Inter-annual trend of the direct contribution of ship emissions to PM2.5 concentrations in Venice (Italy): efficiency of emissions mitigation strategies
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Abstract
Ships and harbour emissions are currently increasing, due to the increase of tourism and trade, with potential impact on global air pollution and climate. At local scale, in-port ship emissions influence air quality in coastal areas impacting on health of coastal communities. International legislations to reduce ship emissions, both at Worldwide and European levels, are mainly based on the use of low-sulphur content fuel. In this work an analysis of the inter-annual trends of direct contribution, ε, of tourist shipping to the atmospheric PM2.5 concentrations in the urban area of Venice has been performed. Measurements have been taken in the summer periods of 2007, 2009 and 2012. Results show a decrease of ε from 7% (±1) in 2007 to 5% (±1) in 2009 and to 3.5% (±1) in 2012. The meteorological and micrometeorological conditions of the campaigns were similar. Tourist ship traffic during measurement campaigns increased, in terms of gross tonnage, of about 25.4% from 2007 to 2009 and of 17.6% from 2009 to 2012. The decrease of ε was associated to the effect of a voluntary agreement for the use of low-sulphur content fuel enforced in the area between 2007 and 2009 and to the implementation of the 2005/33/CE Directive in 2010. Results show that the use of low-sulphur fuel could effectively reduce the impact of shipping to atmospheric particle concentrations at local scale. Further, voluntary agreement could also be effective in reducing the impact of shipping on local air quality in coastal areas.
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1 Introduction

Maritime transport has been increasing in the last decade due to the globalisation of manufacturing activities and the increase of global trade (Zhao et al. 2013) making harbours and ships key contributors to anthropogenic emission of atmospheric pollutants (Agrawal et al., 2008; Eyring et al., 2010). Nearly 70% of the ship emissions occur within 400 km of land (Eyring et al., 2005; 2010). These close-to-land emissions could have significant environmental impact on the coastal area (Saxe and Larsen, 2004). In-port ship emissions and the emissions of harbour-related activities represent only a small fraction of the global emissions associated to shipping (Dalsoren et al., 2009). However, they can have important effects on health of coastal communities in Europe, Asia and USA, which often have harbours located near urban and industrial centres (Saxe and Larsen, 2004, Dore et al., 2007). Further, these emissions could have an impact on climate of coastal areas and influences local ecosystems. This is especially true for the Venice lagoon area, studied in this work, because the lagoon is a major vehicle of exchanges of pollutants between atmosphere and sea (Guerzoni et al., 2005; Gambaro et al., 2009; Donateo et al., 2012).
The contribution of ships and harbour emissions to local air quality, with specific focus on atmospheric aerosol, has been investigated using models (Trozzi et al. 1995; Gariazzo et al. 2007; Eyring et al. 2005; Marmer et al. 2009), or using experimental analysis at high temporal resolution (Ault et al. 2010; Contini et al. 2011; Jonsson et al. 2011; Diesch et al. 2013; Donateo et al., 2014) or using receptor models based on identification of chemical tracers associated with ship emissions (Viana et al. 2009; Pandolfi et al. 2011; Cesari et al., 2014). In a recent review (Viana et al., 2014) it has been shown that, in European coastal areas, shipping emissions contribute with 1-7% of ambient air PM10 levels, 1-14% of PM2.5, and at least 11% of PM1, further these emissions may also enhance new particle formation processes in urban areas. 
International legislations have been introduced to reduce emissions from ships, especially in harbour areas and in specific zones (SECA –Sulphur Emission Control Area), based on the use of low-sulphur content fuels. Directive 1999/32/EC as amended by Directive 2005/33/EC regulates, inter alia, the sulphur content of fuels used by maritime transport as well as monitoring and inspection provisions applicable only at European level. An alignment of the Directives 1999/32/EC and 2005/33/EC with the new IMO provisions, agreed in 2008, related to the sulphur content of fuels has been performed with Directive 2012/33/EU. In the specific area studied in this paper (the Venice lagoon, north-eastern Italy) a voluntary agreement for the reduction of SO2 emissions of tourist shipping has been enforced to progressively reduce the sulphur content in fuel used by large cruise ships between 2007 and 2009. A summary is reported in Table 1.
The use of fuels with low sulphur content is expected to reduce maritime transport emissions of SO2 by more than 90% in SECAs and by more than 75% in other sea areas bordering the EU (EC, 2011). The use of low-sulphur fuels is expected to affect particle emissions as well as formation of secondary particles associated with SO2 emissions. However, the effect of fule quality on particle emissions is still not completely clear and needs to be further studied (Lack and Corbett, 2012; Hallquist et al., 2013). Even if there are some doubts regarding the benefits of the use of low sulphur fuels on global average concentration of SO2 (Mest et al., 2013), there are evidences of reduction of SO2 concentrations at local scale, passing from 2009 to 2010 concentrations, in some European harbours (Schembari et al., 2013). According to Tao et al. (2013), the emission control that was put into effect at harbours and along the California coastline, requiring use of lower sulphur fuels in place of heavy fuel oil in main engines of ships, resulted in a 28−72% decrease in SO2 concentrations (the SO2 decrease varying depending on proximity to shipping lanes) at the Port of Oakland and in the surrounding San Francisco Bay area. According to Lack and Corbett (2012), the current fuel sulphur regulations have the effect of reducing the ship black carbon emission factor by an average of 30% and potentially up to 80% regardless of engine load.


In this work the direct contribution of tourist ship traffic to PM2.5 concentrations in the urban area of Venice (North-Eastern Italy) has been estimated for different years (2007, 2009, and 2012) and has been correlated with the implementation of emission reduction strategies and legislation taking into account the variability in meteorological conditions and in ship traffic. The aim is to investigate the efficiency of mitigation strategies, based on the use of low-sulphur content fuel, in reducing the impact of shipping to atmospheric particle concentrations.
2 Measurement campaigns and instruments used
The measurement site was located in the Sacca San Biagio island (45° 25’ 38.50” N – 12° 18’ 33.86” E), 1 km south of the tourist harbour (Stazione Marittima) of Venice (Fig. 1). The site is located at the end of the Giudecca channel, the deep water passage for tourist ships moving to and from the Venice cruise ship terminal (Fig. 1). On arrival, ships navigate through the Giudecca channel, in some cases they navigate under their own power and others (according to the size of the ship) are towed. Departing ships follow the same path out to sea.
Measurement campaigns have been performed in the summer period during 2007, 2009, and 2012. The campaign in 2007 was performed in two periods: 27/06/2007-26/07/2007 and 28/08/2007-26/09/2007; the campaign in 2009 was between 22/07/2009 and 01/09/2009; the campaign in 2012 was between 03/07/2012 and 24/09/2012. Measurements in the different years have been taken using the same instruments (with an upgrade in 2012). The choice to perform measurements in the summer period was done because it is the period of maximum traffic of tourist ships including both passenger and cruise ships.
Instrumentation, placed on a telescopic mast (Clark Mast SQT9/M) at 9.6 m above ground level (about 12 m above the mean sea level), included a three-dimensional ultrasonic anemometer (R3 Gill Instruments Ltd), operating at 100 Hz in calibrated mode, and a slow-response Rotronic MP100A thermo-hygrometer (Campbell Scientific). These instruments were complemented by a fast-response optical detector pDR-1200 (Personal Data logging Real time Aerosol Monitor by Thermo Electron Corp) that was used to measure the PM2.5 concentrations (1 Hz). The pDR-1200 was operated in active sampling mode (flow-rate 4 l/min) at 1 Hz and was equipped with a cyclone separator (2.5 μm cut off at the flow-rate used, model GK2.05). The pDR-1200 uses infrared radiation scattering (880 nm) for concentration measurements and it is influenced by high values in relative humidity (RH>70%), because the water vapour changes dimension, density and optical properties of the particles (Sioutas et al. 2000, Chakrabarti et al. 2004) and modifying the scattering and absorption coefficients of particles and consequently the response of the optical detector used (Chakrabarti et al. 2004). Therefore, measured concentrations have been corrected to take into account the role of RH using the correction procedure developed in (Donateo et al. 2006). It was verified that the stability of the zero of the pDR-1200varied by about 2-3 μg/m3 over a period of about 3-4 weeks.
During the 2012 campaign a Condensation Particle Counter (TSI, 3775 model) was used to measure (1 minute resolution) the total particle number concentrations. The CPC was installed inside an air conditioned shelter using an inlet based on a conductive plastic tube (2.5 m long with 26 mm internal diameter) and a stainless steel sampling head located outside the shelter at about 2.5 m above the ground. The flow rate in the inlet was maintained at 25 l/min using a pump (Aquaria CF20e) and a portion (1.5 l/min) was directed, using a conductive silicon tube (0.5 m long with 6 mm internal diameter), towards the CPC passing through a silica gel dryer. The dryer (0.24 m long with 20 mm internal diameter) was developed at ISAC-CNR laboratory; it works using silica gel ATI DD250 cartridges that were replaced every 2-3 days. The particle losses of the inlet were calculated according to the formulation reported in Hinds (1999). The total counting efficiency was calculated as the product between the penetration factor and the counting efficiency of the CPC obtained from the constructor (TSI, 2007). Results show that the cut-off diameter (at 50% efficiency) was around 5 nm in the configuration used, thereby, the system was measuring particle number concentration in the range 5-3000 nm (the latter is the upper limit of the CPC).

A network video camera (AXIS 221), able to operate during night and day collecting photos every 30 s of the channel, was used to monitor departure/arrival of ships in the observed area. This information was used to synchronize the ship traffic database, furnished by the Venice Port Authority, with concentration and meteorological measurements.

A PM2.5 SkyPost PMHV low-volume automatic sequential sampler (TCR Tecora) was used in the measurement site, during specific periods of the campaigns, to collect daily PM2.5 for gravimetric measurements of concentrations that were used for comparison with the optically measured concentrations.

3 Meteorology during the measurement campaigns

The meteorology plays an important role in transport and dispersion of pollutants released by local sources. A detailed analysis of the meteorological and micrometeorological conditions during the three measurement campaigns has been performed in order to investigate if the conditions in three campaigns are comparable.
In Figures 2a and 2b the average daily patterns of temperature and relative humidity are reported showing similar behaviours in the three campaigns with differences lower than the standard errors. The average temperature, obtained from hourly measurements, was 22.5 °C (range 11.5-34.6 °C) in 2007, 26.6 °C (range 17.9-33.8 °C) in 2009, and 24.9 °C (range 13.9-34.0 °C) in 2012. The average relative humidity, obtained from hourly measurements, was 67.6 % (range 24.6-98.0 %) in 2007, 65.9 % (range 36.3-96.2 %) in 2009, and 65.9 % (range 28.2-98.5 %) in 2012. Measurements were performed in the summer period with limited precipitation in all the campaigns. The periods with precipitations larger than 0.5 mm/h were 4.6% in 2007, 1.0% in 2009, and 1.6% in 2012. In Figure 2c the daily pattern of sensible heat flux, H, is reported for the three measurement campaigns and in Figure 2d the same analysis is reported for the friction velocity, u*. Measurements of H show a very similar trend during all the measurement campaigns with lower maximum diurnal values in 2007. Weak instability (H<0) is observed only in limited periods late in the evening and during the first hours of the night in all campaigns. The trends of friction velocity show the maximum in the central hours of the day for all the measurement campaigns. However, in late afternoon and in the first hours of the nights the values observed during 2009 are lower than those observed in 2007 and 2012.
In Figures 3a the average daily patterns of wind velocity are reported for the three campaigns. In Figure 3b the daily patterns of prevalent wind direction are reported for the three campaigns. In Figure 3c the wind rose obtained considering together all the data available in the three measurement campaigns is reported. Results show that there is a substantial similarity in wind velocity and direction in the three measurement periods. The average wind velocity, obtained from hourly measurements, was 3.1 m/s (range 0.6-10.1 m/s) in 2007, 2.8 m/s (range 0.4-9.8 m/s) in 2009, and 2.8 m/s (range 0.1-10.1 m/s) in 2012. Prevalent wind direction shows a clear daily pattern with winds coming from NNE-NE directions, following a circulation from the Alps mountains, mainly during the night and winds coming from SSE-SE during the day (from the Adriatic Sea). This circulation could be considered typical of the Venice lagoon and it has been observed also in other measurement sites in the area, especially in spring and summer seasons (Gambaro 2007; Donateo et al., 2012).

Therefore, the meteorological and micrometeorological conditions were very similar in the three measurement campaigns. The measurement site was downwind of the harbour and ships emissions mainly during the night and the first hours of the morning.
4 Trend of tourist ship traffic during the measurements campaigns
Tourist ship traffic in Venice harbour is mainly associated, both in terms of gross tonnage and passengers, to large cruise ships and it is mainly concentrated in spring and summer (83.1% of berths are between May and October). Considering cruise ships, in 2012, 61.3% of berths were associated with ships larger than 40000 tons and 22.5% of berths were of ships larger than 100000 tons (source: Venice Port Authority).
The average weakly patterns of ship traffic in terms of gross tonnage during the three measurement campaigns is reported in Figure 4a considering the total ship traffic (arrivals and departures). The pattern was similar for the different years with an increase during weekends (Saturdays and Sundays). In general, there is an increase in the ship traffic moving from 2007 to 2012. The average daily traffic, TR, in 2007 was 262.7 ktons/day. In 2009 the traffic was 329.5 ktons/day, and in 2012 it was 387.4 ktons/day. This indicates an increase of tourist ship traffic of about 25.4% from 2007 to 2009 and a further increase of 17.6% from 2009 to 2012. The average daily patterns of total (arrivals and departures) tourist ship traffic are reported in Figure 4b. These patterns are very similar in the three campaigns presenting a morning peak (between 6 am and 7 am associated to ship’s arrivals) and an evening peak (associated to ship’s departures). The evening peak appears at variable time in the different campaigns with a shift towards early hours in 2009 and 2012 with respect to 2007. 
The site was downwind of the harbour and of the Giudecca channel for wind directions in the sector between NW and NE. Considering the position of the measurement site with respect to the harbour and the daily patterns of prevalent wind direction (Fig. 2c) it follows that the site is mainly influenced by ship traffic during morning (arrival of the ships) in all the measurement campaigns. The average tourist daily ship traffic, limited to the wind direction sector between NW and NE, TRD, were 69.9 ktons/day for 2007, 90.4 ktons/day for 2009 and 105.3 ktons/day for 2012. It is possible to conclude that limiting the analysis of ship traffic to the periods in which the site is downwind of the harbour area it is observed an increase, passing from 2007 to 2009 and 2012, similar to that observed for total tourist ship traffic.

5 Evaluation and discussion of the trend in contribution to PM2.5 concentrations
The data post-processing has been performed on 1, 30, 60 minutes averages and on daily averages. It has not been observed any significant correlation between daily PM2.5 concentrations and the daily ship traffic in the harbour (in terms of both number of ships and gross tonnage). The same applied for particle number concentration (PNC) in 2012. This behaviour was also observed in the Brindisi harbour located in the southern part of the Adriatic Sea (Donateo et al., 2014). It happens because ship emissions influence measured aerosol concentrations with short-duration peaks. In Figure 5 some examples of these peaks are shown for PM2.5 and PNC concentrations. In Figure 5a an example of PM2.5 concentration peaks associated to ship traffic is shown for the 2009 campaign in a period with low PM2.5 background concentration. In Figures 5b and 5c a comparison of PM2.5 and PNC peaks associated to ship traffic is shown for two periods of 2012 highlighting the contributions of plumes released by ships at berth and multiple peaks associated to the manoeuvring phase of the same ship (Figs. 5b and 5c). Figures 5b and 5c show that the peaks associated to PNC are more evident with a larger increase, in relative terms, of concentrations with respect to those associated with PM2.5.
The peaks associated to ship traffic are generally shorter than 10 minutes, however, in Venice the manoeuvring phase could be long, and in some cases (see, for example, Fig. 5b) multiple peaks are associated to the same ship during the manoeuvring phase. For this reason an averaging time of 30 minutes has been chosen as reference for the evaluation of the direct contribution of tourist ship traffic,
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, to PM2.5 and PNC. This could be evaluated using the approach developed in Contini et al. (2011). The periods in which the site is downwind of the source are firstly selected (wind direction sector between 315° and 45°, NW-NE). Successively 
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 is evaluated using Eq. (1):
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where:

· CDP is the average concentrations in the selected wind direction sector considering periods potentially influenced by ship emissions;

· CDSP is the average concentrations not significantly influenced by ship emissions;

· CD is the average concentration in the specific wind direction sector;

· FP is the fraction of cases influenced by ship emissions.

The direct contributions to PM2.5 of ship traffic, calculated according to Eq. (1), are 7% (± 1%) in 2007, 5% (± 1%) in 2009, and 3.5% (± 1%) in 2012. The uncertainties have been evaluated by looking at the variability of the results obtained in different elaborations with slight changes (± 10°) in the wind direction sector and also eliminating data of wind calm (velocities < 0.5 m/s) or low winds (velocities < 1 m/s). The average direct contribution to PNC in 2012 was 6% (± 1%). The observed contributions are in good agreement with the typical values reported in European harbours (Viana et al., 2014). Results show that the ship traffic contribution is significantly larger on particle number concentration with respect to PM2.5 similarly to what has been found in the harbour of Brindisi, Italy (Donateo et al., 2014) and in Cork, Ireland (Healy et al., 2009). As matter of fact, primary particles emitted by ships are predominantly in the submicron size fraction (Petzold et al., 2008; Healy et al., 2009). Shipping emissions have been seen to increase particle number concentrations in the ultrafine size range (Reche et al., 2011). For this reason, it was suggested that ultrafine particle number concentrations might be better tracers of this emission source with respect to other metrics (Viana et al., 2014).
Results show a decrease of 
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 moving from 2007 to 2012 even if the ship traffic increased. Specifically a reduction on the contribution to PM2.5 of 28.6% has been observed moving from 2007 to 2009. This reduction in the contribution is larger than the uncertainties of the estimates. Given that meteorological and micrometeorological conditions were similar in the two campaigns and that an increase in the gross tonnage of tourist ship traffic of 25.5% was observed (Section 4) it is reasonable to conclude that this drop in 
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 was related to the reduction of sulphur content in the fuel used in the Venice lagoon as a consequence of the voluntary agreement (Table 1) that was implemented between 2007 and 2009. A further reduction of 30% was observed in 
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 from 2009 to 2012 with an increase of ship traffic of 17.6%. This reduction is actually smaller than the uncertainty on the estimates; however, it could be associated with the implementation of the 2005/33/EC Directive in 2010 (see Table 1).
In order to improve the quantitative comparison of the direct contributions found in the different campaigns, limiting the effects of ship traffic variability, results have been normalised using the average daily ship traffic TR (expressed as Mtons/day) considering the ratio 
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. Results are shown in Figure 6. Given that TR increased between 2007 and 2012, the decrement observed in the normalised contribution appears enhanced with respect to the decrement in absolute contribution. Results indicate a decrease of the normalised contribution of 66% from 2007 to 2012. Taking 2012 as reference year, an average contribution to PM2.5 of 9%±2.6% and of 15.5%±2.6% is expected for each Mtons/day of average tourist daily ship traffic.

6 Conclusions

An analysis of the direct contribution of tourist ship traffic emissions to PM2.5 and PNC concentrations in an urban background site of Venice has been performed. Measurements were taken in the summer periods of 2007, 2009, and 2012 in similar meteorological and micrometeorological conditions. Results showed that the contribution of tourist ship traffic to PNC, in 2012, is significantly higher (6 ± 1%) with respect to the contribution to PM2.5 (3.5 ± 1%). The estimated direct contributions of tourist ship traffic to PM2.5 were decreasing from 2007 (7% ± 1%) to 2009 (5% ± 1%) and 2012 (3.5% ± 1%) measurement campaigns. Instead, the average tourist ship traffic increased from 262.7 ktons/day in 2007 to 329.5 ktons/day in 2009, and to 387.4 ktons/day in 2012. This means that if the calculated contributions are normalised by the average gross tonnage of ship traffic, the decrease from 2007 to 2009 and 2012 is even more accentuated. 
Therefore, the decrease in the observed contribution is likely related to the mitigation strategies implemented for the reduction of ships SO2 emissions. Specifically, the voluntary agreement enforced between 2007 and 2009 (Table 1) and, successively, the implementation (starting from 01/01/2010) of the 2005/33/EC Directive.
Results show that the use of low-sulphur fuels could be an efficient method also to reduce the impact of shipping on aerosol concentration at local scale. Further, voluntary agreement for mitigation strategies could also have positive effects on reduction of the contribution of ship traffic to atmospheric particle concentrations. 
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Figure captions

Figure 1)
Map showing the location of the area studied and the position of the measurement site with indication of the course (Giudecca Channel) followed by ships mooring at the Stazione Marittima harbour.
Figure 2)
Diurnal trends of (a) temperature, (b) relative humidity, (c) sensible heat flux, and (d) friction velocity for the three measurement campaigns. Marks are averages and error bars represent the inter-quartile range (between 25% and 75%).

Figure 3)
Diurnal trends of (a) wind velocity, and (b) prevalent wind direction. (c) Wind rose for the three campaigns. Error bars represent the inter-quartile range (between 25% and 75%).
Figure 4)
Average patterns of tourist ship traffic (a) weekly and (b) daily for the three measurement campaigns. Error bars represent the inter-quartile range (between 25% and 75%).
Figure 5)
PM2.5 and PNC concentrations (1-min averages) showing peaks associated to tourist ship traffic in a period of low concentration in 2009 (a) and in 2012 (b and c) showing the contribution of plumes of ships at berth and multiple peaks associated to the manoeuvring of the same ship (c).
Figure 6)
(a) Direct contributions of tourist ship traffic to PM2.5 and PNC. (b) Normalised contributions to PM2.5 and PNC.
Table 1
Table 1) Maximum content of sulphur in fuels (% by mass) used by ships, according to International legislation and local agreements. In parenthesis the admitted tolerances.
	% by mass in the fuel
	Typology
	2005
	2006
	2007
	2008
	2009
	2010
	2011
	2012

	MARPOL - IMO – ANNEX VI (and amendment)

2005/33/CE Directive
	SECA
	1.5%
	1%

	
	NON SECA
	4.5%
	3.5%

	
	Passenger ships
	4.5%
	1.5%

	
	Berth
	1%
	0.1%

	Voluntary agreement

Venice Blue Flag
	Navigation
	
	
	2.5%
(+0.5)
	2% (+0.5)
	2%
	
	
	

	
	Berth
	
	
	2.5%

(+0.5)
	1.5%
(+0.25)
	1.5%
	
	
	


FIGURE 1
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Fig. 1) Map showing the location of the area studied and the position of the measurement site with indication of the course (Giudecca Channel) followed by ships mooring at the “Stazione Marittima” harbour. 

FIGURE 2 (possibly a two-column figure)
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Fig. 2) Diurnal trends of (a) temperature, (b) relative humidity, (c) sensible heat flux, and (d) friction velocity for the three measurement campaigns. Marks are averages and error bars represent the inter-quartile range (between 25% and 75%).
FIGURE 3
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DA MODIFICARE LA PARTE C
Fig. 3) Diurnal trends of (a) wind velocity, and (b) prevalent wind direction. (c) Wind rose for the three campaigns. Error bars represent the inter-quartile range (between 25% and 75%).
FIGURE 4
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Fig. 4) Average patterns of tourist ship traffic (a) weekly and (b) daily for the three measurement campaigns. Error bars represent the inter-quartile range (between 25% and 75%).
FIGURE 5 (possibly a two-column figure)
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Fig. 5) PM2.5 and PNC concentrations (1-min averages) showing peaks associated to tourist ship traffic in a period of low concentration in 2009 (a) and in 2012 (b and c) showing the contribution of plumes of ships at berth and multiple peaks associated to the manoeuvring of the same ship (c).
FIGURE 6
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Fig. 6) (a) Direct contributions of tourist ship traffic to PM2.5 and PNC. (b) Normalised contributions to PM2.5 and PNC.
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