-

THE SCIPPER PROJECT
Shipping Contributions to Inland Pollution Push
for the Enforcement of Regulations
EUROPEAN COMMISSION
Horizon 2020 No. 814893

Deliverable No.
Deliverable Title
Dissemination level

SCIPPER Project D3.1
Current status of best practices on ship plume modelling
Public (PU)

Written By

Volker Matthias, Markus Quante, Marvin Lauenburg (HZG)
Jana Moldanova (IVL), Fotios Barmpas (AUTh), Nikos Rapkos
(AUTh), Leonidas Ntziachristos (AUTh)

16/12/2019

Reviewed by

Miikka Dal Maso (TUT)

17/12/2019

First Submission to EC portal (Not yet approved by the EC)

24/01/2020

Status

D3.1 – Current status of best practices on ship plume modelling

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement Nr.814893
This report reflects only the author’s view and INEA is not responsible for any use that may be made of the
information it contains

The SCIPPER Project - 814893

2 / 26

D3.1 – Current status of best practices on ship plume modelling

Executive summary
Ship stacks release the exhaust gases and particles as a free jet into the atmosphere, where these will further rise
and will be transported horizontally with the ambient wind. During this transport process embedded turbulence will
cause dispersion of the plume leading to the dilution of the exhaust gases by entrainment of ambient air into the
plume. This will result in very different conditions for chemical conversion of the exhaust gas in the fresh plume
compared to the aged and diluted plume. Observations of ozone and NO2 concentrations in ship plumes show that
ozone is rapidly depleted due to high NO emissions of ship engines and NO2 is formed. Part of this is then further
oxidised and transformed into HNO3 which is rapidly deposited. As a consequence, atmospheric model systems
that assume instant dilution of the exhaust gas plume will typically overestimate NO2 concentrations and ozone
formation caused by ship emissions in the clean marine boundary layer. While the ozone - NOx chemistry in ship
plumes was described in several publications in the last 20 years, there is much less literature available about aerosol
particle dynamics and chemistry in ship plumes. The main outcomes of these studies are that very small particles in
the Aitken mode are quickly lost through coagulation processes. This concerns mainly volatile particles while nonvolatile particles are preserved and only diluted during the plume expansion process. Very little information is
available about the behaviour of organic aerosols in ship plumes.
A number of ship plume modelling approaches already exist. Many of them are chemical box models that follow the
ship plume and its dilution in a Lagrangian model approach. They can reproduce the reduced lifetime of NOx in ship
plumes in clean marine environments, but they could also demonstrate that in cleaner environments, e.g. close to
most European coastlines, this effect will be much smaller. Several approaches how the gas phase plume chemistry
can be considered in larger scale Eulerian models have been published. They include effective (reduced) emissions,
reduced concentrations close the ship stack (depending on emission strength) and subgrid models that parameterize
the NOx loss depending on meteorological conditions. As for the observations, there is much less work done on
modelling aerosol particles in ship plumes. Coagulation could be successfully reproduced and secondary particle
formation was modelled to be small. No publications on secondary organic aerosol modelling in ship plumes was
found.
SCIPPER aims at developing advanced plume models that consider aerosol dynamics and chemistry, including
secondary organic aerosols. For this purpose observations of aerosol particle number and mass concentrations in
ship exhaust gas and aged plumes will be performed in the project. Existing models considering the early phase of
the exhaust gas plume from a large power plant will be applied to ship stacks and compared against the SCIPPER
observations. In addition, the chemical transformation of ship emissions in plumes will be investigated with a shipplume version of the MOCCA and SALSA models, which include gas phase and aerosol chemistry. Finally, results
from the plume models shall be considered in regional and city scale models in order to improve their capability to
reproduce effects of ship emission on air quality in coastal regions.

The SCIPPER Project - 814893

3 / 26

D3.1 – Current status of best practices on ship plume modelling

List of abbreviations
BC – Black Carbon
CCN – Cloud Condensation Nuclei
CO – Carbon Monoxide
CO2 - Carbon Dioxide
CTM – Chemistry Transport Model
EF – Emission Factor
GDE - General Dynamic Equation
H2O – Water Vapour
HNO3 – Nitric Acid
HONO – Nitrous Acid
LES – Large Eddy Simulation
LEM – Large Eddy Model
MCM - Master Chemical Mechanism
MBL – Marine Boundary Layer
N – Particle Number
NOX – Nitrogen Oxides
NO2 – Nitrogen Dioxide
NVOC - Non-Volatile Organics
O3 - Ozone
OC – Organic Carbon
OH – Hydroxyl Radical
PAN – Peroxyactyl Nitrate
PM – Particulate matter
PN – Particle Number
SO2 – Sulphur dioxide
SOX – Sulphur oxides
SOA - Secondary Organic Aerosol
SVOC - Semi-Volatile Organics
V2O5 – Vanadium Oxide
VBS – Volatility Basis Set
VOC – Volatile Organic Compound
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1 Introduction
A ship stack releases the exhaust gases and particles as a free jet into the atmospheric boundary layer. In the
atmosphere these exhaust masses which typically have an initial momentum will further rise due to buoyancy effects
(plume rise) and will be transported horizontally by the ambient wind. During this transport process embedded
turbulence will cause dispersion of the plume leading to the dilution of the embedded gases by entrainment of
ambient air into the plume (Fig. 1). The meteorological aspects of dispersion in the context of air pollution are
comprehensively described by Arya (1999).
During plume dispersion the gases may undergo non-linear chemistry transformations in an initially quite hot emission
plume. Particles will coagulate in the early phase and secondary particulate matter will form and add to the primary
particles, either condensing on those already present in the plume or nucleating new ones, as the emission plume
ages. Realistic physical and chemical models which are used to model the plume development have to consider beside
plume rise and dispersion also the non-linear chemistry, in plume oxidation, aerosol chemistry and secondary particle
formation during ship plume dispersion to account for in-plume effects.
Those plume models can be used for different ageing stages of the plume (funnel, seconds to minutes, minutes to
hours) and their results may be used to support air quality models. Advanced air quality models (Chemistry transport
models, CTMs, see Brasseur und Jacob (2017)) can than take care of further photochemical transformation and
interactions with background chemistry or chemical interference with other plumes, before the air masses reach
inhabited coastal and urban areas of interest.
Atmospheric dispersion modelling at coastal sites is rather challenging, essentially due to the heterogeneity in
meteorological and dispersion conditions generated by the abrupt change of the surface features at the coastline.
Spatial and temporal variability of the internal boundary layer, sea–land breeze circulations and shoreline fumigation
are some of the factors to be taken into account, thus suggesting the use of advanced dispersion models.

Figure 1: Ship plumes during slow steaming. The initial plume rise and dispersion can be seen (photo: M. Quante).

There exist different options for plume modelling. The range of models in use range from simple box models, with
quite extensive chemistry schemes, Gaussian plume models (Saxe and Larsen, 2004; Lucialli et al., 2007) to Large
Eddy Simulation (LES) (Kurppa et al., 2019) models equipped with less complex chemistry schemes. In principle there
are two different ways to address the spatial dimension of the problem a) the Lagrangian modelling approach. Here
air parcel moves with the local wind so that there is no mass exchange that is allowed to enter the air parcel and its
surroundings (except of species emissions). The air parcel moves continuously, so the model simulates species
concentrations at different locations at different time. And b) the Eulerian modelling approach: the model simulates
the species concentrations in an array of fixed computational cells (grid array). The different approaches in use for
ship plume modelling are sketched in Fig. 2. Beside the central terms plume rise and plume spread (lateral dispersion)
a typical Eulerian model grid and a Lagrangian trajectory along which a box model is transported are outlined.
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Figure 2: Sketch of ship plumes modelling approaches

This report will overview the state-of-the-art of ship plume modelling by discussing selected examples from current
literature. The different dispersion models as well as the gas and particle chemistry schemes in use will be listed and
briefly be discussed. Here emphasis is laid on secondary organic aerosol formation. From this a modelling approach
for SCIPPER is outlined and special requirements for the experimental activities to support further model
development are formulated.
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BOX: Model types
Box model
A box model describes the evolution of the composition of the atmosphere within fixed domains in space (the
box) through which the air flows. A box model might include hundreds or even thousands of chemical reactions
but will only have a very crude representation of mixing in the atmosphere. A one-box-model offers no
information of gradients within the box. A next step beyond the one-box model is to describe the atmospheric
domain of interest as an assemblage of N boxes exchanging mass with each other.
Lagrangian trajectory box model
A trajectory-box model simulates atmospheric chemistry along pre-calculated Lagrangian trajectories. -> similar
to the Puff Model
Puff Model
A puff model describes the composition of one or more fluid elements (the "puffs"; e.g.a box-model) moving with
the flow. We define here a fluid element as a volume of air of dimensions sufficiently small that all points within
it are transported by the flow with the same velocity.
Gaussian plume model
The Gaussian model assumes that the air pollutant dispersion has a Gaussian distribution, meaning that the
pollutant distribution has a normal probability distribution. Gaussian models are most often used for predicting
the dispersion of continuous, buoyant air pollution plumes originating from ground-level or elevated sources.
The primary algorithm used in Gaussian modeling is the generalized dispersion equation for a continuous pointsource plume (e.g. Stockie 2011)
Large Eddy Simulation (LES)
A three-dimensional numerical simulation of turbulent flow in which large eddies (with scales smaller than the
overall dimension of the problem in question) are resolved and the effects of subgrid-scale eddies, which are
more universal in nature, are parameterized.
Chemistry transport model (CTM)
3D-numerical model in which the differential equations governing the concentrations of chemicals in the
atmosphere are solved. A common trade off in numerical models is between the number of chemical compounds
and chemical reactions modelled versus the representation of transport and mixing in the atmosphere.
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2 Observations in plumes
Observations in ship plumes are ideally performed by aircraft flying thorough the plume. Experiments of this type
were reported e.g. by Davis et al. (2001), Song et al. (2003), Chen (2005) and Petzold et al. (2006). While Song at al.
and Chen et al focused their observations on gas phase chemistry and in particular ozone formation and reduction
of NOx lifetime in plume comparing to the background, Petzold et al. looked into particle formation and loss
processes.

2.1

Ozone-NOx relationships

Ship plumes consist of hot gases, with temperatures typically around 200°C when leaving the funnel. They contain
combustion products produced during the burning of diesel or heavy fuel oil in large ship engines. Besides carbon
dioxide, the exhaust gas contains high fractions of water vapor (H2O), nitrogen oxides (NOx, mostly NO), carbon
monoxide (CO), sulphur dioxide (SO2) as well as unburned hydrocarbons, soot particles, char and ash.
The chemistry that takes place within the ship plume has a significant impact on the NO-NO2-O3 cycle. The
combination of NOx emissions with oxidized hydrocarbons would typically favor ozone formation as a result of the
NO oxidation. However, the formation of OH within the plume causes a significant loss of NO2 through HNO3
formation. This process is much more efficient in plumes than in diluted air, consequently the NO x lifetime is much
lower in plumes than in diluted marine boundary layer air. Chen et al. (2005) measured lifetimes of NOx around 1.8
hours in the ship plume and lifetimes around 6.5 hours when diluted with marine boundary layer air. The other NOx
loss process identified was the formation PAN. These NOx losses within the ship plume result in lower ozone
formation compared to a case when the plume would be immediately diluted which is often assumed in regional and
global chemistry transport model systems. Celik et al. (2019) also studied the NOx processing in plumes, and found
that a NO/NO2 ratio of 0.2 is quickly established. They also studied the further oxidation of NO2 in the plume to
nitric acid and nitrate-containing aerosol and found significant removal of NOx attributed to potential photochemical
processing. However, partitioning of NO3 was found to be mostly to the gas phase possibly due to high temperatures.
Kasibhatla et al. (2000) showed earlier that coarse grid global chemistry transport models overestimate the impact
of shipping emissions on NOx in the clean marine boundary layer when they compared their results to observations.
They found much lower NOx concentrations measured at the Azore islands and during the NARE aircraft field
campaign than modelled. Furthermore, neglecting the plume processes in global models may lead to an
overestimation of O3 formation. In the early stages of the plume the main reason of this overestimate is that the
plume becomes limited in peroxy radicals that would react with NO in the ozone-forming NOx cycle. Later, in more
diluted stages of the plume, the decreased NOx mixing ratios in the plume caused by its reduced lifetime have further
effect on ozone formation. Von Glasow et al. (2003) quantified the effect of neglecting the plume processes in a grid
of a global model by comparing a box model including multiple plumes with a box model including continuous
homogeneous emissions of a same magnitude. They found 50% lower O3 mixing ratios when the plume dispersion
was considered.

2.2

Aerosol processes

Shipping emissions have a significant influence on the chemistry in the marine boundary layer (MBL). According to
Eyring et al (2010), to a large extent, the chemistry of the MBL, as with the rest of the troposphere, is determined
by the oxidation of primary emitted species and their subsequent reactions. The main reaction pathways of relevance
for the climate active compounds (e.g. CH4, O3 and sulphate particles) are the NOx-catalysed formation of ozone,
the gaseous and aqueous oxidation of SO2 to sulphate aerosol, and the destruction of methane by OH. The halogencatalysed destruction of ozone can also be significant in the MBL. SO2 emissions from shipping are oxidized to
sulphate primarily in the aqueous phase (in cloud droplets and sea-salt particles) by hydrogen peroxide (H2O2) and
ozone and, also in the gasphase by the OH radical. The largest impact of shipping on sulphate chemistry is through
the direct emissions of SO2. However, increases in the OH radical due to NOx emissions will enhance the gaseous
oxidation pathway. This pathway is important since it leads to new particle generation which is important for the
climate forcing whereas aqueous oxidation adds mass to existing particles. The MBL is important for production of
aerosol particles. Primary aerosol in the form of sea-salt particles is produced from bursting bubbles and by direct
release of sea-spray from the wave crests. Oxidation of dimethyl sulfide (DMS) released by phytoplankton produces
sulphate aerosol that is active as cloud condensation nuclei (CCN) (Charlson et al., 1987), and methyl sulphonic acid
(MSA) aerosol that does not act as CCN. Most DMS oxidation is initialized by the OH radical, with a contribution
from the nitrate radical (NO3) at night. Shipping will therefore increase the DMS oxidation rate, particularly in winter.
This means that more DMS is oxidised over the ocean, which may increase CCNs. See also the Appendix for more
information about chemical reactions relevant in the MBL.
The SCIPPER Project - 814893
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Petzold et al. (2008) investigated a single plume of a large container ship when flying with the DLR aircraft Falcon 20
E-5 through the exhaust gas plume that was emitted into a clean marine boundary layer west of Brittany. Besides the
trace gases also observed in the study by Chen et al., aerosol particles in the nucleation mode (D < 0.014 µm),
Aitken mode (0.014 µm < D < 0.1 µm) and the accumulation mode (0.1 µm < D < 3.0 µm) were observed. Chemical
composition was not determined, but an equivalent BC mass was derived from aerosol absorption measurements.
Figure 3 shows the development of the particle number for nucleation mode particles relative to the total number
of particles, and the number Aitken mode (middle) and non-volatile particles (bottom) after dilution correction. Small
particles were rapidly lost through coagulation, even Aitken mode particles were still decreasing more than 1000s
after release. On the other hand, non-volatile particles were only diluted but not lost via aerosol processes. The
authors concluded that non-volatile carbonaceous particles and the BC mass are conserved during plume expansion
while secondary volatile particles are subject of losses through coagulation. Emission factors for particle number
need to take coagulation loss of Aitken mode aerosols into account. A modelling study of Tian et al. (2014) confirmed
that coagulation decreased concentration of the nucleation-mode particles and that it also affected the internal mixing
of aerosol and its cloud condensation properties.
Von Glasow et al. (2003) studied the effect of processes on particles emitted from the ship and on the background
sea-salt and sulphate particles in the plume. They found that the partly soluble particles emitted from the ship
(sulphate-coated particles) have the potential to substantially decrease the NOx lifetime and ozone formation in the
plume only under extremely high particle emissions. Heterogeneous reactions on ship-emitted soot were found to
be negligible. Background sea-salt and sulphate aerosol may have a larger effect on the plume chemistry than shipemitted particles
Ault et al. (2010) pointed out that sulfate aerosol might be efficiently formed in ship plumes, when heavy fuel oil with
high vanadium content is burned. They propose a catalytic process with V2O5 when also H2O and NO2 are present.
This would imply that sulphate particles are more abundant in ship plumes stemming from heavy fuel oil compared
to marine gas oil, given that the Sulphur content is the same. Celik et al. (2019) observed an increase of inorganic
PM1 emission factor with plume aging which was attributed to a process in which first sulphate aerosol was formed
from sulphuric acid (enhanced by the presence of high water content), which then gets neutralized by ammonia
mixed in from the marine background, leading to an increase in the ammonium EF. Evidence for formation of
secondary organic aerosol was mixed, as evidence of aging was not readily found but analysis of organic EF and O:C
ratio suggested an increase on organic PM originating from gas-phase oxidation.
Roiger et al. (2015) observed ship plumes from smaller ships in the Arctic region on board an aircraft. They always
found more non-volatile than volatile particles in the exhaust gas. The fractions they reported were between 0.5 and
0.79 for particles in the nucleation and Aitken mode. Although they also followed the development of one of the
ship plumes, they don’t draw conclusions on the in-plume chemistry or the aerosol processing within the plume.
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Figure 3: Development of the aerosol composition during plume expansion as observed by Petzold et al. (2008). Top:
fraction of nucleation mode particles as N (D> 4 nm) / N(D>13 nm). Middle: number of Aitken mode particles
relative to the enhanced CO2 concentration in the plume. Bottom: number of non-volatile particles relative to the
enhanced CO2 concentration in the plume.

2.3

Plume dispersion

Aliabadi et al. (2016) used a research aircraft (Polar 6) to characterize by three interception studies the plume of the
icebreaker Amundsen under Arctic environmental conditions. Gas as well as particle emissions factor have been
calculated and the plume dispersion has been studied and modelled.
Following the method of von Glasow et al. (2003) a power law model for plume growth has been developed. The
plume expansion rates in the horizontal and vertical directions were estimated form the interception measurements.
Together with the estimation of the plume age the plume development in space and time could be studies. In addition
a modelling study of the sampled plume has been conducted using the FELXPART-WRF model. Resulting plumes for
selected time slots are shown together with sampling flight tracks are shown below. The vertical plume development
has been assessed as well.
Aliabadi et al. (2016) found that the plume expansion rates in the arctic environment divate considerable from those
reported from mid-latitude studies. This was attributed to unique physics of the Arctic boundary layer, which was
characterized by reduced turbulent mixing due to the thermally stable boundary layer.
Murano et al. (2018), applied a CFD model employing a Eulerian approach for the dispersion of airborne agents, in
order to assess the impact of cruise ship emissions on the façades of waterfront buildings covering an area of about
7 km2 in Naples, Italy. More specifically, they adopted an unsteady incompressible formulation of the Navier-Stokes
equations with species transport (air-SO2 mixture) neglecting chemical reactions. Turbulence in the numerical
simulations was modelled with the SAS (Scale Adaptive Simulation) model by Menter and Egorov (2006). They found
that the highest SO2 concentrations are observed nearby the emissive sources and on the port front façades of the
first line of buildings. The presence of buildings influences the air flow leading the pollutants toward the open space
(a large square) on the left of the line of building, see Figure 5. These results were later compared with results
obtained with the CALPUFF model which utilizes a Lagrangian dispersion approach with similar findings (also Figure
5).
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Figure 4: Results of the FLEXPART-WRF plume modelling showing the location of the ship (initial location of emitted
plume) and the predicted plume location. The flight track is shown in grey and the ship track is shown in magenta.
From Aliabadi et al. (2016).

(a)

(b)

Figure 5: Plume dispersion of cruise ship emissions at the city of Naples, Italy estimated with (a) a CFD model
assuming a Eulerian dispersion and (b) with the model CALPUF adopting a Lagrangian dispersion approach. From
Murano et al. (2018).Chosson et al. (2008) used a Lagrangian Dispersion Model driven by a Large Eddy Simulation
Model to simulate early stage (1–2 h) of ship plume dispersion in various convective boundary layer situations. Plume
dispersion simulations were used to derive analytical dilution rate functions. The model simulations showed that
after initial high dispersion regimes a simple characteristic dilution time scale can be used to parameterize the subgrid
plume dilution effect in large-scale chemistry models, the dilution time scale being directly related to the typical turnover time scale of the convective boundary layer.

2.4

Ship tracks

In the far field of a ship plume its interaction with atmospheric boundary layer dynamics and embedded cloud layers
sometime becomes visible. Parts of the dispersed ship emissions are mixed upward in the marine boundary layer in
an organized way and may interact with layer clouds resulting in changed cloud properties. This phenomenon, line
type signatures in marine boundary layer clouds called ship tracks, has been observed by satellite since the late sixties
(Conover 1966). (Radke et al. 1989) presented satellite and in situ observations supporting the contention that ship
track signatures in clouds are produced primarily by particles emitted from ships. Ship tracks are linear features
formed by the polluted exhaust from oceangoing vessels underlying marine stratus clouds (best seen in high
resolution satellite images). An example satellite scene of ship tracks over the Pacific Ocean is shown in figure x, the
elongated structures, which can extend over several hundred kilometres are easily identified (Schreier et al. 2010).
Widths of ship tracks depend very much on the MBL dynamics and can extend to several kilometres. This indicates
that in a suited boundary layer ship plumes may survive quite a time and keep their distinct shape, although it needs
to be stated, that in some cases the cloud signature may have survived, but not the actual ship plume. Some thin
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clouds may remain there for days. Nevertheless, the initial phase of ship tracks may be studied to assess the ship
plume marine boundary layer dynamics interaction.

Figure 6: Ship tracks on March 4, 2009 over the northeast Pacific Ocean Source: image by Jeff Schmaltz, NASA MODIS
Rapid Response Team.

The particles produced in ship exhaust are typically much more numerous than the natural aerosols over the ocean.
So, the clouds segments that are modified by the plumes of ships have more, smaller droplets than the background
marine clouds. The two cloud regions (in-ship track and out-of-ship track) may actually contain the same amount of
water per unit volume. But an amount of cloud water condensed onto many small droplets has a larger reflective
cross-sectional area than an equal amount of water condensed into fewer, but larger droplets. As the radius of a
sphere gets smaller, the surface area decreases more slowly than volume. Therefore, more light is reflected back
from ship tracks to the satellite, they look brighter.
Ferek et al. (1998) obtained detailed in situ measurements of ship tracks. Their measurements provided strong
support for the hypothesis that effluents from ship stacks—increasing the concentration and decreasing the size of
cloud droplets—produce ship tracks. They also found that drizzle was suppressed in the observed ship tracks. A
feature that leads to an extended cloud lifetime (Christensen et al. 2009).
The existing ship track studies focus mainly on changes in cloud microphysical and radiative properties rather than
on the plume dispersion itself. They are driven by the general scientific question, whether higher concentrations of
cloud condensation nuclei (CCN) strongly modulate the microphysical, macrophysical, and radiative properties of
marine stratocumulus (aerosol indirect effects).
Nevertheless, in situ observations in conjunction with ship track studies, allow for judgements of plume development
in the marine boundary layer, plume life time and plume extend. Comprehensive measurements of particle
concentrations in ship plumes with an interpretation of their potential effects on clouds are summarized by (Hobbs
et al. 2000). Porch und Kao (1990) suggested that heat perturbations from ships and air-wake vortices behind ships
might be involved in the formation and maintenance of ship tracks. Hobbs et al. (2000) reported that fluxes of heat
and water vapour from ships rarely produced measurable temperature perturbations, and never produced detectable
perturbations in water vapour, in the plumes from ships.
An example of an initial ship track formation, which may by typical for an marine stratus capped marine boundary
layer, is reported by Durkee et al. (2000). Several aircraft passes were made through the ship plume at only 40 – 80
m above the ship’s stack, where the plume was very narrow and visible. It was estimated that the plume reached
cloud base at between 5 and 8 km from the ship, by which time the plume had dispersed to fill much of the depth of
the boundary layer (in the reported case 800 m capped by a strong temperature inversion, the cloud base was at
about 500 m).
In the context of compliance to the global sulphur regulations it is interesting to consult the study by Gryspeerdt et
al. (2019). They investigated ship track signatures in clouds together with recorded ship positions (17000 samples)
The SCIPPER Project - 814893
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to demonstrate how cloud observations could be used to monitor air pollution by exploring a pathway to retrieve
ship sulfate emissions.

2.5

Summary of publications on ship plume observations

The following table gives a summary of relevant publications on observations of gas phase and particulate pollutants
in ship plumes. The studies put emphasis on plume development and in-plume chemistry.
Table 1: Summary of studies dealing with observations of gas phase chemistry and aerosols in ship plumes
Study
Kasibhatla et al. (2000)

Methods
NOx measurements in ship
plumes on land (Azore islands)

Chen (2005)

Aircraft based observations of
NOx and O3 in ship plumes in a
clean MBL
Land based observations of
gaseous pollutants in ship plumes

Celik et al. (2019)

Petzold et al. (2008)

Aircraft observations of aerosol
processing in ship plumes

Ault et al. (2010)

Land based single particle mass
spectrometry in the port of Los
Anegeles
Aircraft observations of ship
plumes in Arctic regions
Continuous measurements of
SO2 at Penlee Point, UK

Roiger et al. (2015)
Yang et al. (2016)

Marelle et al. (2016)

Aircraft observations of ship
plumes

Lack et al. (2009)

Ship based observation of ship
exhaust plumes, focus on
particles, in particular BC.

The SCIPPER Project - 814893

Main finding related to SCIPPER
Observed NOx concentrations lower than
models including ship emissions would
imply.
NOx lifetimes in plumes much lower than
in diluted marine boundary layer air.
Rapid oxidation takes place in ship plumes,
leading to significant NOx removal. Nitrate
remains gaseous because of high
temperatures in plumes.
Increase in organic PM1 through oxidation
when the plume ages.
Non-volatile and BC particles conserved
during plume expansion while Aitken
mode volatile secondary particles are
rapidly lost through coagulation.
Sulphate aerosols might be efficiently
formed when Vanadium is present in the
ship exhaust.
Non-volatile particles are dominant in the
exhaust gas.
residence time of SO2 in the marine
atmosphere is approximately 0.5 days,
with dry deposition explaining about a
quarter of the total SO2 sink
Combination with FLEXPART and WRFChem modeling indicates that STEAM2
NOx emissions are too high.
Particle light absorption conserved in the
ship plume, particle size and hygroscopicity
increase while number of small particles
decreases.
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3 Existing modelling approaches
Many attempts have been made to take the differences between the NOx-O3 chemistry in plumes with high NOx
concentrations and those where emissions are highly diluted into account (e.g. Davis et al. 2001, Song et al. 2003,
Chen 2005, Glasow et al. 2003). Those, which are relevant for the advancement of plume chemistry mechanisms in
larger scale models are briefly discussed in the following. The principles of the studies and the main findings are given.
For particulate matter the situation is different and there are much less studies that report observations of particle
number and mass in ship plumes and connect this to modeling approaches that can also be transferred to larger scale
chemistry transport model systems.

3.1

O3-NOx plume effects

Glasow et al. (2003) studied exhaust plumes from ships with a chemical box model. This model was an updated
version of the MOCCA model (Sander und Crutzen 1996, Vogt et al. 1996). The plume could be diluted through
entrainment with clean marine boundary layer air. They found that increased NOx concentration in the plume result
in higher ozone and OH concentrations, which in turn decreases the lifetime of many species like and results in
lower NOx concentrations compared to a case when the emitted pollutants would be dispersed immediately. They
could also show that marine aerosols can play a role by providing the surface for heterogeneous reactions. In addition,
bromine interacts with the NOx-O3 cycle. NOx itself has a short lifetime in the atmosphere but continental emissions
of NOx are often collocated with significant concentrations of the acetyl peroxy radical (either from anthropogenic
or biogenic sources). The reaction with NOx forms peroxy acetyl nitrate (PAN) which is longer lived than NOx.
PAN formed over the continents can be transported to the marine atmosphere where it can decompose to release
NOx thus providing an additional NOx source. Also soot particles emitted from the ship engines could influence the
NOx chemistry by producing HONO and later OH and NO from NO2. However, not much was known at that
time, if this plays an important role and how fast soot particles are modified within the ship plume. In the simulations
run by von Glasow et al., soot wasn’t important for the ship plume chemistry in the marine boundary layer. As it
has already been mentioned in Chapter 2.1, NOx losses within the ship plume result in lower ozone formation
compared to a case when the plume would be immediately diluted which is often assumed in regional and global
chemistry transport model systems. Photo-stationary calculations with a box model by Chen et al. (2005) showed
that 80% of the loss was due to the reaction between NOx and OH and a remainder due to PAN formation. Song
et al. (2003) found that elevated levels of NO3 and N2O5 shortened the NOx lifetime during the nights. Furthermore,
ship plume modelling studies of Song et al. (2003) and von Glasow et al. (2003) showed NOx lifetimes of a factor of
2.5–10 and 4, respectively, shorter in the ship plume than in the background.
However, a modelling study by Franke et al. (2008) found an increased NOx lifetime compared to background
conditions during the first hours of the simulation, which was only slightly reduced later on. Also, model simulations
of the ship plume measured by Schlager et al. (2008) showed increased lifetime of NOx during 1–2 h after the
emission. A sensitivity study has shown that at high NOx background concentrations, when the ozone formation is
in peroxy radical limited regime, the increased lifetime would persist over the entire lifetime of the plume. The main
reason for this finding, which seems contradictory to the findings from other studies, is that the NOx emission source
strength in the Franke et al. (2008) study was much higher than in previous studies (a large container ship emitting
145 g s-1 of NOx, compared to an average ship emitting 47 g s-1 of NOx) leading to much higher NOx mixing ratios
at the initial stage of the plume. One of the main loss processes for NO2 is the reaction with OH to form HNO3
that is deposited on the sea surface or taken up by particles. In polluted environments with higher NOx
concentrations in background air, O3 was also produced in the background air. The lifetime of NOx in the ship plume
was estimated to be 3.6 times lower than in background air. This clearly shows that plume dilution needs to be
considered appropriately in models with rather coarse grid resolution.
The model simulations performed in the Quantify project (Moldanova 2010) have shown results that were in
agreement with these studies: the NOx lifetime was reduced in the plume due to an increase of the OH mixing ratio
by a factor 1.5 on average during the first 12 hours after the plume release. This factor was reduced to 1.3 when the
plume was released in the evening. An additional small decrease of lifetime was due to the chemistry involving NO3
and N2O5.
Such differences between the predicted (modelled by a global chemistry transport model) and measured
concentrations were detected earlier by Davis et al. (2001). They investigated the differences in plume effects on
NOx and SO2. While NOx lifetimes are decreased in high NOx environments through OH formation, this does not
affect SO2 concentrations in a similar way. The main reason for this is that SO2 oxidation occurs only to a minor
degree through gas phase reactions. Liquid phase oxidation in cloud droplets is much more important for the lifetime
of SO2 in the atmosphere.
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To overcome this problem, Charlton-Perez et al. (2009) proposed to use advection schemes comparable to large
eddy simulations. They used wind fields calculated with the UK Met Office Large Eddy Model (LEM) and a simplified
NOx-O3-VOC gas phase reaction scheme. They could clearly show the impact of model resolution on the results,
even though all model runs were performed on a high resolution when compared to typical global CTM resolutions.
The coarsest model resolution was 3.2 x 3.2 km² in the horizontal and 640 m in the vertical. The authors propose
to parameterize ship emission in coarse grid models and use equivalent emissions as proposed by Esler (2003) or
effective emissions (Franke et al. 2008).
Franke et al. (2008) used the MECCA model to investigate the effect of ship emissions on the O3-NOx chemistry,
first, when the in-plume chemistry is considered and, second, when the emissions are diluted instantaneously into
the model grid cell of a global chemistry transport model system. From their simulations, they derive relative emission
strengths, also for secondary pollutants as ozone, that can be pre-calculated and then considered in coarse grid
models.

Figure 7: Correction of grid cell concentrations depending on relative emission strength given by (Franke et al. 2008).

Huszar et al. (2010) followed an approach of emission tracer developed by Cariolle et al. (2009) for aircraft NOx
emissions. The non-linear plume effects are resolved with help of emission tracer on which effective reaction rates
valid in the plume are applied during the tracer’s lifetime which is depending on the dilution of the plume with
background air. The latter is determined by using an exhaust tracer in the model for which the dilution time can be
selected. As expected, highest effects of the plume parameterization are visible in regions with high shipping
emissions. The relative reduction of the NOx contribution from shipping emissions was calculated to be about 2030%. This relative value didn’t vary much between regions with high and low ship traffic. The presented
parametrization considers only NOx-O3 effects.
Vinken et al. (2011) used a plume in grid formulation to account for the non-linear chemistry in ship plumes. The
Gaussian plume dispersion PARANOX model was used to consider in-plume chemistry and the results were fed
into the global chemistry transport model GEOS-Chem. It was calculated that the “instant dilution” approach
overestimated NOx concentrations by 50 % and O3 concentrations by 10-25% compared to the plume in grid version
of the model over the North Atlantic. However, in more polluted areas like the North Sea, this effect was much
smaller. The PARANOX model was run for 5h before the results for the reduction in NOx emissions and the
amounts of O3 and HNO3 produced were transferred from a look-up table to the GEOS-Chem model. This is a
computationally efficient approach that can also be applied in regional models, but it doesn’t account for in plume
effects on particle number and mass concentrations, either.

3.2

PM development

Compared to investigations of the plume effects on ozone and NOx concentrations, there are much less studies
published that take the development of the particle number and mass within a ship plume into account.
Petzold et al. (2008) measured particle properties behind a large container vessel (see section 2) and could explain
their observations with a Gaussian plume model based on the one proposed by von Glasow et al. (2003).
Comparison of the development of measured non-volatile particle concentrations to a Gaussian plume model with
dilution revealed that the observations could be reproduced by the model. It also showed that the plume could still
be detected within the marine boundary layer approx. 24h after emission.
Tian et al. (2014) built upon the study from Petzold et al. (2008) and applied the particle model Part MC Mosaic to
simulate the evolution of aerosol particles emitted from a ship. For simulating the dilution of the plume, they also
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used the Gaussian approach previously published by von Glasow et al. (2003). They found in their model that there
was almost no formation of secondary aerosol mass because of low mixing ratios of oxidants like OH, O3 and NO3
in the plume. However, it was essential to include coagulation, which decreased the particle number concentration
by more than one order of magnitude between the situations 100s and 5h after emission, respectively. The results
of the plume model were not considered in larger scale regional or global CTMs, yet.
As ship plume aerosol modelling is fairly rare, modelling of similar emission sources, such as for example combustion
power plants, can also be considered. In Mylläri et al. (2016) a coal-fired power plant was studied by performing both
in-stack and in-plume measurements, and the aerosol evolution was modelled using a quasi-Lagrangian approach in
which the a Gaussian model was used for determining the dilution, and simple gas-phase sulfur and NOx chemistry
was used to predict particle formation from sulfuric acid nucleation. Here, it was found that existing atmospheric
sulfuric acid particle nucleation parameterizations could not successfully explain the observed particle formation.

3.3

Summary of publications on ship plume modeling

Table 2: Summary of studies dealing with modeling gas phase chemistry and aerosol dynamics in ship plumes
Study
Davis et al. (2001)

Model involved
Full chemistry box model

Song et al. (2003)

Plume
dispersion
and
photochemical box model

Chosson et al. (2008)

Lagrangian particle dispersion
model driven by a LES model

Tian et al. (2014)

Particle
evolution
model
PartMC-MOSAIC (Riemer et al.,
2009)

Von Glasow et al.
(2003)
Vinken et al. (2011)

Gaussian plume model with
chemistry box model.
Plume representation with
PARANOX applied in GEOSChem.

Kim et al. (2016)

Ship
plume
photochemical
dynamical modeling for NOx and
O3
Ship
plume
photochemical
dynamical modeling for Sulphur
compounds
Ship plume parameterization for
a regional CTM (CAMx).
High resolution CTM for the
MBL using an advections scheme
based on LES
UBoM 2K8 model, utility
photochemical Box Model

Kim et al. (2013)
Huszar et al. (2010)
Charlton-Perez et al.
(2009)
Kim et al. (2009)
Marelle et al. (2016)
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Combination of Lagrangian
model FLEXPART (for ship
plumes) with Eularien model
WRF-Chem

Main finding related to SCIPPER
Chemical loss processes related to highly
elevated NOx levels are underestimated in
the GCTM treatment of ship plumes.
Shortened ship plume NOx lifetime
compared to typical ambient marine
conditions.
Gaussian plume dispersion models might
not be well suited for the early plume
development.
Dilution reduces PN by 4 orders of
magnitude in the first 15 min.
Coagulation further reduces PN by 1
order of magnitude.
NOx is overestimated in models that dilute
ship emissions instantaneously
Spatial resolution of the model is
important. Coarse resolution and
instantaneous dilution leads to strong
overestimation of NOx and O3.
Ozone production efficiency in ship
plumes smaller than outside the plume.
Halogen chemistry should be considered,
in particular pH of sea salt containing
particles is important.
Ship plume parameterization suppresses
O3 formation and increases NOx loss.
Spatial resolution has a significant impact
on the simulation of the chemistry of ship
emissions in the MBL
Increase in the levels of atmospheric
oxidants in the ship plumes reduce the
chemical lifetime of NOx within the MBL
Emissions from large scale ship emissions
models
like
STEAM
overestimate
emissions from individual ships, but
represent average NOx emissions well.
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Murano et al. (2018)

Franke et al. (2008)
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Application of a CFD model
employing a Eulerian approach
for the dispersion of airborne
agents, in order to assess the
impact of cruise ship emissions
on the façades of waterfront
buildings covering in Naples,
Italy.
Modelling
study
for
the
dispersion
and
chemical
conversion of emissions in the
near-field of a single ship with
two
different
modelling
approaches.

The highest SO2 concentrations are
observed nearby the emissive sources and
on the port front façades of the first line of
buildings. The presence of buildings
influences the air flow leading the
pollutants toward the open space on the
left of the line of building.
Increased NOx lifetime compared to NOx
lifetime in the background during the first
hours of the simulation, due to increased
NOx emission source strength compared
to previous studies leading to much higher
NOx mixing ratios at the initial stage of the
plume.
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4 Missing information and new observations needed
The extensive literature review and the research performed by SCIPPER partners revealed that there are still open
questions w.r.t. the development of ship plumes and how ship plumes should be treated in different types of
atmospheric chemistry model systems. Some of the most emerging questions are:
•
•
•

Which role do organic aerosol particles play in the exhaust gas composition emitted by ships compared to
the inorganic part?
What are the determining factors for the amount of organics emitted by ships and what is their partitioning
into gas phase and solid phase?
How does the aerosol composition change between the freshly emitted plume and the aged plume?

New observations could help improving our understanding of ship plume processes and the effects of shipping
emissions on pollutant concentrations.
The following areas have been identified as being most relevant:
1) The size distribution of aerosol particles related particle mass (PM) and particle number (PN) should be
measured more frequently. Until now there are only few observations showing the dynamics of the aerosol
particle size distribution in the freshly emitted plume. From these it can be concluded that secondary volatile
particles behave differently from insoluble particles.
2) The organic/inorganic part of the PM should be separated in observations. In some publications, not much
evidence was found for organic aerosol formation and also little growth was observed (e.g. Celik et al.,
2019). The magnitude of SOA formation relative to secondary inorganic formation should be quantified,
also for different types of fuels and lubricants used.
3) Besides the dependence of SOA formation on burned fuel, engine operations should be carefully monitored,
when observations of organic aerosol particles in the ship plume are made. Relationships between engine
load and organic aerosol emissions should be established.
4) The chemical composition of gas phase organics should be observed in order to better understand the
possible condensation of oxidized VOCs on existing particles. This should include interactions with particles
in the background air, in particular sea salt aerosols.
5) An important input for ship plume chemistry models are gas-to-particle partitioning coefficients for both,
fresh and aged particles containing various groups of organics
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5 Plume modelling approaches in SCIPPER
In SCIPPER, ship plume modeling will be advanced, and the consequences of in-plume gas phase chemistry and inplume modifications of the aerosol composition will be considered in the modelling activities. The following model
approaches are planned for SCIPPER. During the course of the project, they will take new observations performed
on board of ships and within the ship plume as well as laboratory studies on plume ageing into account
Quasi-Lagrangian in-plume chemistry and aerosol formation modelling
Tampere University has previously used a quasi-Lagrangian approach to model the early evolution from a power
plant stack plume (Mylläri et al. 2016) and roadside dispersion (Kangasniemi et al. 2019). The approach is based on
following an air parcel from the emission source and computing the dilution from a Gaussian plume model, and
solving the aerosol General Dynamic Equation (GDE) for the size- resolved aerosol population with a high time and
particle size resolution – essentially a box model. Modelled processes have previously included coagulation,
deposition, single-component condensation, an nucleation, and simplified chemistry (e.g. NOx and SO2) has also been
applied. This model can readily be applied to ship plumes.
As a further development, TAU will run a volatility basis set (VBS) -based aerosol model coupled to the aerosol
dynamics model to study gas/particle partitioning both for the early plume development phase (evaporation of
semivolatiles) and for modelling the SOA formation after oxidation. The VBS model is conceptually very similar to
the liquid-like evaporation model presented in Yli-Juuti et al. (2017) and Tikkanen et al. (2019).
For chemistry, TAU has the capability to run the Master Chemical Mechanism (MCM v 3.2, see eg . (Saunders et al.
2003) as a box model or in a model simulating the oxidation flow reactor environment.
Box model applications for WP3 measurement interpretation
These models will be applied in the interpretation of measurement data, especially the aerosol volatility
measurements and potential secondary aerosol measurements. The VBS-based evaporation model will be applied
together with an optimization algorithm to constrain the volatility of the fresh aerosol measured with denuding
equipment during the WP3 campaigns. For this, the model will be coupled with a computational optimization routine
to reduce the uncertainty of the obtained parameters. For the secondary aerosol formation, the MCM model can be
run to determine the photochemical age of the aerosol measured from oxidation flow tubes.
Plume version of MOCCA model
The chemical transformation of ship emissions in plumes will be investigated with a ship-plume version of MOCCA
model. The model has been developed for marine boundary layer (Sander und Crutzen 1996, Vogt et al. 1996,
Pszenny et al. 2004) and further developed in Quantify EU project for simulation of ship plumes. The chemical
mechanism of the model considers reactions both in the gas phase, in deliquesced sea-salt and sulfate aerosols and
on soot and dust particles. In addition to the standard tropospheric HOx, CH4, and NOx chemistry, the reaction
mechanism includes S, Cl, Br, and I compounds. Chemical processes involving different aerosol size fractions are
considered. The populations of particles of different composition can be treated either as continuous size
distributions or with segmential approach. The model can simulate conditions from the boundary layer to the lower
stratosphere. The plume mixing is described by the Gaussian approximation (Schumann et al. 1995) or optionally by
parameterization developed by Chosson et al. (2008). The model will be used in the interpretation of measurement
data from SCIPPER campaigns with focus on processes in deliquescent particles and soot, as well as to study
parameterization of nonlinear chemistry of ozone formation from oxides of nitrogen.
The nonlinear chemistry of ozone formation from oxides of nitrogen causes that NOx emissions that are in a regionalscale or a global models distributed directly over large grid squares, form more ozone than if they were treated in a
gradually dispersing plume. A method of plume parameterisation has been developed by Cariolle et al. (2009) where
the plume stage of emission is treated as a NOx emission tracer. Parameterised is first order reaction rates for ozone
(Keff*[tracer]) and relative NOx loss (β) in plume, Cariolle et al. (2009) presents parameterization for aircraft plume
and (Huszar et al. 2010) presents parameterization with Keff for ozone for ship plumes. In the project Quantify the
plume parameterisation as described by Cariolle et al. (2009) was implemented to the MOCCA-plume model and
tested, comparing paremeterised simulation with immediate dilution of the emission over a larger grid-cell against
an explicit plume simulation. A new removal rate for the NOx tracer was added to this parameterisation to improve
its performance. In SCIPPER project further development of the parameterization, making use of the ship plume
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measurements which will be performed in the project. The parameterization of the plume-stage tracer can be applied
also on other non-linear plume processes, as e.g. particle coagulation.
Plume version of the coupled PALM LES 6.0 and SALSA 2.0 models
In order to investigate the impact of shipping emissions in an area close to the waterfront of the selected cities the
sectional aerosol module SALSA2.0 embedded into the large-eddy simulation model PALM 6.0 will be applied
(Kurppa et al., 2019). The utilization of PALM 6.0 will help to account for the vertical and horizontal variation of
aerosol number concentration and size distribution at relatively small spatial and temporal scales, namely in areas of
10 km × 10 km over a time period of 2 hours.
PALM 6.0 features an LES core for atmospheric and oceanic boundary layer flows, which solves the non-hydrostatic,
filtered, incompressible Navier–Stokes equations of wind (u, v, and w) and scalar variables (sub-grid-scale turbulent
kinetic energy e, potential temperature θ and specific humidity q) in a Boussinesq-approximated form. Due to its
excellent scalability on parallel computer architectures (Maronga et al., 2015), PALM is applicable for carrying out
computationally expensive simulations over large, neighbourhood-scale, and city-scale domains with a sufficiently
high grid resolution for urban LES (Auvinen et al., 2017).
SALSA, developed by Kokkola et al., (2008), has already been embedded to PALM 6.0 in order to simulate the
aerosol particle concentrations, size distributions and chemical compositions. By utilizing the aerosol chemical
transformation module within SCIPPER the following chemical components will be simulated during the dispersion
of the plume towards the densely populated agglomerations, from the stacks of the ships moored at the harbor areas
of the cities:
o
o
o
o
o
o

Sulphuric Acid (H2SO4)
Organic Carbon (OC)
Black Carbon (BC)
Nitric Acid (HNO3)
Ammonium (NH3)
Sea salt, Dust and water vapour (H2O)

The gaseous concentrations of H2SO4, HNO3, NH3 and semi- and non-volatile organics (SVOC and NVOC) are set
as default prognostic variables. The aerosol dynamic processes included are the following:
o
o
o
o

coagulation,
condensation of H2SO4, organics (both SVOC and NVOC)) and water vapour,
dissolutional growth by HNO3 and NH3,
nucleation and dry deposition on horizontal and vertical surfaces and resolved vegetation

SALSA can be coupled with an already existing chemistry module. In that case, the five gaseous compounds (H2SO4,
HNO3, NH3, NVOC and SVOC) will be imported to SALSA from the chemistry module and should thus be included
in the chemical mechanism applied.
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7 Appendix

Figure 8: Most important chemical reactions in the marine boundary layer (from Eyring et a., 2010).
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