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IPCC, Chapter 7 [2013]

1) Arctic low-level clouds and atmospheric conditions

Robust cloud responses to greenhouse warming

The Arctic is warming twice 
as fast as the global average. 
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 composed of supercooled liquid water and/or ice crystals.

 Occur frequently in the lower troposphere (~0.5 to 2 km).

 Often long-lived and can persist for several days

Arctic low-level clouds

Morrison et al. [2012, Nat. Geosci.]

Korolev et al. [2017, Meteorol. Monogr.]

1) Arctic low-level clouds and atmospheric conditions
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1) Arctic low-level clouds and atmospheric conditions

Arctic low-level clouds
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Schmale et al. [2021, Nat. Clim. Change]

Aerosol processes related to Arctic low-level clouds

Polar day

Polar night

1) Arctic low-level clouds and atmospheric conditions
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Schematics of the ‘Polar Dome’ in the Arctic

 The Arctic lower troposphere is isolated towards lower latitudes, by a 
transport barrier called the ‘Arctic front’ 

AMAP Assessment [2015]

1) Arctic low-level clouds and atmospheric conditions
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Seasonal variation of the position 
of the ‘Polar Dome’ 

AMAP Assessment [2015]

1) Arctic low-level clouds and atmospheric conditions

Winter

• The Polar Dome becomes 
larger

=> The Polar Dome extends 
over terrestrial areas
(northern Eurasia and 
America).

=> The Arctic region tends to be 
effectively influenced by 
air pollution within the Polar 
Dome.
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AMAP Assessment [2015]

1) Arctic low-level clouds and atmospheric conditions

Seasonal variation of the position 
of the ‘Polar Dome’ 

Summer

• The Polar Dome becomes 
smaller

=> The Arctic region is isolated
towards lower latitudes.

=> The Arctic region tends to be 
less influenced by polluted 
air from lower latitude.

=> The influence of emissions
within the Arctic region
is more important.
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Cloud condensation nuclei
(CCN)

=> 10 ～ 1,000 cm-3

(CCN: Cloud Condensation Nuclei) (INPs: Ice Nucleating Particles)

Ice 
crystals

Liquid 
droplets

Ice nucleating particles
(INPs) [immersion mode]

=> <10 cm-3（<10,000 L-1）

1) Arctic low-level clouds and atmospheric conditions
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Tobo [2019, AACR (in Japanese) ]

CCN and INP number concentrations (low-mid latitudes)

Murray [2017, Science]

1) Arctic low-level clouds and atmospheric conditions

How about CCN and INPs in 
the Arctic (high latitudes)? 
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Mixed-phase 
clouds (MPCs)

All clouds

Mioche et al. [2015, ACP]

Frequent occurrences of mixed-phase 
clouds (MPCs) during all seasons (~55%)

Svalbard 

region 

Seasonal occurrences of all clouds and mixed-phase clouds 
in the Arctic

2) Studies of clouds and aerosols in Svalbard



14

https://toposvalbard.npolar.no/

Aerosol and cloud measurements in Ny-Ålesund, Svalbard

Summer 

Mt. Zeppelin

Ny-Ålesund, Svalbard

2) Studies of clouds and aerosols in Svalbard

Mt. Zeppelin



152) Studies of clouds and aerosols in Svalbard

NIPR Observatory in Ny-Ålesund

• Rabben (1991 to 2019)
• Veksthus (2019 to present)

Photo by Y. Tobo (July 2019) 



162) Studies of clouds and aerosols in Svalbard

INP studies in Ny-Ålesund (by NIPR)

• 2015 to present

Zeppelin Observatory (475 m a.s.l.)

Gruvebadet Observatory

Photo by Y. Tobo (Oct 2020) 
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Schmale et al. [2021, Nat. Clim. Change]

Possible sources of CCN in the Arctic

Polar day

Polar night

3) CCN measurements in Svalbard



19

Jung et al. [2018, Tellus B]

SS = 0.2% SS = 0.4%

SS = 0.6% SS = 0.8% 

SS = 1.0% 

Annual variation of CCN number concentrations measured at the 
Zeppelin Observatory

SS: 
supersaturation

Low CCN periods
(~20 to 50 cm-3)

 Autumn (Sep-Nov)

3) CCN measurements in Svalbard
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Jung et al. [2018, Tellus B]

SS = 0.2-0.4%
➢ Peak: Spring (Mar-Apr)

Annual variation of CCN number concentrations measured at the 
Zeppelin Observatory

SS = 0.2% SS = 0.4%

SS = 0.6% SS = 0.8% 

SS = 1.0% 

SS: 
supersaturation

High CCN periods
(~100 to 200 cm-3)

 Change depending on 
supersaturation state

SS = 1.0 %
➢ Peak: Spring to summer 

(Mar-July)

3) CCN measurements in Svalbard
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Croft et al. [2016, ACP]

Number-size distribution (dN/dlogDp) of aerosol particles 
measured at the Zeppelin Observatory

Accumulation mode
(~70 to 400 nm)

➢ Peak: Spring (Mar-Apr)

➢ Transport of polluted air?
(Polar Dome is relatively 
large in this period.)

CCN (SS = 0.2-0.4%)
➢ Peak: Spring (Mar-Apr)

3) CCN measurements in Svalbard
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Jung et al. [2018, Tellus B]

SS = 0.2% 

Aerosol number concentration 
[accumulation mode] (cm-3)
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SS = 0.2-0.4%

CCN are almost consistent 
with accumulation-mode
particles

CCN can change depending on 
the variation of accumulation-
mode particles

Relationship between accumulation mode aerosol particles and CCN
at the Zeppelin Observatory

 Change depending on supersaturation

3) CCN measurements in Svalbard
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Jung et al. [2018, Tellus B]

SS = 1.0% 

Aerosol number concentration 
[accumulation mode] (cm-3)
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SS = 1.0%

CCN seem to exceed 
accumulation-mode particles

CCN cannot be explained by 
the variation of only 
accumulation-mode particles

3) CCN measurements in Svalbard

Relationship between accumulation mode aerosol particles and CCN
at the Zeppelin Observatory

 Change depending on supersaturation
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Croft et al. [2016, ACP]

Number-size distribution (dN/dlogDp) of aerosol particles 
measured at the Zeppelin Observatory

Aitken mode
(< ~70 nm)

➢ Peak: Summer (Jun-Aug)

➢ New particle formation

CCN (SS = 1.0%)
➢ Peak: Spring to summer 

(Mar-July)

3) CCN measurements in Svalbard
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Monthly variation of new particle formation (NPF) events 
measured at the Zeppelin Observatory

Lee et al. [2020, ACP]

NPF (new particle formation)

 Occur frequently in summer 
(May-Aug)

 Related to the activation of 
marine biogenic activities (!?)

3) CCN measurements in Svalbard
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CN (condensation nuclei) measured at 
the Zeppelin Observatory

Tunved et al. [2013, ACP]

3) CCN measurements in Svalbard

Aitken
mode↑

SS = 0.2% 

SS = 1.0% 

Jung et al. [2018, Tellus B]

CCN measured 
at the Zeppelin Observatory

Accumulation 
mode↑
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Koike et al. [2019, JGR]

Relationship between accumulation-mode aerosol particles and 
cloud particles at the Zeppelin Observatory

 Change depending on temperature

T > 0 ֯C

 Positive Correlation

T < −10 ֯C

 No clear correlation

 Probably, because of the 
formation of ice crystals

3) CCN measurements in Svalbard
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Schmale et al. [2021, Nat. Clim. Change]

Possible sources of INPs in the Arctic

Polar day

Polar night

4) INP measurements in Svalbard
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Wilson et al. [2015, Nature]

Organics released from sea surface 
microlayer may be an important 
source of INPs in the Arctic (!?)
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Intensive INP studies at 
the Zeppelin Observatory

• July 2016
• March 2017

4) INP measurements in Svalbard

https://engr.source.colostate.edu/atmospheric-scientists-find-clues-to-climate-change-in-the-dust/
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Methods for measuring INP number concentrations
using ambient aerosol samples

Sampling of ambient 

aerosols on a filter

② Preparation of droplets 

on a stage

① Resuspension 

of aerosols into 

Milli-Q water

③ Measurements of

droplets frozen at T

4) INP measurements in Svalbard
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[Tobo, 2016, Sci. Rep.]

Off-line measurements of INPs immersed in water droplets 
at a controlled temperature (-30°C < T < 0°C)

CRAFT (Cryogenic Refrigerator Applied to Freezing Test)

4) INP measurements in Svalbard
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𝑵𝐈𝐍𝐏(𝑻) = −
𝐥𝐧(𝒇𝐮𝐧𝐟𝐫𝐨𝐳𝐞𝐧 )

𝑽𝐝𝐫𝐨𝐩
∙
𝒅

𝑪

funfrozen : Number fraction of droplets unfrozen

Vdrop : Volume of a droplet (= 5 µL)

C : Volume ratio of the air sample to the initial suspension

d : Dilution ratio

Number concentrations of INPs (NINP) as a 
function of temperature [# L-1]

Methods for measuring INP number concentrations
using ambient aerosol samples

4) INP measurements in Svalbard
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INP number concentrations measured at the Zeppelin Observatory

Marine 
boundary 
layer

INPs in July 2016

Enhanced (~1 order)

INPs in March 2017

 Similar to marine 
boundary layer)

Tobo et al. [2019, Nat. Geosci.]

4) INP measurements in Svalbard
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INP number concentrations measured 
at terrestrial sites in the Arctic

Wex et al. [2019, ACP]

INPs in summer

Enhanced at various 
locations in the Arctic

4) INP measurements in Svalbard
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INP number concentrations measured at the Zeppelin Observatory

Marine 
boundary 
layer

INPs in July 2016

Enhanced (~1 order)

Tobo et al. [2019, Nat. Geosci.]

Why?

5) Possible INP sources in Arctic summer
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3-day backward trajectory analyses (NOAA HYSPLIT model)
Mt. Zeppelin - July 2016

SEM/EDX analyses of ambient aerosol particles (>0.3 μm) collected on filters

Tobo et al. [2019, Nat. Geosci.]

5) Possible INP sources in Arctic summer
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https://toposvalbard.npolar.no/

Satellite image of the Svalbard Islands

Winter Summer 

Ny-Ålesund

5) Possible INP sources in Arctic summer
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Glacier

The glacier Brøggerbreen near Ny-Ålesund, Svalbard

5) Possible INP sources in Arctic summer

Koike et al. [in press, Polar Sci.]Ackert [2009, Nature Geosci.]

Glacier can grind 
permafrost

Glacial outwash
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Sampling of glacial 
outwash sediments

Photo: July 2016 

Sampling of glacial outwash sediments (a proxy for high-latitude 
dusts) near the glacier Brøggerbreen (Svalbard)

5) Possible INP sources in Arctic summer
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Ice nucleating ability (nm) of 
glacial outwash sediments 
(<5 μm) in Svalbard

1) The outwash sediments have a 
very high ice nucleating activity

2) After removal of organic matter, 
the outwash sediments largely lost
their ice nucleating ability… 

Snomax

(P. syringae)

Mineral 

(illite-NX)

Tobo et al. [2019, Nat. Geosci.]

*OC in the sediments 
= ~0.9 wt%

5) Possible INP sources in Arctic summer
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Mineral composition (XRD) analysis of glacial outwash sediments (<5 μm) 
collected from the glacier Brøggerbreen [Untreated, H2O2-treated]

Tobo et al. [2019, Nat. Geosci.]

5) Possible INP sources in Arctic summer
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Šantl-Temkiv et al.
[2019, Environ. Sci. Technol.]

Possible major sources of INPs in the Arctic

High-latitude dust, organic matter and/or microorganisms from local/regional 
sources might affect the INP population in the Arctic (!?)

Possible sources

➢ Terrestrial sources in 
high latitudes

➢ Marine sources in 
high latitudes

➢ Long-range 
transported dust from 
low-mid latitudes

5) Possible INP sources in Arctic summer
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Creamean et al. 
[2020, Environ. Res. Lett.]

Glacial dust
=> Source: Svalbard 

=> Source: Alaska

5) Possible INP sources in Arctic summer
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Sanchez-Marroquin et al. [2020, Sci. Adv.]

5) Possible INP sources in Arctic summer



CCN (Cloud Condensation Nuclei) over Svalbard

• The CCN number concentrations tend to increase from spring 
to summer, while it depends on supersaturation (SS) state. 

At lower SS (= ~0.2-0.4), the CCN reaches a maximum in spring, 
due to the increase in accumulation-mode aerosols.

At higher SS (= ~1.0), the CCN shows higher values even in 
summer, due to the increase in Aitken-mode aerosols. 

Summary
48



INPs (Ice Nucleating Particles) over Svalbard

• The INP number concentrations (especially in the warmer 
temperature regime) tend to increase in summer when the 
ground surface appears due to snow melting. 

The emissions of dusts and biogenic materials from terrestrial 
sources in high latitudes may play a key role.

Further studies will be necessary to understand the sources of 
aerosols causing the seasonal variation of INPs in the Arctic. 

Summary
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ENDPhoto by Y. Tobo


