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S.1	Broadleaf,	Deciduous	vegetation	cover	at	Indianapolis	and	Beech	Island	

	20	

Using	the	MEGAN	2.1	model	plant	functional	type	(PFT)	inputs	(Guenther	et	al.,	

2012),	we	created	land	cover	maps	for	Indianapolis	(figure	S1)	and	Beech	Island	

(Figure	S2).		These	plants	produce	the	bulk	of	biogenic	VOC	emissions	(e.g.	Harley	et	

al.,	1999)	and	therefore	these	plants	are	most	relevant	to	our	study.	

	25	

Figure	S1:	Broadleaf,	deciduous	trees	and	shrubs	for	the	region	surrounding	

Indianapolis,	IN.		The	black	circle	denotes	the	location	of	Indinapolis	and	its	

immediate	surroundings.		The	grid	is	incremented	at	0.5°	(both	latitude	and	

longitude).				
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Figure	S2:	Broadleaf,	deciduous	trees	and	shrubs	for	the	region	surrounding	Beech	

Island,	SC.		The	black	circle	denotes	the	location	of	Beech	Island	and	its	immediate	

surroundings.		The	grid	is	incremented	at	0.5°	(both	latitude	and	longitude).				5	
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S.2		Simplification	of	the	CO	Budget	

	

One	of	the	advantages	to	the	INFLUX	experiment	is	the	ability	to	remove	5	

background	signals	from	the	urban	measurements,	and	thereby	derive	the	urban	

enhancement.		This	approach	also	allows	the	CO	budget	to	be	simplified.		Both	the	

oxidation	of	CH4	to	CO	and	the	oxidation	of	CO	to	CO2	via	the	OH	radical	are	

reactions	that	proceed	slowly	relative	to	the	experimental	scale	of	a	few	hours	

transit	time.		We	can	consider	only	this	short	time	scale	because	we	are	only	10	

considering	reactions	that	can	occur	when	air	masses	are	transiting	between	the	

background	and	urban	sites	(table	S1).		Because	of	this,	we	calculate	that	these	two	

processes	have	negligible	impact	on	our	urban	CO	enhancements,	and	can	be	
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disregarded	given	the	short	reaction	time	being	considered	(detailed	below,	table	

S1).	

	

The	reaction	time	period	can	be	calculated	simply	by	considering	the	distance	

between	tower	1	and	towers	2	or	3	and	the	average	wind	speed.		Given	the	average	5	

wind	speed	during	sampling	for	this	study	was	4.4	±	1.3	m	s-1,	a	2.7-hour	transit	

time	is	required.		In	this	experiment,	we	correct	our	results	to	account	for	the	

incoming	background	CO	and	examine	the	urban	contribution	alone.	This	short	

transit	time	scale	allows	us	to	place	constraints	on	the	CH4	oxidation	source	and	the	

OH	oxidation	sink	of	CO.	10	

	

Oxidation	of	CH4	by	OH	is	a	major	source	of	CO	globally	but	CH4	is	long	lived	in	the	

atmosphere	relative	to	CO	(Sander	et	al.,	2006;	Atkinson	et	al.,	2006;	Duncan	et	al.,	

2007).		The	approximate	rate	for	the	reaction	of	CH4	with	OH	is	6.4x10-15	cm3		s-1	at	

standard	pressure	and	our	mean	ambient	temperature	of	26°	C	(Atkinson	et	al.,	15	

2006).		OH	concentration	has	been	determined	at	urban	sites	in	similar	latitude	

bands	and	ranges	from	1x106	cm-3	in	cool,	winter	time	conditions	to	2x107	cm-3	in	

hot,	summertime	conditions	(Warneke	et	al.,	2007,	2013;	Atkinson	and	Arey,	2003;	

Park	et	al.,	2011).		We	do	not	have	OH	concentration	measurements	at	Indianapolis,	

and	therefore	use	the	highest	reported	literature	value	for	OH	of	2x107	cm-3	(Park	et	20	

al.,	2011)	to	assess	the	maximum	CH4	oxidation	contribution	to	CO	(Park	et	al.,	2011,	

Table	S1).		We	calculated	the	change	in	mole	fraction	of	CO	due	to	oxidation	of	CH4	

by	OH	by:	

∆XCO=γ(XCH4,i)"1-e
-k([OH])t#										(S1)	

where	ΔXCO	is	the	change	in	CO	mole	fraction	due	to	CH4	oxidation	by	OH,	γ	is	the	CO	25	

yield	for	the	CH4+OH	reaction	(0.96	mole	CO	produced	per	mole	CH4),	XCH4,i	is	the	

initial	CH4	mole	fraction	(the	average	CH4	mole	fraction	during	the	sampling	period,	

1930	nmol:mol),	k	is	the	reaction	rate	for	CH4+OH	(6.4x10-15	cm3	s-1),	[OH]	is	the	

high	end	member	OH	concentration	from	Park	et	al.	(2011)	(2x107	cm-3,	and	t	is	the	
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transit	time	of	2.7	hours.		Using	(S1),	we	calculated	1.4	nmol:mol	CO	produced	from	

oxidation	of	CH4	between	the	two	towers.		

	

	

	5	

	
We	further	assessed	the	impact	on	CO	isotopes	(Table	S1)	by	using	the	reported	

isotopic	values	for	CH4	oxidation	(Table	1,	main	text).		We	calculated	the	change	in	

δ13C	and	d18O	by		

∆δ=δCO,i-
"δCO,i(XCOi)#+$δCH4(XCOCH4

)%

$XCOi+XCOCH4
%

										(S2)	10	

where	Δδ	is	the	change	in	either	δ13C	or	d18O,	δCOi	is	the	initial	delta	value	at	the	

polluted	towers	(average	of	the	two	towers	(non-enhancement)	of	-29.6‰	for	δ13C	

and	5.1‰	for	d18O),	XCOi	is	the	CO	mole	fraction	at	the	two	polluted	towers	(average	

value	of	166	nmol:mol),	dCH4	is	the	d13C	or	d18O	value	of	CO	produced	by	CH4	

oxidation	(-52.6‰	and	0‰	for	d13C	and	d18O	respectively,	Brenninkmeijer	et	al.,	15	

1999),	and	XCOCH4	is	the	mole	fraction	of	CO	produced	from	oxidation	of	CH4	by	OH,	

calculated	above.	

	

Using	these	parameters	and	the	average	transit	time	between	the	towers	of	2.7	

hours,	we	calculate	that	during	the	transit	across	the	city,	CH4	oxidation	could	20	

contribute	up	to	1.4	nmol:mol	CO,	changing	d13C	by	up	to	-0.21‰,	and	d18O	by	up	to	

-0.04‰.		These	values	are	below	our	1σ	measurement	uncertainties	(0.23‰	d13C	

and	0.46‰	d18O),	and	thus	we	do	not	consider	CH4	oxidation	to	be	a	significant	

source	of	CO	in	our	analyses.	

	25	

Species
kOH 

(cm3molec-

1 sec-1)

kO3 

(cm3molec-

1sec-1)

kNO3 

(cm3molec-

1sec-1)

Estimated 
Mole 

Fraction 
(nmol:mol)

γOH (%C)
Molec CO 
per molec 

VOC

Yield OH 
(nmol:mol)

Yield O3 

(nmol:mol)
Yield NO3 

(nmol:mol)
Total CO 

(nmol:mol) Δδ13C (‰) Δδ18O (‰)

Methane 6.40E-15 1.00E-18 1930 0.96 0.96 1.4 0 0.005 1.4 -0.21 -0.04
CO 1.44E-13 N/A 166 N/A N/A 2.4 N/A N/A 2.4 -0.08 0.17

Table	S1:		CH4	and	CO	deviations	caused	by	oxidation	of	CH4	to	CO,	and	oxidation	of	CO	to	CO2	by	OH.		
Assumed	[OH]	=	2x107	molec	cm-3	(Park	et	al.,	2011).		CO	yield	from	oxidation	of	CH4	taken	from	Grant	et	al.	
(2010).	
	



	 6	

	OH	oxidation	is	the	main	sink	of	CO,	and	will	directly	impact	the	isotopic	signatures	

of	CO	measured	within	the	city	(Röckmann	and	Brenninkmeijer,	1997;	Duncan	et	al.,	

2007).		Using	the	same	method	and	OH	concentration	as	for	CH4	oxidation	above,	

and	a	reaction	rate	for	CO+OH	of	1.44x10-13	cm3	s-1	(Atkinson	et	al.,	2006),	we	

calculated	the	loss	of	CO	during	the	transit	of	an	air	mass	across	the	city:	5	

∆XCO=(XCOi)"1-e
-k([OH])t#						(S3)	

We	obtained	a	loss	of	2.4	nmol:mol	CO.		However,	to	calculate	changes	to	the	

isotopic	budget,	we	use	the	fractionation	factors	for	OH	oxidation	found	in	Table	1,	

main	text	and	a	Rayleigh	distillation	approach	to	compute	the	impact	of	the	OH	sink	

on	d13C	and	d18O	of	CO:			10	
δf

103‰
+1= $ δi

103‰
% ff

α-1+ff
α-1										(S4)	

f	refers	to	the	final	change	in	either	d13C	or	d18O,	and	i	refers	to	the	mean	value	of	

d13C	or	d18O	measured	at	the	two	downwind	towers	(-29.9‰	for	d13C	and	4.1‰	for	

d18O).		ff	is	the	final	fraction	of	CO	left	after	the	amount	of	CO	lost	is	removed,	

determined	by:	15	

ff=
XCOT-XCOlost

XCOT
										(S5)	

where	XCOT	is	the	total	CO	mole	fraction	measured	at	tower	1	(mean	value	of	146	

nmol:mol),	and	XCOlost	is	the	amount	of	CO	removed	by	oxidation	with	OH.		α	is	the	

fractionation	factor	for	either	d13C	or	d18O	from	the	literature	(Table	1,	main	text).	

The	estimated	total	effect	of	OH	oxidation	on	the	CO	mole	fraction	is	2.4	nmol:mol	20	

CO	lost,	-0.08‰	change	in	d13C,	and	0.17‰	change	in	d18O.		These	changes	in	the	

isotopic	values	can	also	be	neglected	in	our	quantification	of	the	CO	isotopic	budget	

given	our	estimated	measurement	uncertainty.	

	

Biomass	burning	can	be	a	source	of	CO	in	urban	regions,	though	it	is	primarily	used	25	

as	a	heat	source	(Saurer	et	al.,	2009).		Within	Indianapolis,	2/3	of	residential	and	

commercial	heating	is	done	by	natural	gas	combustion,	and	the	remaining	1/3	is	

electrical	(Gurney	et	al.,	2012).		Vimont	et	al.	(2017)	estimated	that	biomass	burning	

for	heat	was	only	about	1%	of	the	CO	budget	during	the	winter,	and	did	not	impact	
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the	isotopic	budget	significantly.		As	there	should	be	much	less	(if	any)	biomass	

burning	for	heat	during	the	summer,	we	assume	that	biomass	burning	is	not	a	

significant	source	of	CO.		Any	biomass	burning	outside	the	city	(burning	off	of	crop	

fields	or	forest	fires)	is	accounted	for	by	removing	the	background.	

	5	

The	remaining	sources	of	CO	that	must	be	considered	are	oxidation	of	VOC’s	(both	

biogenic	and	anthropogenic),	and	fossil	fuel	combustion.		Fossil	fuel	combustion	has	

long	been	considered	the	primary	source	of	CO	within	urban	regions	(Stevens	et	al.,	

1972;	EPA,	2014),	whereas	only	recently	has	biogenic	VOC	oxidation	been	shown	to	

be	a	significant	urban	source	(Cheng	et	al.,	2017).				10	

	

S.3		Bootstrap	Monte	Carlo	Results	

	

The	bootstrap	Monte	Carlo	method	was	used	to	determine	the	isotopic	signatures	at	

Beech	Island,	South	Carolina.		A	Keeling	plot	analysis	was	used	to	determine	these	15	

signatures	by	performing	a	linear	regression	on	the	measured	isotopic	values	

plotted	against	the	inverse	of	the	measured	mole	fraction	values.		In	the	bootstrap	

Monte	Carlo,	these	data	were	randomly	sampled	with	replacement	1000	times,	

producing	1000	intercepts	from	which	we	took	the	mean	and	standard	error	of	the	

mean	as	the	reported	values.		To	give	the	reader	an	idea	of	the	spread	in	each	value,	20	

we	have	included	the	histograms	of	the	1000	intercept	data	sets	generated	for	each	

isotope	in	both	summer	and	winter	(Figure	S1)
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Figure	S3	

	

(a) 	Winter	δ13C	at	Beech	Island,	South	Carolina	

	
(b) Winter	δ18O	at	Beech	Island,	South	Carolina	
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(c) Summer	δ13C	at	Beech	Island,	South	Carolina	

	
(d) Summer	δ18O	at	Beech	Island,	South	Carolina	
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S.4	Mole	Fraction	and	Isotopic	Data	From	Indianapolis,	IN,	and	Beech	Island,	SC.	

Table	S2:	Indianapolis	Tower	1	and	Tower	2	mole	fraction	and	isotopic	data	used	in	
this	study.		Mole	fraction	uncertainty	is	reported	as	±	0.5	nmol:mol	(1σ).			
	

	 	

Date XCO T1 
(nmol:mol) δ13C T1 (‰) 1σ δ13C T1 (‰) δ18O T1 

(‰)
1σ δ18O T1 

(‰)
XCO T2 

(nmol:mol) δ13C T2 (‰) 1σ δ13C T2 
(‰)

δ18O T2 
(‰)

1σ δ18O T2 
(‰)

7/27/13 128.2 -29.2 0.04 2.5 0.09 148.1 -29.3 0.04 3.8 0.09
7/29/13 122.9 -28.5 0.04 2.9 0.09 150.4 -30.8 0.04 4.1 0.09
8/1/13 116.6 -28.7 0.04 7.0 0.09 129.0 -29.8 0.04 3.1 0.09
8/2/13 133.9 -30.4 0.04 3.3 0.09 147.9 -30.2 0.04 3.8 0.09
8/7/13 135.2 -32.3 0.04 5.4 0.09 138.1 -32.3 0.04 4.9 0.09
8/27/13 149.6 -31.8 0.04 4.2 0.09 165.7 -32.0 0.04 4.2 0.09
9/10/13 191.1 -31.6 0.13 3.0 0.34 202.7 -32.0 0.13 4.3 0.34
9/11/13 174.6 -31.8 0.13 3.1 0.34 181.6 -31.7 0.13 4.3 0.34
9/18/13 164.2 -29.6 0.13 6.8 0.34 184.2 -30.7 0.13 6.0 0.34
9/19/13 173.3 -30.3 0.13 6.1 0.34 178.5 -30.4 0.13 5.5 0.34
9/20/13 170.5 -29.9 0.13 6.2 0.34 189.1 -29.9 0.13 6.4 0.34
9/29/13 150.8 -28.5 0.13 7.7 0.14 171.3 -29.2 0.13 6.5 0.14
5/12/14 127.2 -28.5 0.18 4.7 0.23 136.7 -28.4 0.18 3.9 0.23
5/16/14 132.4 -26.2 0.18 4.7 0.23 152.7 -26.4 0.18 6.6 0.23
5/17/14 131.5 -25.9 0.18 4.3 0.23 152.3 -26.6 0.18 6.2 0.23
5/27/14 139.6 -29.9 0.18 3.7 0.23 150.0 -29.4 0.18 3.6 0.23
5/28/14 128.9 -29.5 0.18 3.3 0.23 141.4 -29.3 0.18 3.2 0.23
6/3/14 127.8 -28.7 0.18 4.0 0.23 141.0 -27.6 0.18 9.0 0.23
7/29/14 140.2 -29.3 0.20 4.2 0.50 164.0 -29.9 0.20 3.9 0.50
8/12/14 166.6 -29.3 0.29 4.6 0.48 191.5 -29.4 0.29 4.1 0.48
8/13/14 192.3 -29.5 0.29 3.4 0.48 216.1 -29.5 0.29 4.1 0.48
8/19/14 154.4 -31.4 0.29 4.3 0.48 160.5 -30.6 0.29 3.8 0.48
8/20/14 119.5 -30.6 0.29 6.1 0.48 129.2 -30.8 0.29 4.3 0.48
8/21/14 127.4 -33.2 0.29 5.2 0.48 154.5 -31.7 0.29 5.5 0.48
8/22/14 112.4 -31.8 0.29 5.4 0.48 158.6 -31.0 0.29 6.6 0.48
9/1/14 100.3 -31.6 0.15 5.2 0.40 109.5 -32.0 0.15 2.8 0.40
9/2/14 114.1 -30.5 0.15 5.1 0.40 139.7 -30.8 0.15 5.1 0.40
9/3/14 131.1 -30.8 0.15 3.9 0.40 147.6 -30.2 0.15 5.0 0.40
9/5/14 151.3 -31.9 0.15 5.2 0.40 169.0 -31.9 0.15 4.8 0.40
5/5/15 146.9 -28.1 0.31 4.9 0.34 158.0 -28.2 0.31 5.6 0.34
5/15/15 157.3 -29.6 0.31 4.9 0.34 173.4 -29.0 0.31 6.5 0.34
5/22/15 145.1 -26.8 0.31 6.0 0.34 157.5 -26.5 0.31 7.4 0.34
6/5/15 143.8 -29.3 0.31 4.6 0.34 151.3 -28.7 0.31 6.0 0.34
6/8/15 113.9 -30.1 0.31 0.7 0.34 152.7 -28.3 0.31 7.5 0.34
6/30/15 233.1 -29.4 0.25 4.9 0.73 245.8 -29.3 0.25 5.1 0.73
7/6/15 221.6 -30.1 0.25 4.5 0.73 264.3 -29.5 0.25 5.3 0.73
7/14/15 154.7 -30.7 0.25 3.3 0.73 151.3 -30.3 0.25 2.9 0.73
7/17/15 149.2 -34.2 0.25 2.2 0.73 149.6 -32.8 0.25 4.0 0.73
7/25/15 196.6 -30.8 0.25 3.6 0.73 216.1 -29.8 0.25 4.5 0.73
7/29/15 135.3 -33.5 0.25 1.4 0.73 155.7 -32.4 0.25 4.1 0.73
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Table	S3:	Beech	Island	mole	fraction	and	isotopic	data.		Mole	fraction	uncertainty	is	
±	0.5	nmol:mol	(1σ).	
	

	
	 	

Date XCO 

(nmol:mol) δ13C (‰) δ13C 1σ 
(‰) δ18O (‰) δ18O 1σ 

(‰)
4/21/15 152.7 -26.4 0.2 5.7 0.3
5/5/15 152.6 -27.1 0.3 5.4 0.3
5/17/15 124.7 -27.3 0.3 3.5 0.3
6/2/15 109.1 -29.5 0.3 2.0 0.3
6/16/15 142.1 -33.0 0.3 1.1 0.3
7/14/15 143.7 -34.2 0.3 2.7 0.7
7/26/15 179.2 -30.9 0.2 2.4 0.4
8/7/15 157.7 -32.0 0.3 3.3 0.7
8/18/15 87.9 -33.1 0.2 -0.3 0.4
8/28/15 150.8 -30.4 0.2 2.9 0.4
10/6/15 134.0 -29.0 0.2 5.6 0.2
10/20/15 128.5 -28.8 0.2 5.1 0.2
11/3/15 128.1 -29.9 0.2 5.5 0.2
11/17/15 139.3 -28.5 0.2 6.5 0.2
12/9/15 143.7 -28.3 0.2 6.1 0.2
1/2/16 168.5 -27.5 0.2 8.4 0.2
1/12/16 148.0 -27.8 0.2 6.8 0.2
1/27/16 149.0 -27.2 0.2 8.0 0.2
2/10/16 160.6 -27.1 0.2 7.6 0.2
2/24/16 157.3 -27.5 0.2 6.7 0.2
3/9/16 138.4 -26.9 0.2 5.0 0.2
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Table	S4:	Monthly	mean	CO	mole	fraction	and	isotope	data	extracted	from	
Bräunlich	(2000).		We	were	unable	to	locate	a	table	for	these	data	in	the	literature,	
so	we	used	freely	available	graphical	digitizing	software	(WebPlotDigitizer-4.2,	
https://automeris.io/WebPlotDigitizer)	to	extract	the	data.		This	software	works	by	
selecting	points	along	the	axes	of	a	plot,	and	implements	a	grid	based	on	the	number	
of	pixels	between	each	point.		The	operator	then	selects	the	data	from	the	image,	
and	a	table	of	values	is	generated	by	the	software.		From	this	data,	we	took	the	mean	
and	standard	deviation	for	each	month	for	the	sampling	period	(1996-1999)	
reported	by	Bräunlich	(2000).		We	then	used	the	monthly	mean	values	from	this	
data	set	as	a	background	for	the	Beech	Island	Miller	Tans	analysis.	
	

	
		
	

	 	

MONTH CO σCO δ13C σδ13C δ18O σδ18O
1 124.1 14.6 -26.4 0.6 3.5 0.8
2 126.8 17.3 -26.2 0.6 3.5 1.9
3 125.8 18.3 -26.3 0.5 3.3 1.9
4 122.5 20.7 -26.1 0.4 1.8 1.7
5 120.7 15.3 -26.1 0.8 1.5 1.5
6 99.6 14.8 -27.6 0.8 -1.8 1.6
7 85.2 6.6 -29.3 0.7 -3.3 1.3
8 81.6 12.0 -30.1 1.0 -3.0 1.6
9 78.4 11.1 -30.2 1.1 -3.0 1.7
10 91.1 16.4 -28.9 0.9 -1.2 1.4
11 105.5 8.5 -27.9 0.6 1.4 1.6
12 114.6 19.9 -27.2 0.6 2.6 1.6
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