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Abstract

Arctic aerosols affect cloud properties and climate. However, the magnitudes and mechanisms are uncertain, as are how aerosol-

cloud relationships might change in a rapidly warming environment. We assessed some of the complex relationships between

aerosols, surface, and meteorology in the relatively pristine summertime Arctic and quantified resulting impacts on clouds using

CloudSat/CALIPSO data, AIRS relative humidity and temperature, plus MERRA-2 aerosol and meteorological reanalysis

products. In line with previous studies, dust aerosol layers over the summertime Arctic sea ice are associated with icier clouds.

However, summertime dust-associated cloud glaciation is uncommon at temperatures >-10 ºC and not likely at lower altitudes

in the summer. We use DMS concentrations as a proxy for marine new particle formation. When DMS is elevated, open ocean

clouds near the surface (0.6-1.5 km) are up to 12% more prevalent. These findings allow us to make some educated guesses

about where key processes are occurring, such as ice nucleation from dust, and to more effectively prioritize aircraft targeting

in future field campaigns, such as ARCSIX.
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Background Preliminary Conclusions

Arctic aerosols affect cloud properties and 
climate, and others have shown Arctic 
aerosols are associated with cloud 
glaciation1,2,3. However, the magnitudes and 
mechanisms are uncertain, as are how 
aerosol-cloud relationships might change in 
a rapidly warming environment. We 
assessed some of the complex relationships 
between aerosols, surface, and meteorology 
in the relatively pristine summertime Arctic 
and quantified resulting impacts on clouds.

METHODS

We used CloudSat/CALIPSO data, AIRS RH 
and T, plus MERRA-2 aerosol and 
meteorological reanalysis products. These 
resources provide immense amounts of 
long-term vertically-resolved information 
that we can stratify into fine meteorological 
bins to:

The CLDCLASS-LIDAR V5 product provides 
cloud phase, prevalence, and thickness. 
Phase is based on ECMWF cloud base and 
top temperatures, lidar attenuation 
magnitude and slope, and radar reflectivity. 

MERRA-2 black carbon (BC), organic carbon 
(OC), and mineral dust aerosols were 
validated in Zamora et al., 2022. Model dust 
correlates poorly with CALIPSO dust below 
1 km in FLEXPART and below 4 km in 
MERRA-2.

Preliminary Results

Top left: Cloud data are binned into RH, T, and lower tropospheric stability (LTS) 
groups (flattened to just show RH and T here). Cloud differences between average 
conditions and background dust aerosol conditions vary with meteorological factors, 
e.g., T.   Blue points indicate that clouds with elevated aerosols are more likely be in 
mixed or ice phases than clouds in background conditions. Dot sizes are related to 
sample number in the bin; points with Wilcoxon rank test p>0.05 (i.e., low 
confidence) not shown. 

Top middle: On average, dust aerosols are associated with changes in cloud iciness, 
based on the weighted mean of cloud differences from background in each 
meteorological bin, also weighted by how commonly each condition occurs. Effects 
are somewhat different over sea ice, open ocean, and land.

Top right: Results depend on aerosol type, and on aerosol model used.

In line with previous studies, dust aerosol 
layers over the summertime Arctic sea ice 
are associated with icier clouds, at least 
between 2.5-4.5 km; at cold conditions 
present at 3.5-4.5 km, up to ~6% clouds 
transition to an icier phase when dust 
levels are elevated relative to background 
levels. However, summertime dust-
associated cloud glaciation is uncommon 
at temperatures > -10 ºC and not likely at 
lower altitudes in the summer.

We use DMS concentrations as a proxy for 
marine new particle formation. When 
DMS is elevated, open ocean clouds near 
the surface (0.6-1.5 km) are up to 12% 
more prevalent.

Note: the system is very noisy; results only 
apply to statistically large samples, and 
not necessarily to individual clouds. Work 
is ongoing and will benefit from further 
aerosol model validation and 
improvement. 

These findings allow us to make some 
educated guesses about where key 
processes are occurring, such as ice 
nucleation from dust, and to more 
effectively prioritize aircraft targeting in 
future field campaigns, such as ARCSIX.

In summary, MERRA-2 and FLEXPART can help us make new hypotheses 
and understand Arctic aerosols at high altitudes

Zamora, et al.: Atmos. Chem. Phys., 2022. 

Work supported by the NASA ACMAP, ARCSIX & CCST programs
lauren.m.zamora@nasa.gov

- Impacts of mineral dust aerosols on Arctic ice 
particle formation may be highest over Siberia in 
the winter

- Except for a few places, secondary marine 
aerosols may not be large sources of cloud 
condensation nuclei (CCN) in the Arctic

We will apply results to upcoming ARCSIX 
aircraft campaign, summer 2024

Work supported by the NASA CCST and ARCSIX programs. We 
thank the dataset providers.
lauren.m.zamora@nasa.gov
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	 z    Motivation    Conclusions 

   Methods 

   Results 

I.   Arc%c	Ocean	cloud	proper%es	were	taken	during	
2008-2009:		

The	Arc%c	 is	warming	 at	 twice	 the	 rate	 of	most	 other	
loca%ons	 on	 the	 planet.	 We	 s%ll	 cannot	 well-predict	
future	 regional	 changes,	 in	 part	 because	 of	 a	 poor	
understanding	of	how	Arc%c	aerosol-cloud	interac%ons	
affect	 cloud	 frac%on	 and	 other	 cloud	 proper%es,	 and	
thereby	 the	 radia%on	 budget.	 Before	 now,	 model	
simula%ons	associated	with	high	uncertain%es	were	the	
primary	 source	 for	 regional	 es%mates	 of	 aerosol	
microphysical	 effects	 on	 Arc%c	 cloud	 frac%on.	 In	 this	
study	 we	 use	 remote	 sensing	 observa%ons	 to	
characterize	 nighIme	 Arc%c	 cloud	 frac%on	 and	 its	
rela%onship	 to	 the	 presence	 of	 combus%on-derived	
aerosols.			

	
Cloud	observa%on	criteria:	
	
-  NighIme	(to	reduce	confounding	direct	and	

semi-direct	effects)	
-  Cloud	base	>	0.6	km	above	surface	(to	reduce	

errors	from	ground	cluPer	below	that)	
-  Clean	clouds	only:	FLEXPART	modeled	BC	<	30	

ng	m-3	(other,	non-clean	clouds	had	no	BC	
criterion)	

II.   Aerosol	microphysical	effects	on	clouds:	

CloudSat	
data	

• Cloud	phase	
• Cloud	frac%on	
• Cloud	base	and	top	heights	

	
NSIDC	passive	
microwave	

data	

• Surface	type	(sea	ice	vs.	open	ocean)	

MERRA-2	
model	

• Modeled	atmospheric	temperature	

I.			Aerosols	affect	Arc%c	Ocean	cloud	frac%on;	the	effect	switches	sign	above	2-4	km,	where	ice-phase	clouds	dominate	
	

II.   At	0.6-1.5	km	(the	al%tude	with	highest	aerosol	levels	and	most	diverse	cloud	phases	in	the	study),	combus%on	aerosol	effects	differed	by	cloud	phase	and	aerosol	concentra%on	
(similar,	but	less	extreme	results	were	seen	at	higher	al%tudes	with	colder	temperatures):	

Requires:		
•  Correct	iden+fica+on	of	clean	condi+ons	
•  A	large	sample	size	approxima8ng	the	full	spectrum	of	

environmental	condi8ons	
	

Nearly	all	strong	
modeled	aerosol	layers	
(BC	>	150	ng	m-3)	were	
observed	by	CALIPSO;	
However,	CALIPSO	
cannot	detect	very	
dilute	aerosol	layers,	
which	makes	it	difficult	
to	validate	the	model	
well	at	low	aerosol	
concentra%ons.	

This	metric:	
•  Directly	relates	to	observable	surface	effects	
•  Is	likely	to	be	more	accurate	than	current	models	
•  Does	not	explicitly	exclude	meteorological	co-varia%on	-	

but,	averaging	over	regional	scales	reduces	these	effects	

K!
Average!cloud!properSes!

This!metric:!
a)  Does!not!explicitly!exclude!meteorological!coKvariaSon!
b)  Does!relate!to!observable!surface!effects.!

Average!cloud!properSes!for!clean!clouds!

=!Aerosol!net!indirect!effect!on!systemK
wide!cloud!properSes.!!!

≈	Aerosol	cumula%ve	regional	microphysical	effect	on	cloud	
proper%es		

Zamora	et	al.	(2017),	Atmos.	Chem.	&	Phys.	
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Figure 2: Based on CALIPSO Arctic profiles under non-cloudy conditions, we compare a) the expected fraction and b) 
possible maximum fraction of false negatives (aerosol present but not detected) for the combustion tracer, black carbon 
(BC, ng C m-3). The expected fraction of false negatives in panel a) was determined by comparing binned out-of-cloud 5 
2008 ARCTAS-A and -B BC concentrations with the fraction of the total number of samples between 1-5 km that had 
converted backscatter values (Mm-1 sr-1) above the CALIPSO clear-sky nighttime backscatter detection limit from 
Winker et al. (2009) (see text for more details). Possible maximum false negative values in panel b) were determined by 
comparing the FLEXPART model’s median BC concentrations between 0-10 km with the fraction of the total CALIPSO 
profiles under non-cloudy conditions during January, 2008 where aerosols were not detected. The clean cut-off below 10 
which air is taken as “clean” is assumed to be 30 ng BC m-3. 
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Changes	largest	in	spring	
over	sea	ice		

Over	sea	ice	,	CF	was	
~2%	higher	in	clean	
condi%ons	compared	to	
all	condi%ons*.	
	
But	effects	depend	on	
aerosol	levels	and	cloud	
phase	(ice	CF	increases	
while	liquid	and	mixed-
phase	CF	decrease):	

Over	open	ocean,	CF	
was	~1%	higher	in	
clean	condi%ons	
compared	to	all	
condi%ons*.	
	
Phase	effects	are	not	
as	strong	as	over	sea	
ice.	

Condi%ons:	
Clean	
All	

Frac%on	
of	total	
clouds	

	
During	 polar	 night,	 combus%on	 aerosols	 are	 associated	
with	changes	in	cloud	frac%on,	especially	over	sea	ice	
	

•  Going	from	about	2.5	up	to	4	km,	cloud	frac%on	in	all	
clouds	shijs	from	being	smaller	to	larger,	rela%ve	to	
clean	clouds.	This	effect	is	most	pronounced	over	sea	
ice,	and	in	spring	

•  On	average,	aerosol-impacted	processes	in	ice-phase	
clouds	 increase	 cloud	 frac%on	 (despite	 decreases	 in	
liquid-	and	mixed-phase	clouds)	

•  Enhanced	effects	over	sea	ice	may	be	due	in	part	to	a	
more	stable	atmosphere,	the	very	long	cloud	life%me	
over	 sea	 ice,	 and	 coincident	 %ming	 of	 maximum	
winter/spring	 aerosol	 concentra%ons	 and	 sea	 ice	
extent	

Are	 combus8on	 aerosols	 ac8ng	 as	 ice	 nuclea8ng	
par8cles	at	cold	Arc8c	temperatures?	

Future	work:	
	
-  Explore	whether	the	observed	decrease	 in	 liquid-	and	

mixed-phase	 clouds	 in	 combus%on	 aerosol-impacted	
condi%ons	 is	 related	 to	 enhanced	 precipita%on	
(indica%ng	 that	 aerosols	 might	 facilitate	 the	
conversion	 of	 liquid	 droplets	 to	 ice	 par%cles,	 which	
then	 precipitate,	 leading	 to	 the	 observed	 reduced	
cloud	frac%on	at	lower	al%tudes).	

Es%mated	 false	 nega%ves	 (red)	 ≈	 when	 a	 CALIPSO	 aerosol	
layer	 is	 observed	where	model	 BC	 ≤	 30	 ng	m-3.	 	 These	 are	
very	 approximate	 because	 the	 rela8onship	 between	
aerosol	layer	thickness	and	modeled	BC	levels	is	uncertain.	

Aerosol	layer:	
	≥	10%	of	model	
bin	
	
	
≥	90%	of	model	
bin	

	0.6-1.5	km						1.5-2.5	km										2.5-4	km											4-6	km														6-8.5	km		

Spa%al	biases	in	the	model,	indicated	by	clustering	of	false	
nega%ves/posi%ves,	was	minor	at	most	al%tudes,	except	
between	0.6-1.5	km.	Thus,	comparisons	between	open	ocean	
and	sea	ice	are	fairly	robust.	Errors	are	highest	at	this	lower	
al%tude.	

III.			The	aerosol	transport	model	was	validated	with	nighIme,	cloud-free	CALIPSO	profiles:	

z 
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*	The	above	results	are	significant	(p<0.05),	based	on	a	Wilcoxon-rank	sum	test	

*	

*	 *	
Aerosols	can	change	cloud	par%cle	sizes,	phase,	nuclea%on	
ability,	etc.	

Black	Carbon	(BC)	was	used	as	a	proxy	for	combus%on	
aerosols,	although	these	could	also	include	organic	carbon.	

There	is	a	al%tudinal	shij	
in	the	es%mated	aerosol-
driven	effect	on	cloud	
frac%on	

• Cloud phase
• Cloud base/top

• Sea ice vs. open ocean

• Meteorological and aerosol data

Cloud observation criteria:
• Cloud base > 0.6 km 
• Clean clouds: lower 25% of 

aerosol data in top 5 km

Cloud “iciness” scale: 
• 100% for icy clouds
• 50% for mixed phase
• 0% for liquid clouds
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loca%ons	 on	 the	 planet.	 We	 s%ll	 cannot	 well-predict	
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thereby	 the	 radia%on	 budget.	 Before	 now,	 model	
simula%ons	associated	with	high	uncertain%es	were	the	
primary	 source	 for	 regional	 es%mates	 of	 aerosol	
microphysical	 effects	 on	 Arc%c	 cloud	 frac%on.	 In	 this	
study	 we	 use	 remote	 sensing	 observa%ons	 to	
characterize	 nighIme	 Arc%c	 cloud	 frac%on	 and	 its	
rela%onship	 to	 the	 presence	 of	 combus%on-derived	
aerosols.			

	
Cloud	observa%on	criteria:	
	
-  NighIme	(to	reduce	confounding	direct	and	

semi-direct	effects)	
-  Cloud	base	>	0.6	km	above	surface	(to	reduce	

errors	from	ground	cluPer	below	that)	
-  Clean	clouds	only:	FLEXPART	modeled	BC	<	30	

ng	m-3	(other,	non-clean	clouds	had	no	BC	
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II.   At	0.6-1.5	km	(the	al%tude	with	highest	aerosol	levels	and	most	diverse	cloud	phases	in	the	study),	combus%on	aerosol	effects	differed	by	cloud	phase	and	aerosol	concentra%on	
(similar,	but	less	extreme	results	were	seen	at	higher	al%tudes	with	colder	temperatures):	

Requires:		
•  Correct	iden+fica+on	of	clean	condi+ons	
•  A	large	sample	size	approxima8ng	the	full	spectrum	of	

environmental	condi8ons	
	

Nearly	all	strong	
modeled	aerosol	layers	
(BC	>	150	ng	m-3)	were	
observed	by	CALIPSO;	
However,	CALIPSO	
cannot	detect	very	
dilute	aerosol	layers,	
which	makes	it	difficult	
to	validate	the	model	
well	at	low	aerosol	
concentra%ons.	
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Figure 2: Based on CALIPSO Arctic profiles under non-cloudy conditions, we compare a) the expected fraction and b) 
possible maximum fraction of false negatives (aerosol present but not detected) for the combustion tracer, black carbon 
(BC, ng C m-3). The expected fraction of false negatives in panel a) was determined by comparing binned out-of-cloud 5 
2008 ARCTAS-A and -B BC concentrations with the fraction of the total number of samples between 1-5 km that had 
converted backscatter values (Mm-1 sr-1) above the CALIPSO clear-sky nighttime backscatter detection limit from 
Winker et al. (2009) (see text for more details). Possible maximum false negative values in panel b) were determined by 
comparing the FLEXPART model’s median BC concentrations between 0-10 km with the fraction of the total CALIPSO 
profiles under non-cloudy conditions during January, 2008 where aerosols were not detected. The clean cut-off below 10 
which air is taken as “clean” is assumed to be 30 ng BC m-3. 

  

Modeled	FLEXPART	BC	(ng	m-3)	

Model-
detected	

frac%on	of	
CALIPSO	
aerosol	
cases	

Es%mated	false	posi%ves	(red)	�	when	a	CALIPSO	
aerosol	layer	is	not	observed	where	FLEXPART	
model	black	carbon	(BC)	>150	ng	m-3		

	0.6-1.5	km						1.5-2.5	km										2.5-4	km											4-6	km														6-8.5	km		

Average	cloud	frac%on	(CF)	differences	between	all	and	clean-only	condi%ons	

Sea	ice	

Average	CloudSat/CALIPSO	cloud	frac7on	(CF)	differences	between	all	and	clean-only	condi7ons	

CF	change		
(%	of	clean	CF)	

CF	change	
(absolute,	%)	

Open	ocean	

A
l7
tu
de

	(k
m
)	

Aerosols	affect	
cloud	frac7on;	
the	effect	
switches	sign	
above	2-4	km,	
where	ice-
phase	clouds	
dominate	
	
Changes	
largest	in	
spring	over	sea	
ice		

-10 -5 0 5 10 15

2

4

6

8

Fall (ASO)

-4 -2 0 2 4

2

4

6

8

Fall (ASO)

-10 -5 0 5 10 15

2

4

6

8

Winter (NDJ)

-4 -2 0 2 4

2

4

6

8

Winter (NDJ)

-10 -5 0 5 10 15

2

4

6

8

Spring (FMA)

-4 -2 0 2 4

2

4

6

8

Spring (FMA)

Changes	largest	in	spring	
over	sea	ice		

Over	sea	ice	,	CF	was	
~2%	higher	in	clean	
condi%ons	compared	to	
all	condi%ons*.	
	
But	effects	depend	on	
aerosol	levels	and	cloud	
phase	(ice	CF	increases	
while	liquid	and	mixed-
phase	CF	decrease):	

Over	open	ocean,	CF	
was	~1%	higher	in	
clean	condi%ons	
compared	to	all	
condi%ons*.	
	
Phase	effects	are	not	
as	strong	as	over	sea	
ice.	

Condi%ons:	
Clean	
All	

Frac%on	
of	total	
clouds	

	
During	 polar	 night,	 combus%on	 aerosols	 are	 associated	
with	changes	in	cloud	frac%on,	especially	over	sea	ice	
	

•  Going	from	about	2.5	up	to	4	km,	cloud	frac%on	in	all	
clouds	shijs	from	being	smaller	to	larger,	rela%ve	to	
clean	clouds.	This	effect	is	most	pronounced	over	sea	
ice,	and	in	spring	

•  On	average,	aerosol-impacted	processes	in	ice-phase	
clouds	 increase	 cloud	 frac%on	 (despite	 decreases	 in	
liquid-	and	mixed-phase	clouds)	

•  Enhanced	effects	over	sea	ice	may	be	due	in	part	to	a	
more	stable	atmosphere,	the	very	long	cloud	life%me	
over	 sea	 ice,	 and	 coincident	 %ming	 of	 maximum	
winter/spring	 aerosol	 concentra%ons	 and	 sea	 ice	
extent	

Are	 combus8on	 aerosols	 ac8ng	 as	 ice	 nuclea8ng	
par8cles	at	cold	Arc8c	temperatures?	

Future	work:	
	
-  Explore	whether	the	observed	decrease	 in	 liquid-	and	

mixed-phase	 clouds	 in	 combus%on	 aerosol-impacted	
condi%ons	 is	 related	 to	 enhanced	 precipita%on	
(indica%ng	 that	 aerosols	 might	 facilitate	 the	
conversion	 of	 liquid	 droplets	 to	 ice	 par%cles,	 which	
then	 precipitate,	 leading	 to	 the	 observed	 reduced	
cloud	frac%on	at	lower	al%tudes).	

Es%mated	 false	 nega%ves	 (red)	 ≈	 when	 a	 CALIPSO	 aerosol	
layer	 is	 observed	where	model	 BC	 ≤	 30	 ng	m-3.	 	 These	 are	
very	 approximate	 because	 the	 rela8onship	 between	
aerosol	layer	thickness	and	modeled	BC	levels	is	uncertain.	

Aerosol	layer:	
	≥	10%	of	model	
bin	
	
	
≥	90%	of	model	
bin	

	0.6-1.5	km						1.5-2.5	km										2.5-4	km											4-6	km														6-8.5	km		

Spa%al	biases	in	the	model,	indicated	by	clustering	of	false	
nega%ves/posi%ves,	was	minor	at	most	al%tudes,	except	
between	0.6-1.5	km.	Thus,	comparisons	between	open	ocean	
and	sea	ice	are	fairly	robust.	Errors	are	highest	at	this	lower	
al%tude.	

III.			The	aerosol	transport	model	was	validated	with	nighIme,	cloud-free	CALIPSO	profiles:	

z 
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(ng	m-3)	
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*	The	above	results	are	significant	(p<0.05),	based	on	a	Wilcoxon-rank	sum	test	

*	

*	 *	
Aerosols	can	change	cloud	par%cle	sizes,	phase,	nuclea%on	
ability,	etc.	

Black	Carbon	(BC)	was	used	as	a	proxy	for	combus%on	
aerosols,	although	these	could	also	include	organic	carbon.	

There	is	a	al%tudinal	shij	
in	the	es%mated	aerosol-
driven	effect	on	cloud	
frac%on	
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FLEXPART dust aerosols are associated 
with icier clouds at some altitudes; 

effects vary with surface type

Other aerosol types are also 
associated with icier clouds. Large 
disagreement between modeled 
aerosols leads to uncertainty in 

aerosol effects
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MERRA-2 DMS gas is associated with 
more prevalent clouds near the surface

References:
Coopman, et al. (2018), Geophys. Res. Lett., 45, 10, 709-10, 718
Filioglou, et al. (2019), J. Geophys. Research, 124, 7886–7899, 2019
Zamora, et al. (2022), Atmos. Chem. Phys., 22, 12269–12285, 2022
Zamora, et al (2018), Atmos. Chem. Phys., 18, 14949–14964, 2018

Change in mean cloud prevalence (%) at all MERRA-
2 DMS levels, relative to background DMS levels

Vertical range: 0.6-1.5 km

As might be expected if small particles 
were acting as CCN, DMS-related 

cloud prevalence effects appear to be 
higher in less stable and more humid 

environments


