
Shipping Emissions in the Arctic and North Atlantic Atmosphere (SEANA)

Technical proposal

a) Objectives: Provide well-defined short-term and long-term objectives for the overall project 
Short-term project:
-To understand the sources and processes of aerosol particles (and precursor gases) including from shipping emissions, cloud condensation nuclei and ice nuclei 
-To elucidate the formation and growth mechanism of new particles

Long-term objectives:
· To update a global aerosol model based on mechanistic understanding on particle source and processes from the observations. 
· To evaluate the new model against pan-Arctic observations
· To predict the potential impact of future shipping emissions along the Northwest Passage (likely to be completely open in the summer by 2050) and changing climate on aerosol, CCN, IN and clouds 


b) Rationale: Describe the rationale for the project. This should be a detailed section that clearly lays out the scientific basis for the proposed work. 

Shipping is the largest means of moving freight globally. Ships produce primary aerosols (e.g., black carbon - BC), and gaseous pollutants (e.g., SO2, NOx). The latter can be oxidised in the atmosphere to form secondary aerosols. Shipping emissions are one of the most important sources of anthropogenic aerosol in the marine atmosphere1-3. Shipping emits up to 5-8% of global anthropogenic SO2 and 2% of black carbon (BC)3; it contributes up to 20-40% of the non-sea salt (NSS) sulphate in the Northern Hemisphere4-5 and up to 17% of ambient PM10 (particulate matter – PM - with a diameter less than 10 µm) in European coastal areas6. Special concern arises from increasing navigability in the rapidly melting Arctic Ocean with expanding community re-supply, fishing, tourism, fossil fuel exploitation and cargo trading7-15, which is projected to cause a large increase in emissions by 205010, 16. 
Aerosols from shipping can affect the climate directly through absorption (BC) and scattering of radiation (sulphate), with an overall cooling effect16, 17. At high-latitude, shipping BC deposited on ice / snow surfaces reduces albedo and enhances warming locally11,13,14. Shipping emissions can also indirectly affect the climate by influencing concentrations of CCN and IN (ice nuclei), impacting on microphysics of clouds (e.g., radiative properties, frequency and lifetimes)15-19. This indirect effect is likely to be large because ship emissions are released in regions with frequent low marine clouds in an otherwise clean environment5. However, estimates of the global indirect forcing are highly uncertain (i.e. sulphate forcing alone ranges from −600 to −38 mW m−2)16-17. At high-latitudes, studies of the climate impacts of shipping have been unable to provide a consensus, giving both cooling20,21,13,14 and warming22 effects, which depend in part on the uncertain response of natural CCN sources11.  Two of the most important aspects hampering a sound assessment of shipping impact are: (1) the uncertainties in shipping emission 23,9,12,14, and (2) a lack of understanding of the natural sources and their interaction with shipping emissions – the present-day aerosol baseline from which predictions are made11. 
Fortunately, an unprecedented opportunity arises now to reduce these uncertainties – the implementation of the IMO emissions regulation in 2020. The drastic reduction in shipping S emission will undoubtedly cause a reduction in sulphate aerosol concentration in the marine atmosphere16. This will affect the aerosol size distribution and CCN population11,16. However, the actual impact is highly uncertain in models due to the complex sources and processes affecting aerosol and CCN in the marine atmosphere16,23-25. The IMO regulation offers a unique, unmissable opportunity to monitor the “real-world” perturbation on the ANAA aerosol system and thus to challenge the model skill in evaluating not only in-situ observations but also the response to emission reductions, testing model processes. 
On the other hand, future predictions on the impact of shipping upon aerosol and climate require a accurate understanding of the present-day aerosol baseline, on which shipping emissions are super-imposed and with which they interact. That baseline includes both natural sources and continental long range transport12,26-28. One of the most important and uncertain processes in the ANAA is new particle formation (NPF) resulting from emissions of dimethyl-sulphide (DMS) from marine biological communities29-31, ammonia from seabird colonies31-32, iodine from inter-tidal zones33-35 and unidentified organics36. The present-day "baseline" is already changing due to changes in Northern Hemisphere anthropogenic emissions; this will further change due to the imminent 2020 IMO regulations. Current models, including GLOMAP, GOES-Chem and ECHAM6-HAM211,31,14 typically use a simplistic representation of a complex multi-pathway process37-40 in the Arctic, which is poorly evaluated in ANAA and little is known about the importance of different processes to aerosol and CCN in different ANAA regions. 
In summary, there are major uncertainties in shipping emissions and “present-day” natural aerosol baselines, which significantly impair our ability to predict the impact of shipping on aerosol systems and climate in the ANAA. SEANA will address these uncertainties through unprecedented observations of aerosol sources and processes at fixed stations and mobile platforms, integrated at all stages with a state-of-the-art modelling programme. 
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c) Progress to Date: Describe the results of any work completed to date.  This section should also include information on any progress in the areas of capacity building, communications and/or the use of Indigenous knowledge
We made observations at Faroe Islands and are currently taking samples from Thule Observatory. Our fieldwork has been affected seriously by the COVID restrictions and the main focus of the project will now be on the research cruise. 

We also analysed data collected from existing observations including from Svalbard. We have published a paper in Atmospheric Chemistry and Physics and another paper under review in Environmental Science and Technology. We are drafting two more papers. 

We are currently training a PhD student and four postdoctoral students as part of this project. 


d) Methodology:  Describe project design, field research methodology, data analysis techniques, where and when the work will be carried out over the lifetime of the project.

Figure 1 shows how the detailed online (WP1) and offline observations (WP2) will be analysed (WP3), guided by modelling (WP5), and combined with existing datasets (WP4), and how observations will be integrated in a cutting-edge UK global aerosol model (WP5). 
[image: ]
Figure 1 Project flow and outcomes; WP1-3  O1, WP4 O2; WP5  O3; WP3-5O4


WP1: Field observations 
WP1 aims to collect new observational data, in particular along the NWP ship route (O1).    Our
strategy is to make fixed station  observations to enable an integration into existing ANAA datasets (, complemented by cruise campaigns to further our understanding of aerosol processes over the open ocean. We will focus on >50°N as this area is the most understudied and the most sensitive to anthropogenic perturbations. 

Table 1 below lists the instruments to be deployed and the variables they measure. SMPS - Scanning Mobility Particle Sizer [A], CPC - Condensation nuclei counter [B], PSM - Particle size magnifier [C], CCN counter [D] and IN counter [E] provide a series of physical parameters of aerosols, enabling the source apportionment of particle/CCN/IN numbers. Api-ToF - Atmospheric pressure interface-mass spectrometer [F] measures the composition of clusters, enabling the understanding of formation pathways of new particles. iDirac – isoprene-Dirac gas chromatograph with a photo-ionisation detector [G], Max-DOAS - Multi Axis Differential Optical Absorption Spectroscopy [H], NH3 analyser [I], and gas analysers [J] offer a rich dataset on precursor gases that contribute to the formation of new particles and growth of existing particles. Aethalometer [K] and ACSM – Aerosol Chemical Speciation Monitor [O] measures 
Table 1 Instruments to be deployed during field observations and variables they measure
	
	Technique 
	 Parameter
	Monitoring sites / cruises

	
	
	
	Faroe 
	Thule
	Araon
	NERC Ship

	A
	SMPSµ 
	Size distribution 6-500nm
	
	
	*
	

	B
	CPCµ 
	Total particle number conc. >2.5 nm
	
	
	*
	

	C
	PSMµ
	Size distribution 1 nm
	
	
	
	

	D
	CCN counterµ
	Number conc. of CCN
	
	
	*
	

	E
	IN counterµ 
	Ice nuclei conc. 
	
	
	
	

	F
	Api-ToFµ 
	Conc. of ions / clusters 
	
	
	
	

	G
	iDiracµ 
	Isoprene and DMS
	
	
	
	

	H
	MAX-DOASµ
	Iodine species
	
	
	
	

	I
	NH3 analyserµ
	NH3 concentration
	
	
	
	

	J
	Gas analysersµ 
	CO/O3
	*
	
	
	

	K
	Aethalometerµ 
	BC concentration
	
	
	*
	

	L
	Hi Vol sampler
	24-hr PM2.5 samplesβ
	
	
	
	

	M
	Low Vol sampler&
	24-hr PM2.5 samples
	
	
	
	

	N
	Impactorα
	1 hr single particle samples 
	
	
	
	

	O
	ACSMµ
	NR aerosol composition
	
	
	
	

	P
	ATOFMSµ
	Single particle composition
	
	
	
	


*, Measurements already available; µ, online; β, PM with a diameter < 2.5 µm; & This provide PM2.5 mass and Si concentration that are not available from high-vol sampling (using quartz filters); α Usually an hourly sampling;  A, B, D, J from UoB/BAS; C, F, J, K, L, M, N, O, P from UoB; E, H from BAS, G from CU; and I from project partner 

BC and non-refractory aerosols and support source apportionment. Aerosol samplers [L, M, N] provide samples that can be characterised offline (WP2) to apportion the their sources by mass and by individual particles, including those from shipping emissions. ATOFMS - Aerosol Time of Flight Mass Spectrometer [P] can be used to trace shipping emissions.
WP1.1 Fixed station observations: The first ever state of the art aerosol measurements at Faroe Islands (1, Fig. 1) will be made from Jan 2019 to Dec 2020. Faroe Islands is in a key geographical area in the North Atlantic, under the direct influence of major shipping routes and outside the Emission Control Area (ECA) where sulphur in fuel is already controlled. Thus, it is ideal for studying the impact of the 2020 IMO regulations on atmospheric composition, by comparing with sites within ECAs. The site is at a remote air quality station “Havnardalur” run by the Faroe Islands Environment Agency. The aerosol samplers [L, M] will automatically collect samples every four days and operate only when the wind is from the marine sector.   Measurements will also be made at the remote Thule Observotory. We will operate on 2020 – as a baseline for future. The site is located on the coast in west Greenland, where both biogenic and anthropogenic (including shipping) emissions can be sampled. The sites were chosen as representing regions with distinct biogenic precursors and shipping emission types.   Both sites will be run routinely by project partners.   We will obtain shipping aerosol markers by observations (SMPS, CCN, off line aerosol samples, 10 days) at Faroe Tórshavn harbour during the maintenance visits in summer 2019 and 2020. The markers might change after the IMO regulation is in place but they are the prerequisite for receptor modelling (see WP4). 
WP1.2 Cruises: RRS Discovery is an icebreaker by NERC. We will deploy a range instruments on RRS in Summer 2022 . The areas chosen are expected to be hit heavily by future ship traffic. Novel instruments, such as Api-ToF (Table 1) will be deployed for the first time on board of icebreakers cruising the Arctic. 

WP2 Offline laboratory analyses 
WP2 aims to obtain detailed chemical and physical characterisation of aerosol, in support of WPs 3-5 (O1).  A. Individual particle analyses – Novel assessments of the mixing state and isotopic composition of individual particles will allow us to probe the sources and processes of aerosol particles. We will select single impactor [N] samples from periods of distinct events, such as nucleation, accumulation and long-range transport identified by SMPS (WP3.1), including a few from the harbours (WP1). A Transmission Electron Microscope (TEM) will be used to determine the morphology, size, elemental composition and mixing states of individual particles. Mixing state of individual particles containing V or Ni will allow us to pinpoint ship-emitted particles and to evaluate their aging processes. Nano-SIMS (Secondary Ion Mass Spectrometer) analysis will provide fingerprints of chemical compounds (e.g., S, Na, Cl, organics) in individual particles (Fig. 3 right). This approach complements TEM measurements and provide information on the volume contribution of organic and inorganic components. S isotope ratios in CCN-sized individual particles from marine air masses in Faroe Islands before and after the IMO regulation will also be determined.    B. Bulk aerosol composition analysis – This provides data on specific chemical species in the daily aerosol samples [L, M], including typical tracers from shipping (e.g., V, Ni). IC (ion chromatograph), ICP-MS (inductively coupled plasma – mass spectrometer), XRF (X-ray fluorescence spectrometer) and GC-MS (gas chromatograph – mass spectrometer), all of established utility for aerosol analysis, will be used to determine inorganic ions, trace metals, crustal elements, and organic tracers, including biogenic volatile organic compounds oxidation products. We have extensive experience in such analyses including QA/QC protocols. Samples will also be analysed for brown / elemental / organic carbon using the DRI2015 Thermal Optical Analyzer. Sulphate in a fraction of the filter samples will be extracted in water, precipitated as barite and measured with Delta V Advantage Isotope Ratio Mass Spectrometer (IRMS) for Stable S isotope composition following Han et al..  


WP3. Integrated analysis of chemical / physical data 
WP3 will apply multiple approaches, built upon our NERC-funded projects (NE/N006992/1; NE/I008039/1; NE/H00324X/1), to apportion the sources of aerosols / CCN, including from shipping, in the ANAA on the basis of both chemical and physical parameters (O1&O4). 
WP3.1 Aerosol and CCN source apportionment from the new observation data. SEANA will apply our leading expertise in K-means cluster analysis of particle number size distribution – PSD [A-C]40,43 to identify different aerosol categories from a single monitoring site, and to compare such categories across sites. This will enable us to distinguish new/aged nucleated particles and different “accumulation” mode particles including long-range transport and local pollution. PSDs will also be analyzed using a receptor model - Positive Matrix Fractionation (PMF). PMF can separate contributions to the PSD, whereas K-means clustering can describe the possible different combinations of PSD. Other parameters, particularly meteorology and air mass trajectories will provide additional insights to the identification of aerosol sources. SEANA will also apply a new receptor model method, successfully applied in our own research to harmonise combined source apportionment of aerosol physical (PSDs) and chemical datasets (offline aerosol composition and ACSM). Single particle ATOFMS [P] will be used to identify fresh and aged ship emitted particle as well as long-range transported aerosols. By merging both chemical and physical data obtained in our multiplatform SEANA sites, we will constrain the ship contribution to the ANAA aerosol. Our strategy here provides advantages in terms of greater capacity to distinguish between source categories because it combines chemical and physical data altogether.    Real-time aerosol process understanding: Api-ToF data [F] from SEANA intensive field studies across different marine environments will provide a description of the chemical species contributing to NPF events. Nucleating species detected with Api-ToF [F], including H2SO4 and organics, will be integrated with isoprene / DMS [G], NH3 [H], and PSDs [A,B, C] to ascertain the role of anthropogenic and biogenic components in the formation of new particles and their growth to CCN. Biological and biogeochemical measurements made on both vessels will aid the interpretation of biogenic impacts. Individual particle analysis including both offline TEM/NanoSIMS [N] (WP2) and online ATOFMS [P] analysis on ship-emitted particles (identified via its tracer species of soot, V, Ni) as well as newly formed particles will enable us to understand what contribute to their growth to CCN sizes, including the relative role of organics and sulphate in the growth of the ship-emitted particles. The new process understanding will be fed to modelling WP (WP5 below) to evaluate and improve a UK global aerosol model.   CCN / IN sources: average CCN /IN concentrations for apportioned aerosol categories will be derived by overlapping the CCN /IN temporal trends with the SMPS clusters/PMF factors. Receptor modelling of particle composition and size distribution and CCN / IN concentrations [D, E] will also be carried out. The CCN activated fraction (the ratio of CCN activated at a given supersaturation over the total particle concentration at sizes >25 nm) and the critical activation diameters for the different aerosol categories will be estimated. Individual particle analyses data will be used to support identification of CCN / IN sources, which can both come from shipping.
WP3.2 Reponses of marine CCN and aerosol composition to IMO regulation: We will apply a statistical method to decouple the effects of meteorological parameters from source changes (i.e., reduction in shipping SO2 emission) on the aerosol /CCN dataset [A-D] at Faroe Islands, a critical step to compare to the model response in WP5. The method has been successfully applied in analysing a long-term air quality dataset in Beijing within a NERC project (NE/N006992/1). This will allow us to evaluate whether the reduction in SO2 emission will make the emissions of DMS and other marine organics more important CCN precursors. It will also enable us to assess the response of aerosol pH and composition, including sulphate, nitrate, BC, trace metals at Faroe Island to the IMO regulation (Q1–HT–I).   Bulk S isotope dataset will be used to quantify the contribution from biogenic source, i.e., oxidation of biogenic DMS and fossil fuel SO2, which has different isotope signal – 34S are reported to be respectively +18.9 and +20.3‰ and +1 to +5‰ (3±2‰). Sea-salt sulphate contribution to all aerosol samples will be estimated using the known seawater SO4 / Na ratio. There is no easy way to apportion S from shipping directly. But the two-yearly dataset (2019 and 2020) will allow us to use a mass balance approach to estimate shipping contribution by assuming a reduction in ship fuel sulphur content from 2.7% to 0.5% in 2020 and no change in other fossil fuel sources. Single particle S isotope data will be used to estimate the potential change in CCN composition due to the IMO regulation. 

WP4. Combining new observations with ANAA network measurements into an integrated observing system 
WP4 aims to put the new observations into the context of the existing ANAA network data in order to generate an integrated ANAA benchmark data on aerosol baseline (O2). The SEANA team will put together the most comprehensive dataset from a coordinated network of long-term observations. The statistical and receptor modelling techniques (WP3.1) will be applied to the physically based interpretation of the recent / ongoing aerosol dataset at the ANAA network. We will then apply a combined PSD-chemical data methodology similar to that used in Dall’Osto et al. with the EUCAARI-EUSAAR network data to illustrate the seasonal and spatial patterns of particle characteristics in ANAA. By combining new data from the western Arctic, including Greenland, Iceland, Faroe Island as well as the two cruises, we will provide a new benchmark dataset on aerosol sources covering the ANAA (>50 °N). Existing data (CCN data from stations 5, 8, 9, 11; and SMPS data from stations 5-11, Fig. 1) will be merged with SEANA CCN and SMPS [D, A] data to examine how different factors including condensation sink and chemical substances contribute to particle formation/growth and their role in regulating CCN numbers. Such data bare crucial for evaluating global aerosol models.

WP5: Quantifying and predicting impact of shipping on aerosol/CCN and radiative forcing (lead: Browse; PDRA-UoE)
WP5 aims to (1) understand ANAA baseline aerosol in a global aerosol model via evaluation against new source-observational datasets (O3); and (2) quantify the impact of IMO regulation and Arctic future shipping traffic on ANAA aerosol and climate (O4).  The model we will use is the GLOMAP-mode64 coupled to the chemistry transport model TOMCAT. GLOMAP-mode is a state-of-the-art aerosol microphysics model which tracks both mass and aerosol number, evaluated against multiple datasets, including in the Arctic. Here, we use a microphysics model as our focus is on the poorly understood aerosol system, although additional off-line models will be used to quantify climate impacts including CCN/IN and radiative forcing. 
WP5.1: Using GLOMAP to understand the ANAA baseline aerosol system: WP5.1 will incorporate the Corbett et al. Winther et al. and Peters et al. shipping inventories in GLOMAP and evaluate model performance. Initially (before observations data are available), we will evaluate NPF modelling schemes including Metzger et al. and ternary H2SO4-H2O-NH3 at high latitudes,  as these processes are important in the Arctic aerosol system, but their representation in global models remains poorly tested. This evaluation will include the model representation of key components of NPF including ammonia, DMS and VOC. The model will be used to predict PSDs, in ‘model-world’, and initially evaluated against existing data by Reddington et al.69. This step will include sensitivity tests e.g., modifying inventories/parameters to determine which observations can be reproduced via multiple modelled systems. Simulations from this stage will contribute to NERC cruise planning.   We will also parametrize potential newly identified / confirmed processes in our observations (WP3.1). We will then evaluate source-apportioned aerosol in ANAA, both before and after Jan 2020, against the new benchmark aerosol dataset (WP4) to confirm that the modelled sources (e.g., the dominant NPF pathway, shipping) as well as output (i.e. CCN) are accurately represented and our model baseline processes are robust. 
WP5.2 Assessing the impact IMO emission regulation: The updated and evaluated model will be used to simulate the impact of proposed SO2 reductions (e.g., by reducing ship residual fuel sulphur content from 2.7% to 0.5%, following Sofiev et al.) on ANAA aerosol composition, aerosol and associated climate impacts (Addressing Q3–HT-I). This step will include the use of the Corbett et al. and Peters et al. inventories for the present day updated from Winther et al. to include fishing. We will evaluate our modelled response against the observed aerosol and CCN changes (decoupled from meteorological responses) at Faroe Islands (WP3.2) and identify potential uncertainties and areas for improvement before calculating the impact on radiative forcing as in Scott et al., on CCN as in Merikanto et al., on IN as in Wilson et al. and on cloud droplet concentration (CDC) as in Regayre et al. 
WP5.3: Predicting the impact of future ship traffic in NWP: We will also use our model, evaluated against source apportioned observations (WP4) and observed aerosol responses (WP3), to quantify the impact of Arctic shipping in future climate scenarios when the NWP is open. This will include the use of the Corbett et al. and Peters et al. inventories for 2030 and 2050 assuming both high growth (including diversion through the NWP) and business as usual scenarios as well as new IMO regulations. Corresponding sea-ice, and other diagnostics required for future model simulations will be obtained from the CMIP5 dataset. Here, we will calculate the impact of shipping against evolving natural Arctic aerosol processes, including emission responses to sea-ice decline and current shipping emissions. Finally, we will calculate (from a robust and constrained baseline) the radiative forcing and CCN/IN/CDC change (as in WP5.2) with respect to the changing natural baseline and Arctic shipping in the NWP and greater ANAA region 

e) Data management: Describe your data management plan, including where and when the data and metadata records will be stored

All data in relation to the atmospheric observations will be stored at BADC and the data generated from the ocean observations will be deposited to BODC www.badc.ac.uk www.bodc.c.uk. The data will be used for the science party for privilege use for two years after the project completes and then made publicly available. 


f) Research outputs: Describe the major research outputs to be generated through the project (academic theses, publications, presentations, reports, etc.) 
· Publications
· Data – see above
· Thesis – a PhD thesis
· Presentations – during international conferences
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