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Decreasing Arctic Sea Ice

Sea Ice High = April

Sea Ice Low = September

• Complete summertime sea ice 
loss predicted by 2050, possibly 
even within the next decade or 
two (Overland & Wang, 2013)



Record Arctic Sea Ice Loss
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Model Simulations of 
Increased Oceanic 
Emissions due to 

Arctic Sea Ice Loss

• Dimethylsulfide (aerosol 
precursor)

• Primary aerosols: Sea 
salt & marine organic 
carbon

Browse et al 2014, ACP



Complex Response of Increased 
Oceanic Emissions

Browse et al 2014, ACP

Change in cloud 
condensation nuclei 
concentrations

Change in conc. of 
particles > 100 nm 
(scavenging from 
drizzling stratocumulus)

Change in conc. of 
particles > 3 nm

Complex and highly uncertain feedbacks between 
increasing marine emissions and clouds



Winter/Spring: Decreasing Ice Thickness & 
Increasing Ice Fracturing (Lead Formation)?

National Snow & Ice Data Center
Rohrs & Kaleschke 2012, TC



Leads as a Source of Sea Spray Aerosol

Leck et al. 2002, JGR

Nilsson et al. 
2001, JGR

Wind-dependent particle source ~10x smaller than open water

Feb. 23, 2014
Utqiaġvik, AK

Seawater ratio

Preferential production of 
supermicron sea spray aerosol



Seasonality of Open Water near Utqiaġvik

Potential for sea spray aerosol 
emissions all year

Eicken et al. 2006, MMS

Fraction of NOAA Observatory submicron 
particle 1-5 day sampling periods:

May et al. 2016, JGR



Increased Supermicron SSA under >4 m/s Wind 
Speeds and Open Water or Lead Conditions

• NOAA Barrow Observatory: 
2006-2009

• Used sea ice radar and 
meteorological data to classify 
particle sampling periods by 
sea ice condition (full ice, 
leads present, open water) 
and wind speed:
• Low <4 m/s 
• Mid 4-7 m/s
• High >7 m/s

May et al. 2016, JGR



Greater Influence by Transported SSA under 
Low Wind Speed and Full Ice Conditions

• During atmospheric transport, 
SSA undergo heterogeneous 
reactions, leading to release of 
chlorine from the particle 
phase to the gas phase.

• Therefore, a lower Cl-

enrichment ratio is indicative 
of atmospheric transport and 
a lack of locally produced SSA.

• This further suggests influence 
of SSA production from leads 
during high wind and lead 
conditions. May et al. 2016, JGR



Loss of Sea Ice opening 
Arctic Shipping Routes



Increased Black Carbon Deposition 
from Arctic Shipping

Browse et al 2013, GRL



Increasing Shipping near Svalbard

Eckhardt et al 2013, ACP

• Ships increased total 
summer mean 
concentrations of SO2, 60 
nm particles, and equivalent 
black carbon (EBC) by 15, 
18, and 11%

• >50 passenger cruise ships: 
enhancements in 60 nm 
particles and EBC by up to 
81% and 72%



http://globalnews.ca/news/2944705/controversial-arctic-cruise-through-northwest-passage-arrives-in-nyc/



Increasing Arctic Development

Peters et al 2011, ACP

• Arctic is estimated to contain 

~30% and ~13% of the world’s 

undiscovered gas and oil, 

respectively

• US Arctic oil and gas extraction 

emissions (VOCs, SO2, NOx, BC, 

OC,…) expected to increase ~3x 

by 2050, compared to 2004

• Arctic oil and gas shipping 

estimated to increase current 

emissions to 37 kt SO2 (from 

0.2 kt in 2004), 257 kt NOx

(from 0.2 kt), 14 kt PM (from 

0.03 kt)



Russian Flaring – Source of BC

Stohl et al 2013, ACP
BC



Sept. 28, 2015: Shell announces stopping exploratory offshore drilling in Chukchi Sea
Dec. 2016: Joint U.S.-Canada ban on Arctic offshore drilling
April 2017: US Executive Order to expand Arctic drilling
July 13, 2017: Trump Administration approves exploratory offshore drilling by Eni in 

Beaufort Sea



Prudhoe Bay – 3rd Largest Oilfield in North America

Aerosol Measurements

Emissions of primary absorbing aerosol (soot) and secondary aerosol 
precursors (SO2, NOx, volatile organic compounds)

https://xpda.com/alaska2010/deadhorse/

Utqiaġvik

Oliktok Point



Atmospheric Aerosol Growth Events 
Observed at Utqiaġvik, Alaska (2008-2015)

Kolesar et al. 2017, Atmos. Environ.

June 12, 2015

← Representation of the number of event 
days that would be expected if the wind 
direction observed at Barrow, AK always 
came from the specific source region

• Preferential occurrence of 
spring/summer aerosol growth 
events at Utqiaġvik for Prudhoe 
Bay air masses



Utqiaġvik: Summer (Aug.-Sept.) 2015
• Increased particle number 
concentrations under Prudhoe 
Bay air mass influence 
•Long lifetimes of ultrafine 
particles due to slow 
coagulation and condensation 
lifetimes (transport < 24 h)

Comparison:
Aug.-Sept.
2008-2014

Arctic Ocean average: 130 cm-3

Prudhoe Bay average: 920 cm-3

Gunsch et al., 2017, ACPD

Winds 
typically 
from NE at 
Barrow



Transported Oil and Gas Extraction Emissions
• August – September 2015: 

Utqiaġvik, AK

• Increased contributions from aged 
soot, organic carbon (OC)-sulfate, 
and aged sea spray aerosol (SSA) 
during Prudhoe Bay air mass 
influence

Gunsch et al., 2017, ACPD



Sea Ice Loss = 
• Increasing sea spray aerosol emissions year-round 

(from leads and open water)

• Changing cloud-aerosol feedbacks

• Increasing ship emissions and black carbon deposition

• Increasing oil and gas extraction development

• Highly uncertain 

effects on climate!

Predictions of future Arctic oil production 
depends on price of oil!

Peters et al 2011, ACP


