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The Big Question: 
How will the shipping industry respond to 2020 

regulations?

1. Use low sulfur fuel

2. Scrub emissions

– Wet scrubbers

– Dry scrubbers

3. Do nothing and pay a fine…



My Question

What are the current and predicted physical 
and chemical changes in the atmosphere 

due to altering shipping emissions? 



What are the hazards? 

• Gases that alter the acidity, heat balance, 
cloud formation and chemistry of the air.

• Particulates have impact on human health 
and also affect cloud formation

• Heavy metals toxic and interfere with surface 
seawater chemistry



Penlee Point Atmospheric Observatory (PPAO)

http://www.westernchannelobservatory.org.uk/penlee/

Established: May 2014 for long 
term observations of ocean-
atmosphere.

Location: Plymouth Sound, UK 
(50° 19.08' N, 4° 11.35' W) 

Predominant south westerly 
winds: Marine air (110° - 240°)

East/ Southeast are often highly 
anthropogenic

Close to the Western Channel 
Observatory (E1 and L4).



Why a time series at Penlee Point?

Shipping Emission Changes!

2020 International Marine Organization 
change emissions so only clean fuel 
(<0.5% sulfur)

One of busiest 
shipping lanes in 
the world



Why a time series at Penlee Point?

Shelf seas < 10% of the global 
ocean, yet 10-20% of global 
oceanic primary production 
[Muller-Karger et al., 2005].

But heaviest traffic and emissions!
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Penlee Point Atmospheric 
Observations

SO2

Gases O3                        

CO2

Aerosol (PM) and 
rainwater  chemistry

Real-time high resolution

Discrete sampling



Current (2015) emissions from ships

SOx (Tg/yr) NOx (Tg/yr) PM2.5 (primary,
Tg/yr)

Global 9.7 20.8 1.5

North Atlantic 1.0 2.1 0.15

Johansson et al. 2017Tg is one million tonnes



Fuel sulfur content (FSC)

Heavy fuel oil 
(HFO): 1-3.5% 

FSC

Distillates:
Typically 0.1-1% 

FSC

Bell, Yang, Ussher: Atmospheric emissions from ships, in Shipping and the Environment, in press



What is heavy fuel oil made of?

When burnt most material is oxidised to CO2 (g) and H2O
Most S initially oxidised to SO2(g)

Aerosol particles in smoke become concentrated in sulphur and 
remaining non gaseous metals!



1. Sulphur



Why is sulfur important?



Why is sulfur important?

2. CLOUDS

1. ACIDITY

3. ALBEDO

Balanced



International Maritime Organization Regulations

2015: max fuel 
S content @ 
emission from 
1% to 0.1%

2020: max 
fuel S 
content @ 
emission 
from 3.5% 
to 0.5%



AIS based SOx emission - Post 2015 
(Johansson et al. 2017, FMI)



Local Ship Plumes Clearly Detected at Penlee Point

• Ships emit a potentially large but poorly quantified amount of 
SO2 and aerosols



Long-term trends in SO2 (Natural + anthro sources)

Yang et al. Atmos. Chem. Phys, 16, 4771–4783, 2016

We have observed a significant reduction in 
reactive SO2 gas over the 2015 transition



Image from Matthew Christensen

‘Aerosol indirect effect’ – aerosol-cloud interaction



Model Radiative Forcing from ship emissions (Lauer et al. 2007)

Climate models estimate that:

Cloud albedo effect:−0.5 to −1.9 W m-2

Lifetime effect: −0.3 to −1.4 W m-2

Radiative Forcing Ship emissions

Cooling : Aerosols
Warming: Greenhouse Gases 
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2. Aerosols



What are shipping aerosols?
Aerosols: a suspension of fine solid particles or liquid 
droplets, in air or another gas. 

Often give the term particulate material (PM)

Soot and char particles from shipping exhausts

Char, sulfate and heavy metals are concentrated in 
aerosols following the combustion of heavy fuel oil

Popovichevaer et al., J. Environ. Monit., 2012, 14, 3101-3110



What are the most abundant heavy metals? 



Shipping-related PM emissions responsible for estimated 60,000 
cardiopulmonary and lung cancer deaths annually, near coastlines 
Europe and Asia. 
Corbett et al., Environmental Science & Technology 2007 41 (24), 8512-8518

Heavy metals and alkali earth metals (V, Ni, Ca, Fe) and chemical 
forms (sulfates, oxides, sulfides, carbides) considered as the most 
dangerous species

Are shipping aerosols hazardous?

e.g. Studies on mussels show cytotoxic and genotoxic effects of dissolved Ni



• No clear seasonality, 0.1-11 nmol m-2 d-1

Average Solubility 52 %

Nickel aerosol flux from Penlee Point Observations
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Penlee Point vanadium and nickel aerosol data show 
dominant background diesel and HFO combustion.

Future 
reduction in 
aerosol heavy 
metals 



Typical composition of aerosol from HFO emissions

Change to the 
character and 
composition 
(almost entirely 
carbon solids)

No change to CO2 or NOx other than via increased efficiency

Reduction to emissions also affects  aerosols 



Yes!
Sulfur reduction (SOx) 

emission, but also aerosol 
size distribution and 

composition

Before 
Scrubber
(wet open loop)

After 
scrubber

Closed circles: without thermodenuder Heavy fuel oil Marine gas oil 
(distillate)Fridell & Salo 2016

Will legislation work?



ACRUISE project (2018-2023)
(Atmospheric changes due to UN International Ship 

Emissions regulations) £1.5M



Goal: Constrain the radiative forcing from shipping on the 
global scale

Figure obtained from: Capaldo et al., 1999, Science

Ship emissions 
contribute 
significantly towards 
sulfur burden over 
the ocean 



Plume Detection
and

Ship Track Attribution

A) Visible image of the South 
Sandwich area from MODIS-
Aqua for 27 April 2006. 

Shows the utility of plume 
detection algorithm for 
subsequent analysis.

 



Conclusions

Shipping regulation changes predicted to bring:

1. Reduction in acidity of atmosphere from sulfur yet a net warming 
effect of reducing clouds from ship plumes unless CO2 is also mitigated.

2. Scrubbers and cleaner fuel significantly reduce harmful particulates 
(aerosol) and gases

3. Heavy metals: vanadium and nickel show high background HFO 
combustion in aerosols and we expect to see a significant reduction in 
heavy metal signal over next 5 years.



Future plans 

To measure ship emissions inside and outside the European 
Emission Control Area as part of a recently-funded project and 
on a ship of opportunity (ferry)

To investigate the potential impact of open loop exhaust 
scrubbers upon atmospheric emissions and on seawater.

We are looking for potential collaborators to look at the 
chemistry of emissions and scrubber waters!

Please contact me:  simon.ussher@plymouth.ac.uk 



circulating fluidized bed (CFB) spray dryer absorber (SDA)

Sulfur scrubbers (dry)
-removes 95-98% SOx and 99+% PM

Ca(OH)2

powerengineeringint.com



IPCC AR5 Fig. 8.15



ICP-MS
Inductively Coupled  
Plasma, quadrupole 

mass filter

Soluble trace 
metal 

concentration 

HF/HNO3

total digestion

Total trace 

metal 

concentration 

1

(Method based on Morton et al.)

2

Trace metal concentrations in aerosol
High purity 

water leaching

47mm 0.4 µm 
pore, HA filter



High Temperature 
Catalytic Oxidation 

1.   Total N

1

Water Soluble Nitrogen species in aerosol

GE 8 x 10” QMA Filter (acid washed and combusted)

Segmented Flow 
Nutrient Analyser 

2.   NO3
- and NO2

-

Fluorescence with 
orthopthalaldehyde

3.  NH4
+

1-(2+3) = Dissolved Organic Nitrogen

sonicate



• No clear seasonality, 0.1-35 nmol m-2 d-1

Average Solubility  73 %

Vanadium deposition flux



Air mass origin dominates!  Water Soluble Inorganic Nitrogen in Aerosols 
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Need to parameterise air mass origins  Flux could be important during stratified periods



Air mass back trajectory 9th April 2015 



Sectoring of Wind Direction –NAMES model (Flemming et al 2018)



Predominantly oxic shelves,  Summer stratification: 45 m mixed layer
dFe <0.1 nmol L-1

NO3
- <100 nmol L-1

Surface mixed layer ~ 45 
m

April
July
November





Thanks for listening…


