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Abstract	14 

Kathmandu	has	one	of	the	highest	particulate	matter	air	pollution	levels	in	the	world.	15 
However,	few	direct	measurement	data	are	available	for	long-term	analyses,	limiting	policy	16 
interventions	and	public	health	advisories.	Remote	sensing	based	data	sets	provide	an	17 
alternative	approach.	In	this	paper,	we	present	an	approach	to	analyze	and	understand	the	18 
diurnal,	seasonal,	annual,	and	multi-annual	variability	of	pollution	levels	based	on	in	situ	19 
measurements	of	PM2.5,	remote	sensing	data	based	on	Moderate	Resolution	Imaging	20 
Spectroradiometer	(MODIS)	Aqua	and	Terra	Aerosol	Optical	Depth	(AOD),	and	PM2.5	data,	21 
as	well	as	from	Copernicus	Atmosphere	Monitoring	Service	(CAMS)	and	Modern-Era	22 
Retrospective	Analysis	for	Research	and	Applications,	Version	2	(MERRA-2)	reanalysis	data	23 
sets.	The	analysis	of	the	direct	measurements	revealed	distinct	annual	patterns,	24 
characterized	by	winter	maxima	and	summer	minima.	With	the	exception	of	the	summer	25 
monsoon	season,	public	health	guidelines	are	frequently	exceeded	significantly	throughout	26 
the	year,	particularly	in	winter.	The	analysis	furthermore	pointed	toward	distinct	daily	27 
patterns	with	primary	maxima	in	the	mornings,	secondary	maxima	in	the	late	evenings,	28 
and	minima	in	the	afternoons.	The	annual	pattern	of	AOD	derived	from	the	MODIS	data	is	29 
markedly	different	from	that.	Due	to	the	coarse	spatial	resolution	and	the	fact	that	MODIS	30 
AOD	is	a	column	integrated	property,	it	does	not	reflect	the	small	scale	phenomenon	of	the	31 
Kathmandu	urban	pollution	pattern	but	instead	shows	a	maximum	in	the	spring.	The	same	32 
pattern	was	observed	with	the	CAMS	and	MERRA-2	reanalysis	AOD	data,	even	though	33 
MERRA-2	captures	pollution	levels	during	the	summer	monsoon	season	very	well.	The	34 
CAMS	reanalysis	PM2.5	data	are	generally	well-aligned	with	the	near-surface	measurement	35 
data,	even	though	they	overestimate	the	daily	and	monthly	maxima	and	do	not	capture	the	36 
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morning	maxima	in	the	diurnal	course.	Nevertheless,	CAMS	PM2.5	data	can	be	adjusted	via	37 
linear	regression	to	reasonably	mirror	the	measurements.	It	shows	that	PM2.5	38 
concentrations	in	Kathmandu	have	increased	significantly	in	the	past	decades	(almost	2	39 
µg/m3	annually),	mainly	after	the	monsoon	season	from	September	to	February.	As	a	40 
result,	around	85	percent	of	all	winter	days	in	Kathmandu	are	categorized	as	“unhealthy”	41 
according	to	the	Air	Quality	Index	(AQI).											42 
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1.	Introduction	44 

1.1.	Air	Pollution	in	the	Kathmandu	Valley	45 

The	complex	impact	of	particulate	matter	air	pollution	on	climate	change	has	been	the	46 
topic	of	numerous	studies	(e.g.,	Kaufman	et	al.,	2002;	Rosenfeld	et	al.,	2008;	Li	et	al.,	2011;	47 
IPCC,	2013;	Wang	et	al.,	2014a;	Guo	et	al.,	2016a)	throughout	the	last	decades.	The	48 
deleterious	health	effects,	ranging	from	cardiovascular	and	respiratory	diseases	to	49 
premature	deaths	has	also	been	well	documented	(e.g.,	EPA,	2020,	Al-Saadi	et	al.,	2005;	50 
Vidot	et	al.,	2007;	Wang	et	al.,	2010;	Gurung	and	Bell,	2012;	Apte	et	al.,	2015;	Schwartz	et	51 
al.,	2015).	Understanding	the	variability	of	particulate	matter	air	pollution	is	therefore	52 
crucial	to	developing	meaningful	reduction	strategies	(Wang	and	Christopher,	2003;	Lin	et	53 
al.,	2015;	Guo	et	al.,	2016b)	54 
	55 
Nepal	consistently	ranks	as	having	one	of	the	worst	particulate	air	pollution	levels	56 
worldwide.	The	2016	Environmental	Performance	Index	(EPI)	ranked	Nepal	177th	out	of	57 
180	countries	in	terms	of	air	pollution	(Hsu	et	al.,	2016;	Bhattarai,	2020).	One	of	the	worst	58 
affected	areas	in	Nepal	is	the	Kathmandu	Valley,	located	in	the	mid-hills	of	Nepal	at	a	59 
latitude	of	27.7°N	(Figure	1).		60 
	61 
	62 
	63 
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	64 
Figure	1:	Topographic	map	of	South	Asia	and	Nepal	65 
	66 
Although	many	major	cities	in	the	developing	world	face	elevated	air	pollution	levels,	67 
Kathmandu	is	especially	vulnerable	due	to	multiple	reasons:		68 
	69 

A) Topography:	The	valley	is	shaped	like	a	circular	bowl	at	approximately	1300	m	70 
above	sea	level,	which	is	surrounded	by	a	ring	of	mountains	ranging	from	2000	to	71 
2800	m	above	sea	level	(Panday	et	al.	2009).	This	particular	topography	restricts	air	72 
movement,	and	pollutants	generated	in	the	valley	are	often	trapped	within	the	73 
valley	(Clean	Energy	Nepal,	2003).		74 

B) Atmospheric	conditions:	Particularly	during	the	winters,	strong	nighttime	75 
temperature	inversions	trap	the	air	pollution	near	the	ground.	This	effect	is	76 
compounded	by	the	fact	that	the	vast	majority	of	Kathmandu’s	rainfall	occurs	during	77 
the	monsoon	season	in	summer	while	the	rest	of	the	year	is	relatively	dry,	and,	78 
particularly	in	winter,	the	pollutants	are	unlikely	to	be	washed	out	by	precipitation.		79 

C) Increase	in	population,	traffic,	and	industrial	activity:	Rapid	urban	growth,	dense	80 
settlements	with	minimal	open	space,	refuse	burning,	polluting	industries	operating	81 
under	inadequate	environmental	standards,	a	poor	road	network	with	often	82 
unpaved	and	congested	roads,	poor	quality	vehicles	and	fuels	combined	with	83 
lacking	emission	inspections	and	maintenance,	and	a	poorly	managed	84 
transportation	system	all	contribute	to	a	tremendous	output	of	particulate	air	85 
pollution.	For	example,	Faiz	et	al.	(2006)	and	Shrestha	et	al.	(2013)	found	that	86 
between	1990	and	2014,	the	total	vehicle	fleet	grew	from	less	than	50,000	to	more	87 
than	700,000,	with	the	number	of	motorcycles	having	the	highest	annual	growth	88 
rate	of	16%	during	the	period.	Mool	et	al.	(2020)	identified	the	lack	of	routine	89 
vehicle	maintenance	as	one	of	the	aggravating	factors.		90 
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D) Crop	residue	burning	from	agriculture	in	northern	India	and	Nepal	contribute	91 
significantly	to	particulate	matter	pollution	levels	in	Nepal.	Pollutants	are	92 
transported	into	the	Kathmandu	Valley	(Mahapatra	et	al.,	2019),		93 

E) Additional	particulate	matter	air	pollution	stems	from	the	open	burning	of	94 
municipal	solid	waste	(Saikawa	et	al.	2020)	and	domestic	biofuel	usage	(Zhong	et	al.,	95 
2019).	96 

	97 

1.2.	Previous	studies	98 

Sharma	(1997)	pointed	to	Kathmandu’s	energy	consumption	and	heavy	air	pollution,	99 
particularly	in	winter	months,	when	a	thick	layer	of	fog	covers	the	valley	up	to	10	AM.	Early	100 
monitoring	and	documentation	of	air	pollution	in	the	Kathmandu	Valley	was	done	in	the	101 
1990s	by	several	organizations	funded	by	the	World	Bank	(ICIMOD,	2007).	The	study	102 
identified	particulate	matter	as	the	primary	pollutant	of	concern	and	vehicles	as	the	main	103 
pollution	source.	104 
One	of	the	first	comprehensive	monitoring	campaigns	on	particulate	air	pollutants	in	the	105 
Kathmandu	Valley	was	done	from	2003	to	2005	by	the	Ministry	of	Population	and	106 
Environment	(MOPE)	with	support	from	the	Danish	International	Development	Agency	107 
(DANIDA).	The	annual	averages	of	PM10	levels	were	found	to	be	6-7	times	higher	than	the	108 
WHO	guideline	of	20	µg	m-3.		Giri	et	al.	(2006)	found	particulate	PM10	concentrations	109 
measured	at	roadside	areas	to	be	persistently	higher	than	at	the	background	sites.	110 
Panday	and	Prinn	(2009),	based	on	measurements	during	the	dry	season	of	2004–2005,	111 
noted	a	very	regular	pattern	of	morning	and	evening	peaks	in	PM10	occurring	daily	in	the	112 
valley	bottom,	interspersed	with	low	values	in	the	afternoons	and	at	night.	Panday	et	al.	113 
(2009)	simulated	Kathmandu	Valley’s	meteorology	with	a	mesoscale	meteorological	model	114 
to	understand	airflows	that	affect	pollution	levels.	115 
Another	study	in	2014,	conducted	by	the	Nepal	Health	Research	Council	(NHRC),	found	116 
that	annual	average	PM2.5	levels	were	approximately	five	times	higher	than	the	WHO	117 
guideline	of	10	µg	m-3	(Srijan	Lal,	2018).	The	study	also	revealed	distinct	annual	and	daily	118 
variability:	Particulate	pollution	levels	were	almost	four	times	higher	(70-80	µg	m-3)	in	the	119 
dry	seasons	compared	to	the	wet	seasons.	The	average	daily	curve	was	characterized	by	a	120 
primary	peak	in	the	morning	and	a	secondary	peak	in	the	late	evening	(Srijan	Lal,	2018).		121 
Gurung	and	Bell	(2012)	investigated	personal	exposure	to	PM2.5	and	found	extremely	high	122 
values	(hourly	maximum	>	500	µg	m-3)	for	traffic	police	officers	in	Kathmandu	during	123 
morning	rush	hours	(8	AM	-11	AM).		124 
Based	on	measurements	at	an	urban	location	of	Kathmandu	Valley	from	May	2009	to	April	125 
2010,	Sharma	et	al.	(2012)	concluded	that	the	lowest	concentration	of	black	carbon	was	126 
found	during	the	monsoon	and	post-monsoon	seasons.	Analyzing	diurnal	variations,	they	127 
found	peaks	around	9	AM	and	8	PM	local	time	and	minima	typically	occurring	in	the	128 
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afternoons.	Based	on	the	data	recorded	and	modeled	in	the	SusKat-ABC	international	air	129 
pollution	measurement	campaign	(2012-2013),	Putero	et	al.	(2015)	investigated	aerosol	130 
levels	at	Paknajol	in	the	city	center	of	Kathmandu.	They	concluded	that	the	diurnal	131 
behavior	of	black	carbon	and	aerosol	number	concentration	is	mainly	dependent	on	local	132 
pollution	sources.		133 
Shakya	et	al.	(2017)	measured	hourly	average	PM2.5	concentrations	in	the	vicinity	of	six	134 
major	road	intersections	in	the	Kathmandu	Valley	and	observed	levels	up	to	almost	800	µg	135 
m-3	with	5	min	maxima	reaching	above	1000	µg	m-3	during	spring	2014.	Islam	et	al.	(2015)	136 
analyzed	pre-monsoon	air	pollution	levels	in	the	Kathmandu	Valley	as	part	of	the	Nepal	137 
Ambient	Monitoring	and	Source	Testing	Experiment	(NAMaSTE)	and	found	daily	average	138 
PM2.5	concentrations	ranging	between	30	to	207	µg	m-3	during	a	2-week	measurement	139 
campaign	in	April	2015.	Mues	et	al.	(2018)	simulated	the	meteorology	and	black	carbon	140 
concentrations	in	the	Kathmandu	Valley	based	on	the	Weather	Research	and	Forecast	141 
(WRF)	model.	A	recent	study	reported	cancer	causing	asbestos	materials	in	the	dust	142 
collected	from	core	areas	of	Kathmandu	(Neupane	et	al.,	2020).	Sadavarte	et	al.	(2019)	143 
provide	a	preliminary	approach	leading	to	an	emission	inventory	for	Nepal.			144 

1.3.	Study	goals	145 

There	have	been	numerous	studies	regarding	the	air	pollution	in	Kathmandu	Valley	for	146 
short	time	scales	(from	months	to	about	years);	however,	little	is	known	about	the	annual	147 
and	decadal	pattern	of	particulate	matter	pollution	in	Kathmandu.	Part	of	the	reason	for	148 
this	is	due	to	the	lack	of	long-term	measurement	data.		149 
This	study	aims	to	assess	and	compare	diurnal,	annual,	and	multi-annual	variability	of	150 
particulate	matter	air	pollution	levels	in	Kathmandu	based	on	available	direct	151 
measurements,	remote	sensing,	and	reanalysis	data	of	existing	data.	We	have	assessed	the	152 
diurnal	and	seasonal	variability	of	the	recent	pollution	levels	in	the	city	and	how	they	can	153 
be	categorized	in	terms	of	their	public	health	impacts.	Given	the	relatively	short	period	for	154 
which	direct	measurements	are	available,	the	assessment	of	the	correlation	between	the	155 
data	sets	will	allow	for	conclusions	on	how	the	pollution	levels	have	changed	over	the	last	156 
decades.	157 
			158 

2.	Data	and	Methods	159 

2.1.	Direct	near-surface	observations	160 

We	 obtained	 the	 in-situ	 measurement	 of	 hourly	 average	 PM2.5	 data	 from	 AirNow,	 a	161 
partnership	of	various	agencies	(within	and	outside	the	U.S.)	with	a	centralized	data	system	162 
(www.airnow.gov).	AirNow	provides	quality-controlled	air	pollution	data	in	Kathmandu	for	163 
two	 locations:	 Phora	 Durbar	 and	 the	 U.S.	 Embassy.	 Given	 that	 both	 sites’	 data	 are	 fairly	164 
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similar,	we	only	used	the	data	of	one	station,	Phora	Durbar,	for	further	analyses.	The	station	165 
is	 located	 in	 central	 Kathmandu.	Hourly	 data	 of	 PM2.5	 concentrations	 are	 available	 since	166 
February	2017.	We	calculated	means	and	standard	deviation	for	hourly,	daily,	and	monthly	167 
values	and	subcategorized	the	results	based	on	the	season	(winter	(December-February),	168 
pre-monsoon	 (March-May),	 summer	monsoon	 (June-August),	 post-monsoon	 (September-169 
November).	It	is	debatable	whether	September	should	instead	be	included	in	the	monsoon	170 
season	as	has	been	done	in	some	studies;	however,	this	differentiation	would	not	affect	the	171 
outcomes	of	 this	study	 in	a	significant	way.	We	evaluated	the	daily	observed	PM2.5	 levels	172 
based	 on	 the	 NAAQS	 (National	 Ambient	 Air	 Quality	 Standards)	 published	 by	 the	 United	173 
States	 Environmental	 Protection	 Agency	 (EPA,	 2016),	 according	 to	 which	 the	 24-hour	174 
primary	 and	 secondary	 PM2.5	 standard	 is	 35	 µg	 m-3.	 The	 annual	 average	 primary	 EPA	175 
standard	is	12	µg	m-3;	the	corresponding	WHO	guideline	value	is	10	µg	m-3.	We	furthermore	176 
classified	the	observed	near	ground	PM	pollution	levels	according	to	the	Air	Quality	Index	177 
(Table	1,	EPA,	2012).		178 

AQI	Category	 AQI	Value	 24-hour	PM2.5	
concentration	
(μg	m-3)	

Good	 0	-	50	 0	-	15.4	

Moderate	 51	-	100	 15.5	-	40.4	

Unhealthy	for	
sensitive	groups	

101	-	150	 40.5	-	65.4	

Unhealthy	 151	-	200	 65.5	-	150.4	

Very	unhealthy	 201	-	300	 150.5	-	250.4	

Hazardous	 >	300	 >	250.5	

	Table	1:		EPA	-	Air	Quality	Index	(AQI)	for	PM2.5	179 

2.2.	Satellite	Data		180 

A	combination	of	satellite	remote	sensing	and	ground-based	observations	has	been	181 
increasingly	used	to	assess	pollution	variability	at	various	scales	(Fylonchyk	et	al.,	2019).	182 
However,	Guo	et	al.	(2017)	pointed	toward	the	difficulty	to	derive	accurate	PM2.5	data	183 
through	satellite	observations	due	to	the	elusive	relationship	between	PM2.5	and	aerosol	184 
optical	depth	(AOD),	which	is	further	complicated	by	meteorological	factors.	Just	et	al.	185 
(2018)	utilized	machine	learning	methods	to	correct	errors	based	on	AOD	data	in	the	186 
Northeastern	USA.		187 
	188 
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Moderate	Resolution	Imaging	Spectroradiometer	(MODIS),	a	key	instrument	in	the	NASA	189 
satellites	Terra	and	Aqua,	measures	emitted	and	reflected	radiances	in	36	spectral	bands	190 
across	visible	and	infrared	spectra	extending	from	0.415	to	14.235	µm	with	variable	nadir	191 
resolution	of	250,	500,	and	1000	m.	It	was	launched	aboard	the	Terra	satellite	in	December	192 
1999,	and	later	aboard	the	Aqua	satellite	in	May	2002.	It	is	well-suited	to	measure	cloud	193 
and	aerosol	properties	(King	et	al.	1992).	Both	MODIS	instruments	are	currently	194 
operational	and	providing	radiance	measurements.	195 
MODIS	aerosol	product	monitors	aerosol	types,	optical	thickness,	mass	concentration,	and	196 
particle	size	distribution	at	10	km	x	10	km	horizontal	resolution	at	nadir	(Tanré	et	al.	1996,	197 
Levy	et	al.	2013).	The	broad	range	of	spectral	bands	of	MODIS	allows	measurements	at	198 
these	different	bands.	During	clear	sky	conditions,	the	radiance	signature	of	aerosols	is	199 
different	from	the	background	molecules,	which	enables	retrieval	of	aerosol	properties	200 
using	radiances	in	various	spectral	bands	(Remer	et	al.	2005).	The	10	km	x	10	km	201 
resolution	is	used	for	the	aerosol	retrieval	instead	of	the	much	finer	native	resolution	of	the	202 
radiance	measurements	because	of	the	need	to	increase	the	signal	to	noise	ratio	(Tanré	et	203 
al.	1996).	204 
In	this	study,	MODIS	Level	2	aerosol	optical	depth	(AOD)	and	aerosol	(column	integrated)	205 
concentration	data	from	2015	to	2019	are	used.	The	Terra	and	Aqua	satellites	overpass	the	206 
Kathmandu	Valley	almost	daily	at	around	10	AM	and	1:30	PM	local	time,	respectively,	207 
allowing	daily	AOD	and	concentration	data,	one	in	the	morning	and	another	in	the	208 
afternoon.	Aerosol	data	are	not	available	during	overcast	conditions.	This	results	in	the	209 
availability	of	very	few	daily	measurements	during	the	summer	monsoon	season.	210 
	211 
The	aerosol	data	over	the	Kathmandu	Valley	are	derived	from	the	closest	10	x	10	km	212 
MODIS	aerosol	pixel.	If	the	data	are	not	available	at	the	nearest	pixel,	the	average	of	3x3	213 
and	5x5	aerosol	pixels	is	taken	into	consideration	and	averaged	to	represent	the	aerosol	214 
concentration	over	Kathmandu.	The	monthly	averages	are	calculated	using	available	daily	215 
values	for	each	month	in	the	five	years	from	Jan	2015	through	Dec	2019.		216 
	217 

2.3.	Reanalysis	Data		218 

In	addition	to	in-situ	measurements	of	PM2.5	and	the	MODIS	data,	we	utilized	reanalysis	219 
data	to	investigate	how	the	coarser-resolution	gridded	data	capture	the	pollution	over	220 
South	Asia	and	particularly	in	Kathmandu,	Nepal.	For	that	purpose,	we	used	two	reanalysis	221 
data	sets:	CAMS	and	MERRA-2.		222 
	223 
The	Copernicus	Atmosphere	Monitoring	Service	(CAMS,	Inness	et	al.,	2019)	atmospheric	224 
composition	(A.C.)	dataset	is	produced	by	the	European	Center	for	Medium-Range	225 
Forecasting	(ECMWF,	Fleming	et	al.,	2017;	Inness	et	al.,	2015).	CAMS	reanalysis	data	226 
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capture	several	aerosols	and	pollutants	in	four-dimensions	with	a	spatial	resolution	of	227 
0.7o×0.7o.	CAMS	data	are	available	from	2003	to	2019	at	a	three-hour	temporal	resolution.	228 
Since	observational	data	are	collected	only	for	a	limited	period	in	Kathmandu	(only	three	229 
years),	they	cannot	be	utilized	meaningfully	for	trend	analyses.	The	reanalysis	data	can	230 
informational	gap	if	they	are	well-aligned	with	the	observational	data.	231 
For	comparison	with	the	surface	observations,	we	analyzed	monthly	PM2.5	levels	from	232 
CAMS.	To	our	best	knowledge,	CAMS	PM2.5	data	have	not	been	validated	with	near-surface	233 
observations	in	the	region.	Therefore,	we	aim	at	investigating	how	the	seasonal	and	diurnal	234 
pollution	variations	based	on	the	CAMS	data	compare	to	the	near	ground	observations	and	235 
whether	CAMS	data	can	indeed	be	used	with	confidence	to	examine	pollution	trends.		236 
We	extended	our	analyses	from	Nepal	to	the	South	Asia	region	because	the	highly	polluted	237 
Indo	Gangetic	Plain	is	a	major	source	for	the	transboundary	pollution	transport	to	Nepal.	238 
The	estimation	of	air	pollution	levels	in	Kathmandu	is	based	on	the	nearest	grid	point.			239 

The	Modern-Era	Retrospective	Analysis	for	Research	and	Applications,	Version	2	(MERRA-240 
2),	is	the	updated	version	of	the	National	Aeronautics	and	Space	Administration	(NASA)	241 
latest	reanalysis	for	the	satellite	era	MERRA-1.	MERRA-2	is	based	on	the	Goddard	Earth	242 
Observing	System,	version	5	(GEOS-5),	Earth	system	model,	and	uses	three-dimensional	243 
variational	data	assimilation	Gridpoint	Statistical	Interpolation	analysis	system	(GSI,	244 
Buchard	et	al.,	2017;	Randles	et	al.,	2017).	GEOS-5	is	radiatively	coupled	to	the	Goddard	245 
Chemistry	Aerosol	Radiation	and	Transport	model	(GOCART)	aerosol	model,	which	246 
simulates	five	different	types	of	particulate	matters,	namely	black	carbon	(B.C.),	organic	247 
carbon	(O.C.),	dust,	sea	salt,	and	sulfate.	Aerosol	optical	properties	on	GOCART	are	248 
primarily	based	on	the	Optical	Properties	of	Aerosol	and	Clouds	(OPAC)	database	(Buchard	249 
et	al.,	2017;	Randles	et	al.,	2017).	MERRA-2	incorporates	the	bias-corrected	AOD	from	the	250 
MODIS	Terra	and	Aqua	satellites	as	well	as	from	the	space-based	Advanced	Very	High-251 
Resolution	Radiometer	(AVHRR)	over	the	ocean.	In	addition,	non-bias-corrected	AOD	is	252 
also	incorporated	from	Multi-Angle	Imaging	SpectroRadiometer	(MISR)	over	bright	253 
surfaces	and	from	ground-based	Aerosol	Robotic	Network	(AERONET)	stations.	More	254 
details	about	the	product	validation,	system	evaluation,	emission	inventories,	and	aerosol	255 
assimilation	system	can	be	found	in	the	MERRA-2	evaluation	and	system	descriptions	256 
papers	(Buchard	et	al.,	2017;	Randles	et	al.,	2017).	The	model	resolution	is	0.583o	257 
×	0.6258o	latitude	by	longitude	with	72	hybrid-eta	layers	from	the	surface	to	0.01	hPa.	258 

The	surface	concentrations	of	PM2.5	reported	by	the	MERRA-2	are	calculated	from	five	259 
parameters	as	260 

PM2.5	=	BC	+	1.6	*	OC	+	Dust2.5	+	Sea	Salt2.5	+	1.375	*	SO4	261 

where	BC,	OC,	Dust2.5,	Sea	Salt2.5,	and	SO4	are	the	concentration	of	black	carbon,	organic	262 
carbon,	dust,	sea	salt,	and	sulfate	ions	with	a	diameter	of	less	than	2.5	µm.	Since	the	263 
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GOCART	model	does	not	report	the	nitrate	aerosol	in	the	model,	this	could	underestimate	264 
the	concentration	compared	to	ground-based	measurements.	Like	CAMS,	the	estimated	265 
values	are	based	on	the	nearest	grid	point	of	the	Kathmandu	location.	266 

3.	Results	and	Interpretation	267 

3.1.	Direct	near-surface	measurements	268 

	269 
The	PM2.5	levels	at	Phora	Durbar	followed	a	distinct	annual	cycle	with	a	winter	maximum,	a	270 
summer	minimum,	and	regular	transitions	in	between	(Figure	2).	In	the	winter	months,	the	271 
average	values	are	around	100	µg	m-3;	however,	the	standard	deviation	points	toward	a	272 
considerable	variance	of	the	data.	In	the	summer	months,	the	average	values	are	less	than	273 
30	µg	m-3	with	minima	in	July	and	August	around	17	µg	m-3.	We	observed	a	continuous	274 
increase	in	average	pollution	levels	from	the	summer	minimum	to	the	maximum	in	January	275 
(105	µg	m-3)	and	a	subsequent	decrease	toward	the	summer	months.	276 

	277 
	278 
Figure	2:	Monthly	averages	and	standard	deviations	of	PM2.5	levels	measured	at	Phora	279 
Durbar.	The	column	hatches	symbolize	the	seasons.						280 
								281 
Based	on	the	assumption	that	local	polluting	factors	such	as	high-volume	traffic	and	282 
industrial	activities	do	not	vary	considerably	throughout	the	year,	the	observed	variability	283 
has	to	be	the	result	of	atmospheric	conditions	and/or	long-range	transportation	patterns.	284 
Given	the	location	in	the	Kathmandu	Valley,	it	is	reasonable	to	conclude	that	the	prevalence	285 
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of	lower	atmospheric	inversion	layers,	as	well	as	washout	effects	through	precipitation,	286 
must	have	a	substantial	impact	on	the	near-ground	pollution	levels.	High	precipitation	287 
associated	with	the	summer	monsoon	combined	with	strong	convection	resulting	from	288 
high	temperatures	is	likely	associated	with	the	relatively	low	pollution	levels.	The	dry	289 
winter	season	with	low	temperatures	and	intense	and	persistent	lower	atmospheric	290 
inversion	layers	is	likely	to	result	in	very	high	pollution	levels.							291 
	292 
The	hourly	average	PM2.5	data	also	followed	similar	trends	(Figure	3).	The	differences	293 
between	the	seasons	are	also	clearly	visible	with	decreasing	values	from	winter	to	pre-294 
monsoon,	post-monsoon,	and	summer	monsoon.	The	diurnal	cycle	is	most	pronounced	295 
during	the	high	pollution	winter	season,	although	it	follows	a	similar	pattern	in	all	seasons.	296 
The	primary	maximum	occurs	in	the	morning	around	8	to	10	AM.	Subsequently,	the	levels	297 
decrease	toward	a	minimum	in	the	afternoon	from	around	2	to	4	PM.	In	the	later	afternoon,	298 
numbers	increase	again	toward	a	secondary	maximum	in	the	evening	around	9	to	10	PM	299 
from	when	onward	they	decrease	toward	a	secondary	minimum	in	the	early	morning	300 
around	4	to	5	AM.	301 
During	the	winter	season,	the	primary	morning	maxima	are	around	150	μg	m-3,	the	302 
secondary	late	evening	maxima	are	about	130	μg	m-3,	while	the	afternoon	minima	are	303 
about	50	μg	m-3.	During	the	pre-monsoon	season,	the	primary	morning	maxima	are	around	304 
100	μg	m-3,	the	secondary	late	evening	maxima	are	approximately	70	μg	m-3,	while	the	305 
afternoon	minima	are	about	50	μg	m-3.	During	the	summer	monsoon	season,	the	morning	306 
maxima	are	less	than	40	μg	m-3while	the	minimum	occurs	around	4	AM	at	approximately	307 
15	μg	m-3.	During	the	post-monsoon	season,	the	primary	morning	maxima	are	around	60	μg	308 
m-3,	the	secondary	late	evening	maxima	are	about	50	μg	m-3,	while	the	afternoon	minima	309 
are	approximately	25	μg	m-3.		310 
	311 
	312 
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	313 
	314 
Figure	3:	Season-wise	hourly	variation	of	PM2.5.	(a)	Winter	season,	(b)	Pre-monsoon,	(c)	315 
Monsoon,	and	(d)	Post-monsoon	316 
	317 
The	characteristic	diurnal	course	points	toward	the	pollution	levels	being	strongly	318 
determined	by	local	effects.	Panday	et	al.	(2009)	point	toward	the	results	of	a	mesoscale	319 
meteorological	model	(MM5)	to	simulate	the	Kathmandu	Valley’s	meteorology,	which	320 
explains	the	dynamics	of	the	basin’s	nocturnal	cold	air	pool,	its	dissipation	in	the	morning,	321 
and	the	subsequent	growth	and	decay	of	the	mixed	layer	over	the	valley.	The	primary	322 
maximum	in	the	morning	is	likely	associated	with	the	commencement	of	high-volume	323 
traffic	and	industrial	activities.	As	the	inversion	layer	breaks	up	due	to	stronger	radiation	324 
and	surface	warming	during	the	late	morning,	convection	and	advection	cause	the	pollution	325 
levels	to	decrease	in	the	late	morning	and	the	early	afternoon.	As	traffic	increases	again	in	326 
the	later	afternoon	and	convection	is	reduced	due	to	decreasing	radiation	and	surface	327 
warming	toward	the	evening,	pollution	levels	increase	again	toward	the	secondary	328 
maximum.	Toward	midnight	and	throughout	the	night,	significantly	lower	traffic	and	329 
industrial	activities	result	in	decreasing	pollution.	Panday	et	al.	(2009)	point	toward	strong	330 
pollution	ventilation	taking	place	during	the	afternoon.	The	MM5	simulations	pointed	331 
toward	strong	westerly	winds	ventilating	the	area	through	the	western	passes	and	carrying	332 
pollutants	through	the	eastern	and	southern	passes.	Panday	et	al.	(2009)	further	concluded	333 
that	evening	pollutants	are	lifted	by	converging	katabatic	flows	before	they	sink	back	again	334 
toward	the	surface	in	the	morning.		335 
	336 
Despite	the	substantial	variability	of	daily	values	(see	Figure	2),	the	pollution	levels	in	337 
winter	are	so	high	that	the	threshold	is	exceeded	on	nearly	all	or	all	days	during	these	338 
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months	at	Phora	Durbar	(Figure	4).	Over	80%	of	the	days	during	the	pre-monsoon	season	339 
exceed	the	standards.	The	post-monsoon	season	is	characterized	by	the	highest	variability,	340 
with	exceedances	ranging	from	2%	in	September	to	94%	in	November.	A	sudden	drop	of	341 
exceedances	occurs	from	the	pre-monsoon	season	to	the	summer	monsoon	season.	While	342 
roughly	every	third	day	in	June	is	still	not	meeting	the	standards,	there	are	only	very	few	or	343 
no	days	in	the	other	summer	months	for	which	this	is	true.				344 

	345 
Figure	4:	Monthly	percentage	of	days	exceeding	the	NAAQS	air	quality	standards	at	Phora	346 
Durbar.		347 
	348 
	349 
Figure	5	illustrates	the	frequency	distribution	of	hourly	PM2.5	levels	up	to	300	µg	m-3	in	350 
intervals	of	10	µg	m-3.	As	was	to	be	expected,	the	distribution	has	a	positive	skew.	While	the	351 
highest	frequency	of	cases	(over	15%)	ranges	between	10	and	20	µg	m-3,	there	are	352 
significant	numbers	all	across	the	spectrum.	The	mean	value	of	almost	60	µg	m-3	and	the	353 
median	(44	µg	m-3)	are	significantly	higher	than	the	EPA	or	WHO	standards.	The	first	and	354 
third	quartiles	of	the	distribution	are	23	µg	m-3	and	77	µg	m-3.		355 
Extreme	peak	PM2.5	pollution	levels	in	Kathmandu	are	around	300	µg	m-3,	a	level	that	is	356 
almost	on	the	similar	order	of	magnitude	of	extreme	pollution	levels	found	by	Dhaka	et	al.	357 
(2020)	in	April	2020	in	the	Delhi-National	Capital	Region	(NCR)	(300	-	400	µg	m-3).	It	is,	358 
however,	still	considerably	lower	than	the	levels	Kanawade	et	al.	(2020)	documented	for	359 
stagnant	weather	conditions	in	New	Delhi	in	November	2016,	during	which	the	AQI	360 
exceeded	500,	and	PM2.5	levels	significantly	exceeded	500	µg	m-3.	361 
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	362 

Figure	5:	Histogram	for	the	ambient	concentration	of	PM2.5.	The	red	line	shows	the	annual	363 
WHO	Guideline	Value	(10	µg/m3	for	the	annual	mean)	for	PM2.5	(Data	range	from	1	to	985	364 
µg	m-3)	365 

3.2.	MODIS	Satellite	Data	366 

	367 
Figure	8	provides	mean	seasonal	AOD	for	the	pre-monsoon	season	(March-May)	using	368 
Aqua	MODIS	Level	2	data	from	2015	to	2020.	No	data	are	available	for	Northern	Nepal	due	369 
to	the	cloudiness	associated	with	rising	air	at	the	Himalaya	mountain	range.	Further,	over	370 
bright	surfaces	such	as	deserts	and	snow-covered	mountain	regions,	it	is	difficult	to	371 
retrieve	aerosol	properties	accurately	because	the	radiance	signal	is	dominated	by	the	372 
surface	reflectance.	As	a	result	of	the	spatial	resolution	of	the	data,	potentially	elevated	373 
pollution	levels	in	Kathmandu	cannot	be	identified	in	that	image.	Elevated	AOD	values	are	374 
distinguishable	in	the	highly	industrialized	Indo-Gangetic	Plain	in	northern	India	bordering	375 
Nepal.	Uttar	Pradesh,	with	more	than	200	million	inhabitants,	is	the	most	populous	state	in	376 
India.	Major	urban	industrial	centers	of	the	region	include	New	Delhi,	Lucknow,	and	Patna.	377 
Elevated	pollution	levels	from	that	region	appear	to	be	spilling	over	into	southern	Nepal	378 
and	are	likely	to	affect	Kathmandu	to	some	degree,	even	though	it	is	not	meaningful	to	379 
assess	that	quantitatively	based	on	these	data.	Several	studies	(e.g.,	Bonasoni	et	al.	2010,	380 
Ram	et	al.	2010,	Marioni	et	al.,	2011,	Putero	et	al.,	2015)	have	shown	that	air	masses	from	381 
these	highly	polluted	areas	in	south	Asia	can,	in	fact,	move	to	the	Himalayas.	Mahapatra	et	382 
al.	(2019)	point	toward	a	substantial	increase	in	particulate	loading	in	the	Kathmandu	383 
Valley	and	nearby	background	sites	over	the	past	15	years	based	on	AOD	data.	384 
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	385 

	386 
Figure	8:	Mean	seasonal	AOD	for	the	pre-monsoon	season	(March-May)	using	Aqua	MODIS	387 
Level	2	data	from	2015	to	2020.		388 

	389 
Figure	9	shows	the	monthly	averages	and	maxima	of	MODIS	data	from	2015	to	2019.	Both	390 
data	series	are	mostly	corresponding	and	are	characterized	by	relatively	high	values	from	391 
April	to	July	and	relatively	low	values	for	the	rest	of	the	year.	This	observation	is	not	well	392 
aligned	with	the	conclusion	drawn	from	the	near-surface	measurements	or	the	CAMS	393 
reanalysis	data.			394 
	395 
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		396 
Figure	9:	Column	integrated	MODIS	monthly	average	AOD	and	mass	concentration	over	397 
Kathmandu	based	on	the	data	from	Jan	2015	-	Dec	2019.	The	blue	line	illustrates	the	Terra	398 
(AM)	data;	the	red	line	illustrates	the	Aqua	(PM)	data.		399 
	400 
The	issue	arising	from	comparing	MODIS	based	AOD	data	with	direct	measurements	is	not	401 
new.	One	reason	for	the	difference	in	the	observations	is	related	to	the	fact	that	MODIS	data	402 
are	column	integrated	and	therefore	do	not	only	represent	near-surface	pollution	levels.	403 
Nevertheless,	it	is	not	readily	evident,	why	in	particular	winter	pollution	levels	are	404 
relatively	low.	It	is,	however,	well-aligned	with	the	findings	of	Filonchyk	et	al.	(2019)	for	405 
China,	who	observed	seasonal	AOD	variation	maxima	in	spring	and	summer	and	minimum	406 
in	autumn	and	winter	and	explain	it	with	hygroscopic	growth	of	aerosols,	the	formation	of	407 
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secondary	aerosols	and	pollutants	as	a	result	of	agricultural	biomass	combustion	after	crop	408 
harvesting.	It	is	conceivable	that	this	may	also	be	a	factor	explaining	the	seasonal	variation	409 
of	the	AOD	and	particulate	matter	data	that	were	computed	for	this	study.	Das	et	al.	(2020)	410 
point	toward	the	open	burning	of	crop	residue	as	an	important	source	of	air	pollution	in	411 
Nepal	and	found	that	February	to	May	accounted	for	86.16%	of	the	total	emissions,	with	412 
the	peak	occurring	in	April.	This	finding	is	generally	aligned	with	our	observation	of	413 
monthly	AOD	data.	414 
Jethva	et	al.	(2019)	and	Sembhi	et	al.	(2020)	also	confirm	that	the	agricultural	fire	activity	415 
led	to	a	significant	increase	in	aerosol	loading	over	the	Indo-Gangetic	Plain	over	the	past	416 
decades.		417 
We	conclude	that	the	MODIS	data,	while	being	valuable	for	assessing	total	atmospheric	418 
pollution	data	in	the	region,	are	not	well	suited	to	assess	urban	air	pollution	levels	on	a	419 
smaller	scale	in	the	Kathmandu	Valley.		420 
Filonchyck	et	al.	(2019a)	found	high	AOD	values	in	China	in	the	densely	populated	eastern	421 
regions	with	annual	values	over	0.6.	In	another	study	in	China,	Fylonchyk	et	al.	(2019b)	422 
found	annual	AOD	values	ranging	from	less	than	0.25	in	sparsely	populated	areas	on	the	423 
Tibetan	Plateau	to	over	0.7	in	the	most	populous	regions	with	the	highest	density	of	424 
agricultural	and	industrial	activity.	In	comparison,	the	values	calculated	for	the	broader	425 
region	around	Kathmandu	in	Nepal	are	considerably	lower	throughout	most	of	the	year	426 
except	for	April,	May,	and	June;	however,	as	stated	before,	they	are	not	representative	of	427 
Kathmandu	itself.				428 

3.3.	CAMS	and	MERRA-2	Reanalysis	Data	429 

Figure	10	shows	the	seasonal	average	PM2.5	concentrations	in	India	and	Nepal	based	on	the	430 
CAMS	reanalysis	data	sets.	In	alignment	with	the	observations	based	on	satellite	data,	the	431 
highest	pollution	levels	are	found	in	northern	India,	irrespective	of	the	season.	However,	432 
we	also	observed	a	distinct	seasonal	variation	characterized	by	the	highest	concentrations	433 
in	winter,	somewhat	lower	concentration	in	the	pre-	and	post-monsoon	seasons,	and	the	434 
lowest	concentrations	in	the	summer	monsoon	season.	The	average	wind	vectors	indicate	a	435 
predominantly	western	to	northwestern	airflow	in	the	region	in	the	winter,	pre-monsoon,	436 
and	post-monsoon	seasons.	Particularly	during	winter,	this	may	result	in	the	long-range	437 
transport	of	pollutants	from	the	northern	Indian	hotspots	to	the	Kathmandu	Valley.	This	438 
notion	is	supported	by	the	observation	that	high	pollution	levels	in	northern	India	extend	439 
throughout	southern	Nepal	during	this	season.	It	leads	to	the	conclusion	that	the	extremely	440 
high	levels	in	Kathmandu	during	the	winter	may	be	the	result	of	local	emissions	as	well	as	441 
long-range	transportation.	442 
		443 
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	444 
	445 
Figure	10:	Seasonal	average	PM2.5	concentration	(color	filled	in	µg	m-3)	from	CAMS	446 
reanalysis	data	wind	700	mb	wind	vectors;	a)	winter	season	(December-February),	b)	pre-447 
monsoon	season	(March-May),	c)	summer	monsoon	season	(June-August),	and	d)	post-448 
monsoon	season	(September-November).		449 
	450 
Figure	11	illustrates	the	monthly	variability	of	AOD	based	on	both	reanalysis	datasets.	Both	451 
datasets	are	well-aligned,	showing	a	maximum	in	the	pre-monsoon	and	a	minimum	in	the	452 
monsoon	season.	This	observation	generally	corresponds	to	the	above-mentioned	finding	453 
based	on	the	MODIS	data,	the	latter	showing	only	slightly	higher	values	throughout	the	454 
year.	Therefore,	the	explanation	for	the	annual	variability	of	the	MODIS-based	AOD	data	is	455 
also	valid	for	the	reanalysis-based	AOD	data.	The	interannual	variability	in	the	reanalysis	456 
datasets	is	relatively	high	in	winter	for	the	CAMS	data	and	in	spring	for	the	MERRA-2	data.	457 
The	relatively	low	summer	AOD	values	are	also	characterized	by	small	interannual	458 
variabilities	in	both	datasets.					459 
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	460 
Figure	11:	Box	and	whisker	plot	of	the	monthly	average	AOD	distribution	based	on	17	461 
years	(2003-2019)	of	reanalysis	data	from	CAMS	(black	box)	and	MERRA-2	(red	box).	The	462 
box	represents	the	interquartile	range,	the	horizontal	line	in	the	box	is	the	median,	and	463 
whiskers	represent	the	95th	and	5th	percentile	of	the	data.	464 
	465 
Monthly	averages	and	percentiles	of	the	PM2.5	levels	based	on	the	reanalysis	datasets	are	466 
shown	in	Figure	12.	The	MERRA-2	levels	are	more	or	less	a	reflection	of	the	corresponding	467 
AOD	values.	We	observed	increasing	values	toward	the	pre-monsoon	season	that	are	468 
characterized	by	high	interannual	variabilities.	The	summer	concentrations	are	469 
consistently	low	with	low	interannual	variabilities,	and	an	increase	is	again	noted	in	the	470 
post-monsoon	season.	This	annual	course	has	a	striking	resemblance	with	the	MODIS	data	471 
(Figure	9.)	Similar	to	the	MODIS	data,	MERRA-2	data	appear	to	capture	pollution	levels	at	a	472 
scale	that	is	strongly	influenced	by	pollution	levels	in	the	larger	area	that	are	likely	affected	473 
by	crop	residue	burning	rather	than	the	smaller	scale	urban	pollution	levels	in	Kathmandu.	474 
In	contrast,	the	annual	cycle	of	the	CAMS-based	PM2.5	levels	shows	the	same	characteristics	475 
as	the	ground-based	measurement	data	with	a	distinct	winter	maximum	and	a	summer	476 
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minimum.	It	is	also	noteworthy	that	the	interannual	variability	of	the	CAMS-based	PM2.5	477 
levels	is	relatively	low	throughout	the	year.						478 
		479 

	480 
Figure	12.	Box	and	whisker	plot	of	the	monthly	average	PM2.5	concentration	distribution	481 
based	on	17	years	(2003-2019)	of	reanalysis	data	from	CAMS	(red	box)	and	MERRA-2	482 
(black	box).	The	box	represents	the	interquartile	range,	the	horizontal	line	in	the	box	is	the	483 
median,	and	the	whiskers	represent	the	95th	and	5th	percentile	of	the	data.	484 
	485 
Diurnal	cycles	of	pollution	levels	based	on	the	CAMS	reanalysis	data	are	shown	in	Figure	13	486 
for	the	four	seasons.	During	all	seasons,	we	observed	an	increase	in	pollution	levels	in	the	487 
evening	and	throughout	the	night,	which	corresponds	well	to	the	findings	based	on	the	in-488 
situ	measurements.	However,	the	secondary	peak	during	the	morning	that	stood	out	in	the	489 
measurements	is	not	reflected	in	the	reanalysis	data,	which	are	characterized	by	490 
decreasing	morning	values.	This	observation	points	toward	the	conclusion	that	the	491 
morning	peak	found	only	in	the	measurements	is	a	local	phenomenon	based	on	the	early	492 
morning	traffic	and	the	onset	of	industrial	activities.	The	0.7°	x	0.7°	spatial	resolution	of	the	493 
reanalysis	data	is	too	coarse	to	capture	this	phenomenon.	494 
	495 
	496 
	497 
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	498 
	499 

	500 
	501 
Figure	13:	Diurnal	variation	of	PM2.5	concentration	in	Kathmandu,	Nepal,	during	different	502 
seasons	based	on	CAMS	reanalysis	data.	a)	shows	the	winter	season	(December-February),	503 
b)	shows	the	pre-monsoon	season	(March-May),	c)	shows	the	summer	monsoon	season	504 
(June-August),	and	d)	shows	the	post-monsoon	season	(September-November).	505 
	506 
Figure	14	shows	the	seasonal	and	annual	PM2.5	concentration	trends	in	the	Kathmandu	507 
Valley	based	on	CAMS	reanalysis	data	and	differentiated	by	season.	All	seasons	are	508 
characterized	by	increasing	pollution	levels	from	2003	to	2019,	with	the	highest	increases	509 
noted	for	the	high-pollution	winter	and	post-monsoon	seasons.	For	example,	we	note	a	510 
significant	approximately	15%	increase	during	winter	from	200	to	230	µg	m-3,	which	511 
constitutes	an	average	annual	increase	of	almost	2	µg	m-3.	Even	though	a	differentiated	512 
analysis	of	factors	that	may	have	contributed	to	this	increase	is	not	possible	in	the	513 
framework	of	the	current	study,	it	is	reasonable	to	link	it	to	the	increase	in	traffic	and	514 
industrial	activities	that	occurred	in	the	Kathmandu	Valley.			515 
	516 
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	517 

	518 
Figure	14:	Seasonal	and	annual	PM2.5	concentration	trend	in	Kathmandu	based	on	519 
reanalysis	CAMS	data;	a)	winter	season	(December-February),	b)	pre-monsoon	season	520 
(March-May),	c)	summer	monsoon	season	(June-August),	and	d)	post-monsoon	season	521 
(September-November).	The	dashed	line	in	all	panels	shows	the	linear	trend,	and	the	p-522 
value	is	shown	if	the	trend	is	statistically	significant.	523 
	524 
In	the	following,	we	document	our	approach	to	reconcile	reanalysis	and	ground-based	525 
pollution	levels	statistically.	As	evidenced	by	Figure	15,	the	CAMS	and	ground-based	526 
observation	data	are	highly	correlated.	The	correlation	between	MERRA-2	and	ground-527 
based	observation	data	is	relatively	weak	and,	in	addition,	MERRA-2	is	generally	528 
underestimating	surface	pollution	levels	in	Kathmandu.	This	observation	is	in	line	with	the	529 
findings	of	Navinya	et	al.	(2020),	who	compared	MERRA	data	with	ground-based	530 
observations	in	India	between	2015	and	2018.	531 
	532 
		533 
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	534 
Figure	15:	Comparison	of	CAMS	and	MERRA-2	PM2.5	with	the	ground-based	observation.	535 
	536 
The	comparison	between	monthly	averages	of	direct	measurements	with	the	CAMS	and	537 
MERRA-2	data	is	shown	in	Figure	16.	As	was	to	be	expected	from	the	correlation	538 
coefficients	and	the	previous	considerations	regarding	the	annual	cycles	of	the	data,	the	539 
MERRA-2	pollution	levels	are	generally	not	suitable	to	estimate	near-ground	pollution	540 
levels	in	central	Kathmandu.	The	only	exception	to	this	statement	pertains	to	the	summer	541 
months,	during	which	both	datasets	are	very	closely	aligned.	In	contrast,	even	though	the	542 
CAMS	data	are	overestimating	near-ground	pollution	levels	by	a	considerable	margin,	543 
general	features	of	the	cycles	between	the	datasets	are	well	aligned.	Both	datasets	544 
correspond	very	well	in	terms	of	the	overall	annual	trend	of	the	data.	The	differences	are	545 
most	prominent	during	the	winter	season.	Shortly	before,	during,	and	shortly	after	the	546 
summer	monsoon	season,	the	values	are	aligned	somewhat	better,	even	though	CAMS	is	547 
still	overestimating	the	levels.	548 
	549 
			550 
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	551 
Figure	16:	Monthly	average	PM2.5	concentration	ground-based	observation,	CAMS,	and	552 
MERRA-2	reanalysis	data.	553 
	554 
The	general	alignment	of	seasonal	fluctuations	between	the	CAMS	and	near-ground	555 
observation	data	prompted	us	to	make	a	simple	adjustment	of	the	former	by	using	a	linear	556 
function	to	reconcile	them	with	the	latter.	The	results	are	shown	in	Figure	17.	It	becomes	557 
obvious	that,	following	the	adjustment,	CAMS	data	are	not	only	well	aligned	with	the	558 
observations	in	terms	of	general	fluctuation	features	but	also	in	terms	of	the	magnitude	of	559 
pollution	levels.	Based	on	a	simple	linear	regression	adjustment,	it	is	noteworthy	that	the	560 
coarse-gridded	CAMS	reanalysis	data	appear	to	adequately	capture	the	relatively	small-	561 
scale	urban	pollution	levels.	We	conclude	that	CAMS	may	be	used	to	look	at	long	term	air	562 
pollution	data	in	locations,	especially	smaller	areas,	where	ground	measurement	data	are	563 
not	available.	This	observation	supports	the	notion	that	the	17-year	trends	discussed	above	564 
are	indeed	reflective	of	the	near-ground	pollution	levels	in	Kathmandu	itself.		565 
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	566 
Figure	17:	Monthly	PM2.5	averages	based	on	direct	measurements	(black	line)	and	567 
adjusted	CAMS	data	(red	line)		568 
	569 

4.	Discussion	and	Conclusion	570 

Figure	18	illustrates	the	average	daily	PM2.5	concentrations	in	Kathmandu,	classified	by	the	571 
Air	Quality	Index	(AQI)	categories.	While	the	percentage	of	days	in	the	“very	unhealthy”	572 
category	is	small,	around	37%	of	the	days	are	categorized	as	“unhealthy,”	which	makes	573 
“unhealthy”	the	most	common	class	for	pollution	levels	in	Kathmandu.			574 
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	575 

Figure	18:	Average	daily	PM2.5	concentrations	in	Kathmandu,	classified	by	the	Air	Quality	576 
Index	(AQI)	categories.	577 
	578 
Seasonal	daily	PM2.5	concentrations	in	Kathmandu,	classified	by	the	Air	Quality	Index	(AQI)	579 
categories,	are	shown	in	Figure	19.	During	winter,	the	vast	majority	of	days	(85%)	are	580 
categorized	as	“unhealthy,”	and	even	a	significant	number	of	days	(3.4%)	fall	into	the	worst	581 
category	(“very	unhealthy”).	Only	on	0.4%	of	all	winter	days	can	we	expect	good	582 
conditions,	and	even	“moderate”	pollution	levels	can	only	be	expected	occasionally	(1.9%).	583 
In	terms	of	particulate	air	pollution	exposure,	it	certainly	is	considerably	healthier	to	be	584 
outside	in	summer	when	only	0.7%	of	the	days	are	labeled	“unhealthy,”	and	“very	585 
unhealthy”	days	do	not	occur.	Of	the	two	transitional	seasons,	the	pre-monsoon	season	is	586 
generally	more	dangerous	to	human	health	in	terms	of	particulate	pollution.	45%	of	all	587 
days	in	the	pre-monsoon	season	are	labeled	“unhealthy,”	and	even	“very	unhealthy”	588 
conditions,	while	not	being	common,	occasionally	occur	(1.2%).	The	post-monsoon	season	589 
is	somewhat	better,	with	most	days	being	“moderate”	or	“unhealthy	for	sensitive	groups,”	590 
while	“unhealthy”	days	occur	less	frequently	(16%).		591 
	592 
	593 
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	594 
	595 
Figure	19:	Seasonal	daily	PM2.5	concentrations	in	Kathmandu,	classified	by	the	Air	Quality	596 
Index	(AQI)	categories.	(A	-	winter,	B	-	pre-monsoon,	C-	monsoon,	D-	post-monsoon).	597 
	598 
As	pointed	out	in	the	introduction,	air	pollution	is	one	of	the	greatest	risks	to	human	health	599 
in	many	regions	of	the	world,	including	Nepal.	Numerous	studies	(e.g.,	Greenstone	and	Fan,	600 
2020)	have	demonstrated	the	negative	impact	of	particulate	matter	on	life	expectancy	in	601 
areas	that	do	not	meet	the	WHO	guidelines.	Chen	et	al.	(2013)	and	Ebenstein	et	al.	(2017)	602 
compared	subgroups	of	a	population	that	experienced	prolonged	exposure	to	different	603 
levels	of	particulate	air	pollution	and	were	able	to	plausibly	isolate	the	effect	of	particulate	604 
air	pollution	from	other	factors	that	affect	health.	They	conclude	that	sustained	exposure	to	605 
an	additional	10	µg	m-3	of	PM2.5	reduces	life	expectancy	by	0.98	years.	Based	on	these	606 
studies,	Greenstone	and	Fan	(2020)	infer	that	air	pollution	reduces	the	life	expectancy	of	607 
the	Nepalese	people	by	4.7	years	on	average.	Kathmandu	is	the	biggest	city	in	Nepal	with	608 
an	estimated	2020	population	of	1.4	million	people	(according	to	609 
www.worldpopulationreview.com),	which	is	growing	rapidly.	The	population	of	the	610 
Kathmandu	Valley	was	about	2.5	million	in	2011	census	(unstats.un.org).	Given	these	611 
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numbers,	it	becomes	clear	that	particulate	matter	air	pollution	has	a	devastating	impact	on	612 
the	country	and	its	people.		613 
Adequate	measures	to	address	this	serious	problem	and	reduce	the	exorbitant	pollution	614 
levels	are	urgently	needed.	To	develop	meaningful	strategies	to	that	end,	further	studies	615 
focusing	on	the	high-resolution	spatial	distribution	of	particulate	matter	air	pollution	in	the	616 
city	and	the	Kathmandu	Valley	are	needed.	617 
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