 100 times higher during 
firefighting activities than during non-emergency fire department duties.35

Studies within the fire services have documented that typical duties and training activities 
can often result in near maximal heart rates that are often reached early and maintained 
for prolonged periods after peak activities. These rigorous duties can trigger heart events in 
firefighters, especially those with existing or undiagnosed heart problems.36,37,38 Researchers at 
the University of Illinois conducted a structure fire study, observing that it was not uncommon 
for firefighters to reach nearly 190 beats per minute (reaching age-predicted maximal heart 
rates).39 Similar studies have documented analogous results during training and active fire 
scenarios,40,41,42 while other studies found less than maximal heart rates during firefighter training 
events.43 

A paucity of research specific to wildland and WUI firefighting, especially in the areas of 
cumulative effects and extended duty is unfortunate and likely consequential.  One of the 
limitations of existing studies is that they focus on structure fire incidents that typically have 
limited durations of less than an hour. Further, some studies that collected real-time data have 
screeched to a halt once physiological parameters reached advanced levels (e.g. high core 
temperatures or heart rates). While the safety of the participant is obviously of paramount 
concern, halting these studies limits insight into actual fire scenarios and the wildland firefighter, 
where individuals often work for extended periods of time under extreme conditions. 

32  Fahy, R. P. LeBlanc, and J. Molis. 2007. What‟s Changed Over the Past 30 Years? NFPA.
33  Fahy, R. 2005. U.S. Firefighter Fatalities Due to Sudden Cardiac Death. NFPA.
34  NIOSH. 2004. Report Number FACE-F2004-46. http://www.cdc.gov/niosh/face200446.html.
35  Kales, S. E. Soteriades, C. Christophi, and D. Christiani. 2007. Emergency Duties and Deaths from Heart Disease among Firefighters in the United 
States. New England Journal of Medicine 356(12): 1207-1215.
36  Kales SN, Soteriades ES, Christoudias SG, et al. 2003. Firefighters and on-duty deaths from coronary heart disease: a case control study. Environ 
Health. 2003; 2:14.
37  Holder,  J., L. Stallings, L. Peeples, et al. 2006. Firefighter Heart Presumption Retirements in Massachusetts 1997–2004. J Occup Environ Med. 
48:1047–1053.
38  Kales, S., E. Soteriades, C. Christophi, et al. 2007. Emergency Duties and Deaths from Heart Disease Among Firefighters in the United States. N 
Engl J Med. 356:1207–1215.
39  Smith, D., T. Manning, and S. Petruzzello. 2001. Effect of Strenuous Live-Fire Drills on Cardiovascular and Psychological Responses of Recruit 
Firefighters. Ergonomics. 44(3): 244-254.
40  Manning, J. and T. Griggs. 1983. Heart Rates in FIre Fighters Using Light and Heavy Breathing Equipment: Similar Near-Maximal Exertion in Re-
sponse to Multiple Work Load Conditions. Journal of Occupational Medicine. 25(3): 215–218.
41  Duncan, H., G. Gardner, and R. Barnard. 1979. Physiological Responses of Men Working in Fire Fighting Equipment in the Heat. Ergonomics. 
22(5): 521-527.
42  Sothmann, M., K. Saupe, D. Jasenof, and J. Blaney, 1992. Heart Rate Response of  Fire Fighters to Actual Emergencies: Implications for Cardio-
respiratory  Fitness. Journal of Occupational Medicine. 34(8): 797-800.
43  Romet, T. and J. Frim. 1987. Physiological Responses to Fire Fighting Activities. Eur J Appl Physiol Occup Physiol. 56(6):633-8.



Page 9

1.3 Hydration

It is well documented as well as common sense that maintaining healthy levels of hydration 
is critical to the safety and performance of an individual. Despite the fact that the National 
Fire Protection Agency (NFPA) has promulgated multiple standards that address hydration, 
there is a general lack of guidance on how to effectively monitor and maintain healthy levels 
of hydration, especially during prolonged wildfire incidents where firefighters are exposed to 
extreme environmental conditions. Although several studies (discussed in Section 4.3) address 
the methods of hydration, exhaustive protocols do not currently exist and ad libitum hydration 
seems to dominate the recommended strategies. 

The impact to our wildland firefighters is real. Sports medicine research has demonstrated that a 
loss of fluids (and even minor losses in body mass) is correlated with a decrease in physical ability, 
concentration, alertness, and performance.44,45,46 The cumulative effects from excessive heart 
rates, environmental exposures, and excessive core body temperatures is of genuine concern 
for wildland and WUI firefighting. It is estimated that the average 200  pound structure firefighter 
can lose two percent of their body mass within 30 to 60 minutes (depending on work intensity 
and environmental conditions), causing significant physiological issues.47 It is not clear however, 
how extended duty, high levels of activity, and excessive temperatures influence the mental or 
physiological capabilities of wildland firefighters. Using a sports metaphor, we better understand 
the sprinter, yet find the marathoner a mystery. 

1.4 Personal Protective Equipment (PPE)

Personal protective equipment (PPE) is necessary to protect firefighters from burn and inhalation 
injuries. That is the good news. The most immediate problem is that the PPE adds to the weight of 
an already burdened firefighter, adding friction and unwanted heat generation with fabrics that 
interfere with the body’s natural thermoregulation processes (sweating and evaporation). Heat 
dissipation is significantly impaired by PPE, largely due to the encapsulation of the individual.48 
This can add strain on an individual’s respiratory and cardiovascular system. Past studies 
demonstrate that simply wearing structure PPE (and SCBA) while walking can heighten core 
temperature and heart rates. The type of PPE (e.g. fully encapsulating versus lesser PPE) can also 
affect physiological response to work, depending on the level of insulation produced.49 

FEMA training guidelines recommend that structural firefighters wear lighter weight PPE and 
limit their turnout use to very short durations to minimize heat stress injuries.50 No such option 
exists for the wildland firefighter. It is recognized that the typical urban or structural firefighting 

44  Rodrigues, R., B. Baroni, M. Pompermayer, et al. 2014. Effects of Acute Dehydration on Neuromuscular Responses of Exercised and Nonexercised 
Muscles After Exercise in the Heat. J Strength Cond Res. 28:3531–3536.
45  Maughan, R. 2003. Impact of Mild Dehydration on Wellness and on Exercise Performance. Eur J Clin Nutr. 57: Suppl 2, S19–S23.
46  Pompermayer, M., R. Rodrigues, B. Baroni, et al. 2014. Rehydration During Exercise in the Heat Reduces Physiological Strain Index in Healthy Adults. 
Rev Bras Cineantropom Desempenho Hum. 16:629 637.
47  McEvoy, M. and D. Rhodes. 2015. Hydration and Firefighter Performance. Fire Engineering. 168(4). 
48  Smith, D., G. Horn, E. Goldstein, S. Petruzzello, et al. 2008. Firefighter Fatalities and Injuries: The Role of Heat Stress and PPE. Firefighter Life Safety 
Research Center, Illinois Fire Service Institute. University of Illinois and Urbana-Champaign. 
49  Smith, D., S. Petruzzello, J. Kramer, S. Warner, B. Bone, and J. Misner. 1995. Selected Physiological and Psycho-Biological Responses to Physical 
Activity in Different Configurations of  Firefighting Gear. Ergonomics. 38(10): 2065-2077.
50  FEMA. 2002. Introduction to Wildland/Urban Interface Firefighting for the Structural Company Officer. Training Manual, 2002.
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companies are more frequently responding to wildland and WUI 
fires.51 Unfortunately, many of these companies do not have 
the resources to carry the lighter weight PPE specifically for WUI 
firefighting. Understanding the effect PPE has on firefighters, and 
having flexible, configurable, and adaptive PPE is becoming 
more important as the incidents of wildland and WUI fires 
increases across the U.S.

1.5 Goals and Objectives

The goal of our study is to understand the relationship between 
the wildland and WUI working environment and firefighter health 
and safety. We will identify areas where tactics, equipment, 
protocols, or policy can be amended to improve the health and 
safety of our wildland firefighters. Our aim is to understand the 
relationship between diverse environmental factors, core body 
temperature, heat exposure, heart rate, respiration rate, activity, 
dehydration, and PPE. 

2.0 Methods 
 Our research team was  embedded with CAL FIRE and 
had real-world access to trainings, controlled burns, and actual 
wildfire incidents to collect data on environmental factors and 
firefighter physiology. We assessed firefighters while they were 
actually conducting training activities that generally occurred 
on extended hoselays of 2,000 feet, controlled burns (of both 
grasslands and mixed shrub), and on actual wildfire incidents. 
A primary objective was to ensure that we had no operational 
impact on wildfire incidents, underscoring that data collection 
would occur as a byproduct of normal activities. Another 
objective was to collect data across a diverse cross section of 
CAL FIRE firefighters with regard to gender, age, experience, 
and physical condition. We were technically constrained by 
the additional requirement that we work only with individuals 
who were willing to volunteer to participate in the experiment. 
This did not prove to be inhibiting since so many were willing to 
step forward that candidates were then selected based on a 
random draw of those firefighters available for each day of the 
experiment.

A biological use authorization approval was provided through 

51  Rahn and McHale, 2015.



Page 11

San Diego State University by the Institutional Biosafety Committee and Institutional Review 
Board (IRB) in accordance with 45 CFR 46 and 21 CFR 50. All subjects included in the study were 
on-duty CAL FIRE firefighters who voluntarily signed a comprehensive research consent form 
(approved by the IRB). During all phases of the research involving firefighters, the highest level 
of care and concern was given to the safety and health of the participants. All information 
collected was protected to ensure the privacy of study participants per human subject protocol 
requirements. Firefighters involved in the study were identified only by a unique number rather 
than by name. 

This study was designed to be consistent with the methods being used by the U.S. Forest Service 
in related studies on firefighter exposure. A key goal is that meaningful comparisons can be 
made. Variables were monitored every second and included: heart rate, respiratory rate, skin 
temperature, and core body temperature. The BioHarnessTM (designed by Zyphr Technology) 
was used to monitor heart rate, activity, and respiratory rate. This device is generally regarded as 
a robust and reliable field-based tool for measuring these factors, 52 including use by firefighters 
during duty and in hot environments.53,54 

Maximum heart rate for each individual was estimated using the formula HRmax = 220bpm – 
age,55 and was calculated based on data collected by the BioHarness. The BioHarness provides 
a quantifiable measure of activity through use of a tri-axial accelerometer and piezoelectric 
technology. This estimate of activity, measured in vector magnitude units by the BioHarness, is 
considered a reliable metric for monitoring personal activity and exertion.56 

Core body temperature (Tc) was recorded every ten seconds using a CorTemp® Ingestible Core 
Body Temperature Sensor (designed by HQInc.) that wirelessly transmits core body temperature 
as it travels through the digestive tract. The sensor’s signal passes harmlessly through the body 
to the CorTemp Data Recorder worn on the outside of the body. Ambient temperature was 
measured every ten seconds using a USB temperature probe with external high temperature 
thermistor (Lascar EL-USB) that was attached to the front of the web gear on the firefighter to 
monitor ambient temperature and radiant heat exposure. Additional ambient conditions and 
heat stress were recorded every 15 minutes with a Extech HT30 Heat Stress WBGT meter, logging 
wet blub globe temperature, ambient air temperature, and relative humidity. 

Additional data collected on the individual firefighter included rank, shift duration, age, gender, 
height, weight, Body Mass Index (BMI), hydration levels, nutritional information, PPE (double or 
single layer), fitness level, and nicotine use. For hydration, we measured urine specific gravity 
(Usg) before and after the activity period being monitored.57 A urine sample was collected in the 
morning before shift and at the end of the monitoring period with a hand-held refractometer 
used to estimate Usg. For our purposes, a Usg of less than 1.020 was generally considered the 

52  Hallstone, J. and A. Kilding. 2011. Reliability and Validity of the Zephyr BioHarness to Measure Respiratory Response to Exercise. Measurement in 
Physical Education and Exercise Science. 25(4): 293-300. 
53  Smith, D., J. Haller, B. Dolezal, C. Cooper, and P. Fehling. 2014. Evaluation of a Wearable Physiological Status Monitor During Simulated Fire Fight-
ing Activities. J. of Occup. And Env. Hyg. 11(7): 427-433.
54  Kim, J. R. Roberge, J. Powell, A. Schafer, and W. Williams. 2013. Measurement Accuracy of Heart Rate and Respiratory Rate during Graded Exer-
cise and Sustained Exercise in the Heat Using the Zephyr BioHarness. Int. J. Sports. Med. 34(6): 497-501. 
55  Miller et al. 1993. Predicting max HR. Medicine & Science in Sports & Exercise. 25(9): 1077-1081. 
56  Johnstone, J., P. Ford, G. Hiughes, T. Watson, A. Mitchell, and A. Garrett. 2012. Field Based Reliability and Validity of the Bioharness Multivariable 
Monitoring Device. J. Sports. Sci. Med. 11(4): 643-652. 
57  Urinalysis has been shown to be the most valid and reliable method for determining moderate changes in fluid balance. See generally: Arm-
strong, L.E., Soto, J.A., Hacker, F.T., Casa, D.J., Kavouras, S.A., Maresh, C.M. 1998. Urinary indices during dehydration, exercise, and rehydration.” Int. 
J. Sport Nutr. 8: 345-355.
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lowest acceptable level of hydration for firefighters.58,59 Nutritional information was recorded 
from each volunteer, documenting food and fluid intake during the 12-hour period prior to 
the activity, as self-reported by the study participant. Where practical, we collected data on 
the current fitness of each firefighter using the USFS step test.60,61 These tests were generally 
conducted on the volunteers the day before the event when logistically possible. 

Once all the data was downloaded, collected, and collated, a “data cleaning” protocol was 
used to remove any extraneous or anomalous data and gross errors that were a byproduct 
of sensor faults or other technical errors. This vastly improves the data analysis and subsequent 
reliability and validity of statistics across all variables. The basic statistics for heart rate, activity, 
respiration and core temperature was calculated for each minute of the study. A maximum 
sustained value for heart rate, respiratory rate, and activity was identified during each minute 
interval as the peak value that was sustained for at least 10 seconds during any given minute. 
Maximum core temperature was identified during each minute as the peak value sustained 
for 30 seconds during each minute interval. All data were then combined into a complete 
time-series spreadsheet and exported into Microsoft Excel (v15), MiniTab (v16), and R (v3.2.5) 
for analysis.

58  Sawka MN, Burke LM, Eichner ER, et al. American College of Sports Medicine Position Stand: Exercise and Fluid Replacement. Med Sci Sports 
Exerc. 2007; 39:377 390.
59  McEvoy and Rhodes, 2015.
60  Sharkey, B.J. 1979. Physiology of Fitness: Prescribing Exercise for Fitness Weight Control and Health, Human Kinetics Publishers.
61  Sharkey, B. 2003. Work capacity test: administrator’s guide. NWCG PMS 307 NFES 1109. Boise, ID: National Wildfire Coordinating Group, Nation-
al Interagency Fire Center. 28 p. 
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3.0 Results

Between April 2013 and June 2015, we were able to collect data on 95 firefighters: 25 firefighters 
at three training events; 30 firefighters at four controlled burns; and 40 firefighters at five wildfire 
incidents. Of the firefighters monitored, 93 were male and two were female; 26 were wearing double 
layer PPE while the rest wore single layer; 72 were a rank of Firefighter 1 or 2, 11 were Engineers, 
and 12 were Captains. Additional summary statistics on the firefighters are provided in Table 1. The 
average age of the firefighters was 29 years old, with an average height of 5’10” and average 
weight of 188 pounds. Fifteen firefighters self-identified as using nicotine. 

Table 1. Summary Statistics for Firefighters Included in the Study (*field instrumentation was limited 
to a minimum Usg of 1.01 and a maximum of 1.04).

While BMI is not the best indicator of fitness, it still provides a useful assessment of an individual.62 
According to the standard measure of BMI, most of the firefighters in this study would be considered 
overweight. However it is widely recognized that highly-trained individuals may have an artificially 
high BMI because of increased muscle mass.63 Due to this discrepancy, we also conducted the 
Sharkey Step-Test as a more reliable measure of individual fitness. As a result, most of the firefighters 
included in this study were considered generally fit, with the step test results showing only a typical 
negative relationship between the estimated VO2 Max and age (Figure 1). In addition, no significant 
relationships were identified between the results of the Step-Test and other factors including heart 
rates or core temperatures. 

62  For BMI calculations, we used the formula provided by the National Institute of Health: National Heart, Lung, and Blood Institute. Last Access 5/15/16. 
http://www.nhlbi.nih.gov/health/educational/lose_wt/BMI/bmicalc.htm
63  Centers of Disease Control and Prevention. Body Mass Index: Considerations for Practitioners. Last Accessed 5/15/16. http://www.cdc.gov/obesity/
downloads/BMIforPactitioners.pdf
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Figure 1. Step test results for 95 firefighters included in the study. Note that as age 
increases, the estimated VO2 Max decreases. 

To help us understand the potentially complex relationships between the variety of 
categorical, and continuous numerical data collected, and to summarize results 
across the firefighters included in the study, a Canonical Correspondence Analysis 
(CCA) was performed to determine which factors (if any) have the most significant 
influence on health and safety. The CCA summarizes the responses across all the 
factors, and expresses the results in terms of changes in heart rate, core temperature, 
and hydration, and fitness level relative to a variety of factors, including age, height, 
weight, nicotine use, ambient air temperature, incident type, and activity levels. More 
than one pattern can change in the response variables, and CCA can identify as 
many “axes” of change in composition as there are predictors. The strongest pattern 
(called CCA1) is found first, and subsequent axes characterize successively weaker 
patterns of change in composition. Randomization tests can be used to identify a 
significant CCA overall, and to test the significance of each CCA axis. While the 
CCA did not result in identifying strongly significant relationships (with no significant 
eigenvalues), maximum core temperature and maximum heart rate did seem to 
have the highest response levels (Figure 2). This provided additional (albeit limited) 
insight into the relationships among the data, and helped focus additional analyses 
that were specific to core temperature and heart rate. 
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Figure 2. Results of the Canonical Correspondence Analysis showing slight influence related to a 
firefighter’s maximum core temperature and heart rate. 

3.1 Core Temperature

The mean core temperature of the firefighters during the study was 99.67°F (SD = 1.11), with a 
calculated maximum core temperature (per minute) of 99.73°F (SD = 1.13). If one assumes a 
normal core temperature of 98.7°F, this means that the firefighters generally maintained core 
temperatures throughout their shift above normal approximately 75% of the time (Figure 3). 

Figure 3. Histograms of the average and maximum core temperatures of firefighters.
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Approximately 70% of the firefighters (at some point 
during their activity) had a maximum sustained core 
temperature above 102°F, with nearly 10% of them 
reaching a maximum sustained core temperature 
above 103°F. One individual reached a maximum 
core temperature of 103.79°F (notably, this was 
also the same individual that reached a maximum 
sustained peak heart rate of 238 bpm-discussed 
below). 

When looking at the average or maximum core 
temperatures of the firefighters involved in the 
study, there were no significant relationships 
observed with regard to age, fitness (BMI and 
step test results), ambient temperatures, wet-bulb-
globe temperatures, or hydration. 

We did note a significant difference in core 
temperature based on the PPE worn, with wearers 
of single layer PPE having lower core temperatures 
than that of double layer (discussed in more detail 
in Section 3.4). 

When combining all recorded data into one 
large dataset, we were able to observe general 
relationships (using simple linear regression) 
between average and maximum core 
temperatures, heart rate, and respiratory rate. The 
following analyses resulted in noticeable findings: 

1) When looking at the average core 
temperature (°F) and average heart rate 
(per minute), a significant regression was 
observed (F (1, 5891)=3084.33, p<0.0001) 
with an R2 of 22.88%. A firefighters average 
core temperature is predicted to increase 
by 0.2°F for every 10bpm increase in 
average heart rate. Similarly, when looking 
at the maximum core temperature (°F) 
and maximum heart rate (per minute), 
a significant regression was observed (F 
(1, 164)=3430.53, p<0.0001) with an R2 
of 24.34%. A firefighter’s maximum core 
temperature is predicted to increase by 
0.2°F for every 10bpm increase in average 
heart rate. (Figure 4).
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Figure 4. Linear regression of average core temperature v. average heart rate 
and maximum core temperature v. maximum heart rate.

2) While there were significant relationships observed when looking at the average core 
temperature (°F) and average respiratory rate (breaths per minute) (F (1,2807)=299.82, 
P<0.0001, and R2=2.8%), and the relationship between maximum core temperature and 
maximum activity level (F (1,127)=213.2, P<0.0001, and R2=1.96%), the R-squared values are 
remarkably low, suggesting that while there may be a significant relationship, too little of the 
data are explained by these relationships (Figure 5).

Figure 5. Linear regression of average core temperature v. average respiratory rate and 
maximum core temperature v. maximum activity level.
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3.2 Heart Rate

The mean heart rate of the firefighters (recorded throughout the shift duration) was 108.9bpm (SD 
= 29.4), with a calculated maximum sustained heart rate (per minute) of 118.5bpm (SD = 29.22). 
If one assumes a normal resting heart rate of 60bpm, this means that the firefighters generally 
maintained average heart rates throughout their shift above the resting normal roughly 85% of 
the time (Figure 6). 

Figure 6. Histograms of the average and maximum sustained heart rates of firefighters.

Approximately 64% of the firefighters (at some point during their activity) had a maximum 
sustained peak heart rate above 200bpm, with 18% exceeding 220bpm. Similarly, 97% (N=92) of 
the firefighters regularly exceeded the recommended maximum heart rate for work (85% of the 
maximum heart rate of 220bpm – age). The firefighters exceeded this recommended threshold, 
reaching an average sustained peak heart rate that was 123% higher (±14%), with the highest 
level exceeding 165% for an individual, sustaining a peak heart rate of 238bpm.

When looking at the average or maximum heart rates of the firefighters involved in the study, there 
was no significant relationships observed with regard to age, fitness (BMI and step test results), 
ambient temperatures, wet-bulb-globe temperatures, or hydration. While nicotine use did not 
show any significant relationship to heart rate graphically, there appears to be a somewhat 
higher heart rate in those individuals that self-reported nicotine use (Figure 7). Furthermore, while 
there is no significant relationship between hydration levels, it does appear that there may be a 
nascent relationship with higher levels of dehydration resulting in elevated heart rates (Figure 8). 
We recognized a significant difference in heart rate levels based on the PPE worn, with wearers 
of single layer PPE having significantly lower heart rates than that of double layer (discussed in 
Section 3.4). 
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Figure 7. Comparison of maximum sustained heart rate and the reported 
use of nicotine by firefighters. 

Figure 8. Comparison of maximum sustained heart rate and levels of 
hydration, where low is considered hydrated, medium is considered 
near dehydration, and high is dehydrated (Usg>1.2). 
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When combining all recorded data into one dataset, we were able to observe general 
relationships (using simple linear regression) between average heart rates and maximum 
sustained peak heart rates and how they are influenced by factors such as: activity, 
respiration, and core temperature. Only the following analyses resulted in significant results: 

1) When looking at the average heart rate and average activity level (per minute), a 
significant regression was observed (F (1, 101)=4871.4, p<0.0001) with an R2 of 24.67%. 
A firefighter’s average heart rate is predicted to increase by 13.3 beats per minute 
for each 0.1-unit increase of activity (as measured by BioHarness). Similarly, when 
looking at the maximum heart rate and maximum activity (per minute), a significant 
regression was observed (F (1, 143)=3244.62, p<0.0001) with an R2 of 17.88%. A 
firefighter’s maximum heart rate is predicted to increase by 5.2 beats per minute for 
each 0.1-unit increase of activity (Figure 9).

Figure 9. Linear regression of average heart rate v. average activity and 
maximum heart rate v. maximum activity.
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2) When looking at the average heart rate and maximum core temperature (°F), a significant 
regression was observed (F (1, 377)=3405.35, p<0.0001) with an R2 of 24.21%. A firefighter’s 
average heart rate is predicted to increase by 12.2 beats per minute for each degree increase 
in maximum core temperature (Figure 10). 

Figure 10. Linear regression of average heart rate and maximum core temperature.

3) When looking at the maximum heart rate (bpm) and maximum respiratory rate (breaths 
per minute), a significant regression was observed (F (1, 552)=2008.45, p<0.0001) with an 
R2 of 11.9%. A firefighter’s maximum heart rate is predicted to increase by 1.2 beats per 
minute for each additional breath taken per minute (Figure 11).

     

Figure 11. Linear regression of maximum heart rate and maximum respiratory rate.
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3.3 Hydration

We recorded hydration on 95 firefighters, with urine samples collected before and after duty. 
The hand-held refractometer had a scale from 1.01 to 1.04; firefighters with a Usg of 1.02-
1.022 were considered “near dehydration,” while any values above that level were classified 
as dehydrated. Nearly two-thirds of the firefighters started their shifts at or near a level of 
dehydration. Dehydration rates significantly increased across all firefighters at the end of duty. 
Of those individuals that started off the shift at or near dehydration (N=62), 63% (N=39) were 
more dehydrated by the end of the shift, 8% (N=5) had no change in hydration, and only 
26% (N=16) self-corrected and were better hydrated by the end of the shift. In a paired t-test 
comparing the mean differences between start and end hydration, there was a significant 
difference among all firefighters; they all generally ended their shift less hydrated than they 
started (t = -3.89, df = 94, p<0.0001) (Figure 12).

Figure 12. Histogram and summary statistics on the starting and ending hydration for 95 
firefighters included in the study.
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There were no significant relationships between hydration and other factors 
including BMI, fitness level, nicotine use, ambient temperature, wet-bulb-globe 
temperature, and activity. The type of event (actual wildfire, controlled burn, and 
training exercise) showed no significant influence on hydration levels (Figure 13). 
There was however a significant difference in hydration levels based on the PPE 
worn, with wearers of single layer PPE having higher levels of hydration than that of 
double layer (discussed in Section 3.4). 

Figure 13. No significant differences were observed between incident types 
[actual wildfire, training, and controlled burn (VMP)] and the hydration level of the 
firefighters at the end of the day. 
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3.4 Personal Protective Equipment (PPE)

During the study, we recorded 26 individuals wearing the CAL FIRE Legacy PPE that consisted 
of a double-layer PPE jacket with cotton lined sleeves, and 69 individuals wearing the interim 
garment that consisted of a a single layer top (no sleeve linings) made from Nomex® IIIA 
material. In addition, each firefighter included in the study was wearing a base-layer that 
consisted of a cotton under shirt and two layers of pants that included standard issue 
uniform work pants and wildland firefighter Nomex® IIIA pants (we did not control for socks or 
underwear). Although the sample sizes were not equivalent, we were able to perform simple 
statistics to identify potential relationships. The following analyses provided significant results:

1) In a two-sample t-test, firefighters wearing double-layer PPE had significantly higher 
maximum core body temperatures (102.3°F) than those wearing single-layer PPE 
(101.9°F), (t=2.11, df=41, p=0.041), (Figure 14). 

Figure 14. Histograms comparing the distribution of maximum core body 
temperatures of firefighters wearing double- and single-layer PPE
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2) In a two-sample t-test, firefighters wearing double-layer PPE had significantly higher 
levels of dehydration (1.025Usg) than those wearing single-layer PPE (1.022Usg), 
(t=2.04, df=41, p=0.048), (Figure 15). 

Figure 15. Histograms comparing the distribution of end of shift hydration levels of 
firefighters wearing double- and single-layer PPE. 

3) In a two-sample t-test, firefighters wearing double-layer PPE had significantly 
higher average sustained heart rates, and maximum sustained peak heart rates 
than those wearing single-layer PPE, (t=32.2, df=41, p<0.0001; and t=38.4, df=41, 
p<0.0001 respectively), (Figure 16)

Figure 16. Histograms comparing the distribution of average and maximum heart 
rates of firefighters wearing double- and single-layer PPE. 
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4.0 Discussion
An ongoing debate is ensuing throughout the United States that questions the 
adequacy of modern firefighter staffing, resources, response protocols, and land 
management. Critical decisions are driven by such malleable and extrinsic factors 
as public perception, environmental concerns and budgetary constraints. As a 
result, decisions can be made without adequate empirical support or even any in-
depth understanding of the issues. This has led to serious consequences for wildfire/
WUI response, community safety, attack effectiveness, and firefighter health and 
safety. Although firefighting response and effectiveness has vastly improved, many 
of the basic issues have not been researched and considerable uncertainty remains. 
Consequently, wildland and WUI fires have not kept pace with the advancements 
seen in structure and high-rise fires.64 

The health and safety of our firefighters is secondary only to the protection of the 
citizens they have sworn to serve, yet our ability to clearly understand how to avoid, 
minimize, and mitigate risk is confounded. For example, the notion of a discrete fire 
season and “traditional wildland fire” is antiquated. A paradigm shift is occurring 
as our country continues to build, and in many instances, recklessly into the WUI. A 
clear result is an increase to our community risks, and that of our firefighters; every 
season is wildfire season. The results of this study provide useful insights into how 
changing environmental conditions, duties, and PPE relate to the health and safety 
of firefighters. This study also provides recommended steps that can be taken to 
improve the health and safety of our wildland and WUI firefighters.

No one questions that firefighters experience extreme physical strain. While this is 
expected on a wildfire (given the dramatic and chaotic working environment), it was 
surprising that trainings and controlled burns created nearly identical physiological 
impacts to firefighters. Despite these results (across all incident types), it is important 
to note that this study has limits.  It was not possible to collect data on initial attack 
firefighters that work under the most extreme conditions, nor was it possible to track 
64  Rahn and McHale, 2015.
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wildland firefighters over multiple, consecutive days 
as they worked without reprieve. It can probably be 
argued successfully that this may be where the largest 
idiosyncrasies in health and safety impacts occur. 
Given the extreme physiological responses observed 
in this study, and the consistency with which they were 
detected, regardless of incident type, it can safely be 
assumed that firefighters working under the most extreme 
of conditions are likely to experience even higher heart 
rates, core temperatures, and levels of dehydration. 
The results of this study may explain why there is a high 
propensity of cardiovascular events in firefighters. As a 
result, it is increasingly important to identify protocols, 
tactics, strategies, equipment, and rehabilitation 
measures that can help mitigate stressors and improve 
firefighter resilience. 

The complex working environment and diversity of 
intrinsic and extrinsic variables makes this a challenging 
field of study. A pervasive issue throughout the analyses 
was that, while there appeared to be significant 
relationships between various factors, low probability 
values were confounded by low R-squared values. 
Basically, while there may be a statistically significant 
relationship between some variables, there is also 
considerable variability within that relationship that is 
not well described by traditional linear models. Although 
this is not ideal for a regression analysis, this is not an 
uncommon outcome, particularly when working with 
large datasets and human physiology. Many studies 
on humans have R-squared values far less than 50% 
because people tend to be fairly unpredictable and 
physiological responses can be complex.65 The data 
may contain inherently high amounts of unexplained 
variability as the low p-values indicate that there is a real 
(and significant) relationship between predictors and 
the response variable; pooling the data on all firefighters 
may explain this discrepancy. 

When we look closer at how individuals responded to 
certain conditions, the distribution of the data still tends 
to be heteroskedastic. The relationships become clearer, 
with continued low p-values (P<0.0001), but higher 
R-squared values (of approximately 40%) (Figure 17). 
65  REFERENCE NEEDED
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Figure 17. Individual regression results for firefighters showing similarly low p-values, 
considerably less variability than the overall population, and over twice the resulting 
R-squared values. 

Likewise, data collected on individual firefighters show that there are strong observable 
relationships within an individual that become convoluted when looking across a cross 
section of wildland firefighters (Figure 18). 

Figure 18. Individual time-series results for an individual firefighter showing the correlation 
between maximum core temperature and maximum heart rate recorded while on an 
eight-hour shift. 



Page 29

These results suggest that while we can make reasonable predictions and 
generalizations across a population of wildland firefighters, ultimately the 
individual matters. An overall pattern of response to exertion and stress exists, 
but each firefighter may have a discrete response to activities, environmental 
conditions, and stressors, confounded by an individual’s fitness, physiology, 
psychology, and acclimation. The following sections specifically address the 
research results related to core body temperature, heart rate, hydration, and 
PPE. 

4.1 Core Body Temperature

The National Institute for Occupational Safety and Health (NIOSH) recommended 
a heat exposure standard to the Occupational Safety and Health Administration 
(OSHA) in 1972, 1986, and 2016.66,67,68  Despite the history and the large body of 
evidence that suggests heat stress on a wildland/WUI fire is an occupational 
hazard, OSHA has not promulgated standards for environmental heat exposure 
under the U.S. Code of Federal Regulations; uniform heat stress prevention 
policies do not exist. This is not entirely surprising, particularly given the results 
of this study. We are only beginning to understand the relationships between 
environmental and occupational stressors and the resultant health and safety 
of firefighters. Absent sufficient data and understanding  it is not credible to 
implement exhaustive regulations. 

Published empirical and epidemiological data on occupational heat stress are 
sparse and fragmented, particularly with regard to wildland firefighters. In general, 
the human body should maintain a core temperature within about 1.8°F of the 
normal core body temperature, or a maximum of 100.4°F.69 Again, firefighters 
included in this study carried core temperatures above this recommended level 
over half of the time. Heat-related issues can arise from stressors including high 
air temperatures, humidity, radiant heat, and individual metabolic heat that is 
generated though physical activity.70 Results from this study demonstrated that 
66  National Institutes for Occupational Safety and Health (NIOSH). 1972. Criteria for a Recommended Standard…Occupa-
tional Exposure to Hot Environments. 
67  NIOSH 1986.
68  National Institutes for Occupational Safety and Health (NIOSH). 2016. Criteria for a Recommended Standards: Occupa-
tional Exposure to Heat and Hot Environments.
69  American Conference of Governmental Industrial Hygienists (ACGIH). Heat Stress and Stain. TLVs. 2009.
70  Weeks, J., B. Levy, and G. Wagner, editors. Preventing Occupational Disease and Injury. Washington, D.C: American 
Public Health Association Press; 1991.
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wildland/WUI firefighters regularly experience high core 
body temperatures, regardless of whether they are 
participating in a wildfire, controlled burn, or training 
incident. In analogous studies conducted by the U.S. 
Forest Service, it was also found that firefighters regularly 
exceeded recommended core temperatures during 
sustained submaximal exercise in the heat.71 These results 
have serious implications for the health and safety of our 
wildland/WUI firefighters. 

Although heat related illness (HRI) can occur in an 
otherwise healthy individual, major risk factors include 
dehydration, obesity, poor physical fitness, alcohol use, 
and prior or recent diagnosis of an HRI.72 These factors 
also interfere with the ability to acclimate to extreme 
temperatures. Although this did not seem to be an issue 
for our test subjects, this study essentially collected data on 
comparatively fit firefighters – this is certainly an issue worth 
addressing within the fire services as these factors can 
potentially contribute to dangerous health circumstances 
(particularly given that those firefighters willing to volunteer 
for this study may be predisposed to have higher fitness 
levels than those that did not volunteer). 

The individual’s fitness level put aside, adaptation to 
environmental conditions is universal. However, even 
though humans are capable of adapting to discrete 
periods of high heat (e.g. acclimatization), this generally 
occurs over a 4–6 day period where the individual 
experiences continuous daily exposure (with peak 
acclimatization generally occurring in two weeks).73 
Despite this potential evolutionary advantage, it is unlikely 
that sufficient acclimatization occurs during episodic and 
intermittent extreme heat events.74 In contrast to these 
findings however, sports medicine research suggests 
that short-term, repeated heat exposures can improve 
performance and decrease thermal stress and exertion 
(although subjects in these studies do not experience the 
extreme environmental, psychological, or physiological 
71  Domitrovich, J. 2014. Wildland firefighter health & safety report: No. 14. Tech. Rep. 
1351–2811–MTDC. Missoula, MT: U.S. Department of Agriculture, Forest Service, Missoula 
Technology and Development Center. 10 p.
72  Adelakun, A., E. Schwartz, and L. Blais. 1999. Occupational heat exposure. Appl Occup 
Environ Hyg. 14(3): 153-4.
73  World Health Organization (WHO). 1969. Technical Report series No 412. Geneva: 
1969. Health factors involved in working under conditions of heat stress. Report of a WHO 
Scientific group.
74  Patz, J., M. McGeehin, S. Bernard, K. Ebi, P. Epstein, A. Grambsch, D. Gubler, P. Reiter, I. 
Romieu, J, Rose, J. Samet, and J Trtanf. 2000. The Potential Health Impacts of Climate Vari-
ability and Change for the United States: Executive Summary of the Report of the Health 
Sector of the U.S. National Assessment. Environ Health Perspect. 108(4):367–76. 
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stresses of a wildland firefighter).75,76 It is worth studying this issue further, particularly for 
those wildland firefighters that are on an incident for an extended period of time. 

Finally, occupational exposure related to climate change effects has received very 
limited attention, and is an area critical to the everyday experiences of wildland 
firefighters.77 From 1979 through 2000, the U.S. death rate attributed to heat exposure 
was generally around 0.5 deaths per million, however, since 2000, that number seems 
to have tripled.78 It is important that agencies are cognizant of changing climatic 
conditions and the increased risks to wildland firefighters, ensuring that policies, 
protocols, and technology respond to this change. 

4.2 Heart Rate

A high occupational rate of injuries and cardiac-related fatalities among wildland 
firefighters (compared with other professions) suggests that we need to improve 
our understanding of the relationship between the working environment and the 
physiological response by wildland firefighters. While NIOSH reports that structural 
firefighters often work “at near maximal heart rates for long periods,” 79 our study 
confirms that this is also the case for wildland firefighters. More importantly however, 
is the fact that wildland firefighters often exceed maximal heart rates across a variety 
of activities, including training, controlled burns, and actual wildfire incidents. A 
concomitant concern is the extraordinary length of intensive effort displayed by a 
wildland firefighter in comparison to a structural firefighter.

While the maximum heart rate was estimated using the formula HRmax = 220bpm – 
age,80 the American Heart Association provides additional guidance in suggesting 
that the peak sustained heart rates do not exceed roughly 70-90% of the maximum 

75  Garrett, A., R. Creasy, N. Rehrer, M. Patterson, and J. Cotter. 2012. Effectiveness of Short-Term Heat Acclimation for Highly Trained 
Athletes. European Journal of Applied Physiology 112: 1827–1837.
76  Castle, P., R. Mackenzie, N. Maxwell, A. Webborn, and P. Watt. 2011. Heat Acclimation Improves Intermittent Sprinting in the Heat 
but Additional Pre-Cooling Offers no Further Ergogenic Effect. Journal of Sports Sciences 29: 1125–1134.
77  See generally: Kjellstrom, T., I. Holmer, and B. Lemke. 2009. Workplace heat stress, health and productivity – an increasing chal-
lenge for low and middle-income countries during climate change. Glob Health Action. 
Kjellstrom, T., S. Kovats, S. Lloyd, T. Holt, and R. Tol. 2009. The direct impact of climate change on regional labor productivity. Arch 
Environ Occup Health. 64(4):217–27. 
Schulte, P., and H. Chun. 2009. Climate change and occupational safety and health: establishing a preliminary framework. J Occup 
Environ Hyg. 6(9):542–54.  
Hyatt,  O., B. Lemke, and T. Kjellstrom. 2010. Regional maps of occupational heat exposure: past, present and potential future. Global 
Health Action. 
Gubernot, D., G. Anderson, and K. Hunting. 2014. 
The Epidemiology of Occupational Heat-Related Morbidity and Mortality in the United States: A Review of the Literature and Assess-
ment of Research Needs in a Changing Climate. Int J Biometeorol. 58(8): 1779–1788 
78  U.S. Environmental Protection Agency (EPA). 2015. Climate Change Indicators in the United States: Heat Related Deaths. Last 
accessed 5/15/2016. https://www3.epa.gov/climatechange/science/indicators/health-society/heat-deaths.html
79  NIOSH, 2004. 
80  Miller et al. 1993. 
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heart rate during intense physical activity.81 We therefore estimated the maximum peak sustained 
heart rate at 85% of the HRmax given that the fitness levels of firefighters is generally higher than 
the general population. Despite this more generous calculation, we saw a significant number of 
wildland firefighters exceeding the HRmax. On average, firefighters in this study reached an HRmax 
that was 38% higher than recommended (123% ±14%), with one individual sustaining a HRmax of 
nearly 240bpm. Similarly, the U.S. Forest Service has observed comparable results.82

The high incidence of cardiac-related injuries and death in wildland firefighters may be related 
to regularly exceeding recommended cardiac thresholds, however the myriad of other often 
co-occurring and interrelated risk factors confounds a clear understanding of this relationship 
(which likely influences the high levels of variability seen in the data). Despite this, it is important to 
identify strategies for managing and reducing stressors and variables that contribute to potentially 
dangerously high heart rates and their resultant health and safety implications. 

Beyond avoidance, minimization, and mitigation strategies for managing cardiac issues, it is important 
that agencies are not only aware of how environmental conditions and workload influence heart 
rate, but also how incident response protocols and industry practices can significantly influence 
outcomes. In a study of structure firefighters, researchers found that the average peak heart rate 
for those on the first responding engine were greater than 80% of the age-predicted maximum 
values when only two firefighters were deployed. In fact, the driver had an average peak heart 
rate of nearly 90% of age-predicted maximum when there were only two firefighters on the engine. 
When three and four firefighters were deployed per apparatus the peak heart rate was just above 
70% (on average) across the three positions.83 Similar studies concluded that staffing levels can also 
have a significant impact on the heart rate of wildland firefighters. Not only did attack effectiveness 
increase by over 60% as staffing progressed from a two-person to a four-person engine, but this 
also resulted in significantly lower heart rates, with no firefighters exceeding 195bpm on a four-
person engine (while three- and two-person engines experienced peak heart rates above 200 
and 220bpm, respectively).84 This research has been disregarded to the point that we are only now 
starting to understand the implications of being a wildland firefighter and cardiac health.

4.3 Hydration

Notwithstanding personal statements and self-reporting to the contrary, empirical data reveals that 
most firefighters included in this study began duty at or near dehydration. While some of them self-
corrected during the day, the vast majority were less hydrated at the end of their shift. The enduring 
conviction that the simple feeling of thirst is a reliable indicator of dehydration remains controversial, 
although our understanding of this sensation and its role in managing hydration continues to 
improve. Recent studies in sports medicine have found thirst as one of the most reliable indices for 
achieving optimal hydration.85 However, the reliability of thirst diminishes with age86 and in situations 

81  See generally: http://www.heart.org/HEARTORG/HealthyLiving/PhysicalActivity/FitnessBasics/Target-Heart-Rates_UCM_434341_Article.jsp#.V1X7nlfg_Dk 
82  George Broyles, U.S. Forest Service. Personal Communication. 2016.
83  Smith, D.L. and R. B. Benedict. 2010. Effect of Deployment of Resources on Cardiovascular Strain of Firefighters. Fire Fighter Safety and Deployment 
Study. International Association of Fire Fighters, Washington, DC.
84  Rahn, M. 2010. Initial Attack Effectiveness: Wildfire Staffing Study. Wildfire Research Report No. 2, Summer 2010. Montezuma Press, San Diego, CA.
85  Heneghan C, Howick J, O’Neill, et al. The evidence underpinning sports performance products: a systematic assessment. BMJ Open 2012
86  Grandjean AC, Reimers KJ, Buyckx ME. Hydration: Issues for the 21st Century. Nutrition Reviews. 2003;61:261 271.
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where there is excessive sweating (a phenomenon called 
“voluntary dehydration”).87 It is also unclear how other 
extrinsic factors (e.g. smoke exposure, hazardous air 
pollutants, high core temperatures, thermal insulation, and 
high ambient temperatures) affect the usefulness of thirst 
as a motivator in managing personal hydration. Although 
thirst is certainly not an exclusive, satisfactory indicator of 
hydration, there is sufficient evidence that it should not 
be ignored.88 The challenge is identifying other measures 
that can be used to monitor and mitigate dehydration in 
wildland firefighters. 

Studies related to firefighter hydration suggest that ad 
libitum drinking (e.g. at one’s pleasure) was an adequate 
method for maintaining hydration status, even in hot 
conditions.89 Yet extra (compulsory) fluid consumption or 
a pre-shift fluid bolus did not improve firefighter activity 
or physiological function (although core temperature 
was lower earlier in their shift), and self-regulation of fluids 
seemed to influence euhydration.90,91 We need to develop 
better standards and protocols to ensure proper hydration. 

This is particularly important, since it appears that 
firefighters may have a propensity toward baseline 
dehydration.92 There is a strong imperative to encourage 
proper hydration before being on an incident. Firefighters 
also need to be able to better assess and maintain safe 
hydration levels while on duty, particularly during an 
extended attack or extreme heat days. This is particularly 
important given the relationship between hydration levels, 
core temperature, and heart rate. As a person becomes 
dehydrated, their blood becomes thicker, and causes the 
heart to work harder.93 This can lead to elevated HRmax, 
core temperatures, and a myriad of other issues that 
can significantly diminish a firefighters health and safety. 

87  Ganio MS, Casa DJ, Armstrong LE, et al. Evidence approach to lingering hydration ques-
tions. Clin Sports Med. 2007;26:1 16.
88  Hew Butler T, Verbalis JG, Noakes TD. Updated fluid recommendation: Position state-
ment from the International Marathon Medical Directors Association (IMMDA). Clin J Sport 
Med. 2006;16:283 292.
89  Raines, J., R, Snow, D. Nichols, and B. Aisbett. 2015. Fluid Intake, Hydration, Work Phys-
iology of Wildfire Fighters Working in the Heat Over Consecutive Days. Ann Occup Hyg. 
59(5):554-65.
90  Raines, J., R. Snow, A. Petersen, J. Harvey, D. Nichols, and B, Aisbett. 2013. The Effect of 
Prescribed Fluid Consumption on Physiology and Work Behavior of Wildfire Fighters. Appl 
Ergon. 44(3): 404-13.
91  Raines, J., R. Snow, A. Petersen, J. Harvey, D. Nichols, and B. Aisbett. 2012. Pre-Shift Fluid 
Intake: Effect on Physiology, Work and Drinking During Emergency Wildfire Fighting. Appl 
Ergon. 43(3):532-40
92  Horn G., J. DeBlois, I. Shalmyeva, et al. 2012. Quantifying Dehydration in the Fire Service 
Using Field Methods and Novel Devices. Prehosp Emerg Care. 16:347–355.
93  INSERT REFERENCE HERE.
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It is therefore important to develop self-awareness and evaluative procedures 
so that firefighters can effectively assess their personal status, and that of their 
coworkers.

4.4 Personal Protective Equipment (PPE)

The focus of the study was not specifically on PPE. Yet the data collected on 
firefighters wearing two different types of wildland PPE show that heavier, thicker 
PPE can significantly and negatively impact the core temperature, heart rate, 
and hydration of a wildland firefighter. When ambient temperatures are high, 
the body relies on evaporative cooling; anything that restricts evaporation can 
interfere with this physiological response and its resulting benefits.94 Fortunately, 
ongoing research is working to improve wildland PPE, balancing the need to 
shield the firefighter from extreme environmental conditions, while also allowing for 
evaporative cooling and the dissipation of heat. A simple one-size-fits all approach 
does not avail itself, especially as wildland firefighting continues to tackle the risks 
associated with the wildland urban interface. The results of this study highlight the 
significant role that PPE plays with regard to core temperature, hydration, and 
heart rate. 

Firefighters deserve an assessment that properly identifies and prioritizes 
operational requirements for PPE worn in wildland and WUI environments. This 
includes an evaluation of the differences involved in a “traditional” wildland fire 
versus a WUI incident where firefighters are responding to an environment that 
includes both the wildland and structural firefighting hazards. This combination 
requires a rethinking of how the NFPA 1977 and NFPA 1971 requirements can be 
integrated in response to the WUI. The data will identify requirements for wear, 
comfort and protection in daily use clothing (including base layers and station 
uniforms) and the combination of wildland/WUI PPE needed for prolonged wear 
in different geographic, climatic, and environmental conditions. 

94  Budd, G. 2008. Wet-bulb globe temperature (WBGT) – its history and its limitations. J Sci Med Sport. 11(1):20–32.
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5.0 Conclusions and Recommendations

Based on the results of this study, the following recommendations are provided to improve 
wildland firefighter health and safety:  

•	 Consider the importance of understanding wildland/WUI firefighting as equal 
importance to that of structure

•	 Provide educational programs to firefighters on how individual factors and lifestyle 
may predispose firefighters to increased risk for heat related injury, dehydration, 
and cardiac issues

o Provide education on the effects of obesity, poor physical fitness, alcohol 
and nicotine use, and prior or recent diagnosis of a heat related injury as 
they relate to core body temperature and cardiac risk

•	 Develop education programs on self-assessment and/or monitoring devices used 
to track personal heart rate, core temperature, and hydration levels 

o Provide training on the early identification of elevated core temperature, 
heart rate, and dehydration 

o Train firefighters on how to utilize this information to limit and/or avoid heart 
rates that exceed their age-calculated HRmax, core temperatures in excess 
of 100.4°F, and dehydration

o Provide recommended best practices to avoid, minimize, and mitigate 
health and safety concerns, with an emphasis on strategies employed 
before, during, and after duty (including actual incidents, controlled burns, 
and training events)95

o Provide education on the signs and symptoms of extreme core temperature, 
heart rate, and dehydration (heat related injury signs and symptoms)

o Provide protocols and the measures that should be taken if dangerous 
levels are reached94

The following recommendations are provided to identify future research needs and better 
characterize and understand health and safety issues:

•	 Collect additional data on firefighters working under extreme exertion and 
environmental conditions, in both the wildland and WUI environment, during initial 
attack and extended deployment

95  See generally: http://www.nifc.gov/PUBLICATIONS/redbook/2016/Chapter07.pdf
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•	 Conduct additional research into 
nascent factors including nicotine use, 
caffeine, alcohol consumption, and their 
potential impact on physiological effects 
experienced during incidents,  and health 
and safety of wildland firefighters

•	 Evaluate how specific activities (e.g. hose 
lays, cutting line, hiking, etc.) are related 
to the resultant level of activity or exertion 
(as measured by the BioHarness or similar 
device) and the resulting effect on core 
temperature, heart rate, and hydration

•	 Continue to test and develop rapid, 
field-based protocols for measuring 
and monitoring hydration levels, heart 
rate, and core temperature of wildland 
firefighters, and novel strategies to 
identify, avoid, minimize and mitigate 
these issues

•	 Conduct studies related to core 
body temperature and the effects of 
acclimatization during initial attack, 
different shift durations, and during 
extended attack

•	 Study the relationship between hydration, 
core body temperature, and heart rate 
– specifically addressing the role that 
fluid intake (volume and temperature) 
plays in reducing core temperature (and 
heart rate), and identifying strategies 
and protocols to ensure adequate levels 
of hydration (and peripheral benefits) for 
wildland firefighters

o Study the effects that extended 
attack has on the hydration 
levels of firefighters, and identify 
mitigation measures that can 
improve healthy hydration levels 
and rehabilitation on the line and 
when returning from the field
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The following additional recommendations are provided to better inform 
agencies and policymakers:

•	 Fire agencies should create clear protocols to monitor and prioritize the 
health and safety of fire personnel in extreme environmental conditions, 
and evaluate the impact of reduced attack effectiveness and productivity 
on fire suppression efforts

•	 Provide long-term, longitudinal studies on cohorts of career firefighters, to 
understand how individual physiology, work duties, and exposure incidents 
may influence cardiac issues and long-term health effects

•	 As research on PPE continues, it is imperative that any new wildland/WUI 
ensembles be thoroughly tested in both laboratory and field conditions

•	 Research on PPE should emphasize collecting data on real world scenarios, 
prior to wholesale adoption of new garments by an agency, and should 
include assessments of factors including heart rate, core temperature, 
and hydration

•	 Evaluate the need and value of creating a hybrid PPE that can provide 
enhanced protection (beyond traditional wildland PPE) when responding 
to a WUI fire incident, and how this PPE may influence factors such as core 
temperature, heart rate, and hydration
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Dr. Matt Rahn has over two decades of experience in applied sciences and policy, 
with an emphasis on environmental science, statistics, public policy and wildfire 
science. Having earned both a PhD and JD, Dr. Rahn has focused much of his work 
on the interface between science and policy, supporting local, state and federal 
programs in collaboration with lawyers, policymakers and scientists on issues 
ranging from watershed management, endangered species, land use planning and 
renewable energy. 

As a researcher and educator, Dr. Rahn has been involved in wildfire issues 
throughout his career. Results of this research have helped establish a benchmark 
for evaluating economic impacts from large-scale wildfires and understanding the 
total economic burden. He has also led a staffing study that became the first of its 
kind to address how firefighter staffing influences initial attack effectiveness and 
health/safety during a wildfire. He is currently leading a collaboration with CAL FIRE 
Local 2881, CAL FIRE, US Forest Service, International Association of Firefighters 
and the National Institute of Standards and Technology. This research focuses 
on firefighter health and safety, with a specific focus on heat stress, heart and 
respiratory rates and exposure to air contamination during WUI fires.

Terence McHale 

Terry joined Aaron Read & Associates after serving as Director of the California 
Fire Foundation and Consultant to the California State Assembly Committee on 
Fire, Police and Emergency Services. Terry has worked with a wide variety of 
clients to write and lobby legislation on a spectrum of issues, ranging from the 
creation of the California Firefighter’s Memorial to the line of consanguinity 
for heirs. In 2009, he was awarded with the Director’s Achievement Award on 
behalf of CAL FIRE. 

During his time at Aaron Read & Associates, Terry has interviewed and written 
stories about such interesting Californians as Clint Eastwood, Kareem Abdul 
Jabbar, Gary Condit, Governors Pete Wilson and Gray Davis and the great skier, 
Spider Sabich. Terry was made an honorary firefighter in 2002 for his work 
in public safety. He has also been awarded the President’s Award from the 
California Dental Hygienist’s Association (CDHA) and a special award from the 
California Athletic Trainer’s Association (CATA) for the work he has done on their 
behalf.

Terry has maintained an integral role in managing both the paid and free media 
messages of campaigns.



On June 16-17, 2014, CAL FIRE Local 2881 hosted their first California Wildfires and Statewide Challenges 
Symposium in Sacramento, California. 

Community experts from the federal, state and local levels accepted invitations to attend the symposium. 
Topics ranged from environmental change, to land management, to firefighter staffing and safety.

The format consisted of individual presentations followed by roundtable discussions. No one arrived at the 
symposium with a pre-set agenda or a preconceived notion of what the ultimate outcomes would be.  

The idea was simple enough – allow the experts to honestly view the California landscape as it relates to 
wildland fires and encourage common sense conclusions.

The robust discussions were insightful.

A universal conclusion was that urbanization has profoundly and permanently changed the California wildland 
environment and that we are a generation behind urban strategies for fire suppression and response when 
dealing with wildland fires. A concomitant view is that the risks are multiplying as the urban/wildland interface 
is abrogated by increased development and natural factors such as drought and global warming, which 
contribute to multiple, inevitable fires that singularly would once have been viewed as cataclysmic.

Costs attributed to wildland fires are staggering. An economic study of wildfires in San Diego County alone in 
2003 and 2007 estimated costs at $4.5 billion and that does not include incalculable, indirect costs, such as 
lost workdays, business shutdowns, watershed losses or decreased tourism. The economic costs far exceed the 
cost of fighting fires.

William Craven, the longtime and highly respected consultant to the State Senate Natural 
Resources Committee, said, “Wildfires cost $3 billion a year at the federal level, which is half 
of the Forest Service budget now being spent on suppression. It used to be 15 percent in the 

1990s.  The economic losses are now five times what they were in the 1980s.”  

As more resources are being directed toward fighting and cleaning up after wildfires, fewer may be available 
for research and prevention efforts.

A failure to develop a strategy for wildfires that includes cooperation between stakeholders, budget 
prioritizations, the impact of political vagaries and social and business structuring is an invitation to disasters 
that will be devastating. Homes, businesses and public lands will be lost. Lives will be profoundly disrupted and 
tragic impacts will be felt by public safety and the general public. 

A Comprehensive View on the Future of 
Fighting Wildfires by a Team of Experts



Numerous wildfires continue to burn out of control throughout California. Many of these fires were ignited 
in late June by dry lightning and made worse by parched conditions and a lack of rainfall.”

~ NASA, July 1, 2008

Governor Arnold Schwarzenegger declared a state of emergency…as Santa Ana winds continued to whip 
the fires in unpredictable ways …the flames burst open and the hillside looked like a volcano had just 
erupted ….looked like a river of fire. Fire was literally flowing down the hill.

~ San Francisco Chronicle, November 16, 2008

Residents Evacuate as Hundreds of Firefighters Battle California Wildfires. California Flames Scorch Dry 
Earth.

~ CNN, August 13, 2012

Rim Fire Hits Yosemite and Explodes into One of California’s Largest Wildfires: The Tuolumne County fire 
nearly doubled in size overnight and stretched over 125,620 acres, or 196 square miles – larger than the 
size of San Jose.

~ San Jose Mercury News, August 23, 2013

Unprecedented Wildfires in California: The January predictions of this year possibly being the worst fire 
season have come true … “I’ve been doing this for twenty years,” said San Diego County Supervisor, Bill 
Horn. “This is the worst I have seen.”

~ CNN, May 16, 2014 

Wildfires Eat Up Forest Service Budget, Hampering Prevention: The cost of fighting wildfires in California 
and the western United States has skyrocketed … fire suppression and other firefighting expenses have 
increased from 16% of the Forest Service Budget in 1995 to 42% in 2014 ….

~ Robert Bonnie, Undersecretary 
Natural Resources and Environment for the U.S. Dept. of Agriculture, March 4, 2015

“Since 1985, the number of large wildfires in the western United States increased fourfold relative to the 
previous fifteen years.”

Dan Cayan, Research Meteorologist
UC San Diego’s Scripps Institution of Oceanography

“I have personally witnessed 45 fire seasons in the West and I worry that we are getting to the tipping 
point. We have a billion burnable acres in the United States and 250 million of those acres are at risk. 15 
million homes are at risk. Wildland fires are a wicked problem that will not rise to other issues like budget 
and defense, but it is a bad problem getting worse.” 

Tom Harbour, US Forest Service

“This is not just a fire problem. It’s a development problem, a land-use problem and an ecological 
problem.”

Kevin O’Connor, International Association of Fire Fighters

“18% of the country’s wildlands are developed and the movement into areas once open and wild will never 
be reversed. Our goal is a consolidated effort between all levels of government as we implement preventive 
and suppression measures to protect the lives and property increasingly at risk. Failure to act responsibly 
will result is economic ruin for communities and a tragic loss of life.”

Mike Lopez, President, CAL FIRE Local 2881  



Kevin O’ Connor, International Association of Fire Fighters (IAFF) 
Governmental Affairs assistant to the General President: 
“Any firefighter west of the Mississippi and south of central North 
Carolina is going to be a wildland firefighter at some point in their 
career. Even New York City last year had some significant events.”

Ken Pimlott, Director of CAL FIRE: “We keep going down the 
paradigm of let’s throw more stuff at it. But when you look at the cost 
of rebuilding, it doesn’t matter how much you throw at it, you’re still 
going to lose all those things… Go to the Oakland-Berkeley Hills. 
They rebuilt exactly the way it was. The roads aren’t wider and the 
vegetation is twice what it was.”

Mike Lopez, President CAL FIRE Local 2881: “When Rick Swan and I 
sat down to plan the Symposium, our goal was simple – 
We wanted to get beyond the posturing and hyperbole to begin 
developing a realistic wildland fire plan for California and the 
country.” 

Karon Green, Chief Consultant to the Assembly PERS Committee, 
answering a question about encouraging the Legislature to enact 
policies: “I look at it as...How do you get it proposed for funding? The 
more research you have to back up your asks, the more weight it 
carries.”

Quotes by Symposium Attendees 



Tom Harbour, Director of Fire and Aviation Management for the U.S. 
Forest Service: “We don’t think far enough down the road about how 
we are going to get out ahead of this wildland fire problem. We can’t 
cut our way out of it and we can’t one-more-air tanker our way out 
of it. It’s too big. Choices are going to have to be made. If we don’t 
make them, folks outside of us are going to make them for us….25-
year-old staffers on the Hill are going to be making decisions…unless 
folks like us get together and say, ‘We have some ideas.’”

William “Bill” Craven, Chief Consultant of the California Senate 
Natural Resources Committee: “A couple of numbers jumped out at 
me. One is that in California so far, we’ve had 1,100 fires of various 
sizes, two times the yearly average. The second is a statistic from 
NASA… 30 to 60 percent higher projections for fire numbers by 
the end of the century...Seventeen percent of the California WUI is 
developed with housing. As population pressures increase, the rest 
of that WUI is going to be subject to potential development. That is 
going to make things very dicey in terms of fire policy.”

Deputy Chief (Ret.) Rick Swan, former member of the CAL FIRE’s 
Personal Protective Clothing Committee: “This whole issue of 
wildland firefighter PPE (personal protective equipment) and heat 
stress and smoke and particulates are in such an infant stage of 
what we should know. We don’t know what we are breathing in and 
how it’s affecting us, how that comes back into our bodies. We know 
what’s going on in structural stuff, but what about the intermittent CO 
exposure? We don’t know what that does or how that affects us. We 
flat out don’t know.”

Rex Frazier, Personal Insurance Federation of California (PIFC): 
“The Insurance industry is looking to firefighters for assistance as 
we begin to assess a future with fires no one would have predicted 
possible a decade ago.” 

Quotes by Symposium Attendees Continued 



Nelson P. Bryner, Chemical Engineer Leader for the National Institute 
of Standards and Technology (NIST): “I think the fact that WUI is a 
problem has not received much attention until recently. ‘America 
Burning’ started us down a path that we are still on with 40 years of 
science. We don’t have 40 years of science for the WUI side.”

President Chris Mahon, President of Ventura County Professional 
Firefighters Association: “Ventura County has had an aggressive 
prevention program for 30 years. We’ve been working with property 
owners for a long time. It was difficult program to start, but now it is 
ingrained in our department. We get great compliance. New people 
are often skeptical of our program until they experience their first 
wildfire. Once they have lived through one, they are the first ones out 
there saying, ‘Hey, can you come tell us what to do?’” 

Dan Silver, MD, CEO of the Endangered Habitats League: 
“Fire departments, from my perspective, facilitate the continued 
expansion of the WUI by checking boxes. ‘You build it and we’ll 
defend it.’ Somehow that chain needs to be broken.”

Dr. Dan Cayan, Scripps Institution of Oceanography (SIO): 
“We cannot escape the relationship between a more volatile fire 
environment and climate change. It must be addressed. The impact 
on fire safety is significant.”

George Broyles, Fire Test Leader, U.S. Forest Service: 
“The landscape in the West has changed quickly and become more 
susceptible to the conditions which lead to wildland fires.”

Quotes by Symposium Attendees Continued 



CHANGING NOMENCLATURE 
OF CALIFORNIA FIRES

Fire Season: An antiquated term that refers 
to annual discrete periods where patterns 
of temperature, precipitation and humidity 
facilitate conditions for wildfires; modern 
trends indicate that the nomenclature be 
changed to “Fire Year”

EHL: Endangered Habitats League

IAFF: International Association of Fire Fighters

LRA, SRA, FRA: Local-, State-, Federal 
Responsibility Area 

NIST: National Institute of Standards and 
Technology

PIFC: Personal Insurance Federation of 
California 

USFS:  United States Forest Service

Wildland Fires: This term has become a 
misnomer. Fire is no longer isolated to wildland 
areas; fires now impact highways, houses, 
businesses, etc... Collectively referred to as a 
wildland urban interface fire (WUI)

WUI: Wildland Urban Interface

INDEX/DEFINITIONS



In June of 1970, fifty acres burned in Sonora, the California foothills, and the consternation 
caused was front page news. People were alarmed. In the last few years, we have grown 
accustomed to stories of thousands of acres being burned and incomprehensible loss. (Tom 
Harbour US Forest Service, June 16, 2014) 

Since the 1970s, our nation has witnessed an increase from three million to an overwhelming seven million 
acres burned each year – with further increases projected.1  

The Oakland Hills Fire in 1991 placed an orange glow in the sky that was unfamiliar and, at least momentarily, 
frightening for Californians. Firefighters who responded have said since then that we “dodged a bullet” as the 
fire nearly escaped into total catastrophe. This singular event exposed inefficiencies that we have allowed 
to continue in the subsequent two decades. Recent fires have finally begun to strain the great trust that our 
firefighters, the best trained and educated in the world (and certainly not short on courage), will be able to put 
out all the fires.

Given the complexity of our communities and land use, most firefighters will, at some point in their career, 
respond to a fire in the Wildland Urban Interface (WUI). In the conterminous US, the WUI covers 277,668 
square miles and has approximately 45 million housing units.2 The WUI is widespread in the eastern US, 
reaching a maximum of 72% of land area in Connecticut, while in the West, California has the highest number 
of WUI housing units of any state (5.1 million). Between 2007-2011, local fire departments responded to over 
330,000 wildfires each year.3  There are approximately 1.1 million firefighters and 30,100 fire departments in 
the US.4 Conservatively speaking, if roughly 9% of the U.S. is part of the WUI, then at least 100,000 firefighters 
are regularly involved in WUI and wildland incidents across 2,709 departments. Despite this, many of these 
firefighters do not generally consider themselves wildland firefighters. 

The statistics are staggering. In California, only 4% of wildfires are natural events, meaning that well over 
95% of our wildfires are the result of human activity. Of these events, one in six engulfs transportation 
infrastructure and one in ten includes some type of structure (about 3,000 homes are lost each year in the 
U.S.)5 Sadly, 2014 was a hit in the gut when 34 wildland firefighters lost their lives. As a result, emphasis has 
shifted from “traditional wildland firefighting” to structure defense in the WUI where over 40% of our homes 
are now located.6 

STATUS AND TRENDS



If trends continue, and the woeful problems associated with drought and global warming suggest the trend is 
inexorable, it is conservatively predicted that large fires (defined as 500 acres or more) will increase nearly 35% 
by 2050 and an alarming 55% by the end of this century.7 Future decisions on development and management 
of the WUI are critical in determining future vulnerability and risks. The paradigm shift from wildland to WUI 
firefighting has transformed conventional risk.

Traditionally, fire studies focus on the three broad categories: wildland, structure and vehicle. Each incident 
type comes with distinctive exposures, hazards and risks with protocols, tactics and PPE specific to each 
scenario. A WUI fire represents a dynamic and multifaceted incident where these incident types merge. 
Firefighters may respond to a wildland fire, but often focus on community defense where structures and 
vehicles can become involved. The evolution of modern wildland fires and the complex matrix of land use 
and development suggest that this is not only a common scenario, but is a virtual certainty. As a result, we 
are experiencing a transition from a “traditional” wildland fire (where firefighters and communities may be 
reasonably prepared and protected) to an incident with diverse risks and consequences.

We need to change the way our society thinks about wildland fires.



The discussion during the Symposium focused some on the disconnect between the various levels of 
government.  Immediately problematic is that the same mistakes keep being made.  Much of this is 
ascribable to the curious fact that the federal government does not have an independent fire service with an 
autonomous, operational point person taking charge and assuming the demands of leadership.  The federal 
responsibility for fighting fires is scattered through too many bureaucracies, and too many agencies. 

As mentioned previously, only .05% (5 out of 1,000) firefighters consider themselves wildland firefighters.  
Consequently, the training for wildland firefighting can be marginalized both in terms of importance and 
budgeting.  The situation can also be exacerbated by the distances perceived between a forester and a 
firefighter.

One of the participants said the fire service can sometimes be characterized as 100 years of tradition 
unencumbered by progress.   For example, Ed Pulaski created the firefighting tool that carries his name, 
the Pulaski, more than 100 years ago.  If Pulaski had been a soldier a century ago, he would not recognize 
the modern way we conduct war, but sadly his familiarity with firefighting strategies and tools would be 
immediate.

The internecine issues inherent with firefighting are problematic when helping policymakers construct a 
coherent firefighting blueprint.  A politician can be expected to listen when firefighters provide a linear 
narrative, but a cacophony of ‘fire specialists providing conflicting images’ only adds to the problem.  We could 
resolve many of the problems if we develop a list of ideas as a step toward establishing public policy.

At the end of this document, we will provide a series of ideas that will streamline wildland fire policy and result 
in more effective protection of property, greater security for our neighbors, and increased health and safety for 
our firefighters.

“A couple of numbers jumped out at me. One is that in California so far, we’ve had 1,100 fires 
of various sizes, two times the yearly average. The second is a statistic from NASA … 30 to 60 
percent higher projections for fire numbers by the end of the century … seventeen percent of 
California is WUI developed with housing. As population pressures increase, the rest of that 

WUI is going to be subject to potential development. That is going to make things very dicey in 
terms of fire policy.”  ~ William Craven, Chief Consultant, Ca.Natural Resources Committee



The term “fire season” has become archaic in the public safety lexicon. The mission has changed due to 
environmental reasons and the widespread development in previously pristine areas. The idea of seasonal 
firefighters may be an idea whose time has passed. This is particularly true when we realize that the vast 
majority of our fires (over 95% in California alone) are the result of human causes rather than natural 
events. We should also be asking why firefighters fall under the aegis of the Department of the Interior, the 
Department of Agriculture, BLM and others in a piecemeal approach to fighting fires at the federal level. The 
Fire Service as a professional partner is not there with the U.S. Forestry; and while no one is accusing anyone 
of anything nefarious, the idea of benign neglect wading toward incompetency is mentioned. 

Large-scale wildfires have significant, overlooked economic impacts, often exceeding billions of dollars in 
losses. In the conterminous United States, there are over 45 million homes in 70,000 communities in the 
WUI4, with the annual cost of fires exceeding $14 billion.8 Each fire has a unique personality and concomitant 
economic impacts. In California, the most alarming trend is that half of the twenty largest wildfires in 
California’s recorded history have occurred in only the past decade, with many of these events having an 
unprecedented physical and financial impact to the state. The economic, social and environmental costs of 
wildfires are often staggering. 

For example, the 2003 wildfire event that consumed much of San Diego County became one of the most 
costly fire incidents in California’s history. With three co-occurring fires (Cedar, Paradise and Otay), the fires 
consumed a total of 375, 917 acres, 3,241 homes were lost and, sadly, 16 people lost their lives, including 
one firefighter. At the peak of the fires, 6,635 crew were fighting the blazes. The Cedar Fire is still the largest 
recorded fire in California’s history (at over 280,000 acres).

In a comprehensive economic impact assessment, the total economic impact of the 2003 wildfires in San Diego 
County is estimated at over $2.45 billion.9 This equates to a cost of over $6,500 per acre. Surprisingly, the total 
suppression costs amounted to less than 2 percent of the entire economic impact, a relatively negligible cost 
in contrast to the overall loss. Major categories of losses included utilities and other infrastructure ($147.3 
million), ecosystems ($61.2 million), lost business and tourism ($365.5 million), unemployment insurance 
($400 million), FEMA disaster loans ($170 million), FEMA grants ($137.5), insurance claims ($1.2 billion), and 
increased medical costs (mainly respiratory/pulmonary cases - $10.7 million). In 2007, San Diego County 
experienced another large-scale wildfire siege, costing the region an additional $2 billion in economic losses.

BEHAVIOR OF FIRE IN CALIFORNIA



More recently, the Rim Fire from 2013 became the third largest fire in California’s history having burned over a 
quarter-million acres in the Sierra Nevada Mountains near Yosemite National Park. Over a year passed before 
the fire was officially declared “out” due to a lack of winter rains and several deep-interior inaccessible areas 
that continued to smolder. In comparison to other large-scale fires in California, the Rim Fire had relatively few 
structures lost (11 residences, 3 commercial buildings, and 98 outbuildings). Because of the significant timber 
resources and ecological value of the affected area, total economic losses neared $1 billion. In comparison with 
other fires in the state, suppression costs were staggering ($127 million or nearly 14% of the total economic 
loss). Had the Rim Fire reached the Hetch Hetchy reservoir (the main water supply for the Bay Area), economic 
losses could have made this one of the most financially devastating fires in the world (see below for further 
discussion on water resources). 

While these case studies provide an interesting cross-section of recent, large-scale wildfires in California, actual 
economic and social impacts are not adequately addressed. Further, it does not account for the total losses 
inflicted on our state from all wildland/WUI fires (both large and small). Finally, not all of the economic impacts 
or losses are captured in these analyses. It is relatively easy to quantify economic losses in terms of property, 
buildings, infrastructure, goods and suppression costs. It is more difficult to quantify the long-term costs to 
health and welfare (for both community members and firefighters), ecosystem services, watershed and water 
quality degradation and air quality. Regardless, we now recognize that large-scale wildland/WUI fires have 
become commonplace; the frequency and intensity of these fires is increasing and the resulting economic and 
societal impacts are significant.

Experts at the Symposium highlighted that what we don’t know about wildland and WUI fires may exceed 
what we do understand. Nelson P. Bryner of NIST said they lack data on the WUI. For example, in urban fires 
we know kitchens are the number one location for ignition and most fatalities are caused by upholstered 
furniture. In the WUI we don’t know if its wood shingles that first ignite or the walls and the lack of reliable 
information has a negative impact on how we plan to attack.

NIST studies provide some evidence that wooden decks are a main ignition point, yet we don’t know how 
many embers it takes to ignite a deck. NIST conducted some wind tunnel experiments and discovered if the 
embers are spread out, they blow away and won’t start a fire. As studies mature, the idea of how we build a 
deck will change.



Awareness of wildfires as an issue has never been greater in our country’s history than now. What were once 
generally considered issues of the West are now nationally recognized as an increasing threat to all of our 
communities and ecosystems. As a result, the term ‘wildland fire’ has become a bit of a misnomer. Large 
wildfires frequently threaten homes, businesses and lives, shifting the focus to structure defense. Further 
exacerbating the situation, a new paradigm is emerging: we are witnessing a dramatic shift in the frequency 
and intensity of wildfires due to a variety of factors, most of which are human-caused. 

As our population grows, decisions on developing and managing the WUI will determine our vulnerability 
and the risks imposed on our firefighters and communities. Throughout the United States, an ongoing debate 
is ensuing that questions the adequacy of modern firefighter staffing, resources, response protocols and 
land management. Critical decisions are driven by such malleable and extrinsic factors as public perception, 
environmental concerns and budgetary constraints. As a result, decisions can be made without adequate 
empirical support or understanding of the issues, resulting in serious consequences to wildfire/WUI response, 
community safety, attack effectiveness and firefighter health and safety. 

Although firefighting response and effectiveness has vastly improved, many of the most basic issues have 
not been researched and considerable uncertainty remains. As a result, wildland and WUI fires have not 
kept pace with the advancements seen in structure and high-rise fires. In 1973, the National Commission on 
Fire Prevention and Control published a report that was the result of nearly two years of work. Findings and 
recommendations from this report served as a catalyst for significant changes and advancements in our urban 
fire sector. The results are nothing short of miraculous, especially when you consider that the U.S. population 
has increased by about 100 million people, with corollary increases in buildings and homes. 

Table 1. Trends in fires, deaths, injuries, and dollar loss in the United States.
Category 197110 201211

Deaths 7,570 2,385
Property Loss (Adjusted for 2012 dollars) $12.85 Billion $7.10 Billion
Number of Fires (structure) 996,900 374,000
Injuries Tens of Thousands (estimate) 13,050

*Data based on Appendix V, America Burning, the Report of the National Commission on Fire Prevention and Control (1973) 
**Data based on US Fire Administration statistics (http://www.usfa.fema.gov/downloads/pdf/statistics/res_bldg_fire_
estimates.pdf)

SYMPOSIUM DISCUSSION



Unfortunately, consensus among participants at the symposium estimate that analogous advancements in 
wildland/WUI fires are easily decades behind structure fires. For example, we are only starting to understand 
how staffing influences initial attack effectiveness of wildland/WUI fires, yet we do not fully understand the 
potential risks that firefighters face, including exposure to carbon monoxide and hazardous air pollutants. 
Further, although there are a variety of programs in the fire sciences, they tend to focus on structure fires, fire 
administration and fire technology. Wildfire science and education programs remain under represented in the 
fire services industry and our educational institutions. 

The result of the America Burning Report (1973) provided several broad recommendations, for what ultimately 
seems to have been a successful national program. It is worth highlighting these key points here, as they 
can easily be adapted to meet the wildland/WUI agenda and coincidently follows closely with many of the 
recommendations that emerged from this symposium:

Table 2. America Burning (1973) key recommendations
There needs to be more emphasis on fire prevention 
The fire services need better training and education 
Americans must be educated about fire safety 
In both design and materials, the environment in which Americans live and work presents unnecessary 
hazards
The fire protection features of buildings need to be improved 
Important areas of research are being neglected 

Again, the purpose of this symposium is to highlight critical areas of need and discussion for wildland and WUI 
fires in California (and the United States), and help advance public safety, community protection and firefighter 
health and safety. We need to begin a statewide and national dialogue on wildland fire issues that receives 
the same attention, support and implementation that resulted from America Burning (1973). Generating this 
dialogue and awareness of wildland fire issues could have a galvanizing affect across California and the United 
States, resulting in meaningful societal, economic, and environmental benefits. 

Much like America Burning, the recommendations herein are simple, straightforward and timely. Our goal is to 
highlight critical needs (at a time when policymakers are focusing more carefully on costs), address long-term 
planning and land-use change and recognize our changing demographics. We need to answer the question of 
how we are going to continue protecting our families, communities, businesses and open lands in the future. 
The results of the symposium are provided below, organized into five areas: Climate and Environment, Land 
Management, Resources and Infrastructure, Firefighter Health and Safety and Attack Effectiveness.



“Wildland fire service in the West is still based on what used to be a limited fire ‘season.’  But 
climate change is expanding the ‘natural’ season, and there is no season for human-cause fires.”

For thousands of years, the frequency and intensity of natural wildfires shaped the distribution and 
configuration of the forests and grasslands in many parts of the United States. Over time, many of our 
ecosystems became adapted to wildfires with some plant and animal species becoming dependent on fire as 
part of their natural history. However, modern catastrophic wildfires are significantly different from the historic 
fire regime in California. Today, only a fraction of the wildfires we experience in California are caused by natural 
events. 

As described earlier, wildfires can have major economic consequences with large-scale incidents and through 
aggregate annual losses of smaller fires. Much of that economic toll occurs in our ecosystems where the 
services that they provide are lost or degraded. According to our panel of experts, the two areas of greatest 
concern are impacts to our watersheds and air quality. Other key areas include habitat losses, impacts to 
endangered and sensitive species and the resulting increases in invasive species post fire. 

Status and Trends

Specifically, scientists have linked climate change to the amount of carbon dioxide in the atmosphere. It used 
to be 280 parts per million of CO2 concentration per-Industrial Revolution. Today it is around 400ppm. By the 
end of the century it will be even higher as explained by Meteorologist Cayan.

Identifying Need for Action 

As more than one speaker noted, urban fires were a wicked problem in the 1970s when the fire death toll 
was averaging 9,000 a year. A federal blue-ribbon commission tackled the issue and produced the landmark 
America Burning Report. In the 40 years since, that report has shaped the fire service and led to better 
scientific understanding about fires in enclosed spaces, better safety gear for firefighters, more fire-resistant 
building codes and better prevention efforts and equipment. As a result, fire deaths in America have been cut 
by two-thirds, even as the population has expanded.

CLIMATE AND ENVIRONMENT



The relationship between our nation’s water resources and our wildland areas cannot be overlooked. 
According to Tom Harbour, probably one of the highest risks lies in watershed management and water quality. 
Economic assessments support this assertion, where the majority of the funds allocated to our ecosystems 
tend to support watershed restoration programs. For example, after the 2003 Cedar Fire, FEMA provided over 
$47 million in watershed restoration funding and $14 million in hazard mitigation efforts. Portions of these 
funds were used to restore habitat and control the potential impact of erosion and floods in the following 
winter. It will never be clear how much funding private landowners, tribes and municipal entities spent on 
erosion and flood control measures, but we know this was an extraordinary expenditure.9

These impacts pale in comparison to the potential losses that could have occurred during the 2013 Rim Fire. 
Potential impacts to the Hetch Hetchy reservoir put at risk the main water supply for the San Francisco area, 
servicing over 85% of their water needs with over 2.6 million customers. As a precautionary measure, the 
San Francisco Public Utilities Commission diverted water from Hetch Hetchy to downstream reservoirs in San 
Mateo and Alameda counties. However the Utilities Commission still paid over $116 million for supplemental 
water and electrical services as a result of the fires. The Utilities Commission estimated that if the Rim Fire 
had actually impacted their water infrastructure, economic losses would have been between $100 and $736 
million. We rely on these pristine watersheds for a large part of our state and national water supply. We cannot 
afford to ignore this risk. 

Finally, flooding after a wildfire is a very serious threat. There is a possibility that the fire created a hydrophobic 
layer beneath the surface, increasing the chance of a landslide in subsequent rain events. The lack of 
aboveground vegetation and compromised root structures can also lead to flood and landslide risk.

Second only to watershed impacts is the threat wildfires have to our air quality. The effects of smoke exposure 
on the body are diverse and cover a range of conditions including eye and respiratory tract irritation to more 
serious disorders, including reduced lung function, bronchitis, exacerbation of asthma and premature death. 
Concrete data is not available for calculating total health impacts from wildfires, but it has been estimated 
at over $10 million in health care costs for a single large (500+ acres) incident.9 During the Cedar Fire in 2003 
(California’s largest wildfire on record), hospitals experienced significantly higher than average numbers 
of complaints from local residents for illnesses plausibly associated with exposure to fire or smoke such as 
asthma, burns and respiratory distress. There was also an increase in potentially related complaints such as 
altered neurological function, cardiac-related chest pain and palpitations.12

The physical effects associated with a fire are a result of the types of pollutants found in the smoke, which 
can be unpredictable and chaotic. The smoke from wildfires is a highly variable and complex mixture of CO2, 

WATER RESOURCES

AIR QUALITY



water vapor, CO, particulates, unburned fuel, polycyclic aromatic hydrocarbons (PAH), nitrogen oxides, trace 
minerals and diverse toxic constituents. Composition depends on variables such as fuel type, moisture content, 
temperature and wind. Different types of wood and vegetation contain cellulose, lignin, tannins and other 
polyphenols, oils, fats, resins, waxes and starches that produce different compounds when burned, some of 
which are hazardous. When wildland fires become WUI fires, man-made materials (once ignited) release a 
variety of chemicals, many of which are considered carcinogenic and highly toxic. The composition of this 
chemical mixture is largely unknown during various stages of a wildfire, and hazard assessments and decision-
making cannot adequately account for firefighter and community risk. 

Climate change impacts are a growing concern, not just because of the potential increases and risks of 
wildfires, but also because wildfires may be a significant contributor to carbon emissions. For example, 
the estimated GHGs from the 2001-2007 wildfires in California were roughly 200% higher than the annual 
car emissions for those same years, or the equivalent of adding 50 million vehicles to the state.13  In fact, 
the amount of carbon released by the dead and decaying trees (post fire) may emit more carbon into the 
atmosphere than the actual fire event itself.14   

In an analysis of the western United States, wildfires have significantly increased since the mid 1980s. Shifting 
climatic conditions and land use change have combined to produce more frequent and intense wildfires while 
also increasing the overall annual wildfire season.7 California is also considered a climate change hotspot 
likely to experience higher than average impacts when compared to the rest of the United States.15 Difficulty 
in managing the dramatic increases in fire frequency and intensity over the past decade suggests that historic 
management and response practices are inadequate. 

Recent research suggests that regional temperatures in California may increase from 1.7 C to 5.8 C by 2100, 
depending on the climate model used and the emissions scenarios assumed.16 This of course leads to an 
increase in the number of days of high or extreme fire risk (as assessed by CAL FIRE in their daily wildfire 
risk warning system). Ultimately, the fire season may be longer in California, with predicted increases in the 
number of Santa Ana wind days under future climate scenarios.17

CLIMATE CHANGE



In fact, recent research suggests that the fire seasons are already longer than they were historically.17

There is more uncertainty about how California’s future precipitation patterns will be influenced by climate 
change. It is generally predicted that most precipitation will still occur during the winter months, with little 
or no predicted changes in the total annual precipitation. However, most studies suggest that there may be 
considerable changes in inter-annual and decadal fluctuations in precipitation.16 Future climate scenarios 
also predict decreases in snowfall with more of California’s annual precipitation coming from rainfall.18 As 
the climate warms, the snowpack in the mountains will melt faster, causing spring runoff to happen earlier in 
the year. This ultimately means that the availability of water for vegetation communities will be significantly 
reduced during the dry seasons (spring through fall) leading to decreased fuel moisture and increased fire risk.7 

Increased frequency of lightning may occur as a result of climate change.19 This, of course, has direct 
implications on the risk of wildfires that we may already be experiencing. In 2008, over 2,000 wildfires were 
started by over 6,000 dry-lightning strikes in Northern California. The record number of lightning strikes and 
extreme drought conditions created catastrophic conditions that burned nearly 1.2 million acres, destroyed 
over 500 structures and killed 15 people.20 



Biological invasions have been characterized as “self-regenerating pollution.”21 Whether intentional or 
accidental, this type of “pollution” can be thought of in much the same way as water or air pollution.22 
Unfortunately, reducing or controlling invasive species requires a distinctly different strategy because of: 

• The economic value, trade activities and other activities that depend on or involve invasive species
• The diverse entry points or pathways for introduction
• Poor understanding of native flora, making identification of invasive species difficult
• Problems knowing which species may become invasive
• Difficulty in determining which activities must be regulated to combat the problem, like traditional types of 

pollution the approaches to deal with invasive species are similar; they include prevention, cost recovery 
(polluters pay a penalty), and prohibitive or regulatory legislation 23 

Wildfires may also augment the current spread of invasive species. This occurs when the normal disturbance 
regimes under which the native community evolved are altered. Throughout the western United States, we 
have witnessed the spread of invasive species, particularly grasses, which change the fire frequency and 
intensity and shorten the return interval of fires. This results in a feedback loop where wildfires advance the 
spread of invasive species, ultimately leading to a type-conversion of the habitat to a nonnative dominated 
ecosystem.24,25 Beyond non-native grasses and noxious weeds, additional threats may exist in increased 
infestations of certain beetle species and other insects or pathogens that can decrease ecosystem health and 
increase fire risk. While many of these pathways and relationships are still being investigated, one thing is 
clear: invasive species must be dealt with in our long-term wildland fire management strategy.

INVASIVE SPECIES



The impact to ecosystems is largely uncertain, however some changes are likely. For example, some insect 
species instigate high fire risk conditions. Vegetation mortality from insects and pathogens can become a 
significant contributor to wildfire risk.26 Further, insect infestations and pathogens are predicted to increase 
as a direct result of changing climate.27 This occurs because future climate scenarios may actually enhance 
the survivability and spread and by reducing overall health thereby making the biological community more 
susceptible to damage or disease.28 For example, increasing the winter temperatures in the Sierra Nevada 
Mountains could make conditions more suitable for pitch canker, resulting in increased disease and economic 
losses.29

Native Habitat and Endangered Species

In many of the economic assessments on large-scale wildfires, ecosystem impacts and endangered species 
figure significantly into the loss estimates and recovery costs. Future wildfire management plans and response 
strategies must account for native habitat and endangered and sensitive species. 

Land use change and urbanization (including the increasing development into the WUI seems divorced from 
natural processes and ecosystems. Much like our historic development in the high-risk areas, like flood plains, 
we continue to expand our homes, business and infrastructure into the WUI without rigorous constraints or 
societal acknowledgment of the risk. There seems to be a disconnect between the risks created by our land-
use decisions and the ultimate costs incurred by local, state or federal governments. 

CAL FIRE is a world-renowned emergency response agency dedicated to protecting over 31 million acres 
of wildland in California. Today, their role has expanded to cover over 350,000 calls a year for non-fire 
related incidents, including medical aids, hazardous material spills, swift water rescues, search and rescue, 
floods, earthquakes and more.30 However, when budget reductions are proposed, the focus is typically on 
wildfires rather than other areas of CAL FIRE’s responsibility.31 In recent decades, our Governors, Legislature 
and Legislative Analyst’s Office have suggested strategies for coping with the budget impact, focused on 
fire protection in the WUI and State Responsibility Area (SRA). Generally, these proposals emphasized the 
development of a new fee for properties located within the WUI/SRA. 

LAND MANAGEMENT



The original goal was to create an SRA fee program to offset the roughly $200 million cost of CAL FIRE’s 
annual wildfire protection/response budget. However, increases in major disasters and a failing economy led 
to a substantially different program. During the 2013-14 fiscal year, the newly implemented fire prevention 
fee program collected $74,978,000, and spent $58,765,000 on prevention activities and $14,396,000 on 
administration. Admittedly, this program is still in the early stages and the long-term results have yet to be 
realized. However, the high cost of wildfires continues and there has been no significant reductions in the 
state’s operational budget.

“Let’s review together the combined resources in place for prevention and suppressing.”

“There are huge inefficiencies that we allow to exist.”

“We have allowed benign neglect to become overall incompetence.” 

“Because of budget problems and the vagaries of nature, firefighters are being asked to do 
more with less.”

Status and Trends

The ability to effectively combat wildfires is inextricably linked to community and firefighter health and 
safety. Again, the wildland/WUI fire industry significantly lags behind structural firefighting. For example, 
a considerable amount of research has addressed CO exposure and risk in structural fire incidents with 
aggressive outreach and education campaigns.32 However, analogous research programs on WUI and wildfire 
incidents are more limited. As a result, there is a serious deficiency in the current understanding of wildfire 
practices and firefighter health and safety. Fundamental uncertainties based on our fragmentary understanding 
of the relationships between resources, land management and environmental conditions creates a situation in 
which sound and well-informed decision-making is extremely challenging, if not impossible. 

While smoke exposure at some wildfires and prescribed burns can be no more than a nuisance, on occasion it 
approaches or exceeds legal and recommended occupational exposure limits.8 As discussed in the section on 
Air Quality above, wildland and WUI fires create a highly hazardous, carcinogenic and toxic environment for 

FIREFIGHTER HEALTH AND SAFETY 



firefighters. As WUI fires become more commonplace, we are recognizing that many safeguards for structure 
and vehicle fires are not part of WUI standards. Customary protocols and personal protective equipment 
(PPE) may actually be incompatible in many situations. For example, extended duty on many wildland/WUI 
fires means that an SCBA could provide only a fraction of the protection needed during a 12-hour shift. This 
device is further limited simply due to the physical constraints it places on the firefighter in the field. Similarly, 
turnout gear for structure fires is designed to afford adequate protection for an interior attack, not the 
exterior attack more typical of WUI firefighting. The thick, heavy, urban gear induces serious heat stress for 
firefighters conducting exterior or vegetative fire suppression. Proper WUI safeguards are imperative. 

The typical responsibilities of a firefighter are also a leading contributor to the health risks they face. 
Firefighters often go from a state of sleep to near 100 percent alertness and extreme physical exertion in 
a matter of minutes. When combined with the heavy equipment and gear they carry through extended 
periods of intense heat and brutal environmental conditions, wildland firefighters experience the limits of 
what the human body was meant to withstand. Repeated exposure to these conditions can lead to cardiac 
arrests, where the heart’s electrical impulses become rapid (ventricular tachycardia) or chaotic (ventricular 
fibrillation).33 

All of the studies from the 1970s to present look at vehicle fires, structure fires and wildland fires as though 
they are isolated incidents. But in California, you would be hard-pressed to find just a wildland fire (a point 
made at the symposium by Dr. Matt Rahn, from California State University San Diego). The wildland firefighter 
goes in with standard gear and no SCBA and yet we don’t know the answer to the basic question, when you’re 
standing 20 feet from the burning vehicle, what are you being exposed to?

The number of wildland firefighters suffering from dehydration also appears to be on the rise, yet the reasons 
have not been delineated, studied or reviewed at length. The reason may be as simple as the fact that 
firefighters are drinking sports drinks instead of water.  NIST points out that we have not yet developed to test 
for hydration.

Studies are now being conducted on the long and short-term effects of exposure to carbon monoxide, but 
researchers are hampered by the inability to measure the exposure in real time, especially as a firefighter 
moves in and out of smoke. The roundtable discussion at the symposium triggered concern over the 
ramification of being exposed to CO and the subsequent ability of a firefighter to think clearly and act 
decisively. Potentially, a risk management decision is being undermined because people aren’t thinking 
clearly.



Identify Needs and Priorities

Advancements in technology and assessment methods can help us understand the relationship between the 
harmful effects of CO, particulates, hazardous air pollutants (HAPs) and other threats that occur during a fire 
incident. We need to understand the actual exposure and risks our community and firefighters face during a 
wildland/WUI fire incident. We need to understand how the response, training and protection protocols can be 
improved to enhance the health and safety of firefighters and our community. This not only helps protect the 
firefighters, but also contributes to improved initial attack and response effectiveness: a healthy firefighter is 
an effective firefighter.

“It is a tribute to firefighters that, under such 
extreme conditions, the vast majority of fires are controlled quickly”

Status and Trends

Emergency response effectiveness is driven by four factors: 1) land management practices, 2) existing 
environmental conditions, 3) equipment resources available to fight a fire, and 4) the number of firefighters 
dispatched to an incident. When one variable is unbalanced (e.g. extreme environmental conditions or 
insufficient staffing) the result is an inability to effectively contain wildfires.34 

The availability of adequate resources and staffing to combat wildfires also has a direct impact on meeting 
fire suppression goals. Suppression failures generally happen when the resources available for an initial attack 
response are ineffective or insufficient at controlling the fire. This can occur when firefighting resources 
throughout a region are spread too thin due to excessive activity or when adequate resources are not 
provided, particularly at the outset of a wildfire event. 

Rahn (2010) conducted the first wildland fire staffing study to assess initial attack effectiveness under various 
staffing levels and environmental conditions. Basically, the results suggested that by increasing the number 
of firefighters on an engine, the efficiency, effectiveness and the overall ability to potentially control a 
wildland fire significantly increased, thus enhancing emergency response and the ability to protect California 
from modern wildfires. This preliminary study also has serious implications for firefighter health and safety. 

ATTACK EFFECTIVENESS



The most startling difference was the peak heart rates recorded by a 3-0 engine. During these trials, these 
firefighters traveled nearly ½ a mile longer than a 4-0 engine on the same 2,000-foot hoselay. Furthermore, 
adding a single firefighter to a 3-0 engine resulted in faster completion times that were up to 50 percent 
faster. Firefighters on a 3-0 engine also sustained peak heart rates of over 220 beats per minute, well beyond 
acceptable limits, increasing the risks of complications and tachycardia. It should be noted that this initial study 
was conducted under “ideal” conditions in Southern California, lacking the intensity, heat and stress that a 
wildfire creates. 

Current research conducted by Rahn (2014-2015) has demonstrated that real-world scenarios are far more 
serious. Monitoring California firefighters during actual wildfire incidents has shown that firefighters regularly 
exceed safe physiological conditions. Many individuals sustained peak heart rates above 220 beats per minute, 
had core body temperatures well above 102 degrees fahrenheit, demonstrated excessively rapid respiratory 
rates and were exposed to CO levels well beyond occupational limits. Each factor could significantly impair 
attack effectiveness, let alone having firefighters experience all factors simultaneously. 



NEXT STEPS AND RECOMMENDATIONS

Identify Needs and Priorities

It is imperative that we improve our understanding of how staffing, resources, tactics and technology can 
improve attack effectiveness. 

• We must increase programs that focus on prevention; improve education and awareness of homeowner 
responsibility in the WUI. These programs cannot continue in isolation of a more serious discussion on how 
we manage and expand into the WUI.

• We must create a comprehensive policy and management program that adaptively and scientifically 
informs when and how we suppress wildfires, allow fires to be a natural part of the landscape, allows for 
future development, designs fire-safe resilient communities and provides for ecosystem and watershed-
level protections. 

• Address the issue of inter- and intra-agency cooperation, including how best to navigate the LRA, SRA and 
FRA. We need to address the diverse land management, land use and fire response practices between 
and among agencies, the funding mechanisms for fire prevention and response and the allocation of 
resources and firefighters at a local, state and national level. This discussion should include the concept of a 
consolidated federal fire agency.

• There is a need to create a comprehensive wildfire/WUI education and training program that meets the 
diverse needs of urban and wildland fire agencies with an emphasis on providing new tools, technologies 
and operational strategies to meet the evolving risks and demands.

• Develop a better understanding of future risks related to wildland/WUI fires and create proactive (rather 
than just reactive) programs to address key areas such as drought, flooding, Santa-Ana wind events, 
landslides, etc.

• A change in the frequency, intensity and distribution of wildfires has, and will continue, to occur 
throughout California. It is imperative that we acknowledge this change and identify ways to avoid, 
minimize and mitigate the risk and impacts. 



• We need to develop a long-term firefighter health survey that addresses key factors associated with 
exposure and injuries and a better understanding of the short- and long-term consequences.

• We need to improve funding for research, especially in key areas that can help improve situational 
awareness, environmental monitoring (e.g. exposure and risk), communications and protective equipment.

• We need to help firefighters understand when they are experiencing compromised decision-making 
(related to factors such as stress, heat, CO exposure, dehydration, etc.).

• We need to ensure that policy and decision-making is informed by good science and information (striking a 
balance between theoretical, applied and basic science).

• We need to address mental health issues in wildland firefighting, particularly in the areas related to 
post-traumatic stress disorders and suicide rates. 

• We need to develop a better tool for hazard risk assessments for wildland/WUI fires and implement land 
management that prospectively protects and plans accordingly.

• We need to understand how the incident command and/or other remote operations can better serve 
firefighters and firefighting through enhanced monitoring, situational awareness and biometrics. 

• Identify opportunities where programs that address issues such as greenhouse gas emissions, climate 
change, ecosystem management, invasive species removal, watershed management, habitat conservation 
and endangered species programs can align with and facilitate landscape level management for wildland/
WUI fires.



• Improve communication and coordination between fire and insurance agencies.

• Ensure that current and future regulations and codes are supported by the best available science and 
understanding of the particular issue. 

• Improve the communication and dissemination of research and technology to fire agencies and 
decisionmakers.

• Improve our understanding of how and where small scale proscribed burns can be a useful management 
tool and identify opportunities where this can assist in improving habitat and ecosystems.

• Work with the building, insurance and development industry to help identify and implement the best 
practicable design and materials for construction within the WUI. Identify opportunities for retrofitting 
requirements for resale and/or reconstructed homes within the WUI that do not meet current standards.

• Identify potential opportunities for tax and/or insurance incentives for homeowner prevention and 
management programs within the WUI.

• Develop wildfire impact assessment tools that accurately captures the total loss, as well as the “saves” that 
occur due to fire suppression activities.

• Develop a clearinghouse for information on wildfires and firefighter health/safety.

• Create a center or group that can provide independent expert analysis on policies, laws and regulations 
related to fires and emergency response services and how they relate to fire response agencies and 
firefighters 

• Advocate for Blue Ribbon Commission on Wildland/WUI that follows in the spirit of the work done in 1973 
– America is Still Burning



FEDERAL GOVERNMENT STRUGGLES WITH FIRE POLICY

“Currently, agencies like the Forest Service must borrow from non-fire accounts with fire suppression 
costs exceeding the budget. ‘Fire Borrowing’ was intended to be an extraordinary measure, but as fire 
seasons have grown more destructive it has become common practice (8 of the last 10 years)  - and 
has created a devastating cycle that prevents agencies from doing needed hazardous fuels removal or 
timber harvest, leading to worse fires.  Until we reform the way we budget for wildfires, none of the 
actions we advocate can take place.”  - Congressman Mike Simpson 2015

2014 IAFF ANNUAL CONVENTION WILDLAND TASKFORCE MEETING, CINCINNATI, OHIO 

On July 17, 2014, Dr. Rahn and symposium representatives met with firefighter experts from across the 
United States at the 2014 annual convention for the International Association of Fire Fighters (IAFF), and 
their Wildland Taskforce meeting. Representatives of the Taskforce came from across the United States, 
including Florida, Colorado, Texas, New Mexico, Arizona, Virginia, Washington and many other states. The 
purpose was to discuss trends and the continuing crisis in California, which is being felt almost identically, 
although with some differing local flavor, across the country. The group echoed many of the same issues 
discussed at the California Symposium. It became clear that fire agencies throughout the US are battling 
many of the same wildland/WUI issues experienced in California. Topics discussed at the meeting included 
the following: 

• Firefighter Staffing and Resources
• Navigating the Protection and Management Landscape
• Dealing with Government Bureaucracy

• Changing Environment
• Firefighter Health and Safety
• Community Preparedness

ADDENDUM - A NATIONAL PERSPECTIVE



Participants generally agreed with the outcome and recommendations from the California Symposium, but 
also introduced a variety of challenges and opportunities of both a persistent and timely nature. In particular, 
the following issues were highlighted during the meeting:

• Significant changes in the frequency and intensity of wildfires have been occurring throughout the rest of 
the U.S. Firefighter impacts are increasing as a result. We need to recognize that this impacts not just the 
traditional wildland firefighters, but also municipal agencies. The continuing drought and lack of water 
resources is also a significant issue/concern.

• Develop advanced education and training programs focused on wildland and WUI firefighting that are 
accessible to career firefighters and diverse agencies throughout the U.S.

• Incentivizing homeowners to maintain defensible space and resolving conflicts with ecosystem and 
watershed management.

• Resolve funding, reimbursement and cost recovery mechanisms between local and federal agencies.
• Improve coordination of land management practices across federal, state and local lands. Prevention 

programs are vital but there are often not enough resources to educate land owners or enforce 
requirements.

• Land management hurdles must also be overcome, including environmental challenges, legal, regulatory 
and policy hurdles associated with proscribed burns, brush clearing or other practices. We need to identify 
streamlined procedures to address environmental clearances to provide timely and efficient wildland 
management. Air quality permits/approval seems to be one of the more major hurdles.

• There is a growing disconnect in land use where local government continues to permit development in the 
WUI, shifting the risk and burden to state and federal fire agencies., Also, federal fuel management may be 
placing an increased risk on local communities and government resources.

• There is a disconnect between land management, policies, local land use, and private property. In some 
cases, homeowners may be unwilling to cooperate or manage their land/property in the WUI.

• There was significant interest in improving the science behind firefighting, especially in the areas of 
firefighter tracking, communications and hazard/exposure identification.

• Minimum wage is being discussed as a living wage argument and the impact on entry-level firefighters is 
real, and concerns of salary compaction are daunting.



Additionally, the workgroup expressed an obvious frustration related to wildland firefighting that stems from 
inconsistencies across the nation when confronted by multiple agencies and various regulatory frameworks. 
Due to the continued expansion of our urban areas, many fire departments previously tasked with the primary 
roles of structural suppression and EMS are seeing an emphasis placed on wildland firefighting. Often this 
results in conflicts with federal agencies and federal priorities regarding suppression, prevention and the 
maintenance of lands adjacent to the communities.

As a member of the Training Program in National Wildfire Coordinating Group, the IAFF could help inform the 
training curriculum to provide for emerging concerns. It is also important to consider developing a nationwide 
“surge capacity” where qualified local members provide the staffing. Currently the federal government deals 
with states through a nationwide process; individual states need to query their respective local departments 
as to how they need to work within the federal process to ensure a more streamlined and comprehensive 
approach. 

The workgroup also suggested that we should, as a nation, leverage the work in concert with the 2009 FLAME 
Act, which includes supporting the framework recommended under the National Action Plan for a “National 
Cohesive Wildland Fire Management Strategy” (April 2014). This can assist in implementation, planning and 
guidance, including: 1) enhancing wildfire response preparedness in areas more likely to experience large, 
long-duration wildfire, 2) enhance wildfire response preparedness in areas experiencing high rates of structure 
loss per area burned, and 3) emphasize both structure protection and wildfire prevention to enhance the 
effectiveness of initial response.



At the end of the session, the Taskforce recommended the following deliverables: 

IAFF White Paper on Wildland Fire Fighting

The Task Force members and forum participants agree that the development of an IAFF “White Paper” 
regarding wildland firefighting is a viable first step in identifying issues and priorities regarding wildland 
firefighting. This would include the IAFF and others to encourage a Federal Blue Ribbon Commission on 
Wildland/WUI fires (similar to America Burning, 1973). 

Evaluation of Training Requirements

Training requirements across the spectrum regarding wildland firefighting should be evaluated by the IAFF 
Training Department and a database created. An evaluation of state and federal requirements will allow the 
IAFF to address inconsistencies or concerns.

Research Grants

The IAFF should engage stakeholders and identify priority needs regarding research and seek federal grants 
to accomplish research into wildland fire topics of concern. Such research will directly benefit the IAFF 
members, their safety and the public.

DELIVERABLES
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