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Challenges 

•  The	atmosphere	has	a	complex	chemical	composi6on	
with	large	variability	

•  Poten6ally	large	range	of	concentra6ons	
•  Sufficient	sensi6vity	for	ambient	condi6ons	
•  Sufficient	linearity	to	cover	range	

•  Variability	over	space	and	6me	
•  Appropriate	6me	resolu6on	of	measurements	
•  Sufficient	precision	to	iden6fy	relevant	variability	

•  Need	selec6ve	techniques	to	iden6fy	and	quan6fy	
•  Poten6al	for	interferences	and	ar6facts	
•  Stable,	well	characterized	standard	scales	
•  Ability	to	compare	and	combine	data		

	



Challenges 

• Understanding	complex	
chemical	processes	
requires	complementary	
measurements	of	
excellent	quality	

• Measurement	precision,	
accuracy,	and	limita6ons	
needs	to	be	clearly	
communicated	to	users.	
	

Figure	from	E.	Apel	



Measurements - Basics


• Specificity	
• Linearity	
• Range	
• Limit	of	Detec6on	
• Limit	of	Quan6ta6on	
• Precision	
• Accuracy	



Measurements - Basics




Limits of detec1on and quan1ta1on




Limits of detec1on and quan1ta1on




Limits of detec1on and quan1ta1on




Calibra1on

From	B.	Hall	



Calibra1on – Standard scales




Calibra1on – Standard driB


NOAA	CO	standard	tank	evalua6on	



Measurements – Precision/
Accuracy




Measurements - Comparisons


From	Warneke	et	al.,	AMT,	2016	



Measurements - Comparisons




Measurements - Comparisons




Measurements - Comparisons


From	Hofgre	et	al.,	AAAR	



Measurements - Comparisons




Measurements from aircraB


• Pressure	varia6on	
•  1000	-70	hPa	
	



Measurements from aircraB


• Pressure	varia6on	
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Measurements from aircraB


• Pressure	varia6on	
•  1000	-70	hPa	

•  Temperature		
•  <-70	°C	-	>30	°C	

• Water	vapor	
•  <2	ppm	-	>3%	
•  4	orders	of	magnitude	
	



Measurements from aircraB


• Mo6on!	
•  Air	speeds	

•  170	–	240	m/sec	
•  5	sec	=	1	km	
•  1	min	=	12	km	
•  5	min	=	60	km	

• Ver6cal	profiles	
•  500	m/min	

	



Measurements  - Inlets




Research AircraB – NASA DC-8


<1000	–	42,000	feet	
5400	nmi	range	
30,000	lbs	of	equipment	
45	scien6sts	and	crew	



Research AircraB – NASA ER-2


Up	to	70,000	)	
2600	lb	payload	
0	scien6sts	
1	pilot	



Research AircraB – NASA Global Hawk


Up	to	65000	E	
Payload	>	1500	lbs	
Dura6on	~	30	hrs	
0	pilots	(on	board)	
0	scien6sts	(on	board)	



Research AircraB – NSF/NCAR C-130


Up	to	26,000	E	
15,000	lb	payload	
10	hr	dura6on,	3100	nmi.	
14	scien6sts,	2	pilots,	1	flt	engineer	



Research AircraB – NSF/NCAR GV


Up	to	~50,000	)	
6000	lb	payload	
7000	mi.	range	
2	pilots,	1	engineer,	4	–	6	scien6sts	



Research AircraB – NASA WB-57


>60,000	E	al6tude	
2500	nmi	range	
9700	lbs	(including	pallets	and	pods)	
1	pilot,	1	engineer	



Preparing instruments : C-130




Preparing instruments : DC8


KORUS	-	AQ	



Preparing instruments : GV




Preparing instruments : WB-57




Instrumenta1on for chemical 
composi1on measurements


Remote	sensing	

Lidars,	DOAS	

In-situ	

Aerosol	phase	Gas	phase	

Stable	 Reac6ve	 Size	
differen6ated	

Single	par6cle	
or	bulk	



Gas phase composi1on


• Ozone	
• CO,	CO2,	CH4	

• NOx,	NOy,	PAN,	HNO3,	…	
• NH3	

• VOC	
•  SO2	

• H2O2,	CH3OOH	
• CH2O	

• OH,	HO2	

• RO2	

Stable	 Reac6ve	



In-situ techniques


•  	IR	Spectroscopy	–	Formaldehyde,	CO,	CO2		

• Chemiluminescence	–	NOx,y,	O3		

• Mass	Spectrometry:	e.g.,	OH	–	CIMS	(chemical	
ioniza6on	mass	spectrometry),	PTR-MS,	GC-MS	

•  Laser	induced	fluorescence	–	LIF:	OH,	NO2,	PANs	

•  Laser	Absorp6on	Spectroscopy	–	many	

• Cavity	Ring	Down	Spectroscopy	-	many	

Slides	from	E.	Apel,	NCAR	





• 	Absorbance:			
• 	Select	frequencies	are	removed	from	the		
incident	light	by	absorp6on.	
• 	Absorp6on	promotes	molecules	from		
ground	state	to	an	excited	state.	
• 	Analy6cal	techniques:		IR	and	UV-VIS	

• 	Emission:			
• 	Select	frequencies	are	emiqed	when		
		excited	molecules	return	to	ground	state	
• 	Ini6al	excita6on	occurs	by	irradia6on	or	rxn	
• 	Analy6cal	techniques:		Fluorescence	and		
Chemiluminescence	

Review of spectroscopy








 
1.  A small sample is ionized, usually to cations by loss of an electron.   The Ion 

Source 

2.   The ions are sorted and separated according to their mass and charge.   The 
Mass Analyzer 

 
3.   The separated ions are then measured, and the results displayed on a computer.  
The Detector 
 

Mass Spectrometry




Electron impact ioniza1on




Mass spectrum

Graph	of	ion	intensity	versus	mass-to-charge	(m/z)	ra6o	



Chemical Ioniza1on MS (CIMS)

• Gaseous	atoms	of	the	sample	are	ionized	by	collisions	
with	ions	produced	by	electron	bombardment	of	an	
excess	reagent	gas	–	many	uses	exploited	in	recent	
6mes	(acetate,	I-,	H3O+,	…)	

	
• Schemes	developed	for	detec6on	of	PAN,	OH,	HO2,	
NH3,	VOCs	(PTR-MS)…..	

• 	Most	common	–	posi6ve	ions,	but	nega6ve	ions	are	
used	(e.g.,	PAN	CIMS)	with	analytes	containing	very	
electronega6ve	atoms		



Proton Transfer Reac1on (PTR)-MS for Fast 
Response VOC measurements

• Alcohols:		methanol	
• Aldehydes:		formaldehyde,	acetaldehyde,	pentanal,	
pentenal,	3-methyl	butenal	

• Ketones:		acetone,	methyl	ethyl	ketone,	methyl	
vinyl	ketone,	methacrolein	

• NMHCs:		isoprene,	benzene,	toluene,	C8-aroma6cs,	
C9-aroma6cs,	C10-aroma6cs,	terpenes	

• Others:		acetonitrile,	DMS	



Proton Transfer Mass Spectrometer  
(PTR-MS)




Proton Transfer Mass Spectrometer  
(PTR-MS)




Proton Transfer Mass Spectrometer  
(PTR-TOF-MS)




High resolu1on (HR) mass spectrum


Both	ions	have	
nominal	m/z	of	55,	
but	exact	masses	
allow	discrimina6on	



High resolu1on (HR) mass spectrum


From	Koss	et	al.,	AMTD,	
2017	

Ions	have	same	
nominal	m/z	of	71,	
but	exact	masses	
allow	discrimina6on	

Example	of	data	



CIMS	Iodide	adduct	measurements	
in	SE	US	
	
Lee	et	al.,	2014,	ES&T	

C2H2O3I-	=	glyoxylic	acid	
	
C3H6O2I-	=	hydroxyacetone	or	
Propionic	acid	



Combina1on techniques – e.g.,  GC-FID, GC-MS

•  Complex	Matrix	–		or	mul6ple	species	with	similar	

characteris6cs	

•  Separate	and	then	detect	



 

Trace Organic Gas Analyzer (TOGA)


GC	–	MS	selected	ion	chromatogram	

D.	Riemer	opera6ng	TOGA	on	GV	aircraE	



Examples of instruments




NOAA Ozone Photometer




NCAR Fast Ozone 
(Chemiluminescense)




NO/NO2 measurement


Pollack	et	al.,	2011,	J.Atm.Chem.	



Cavity Ring-Down Spectroscopy (CRDS) 
CO, CO2,CH4,N2O, H2O, isotopes




NO3, N2O5…Cavity Ring-Down




Diode Laser (QCL) Formaldehyde


Li	et	al.,	RSC,	2014	



Diode Laser (QCL) Formaldehyde


Li	et	al.,	RSC,	2014	



Other laser based measurement


• methane,	
• nitrous	oxide,	nitric	
oxide,	nitrogen	dioxide,	

•  carbon	monoxide,	
carbon	dioxide,	
formaldehyde,	

•  formic	acid,	ethylene,	
acetylene,	carbonyl	
sulfide,	

•  acrolein,	ammonia	



Aerosol Instrumenta1on




Par1cle measurement instruments




Condensa1on Nucleus Counter (CN)


Par6cles	>	5		(11)	nm	–	depending	on	type	of	CN	counter	



Cloud Condensa1on Nucleus Counter 
(CCN)


Thermal	gradient	diffusion	chamber	:	measures	par6cles	
that	ac6vate	at	controlled	supersatura6ons	



Ultra High Sensi1vity Aerosol 
Spectrometer (par1cle sizes)




Ultra High Sensi1vity Aerosol Spectrometer 
(par1cle sizes, 60 – 1000 nm)




Single Par1cle Soot Photometer




Tandem Differen1al Mobility Analyzer (TDMA)


Volatility (~100 °C) Hygroscopicity 

Sulfuric acid Volatile Very hygroscopic 

Sulfates 
(Totally or partially 

neutralized by ammonia) 

 
Non-volatile 

 
Very hygroscopic 

 
Organic carbons 

 
Volatile 

Not or only slightly 
hygroscopic 

DMA1 DMA2

Heater

Humidifier

Particle
Counter

Dp Dp Dp

if volatile ...

Dp Dp Dp

if hygroscopic ...



Aerosol HR – TOF - MS 





Aerosol composi1on over Los Angeles


From	J.	Craven,	CalTech,	Calnex	workshop	



Example of aerosol MS analysis




Airborne Research Campaign 
Examples




SENEX Campaign (NOAA)

•  Southeast	Nexus	-	Studying	the	Interac0ons	
between	Natural	and	Anthropogenic	Emissions	at	
the	Nexus	of	Climate	Change	and	Air	Quality	

•  Understanding	emissions	of	aerosols,	ozone/aerosol	
precursors,	greenhouse	gases	

•  Understanding	forma0on	mechanisms	of	secondary	
organic	aerosol	

•  Determine	composi0on	of	aerosols	
•  Determine	climate	relevant	proper0es	of	aerosols	
•  Quan0fy	CH4	and	VOC	emissions	from	shale	gas	
opera0ons	



SENEX aircraB flight tracks








Aerosol Instrumenta1on




Aerosol Instrumenta1on – cont’d




Gas phase instrumenta1on




Gas phase instrumenta1on




Peischl	et	al.,	2016,	JGR	



From	J.	DeGouw,	et	al.	presenta6on	





CONTRAST – Convective Transport of Reactive 
Species in the Tropics

•  Characterize chemical composition and O3 
photochemical budget at level of convective outflow in 
the Western Pacific during the deep convective season

•  Evaluate the budget of organic and inorganic halogens 
in the tropical TTL

•  Investigate transport pathways from the ocean surface 
to the tropopause via coordinated flights of the GV 
(CONTRAST), BAe-146 (CAST), Global Hawk 
(ATTREX) &  data from ozone sondes (SOWER & 
CAST) and water sondes (ATTREX & SOWER)
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Chemistry	 Inves6gator	 GH	 BAe-146	

NOx	 NO,	NO2	 Weinheimer/NCAR	ACD	 NO	 YES	

Fast	Ozone	 O3	 Weinheimer/NCAR	ACD	 YES	 YES	

VUV	Carbon	Monoxide	 CO	 Campos/NCAR	ACD	 YES	 YES	

Picarro		 CO2,	CH4	 Campos/NCAR	ACD	 YES	 YES	

TOGA		 NMHCs,	OVOCs	
Apel,	Hornbrook/NCAR	ACD	&	Riemer	/	U	
Miami	 NO	 YES	

GT-CIMS	 BrO,	BrCl,	HOBr,	ClO	 Huey/GIT	 NO	 YES	
AMAX	 BrO,	IO,	H2CO	(remote)	 Volkamer/CU	 YES	 NO	
HAIS	Advanced	Whole	Air	
Sampler	(AWAS)	 Trace	gases	 Atlas/U.Miami	 YES	 YES	

In	Situ	Airborne	Formaldehyde	
(ISAF)	 H2CO	 Hanisco/	NASA	GSFC	 NO	 NO	

Inorganic	Br	(BRITE)	 Br*	(Σ	BrO	+	Br)	 Atlas/U.Miami	&	Flocke/ACD	 NO	 NO	

Radia6on	
HARP	 Spectral	Ac6nic	Flux	 Hall	/NCAR	ACD	 YES	 YES	

CONTRAST – Payload (1) 




CONTRAST – Payload (2) 

State	parameters	

State	Parameters	 Lat/Lon,	P,	T,	3D	wind	 Jensen/NCAR	RAF	

RAF	Digital	Video	 Four	Direc6on	views	 Jensen/NCAR	RAF	

Microphysics	

CDP	Cloud	Probe	 2	-	50	um,	water	droplets,	ice	crystals		Jensen/NCAR	RAF	

2D-C	Precipita6on	Probe	 25-1600	um,	ice,	water	 Jensen/NCAR	RAF	

UHSAS	Aerosol	Probe	 0.075	-	1	um,	aerosols	 Jensen/NCAR	RAF	

WCN	CN	Counter	 0.01	-	3	um,	aerosols	 Jensen/NCAR	RAF	

VCSEL	Laser	Hygrometer	 water	vapor	 Jensen/NCAR	RAF	



Hot Research Topics in Progress (3):


How much do we see biogenic vs. anthropogenic 
emission in the tropical UT?


Extremely Clean Air near 
Australia

Clear evidence of convective 
influence near PNG

Becky Hornbrook, Dan Riemer, Eric Apel (TOGA Prelim. data)


•  Research	flight	14	mapped	
UT	chemical	gradient	from	
15°N	to	20°S	

How does convection redistribute short-lived 
species in the tropics?

UK BAe146


NCAR GV
GV

AWAS


Global Hawk

GWAS


BAe146

WAS


GV 

TOGA


Convective 
outflow 


     NASA Global Hawk




How well are the vertical distributions of 
halogenated species represented in the CCMs ?



Hot Research Topics in Progress (3):


How much do we see biogenic vs. anthropogenic 
emission in the tropical UT?


Extremely Clean Air near 
Australia

Clear evidence of convective 
influence near PNG

Becky Hornbrook, Dan Riemer, Eric Apel (TOGA Prelim. data)


•  Research	flight	14	mapped	
UT	chemical	gradient	from	
15°N	to	20°S	

What controls the ozone structure in the tropics?

•  bi-modal structure: 20 and 60 
ppbv


•  Enhancement was often 
observed as filaments anti-
correlated with water vapor


•  Also observed positive 
correlation of ozone-HCN 


- Is the ozone enhancement produced by the dry intrusions or biomass burning?

	



The Studies of Emissions and Atmospheric Composi1on, Clouds 
and Climate Coupling by Regional Surveys 

SEAC4RS


From	B.	Toon	et	al.,	JGR,	2016	



The Studies of Emissions and Atmospheric Composi1on, Clouds 
and Climate Coupling by Regional Surveys 

SEAC4RS






DC-8 Instruments






ER-2 Instruments




 
Liao et al., 2015, Airborne measurements of 

organosulfates over the con1nental U.S. 
 







Shingler et al.,  
Airborne characteriza1on of subsaturated aerosol hygroscopicity 
and dry refrac1ve index from the surface to 6.5 km during the 
SEAC4RS campaign 





New Missions???




Plan the next mission!

•  Iden6fy	research	problem	and	ques6ons	
• Create	mission	acronym	(important!)	
• Use	one	(or	more)	aircraE		

•  Ground-based	measurements	possible,	too.	

•  Select	payload	to	address	science	ques6ons	
•  Suggest	mission	plan	

•  Nominal	flight	paqerns	

• Present	5-minute	summary		
•  Explain	ra6onale	and	plan	



Poten1al problems

•  Role	of	emissions	from	the	IGP	on	ozone	and	aerosol	
forma6on	in	the	ASM	

•  Iden6fica6on	of	sources	and	transport	pathways	of	
pollutants	in	the	ASM	

•  Impact	of	primary	and	secondary	aerosols	on	clouds	
and	precipita6on	

•  Impact	of	VSL	halogen	compounds	from	marine	or	
anthropogenic	origin	on	ozone	in	the	UT/LS	


