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What is atmospheric aerosols??


• Primary	aerosols	–	emi:ed	directly	into	the	atmosphere	as	par<cles	
or	droplets	

•  Secondary	aerosols	–	formed	in	the	atmosphere	through	nuclea<on	
(new	par<cle	forma<on)	and/or	condensa<on	on	exis<ng	par<cles	

	



What	is	the	sources	of		
natural	atmospheric	aerosols?	

The	oceans;	66	%	of	the	
Earth	surface	
	
The	arid	areas,	semiarid	
to	hyperarid	37%	global	
land	area	
	
The	ecosystems,	e.g.	
the	forests	that	cover	
about	30%	of	global	
land	surface	and	the	
marine	ecosystem	in	all	
the	oceans	
	



Global aerosol sources (Tg/y) 

Andreae	et	al.,	2005	





A breaking wave seen 
through a camera 
 
 
 
 
The breaking wave entrain 
air into the water, forming a 
bubble cloud 



bubble clouds 



Resch	et	al.	



The established conceptual model: 
There are Jet and Film drops and that form large and 

small particles respectively 





Monahan	1971	

41.3
10

41084.3 UxW −=

Whitecap 
cover 
increse 
with the 
wind 
speed 



Merkulova	et	al.,	2018,	Atmosphere	
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	Salter	et	al.,	Atmos.	Chem.	Phys.,	2015		

	
The	solid	lines	represent	the	DMPS	measurements		
(Dp	<	0,7	μm	electrical	mobility	diameter),		
while	the	dashed	lines	show	the	OPS	data	(Dp	>	0:35	μm	
op<cal	equivalent	diameter	when	m	=	1:54-0i).	
	

Laboratory	experiment	simula<ng		
breaking	waves	with	ar<ficial	sea	water	
at	different	temperatures	(-1	to	+30	C)	

Number	size	distribu<on	

Surface	size	distribu<on	

Volume	size	distribu<on	
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D.	Nilsson,	pers	com.	

When	hea<ng	the	
natural	sea	spray	
par<cles,	many	
disappear	or	they	
shrink.		
	
What	is	vaporized?	

heated 

Total 



		
		

? 

Is the internal/external mixing a result of the initial 
source processes? How? 



What is happening with the droplet when 
injected into the air.

• Will	it	raise	to	higher	al<tudes?	How	big	is	it?	
•  It	will	dry,	but	does	it	form	solid	crystals?	
•  Interac<on	with	gases,	what	gases?	
• Don’t	forget	the	marine	ecosystem,	emits	pre-cursor	gases	(DMS)	and	
microorganisms	

The	oceans	is	not	a	uniform	pool	of	water	and	the	sea	spray	par<cles	
are	shaped	by	a	complex	set	of	processes		



	Charlson,	Lovelock,	Andreae,	Warren	



Summary on sea spray


•  The	largest	global	source	
•  Several	forma<on	mechanisms,	jet	droplet,	film	droplet	and	tail	droplets	
•  Number	dominated	by	fine	droplets,	mass	by	large	droplets	
•  Depend	on	salinity,	temperature,	windspeed	and	probably	surface	film	
(surface	tension	and	viscosity)	

•  Contain	more,	e.g.	organics,	than	sea	salt	
•  Chemical	mixture	in	the	droplets	different	due	to	forma<on	mechanism	
•  Gas	absorp<on	in	the	droplet,	liquid	phase	reac<on	
•  Source	strength	very	difficult	to	es<mate,	(AeroCom	show	factor	10)	



Global aerosol sources (Tg/y) 

Andreae	et	al.,	2005	

Dust	





This	true-color	image	of	northwestern	China’s	Taklimakan	Desert	from	Suomi	NPP	shows	a	dust	cloud	over	a	light	
background.	The	Taklimakan	is	among	the	handful	of	well-known	dust-producing	regions	around	the	globe.	





Schema<c	of		
interac<ons	
between	dust	and	
climate	and	
biogeochemistry.	

Mahowald et al., 
Aeolian Research,

 15, 2014 
	
	



Compila<on	of	measurements	of		
the	volume	(A)	and		
number	(B)	dust	size	distribu<on	at	
emission.		
	
	
	
	
Measurements	by	Gille:e	and	colleagues	(
Gille:e,	1974,	Gille:e	et	al.,	1972,	Gille:e	et	al.,	1974)	
used	op<cal	microscopy,	and	were	taken	in	Nebraska	
and	Texas.	Conversely,	measurements	by	
Fra<ni	et	al.,	2007,	Sow	et	al.,	2009,	and	
Shao	et	al.	(2011a)	used	op<cal	par<cle	counters.	These	
measurements	were	made	in	China,	Niger,	and	
Australia,	respec<vely.	All	measurements	were	
normalized	following	the	procedure	described	in	
Kok	(2011b).		

Mahowald et al., Aeolian Research, 15, 2014 
	
	



	M.	As<tha	et	al.,	Atmos.	Chem.	Phys.,	2012	
	



Annual	mean	dust	concentra<ons	
from	the	simula<on	of	year	2000	
compared	to	measured	mul<-annual	
means	at	24	sta<ons.	
	
The	colours	correspond	to	the	
loca<on	of	each	sta<on.		
E-Pacific=red,		
W-Pacific=orange,		
S-Africa=blue,		
Atlan<c=green,		
Australia=yellow,		
Asia=pink,		
S-Ocean=grey		
	
The	do:ed	lines	denote	the	1	:	10	to	
10	:	1	range.	
	 	M.	As<tha	et	al.,	Atmos.	Chem.	Phys.,	2012	
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Observa<on	 Observa<on	



What about the dust in the atmosphere?


•  Source	strength	and	atmospheric	burden	very	difficult	to	es<mate	
• A	minor	amount	of	the	mass	but	more	than	half	of	the	number	is	
found	in	the	deposited	long	range	transported	dust	clouds.	

•  Exposed	to	gases	incl	water	vapor	
•  Easy	to	see	from	space,	i.e.	strongly	affect	the	radia<on	balance	
•  Important	ice	nuclei,	important	in	inducing	precipita<on	
• Does	it	bring	any	microbes?	
• Can	contribute	substan<ally	to	deposi<on	of	nutrients	to	far	away	
ecosystems	



Global aerosol sources (Tg/y) 

Andreae	et	al.,	2005	

Biomass	burning	



- Time series of aerosol opFcal depth for several sites in Amazonia from 2000 to 
2019 measured with AERONET sun photometers. 





Time series of AOD at 500nm from 1997 to 2018 for 4 AERONET sites in the 
Canadian boreal forest region: Waskesiu, Thompson, Pickle Lake and Chapais. AOD 
values larger than 2 were observed during almost all years. 





Time series of aerosol opFcal depth from 2005 to 2018 for 3 AERONET staFons over 
Eurasian Boreal forests: Yakutsk, Yekaterinburg and Tomsk. 




Amazonas	 Canada	 Russia	

Groundbased	AOD	measurements	from	three	major	forested	areas	



Andreae,	
Atmos.	Chem.	Phys.	Discuss	
2019	



Andreae,	
	Atmos.	Chem.	Phys.	Discuss	
2019	



Natural sources??


Non-zero,		
but	very	low		

popula<on	density		
=	

Small	anthropogenic	contribu<ons	

•  Cleanest	possible	sectors	
selected	(W-N)	

•  Trajectories	describing	
transport	within	sectors	
more	than	90%	of	the	<me	
selected	



DistribuFon of trajectories


Värriö	and	Pallas	 Hyy<älä	

~4500	observa<ons	 ~5200	observa<ons	



Mass evoluFon and emi]ed terpenes

•  Be:er	agreement	between	northerly	and	
southerly	sta<ons	using	emi:ed	terpenes	as	
variable	

	
•  0.074	μg*m-3*μgterp-1	*m-3		Hyy/älä	
•  0.075	μg*m-3*μgterp-1	*m-3		Vär.	&	Pal.	
	

•  Assuming	that	life<mes	of	terpenes	are	short	(e.g.	
Hakola	et	al.,	2003)	à	frac<on	of	reacted	
terpenes	found	in	the	par<cle	phase:	an	indirect	
measure	of	the	yield	

	However:	only	”apparent	yield”	since	we	
omit	sinks	and	possibly	other	sources	of	aerosol	

mass	

However	an	offset	
Why?	



Es<mated	regional	average	size	
distribu<on	resul<ng	from	needle	
leaf	forest	sources	alone	over	the	
northern	Fenno	Scandinavian	
region.		
	
Solid	line	represents	the	typical	
size	distribu<on	at	current.		
	
Increase	of	temperature	by	1.4◦	
(+-signs),	5.8◦	(do:ed)	and	8◦	
(dash–do:ed).	considered.	
	

Tunved	et	al.,	2008,	Tellus	B	



Conceptual	overview	of	
terrestrial	carbon	cycle	–	

chemistry	–	climate	interacFons	

Arneth	et	al.,	2011	 Kulmala	et	al,	2013	



What about the biogenic source?


•  Source	strength	and	atmospheric	burden	very	difficult	to	es<mate	
• Very	many	different	compounds,	primary	par<cles	and	precursor	
gases	emi:ed	to	the	atmosphere.	

•  Important	components	in	the	atmospheric	chemistry	
• Organics	dominate!	
• Dominated	by	secondary	aerosol	and	fine	par<cles.	
•  Feedback	loops	



IPCC,	2014	

Our	knowledge	on	natural	sources	is	quite	limited!	



Carslaw	et	al.,	2013,	Nature	

Es<mated	contribu<on	to	
the	uncertainty	in	aerosol	
climate	forcing	

Which	natural	aerosol	source	is	the	”most”	important?	



Thank	you	all	for	your	a:en<on	
	
	

See	you	Wednesday		
Same	<me	and	same	place	



ArcFc aerosols


	
Pris<ne	areas,	do	they	exists?	



45	

Zeppelin	sta<on,	Ny	Ålesund,	Svalbard	





Annual	average	varia<on	of	median	and	mean	
integrated	number	concentra<on	per	month	March	
2000–March	2010.		
	
25–75th	percen<le	ranges	indicated	by	ver<cal	
“error	bars”.	
	

Annual	average	varia<on	of	integrated	surface	and	
mass,	March	2000–March	2010.		
	
Mass	data	calculated	from	aerosol	number	size	
distribu<on	assuming	a	density	of	=	1	g	cm−3.	25–
75th	percen<le	ranges	indicated	by	errorbars.	
	 Tunved	et	al.,	ACP,	2013	



Spectral	plot	of	daily	average	
aerosol	number	size	distribu<ons,		
March	2000–December	2010.		
	
Units	on	x-axis	as	day	of	year.	
	 Tunved	et	al.,	ACP,	2013	

Monthly	median	of	accumulated	
precipita<on	experience	
by	trajectories	arriving	at	Svalbard	
during	the	period	of	2000–2010.	



Example	of	an	Arc<c	nuclea<on	
event	as	observed	7	May	2008.		
	
dN/dlogDp	(cm−3)	versus	
decimal	day	of	year	(D.O.Y.).	
	

Tunved	et	al.,	ACP,	2013	



Tunved	et	al.,	ACP,	2013	

Evolu<on	of	aerosol	number	size	distribu<on	as	a	func<on	of	
accumulated	precipita<on	(mmtot)	along	240	h	trajectories.		
	
Data	are	shown	binned	over	a	step	size	of	0.5mmtot,	and	the	
corresponding	size	distribu<ons	over	this	ranges	of	
precipita<on	is	presented	as	median	values.	
	

Submicron	aerosol	mass	(10–630	nm;	1	g	cm−3)	as	a	
func<on	of	accumulated	precipita<on	along	the	
trajectories.	All	data	collected	between	2000	and	
2010.	
	
Data	are	shown	as	25–75th	percen<le	ranges	per	bin	
(solidlines)	and	median	(circles).		
	



Tunved	et	al.,	ACP,	2013	

Evolu<on	of	aerosol	number	size	distribu<on	
as	a	func<on	of	accumulated	precipita<on	
(mmtot)	along	240	h	trajectories	for	the	sunlit	
period	(March–September).	Data	from	2000–
2010.	
	

Evolu<on	of	aerosol	number	size	
distribu<on	as	a	func<on	of	accumulated	
precipita<on	(mmtot)	along	240	h	
trajectories	for	the	dark	period	(October–
February).	Data	from	2000–2010	
	

Dark	period	 Sunlit	period	



Is the nucleaFon parFcles a natural source?


• Where	do	the	precursor	gases	come	from?	
•  The	Arc<c	sea?	
•  The	Arc<c	ecosystem?	
•  Subsiding	long	distant	transported	gases	from	the	con<nents?	



ArcFc sources and sinks


•  Seasonal	varia<ons	in	size	reveal	different	source	processes	
•  Long	distant	transport	can	be	facilitated	by	meteorology	
• Precipita<on	dominate	deposi<on	process	
•  Sink	processes	can	induce	forma<on	processes	
•  The	nuclea<on	observed	is	probably	natural	but	how	is	s<ll	unclear	





The Primary Marine  
Aerosol Source 



(a)  Aerosol	number,		
(b)  surface	area,	and		
(c)  volume	for	a	typical	trimodal	aerosol	distribu<on	
		
	
Abbrevia<ons:		
CCN,	cloud	condensa<on	nuclei	(red);	
IN,	ice	nuclei	(blue);		
SW	AOD,	shortwave	aerosol	op<cal	depth	(brown);		
LW	AOD,	longwave	aerosol	op<cal	depth	(purple);	and	
BGC,	biogeochemically	relevant	species	(green).		
	
Solid	boxes	represent	only	size-dependent	processes,	and	
the	outlined	boxes	represent	the	part	of	the	impact	that	is	
composi<on	dependent.	

Mahowald et al., Aeolian Research, 15, 2014 
	
	


