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Abstract	14	

	 Air	pollution	is	still	largely	unstudied	in	sub-Saharan	Africa,	resulting	in	a	gap	15	

in	scientific	understanding	of	emissions,	atmospheric	processes,	and	impacts	of	air	16	

pollutants	in	this	region.	The	Rwanda	Climate	Observatory,	a	joint	partnership	17	

between	MIT	and	the	government	of	Rwanda,	has	been	measuring	ambient	18	

concentrations	of	key	long-lived	greenhouse	gases	and	short-lived	climate-forcing	19	

pollutants	(CO2,	CO,	CH4,	BC,	O3)	with	state-of-the-art	instruments	on	the	summit	of	20	

Mt.	Mugogo	(1.586°	S,	29.566°	E,	2590	m	above	sea	level)	since	May	2015.	Rwanda	is	21	

a	small,	mountainous,	and	densely	populated	country	in	equatorial	East	Africa,	22	

currently	undergoing	rapid	development	but	still	at	less	than	20%	urbanization.	The	23	

position	and	meteorology	of	Rwanda	is	such	that	the	emissions	transported	from	both	24	

the	northern	and	southern	African	biomass	burning	seasons	affect	BC,	CO,	and	O3	25	

concentrations	in	Rwanda.	Black	carbon	concentrations	during	Rwanda’s	two	dry	26	

seasons,	which	coincide	with	the	two	biomass	burning	seasons,	are	higher	at	Mt.	27	

Mugogo	than	in	major	European	cities.	Higher	BC	baseline	concentrations	at	Mugogo	28	

are	loosely	correlated	with	fire	radiative	power	data	for	the	region	acquired	with	29	

MODIS	satellite	instrument.	Spectral	aerosol	absorption	measured	with	a	dual-spot	30	

Aethalometer	also	varies	in	different	seasons,	likely	due	to	change	in	types	of	fuel	31	

burned	and	direction	of	pollution	transport	to	the	site.	Ozone	concentration	was	32	

found	to	be	higher	in	air	masses	from	southern	Africa	than	from	northern	Africa	33	

during	their	respective	biomass	burning	seasons.		These	higher	ozone	concentration	34	

in	air	masses	from	the	south	could	be	indicative	of	more	anthropogenic	emissions	35	

mixed	with	the	biomass	burning	emissions	from	southern	Africa	as	Rwanda	is	36	
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downwind	of	major	East	African	capital	cities	in	this	season.	During	the	rainy	season,	37	

local	emitting	activities	(e.g.,	cooking,	transportation,	trash	burning)	remain	steady,	38	

regional	biomass	burning	is	low,	and	transport	distances	are	shorter	as	rainout	of	39	

pollution	occurs	regularly.	Thus	local	pollution	at	Mugogo	can	be	estimated	during	40	

this	time	period.	Understanding	and	quantification	of	the	percent	contributions	of	41	

regional	and	local	emissions	is	essential	to	guide	policy	in	the	region.	Our	42	

measurements	indicate	that	air	pollution	is	a	current	and	growing	problem	in	43	

equatorial	East	Africa	that	deserves	immediate	attention.		44	

	45	
1.	Introduction	46	

According	to	recent	data	collected	and	published	by	the	World	Bank,	47	

particulate	air	pollution	in	most	African	countries	is	above	the	annual	average	48	

guideline	values	recommended	by	the	World	Health	Organization	(WHO).		Despite	49	

this,	little	scientific	research	has	been	performed	on	air	quality	in	Africa.	The	WHO	50	

reports	that	one	in	eight	premature	deaths	globally	can	be	linked	currently	to	poor	air	51	

quality,	and	these	deaths	are	concentrated	in	developing	countries	(WHO,	2013).		52	

Black	carbon	(BC)	is	one	of	the	major	air	pollutants	emitted	from	Africa,	mainly	from	53	

biomass	burning	as	it	is	widespread	on	the	continent	during	certain	seasons.	In	54	

addition	to	affecting	health,	BC	contributes	to	atmospheric	heating	and	thus	to	climate	55	

change(Ramanathan	and	Carmichael,	2008).	Widespread	crop	fires	in	northern	and	56	

southern	Africa,	prevalent	in	boreal	winter	(December-January-February,	DJF)	and	57	

astral	winter	(June-July-August,	JJA),	respectively,	are	known	to	increase	aerosol	and	58	

ozone	concentrations	in	this	region	and	transported	molecular	and	aerosol	fire	59	
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tracers	associated	with	elevated	ozone	have	been	measured	as	far	as	the	Pacific	and	60	

Indian	Oceans	(Field	et	al.,	2016;	Real	et	al.,	2010).		61	

In	addition	to	biomass	burning,	recent	work	has	pointed	to	diffuse	and	62	

inefficient	combustion	emissions	(DICE)	from	anthropogenic	sources	as	having	a	63	

significant	effect	on	air	quality	in	sub-Saharan	Africa,	and	densely	populated	areas	64	

have	higher	DICE	concentrations(Marais	and	Wiedinmyer,	2016).		Examples	of	DICE	65	

include	agricultural	burning,	trash	burning,	cook	stoves,	kerosene	lanterns,	brick	66	

kilns,	charcoal	making,	vehicles,	and	diesel	generators	(Marais	and	Wiedinmyer,	67	

2016).		The	rapid	development	of	Africa,	if	not	combined	with	development	and	68	

enforcement	of	emission	regulations	and	concurrent	air	quality	monitoring,	could	69	

lead	to	increased	emissions	of	air	pollutants	and	greenhouse	gases	from	Africa	to	the	70	

global	atmosphere	in	the	near	future	as	vehicle	use,	industry,	generator	use,	and	71	

fossil-fuel	power	plants	increase	(Liousse	et	al.,	2014).		Past	studies	have	suggested	72	

that	pollution	emitted	near	the	equator	has	a	larger	impact	on	tropospheric	ozone	73	

than	pollution	emitted	in	other	regions	due	to	consistent	sunlight	and	heat	available	74	

in	the	region	to	produce	ozone	(Zhang	et	al.,	2016).	Much	of	Africa’s	population	is	75	

near	the	equator,	and	population	density	is	one	driver	of	DICE	emissions.			Collecting	76	

data	on	these	diffuse	emission	sources	is	difficult,	and	continuous	and	highly	time-77	

resolved	(one	hour	or	shorter	time	resolution)	on-ground	data	is	scarce	in	both	major	78	

cities	and	rural	areas	in	East	and	Central	Africa.			While	satellite	data	is	beginning	to	79	

fill	the	gap	of	column-integrated	air	quality	approximations,	these	approximations	80	

often	don’t	provide	ground-level	information	on	concentrations	of	pollutants,	and	81	

even	they	do,	they	are	associated	with	later	uncertainties.	Currently,	South	Africa	has	82	
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the	most	extensive	network	of	air	quality	monitoring	networks	and	highest	number	of	83	

completed	field	campaigns	of	the	sub-Saharan	African	countries	(Sauvage	et	al.,	2005;	84	

Tiitta	et	al.,	2014).	The	studies	in	South	Africa	have	found	that	satellite	data,	as	85	

currently	understood,	is	not	an	ideal	proxy	for	on-ground	measurements	as	there	can	86	

be	poor	agreement	between	the	two	types	of	measurements	(remote	column	versus	87	

in	situ	boundary	layer)	(Hersey	et	al.,	2015).			88	

Due	to	logistics	of	long-term	measurement	and	lack	of	in-country	scientific	89	

capacity,	most	studies	completed	in	East	and	Central	Africa	have	been	short-term	90	

studies	focused	on	either	near-roadway	air	pollution	or	exposure	to	PM	and	CO	91	

emissions	from	cook	stoves	(Galbraith,	2014;	Gatari	and	Boman,	2003;	Kinney	et	al.,	92	

2011;	Knippertz	et	al.,	2015;	Mkoma	et	al.,	2009;	Ngo	et	al.,	2015)	These	studies	find	93	

highly	variable	levels	of	air	pollution,	with	BC	comprising	a	significant	percentage	of	94	

aerosol	particles	(Gatari	and	Boman,	2003;	Kinney	et	al.,	2011;	Mkoma	et	al.,	2009;	95	

Ngo	et	al.,	2015).			The	daily	averaged	ambient	PM10	(particulate	matter	10	96	

micrometers	or	less	in	diameter)	concentrations	varied	in	these	studies	from	7	to	97	

over	80	µg	m-3.		This	huge	spread	in	aerosol	concentrations	measured	in	East	Africa,	98	

varying	due	to	season	and	location,	demonstrates	the	need	for	long-term	high-99	

frequency	measurements	to	fully	understand	the	complexity	of	air	quality	issues	in	100	

this	region.	Short-term	studies	do	not	capture	seasonal	changes	in	emissions	and	101	

transport,	very	likely	significant	as	large-scale	biomass	burning	emissions	mix	with	102	

increasing	urban	and	industrial	emissions.	Emission	sources	and	source	103	

characteristics	are	certain	to	be	different	than	those	in	Europe	or	North	America,	104	
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making	in-situ	data	essential	to	increase	our	understanding	of	emissions	from	Africa	105	

and	also	improve	the	accuracy	of	atmospheric	models	for	Africa.		106	

	 Located	in	east-central	Africa,	Rwanda	is	the	second	most	densely	populated	107	

African	country,	following	Mauritius.	Approximately	11.6	million	people	lived	within	108	

its	26,338	square	kilometers	as	of	2016.		Urbanization	remains	low	at	18%	(World	109	

Bank,	2011)	and	the	majority	of	the	population	is	involved	in	subsistence	agriculture,	110	

but	this	is	changing	quickly.	The	country	is	undergoing	rapid	development,	averaging	111	

an	8%	per	annum	growth	during	2001-2015.	Rwanda’s	industrial	sector	still	remains	112	

undeveloped	at	this	time	and	a	low	urbanization	rate	and	high	vehicular	cost	means	113	

that	large	and	continuous	traffic	jams	are	not	yet	an	issue.		However,	combustion	114	

emissions	from	other	small	but	numerous	diffuse	sources,	including	the	use	of	115	

biomass	as	the	primary	cooking	fuel	by	the	majority	of	the	population,	are	likely	to	be	116	

significant,	particularly	due	to	the	high	population	density	of	Rwanda	(Hersey	et	al.,	117	

2015;	Marais	and	Wiedinmyer,	2016).		These	incomplete	combustion	emission	118	

sources,	which	emit	CO	and	BC	as	well	as	other	air	pollutants,	remain	present	and	119	

steady	throughout	the	year	(Bond	et	al.,	2013).		Many	of	these	emissions	lead	to	120	

adverse	health	impacts.	Lower	respiratory	infections	are	currently	the	largest	single	121	

cause	of	death	in	Rwanda,	leading	to	11%	of	all	deaths	in	2015	and	17%	of	all	deaths	122	

in	children	under	five.	Although	these	infections	can’t	be	directly	traced	to	air	quality,	123	

air	quality	is	known	to	affect	the	respiratory	health	of	children	(IHME,	2016).	This	124	

underscores	air	quality	as	a	potential	but	unmeasured	health	risk	in	this	region,	as	air	125	

quality	is	tied	to	lower	respiratory	disease,	particularly	in	children	(WHO,	2013).		126	
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To	mitigate	environmental	problems	often	associated	with	rapid	growth,	the	127	

government	of	Rwanda	has	enacted	a	number	of	environmental	regulations,	including	128	

a	ban	on	plastic	bags,	increased	taxation	on	the	importation	of	older	vehicles,	taxation	129	

of	charcoal	fuel	within	major	cities,	and	age	limits	on	motorcycles	and	buses	brought	130	

in	to	the	country	for	commercial	use.		Data	on	the	effects	of	these	current	and	future	131	

policies	is	needed	for	their	justification	and	enforcement.		The	economic	burden	of	132	

regulation	in	this	low-income	country	needs	to	be	weighed	against	the	lowering	of	133	

health	costs	resulting	from	air	quality	improvement.	Additionally,	air	quality	issues	in	134	

this	region	are	not	just	restricted	to	individual	countries,	and	overall	increases	in	135	

development	and	population	density	may	be	leading	to	a	general	increase	in	regional	136	

air	pollution	in	east-central	Africa.		137	

Rwanda	is	located	in	the	middle	of	the	two	major	seasonal	biomass	burning	138	

regions	of	sub-Saharan	Africa.	Wide-scale	biomass	burning	occurs	to	the	north	of	139	

Rwanda	during	December-January-February	(DJF)	and	to	the	south	during	June-July-140	

August	(JJA).		Rwanda’s	climate	may	exacerbate	fire	haze	pollution	effects,	as	Rwanda	141	

experiences	two	dry	seasons	that	occur	at	the	same	time	as	these	two	continental	142	

burning	seasons,	making	long	range	transport	with	low	rainout	efficiency	likely.	143	

Rwanda’s	prevalent	wind	direction	also	changes	from	northerly	(DJF)	to	southerly	144	

(JJA)	at	the	same	time	as	the	large-scale	biomass	burning	area	shifts	from	north-145	

central	Africa	to	southern	Africa.	Increase	in	incidence	and	amount	of	biomass	146	

burning	is	thought	to	be	one	consequence	of	climate	change	in	this	region	(Niang	et	147	

al.,	2014).	Southern	Africa’s	biomass	burning	is	also	influenced	significantly	by	human	148	

activity,	not	just	the	climate	(Archibald	et	al.,	2010).		Rwanda	is	positioned	to	149	
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experience	both	large-scale	(transported)	haze	due	to	fires	and	human	activities	and	150	

local,	diffuse	emissions.		151	

	 In	addition	to	air	quality	issues,	climate	change	(related	to	air	pollution)	may	152	

also	adversely	affect	Rwanda.	The	main	products	exported	(coffee	and	tea),	the	153	

livelihood	of	the	majority	of	Rwandans	(agriculture),	and	power	(currently	almost	154	

half	of	Rwanda’s	power	is	hydroelectric)	are	all	potentially	affected	by	climate	change.		155	

These	issues	are	similar	across	the	region.	Central	Africa	is	expected	to	receive	156	

increased	severe	rainstorms,	which	may	lead	to	erosion	and	an	uptick	in	vector-borne	157	

diseases	(Niang	et	al.,	2014).	However,	there	is	limited	on-ground	data	on	air	quality	158	

and	climate	change	in	Africa.		159	

Therefore,	in	order	to	advance	our	scientific	understanding	of	air	pollution,	160	

climate	change,	and	their	impacts	in	Africa	through	generation	of	on-the-ground	data,	161	

MIT	and	the	government	of	Rwanda	have	established	the	Rwanda	Climate	162	

Observatory	(RCO)	to	measure	long-lived	greenhouse	gases	and	short-lived	climate	163	

forcers/pollutants	in	East	Africa.	Since	May	2015,	CH4,	CO,	CO2,	O3,	and	BC	164	

concentrations	have	been	continuously	measured,	and	N2O	measurements	were	165	

added	in	February	2017.		166	

The	RCO	is	a	part	of	the	Advanced	Global	Atmospheric	Gases	Experiment	167	

(AGAGE)	network,	a	global	network	of	high-frequency	trace	greenhouse	gas	168	

measurements	(Prinn	et	al.,	2000),	and	is	the	first	station	of	its	kind	in	Africa.	Here	we	169	

present	first	results	on	diurnal	and	seasonal	variations	in	short-lived	climate	170	

forcers/pollutants	related	to	air	quality,	focusing	on	O3,	CO,	and	BC	observed	at	the	171	

RCO.	This	dataset	is	unique	and	unprecedented	to	the	region.	We	attempt	to	explain	172	
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seasonal	differences	in	observed	concentrations	of	these	pollutants	and	their	173	

association	with	regional	and	local	sources,	meteorological	conditions	and	174	

repercussions	for	Rwanda.	This	information	on	overall	concentrations,	sources,	and	175	

time-dependent	concentration	variations	of	these	air	pollutants	is	essential	in	this	176	

rapidly	changing	area	of	the	world	to	not	only	advance	our	understanding	of	air	177	

pollution	and	climate	change	in	the	region	but	also	inform	future	policies	on	air	178	

pollution	with	sound	science.			179	

	180	

2.	Experimental	Methods:	Rwanda	Climate	Observatory	181	

2.1	Rwanda	Climate	Observatory	Environment		182	

The	RCO	is	located	in	the	Northern	Province	of	Rwanda,	near	Byangabo	on	the	183	

summit	of	Mt.	Mugogo	(1.586°	S,	29.566°	E,	2590	m	above	sea	level).	Mt.	Mugogo	is	184	

about	70	km	(aerial	distance)	to	the	north-west	from	Kigali	(population	of	185	

approximately	1	million),	20	km	(south-west)	from	the	next	major	city,	Musanze	186	

(population	of	around	100,000),	and	60	km	north-east	from	the	Lake	Kivu	region	187	

(Gisenyi,	Rwanda	and	Goma,	DRC,	combined	population	of	approximately	1	million).	A	188	

dirt	road	reaches	the	base	of	the	mountain,	about	500	m	below	the	summit	where	the	189	

RCO	is	located,	and	a	diesel	generator	is	installed	on	the	road	at	the	base.	Inlets	were	190	

installed	on	both	the	roof	of	the	Observatory	(10	m	above	ground	level)	for	O3	and	BC)	191	

and	on	a	Rwanda	Broadcasting	Authority	Tower	(35	m	above	ground	level)	for	CO,	192	

CO2	and	CH4.	There	is	a	small	Rwandan	army	camp	adjacent	to	the	measurement	site	193	

and	a	eucalyptus	forest	and	a	mix	of	agricultural	fields	and	scattered	rural	houses	194	

surround	the	immediate	vicinity	of	the	RCO	(Figure	1).		The	high	altitude	and	remote	195	
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positioning	of	Mt.	Mugogo	allows	sampling	of	regional	air	masses	from	throughout	196	

East	Africa	depending	on	prevailing	meteorological	conditions,	as	well	as	local	197	

pollution	(as	the	dense	population	but	low	urbanization	of	Rwanda	means	that	direct	198	

human	influence	is	everywhere	except	within	the	national	parks).			199	

	200	

2.2	Instrumentation		201	

	 Details	on	the	instruments	sampling	at	the	RCO	are	compiled	in	Table	1.	PM2.5	202	

BC	(particulate	matter	2.5	micrometers	in	diameter	or	less	)	was	measured	using	a	203	

Magee	Scientific	7-wavelength	Aethalometer	with	dual-spot	technology	that	is	able	to	204	

correct	for	filter	loading	artifacts	(Drinovec	et	al.,	2015).	A	cyclone	PM2.5	impactor	205	

was	installed	on	the	inlet	to	remove	larger	particles.	Air	was	passed	through	a	filter	206	

once	per	day	to	collect	blank	data.	Flow	was	calibrated	once	per	year	and	after	major	207	

instrument	movement	and	changes,	while	the	optical	performance	was	calibrated	208	

with	a	neutral	density	filter	kit	once	per	year.		Data	was	recorded	every	minute	at	a	5	209	

liter	per	minute	(LPM)	flow	rate	and	particles	were	captured	on	a	quartz	fiber	filter	210	

tape.		The	air	stream	was	not	dried	and	the	relatively	humidity	(RH)	was	not	211	

controlled,	which	could	lead	to	increased	uncertainty	during	periods	of	high	relative	212	

humidity.		RH	recorded	at	the	station	varied	by	approximately	5%	over	the	day	and	213	

from	60-85%	monthly,	depending	on	the	season.	The	880	nm	channel	was	used	to	214	

calculate	the	concentration	of	BC.		215	

	 CO	mixing	ratios	were	measured	in	real-time	using	a	cavity	ring-down	216	

spectrometer	(G2401,	Picarro,	USA).	Sampled,	laboratory,	and	calibration	air	were	217	

dried	with	a	Nafion	drier	inside	an	Earth	Networks	calibration	box	to	increase	the	218	
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accuracy	of	the	Picarro	water	vapor	correction	(Welp	et	al.,	2013).	Three	NOAA-219	

standard	calibration	tanks	were	used	for	calibration	spanning	normal	ambient	220	

concentrations	and	calibrations	were	performed	once	per	day	initially	to	check	for	221	

linearity	of	instrument’s	response	(Gasore,	2018).	An	O3	monitor	(T400,	Teledyne	222	

Advanced	Pollution	Instrument,	USA)	was	used	to	measure	O3.	Regular	checks	were	223	

performed	using	internal	span	and	zero	O3	calibrations.		Flow	was	calibrated	two	to	224	

three	times	per	year.			225	

	 Meteorological	data		(ambient	temperature,	relative	humidity,	pressure,	wind	226	

speed,	wind	direction	and	rainfall)	were	collected	with	an	automatic	weather	station	227	

(WXT520,	Vaisala,	Finland).		The	weather	station	was	attached	to	a	fixed,	hinged	arm	228	

35	m	above	ground	level	and	connected	to	the	communications	tower,	level	with	the	229	

CO/CO2/CH4	inlet,	with	a	2	m	clearance	from	the	tower.		230	

3.	Results	and	Discussion	231	

	 Figure	2	shows	the	time	series	of	15	minute	and	daily	averaged	BC,	O3	and	CO	232	

concentrations	monitored	at	the	RCO	from	May	2015	through	January	2017.		The	15	233	

minute	averaged	data	were	used	to	further	investigate	daily,	diurnal,	weekly,	monthly	234	

and	season	variations.	The	diurnal,	weekly,	and	monthly	variations	in	concentrations	235	

of	each	species,	normalized	to	their	average,	are	shown	in	Figure	3.		236	

3.1	Seasonal	Variation	in	BC,	CO,	and	O3		237	

It	has	been	known	for	some	time	that	wide-scale	biomass	burning	in	sub-238	

Saharan	Africa	has	a	large	seasonal	effect	on	the	atmosphere	(Archibald	et	al.,	2010;	239	

Crutzen	and	Andreae,	1990).	Understanding	and	separating	these	seasonal	effects	240	

from	anthropogenic	emissions	can	be	difficult	without	continuous	data	sets	both	241	
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during	and	outside	of	this	period,	especially	as	both	biomass	burning	and	242	

anthropogenic	emissions	in	this	region	of	the	world	emit	BC,	CO,	and	PM,	and	243	

anthropogenic	emissions	contain	O3	precursors	that	increase	O3	formation.	Needed	244	

on-ground	measurements	of	various	aerosol	and	gas-phase	species	associated	with	245	

fire	and	anthropogenic	emissions	in	Africa	are	scarce,	but	recently	the	US	Embassies	246	

in	Addis	Ababa,	Ethiopia,	and	Kampala,	Uganda	have	begun	continuously	measuring	247	

PM2.5	concentrations.	The	raw	data	is	collected	and	reported	online	on	the	OpenAQ	248	

platform	(OpenAQ.org).	This	dataset	on	PM2.5	concentrations	in	major	cities	over	249	

different	seasons	in	this	region	has	been	valuable	in	gaining	basic	insights	into	the	250	

seasonal	characteristics	of	PM2.5	concentrations	in	the	region	(Figure	4).		The	PM2.5	251	

concentrations	in	both	these	cities	showed	clear	seasonal	patterns,	though	the	252	

seasonal	patterns	differed	at	the	two	sites.	Addis	Ababa	(Ethiopia)	is	much	further	253	

north	than	Rwanda	and	Ethiopia	is	in	general	higher	in	elevation	than	Rwanda	254	

(though	at	2355	m,	not	higher	than	the	RCO)	and	closer	to	the	Indian	Ocean.		In	Addis	255	

Ababa,	the	dry	season	is	also	in	DJF,	but	measured	PM2.5	concentrations	were	low	256	

during	this	season.	HYSPLIT	back	trajectory	calculations	confirmed	that	air	masses	257	

during	this	time	of	the	year	originated	over	the	ocean,	not	from	the	continent.	JJA	is	258	

the	rainy	season	in	Ethiopia;	however,	back	trajectories	confirmed	that	air	masses	259	

originating	from	fires	over	Madagascar	and	southern	Africa	were	likely	transported	to	260	

Addis	Ababa	at	times	and	an	enhancement	of	almost	20	µg	m-3	for	the	JJA	monthly	261	

averages	of	PM2.5	was	observed.		Kampala,	Uganda	is	close	to	Rwanda,	near	the	262	

equator,	and	has	a	long	dry	season	during	JJA	and	a	short	dry	season	during	DJF.		263	

Rainy	and	dry	season	extrema	are	shown	in	the	available	Kampala	PM2.5	data,	with	264	
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an	enhancement	during	February	and	JJA	of	around	15	to	25-30	µg	m-3,	respectively,	265	

above	PM2.5	concentrations	during	other	months.	However,	in	Kampala	during	all	266	

months	measured,	including	the	rainy	season	where	little	regional	biomass	burning	267	

influence	is	likely,	monthly	averages	remained	above	the	WHO	recommendations	for	268	

air	pollution	levels	at	daily	averages	of	25	µg	m-3	or	less	and,	despite	having	a	lower	269	

population	than	Addis,	were	consistently	higher	in	PM2.5	concentrations.	South	Africa	270	

has	the	most	air	quality	monitoring	stations	of	any	sub-Saharan	African	country	and	271	

results	from	these	stations	show	a	PM2.5	peak	only	in	the	southern	burning	season	272	

(JJA),	not	surprisingly	missing	transported	pollution	from	the	northern	(DJF)	burning	273	

season	(Hersey	et	al.,	2015).		274	

From	these	data,	though	there	are	only	two	data	points,	it	appears	that	African	275	

countries	near	the	equator	may	be	positioned	to	experience	six	months	per	year	of	276	

transported	regional	fire	haze,	from	both	the	northern	and	southern	biomass	burning	277	

seasons.	This	is	a	concerning	public	health	issue	as	equatorial	Africa	is	densely	278	

populated,	which	means	that	many	people	will	be	affected	by	transported	pollution,	279	

and	the	higher	population	density	will	increase	the	local	diffuse	pollution	emissions	280	

(e.g.,	cooking	fires,	diesel	engines),	exacerbating	the	problem	of	transported	fire	haze	281	

pollution	with	additional	locally	emitted	pollution.		282	

BC	and	CO	data	from	the	RCO	were	examined	to	probe	seasonal	changes	in	air	283	

pollution	in	Rwanda.	Like	Uganda,	Rwanda	has	two	rainy	seasons	roughly	occurring	284	

in	March-April-May	(MAM)	and	September-October-November	(SON),	and	two	dry	285	

seasons	during	December-	January-February	(DJF)	and	June-July-August	(JJA).		This	286	

generalized	definition	and	durations	of	the	seasons	are	used	the	purpose	of	287	
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comparing	data	for	multiple	years.	They	therefore	don’t	represent	exact	onset	and	288	

withdrawal	dates	of	each	rainy	and	dry	season,	as	these	dates	are	different	each	year.	289	

High	variations	in	BC	concentrations	can	be	seen	in	the	BC	time	series	(Figure	2	and	290	

Figure	3),	ranging	from	below	100	to	above	20,000	ng	m-3,	with	an	average	value	of	291	

1,700	ng	m-3	(standard	deviation:	1,600	ng	m-3).	Peak	concentrations	corresponded	to		292	

dry	seasons.		Spikes	in	BC	concentrations	that	lasted	for	less	than	15	minute	with	293	

values	higher	than	25,000	ng	m-3	were	removed	before	conducting	any	further	294	

analysis	to	eliminate	BC	sources	in	the	direct	vicinity	of	the	RCO.	CO	and	O3	mixing	295	

ratios	also	increased	during	the	dry	seasons	compared	to	the	rainy	seasons.		296	

To	explore	the	sources	of	BC,	CO,	and	O3	at	the	RCO,	seven-day	HYSPLIT	back	297	

trajectories	were	run	every	6	hours	using	NCEP/NCAR	reanalysis	meteorological	data	298	

(Kalnay	et	al.,	1996).	This	analysis	provided	insights	on	the	approximate	origin	and	299	

trajectories	of	air	masses	before	arriving	at	RCO	measured	at	the	RCO.		These	300	

HYSPLIT	back	trajectories	were	separated	into	DJF,	MAM,	JJA,	and	SON	and	are	shown	301	

with	MODIS	satellite	fire	count	data	colored	by	fire	radiative	power	(FRP,	W	m-2)	302	

(Figure	5).		The	MODIS	fire	count	data	and	radiative	power	are	used	strictly	for	303	

qualitative,	not	quantitative,	purposes	in	this	work.		Here	we	observe	that,	as	major	304	

biomass	burning	sites	moved	to	the	north	and	west	in	DJF,	transport	direction	was	305	

also	primarily	northerly,	and	as	biomass	burning	move	to	Southern	Africa	in	JJA,	the	306	

prevailing	wind	directions	were	also	southerly.	Although	Rwanda	itself	had	few	large-307	

scale	fires,	its	geographical	position	and	meteorology	meant	that	it	experienced	308	

transported	fire	haze	from	both	major	burn	seasons.		Black	carbon	measured	at	the	309	

station	tracked	fairly	well	with	summed	daily	FRP	for	sub	Saharan	Africa	(Figure	5),	310	
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with	R	values	varying	from	0.75-0.10	depending	on	the	month.		Daily	averages	of	BC	311	

at	the	station	often	exceeded	5	µg	m-3,	and	the	yearly	average	BC	measured	at	the	312	

station	was	greater	than	many	rural	measurement	locations	around	the	globe	and	on-313	

par	with	urban	measurements	in	North	America	and	Europe,	though	much	lower	than	314	

measurements	made	in	cities	in	China	(Figure	6).			315	

To	further	examine	pollution	transport	to	the	RCO,	the	HYSPLIT	back	316	

trajectory	geographical	areas	were	gridded	(using	the	R	Openair	package,	(Carslaw	317	

and	Ropkins,	2012))	and	merged,	using	date	and	time,	with	measured	BC	318	

concentrations	and	mixing	ratios	of	O3	and	CO	to	generate	concentration-weighted	319	

back	trajectories	(cwt)	for	each	season	(more	details	on	cwt	available	in	(Hsu	et	al.,	320	

2003;	Seibert	et	al.,	1994)	)(Figure	7).	Trajectory	time	in	each	grid	and	arrival	time	of	321	

each	air	mass	were	taken	into	account	in	this	model	to	predict	the	likely	source	322	

regions	and	emission	concentrations	of	pollutants	measured	at	the	RCO.	This	was	323	

done	to	determine	likely	source	regions	of	air	pollution	at	the	RCO	by	comparing	324	

arrival	times	of	air	masses	to	the	RCO	and	the	time	series	of	pollutants.		This	method	325	

has	proven	fairly	effective	at	identifying	emission	sources	when	comparing	predicted	326	

emission	regions	to	emissions	inventories	(Lupu	and	Maenhaut,	2002)		and	is	good	as	327	

a	rough	estimate	of	emission	regions	with	no	apriori	information	(Kabashnikov	et	al.,	328	

2011).	This	method	has	low	computational	cost	and	is	simple	to	set	up,	both	of	which	329	

are	important	for	areas	with	limited	bandwidth	or	computational	capacity	and	this	330	

method	can	be	repeated	easily	by	in-country	scientists.		331	

BC	and	CO	appeared	to	originate	from	similar	areas,	as	expected	due	to	their	332	

overlapping	sources	of	inefficient	combustion	and	biomass	burning.		During	JJA,	333	
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significant	BC	and	CO	appeared	to	originate	from	southern	Africa	and	Madagascar,	as	334	

well	as	from	local	sources	near	the	RCO.	During	DJF,	the	source	of	these	pollutants	335	

appeared	to	be	much	closer	to	the	RCO,	as	major	fires	in	the	DRC	and	Uganda	were	336	

also	closer	to	the	station.		Throughout	the	measurement	period,	but	particularly	DJF,	337	

the	Lake	Kivu	region	also	appeared	to	be	a	source	of	BC	and	CO.	The	Lake	Kivu	region	338	

is	densely	populated	and	use	of	both	cook	stoves	and	diesel	generators	is	common.		339	

In	addition	to	direct	emissions	of	BC	and	CO,	other	emissions	such	as	volatile	340	

organic	compounds	and	oxides	of	nitrogen	from	biomass	burning	are	known	to	affect	341	

tropospheric	O3	concentrations,	as	they	are	precursors	to	O3	formation	(Jaffe	and	342	

Wigder,	2012;	Sauvage	et	al.,	2005).	It	appears	that	such	emissions	likely	played	a	role	343	

in	the	observed	seasonal	increase	in	O3	mixing	ratios	of	approximately	20	ppb	in	DJF	344	

and	25	ppb	in	JJA	above	rainy	season	levels	at	the	RCO.	The	O3	mixing	ratio	was	345	

highest	during	the	JJA	dry	season,	while	BC	had	approximately	the	same	monthly	346	

average	concentrations	in	both	dry	seasons.		This	increase	of	about	5	ppb	O3	during	347	

JJA	versus	DJF	was	potentially	due	to	the	mixing	of	biomass	burning	emissions	with	348	

anthropogenic	emissions	from	east	African	cities	such	as	Nairobi,	Dar	Es	Salam,	and	349	

Kampala	during	the	JJA	dry	season.	Direct	source	apportionment	of	O3	is	difficult	as	it	350	

formed	downwind	of	emissions,	but	a	mix	of	biomass	burning	and	anthropogenic	351	

emissions	from	southern	Africa	could	have	been	transported	to	Rwanda	after	352	

photochemical	aging	and	processing.	During	the	DJF	dry	season,	fires	are	closer	to	353	

Rwanda	and	away	from	major	urban	areas.	Fire	haze	air	masses	thus	likely	354	

underwent	less	photochemical	processing	before	arriving	at	the	RCO	and	were	355	

exposed	to	less	anthropogenic	O3	precursors.	Increased	stagnation	or	higher	356	
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temperature	effects	are	unlikely	to	be	driving	this	observation	as	wind	speed	is	higher	357	

during	JJA	and	temperature	is	similar	or	lower	compared	to	DJF.	During	June	and	July,	358	

a	loose	correlation	(R=0.47	and	0.45,	respectively)	between	O3	mixing	ratios	and	BC	359	

concentrations	was	observed,	while	no	correlations	(R=-0.04,	-0.15,	and	0.07)	were	360	

observed	in	December,	January,	and	February.		361	

The	MOZAIC	campaign	in	the	late	1990s	and	early	2000s	measured	ambient	O3	362	

mixing	ratios	at	the	Nairobi,	Kampala,	and	Kigali	airports	and	found	Kigali,	despite	its	363	

smaller	size	and	lower	vehicle	count,	to	have	the	highest	O3	mixing	ratios	among	them	364	

(Sauvage	et	al.,	2005).		They	measured	a	similar	in	magnitude	increase	in	surface	O3	365	

mixing	ratios	during	the	JJA	season	in	Rwanda	as	our	measurements	at	the	RCO,	366	

although	DJF	was	not	measured	in	their	work.	Brazzaville,	Republic	of	the	Congo	did	367	

report	January	and	February	O3	measurements	during	the	MOZAIC	campaign.	While	368	

much	further	west	than	Rwanda,	in	Brazzaville	O3	mixing	ratios	also	increased	during	369	

January	and	February,	parallel	to	Rwanda,	with	monthly	averages	during	January	and	370	

February	25	ppb	greater	than	the	minimum	of		<30	ppb	in	April	(Sauvage	et	al.,	2005).	371	

This	suggests	influence	from	northern	hemisphere	biomass	burning	to	O3	mixing	372	

ratios	at	Brazzaville.	Ozone	in	JJA	at	Brazzaville	was	almost	30	ppb	higher	than	in	373	

January	and	February,	however,	so	transport	of	air	mass	from	the	south	and	southern	374	

Africa	biomass	burning	had	a	greater	influence	on	O3	in	the	region	than	transport	375	

from	the	north	and	biomass	burning	in	central	Africa.	The	1992	SAFARI	campaign	376	

also	measured	O3	in	sub-Saharan	Africa	throughout	all	seasons,	and	measured	a	377	

seasonal	ozone	concentration	peak	during	the	JJA	period	for	central	and	southern	378	

Africa	(Thompson	et	al.,	1996).		A	separate,	large	peak	for	DJF	was	not	as	observable	379	
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in	the	SAFARI	data	(Thompson	et	al.,	1996).		SAFARI	measurements	took	place	prior	380	

to	1993,	meaning	that	significant	development	in	sub-Saharan	Africa	could	have	taken	381	

place	between	the	SAFARI	campaign	and	the	MOZAIC	campaign	(1997-2003)	that	382	

could	drive	the	increasing	O3	in	DJF	as	well	as	JJA	over	a	period	of	almost	a	decade.	383	

The	SAFARI	campaign	measured	the	total	column	O3,	not	the	ground-level	O3	mixing	384	

ratios,	so	data	are	not	directly	comparable.		385	

The	continuous	collection	of	BC,	CO	and	O3	data	during	the	dry	and	rainy	386	

seasons	allowed	examination	of	both	transported	and	local	pollution	in	both	seasons.		387	

Here	we	define	local	pollution	as	pollution	originating	within	twelve	hours	transport	388	

time	under	typical	wind	speed	conditions	(<150	km,	including	both	Rwanda	and	the	389	

border	areas	with	DRC	and	Uganda).	During	Rwanda’s	rainy	seasons,	the	continental	390	

fire	count	is	also	at	a	minimum,	reducing	large-scale	biomass	burning	influence.		The	391	

region’s	emissions	were	from	small-scale	agricultural	burning,	charcoal	making,	392	

cooking	fires,	brick	production	(located	in	the	valley	below	the	station	and	throughout	393	

the	region),	vehicles,	diesel	and	heavy	fuel-oil	power	plants,	and	diesel	generators.	394	

These	activities	continued	throughout	the	rainy	season	and	dry	season	at	similar	395	

rates.		396	

The	baseline	daily	average	BC	concentration	in	the	rainy	season	remained	at	397	

0.5-1	µg	m-3	after	12	hour	periods	without	rain,	which	could	be	considered	as	398	

contributions	of	small	but	numerous	diffuse	emission	sources	to	daily	BC	399	

concentration	in	this	region.	These	values	are	not	negligible,	especially	at	a	rural	400	

location	with	little	vehicular	traffic	or	industries.	If	all	BC	during	the	rainy	seasons	is	401	

assumed	to	be	local	in	origin	(within	one	day	of	transport,	as	typically	rain	occurs	402	
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each	day	during	the	rainy	season),	and	this	level	remained	the	same	throughout	the	403	

year,	yearly	average	contribution	of	local	emissions	to	BC	would	vary	between	18-404	

100%	of	the	total	measured	BC	concentration	at	RCO-M.		The	shoulder	months	of	405	

September	and	February	have	been	removed	from	this	calculation	as	they	have	both	406	

rain	and	biomass	burning	influence,	but	on	a	yearly	scale,	around	or	greater	than	35%	407	

of	BC	concentration	measured	at	the	station	could	originate	from	local	(day	transport)	408	

emissions,	on	par	with	previous	estimates	of	the	contribution	of	savanna	and	forest	409	

burning	BC	emissions	versus	other	emission	sources	(Bond	et	al.,	2013).	While	410	

transported	savanna,	woodland,	and	forest	fire	emissions	likely	have	a	huge	effect	on	411	

Rwanda’s	air	quality,	targeting	local	emissions	could	bring	a	marked	decrease	in	PM	412	

exposure	of	the	population.	More	than	50%	of	BC	measured	in	industrialized	or	413	

densely	populated	areas	of	South	Africa	is	modeled	to	be	from	anthropogenic	414	

emissions	(Kuik	et	al.,	2015).	As	Rwanda	develops,	its	percentage	contribution	of	415	

anthropogenic	BC	could	increase	like	South	Africa’s,	if	there	is	no	regulation,	on	top	of	416	

Rwanda	experiencing	6	months	a	year	of	increased	black	carbon	due	to	fire	emissions	417	

(3	months	more	influence	than	South	Africa	experiences).	In	other	words,	it	is	418	

necessary	to	reduce	emissions	from	local	sources	within	Rwanda	to	reduce	exposure	419	

to	air	pollution	but	this	will	not	be	sufficient	to	reduce	exposure	to	WHO	420	

recommended	levels	because	Rwanda	is	significantly	affected	by	large-scale	regional	421	

biomass	burning	pollution	as	well,	most	occurring	outside	of	the	country.	422	

3.2.1	Diurnal	Variations	in	BC,	CO	and	O3		423	

Diurnal	variations	in	pollutant	concentration	of	pollutants	can	provide	424	

important	insights	into	information	on	local	as	well	as	regional	pollution	emission	425	
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sources.	Diurnal	variations	in	BC	concentrations,	CO	mixing	ratios	and	O3	mixing	426	

ratios	observed	at	RCO	in	different	by	seasons	are	shown	in	Figure	8.		At	the	RCO,	the	427	

O3	mixing	ratio	exhibited	a	diurnal	cycle	with	a	peak	in	concentration	in	the	evenings,	428	

steady	levels	through	the	night	and	a	minimum	during	mid-day.	The	increase	of	O3	in	429	

the	evening	is	likely	from	regionally	formed	polluted	air	masses	transported	to	the	430	

station	within	the	boundary	layer	and	measured	at	the	station	during	the	collapsing	431	

nocturnal	boundary	layer.	Similar	diurnal	cycles	were	found	at	other	mountain	432	

locations	remote	from	urban	centers	(Zhang	et	al.,	2015).	This	diurnal	pattern	persists	433	

in	all	seasons	(Figure	8)	and	occurred	on	daily	time	scales,	meaning	that	local	urban	434	

centers	such	as	Kigali	and	Kampala	were	likely	the	source	regions	for	this	observed	435	

daily	increase	in	ozone.		However,	the	differences	in	diurnal	minima	and	maxima	were	436	

highest	in	the	June-August	period,	and	lowest	in	the	December-February	period.	This	437	

difference	may	be	due	to	the	differences	in	biomass	burning	proximity	(far	in	JJA,	438	

closer	in	DJF)	and	primary	wind	direction	(southerly	versus	northerly).		Flatter	ozone	439	

profiles	generally	indicate	that	ozone	was	neither	produced	locally	nor	heavily	440	

influenced	by	daily	variations	in	boundary	layer	height;	as	large-scale	biomass	441	

burning	occurs	closer	to	the	RCO	in	DJF,	O3	may	be	more	well-mixed	within	the	442	

polluted	mixed	layer	and	have	less	time	to	be	transported	to	higher	altitudes	in	443	

troposphere	as	in	JJA.	Wind	speed	was	similar	during	all	months,	and	RH	was	similar	444	

for	DJF	and	JJA.		445	

		 BC	had	mid-morning	and	early	evening	peaks	that	coincided	with	both	cooking	446	

times	and	kerosene/generator	use	times.	The	evening	peak	was	higher,	likely	due	to	447	

more	use	of	generator	and	kerosene	lanterns	for	lighting	in	the	evening	(dark	at	6	448	
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pm)	than	the	morning	(light	at	6	am).	These	peaks	persisted	throughout	the	rainy	and	449	

dry	seasons,	indicating	influence	of	local	sources	for	these	diurnal	peaks.	In	the	rainy	450	

seasons,	the	average	difference	between	minimum	and	maximum	BC	concentration	451	

was	around	0.5	µg	m-3	and	slightly	higher	(0.6	µg	m-3)	in	the	dry	season.	During	June-452	

August,	we	observed	a	general	increase	in	BC	concentrations	in	the	morning	hours,	453	

while	December-February,	the	morning	had	lower	BC	concentrations	and	the	main	454	

peak	was	observed	in	the	evening	with	a	small	second	peak	in	mid-afternoon.		CO	455	

mixing	ratios	had	a	similar	but	less	pronounced	diurnal	variation.	Like	with	O3,	456	

changing	boundary	layer	conditions	also	likely	played	a	role	in	variations	in	BC	457	

concentrations	over	the	day,	as	local	boundary	layer	height	increased	during	the	day	458	

and	decreased	during	the	evening	and	morning	hours,	and	the	RCO	altitude	was	above	459	

the	boundary	layer	height	often	during	the	evening.		460	

3.3	BC	source	apportionment	461	

It	is	important	to	understand	the	pollution	emission	sources	in	East	Africa,	462	

beyond	large-scale	biomass	burning,	in	order	to	enact	policies	and	actions	to	reduce	463	

these	emissions.		Past	observational	as	well	as	atmospheric	simulation	studies	show	464	

that	BC	from	biomass	burning	is	the	major	source	of	pollution	in	this	region(Andela	465	

and	van	der	Werf,	2014;	Bond	et	al.,	2013;	Hersey	et	al.,	2015;	Marais	and	466	

Wiedinmyer,	2016;	Sauvage	et	al.,	2005),	though	fossil	fuel	BC	emissions	are	467	

increasing	with	increasing	socio-economic	development	activities	(Knippertz	et	al.,	468	

2015;	Liousse	et	al.,	2014).	Regional	emission	models	predict	that	only	10%	of	fuel	469	

(by	mass)	burned	in	East	Africa	is	fossil	fuel	(Marais	and	Wiedinmyer,	2016).	Fuel	470	

demand	information	from	the	Rwanda	Bureau	of	Statistics	and	Ministry	of	471	
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Infrastructure	confirm	<10%	fossil	fuel	use	is	a	reasonable	amount	for	Rwanda,	with	472	

demand	of	fuel	wood	for	both	charcoal	making	and	direct	burning	is	4.2	billion	kg	and	473	

petroleum	products	is	287	million	kg	per	year	(wood	use	from	2016,	fossil	fuel	use	474	

extrapolated	from	statistics	in	2011/12	using	a	10%	per	annum	growth	rate,	fuel	use	475	

summarized	in	Table	2)(Rwanda	Ministry	of	Infrastructure,	2015).	In	regards	to	476	

demand	of	petroleum	products,	diesel	is	the	highest	(46%)	followed	by	petrol	(31%),		477	

heavy	fuel	oil	(12%),	kerosene	(6%),	and		jet-A	fuel	(5%).	As	of	November	2016,	478	

approximately	27%	of	Rwanda’s	on-grid	power	generation	(52	MW	out	of	190	MW)	479	

was	either	heavy	fuel	oil	or	diesel-derived	(http://www.reg.rw/index.php/our-480	

business/generation/624-power-generation-2),	the	rest	is	a	mix	of	hydroelectric	481	

power	(44%),	methane	gas	(16%),	solar,	(5%)	and	imports	from	nearby	countries.		482	

While	the	majority	of	fuel	use	is	wood,	BC	emission	factors	per	kg	fuel	burned	483	

are	different	for	open	burning,	three	stone	fires,	and	diesel	generators	and	other	484	

engines	using	unregulated	fuel	in	inefficient	burning	conditions	(average	485	

approximations	of	EF	is	0.75,	1,	and	4	g	kg	-1,	respectively)(FAO,	2010).	As	there	are	486	

less	than	180,000	registered	motor	vehicles	(including	truck	and	motorcycles)	in	487	

Rwanda,	and	less	than	a	third	of	the	power	generated	in-country	is	from	fossil	fuel,	488	

but	over	2	million	households	use	wood	fuel	for	cooking,	understanding	the	relative	489	

contribution	of	each	emission	source	to	black	carbon	particulates	is	essential	to	guide	490	

policy	and	development	in	the	short-term.	A	four-times	greater	emission	factor	per	491	

unit	of	fuel	burned,	even	for	fuel	that	only	comprises	10%	of	the	total	fuel	use	in-492	

country,	could	make	motor	vehicle	and	diesel	generator	emissions	a	good	first	target.	493	

However,	burning	conditions,	fuel	conditions,	and	engine	combustion	conditions	494	
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(including	presence	or	absence	of	a	diesel	particle	filter,	age	of	the	engine)	can	greatly	495	

influence	these	emission	factors.	One	way	separation	of	fossil	fuel	combustion	versus	496	

biomass	burning	BC	particulate	has	been	estimated	in	the	past	is	by	measuring	the	497	

color	of	the	particles	(wood	smoke	particles	have	enhanced	absorption	in	the	UV,	498	

while	fossil	fuel	combustion	particles	have	flat	absorption	over	all	499	

wavelengths)(Kirchstetter	and	Thatcher,	2012;	Sandradewi	et	al.,	2008).	500	

	The	Aethalometer’s	seven	wavelengths	allow	measurement	of	the	wavelength-501	

dependent	aerosol	absorption	coefficients	that	can	be	used	to	infer	the	potential	502	

sources	of	BC	aerosol	(Drinovec	et	al.,	2015;	Sandradewi	et	al.,	2008)	measured.	503	

Theoretically,	from	the	wavelength	dependence	of	aerosol	absorption,	BC	from	fossil	504	

fuel	and	wood	smoke	can	be	differentiated(Sandradewi	et	al.,	2008).	Though	this	two-505	

component	model	can	provide	a	valuable	knowledge	on	knowledge	on	source	506	

attribution	of	BC	this	model	has	some	limitations.	This	model	is	more	accurate	if	507	

calibrated	to	local	conditions(Dumka	et	al.,	2013;	Harrison	et	al.,	2012),	as	different	508	

fuels	and	wood	biomass	burning	creates	aerosol	with	different	radiative	properties	509	

and	the	standard	model,	based	on	European	studies,	has	been	shown	to	be	less	510	

applicable	in	developing	countries	(Garg	et	al.,	2016).	511	

	 From	the	Aethalometer	data,	wavelength	dependence	of	absorption	512	

coefficients	and	the	absorption	Ångstrom	exponent	(AAE)	were	calculated	and	513	

compared	to	literature	values	of	different	type	of	biomass	burning	and	fossil	fuel	514	

combustion.		The	AAE	is	a	dimensionless	property	commonly	used	to	characterize	the	515	

wavelength-dependent	absorption	of	BC	and	gives	clues	on	the	source	and/or	aging	of	516	

BC	when	compared	to	laboratory	and	other	ambient	studies(Chung	et	al.,	2012;	Lack	517	
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and	Langridge,	2013;	Russell	et	al.,	2010;	Yuan	et	al.,	2016).			The	AAE	values	assigned	518	

for	the	standard	Aethalometer	model	separating	the	BC	from	biomass	burning	and	519	

fossil	fuel	combustion	are	two	and	one,	respectively	(Kirchstetter	et	al,	2004;	520	

Sandradewi	et	al,	2012;	Drinovec	et	al.	2015).	In	this	work,	standard	mass	absorption	521	

cross-sections	(MACs)	for	each	wavelength	provided	by	the	manufacturer	of	the	522	

Aethalometer	were	used	to	calculate	the	absorption	coefficient	(babs)	at	each	523	

wavelength.	For	pure	BC	from	fossil	fuel,	babs	~	1/λ and	the	AAE	between	two	524	

wavelengths	(470	nm	and	950	nm)	is	1	using	the	equation	ln(babsλ1/babsλ2)/ln(λ2/λ1).		525	

The	average	AAE	(averaged	for	entire	measurement	period	between	July	2015	and	526	

January	2017)	was	calculated	to	be	1.65	(+/-	0.14)	at	the	RCO	using	the	470	and	950	527	

wavelength	absorption	and	MACs	(Figure	9)(Sandradewi	et	al.,	2008;	Drinovec	et	al.	528	

2015).	These	wavelengths	were	chosen	as	the	AAE	calculated	from	470	and	950	is	529	

generally	comparable	with	other	literature	values(Saarikoski	et	al.,	2012).	The	530	

calculated	AAE	values	were	on	par	with	AAE	calculated	from	measurements	taken	in	531	

areas	heavily	influenced	by	biomass	burning	(Chung	et	al.,	2012;	Lack	and	Langridge,	532	

2013;	Russell	et	al.,	2010;	Saleh	et	al.,	2013;	Sandradewi	et	al.,	2008;	Yuan	et	al.,	533	

2016).	Past	studies	have	reported	an	AAE	of	1.2-2.5	for	biomass	burning	534	

aerosol(Andreae	and	Gelencsér,	2006;	Chung	et	al.,	2012;	Russell	et	al.,	2010;	Saleh	et	535	

al.,	2013,	2014).	While	daily	only	small	variations	(+/-	0.05)	for	AAE	were	observed,	536	

significant	seasonal	differences	in	this	value	were	found,	with	monthly	averaged	537	

values	ranging	from	1.5	(dry	season)	to	1.9	(at	the	end	of	the	long	rainy	season).	538	

Studies	in	southern	Africa	measuring	savanna	and	crop	burning	found	an	AAE	of	539	

around	1.45	for	ambient	black	carbon	aerosol,	and	in	the	dry	season	savanna	and	crop	540	

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-100
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 2 February 2018
c© Author(s) 2018. CC BY 4.0 License.



	 25	

burning	are	the	prevalent	type	of	large-scale	biomass	burning	in	sub-Saharan	Africa	541	

(Russell	et	al.,	2010).	The	AAE	calculated	from	the	Aethalometer	data	at	the	RCO	was	542	

higher	during	the	rainy	season	when	local	emissions	dominated	our	measurements.		543	

Eucalyptus	burning,	the	most	prevalent	burning	near	the	station	(for	charcoal	making,	544	

cooking	fires,	brick	kiln	fuel)	was	measured	in	laboratory	experiments	to	have	a	545	

higher	AAE	than	savanna	burning	(AAE	of	1.71	+/-	0.50	calculated	between	405	and	546	

781	nm	wavelengths)(Chung	et	al.,	2012).	Eucalyptus	trees	and	savanna	burning	were	547	

certainly	not	the	only	two	types	of	solid	biofuel	influencing	measurements	at	the	548	

station,	but	the	difference	in	AAE	of	aerosols	produced	from	different	fuels	means	that	549	

the	AAE	will	have	large	variations	based	on	fuel	wood	or	other	biomass	used	and	this	550	

was	reflected	in	our	data.		551	

Using	the	Aethalometer	model	with	standard	inputs	not	accounting	for	the	552	

different	types	of	fuel	used	in	East	Africa	versus	Europe,	a	high	influence	of	fossil	fuel	553	

black	carbon	emissions	was	calculated:	in	the	dry	season,	over	50%	of	black	carbon	554	

was	assigned	to	be	fossil	fuel	in	origin.	Fossil	fuel	emissions	certainly	influenced	the	555	

pollution	at	the	RCO,	as	air	masses	from	Kigali,	Kampala,	Nairobi,	and	Dar	es	Salaam	556	

were	likely	transported	to	the	station	and	these	cities	likely	have	high	black	carbon	557	

emissions	from	generators,	fossil	fuel	power	stations,	and	older	diesel	vehicles	but	558	

would	also	have	significant	biomass	cook	stove	emissions	(Gatari	and	Boman,	2003;	559	

Koch	et	al.,	2009;	Mkoma	et	al.,	2009;	van	Vliet	and	Kinney,	2007).	However,	this	560	

number	is	likely	falsely	high:	at	<10%	fuel	demand	of	fossil	fuel	(all	types)	versus	561	

>90%	wood	and	charcoal	fuel	demand,	even	if	the	g	BC	per	kg	fuel	from	diesel	was	4x	562	

higher,	and	all	fossil	fuel	use	was	unregulated	diesel	(unlikely),	well	under	half	of	the	563	
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measured	BC	would	be	from	fossil	fuel	combustion	emissions.	Additionally,	the	AAE	564	

calculated	in	all	seasons	had	a	flat	diurnal	profile,	suggesting	no	daily	change	in	565	

aerosol	source	(e.g.,	rush	hour	traffic	from	Kigali)	was	measured	at	the	RCO.		566	

In	order	to	gain	more	insights	into	the	sources	of	BC	we	also	examined	the	567	

BC:CO	over	time.	CO	is	also	released	by	inefficient	combustion	and	the	ΔBC: ΔCO	ratio	568	

can	be	different	for	different	emission	sources.	In	order	to	calculate	this	ratio	we	first	569	

converted	the	CO	mixing	ratios	to	concentrations	(in	µg	m-3),	and	then	subtracted	the	570	

95th	percentile	values	for	CO	and	BC	from	their	respective	concentrations.	For	the	571	

entire	data	set,	the	ΔBC: ΔCO	(both	in	µg	m-3)	ratio	was	0.014	(R2	0.79,	n	=	40523).	572	

The	ΔBC: ΔCO	ratio	varied	seasonally,	with	monthly	average	peaks	reaching	0.016		in	573	

December,	February,	and	July	and	lows	below	0.01	in	April.	The	average	ratio	of	0.014	574	

for	the	measurement	period	was	almost	twice	as	high	as	in	biomass	burning	plumes	575	

sampled	over	West	Africa	in	an	aircraft	campaign	(0.0072)(Moosmüller	and	576	

Chakrabarty,	2011)	but	on	par	with	or	lower	than	measurements	taken	during	the	577	

INDOEX	campaign	in	the	Indian	Ocean	(Dickerson	et	al.,	2002).		A	study	in	Germany	578	

and	Mexico	found	a	correlation	between	diesel	vehicle	use	and	higher	BC:CO	579	

(Baumgardner	et	al.,	2002),	while	other	studies	have	also	found	an	increased	580	

ΔBC: ΔCO	during	periods	more	influenced	by	biomass	burning	(Pan	et	al.,	2011).	A	581	

study	in	India	found	no	correlation	in	biomass-burning	and	fossil	fuel-influenced	582	

ΔBC:ΔCO		air	masses	(Sahu	et	al.,	2012),	as	there	are	a	wide	range	of	ratios	measured	583	

from	the	same	source	(Dickerson	et	al.,	2002;	Sahu	et	al.,	2012).	The	high	ΔBC:ΔCO		584	

ratio	at	the	RCO	could	be	due	to	the	prevalence	of	older	diesel	engines	in	the	country,	585	

which	emit	more	BC	to	CO	than	newer	engines	(Cai	et	al.,	2013),	but,	as	the	highest	586	
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value	occurs	during	the	Rwanda	dry	seasons	and	the	continental	biomass	burning	587	

seasons	,	likely	the	ratio	is	governed	in	part	by	rainout	as	BC	is	more	easily	removed	588	

by	wet	deposition	than	CO.	In	this	study,	we	were	not	able	to	use	this	ratio	to	further	589	

separate	biomass	burning	BC	from	fossil	fuel	combustion	BC,	likely	due	to	differences	590	

in	emission	profiles	in	developing	versus	developed	countries.		This	underscores	the	591	

need	for	more	measurements	in	East	Africa	to	understand	emission	sources	and	592	

profiles	and	develop	more-robust	emission	source	profiles.		593	

4.	Conclusions	594	

In	this	work,	we	present	the	first	long-term	and	highly	time-resolved	595	

continuous	measurements	of	short-lived	climate	forcers	for	a	nearly	two-year	period	596	

from	July	2015	to	January	2017	at	the	Rwanda	Climate	Observatory	located	at	Mt.	597	

Mugogo	in	Rwanda,	in	one	of	the	data	poor	regions	of	the	world.		From	these	598	

observations,	we	find	that:	599	

1. During	Rwanda’s	two	dry	seasons,	the	country	experienced	pollution	600	

transported	from	both	the	northern	(DJF)	and	southern	(JJA)	biomass	601	

burning	seasons	in	Africa.	This	transported	pollution	led	to	high	black	602	

carbon	and	carbon	monoxide	levels	at	the	RCO,	surpassing	603	

concentrations	measured	in	many	major	cities	elsewhere.		Emissions	604	

from	large-scale	crop	and	savanna	fires	appeared	to	have	a	wide-605	

reaching	effect	on	this	region,	reflected	in	increased	PM2.5	in	606	

Kampala,	a	major	East	African	city,	for	both	biomass	burning	seasons	607	

and	likely	driving	the	increased	O3	measured	during	DJF	and	JJA	by	608	

our	study	and	by	past	studies	in	equatorial	Africa.	The	dense	609	
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population	of	equatorial	East	Africa	and	the	double	impact	of	the	two	610	

fires	seasons	could	lead	to	significant	public	health	problems	for	the	611	

population	in	Rwanda	and	equatorial	East	Africa	as	exposure	to	612	

elevated	levels	of	PM2.5	and	BC	concentrations	occurs	six	months	out	613	

of	the	year.				614	

2. Ground	level	O3	was	enhanced	during	both	dry	seasons,	likely	due	to	615	

the	prevalent	wide-scale	biomass	burning.	Increased	enhancement	616	

was	observed	during	the	JJA	dry	season	when	the	air	masses	617	

originated	from	the	southeast	and	likely	included	a	mix	of	biomass	618	

burning	and	anthropogenic	emissions	(cooking	fires,	vehicles,	619	

industries),	leading	to	higher	ozone	concentrations	at	the	RCO	620	

downwind	of	these	mixed	pollution	sources.	As	this	area	develops	621	

and	population	grows,	local	as	well	as	regional	air	pollution	could	622	

become	a	major	environmental	and	societal	issue	that	could	be	a	623	

threat	to	national	development	goals.		624	

3. Local	emissions	beyond	large-scale	biomass	burning	influence	were	625	

constant	and	estimated	to	contribute	between	18-almost	100	%	of	626	

the	measured	black	carbon	concentrations	depending	on	season,	if	627	

black	carbon	during	the	rainy	season	was	assumed	to	be	completely	628	

local	(Rwanda	and	neighboring	countries)	in	origin	(ranging	from	629	

0.5-1	µg	m-3	daily	average	measured	BC).	These	local	emissions,	from	630	

different	combustion	sources	(e.g.,	cooking	fires,	inefficient	diesel	631	

generators	and	engines	with	sub-standard	fuel	use,	solid	biomass	fuel	632	
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burning,	small	agricultural	fires),	are	likely	concentrated	in	the	633	

densely	populated	Rwanda	and	Lake	Kivu	economic	area.		Rwanda’s	634	

population	is	growing	quickly	and,	as	these	local	emissions	are	635	

related	to	population	density,	air	pollution	will	likely	increase	unless	636	

there	is	government	intervention.	637	

4. Different	combustion	fuel	and	burning	practices	in	Europe	and	East	638	

Africa	calls	into	question	the	accuracy	and	applicability	of	a	two-639	

component	model	for	estimating	BC	from	fossil	fuel	combustion	and	640	

biomass	burning	using	AAE	approximations	for	biomass	burning	and	641	

fossil	fuel	combustion	aerosol	measured	in	Europe	for	use	in	East	642	

Africa.	There	may	also	be	different	mass	absorption	cross-sections	643	

for	aerosols	measured	at	the	RCO	than	in	Europe	or	North	America.	644	

This	shows	the	need	for	multiple	on-ground	measurements	to	fully	645	

understand	pollution	sources	in	different	regions	of	the	world,	646	

notably	in	Africa.		However,	seasonal	variations	in	the	wavelength	647	

dependence	of	ambient	BC	particles	did	point	to	different	sources	of	648	

BC	particles	and	this	should	be	further	explored	in	future	studies.		649	

5. The	measurements	we	have	provided	in	this	study	will	be	useful	in	650	

advancing	atmospheric	science	in	Africa,	improve	emission	651	

inventories	and	air	pollution/atmospheric	models	in	the	region,	and	652	

designing	mitigation	measures	in	the	region,	which	has	limited	long-653	

term	and	in-situ	atmospheric	data.		654	

	655	
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These	data	and	analyses,	while	acknowledging	the	high	influence	of	regional	656	

biomass	burning,	also	show	that	significant	decreases	in	air	pollution	could	be	657	

achieved	within	eastern	and	central	Africa	with	targeted	local	policies,	emphasizing	658	

cleaner	diesel	vehicles	and	generators,	reduced	wood-fuel	reliance	for	cook	stoves,	659	

and	improved	cook	stoves	to	burn	biomass	fuel	more	efficiently.	Currently,	over	2	660	

million	households	in	Rwanda	rely	on	wood	burning	(including	charcoal)	for	cooking.	661	

While	reducing	this	number	will	have	significant	economic	costs,	putting	in	place	662	

infrastructure	for	alternative	cooking	fuels	(pellet	stoves,	LPG	stoves,	electrical	663	

stoves)	could	help	the	country	avoid	even	higher	local	air	pollution	emissions	and	664	

associated	adverse	impacts	as	the	population	grows.	Diesel-fueled	minibuses,	665	

common	transport	between	towns	in	Rwanda	and	within	Kigali,	and	older	diesel	666	

vehicles	are	also	high	emitters	of	black	carbon	but	newer	vehicles	with	emissions	667	

control	technology	may	be	economically	beyond	the	reach	of	local	bus	companies	and	668	

citizens.	Continuing	to	grow	electrical	capacity	and	connection	will	reduce	the	use	of	669	

kerosene	lanterns	and	diesel	generators,	and	will	reduce	air	pollution	if	additional	670	

energy	capacity	is	achieved	through	renewable	sources	(solar,	hydropower).	The	671	

huge	influence	of	regional	biomass	burning,	exacerbated	by	equatorial	East	Africa’s	672	

meteorology,	and	the	potential	influence	of	anthropogenic	emissions	from	major	673	

cities	on	O3	formation	in	this	regions	must	also	be	examined	as	this	area	develops	and	674	

this	should	be	an	important	agenda	for	the	regional	discussions	on	environmental,	675	

public	health,	and	other	development	issues.		676	

	677	

6.	Future	Work	678	
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	 The	government	of	Rwanda	is	working	to	establish	an	air	quality	and	climate	679	

change	monitoring	network	throughout	the	country	to	measure	ambient	criteria	air	680	

pollutants	and	other	key	climate	change	related	components	of	atmospheric	pollution.		681	

Building	knowledge	of	air	quality	and	climate	change	related	emissions	in	this	data-682	

poor	area	of	the	world	is	essential	to	fill	the	large	data	and	knowledge	gap	in	this	683	

region.	Adding	ground-based	measurements,	comparing	measurements	to	satellite	684	

data,	using	data	to	evaluate	and	improve	existing	emission	inventories,	improving	685	

accuracy	of	global/regional	air	quality	and	climate	change	models,	and	using	data	for	686	

quantification	of	impacts	of	air	pollution	and	climate	change	will	help	local	687	

governments	design	appropriate	mitigation	strategies	rooted	in	data	and	local	688	

context.		689	

7.	Data	Availability		690	

This	data	will	be	made	available	at	the	AGAGE	website,	691	

https://agage.mit.edu/data/agage-data.	All	data	used	in	this	article	will	be	made	692	

available	as	of	publication	and	data	from	this	project	on	a	rolling	basis	after	quality	693	

control.		694	
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Table	1:	Instruments	used	in	this	study	and	measurement	period	used	for	analysis	 	712	

INSTRUMENT	 SPECIES	MEASURED	 MEASUREMENT	
PERIOD	

TIME	
RESOLUTION	

PICARRO	G2401	
CAVITY	RING	DOWN	
SPECTROMETER	

CO2,	CO,	CH4,	H2O	 MAY	2015-JANUARY	
2017	

1	MIN	

MAGEE	SCIENTIFIC	
AE33	7-
WAVELENGTH	
AETHALOMETER	

BLACK	CARBON	
(PM2.5,	CYCLONE	
IMPACTOR	ON	
INLET)	

MAY	2015-	
JANUARY	2017	

1	MIN	

TELEDYNE	T400	API		 O3	 MAY	2015-	
JANUARY	2017	

1	MIN	

VAISALA	WXT	 MET	PARAMETERS	
(RH,	WS,	WD,	T,	P)	

JULY	2015-		
JANUARY	2017	

1S	
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	713	
Table	2:		714	
	715	
Fuel	Demand	in	Rwanda	(2016,	Rwanda	Ministry	of	Infrastructure)	716	
Fuel	Type	 Demand		
Petrol	 120442	kL	
Diesel	 178529	kL	
Kerosene	 		22288	kL	
Heavy	Fuel	Oils	 		59292	kL	
Jet-A	 		18235	kL	
Wood	(charcoal	+	
natural)	

4,200,000	metric	tons	

	717	
	 	718	
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Figure	1.	From	top	left	moving	counter-clockwise:		an	aerial	view	of	RCO	at	Mt.	952	

Mugogo	Main	Peak,	the	station	with	towers	in	the	background,	and	the	location	of	Mt.	953	

Mugogo	in	Rwanda	(blue	pin)	in	relation	to	Kigali	(yellow	pin).	954	
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							956	

	957	

Figure	2.	From	the	bottom	up:	(a)	black	carbon	(black,	grey)	and	carbon	monoxide	958	

(dark	green,	light	green)	(15	minute,	daily)	average	concentrations;	(b)	ozone	(dark	959	

blue,	light	blue)	(15	minute,	daily),	(c)	temperature	(black)	and	relative	humidity	960	

(light	blue)	values;	(d)	wind	speed	(red	dotted)	and	rain	intensity	(blue	dash)	daily	961	

average	values.		962	
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Figure	3.	Normalized	temporal	variations	of	O3	mixing	ratios,	CO	mixing	ratios,	and	989	

BC	concentrations:	(a)	diurnal	(b)	monthly	concentrations,	and		(c)	differences	by	day	990	

of	the	week.		Shaded	areas	are	95%	confidence	intervals.		991	
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	997	
	998	
Figure	4:	Monthly	means	of	PM2.5	concentrations	measured	at	the	US	Embassies	in	999	

(a)	Kampala,	Uganda	and	(b)	Addis	Ababa,	Ethiopia	(right)	from	January-December	1000	

2016/2017	(as	available).	Shaded	areas	are	95%	confidence	intervals.	1001	
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1012	
Figure	5.	(a)	Seasonal	fire	radiative	power	data	acquired	with	the	MODIS	instrument	1013	

and	back	trajectories	of	air	masses	(generated	with	the	HYSPLIT	model)	reaching	the	1014	

Rwanda	Climate	Observatory	for	the	period	May	2015	to	January	2017.	Seasons	in	1015	

Rwanda	are	split	into:		short	dry	season,	December-January-February	(DJF),	long	1016	

rainy	season,	March-April-May	(MAM),	long	dry	season,	June-July-August	(JJA,)	and	1017	

short	rainy	season,	September-October-November	(SON).	(b)	The	time	series	of	daily	1018	

average	BC	concentration	and	the	daily	sum	of	Fire	Radiative	Power	(W	m-2)	from	the	1019	

pictured	data	bound	by	the	furthest	HYSPLIT	backtrajectory	reaches	each	season	(box	1020	

defined	by	the	most	north,	south,	east,	and	west	point	the	HYSPLIT	backtrajectories	1021	

reach).		1022	
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1024	
Figure	6.	(a)	Urban	and	(b)	rural	maximum	(dark	grey/green)	of	annual	averages		1025	

(dark	grey/green)	and	minimum	(light	grey/green)	of	annual	averages	(light	1026	

grey/green)	BC	concentrations	at	various	sites	globally.	The	BC	data	for	Rwanda	is	1027	

from	one	location	(Mt.	Mugogo,	rural),	while	the	data	for	other	locations	were	from	1028	

multiple	locations,	averaged	over	one	year.	The	annual	average	BC	concentrations	for	1029	

Rwanda	were	calculated	for	the	data	from	April	1st	to	April	1st	of	the	next	year.	There	1030	

was	BC	data	for	two	years	measured	at	RCO.	BC	data	source	for	other	sites:	1031	

https://www3.epa.gov/blackcarbon/2012report/Chapter5.pdf,	compiled	from	1032	

multiple	sources.	1033	
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	1042	

Figure	7.	From	top	to	bottom,	concentration-weighted	back	trajectories	of	(a)	CO,	(b)	1043	

BC,	and	(c)	O3,	separated	by	season,	for	measurements	at	the	Rwanda	Climate	1044	

Observatory	(black	dot)	for	the	period	of	July	2015-January	2017.		1045	
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	 	1047	

F

Figure	8.	Seasonally	separated	diurnal	profiles	of	(a)	BC	

concentrations,	(b)	CO	mixing	ratios,	and	(c)	O3	mixing	ratios,	

colored	for	each	season.	The	circles	represent	mean	concentrations	

and	the	lines	represent	95%	confidence	intervals.			
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	1048	

Figure	9.	(a)	Time	series	of	contributions	of	fossil	fuel	combustion	and	biomass	1049	

burning	to	BC	concentrations	observed	at	RCO.	(b)	Daily	average	absorption	1050	

Angstrom	exponent	(AAE)	measured	at	RCO	(black	line),	rain	intensity,	and	published	1051	

AAE	for	Eucalyptus	burning	((Yuan	et	al.,	2016),	laboratory	studies,	green	line)	and	1052	

savanna	burning	((Russell	et	al.,	2010),	ambient,	brown	line)	also	shown	as	reference.	1053	
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