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Abstract: This paper presents measurements and analyses of the concentrations of black carbon (BC),
particle number concentration (PNC), and PM; 5 (<2.5 um) while commuting by ferries in Istanbul.
In this context, exposures to the mentioned pollutants were estimated for car ferry, fast ferry, and
at the piers, and for two travel routes, for a total of 89 trips. BC, PNC, and PM, 5 measurements
were simultaneously performed in a ferry and at the piers, and the correlation between pollutant
concentrations, meteorological parameters, and environmental factors were analyzed. The mean
concentrations for all pollutants in car ferry were lower than the average concentrations in fast ferry.
The concentration ratios of fast ferry to car ferry for BC, PNC, and PM;,5 were 6.4, 1.2, and 1.3,
respectively. High variability in the concentrations was observed at the piers and in ferry during
berthing. The highest mean concentrations (+standard deviation) of BC (14.3 + 10.1 ug m~%) and PNC
(42,005 + 30,899 pt cm~>) were measured at Yalova pier. The highest mean concentration (+standard
deviation) of PM; 5 (26.1 + 11.5) was measured at Bostanci pier. It was observed that the main external
sources of BC, PNC, and PM; 5 at the piers were road transport, residential heating, and shipping
activity. There were no significant correlations between BC, PNC, and PM, 5 in fast ferry, while BC
was positively correlated with PNC (r = 0.61, p < 0.01) and PM;, 5 (r = 0.76, p < 0.01) in car ferry. At
the piers, significant relations between pollutants and meteorological variables were observed. It was
noticed that there was no significant difference between summer and winter in ferry and at the pier
concentrations of BC, PNC, and PM, 5 except for Yenikap1 pier and Bakirkoy pier. The highest total
exposure to PNC and PM; 5 was in car ferry mode, while the highest total exposure to BC was in fast
ferry mode.
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1. Introduction

Sea transport is an alternative public transport type in metropolitan cities. Passenger ferries in
populous urban port cities are simply another commuting choice, alongside cars, trains, and buses.
Passenger ferries provide a faster option to navigate in metropolitan cities. Travelling with fast
ferry reduces the commuting time and provides a comfortable trip [1]. Passenger vessels maintain
stability over time due to their regular services [2]. Although passenger vessels are not as common as
road vehicles and rail systems, the commuter exposure in marine transport is an important issue for
passengers due to the high exhaust emission of vessels. The commuters are exposed to air pollutants
sourced from passenger vessels during disembarking and boarding. Vessel traffic and passenger
shipping are sources of air pollution at the piers [2], shipping-related air pollutants are responsible for
cardiopulmonary and lung cancer deaths, with most deaths occurring close to coastlines [3]. There is
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no sufficient data nor detailed information available on commuter exposure in ferry and at the piers.
Most of marine air quality studies are about the determination of emissions from ships. Only a few
studies were conducted in ferry. Lau and Chan [4] investigated the volatile organic compound VOC
levels in ferry, road transport, and railway, and they revealed that the exposure levels in ferry were the
lowest. Chan et al. [5] collected PM;g samples in ferry in Hong Kong, they found PM; levels in ferries
were higher than the air-conditioned roadway transport.

Particles with an aerodynamic diameter smaller than 0.1 pm are defined as ultrafine particles
(UFP) [6]. UFP contribute to 90% of particle number concentration (PNC) in urban areas and the
major source of UFP is combustion engines [7,8]. Due to the small size of the UFP, it easily causes
adverse effects on respiratory and cardiovascular systems [9]. Black carbon (BC), a component of fine
particle (PMj,5) [10], causes respiratory diseases including lung cancer [11], and is also considered
as the second most major pollutant affecting climate change after CO, [12]. Compared to PM; 5
(aerodynamic diameter smaller than 2.5 um), BC has a greater impact on cardiovascular and respiratory
morbidity and mortality [13]. The short-term and long-term effects of BC and PM; 5 concentrations
with intermediate cardiovascular endpoints were reported [14]. The short-term effects of BC and PM, 5
were heart rhythm abnormalities and increased respiratory symptoms [15,16], while the long-term
effects of BC and PMj 5 reported increased coronary artery calcification [17].

The ship emissions at piers/harbors cause the largest PM emissions at low engine loads during
stops [18]. The impact on the PM10 concentration from in-port ships was estimated to be +28.9 pg/m3
and this mainly concerned the impact on particles in the size fraction smaller than 1 pm (40%) [19].
Recently, there have been many studies on personal exposure to PM; 5, UFP, and BC [20-24]; however,
most of these studies were performed for road transport (buses and personal cars), rail system, and
subway. The studies on the measurement of pollutant exposures in marine mass transport is very
limited. These limited studies showed that passengers are exposed to air pollutants during the day
when they are traveling in vessels and waiting at the piers [5,25,26].

Istanbul city is located in the northwestern Turkey (latitude 41°00” N, longitude 28°97” E) with a
population of 14.4 million [27], and the Bosphorus that separates the Asian and European continents is
located in the middle of the city. Approximately 70% of Istanbul city is surrounded by Marmara Sea,
Black Sea, and Istanbul strait. Small passenger vessels are widely used in Istanbul. The Istanbul strait
(Bosphorus) separates the city into two parts, and marine transports are mostly preferred between
the two sides of the strait to avoid road traffic in rush-hours. The percentage of sea transportation in
Istanbul is 3.2% among the urban public transport modes and the total number of people carried on
a day is 341,854 [28]. Different types of passenger vessels (slow ferry, fast ferry, car ferry, and water
taxi) are used for marine domestic commuting in Istanbul. Fast ferry and car ferry are preferred on
the routes that require long travelling time, because they offer more comfort and shorter commuting
time in comparison to road transport. Several studies were carried out to determine the concentration
of PMg, PM; 5, and particle number in road transport vehicles [29,30] and in the subway [31,32] in
Istanbul. This is the first comprehensive study conducted on personal exposure in marine transport
where also the relationships between air pollutants and environmental factors are presented. The
aim of this study is to determine the in-vessel and outdoor concentrations of BC, PNC, and PM; 5 in
fast ferry, car ferry, and at the piers and to investigate the relationship between the pollutants and
meteorological parameters.

2. Methodology

2.1. Features of Ferry Modes and Piers

The measurement operation in this study was conducted in Bakirkoy-Bostanci fast ferry line and
Yenikapi-Yalova car ferry line (Figure 1). Bakirkdy-Bostanci line is common for domestic trips with
fast ferry, while Yenikapi-Yalova line provides transport from Istanbul to the south of the Marmara
Sea with car ferry. Fast ferry has an enclosed space for passengers. Car ferry has two separate
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areas: Enclosed space to carry passengers and partly enclosed vehicle park area. The number of
trips and route characteristics are given in Table 1 and the ferry characteristics are given in Table S1
(see supplementary S1). There is one stop—Kadikoy pier—on the fast ferry route. Kadikoy pier has
very intense traffic for slow ferries, which are preferred for short trips. Bakirkdy, Bostanci, Yenikapi, and
Yalova are terminal piers, which are mostly used for departures of fast ferry and car ferry. The number
of departures at the piers varies depending on the season and route and the probable external emission
sources at the piers are also different depending on the season (Table S2, see Supplementary S1).

9'., A

.- @ N

5 km
—

IMARMARA SEA

Fast

Ferry

Car @

Ferry K

Figure 1. Routes for fast ferry and car ferry.
Table 1. The route characteristics.
Transport Route Length Commute Number of
Mode Route (km) Time (min) Trips Travel Route

Fast ferry Bakirkoy-Bostanci 20 50 69 Along the coast of the city
Car ferry Yenikapi-Yalova 50 75 20 Mostly through the Marmara

Sea, far from the city

2.2. Measurement and Instrumentation

The mass concentration of BC, PM; 5, and PNC within a range 10-1000 nm was measured
simultaneously, from June 2016 to September 2017 in two different ferry lines (Bakirkdy-Bostanci and
Yenikapi-Yalova) and four piers (Bakirkdy, Bostanci, Yenikapi, and Yalova piers). The measurement
process was done as follows: First, the pollutants measurements were carried out for 15 min at the pier.
Then, the in-ferry measurements were performed until the end of the ferry route. Lastly, measurements
were taken for 15 min at the pier. Similarly, the measurements were performed on the return route. In
the fast ferry and car ferry, the researchers were always sitting in the middle of the ferry. The trips
were completed by three researchers. The inlets of the instruments were placed at breathing height.
Fast ferry and car ferry were powered by diesel engines and they were mechanically ventilated. We
had no control over ventilation in ferries. For safety reasons, the passengers in the fast ferry were not
allowed to go out during travel, and the door was only opened at the piers. In contrast, the passengers
were allowed to go to deck during travel in car ferry.
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BC was monitored by using microAeth AE51, a portable aethalometer (AethLabs, USA). The
microAeth was operated at a flow rate of 100 mL min~!, the data was recorded every 10 seconds and
was outfitted with a 2.5-pum inlet. The filter strips in the AE51 were changed when attenuation value
was in the range 75-80. MicroAeth, AE51 has noise (peak and negative values) because of instrument
maintenance; measurement sensitivity, such as vibration; humidity; flow rate; and operating conditions.
These deviations and negative values are needed for post-processing or smoothing. The optimized
noise-reduction averaging (ONA) algorithm (aethlabs.com), which was developed by Hagler et al. [33],
was first applied for smoothing the obtained BC data. After post processing, a correction was applied
for filter loading [34,35]. Lastly, the data for all trips were checked and the measurements with error
signals were excluded, whereof 15% of all data were removed from the analysis.

PNC was monitored with CPC Model 3007 portable condensation particle counter (TSI Inc.,
Shoreview, MN, USA). The measurement correction for preventing the underestimation of PNC
was applied according to Westerdahl et al. (2005) [36] (see Supplementary S3). The pDR 1200
portable real-time aerosol monitor (Thermo-Fisher Scientific, USA) was used to measure PM; 5. The
measurement accuracy of pDR 1200 was tested through the reference method. The details of the
data processing for BC, correction method for PNC, and the accuracy measurement results for PM; 5
(Figure 54, see Supplementary S3) were given in the previous study conducted by Onat et al. [37]. The
calibration of CPC and microAeth was done by the manufacturers.

2.3. Statistical Analysis

The statistical analysis of the means of 89 trips for BC, PM; 5, and PNC in two different modes
were performed. Pearson correlation coefficients (r) were created to interpret the relation between
meteorological variables; trip-averaged concentrations of pollutants, and the pollutant concentrations
at the pier. Meteorological data were supplied by the Turkish State Meteorological Service for the
following parameters; temperature (°C), wind speed (m sn7h), pressure (mbar), and relative humidity
(%), for 1 h time resolution. The monthly average of the meteorological parameters is shown in Table S8
(see Supplementary S1). SPSS Version 20 was used for the statistical analysis. A statistically significant
correlation was accepted as p-value < 0.05 and a Student’s t-test was proceeded.

2.4. Exposure Estimation

The personal exposure to pollutants in ferry and at the piers were estimated by Equation 1 [23].
In this study, the ventilation rate for a ferry passenger was assumed as 12.7 L min™! given by
Zuurbier et al. [38] for a bus passenger. The average wait at the pier was assumed to be 5 minutes. The
commuter’s exposure per mile and per kilometer was estimated in order to compare exposures from
different travel modes according to Equation S1 (see Supplementary S2.)

Commute Exposure (ug) = Concentration (ug/m>) x Time (min) x Inhalation Rate (m>/min) 1)

3. Results and Discussion

The personal exposure to BC, PM; 5, and PNC in ferry and at the piers were measured for 89 trips
in two different commuting modes (fast ferry and car ferry) and two different routes, distributed
between the winter (40%) and the summer (60%). Knowing that 15% of BC measurements were ignored
as they were considered ineligible (e.g., data with error signals or negative values). The overall mean
concentrations of BC, PM; 5, and PNC during the trips in ferries and at the piers are given in Table 2.
The mean and median concentrations on monthly basis for fast ferry and car ferry are given in Tables
S3 and 54, and for the pier they are given in Tables S5 and S6 (see supplementary S1).

The results and discussion are presented in four parts as 1) comparison of exposure concentrations
and spatial variation in ferry and at the pier are discussed, 2) the relation between pollutants
and meteorological parameters were statistically analyzed, 3) the seasonal variation of exposure
concentration was discussed, and 4) commute exposure was estimated in ferry and at the pier.
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Table 2. Pollutants descriptive in ferry and at the pier.

PNC BC PM; 5
Commute N (pt cm-3) (g m-3) (g m-3)
Mode
Mean . Mean . Mean .
(Std.Dev) Median (i3 pevy  Median (g4 pey)  Median

Fast ferry 69 25,001 (13,611) 15,461 7.7 (5.2) 4.8 19.5 (9.5) 16.8
Bakirkoy pier 50 31,620 (22,883) 22,488 6.0 (7.2) 2.7 24.7 (15.9) 22.4
Bostanci pier 36 20,416 (15,333) 13,837 12.3 (13.0) 4.5 26.1 (11.5) 24.5
Car ferry 20 20,399 (7222) 18,711 1.2 (0.8) 0.9 14.4 (6.3) 144
Yenikapi pier 20 24,386 (13,474) 20,623 5.4 (4.6) 2.5 25.8 (13.9) 20.2
Yalova pier 10 42,005 (30,899) 32,249 14.3 (10.1) 8.5 23.4 (8.8) 20.1

3.1. Concentration in Ferry

Figure 2 shows the mean concentrations and the 10th, 25th, 75th, and the 90th percentiles for
BC, PNC, and PM, 5 during the trips and at the piers. The mean concentrations of BC during the
trips ranged from 0.3 to 22.9 nug m~3, with the highest values recorded in fast ferry. The trip mean
concentrations for PNC ranged from 4807 to 65,311 pt cm~3, and for PM, 5 they ranged from 3.3 to
64.4 ng m~3. The overall mean concentration results showed that the pollutant concentrations in car
ferry were lower than the concentrations in fast ferry (Table 2). Our PNC and PM; 5 mean concentration
results were lower in comparison with the previous study conducted by Knibbs et al. [25]. They
observed that PNC and PM; 5 mean concentrations in ferry were 55,400 pt cm~> and 58.3 ug m=3,
respectively. In Hong Kong, Chan et al. [5] found that the mean concentration of PMj in ferry was
81 pg m~2 in winter, but they did not mention the ratio of PM; 5 to PMjg. In another study conducted
in Hong Kong, the mean PMj; 5 concentration was found as 60 ug m~2 (three trips only), which is
higher compared to road transport modes (bus, car, minibus) [39]. In comparison with the previous
study in Istanbul conducted by Onat et al. [37], our PM; 5 results were lower compared to bus, but
higher than compared to car (windows closed mode). WHO recommends the 24-h mean guideline
value of PM, 5 as 25 pg/m? for the indoor air of living spaces in residences. However, there is no
recommended value of PM; 5 for indoor air of public transport [40].

We observed that the mean concentrations of BC in fast ferry and car ferry were 7.7 and 1.2 pg/m3,
respectively. To the best of our knowledge, the exposure concentration of BC in ferry was not
investigated in the previous studies. We found only one study on BC exposure in canal boats in
Bangkok conducted by Velasco et al. [26]. They found that the mean concentrations of BC ranged from
15 to 411 ug m~3 inside canal boats (the surroundings of the boats were open).

We observed that the ratio of fast ferry to car ferry for PNC and PM, 5 were 1.2 and 1.3, respectively.
The greatest difference was found for BC with a ratio of 6.4 for fast ferry to car ferry. The in-ferry
pollutant concentrations might be affected by the proximity to the city, the number of the stops along
the route, and the pollutant concentrations at pier. Figure 3 shows time series of all measured variables
measured during round-trips for fast ferry and car ferry. The round trips were split into sections as
‘in-ferry” and ‘at pier’ for a more detailed analysis. We observed that there were large variations in the
concentrations at the piers and in ferry during berthing. The marine vessels are an important source
of air pollution at the piers [2], during acceleration-deceleration of ferry vessels, the engine exhaust
emissions increase [41]. Kadikoy pier, which is a stop between terminal piers (Bakirkdy and Bostanci
piers), has the highest ferry activity (Table S2, Supplementary S1). When fast ferry approaches the pier
for the passenger boarding-disembarking, the outdoor emissions move to the interior of the ferry with
the doors being opened, which can increase the pollutant concentrations inside the ferry. The exhaust
sourced from ferry diesel engine could easily go into ferry cabins [42]. It can be seen that the pollutant
concentrations in ferry began to drop after the doors were closed. As shown in Figure 3a, BC and PNC
values in car ferry reached the peak levels during the opening of the doors at Kadikdy pier. When
the doors were closed during the trip, the pollutant values were low, when the doors were opened
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at Kadikoy pier, the pollutant concentrations increased up to five times. Kadikoy pier, which has
dense ferry traffic and also has external emission sources such as road traffic and residential heating,
may affect the air quality (Table S2, see supplementary S1). The external sources such as road traffic
and outdoor concentration affect the particulate concentrations in vessels [5]. The exhaust emissions
from the dense ferry activity around Kadikdy pier can affect the BC concentration levels in the fast
ferries. The car ferries do not stop between terminal piers, and there are probably no external sources
while travelling along this route. In car ferry, BC and PM; 5 concentrations were steady during travel
(Figure 3b). When a car ferry approaches the Yalova terminal pier, PNC is slightly increased, mutatis
mutandis, during the return trip. The Yalova-Topcular port is located about 5 km away from the Yalova
pier, and shipping activities in the Marmara Sea can affect the PNC levels in the car ferries.

The exposure concentrations for all pollutants in the car ferries were lower than the corresponding
concentrations observed at the piers (Table 2). The fast ferries travel along the coastline of the city, while
the car ferries usually travel through the Marmara Sea, far from the city coast. The long travel time
and operating of ventilation might cause the lower pollutant concentrations in car ferry. Particulate
level is greatly affected by the ventilation system onboard the transport [5].
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Figure 2. Boxplot of mean BC, PM; 5, and PNC concentrations for in-ferry and at the pier. The boxes
represent the interquartile range (25th to 75th percentile), whiskers represent 10th and 90th percentile,
and the middle lines represent the mean values, the circles represent the outliers.
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Figure 3. Time series of the concentrations of black carbon (BC), PM,5, and particle number
concentration (PNC) during trips for (a) fast ferry and (b) car ferry. The mean concentrations of
all trips are illustrated with a red line for PNC, a green line for PM; 5 and a blue line for BC. *The gray
dots show all of the measurements. The graphs from left to right in Figure 3a show Bakirkoy pier, in
fast ferry from Bakirkdy to Bostanci, Bostanci pier, in fast ferry from Bostanci to Bakirkdy, and Bakirkoy
pier, respectively. The graphs from left to right in Figure 3b show Yenikap: pier, in car ferry from
Yenikap1 to Yalova, Yalova pier, in car ferry from Yalova to Yenikapi, and Yenikapi pier, respectively.
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3.2. Concentration at the Pier

The mean concentrations of the pollutants exhibited large variations at the piers (Figure 2).
The daily mean concentrations of BC, PM,5, and PNC at the piers ranged 0.4-39.4 pug m=3,
4.1-88.6 pg/m?, and 5925-101,886 pt cm~3, respectively. Considering the mean of all measurements,
PM, 5 concentrations at the piers were similar, ranging 23.4-26.1 ug m~3, but higher than the PM; 5
concentrations in the ferries. The highest mean concentrations of BC (14.3 + 10.1 ug m~3) and PNC
(42,005 + 30,899 pt cm~3) were measured at Yalova pier (Table 2). Yalova pier is affected by the ship
emissions from Yalova-Topgular port located about 5 km away (Figure S1, see Supplementary S1). The
shipping emissions at ports and the size of the shipping vessels are crucial factors to air pollutant
emissions [2,19,43]. Furthermore, during loading and unloading operations of car ferry, the emission
concentration at the piers increases [44]. Road exhaust emissions have a major impact on the ultrafine
fraction of PM [45,46], where UFP constitute more than 90% of the total number of particles in the
regions affected by exhaust emissions [8].

Velasco et al. [26] found that the mean BC concentrations of BC at the piers and inside the canal
boats were much higher than the urban background concentration of BC. In this study, we observed
that the concentration of BC, PNC, and PM; 5 at the piers were similar to or higher than the road
transport environment [42]. Our obtained BC results are lower than the concentrations measured at a
canal pier in Bangkok, where BC was determined to range 74-136 ug m~2 by Velasco et al. [26].

The ferry activity at the piers is variable (Table S2, see Supplementary S1). The second highest
mean concentration of BC (12.3 jig m~>) was measured at the Bostanci pier. Fast ferry traffic is very
intense throughout the day in Bostanci pier, since different modes of marine transport are available
such as slow ferry and water taxi. Therefore, more than one pier is used in Bostanci. The intense vessel
traffic can affect the pollutant concentrations at the piers [2]. If more than two boats approach the pier
at the same time, longer-term concentrations may occur during heavy passenger voyages [26] and the
time schedules of ferry vessels may increase the level of emission during acceleration-deceleration [41].
The marine transport significantly contributes to air pollution, particularly in coastal areas [3]. Bakirkdy
is the pier where the ferry traffic is least pronounced, but there is a marina close to this pier (Figure S1,
see Supplementary S1).

The location of the piers and their proximity to the external emission sources vary. Therefore, the
preliminary evaluation of potential sources of BC, PNC and PMj 5 at the piers were investigated by
means of polar plots. Polar plots show the pollutant concentrations by wind direction and wind speed
as a continuous surface [47]. Polar plots are given in Figure S2 (see supplementary S1). Our findings
are summarized below:

At Bakirkoy pier, BC increases toward the NE-E sector, particularly by the influence of moderate
and strong winds from NE, and to a minor extent from the E. These findings suggest that BC seems to
be related to more residential and main road traffic emissions than to the marine vessel activities at the
pier. PM; 5 increases towards the NW, which can be related to external sources such as main roads
and urban settlements. PNC increases towards the SW quadrant, these moderate winds from the SW
quadrant can be related to marine vessel motors. Yacht marine activities are the main source of PNC
at pier.

At the Bostanci pier, BC and PNC increase by the influence of weak winds from South, and this
finding indicates that it is caused by local source. PM; 5 increases towards the NNW, particularly by the
influence of weak and moderate winds from NNW and moderate winds from NW, which indicate that
external sources (such as road traffic) are the main sources of these particles. The main contributions of
PM, 5 are the local sources such as road traffic and marine activities.

At Yalova pier, the main contributions to BC are local sources such as marine activities and road
traffic, but BC also increases by the influence of strong winds from NNE. Vehicle traffic (loading and
unloading operations) at the pier is an important emission source, and exhaust emissions dominate the
air pollution concentrations at the pier. The main source of PM; 5 is local, but the concentrations of
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PM, 5 increase by the influence of moderate winds from N and E, and strong winds from N and NNE.
PNC increases by the influence of moderate and strong winds from SEE and the east and east-north.
Particularly, moderate winds from the East indicate that the shipping port activities and the road traffic
are the main sources of PNC, while strong winds from NE indicate the ship emissions in the Marmara
Sea constitute the main source of PNC. However, the emission sources at Yalova pier exhibit large
temporal variations.

At Yenikapi pier, polar plots show that the main sources of BC, PM; 5, and PNC are the same.
At weak winds, all pollutants increase towards the SW-SE quadrants. These findings suggest that
marine activities are the main source of both BC, PNC, and PM; 5. PM, 5 and PNC increase towards
the SW, E, and NE. Moderate winds from E and NE indicate that road traffic and residential burning
also constitute important sources of particles.

Overall, the polar plot results show that the main external sources at the piers are vehicle exhaust,
residential heating, and shipping activity, and they could affect the concentration of BC, PNC, and
PM; 5 at the pier.

3.3. Seasonal Variations in Ferry and at the Piers

In this study, the differences between the concentrations in-ferry and at the piers for BC, PNC, and
PM; 5 during summer and winter were investigated by using independent-samples t-test. Winter and
summer periods were accepted as November—April and May-October, respectively. We observed that
there were no significant differences between summer and winter for the pollutant concentrations in
fast ferry and in car ferry (Table 3). However, for the Yenikapi pier the difference between summer and
winter was statistically significant for all the pollutants, and for the Bakirkdy pier the difference was
significant for PM, 5. At Yenikap1 pier and Bakirkoy pier, the pollutant concentrations were in general
higher in the winter than in summer. Table 4 shows that there were significant differences in BC, PMj; 5,
and PNC concentrations at Yenikapi pier and in PM; 5 concentration at Bakirkoy pier (p < 0.05). The
probable reasons for that might be the ferry activities, more idling of the engines during wintertime,
the high vertical mixing height during summertime, and external emission sources at the piers. The
polar plots Figure S2 (see Supplementary S1) show that the main sources of BC, PM; 5, and PNC are
local (ferry and dock activities close to Yenikap: pier) and external sources (domestic heating and
traffic) such as at Yenikap1 pier. The number of ferry departures were approximately two times greater
in summer than in winter at Yenikap1 pier during the study campaign (Table S2, see Supplementary
S1), but all pollutant concentrations during winter were higher than during summer at Yenikapi pier.
It is probably due to the residential heating contribution and the meteorological conditions in winter
such as lower mixing height [48] affecting the concentrations at pier. Unlike Yenikap1 pier, there was
no difference in the number of ferry departures between summer and winter at Bakirkoy pier (Table
52, see Supplementary S1). The main source of PM; 5 at Bakirkdy pier is urban settlements (Figure
S1), while the main sources of BC and PNC are ferry facilities, marina facilities, and traffic. Domestic
heating emissions might contribute to the PM; 5 concentrations in winter.

Table 3. In-ferry f-test results for the differences between season (mean difference = summer — winter).

Fast Ferry Car Ferry
In Vehicle PNC BC PM, 5 PNC BC PM;5
(pt cm—3) (ug m=3) (ug m=3) (pt cm—3) (ug m=3) (ug m=3)
Winter 29,308 6.8 221 19173 1.3 16.4
Summer 22,697 8.2 18.3 21352 1.2 12.8

p-value 0.062 0.318 0.134 0.564 0.810 0.201
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Table 4. At pier t-test results for the differences between season (mean difference = summer — winter).

Pier Bakirkoy Pier Bostanci Pier Yenikapi Pier Yalova Pier

PNC BC PM,s PNC BC PM,s PNC BC PM,s PNC BC PMs

(pt (ng (ug (pt (ug (ug (pt (ng (ng (pt (ng (ug
cm3) m3) m3) m3) m3ID) m3) m3D) m3d) m3) m3) m3 m3I

Winter 36,706 7.7 33.0 23268 125 303 35684 9.7 351 34362 251 28.5
Summer 28417 4.9 204 19,063 121 243 15558 23 18.6 46,590 10.1 20.4
p-value 0277 0251 0.032* 0572 0942 0.170 0.000* 0.000* 0.012* 0.603 0.314 0.169

* Difference is significant at the p < 0.05 level (2-tailed).

3.4. Correlations between Pollutants and Meteorology

Table 5 presents the Pearson correlation coefficients for the meteorological parameters (temperature,
humidity, wind speed, and atmospheric pressure) and PNC, BC, and PM; 5 concentrations for in-ferry
and at the pier. There was no observation of any significant correlation between BC, PNC, and PM, 5
in fast ferry. In car ferry, BC was positively correlated with PNC (r = 0.61, p < 0.01) and PM; 5 (r = 0.76,
p < 0.01), but there was no significant correlation between PNC and PM; 5. Similar to the results in
this study, a previous study conducted by Knibbs et al. [25] did not find any significant correlation
between PNC and PM; 5 (r = 0.14, p = 0.72) in ferry.

We observed significant correlations among the pollutants at Yenikap1 pier. PM; 5 was significantly
correlated with PNC and BC at Yenikap1 and Bakirkdy piers, while no correlation was found between
these parameters at Yalova and Bostanci piers (Table 5). BC and PNC were highly correlated at Yenikap1
pier (r = 0.86, p < 0.01) and moderately correlated at Bostanci pier (r = 0.57, p < 0.01). PNC and PM; 5
were also moderately correlated at Yenikapi pier (r = 0.50, p < 0.05) and Bakirkoy pier (r = 0.38, p < 0.05).
The reason for these correlations might be due to the similarity of the pollutant sources at the piers,
unlike the Yalova pier. At Yenikapi pier, BC, PM; 5, and PNC were significantly correlated with each
other, and the main sources of the pollutants were very similar (marine activities and road traffic).

We observed that only BC was correlated with meteorological parameters in ferry. In fast ferry,
BC was positively and weakly correlated with temperature (r = 0.30, p < 0.05 for in-ferry temperature;
r = 0.37, p < 0.01 for outdoor temperature). BC was negatively and moderately correlated with
atmospheric pressure (r = —0.47, p < 0.01). In the previous study, BC was significantly negatively
associated with atmospheric pressure in bus and light rail [37]. Furthermore, BC was negatively
associated with humidity (r = —0.52, p < 0.05 for car ferry).

At the piers, we observed significant relations between pollutants and meteorological variables.
BC was positively and moderately correlated with temperature (r = 0.40, p < 0.05 for Bostanci pier). PNC
(r =-0.35) and PM 5 (r = —0.36) were negatively and weakly associated (p < 0.05) with temperature at
Bakirkoy pier. Temperature has been reported to be both positively and negatively correlated with
BC, PM, 5, and PNC concentrations [37,49-52]. In vehicle dominated areas, the correlation between
PNC and temperature is more likely to be negative due to condensation of volatile compounds in
emissions [8]. BC and PNC were negatively correlated with humidity at Yenikapi pier (r = —0.54
and r = —0.53, respectively, p < 0.05). PM; 5 was positively associated with humidity at Bostanci pier
(r =0.45, p < 0.01). BC was negatively and highly correlated with atmospheric pressure at Bostanci
pier (r = —0.60, p < 0.01) and weakly correlated at Bakirkoy pier (r = —0.35, p < 0.05). Wind speed
was not significantly correlated with any of the pollutants, but there was a negative tendency for all
pollutants in ferry and at the piers. Wind speed is a significant factor for dilution and transport of
exhaust emissions [53]. Knibbs et al. [25] reported that there were no statistically significant correlations
between wind speed and UFP or between wind speed and PMj 5 in ferry.
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Table 5. Pearson correlation coefficients between pollutants trip-averaged concentration and
meteorological variables for (a) inside car ferry and passenger ferry, (b) at the pier. Bold numbers
indicate significant correlation coefficients at p-values (**: p < 0.01; *: p < 0.05), Grey backgrounds show
the correlation coefficients for fast ferry, Yalova pier and Bostanci pier. *** in-ferry values.

Car Ferry
Parameters PNC BC PM; 5 Temp.***  Humidity*** Temp. Humidity Wind Speed  Pressure
PNC 0.61** 0.47 0.18 0.16 0.30 -0.27 -0.26 -0.39
BC 0.07 0.76** -0.28 0.42 0.30 —-0.52* -0.29 -0.35
PM, 5 -014 012 I 02 0.27 0.09 -0.12 -0.32 —0.11
Temp** -010 o030* -014 I 0 0.55* 0.05 0.64* —0.45
Humidity™*  -021  0.27 007 013 I 05 —0.25 0.63* —0.84*
Temperature ~ -024  0.37** -0.19 0.74** 052 I 03 0.56* —0.88**
Humidity 0.02 -0.13 0.23 -0.14 0.15 -027* | -0.21 0.15
Wind Speed 0.04 0.08 -0.11 0.04 0.36** 0.23 003 I 00
Pressure -0.04 -0.47** 0.18 —0.64** —0.54** —0.75** 0.27* -0.06 -
Fast Ferry
(a)
Yenikapi Pier
Parameters PNC BC PM;5 Temperature Humidity Wind Speed Pressure
PNC 0.50* -0.22 —-0.54* —-0.41 0.21
BC 0.06 —-0.53* —-0.41 -0.14
PM, 5 —0.16 —0.21 —0.34 0.12
Temperature 0.07 -0.26 0.58** —-0.91**
Humidity 0.15 0.10 -0.14 -0.23 0.21
Wind Speed 0.08 -0.35 —0.52 0.64
Pressure -029  -0.06 -0.19 -0.94”
Yalova Pier
Bakirkoy Pier
Parameters PNC BC PM; 5 Temp Humidity Wind Speed Pressure
PNC Bl 030 0.38* —0.35* 0.14 —0.14 0.27
BC 0.57** 0.42** 0.07 -0.09 -0.18 -0.35*
PM, 5 008 -004 I 03¢ 0.25 —0.29 0.16
Temp -007 o040* 027 I 02> 0.19 —0.76*
Humidity -0.05 -0.21 0.45** -0.29 | ] 0.19 0.31*
Wind Speed -0.14 0.08 -0.09 0.44** -0.03 NN 0.09
Pressure 0.0 —0.6** 0.2 —0.7** 0.1 -0.2
Bostanci Pier
(b)

3.5. Correlation between Urban Air and Pier for PM, 5 Concentration

The urban air quality monitoring in Istanbul has been conducted by the Ministry of Environment
and Urban Planning. The conventional air pollutants (nitrogen dioxide (NOx), sulfur dioxide (SO5,),
carbon monoxide (CO), PM;g and PM; 5) are monitored with real-time monitors located at different
sites, there are 38 air quality monitoring stations (AQMS). For PM, 5, we analyzed the relation between
the concentration at an AQMS and the concentration at the pier. The nearest AQMS (Figure S3, see
Supplementary S1) to the pier were considered for the correlation analysis. The hourly PM; 5 data at
the AQMS were paired with PM; 5 concentrations at the pier by calculating the time-weighted average
of the matching time period. The correlation results are given in Figure 4. We observed that there were
significant correlations between the concentrations at the AQMS and at the piers. Figure 4 shows that
the correlation for PM; 5 between Catladikap1t AQMS and Bakirkoy pier was r = 0.62 (p < 0.01). The
correlations for PM; 5 between Bostanci pier and the AQMS in Umraniyel and Umraniye 2 were found
ast = 0.569 (p < 0.01) and 0.619 (p < 0.01), respectively.

For PM, 5, we also observed significant correlations between AQMS and Yenikap: pier, and
Yalova pier. The concentration of PMj; 5 at Yenikap1 pier showed significant correlations with PM; 5
concentrations at Esenler AQMS (r = 0.77, p < 0.01), at Catladikap: (r = 0.67, p < 0.05), and at Aksaray
AQMS (r = 0.54, p < 0.06). A correlation of (r = 0.673, p < 0.06) between Yalova pier and Altinova
AQMS was found. These findings showed that the urban background concentrations could affect the
concentration of PMj 5 at the piers.
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Figure 4. Scatterplots and Pearson correlation coefficients between the mean concentration of PM; 5
in fixed air quality station (AQS) and the mean concentration of PM, 5 at the piers (Yenikap1, Yalova,
Bakirkoy, and Bostanci).

3.6. Estimation of Commuter Exposure

The means and standard deviations of commuter exposures to PNC, BC, and PM,; 5 per mile
for in-ferry and at the piers are given in Table 6. The mean concentrations of pollutants provided in
Table 2 were used for the calculations. The exposure calculations with median values and exposure
per kilometer values are given in Tables S7 and S8, respectively (see Supplementary S1). The highest
average exposure per mile for BC was in fast ferry with 0.19 pg mile™! (0.11 pg km™!). The highest
average exposures per mile for PNC and PM, 5 were in car ferry with 6.2 x 10® particles mile™!
(3.88 x 108 particles km~!) and 0.43 pug mile™! (0.27 ug km™1). When we considered the total exposure
during travel in ferry and waiting time at the pier, we explored that the highest total exposure to PNC
and PM, 5 were in car ferry mode, while the highest total exposure to BC was in fast ferry mode. In the
previous study conducted by Onat et al. [37] in Istanbul, the commuter exposures to PNC, BC, and
PM, 5 in road transport (bus, metrobus, car windows open) were estimated higher than the commuter
exposure in car ferry and fast ferry. We observed that the commuter exposure to PM; 5 in car ferry and
fast ferry were similar to the commuter exposure to this pollutant in the light rail, while the commuter
exposures to PNC and BC in fast ferry were estimated higher than the commuter exposures to these
pollutants in the light rail.

Table 6. Exposure concentrations of PNC, BC, and PMj, 5 for ferry and pier.

E
Commute Xposure
Mode PNC BC PM; 5
Particles Particles/Mile ug ug/Mile ug ug/Mile

Fast ferry 158.8E+8 + 86.4E+8 5.92E+8 + 3.2E+8 49+33 018+012 124+60 047+0.22
Bakurkdy pier 20.1E+8 + 14.5E+8 - 04+05 - 1.6 +£1.0 -
Bostanci pier 13.0E+8 + 9.7E+8 - 0.8+0.8 - 1.7 +0.7 -

Car ferry 194.3E+8 + 68.8E+8 6.2E+8 + 2.2E+8 1.1+0.8 0.03+0.02 13.7+6.0 0.43+0.19
Yenikap1 pier 15.5E+8 + 8.6E+8 - 03+03 - 1.6 +09 -

Yalova pier 26.7E+8 + 19.6E+8 - 0.9 +0.6 - 1.5+0.6 -
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4. Conclusions

The aim of the present study was to investigate the exposure to pollutants for ferry passengers.
PNC, BC, and PM; 5 were measured in ferry and at the piers, by using portable devices. To the best
of our knowledge, this is the first comprehensive study on commuter exposure in ferry travel mode.
Mean commuter exposure to PNC, BC, and PM; 5 varied with ferry route and the highest pollutant
concentrations were observed during berthing. The highest mean exposures per mile for BC and PM2.5
were estimated in fast ferries, while the highest mean exposure per mile for PNC was estimated in car
ferries. The seasonal statistically analysis results indicated that there were no significant differences
between summer and winter for the pollutant concentrations in fast ferry and in car ferry, while for
the Yenikapi pier the difference between summer and winter was statistically significant for all the
pollutants. The location of the piers and the main external pollutant sources are important factors in
determining commuter exposure at the piers. We also would like to note that there is an existing need
for future studies to further investigate the influence of vessel ventilation parameters, ferry technical
features, operational efficiency, and fuel type on commuter exposure.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/10/8/439/s1,
Figure S1: The location of the piers, Figure S2: Polar plots of analysed air pollutants, Figure S3: Air Quality
monitoring stations and the piers, Figure S4: Comparison of Thermo pDR 1200 and Thermo Partisol FRM sampler
PM, 5 measurements, Table S1: The ferry characteristics, Table S2: Ferry activity and external emission sources at
the piers, Table S3: The mean concentrations in fast ferry and car ferry in the monthly basis, Table S4: The median
concentrations in fast ferry and car ferry in the monthly basis, Table S5: The mean concentrations at the pier
in the monthly basis, Table S6: The median concentrations at the pier in the monthly basis, Table S7: Exposure
concentrations of PNC, BC and PM2.5 (median + std) for ferry and pier, Table S8: Exposure per/kilometer for
PNC, BC and PM; 5. Table S9: Monthly average of meteorological parameters.
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