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ABSTRACT OF THE DISSERTATION 

Characterization of Summertime Aerosols at Ny-Ålesund in the Arctic 

 

By Jianqiong Zhan 

 

Dissertation Director: 

Dr. Yuan Gao 

 

Characteristics of atmospheric aerosols have implications for aerosol radiative forcing, 

aerosol-cloud interactions, heterogeneous chemistry, and climate. To characterize 

summertime aerosols in the Arctic, aerosol samples were collected at Ny-Ålesund in 

July of 2011 and 2012. The specific objectives were: (1) to determine aerosol 

compositions, (2) to investigate the sources and deposition of selected aerosol 

components, (3) to identify the effects of ship emissions on aerosol concentrations, 

and (4) to investigate the formation of secondary inorganic aerosols (SIAs), aerosol 

acidity and chloride (Cl
−
) depletion. 

 

The results showed that the mean equivalent black carbon (EBC) concentration was 

17 ng m
-3

 at the Ny-Ålesund settlement, higher than the mean value of 5.4 ng m
-3

 

observed outside the Ny-Ålesund settlement in July 2011. The average local emission 

rate of EBC was 8.1 g h
-1

, with an uncertainty of approximately a factor of two. The 

EBC plumes from local emissions were confined to 10 km downwind, with the total 

EBC deposition estimated to be 6.4–44 ng m
-2

 h
-1

. When two cruise ships with more 

than 1500 passengers visited Ny-Ålesund in July 2012, the concentrations of the nc-V, 
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nc-Ni and nss-SO4
2−

 were 0.976 ng m
−3

, 0.572 ng m
−3

 and 203 ng m
−3

, which were 

38-fold, 8-fold and 2-fold higher than their median values of the sampling period. In 

July 2012, the mean SIAs concentration, defined as the sum of nss-SO4
2−

, NO3
−
 and 

NH4
+
, was 158 ng m

−3
, accounted for 33% of the total mass of ionic species. The 

mean neutralization ratio (NR) was 0.53, indicating that SO4
2−

 and NO3
−
 was not fully 

neutralized by NH4
+
. The Cl

−
 depletion occurred in samples that had high 

concentrations of [nss-SO4
2−

 + NO3
−
 − NH4

+
] and sea salt, indicating that the Cl

−
 

depletion could be affected by interactions of acidic species (SO4
2−

, NO3
−
) with sea 

salt. 

 

Results from this study fill the data gap of the chemical properties of summertime 

aerosols and the effects of local emissions on air quality at Ny-Ålesund in the Arctic. 

These results may serve for future research that seeks to assess aerosol radiative 

forcing and for developing emission reduction strategies in the Arctic. 
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Chapter 1: Introduction 

 

1.1 Background and Overview 

Arctic temperatures have increased at almost twice the global rate, causing Arctic sea 

ice to melt at an unprecedented rate [IPCC, 2013]. Declining Arctic sea ice during the 

summer has spurred an increase in anthropogenic activities in the Arctic [AMAP, 

2011]. These developments could lead to elevated concentrations of aerosols in the 

Arctic [DeAngelo, 2011], which may further contribute to the changing Arctic climate 

via snow-albedo feedback [Bond et al., 2013] and the formation of cloud 

condensation nuclei [Bauer and Menon, 2012]. In the summer, the transport of air and 

pollutants are limited because the Arctic front is weak and in a more northerly 

position, so Arctic air mass is separated from mid-latitudes [Garrett et al., 2011; Stohl 

et al., 2006]. In addition, clouds and precipitation during the summertime can remove 

pollutant from the air before they are carried far [Bourgeois and Bey, 2011]. Therefore, 

the transport of contaminants to the Arctic is less frequent in the summer than in the 

winter. There are relatively low particle number concentrations in the air in the 

summer. In the relative clean arctic regimes, typically in summer, the addition of 

aerosols into the air can dramatically increase cloud cover, and this may change the 

energy balance in the atmosphere and at the earth’s surface [IPCC, 2013]. 

 

Observations and modeling have shown that the summertime Arctic aerosol has been 

influenced by anthropogenic activities within the Arctic. Ship emissions contribute 

about 30−40% of the total PM2.5 concentrations during tourist seasons in the Gulf of 

Alaska [Mölders et al., 2010]. The shipping emissions in the Arctic may increase 

black carbon by 50% in 2030 and increase ozone by10% in the Arctic lower 
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troposphere [Dalsøren et al., 2013]. In the Svalbard archipelago during 2007, ship 

emissions were responsible for 90% of the total nitrogen oxides (NOx) and 93% of the 

black carbon [Vestreng et al., 2009]. At Ny-Ålesund, equivalent black carbon (EBC) 

and 60 nm particles increased 45% and 72%, respectively when cruise ships with 

more than 50 passengers were present at Ny-Ålesund [Eckhardt et al., 2013]. Under 

the influence of anthropogenic emissions, the particles can be modified by the 

interaction of naturally generated and pollution-derived compounds [Anderson et al., 

1992], resulting in alternation in aerosol acidity and the formations of secondary 

inorganic aerosols [Weinbruch et al., 2012]. This further influences aerosol radiative 

forcing and aerosol-cloud interaction [Bauer and Menon, 2012]. 

 

Aerosol chemical compositions, sources, depositions and their chemical properties 

(such as acidity and chloride depletion) are still not well characterized due to the lack 

of measurements at this location. The purpose of this study was to fill in these gaps 

and improve understanding of the characteristics of summertime aerosol in the Arctic. 

 

1.2 Overall Objectives and Organization of the Thesis 

This thesis aims to improve understanding of the chemical composition of aerosols 

and their potential sources and sinks at Ny-Ålesund in summer. To achieve this goal, 

field sampling, lab chemical analyses, and model calculations were employed to 

improve understanding of the characteristics of aerosols in Ny-Ålesund during the 

summer. Chapter two focuses on investigating the sources, transport, distribution and 

deposition of black carbon at Ny-Ålesund in the summer Arctic. Chapter three 

describes the evaluation of the effects of ship emissions on aerosol concentrations. 
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Chapter four focuses on major ionic species and carbonaceous components in the 

aerosol to assess the formation of secondary inorganic aerosols (SIAs), aerosol acidity, 

and chloride depletion. Chapter five summarizes the major findings of this research 

project and offer recommendations for future research. 

 

Chapter 2 - To investigate the sources, transport, distribution and deposition of black 

carbon at Ny-Ålesund in the summer Arctic. 

a. EBC concentrations measurements were carried out in Ny-Ålesund in 

July 2011; 

b. Pearson’s correlation coefficient and principal component regression 

(PCR) were used to estimate the influence of meteorological parameters 

on the EBC concentrations; 

c. Ensemble empirical mode decomposition method was used to quantify 

the contribution from local emissions and long-rang transport; 

d. Atmospheric transport and dispersion model were used to estimate the 

influence from local emissions on EBC distribution and deposition; 

e. Potential precipitation contribution function (PPCF), back-trajectories 

and cluster trajectory analysis were used to interpret the contribution 

from long-range transport. 

 

Chapter 3 – To evaluate the effects of ship emissions on aerosol concentrations 

a. Selected trace elements, ionic species and organic/elemental carbon in 

aerosols were measured at Ny-Ålesund in July 2012; 
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b. Chemical tracer, non-crust vanadium (nc-V), nc-nickel (Ni) and non-sea 

salt (nss) sulfate (SO4
2−

) were used to identify the signals from ship 

emissions and to evaluate the effects of ship emissions on aerosol 

concentrations; 

c. The features of aerosol concentrations with few ships visited were 

interpreted by employing the ratios of nc-V/nc-Mn (magnesium), 

backward trajectories and enrichment factors of trace elements in 

aerosols. 

 

Chapter 4 - To investigate major ionic species and carbonaceous components in the 

aerosol, to assess the formation of secondary inorganic aerosols (SIAs), aerosol 

acidity, and Cl
−
 depletion 

a. Water soluble components and organic/elemental carbon (OC/EC) in 

aerosols were measured at Ny-Ålesund in July 2012; 

b. Potential sources of ionic species and OC was investigated. 

c. Formation of SIA were discussed; 

d. Aerosol acidity and factors affect aerosol acidity were studied. 

e. Cl
−
 depletion was evaluated. 

 

Chapter 5 – Summarize the major findings of this research and offer 

recommendations for future research.
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Chapter 2: Impact of summertime anthropogenic emissions on atmospheric 

black carbon at Ny-Ålesund in the Arctic
1
 

 

Abstract 

Measurements of equivalent black carbon (EBC), calculated from aethalometer 

measurements of light attenuation, were carried out in July 2011 at Ny-Ålesund in the 

Arctic. Highly elevated EBC concentrations were observed within the settlement of 

Ny-Ålesund, with a median value of 17 ng m
-3

, which was about two times the 

background level. Results from the ensemble empirical mode decomposition method 

suggested that about 60–80% of atmospheric EBC concentrations at Ny-Ålesund were 

from local emissions, while only 20–40% arrived via atmospheric transport. The 

estimated average local emission rate was 8.1 g h
-1

, with an uncertainty of 

approximately a factor of two. The pollution plume was confined to 10 km downwind 

of the settlement, with the total EBC deposition estimated to be 6.4–44 ng m
-2

 h
-1

. 

This may affect snow black carbon (BC) concentrations in nearby glaciated areas. The 

efficiencies of the long-range transport were estimated based on cluster analysis and 

potential precipitation contribution function, and the results implied that transport 

from western Europe is more efficient than from central Russia, on account of 

relatively rapid transport from western Europe and infrequent precipitation along this 

route. However, there was no correlation between air mass back-trajectories and EBC 

concentrations, suggesting that the contribution of long-range transport to EBC 

measured in Ny-Ålesund might be not significant in this season. 

 
                                                             
1
 Zhan, J., Gao, Y., 2014. Impact of summertime anthropogenic emissions on 

atmospheric black carbon at Ny-Ålesund in the Arctic. Polar Research 33, 21821, doi: 

10.3402/polar.v33.21821. 
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Key words: Equivalent black carbon, human influences, transport efficiency. 

 

2.1 Introduction 

Black carbon (BC) in the atmosphere affects the radiative balance of the Arctic due to 

its strong light absorption [Shindell and Faluvegi, 2009]. Although organic carbon has 

an overall cooling effect on the atmosphere [IPCC, 2007], for the highly reflective 

snow/ice surface of the Arctic, the mixtures of organic carbon and BC still exert 

positive top-of-atmosphere radiative forcing [Flanner et al., 2009]. The impact of BC 

can continue even after it is removed from the atmosphere and deposited on ice or 

snow, through the reduction of surface albedo [Doherty et al., 2010; Hadley and 

Kirchstetter, 2012]. Over the 20th century, about 20% of the warming and 

snow/ice-cover melting in the Arctic is due to the BC-albedo effect [Koch et al., 2011]. 

These findings identify BC as a critical climate forcing agent in the Arctic. 

 

Several ground- and aircraft-based investigations of atmospheric BC have been 

carried out in the Arctic. Annual mean concentrations of BC ranged from 26 to 49 

ng.m
-3

, with values at Alert and Zeppelin Station higher than those at Barrow and 

Summit [Hirdman et al., 2010b]. A pronounced seasonal cycle has been found, with a 

maximum in winter/early spring (i.e., the haze season) and a minimum in summer 

[Eleftheriadis et al., 2009; Sharma et al., 2006]. Strong seasonal variations are 

consistent with atmospheric transport patterns in the Arctic [Hirdman et al., 2010a; 

Stohl et al., 2006]. Vertical concentration profiles of BC were observed during the 

Arctic Research of the Composition of the Troposphere from Aircraft and Satellites 

mission in 2008. In the spring, two peaks were revealed in the profile of BC mass 
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mixing ratio: one was at 5.5 km, with a mass mixing ratio of 150 ng kg
-1

 in the aged 

air mass; the other one, at 4.5 km, had a mass mixing ratio of 250 ng kg
-1 

and was 

associated with biomass burning [Spackman et al., 2010]. The vertical stratification of 

BC increased with altitude at lower altitudes (650 hPa), whereas at higher altitudes it 

decreased toward the middle troposphere [Jacob et al., 2010; Spackman et al., 2010]. 

The summertime BC concentrations varied between 5 and 100 ng kg
-1

 from 0 to 12 

km in altitude, with higher BC concentrations in the lower troposphere in July. As 

there were widespread fires during the aircraft campaigns, the enhancement of BC 

could have resulted from increased biomass burning [Spackman et al., 2010], which 

might not be representative of typical BC distributions in summer. Northern Eurasia 

has repeatedly been shown to be the major source for the BC concentrations observed 

at the Arctic surface stations in winter and spring [Hirdman et al., 2010a; Stohl et al., 

2006]. In summer, transport from the surrounding continental locations is limited by 

the weaker and more northern extent of the polar dome [Klonecki et al., 2003; Law 

and Stohl, 2007] as well as more frequent precipitation [Barrie, 1996; Bourgeois and 

Bey, 2011]. As result of low efficiency of long-range transport, local aerosol sources 

become much more important in summer. 

 

Recent studies have highlighted the role of local emissions within the Arctic. 

Measurements made at Barrow, Alert and Zeppelin Station over more than a decade 

have indicated that BC concentrations measured in the Arctic are highly sensitive to 

emissions within the Arctic [Hirdman et al., 2010b]. In the last 10 years, human 

activities such as general transport (aviation and shipping), oil and gas flaring and 

resource exploitation have increased; these could lead to strongly elevated 
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concentrations of BC in the Arctic [AMAP, 2011; Corbett et al., 2010; Dalsøren et al., 

2007; DeAngelo, 2011; Granier et al., 2006; Lack et al., 2008; Lee et al., 2010; 

Vestreng et al., 2009]. Around 4.5 Gg yr
-1

 of BC is contributed from Arctic shipping, 

and this may increase global climate forcing by at least 17% compared to warming 

due to CO2 emissions from these vessels (ca. 42 000 Gg yr
-1

) [Corbett et al., 2010]. 

Lee et al. [2010] also highlighted aviation emissions associated with major routes in 

the vicinity of 60°N. Johnson et al. [2011] suggested the mean soot emission rate is 

2.0 g s
-1

 at a calculated uncertainty of 33%, from measurement of the emission rate 

from oil and gas flaring in Uzbekistan. However, these emissions are still not well 

characterized and specific emission factors are still uncertain due to the lack of 

measurements at many locations. In Svalbard, local human activities, such as motor 

vehicle use, electric power production and domestic combustion, persistently occur, 

contributing to the loading of BC in the air, but more quantitative evaluations of these 

contributions are needed. 

 

To characterize the anthropogenic emissions affecting the BC concentration in 

Svalbard, field measurements were carried out within and near the settlement of 

Ny-Ålesund in July 2011, the peak season of local human activities. In this paper, we 

present the measurement results and estimate the contribution of local emissions, the 

emission rates and the BC deposition rates using model simulations. These results will 

be useful for interpreting other data sets in the region, for planning future 

measurement campaigns in this region and for developing emission reduction 

strategies in the Arctic. 
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2.2 Methods 

2.2.1 Measurement sites 

The measurements were made in Ny-Ålesund, on the island of Spitsbergen in the 

Svalbard Archipelago. The sampling sites were one site at the Chinese Yellow River 

Station (78.92°N, 11.93°E, 13 m a.s.l) within the Ny-Ålesund settlement and three 

sites around Ny-Ålesund: S2 (78.90°N, 12.07°E, 126 m a.s.l), S3 (78.99°N,12.06°E, 

134 m a.s.l), and S4 (78.96°N 11.60°E, 33 m a.s.l; Figure 2.1) Data measured at 

Zeppelin Station (78.90°N, 11.88°E, 474 m a.s.l) by Eleftheriadis et al. [2009] were 

used in this study for comparison. Zeppelin Station is situated on the mountain of 

Zeppelinfjellet, 1 km south of, and over 400 m above, the settlement, where 

contaminants from Ny-Ålesund are minimal [Hirdman et al., 2010b]. The YRS is 

situated in Ny-Ålesund, directly below Zeppelin Station; it was therefore directly 

affected by local emissions from tourism and research-related activities in the 

settlement. S2 was located 4 km south-east of Ny-Ålesund, on the glacier Midtre 

Lovénbreen. S3 lay on the island of Blomstrandhalvøya, on the other side of the fjord 

from Ny-Ålesund and at a distance of about 5 km from the settlement. S4 was situated 

on the coastal plain of Kvadehuksletta at the north-west point of the peninsula 

Brøggerhalvøya, about 10 km away from Ny-Ålesund. 
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Figure 2.1 Map of Ny-Ålesund community and sampling sites (Chinese ‘Yellow River’ 

station (YRS, 11.93°E，78.92°N,13 m a.s.l), S2(12.07°E，78.90°N,126 m a.s.l), 

S3(12.06°E，78.99°N,134 m a.s.l), S4(11.60°E，78.96°N，33 m a.s.l). 

 

2.2.2 Black carbon measurement and meteorological data collection 

Aethalometers have been widely used for measuring BC concentrations in the Arctic 

[Eleftheriadis et al., 2009; Hirdman et al., 2010a; Sharma et al., 2006]. The device 

measures the attenuation of light transmitted through particles that accumulate on a 

quartz fiber filter, and interprets the rate of increase of optical attenuation in terms of 

the concentration of optically-absorbing material in the sample air stream. Since these 

optically-based measurements rely on some assumptions to convert particle light 

absorption to BC concentrations, the data derived from this method are also called 

equivalent BC (EBC) [Sharma et al., 2004]. In this study, an AE42 Model 
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Aethalometer (7-wavelength; only λ ca. 880 nm reported here; Magee Scientific, 

Berkeley, CA, USA) was used at the Yellow River Station site, while model AE51 

instruments (Magee Scientific) were used at sites S2, S3 and S4. Temporal resolutions 

were 10 minutes for the AE42 unit and 5 minutes for the AE51 units during the 

measuring period of 5-19 July 2011. The specific mass absorption coefficient = 

15.9 m
2 

g
-1

 was used to calculate BC mass concentrations from the AE42 device. This 

value was derived from simultaneous measurements of light absorption and 

thermo-optical elemental carbon mass concentration by Nyeki et al. [2005], which 

was also applied in EBC calculations at Zeppelin Station by Eleftheriadis et al. [2009]. 

Data from the AE51 units were corrected by comparing AE42 and AE51 

measurements at the same place. The scattering correction wasn’t employed in this 

study since aerosols in these remote areas were well-aged, requiring little or no 

correction [Hansen et al., 2007]. The overall uncertainty on the aggregated data is on 

the order of 10% [Hansen et al., 2007]. To circumvent the potential error induced 

through the use of two different instruments, co-location experiments were carried out 

both before and after experiments. Measurement data are summarized in Table 2.1. 

Meteorological parameters, for example, air temperature, wind speed, wind direction 

and relative humidity, were collected simultaneously with a temporal resolution of 

one hour. Precipitation data was from Ny-Ålesund station, which is around 0.2 km 

away from Yellow River Station. The arithmetic mean, maximum and minimum for 

each parameter are presented in Table 2.1. 
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2.2.3 Atmospheric transport and dispersion model 

The Hybrid Single-Particle Lagrangian Integrated Trajectory 4 (HYSPLIT_4) model, 

created by the US National Ocean and Atmospheric Administration [Draxler and 

Hess, 1998], was used to generate both forward and backward trajectories and 

complex dispersion/deposition simulations, using US National Centers for 

Environmental Prediction/National Center for Atmospheric Research (NCAR/NCEP) 

reanalysis data. The data were provided at a horizontal resolution of 2.5 × 2.5 degrees, 

17 vertical levels up to 10hPa, and a temporal resolution of six hours. Emission rates 

were estimated by fitting the predications from dispersion model to the observed 

concentration difference between within and outside the community, and then the 

subsequent advection, dispersion and deposition of EBC were simulated, using 

NCAR/NCEP reanalysis meteorological data fed into the HYSPLIT model. Wet 

deposition was calculated using precipitation data from the European Centre for 

Medium-Range Weather Forecasts (ECMWF). The washout ratio was calculated from 

the Scott washout ratio [Scott, 1978]. 

 

2.2.4 Time-frequency analysis 

To better understand the properties and physical mechanism hidden in the EBC data, 

ensemble empirical mode decomposition (EEMD) was used to isolate and extract 

various temporal scales in data. These various temporal scales were further linked to 

different sources. There are other popular tools, such as Fourier analysis, wavelet 

analysis and Wigner-Ville distribution, which can also decompose the data into the 

components of different timescales, but they are limited to either linear or stationary 

processes, and require a priori function basis. This often makes their applications to 
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data from nonlinear and non-stationary processes problematic. EEMD is an adaptive 

method that is designed specifically for analyzing nonlinear and non-stationary data 

without imposing irrelevant mathematical rules [Wu and Huang, 2009]. This approach 

consists of sifting an ensemble of white noise-added signal, and obtains the mean of 

corresponding intrinsic mode functions (IMFs) that bear the full physical meaning and 

a time-frequency distribution, and also gets the corresponding average residual which 

is identical to the trend. Further details on the EEMD method can be found in Wu and 

Huang [2009]. The results are tested by statistical significance at the 95% confidence 

level based on a testing method suggested by Wu and Huang [2004] against the white 

noise null hypothesis. 

 

2.3 Results and discussion 

2.3.1 EBC concentrations 

The concentrations of EBC (Figure 2.2) at YRS ranged from 4.1 to 38 ng m
-3

, with a 

median value of 17 ng m
-3

, which was higher than values observed outside the 

Ny-Ålesund settlement at S2, S3 and S4, where median EBC concentrations were 5.3, 

6.6 and 4.4 ng m
-3

, respectively. The median value found at YRS was in the range of 

the summer monthly average at Alert (12–26 ng m
-3

) and Barrow (9–24 ng m
-3

) from 

1989 to 2003 [Sharma et al., 2006], but higher than EBC concentrations at Zeppelin 

Station (3–11 ng m
-3

) [Eleftheriadis et al., 2009]. The levels of EBC at S2, S3 and S4 

were comparable to measurements taken at Zeppelin Station (474 m a.s.l.) with a 

median EBC concentration of 7 ng m
-3

 [Eleftheriadis et al., 2009]. These levels were 

also similar to aircraft measurements over the Arctic in July 2008, where the BC mass 

concentration was ca. 10 ng kg
-1

 above 3 km and ca. 5 ng kg
-1

 below 3 km [Liu et al., 
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2011] as well as the Gruvebadet sea level site near YRS (78.92°N, 11.89°E) measured 

by Heintzenberg and Leck [1994], who reported 5 ng m
-3

 for summer/autumn from 

1979 to 1990. 

 

The results showed that the EBC concentration at YRS was higher than the levels of 

EBC at Zeppelin Station and ground-based stations around the settlement. Similar 

results were reported by Hermansen et al. [2011]: SO2 and soot levels were higher in 

the Ny-Ålesund settlement than at Zeppelin Station. The aerosol scattering coefficient 

was also ca. 13–66% lower at Zeppelin, suggesting relative cleanliness at Zeppelin 

Station due to its elevation at 474 m a.s.l., above a temperature inversion layer, which 

limited vertical mixing [Di Liberto et al., 2012]. Residential emissions were 

presumably a factor contributing to the elevated EBC concentration at YRS. This 

observation is further illustrated in Figure 2.3. As shown, EBC concentrations 

corresponded to wind directions; higher EBC concentrations were associated with 

being downwind— especially south—of Ny-Ålesund. Variations and average EBC 

concentration during the daytime were larger than those at night, indicating more 

complicated and stronger sources in the daytime than at night. This confirms that local 

human activities were one of the major sources affecting the concentration of EBC at 

Ny-Ålesund. 

 

2.3.2 Local meteorological influences 

The relationships between meteorological parameters and EBC concentrations were 

tested for statistical significance. Pearson’s correlation coefficient and principal 

component regression (PCR) were used to estimate the influence of meteorological 
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parameters on the EBC concentrations. PCR assumes that the variables have normal 

distributions. However, some of our measured data are not normally distributed; 

therefore logarithmic transformations were done for the EBC concentrations, wind 

speed and relative humidity to avoid violation of the normality assumption. 

 

 

Figure 2.2 Time series of equivalent black carbon (EBC) concentrations, air mass 

transport pathways (dash line; AO represents the Arctic Ocean sector, EU stands for 

Western Europe, and CR stands for central Russia) and metrological parameters (total 

precipitation, relative humidity, wind speed, wind direction, air temperature, and 

pressure). 
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Figure 2.3 Variations in equivalent black carbon (EBC) concentration (ng m
-3

) 

affected by wind directions at Yellow River Station (YRS). Individual wind direction 

measurements are accumulated and the relative frequency is shown as a percentage. 

 

The levels of EBC were significantly (p < 0.000) related to temperature, wind speed, 

atmospheric pressure and total precipitation (Table 2.2). Among the meteorological 

parameters, temperature had the greatest effect on the EBC concentration, with a 

Pearson’s correlation coefficient of 0.22 (p < 0.000), indicating higher levels of EBC 

during higher temperature periods. A negative correlation was found between 

temperature and boundary layer height, with a Pearson correlation of –0.38( p < 

0.000). This suggests that high EBC concentrations in warm air might relate to 

shallow boundary layer, which was created by temperature inversion [Tjernström, 

2005]. Observations and NCAR/NCEP reanalysis data reveal that elevated 

temperature inversion dominates 91% of summer months [Tjernström and Graversen, 

2009], and this was more pronounced in a warmer summer (e.g., 2007) compared to 
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other years (2003-06 and 2008) [Devasthale et al., 2010]. Temperature inversion 

creates a stable and shallow mixing layer, which limits the vertical transfer of EBC 

between the surface and the free troposphere, trapping EBC close to the ground. This 

suggests that temperature may indirectly influence EBC concentration when a shallow 

boundary layer is capped by temperature inversion in the summer. 

 

As expected, a negative correlation was found between EBC concentration and total 

precipitation due to removal via wet deposition. A negative relationship was found 

between the EBC concentration and wind speed, with a Pearson correlation of –0.10 

(p < 0.000), indicating the dilution effect of winds on the EBC concentrations. 

Relative humidity showed less significant correlation with the EBC concentrations, 

with a Pearson correlation of 0.033 (p = 0.34), suggesting that humidity did not 

directly affect EBC concentrations since most of the BC particles were hydrophobic. 

 

The association between selected meteorological parameters (temperature, wind speed, 

relative humidity, atmospheric pressure and total precipitation) and EBC 

concentration was analyzed by PCR. The selected meteorological parameters can only 

explain 19% of the variation in EBC concentrations (p < 0.000), suggesting that other 

factors are influencing EBC levels in the area, such as the distance to sources and the 

strength of sources and sinks. 
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Table 2.2 Correlations between equivalent black carbon (EBC) concentration and 

Meteorological parameters at Yellow River Station (YRS), Ny-Ålesund. 

 

Mean and Range Correlation Coefficient 

 r p-value 

Temperature  

(
o
C) 

6.5 

(2.4–10.5) 

.22** .000 

Pressure  

(hPa) 

1011.0 

(997.2–1023.1) 

-.21** .000 

Wind speed  

(m s
-1

) 

3.2 

(0.0–12.5) 

-.10** .000 

Total precipitation 

 ( mm/day ) 

0.8 

(0.0–11.1) 

-.10** .000 

Relative humidity  

(%) 

80 

(57–93) 

.03 .125 

**. Correlation is significant at the 0.01 level (2-tailed). 

 

2.3.3 EBC concentration from local emissions and long-range transport 

Ny-Ålesund can be both a source and receptor for pollutants because some are locally 

generated and some are transported there over long distances. To evaluate these two 

factors, local emissions were assumed to be generated by both intermittent, short-term 

activities and continuous activities, while long-range transport, which is controlled by 

atmospheric circulation, occurs at various temporal scales [Stohl et al., 2006]. In order 

to separate various signals hiding in the data, EEMD was used to decompose the EBC 



20 

 

data into various frequency signals. The results included IMFs, which represent some 

specific scale of oscillation, and a residual that is identical to the trend, expressed as: 

EBCtotal = IMF1 + IMF2 + …+ IMFn + Trend                 (2.1) 

BC at Ny-Ålesund can come from local emissions (EBClo) and long-range transport 

(EBCtr). 

EBCtotal = EBClo + EBCtr                         (2.2) 

Here, we assume that local emissions were generated by both random and continuous 

activities, which can be represented by high frequency (IMF1, IMF1… IMFm), and 

extremely low signals (Elow-lo), which were included in Trend. Hence, EBClo was 

defined as follows: 

EBClo = IMF1 + IMF2 + … + IMFm + Elow-lo                 (2.3) 

Long-range transport is controlled by atmospheric circulation at various temporal 

scales [Stohl et al., 2006]; therefore, it can be expressed with specific frequency IMFs 

and as part of the signal in Trend. So EBCtr were expressed as: 

EBCtr = IMFm+1 + IMFm+2 + IMFm+3 + … + IMFn + Elow-tr           (2.4) 

where IMFm+1, IMFm+2, IMFm+3, …,IMFn are relatively low-frequency signals in 

IMFs and Elow-tr was the result from longer time scales of atmospheric circulation. 

 

Based on these assumptions and principles of EEMD, the residual is understood to 

represent longer term oscillation, which is associated with continuous local emissions 

and longer timescales of transport. That is: 

Trend = Elow-lo + Elow-tr                               (2.5) 
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In this study, EBC data were decomposed into 10 IMFs, corresponding to periods 

ranging from two hours to more than five days. Generally, the frequencies of local 

human activities are higher than those of long-range transport and they are 

characterized by diurnal variation or shorter periods of variations. Eleftheriadis et al. 

[2009] pointed out that diurnal variation in EBC concentration was less than ±1 

standard deviation range at Zeppelin Station during the summer months (JJA), 

suggesting that the diurnal variation was negligible; therefore, one day was chosen as 

a cut-off point and frequencies of one day or less were identified as being associated 

with local emissions, while variances lasting more than one day were ascribed to 

long-range transport. When Eqns. 2.1-2.5 were applied to the data measured at YRS, 

S2, S3 and S4, the results indicated that 60–80% of EBC at the YRS was from local 

emissions. The processes controlling BC in the atmospheric boundary layer include 

emissions, atmospheric transport and deposition or eventual ventilation [Wang et al., 

2011]. These are considered below. 

 

2.3.4 Local emissions 

EBC emission rates. The atmospheric dispersion factor (D, h m
-3

) from the source to 

the receptor was calculated using the HYSPLIT model, and then the emission rates (Q, 

ng h
-1

) were obtained by dividing the EBC concentrations (M, ng m
-3

) from local 

emissions by the relevant dispersion factors, according to the equation: Q = M/D. 

EBC concentrations (M, ng m
-3

) from local emissions were calculated using Eqn. 3. 

Here, a six-hour time average of the dispersion factor was set as the model output, and 

the average emission rate was calculated. A median value of 8.1 g h
-1

 was estimated, 

with a range from 1.0 to 25 g h
-1

. The uncertainty in these factors was approximately a 
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factor of two due to the uncertainty associated with measurements and accuracy of the 

dispersion model and meteorological data. According to the average PM 2.5 emission 

rates measured during on-road testing in South East Queensland, Australia, the 

emission factor was 15g h
-1

 for diesel buses or 1.7 g h
-1

 for light-duty vehicles driving 

at an average speed of 50 km h
-1 

[Keogh et al., 2010]. The emission rate at 

Ny-Ålesund was equivalent to about half the emission produced by a bus, or to 

emissions from about five light-duty vehicles constantly driving. Although emissions 

from local human activities were miniscule compared to the emissions released from 

the mainland, these emissions in the vulnerable Arctic may change the physical and 

chemical properties of BC particles and more efficiently deposit to snow/ice surfaces 

[DeAngelo, 2011]. 

 

EBC concentration distribution estimate. Using the HYSPLIT_4 model, the spatial 

pattern of near-ground level EBC concentration due to local emissions was modeled 

every six hours and then averaged over the measurement period of this study. A 

contour plot of the average EBC concentration around Ny-Ålesund is shown in Figure 

2.4a. Hourly wind speed and direction at 2-m height during the measurement period is 

shown by the wind rose diagram (also in Figure 2.4b). The prevailing winds during 

the experiments were typically either from the east–south-east or north–north-west. 

The concentration contour maps demonstrated that the trajectories of the EBC plumes 

released from Ny-Ålesund correlated well with the wind direction, and the plume 

shifted as wind changed in direction. The highest EBC concentration was about 14 ng 

m
-3

 at Ny-Ålesund, decreasing markedly with distance from the settlement as EBC 

was dispersed in the atmosphere. The concentrations of EBC reduced to 4.0 ng m
-3
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(30%) within 2 km of the source, with the majority of the downwind area having 

concentrations of less than 2.0 ng m
-3

. However, the impact of these emissions was 

irregular, such that puffs were more likely to cover the southern sectors (south–

south-east, south, and south–south-west), where the snow- or ice-covered surface was 

more sensitive to pollution compared to other exposed land, rather than the west–

north-west sector. 

 

EBC dry deposition estimate In this study, dry deposition of EBC was estimated by 

the product of dry deposition velocities (Vd ) and atmospheric EBC concentrations. 

Generally, Vd was calculated by surface resistance, which was a function of 

aerodynamic resistance, friction velocity and surface type [Vignati et al., 2010]. Here, 

a deposition velocity of 0.030 cm s
-1

 was chosen based on results presented by 

Nilsson and Rannik [2001] and Held et al. [2011] of eddy-covariance flux 

measurements in the Arctic, which was input to the model to determine the EBC dry 

deposition flux from local emissions around Ny-Ålesund. Each six-hour dry 

deposition flux was calculated; a contour map for the average of the whole period is 

shown in Figure 2.5a. The deposition distribution pattern was similar to the 

concentration distributions, with the highest deposition of EBC directly downwind of 

the source, which was then immediately reduced to 4.0 ng m
-2

 h
-1

 (30% of the central 

value) within 2 km of the source. Major depositions occurred in glaciated areas in the 

south–south-west and south–south-east sector. EBC dry deposition from local 

emissions in summer ranged from 0.0 to 18 ng m
-2

 h
-1

 and total dry deposition (local 

emissions + long range transport) ranged from 4.3 to 32 ng m
-2

 h
-1

 (100–770 ng m
-2

 

d
-1

) within 10 km (Table 2.3). This is in the lower range of dry deposition flux over  
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Figure 2.4 (a) Contour plot of the average equivalent black carbon (EBC) 

concentrations during the entire experiment period at Yellow River Station (YRS) 

attributed to local emissions. (b) The wind rose plot was made for the entire 

experiment period at YRS. Individual wind direction measurements were accumulated 

and the relative frequency is shown as a percentage. Wind speed (m s
-1

) is expressed 

by different color bars. 
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snow/ice (about 100–5300 ng m
-2

 day
-1

) based on the observed BC depletion in the 

boundary layer in spring, including the period of biomass-burning that was 

documented [Spackman et al., 2010]. 

 

EBC wet deposition estimate Wet deposition was also considered as a process 

controlling atmospheric BC concentration and affecting BC concentration in the snow 

surface since the observation site was subjected to periods of heavy precipitation 

during summer, and a substantial fraction of aerosol might be washed out and 

deposited on the snow/ice surface [Liu et al., 2011]. Here, wet deposition flux was 

calculated as follows: 

Fw = C × P = 10
-3

 × EBCair × WR × P                     (2.6) 

where EBCair is the EBC concentration in the air (ng m
-3

), WR is the washout ratio, P 

is precipitation rate (mm h
-1

) and Fw is the wet deposition flux (ng m
-2

 h
-1

). The 

washout ratio, 

WR = BCsnow or rain / BCair                    (2.7) 

can be calculated by comparing of the amount of snow or rain with the concentration 

of BC in the air. Hegg et al. [2011] compared the washout ratio from fieldwork and 

the Scott washout ratio model [Scott, 1978], and found that the washout ratio 

predicted by the model was in reasonable agreement with the observed value. Hence, 

the Scott washout ratio was used in this study as follows: 

  0.88
s BC

0.88

air

14000 0 1000 (1 0.0441 )
(BC)

1.56 0.44 ln

M F P
WR

BC P P

    
 

  
 ,          (2.8) 

where WR(BC) was the BC washout ratio, Ms(0) was the concentration of BC (ng m
-3

) 

in hydrometeors at the top of the riming zone, FBC was scavenging efficiency, BCair 

was the air concentration of BC, and P is the precipitation rate in mm h
-1

. Here, we set 
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Ms(0) = 0.1 BCair (Scott’s warm rain value) and FBC = 0.5, since Hegg et al. [2011] 

reported that a predicted washout ratio using these two parameters agreed reasonably 

with the observed value for warm rain. The total precipitation was from the ECMWF 

database. The wet deposition due to local emissions was calculated every six hours; 

the average was calculated for the whole period as shown in the contour map (Figure 

2.5b). Wet deposition from emissions ranged from 0.10 to 9.6 ng m
-2

 h
-1

; total wet 

deposition ranged from 2.1 to 12 ng m
-2

 h
-1 

within 10 km (Table 2.3). Wet deposition 

accounted for 22-44% of total EBC deposition, which was lower than 78±17% 

inferred from the AeroCom multimodel assessment (Textor et al. 2006) as well as the 

results from Spackman et al. [2010], who reported that wet deposition accounted for 

91% of total BC deposition to the Arctic in spring and 85% in winter. 

 

The total EBC depositions, which were defined as the sum of dry and wet deposition, 

were about 6.4–44 ng m
-2

 h
-1

. Local emissions of BC contribute ca.15% to the total 

deposition within a radius of 10 km at Ny-Ålesund. This was similar to the figure 

reported for Svalbard by Norway’s Climate and Pollution Agency: 20% of total 

deposition came from local emissions [Vestreng et al., 2009]. 

 

This analysis demonstrates that the environmental impacts of deposition from an 

individual source can be localized, with dispersion of pollutants in the atmosphere 

resulting in negligible environmental burdens beyond about 10 km downwind. Even 

though the pollution puffs from local emissions were more likely to pass over the 

glaciated areas in the southern sectors, the total deposition flux of EBC from local 

emission over these areas was less than 10 ng m
-2

 h
-1

. If we assume that all of this BC 
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is deposited on the top 1cm of snow and the density of snow is 0.40 g cm
-3

, then local 

emissions only contribute 1.8 ng BC per gram of snow each month. However, it is 

comparable to the average BC concentration (about 5 ng g
-1

) in fresh snow previously 

measured in the same region in late May [Hegg et al., 2011]. However, this analysis 

only considers a single emission source. A variety of uncertainties should be included 

in these calculations because the physical and chemical characteristics of BC are not 

constant. Rather, they involve different source and emission conditions, as well as the 

size, mixing state and chemical composition of BC particles. Hence, a more 

sophisticated model should be used to evaluate BC dispersion and deposition. 

 

2.3.5 Long-range transport 

Cluster analysis. Backward trajectories can provide information about the transport 

patterns and potential sources of the observed aerosols [Draxler and Hess, 1998; Stohl 

et al., 2006]. The ten-day backward trajectories were calculated every six hours using 

HYSPLIT_4 and meteorological data to investigate the effect of long-range transport. 

Here, the arrival elevation of 540 m a.s.l. was chosen for each trajectory calculation, 

which was the most representative arriving height [Huang et al., 2010; Worthy et al., 

1994]. Cluster analysis was used to classify the trajectories into different groups. The 

results of trajectories and cluster analysis (Figure 2.6a) showed that Ny-Ålesund was 

impacted by three different atmospheric transport regimes during the study period. 

About 41% of air mass came from the Arctic Ocean, 31% originated from western 

Europe and 28% came from central Russia. Most of the air mass was confined to the 

north of 65°N, except the air mass from central Russia, which could originate from 60° 

N. This air mass could pass over settlement areas. The contribution of emissions from  
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Figure 2.5 (a) Contour plot of dry deposition averaged over the entire experiment 

period and (b) wet deposition from local emissions. 
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these areas to Arctic BC not only depends on sources but also the processes that occur 

en route, such as precipitation. Therefore the potential precipitation along each route 

and the temporal variance of each pattern were combined to interpret the contribution 

from each sector. 

 

Potential precipitation contribution. Removal during transport is also an important 

factor affecting the efficiency of pollution transportation. The analysis of the potential 

precipitation contribution function (PPCF) was used to link atmospheric transport 

regimes with precipitation, given the possibility that rainfall occurred during the 

passage of the plume. The PPCF values for the grid cells PPCFij were the conditional 

probabilities that an air parcel passing through the ij-th grid cell was accompanied 

with precipitation and was defined as: 

  ,                         (2.9) 

where nij was the total number of end points that fall in the ij-th cell, and mij was the 

number of end points in the same cell that were associated with precipitation. P(Bij) 

was probability of precipitation in the ij-th cell, and P(Aij) was the probability of 

trajectories that pass over the ij-the cell. To reduce the effect of small values of nij, an 

arbitrary weight function W(nij) was applied to downweight the PPCFij values. Here, 

the weight function W(nij) , given by Hopke et al. [1995], was defined as: 

                                (2.10) 

 

ijij
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Combining the heights of transport pathway and PPCF distribution shown in Figure 

2.6, indicated that air masses from western Europe experience less precipitation than 

air masses passing over central Russia. Western Europe was therefore a probable 

source for the BC ending up in Svalbard, since pollutants from central Russia were 

more likely to be washed out en route to the Arctic archipelago. Because of the 

precipitation, only pollutions originating in central Russia that existed at a higher 

atmospheric level were likely to be transported to the Arctic through free 

troposphere-level transport. However, there was no correlation with air mass 

back-trajectories and EBC concentrations, suggesting that the contribution of 

long-range transport might be not significant, while local emissions might be 

responsible for the elevated EBC observed at the Ny-Ålesund community. 
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Figure 2.6 (a) Ten-day back trajectories were colored by air pressure and major 

transport pathways calculated by cluster analysis, labeled by identification of each 

cluster and frequency of occurrence. Both were generated by the HYSPLIT_4 model. 

AO represents the Arctic Ocean sector, EU stands for western Europe and CR stands 

for central Russia. (b) Map of potential precipitation contribution function probability. 
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2.4 Conclusions 

Higher concentrations of EBC were observed within Ny-Ålesund compared with 

measurements outside the settlement and these were attributed to local emissions. It is 

estimated that about 60-70% of EBC in Ny-Ålesund was associated with local 

emissions, whereas emissions from outside the Arctic had less impact on local BC 

concentrations as a result of precipitation scavenging [Stohl et al., 2006]. Additionally, 

meteorological parameters appear to be of minor importance and could only explain 

19% the observed EBC variability. 

 

The average emission rate at Ny-Ålesund was 8.1 g h
-1

,
 
equivalent to the BC 

emissions from about five light duty vehicles, or half the BC emissions from a bus, in 

constant operation. Our modeling results indicate that BC dry deposition from local 

emissions at Ny-Ålesund was 0.0–1.8 ng m
-2

 h
-1

, and wet deposition was 0.0 to 9.6 ng 

m
-2

 h
-1

 within 10 km. Dispersion and deposition patterns at Ny-Ålesund suggested 

that local emissions decreased to 20% within 10 km and plumes tended to affect the 

area to the south of the settlement. 

 

Overall, the limited data from this study suggested that local emissions made a major 

contribution to EBC concentrations at Ny-Ålesund within 10 km. Even though 

Zeppelin Station is located 474 m a.s.l., it is still influenced by ship emissions during 

summer [Eckhardt et al., 2013]. Researchers aiming to study pristine environments in 

the Arctic should consider the effects of these local emissions on air quality. 
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Chapter 3: Effects of ship emissions on summertime aerosols at Ny-Ålesund in 

the Arctic
1
 

 

Abstract 

Selected trace elements, ionic species and organic/elemental carbon in aerosols were 

measured in summer at Ny-Ålesund in the Arctic, and an interpreted approach 

combining elemental ratios, back-trajectories and enrichment factors was used to 

assess the sources of aerosols observed at this location. Aerosol samples influenced 

by ship emissions were featured by elevated concentrations of non-crustal (nc) 

vanadium (V), nc-nickel (nc-Ni), non-sea salt (nss) sulfate (SO4
2−

) and ratios of 

nc-Ni/nc-V (1.7) and nss-SO4
2−

/nc-V (200). When two cruise ships with more than 

1500 passengers visited Ny-Ålesund in July 2012, the total suspended particulate 

(TSP) mass reached 2290 ng m
−3

, almost three times the median TSP concentration 

(609 ng m
−3

) measured during the study period. The nc-V concentration reached 

0.976 ng m
−3

, about 38-fold higher compared to the median value of the sampling 

period, and this value was even higher than the annual mean value observed at the 

Zeppelin station and the values measured during Haze events at North American 

Arctic and Norwegian Arctic. The concentrations of nc-Ni and nss-SO4
2−

 were 0.572 

ng m
−3

 and 203 ng m
−3

, which were 8-fold and 2-fold higher than the median values 

of the sampling period. While in the few-ship periods, defined as the period with none 

or only one cruise ship with less than 1000 passengers being present, aerosols at this 

location could be affected by a mixed impact of local emissions and long range 

transport, reflected by the nc-Mn/nc-V ratios and element enrichment factors often 

                                                             
1 Zhan, J, Gao, Y., Li, W., Chen, L., Lin, H., and Lin, Q., 2014. Effects of ship 

emissions on summertime aerosols at Ny-Ålesund in the Arctic. Atmospheric 

Pollution Research, in press. 



36 

 

found in the air masses from the North American Arctic, Iceland and North Eurasia. 

Results from this study suggested that cruise ship emissions contributed significantly 

to atmospheric particulate matter at Ny-Ålesund in the summer, effecting air quality 

in this area. 

 

Keywords: Trace elements, nc-Ni/nc-V ratio, Ship emissions, Arctic Aerosols 

 

3.1 Introduction 

The Arctic is a fragile ecology and climate system, sensitive to external perturbations. 

Even small fluctuations, such as changes in aerosols by transported air pollutants from 

mid-latitudes and emissions within the Arctic, can have a profound impact on 

environmental changes in the region [AMAP, 2011]. Black carbon from ship 

emissions has been suggested to play a significant role in the observed Arctic 

warming, ~20% of the warming and snow-ice cover loss was due to the black carbon 

albedo effect [Bond et al., 2013]. The Arctic atmosphere in summer is of particular 

interest as there are relatively low particle number concentrations in the air. 

Long-range transport of aerosols is limited during the summer compared with winter, 

as the Arctic front is weak and moves further north [Law and Stohl, 2007] and 

scavenging of aerosols by clouds and precipitation is high in the summer [Bourgeois 

and Bey, 2011]. As a result, local aerosol sources have become more important in the 

summer. During the past decade, human activities including aviation, shipping, oil 

and gas flaring and resource exploitation have increased in the summer [Vestreng et 

al., 2009], affecting the Arctic climate through altering snow/ice albedo [Bond et al., 

2013] and the formation of cloud condensation nuclei [Jouan et al., 2014]. 
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It has been found that marine shipping has a significant influence on particulate 

matter concentrations in the Arctic [Eckhardt et al., 2013]. Ship emissions contribute 

about 30−40% of the total PM2.5 and 10% of the PM10 concentrations during tourist 

seasons in the port cities in the Gulf of Alaska [Mölders et al., 2010], and marine 

shipping in the Arctic may increase with the retreat of Arctic sea ice [Corbett et al., 

2010]. The shipping emissions in the Arctic may increase black carbon by 50% in 

2030 and increase ozone by10% in the Arctic lower troposphere [Dalsøren et al., 

2013]. The consequence of these impacts on air quality in the Arctic has not been well 

studied. 

 

Ny-Ålesund is one of the most northern communities in the world. A number of 

studies conducted during the summer have investigated the sources of aerosols in the 

Arctic. In the 1980s, elevated anthropogenic aerosols were observed during the 

summer months due to long-range transport from the former Soviet Union and Europe 

[Barrie and Barrie, 1990; Maenhaut and Cornille, 1989; Pacyna and Ottar, 1985]. 

However, the long-range transport of pollutants from Eurasia significantly declined 

since early 1990’s; therefore aerosol concentrations affected by this process has 

declined as well [Weinbruch et al., 2012]. Local sources (e.g., transportation, electric 

power production, coal mining and coal burning) have been proposed as potential 

contributors to the regional pollution [Anderson et al., 1992; Geng et al., 2010; Ottar 

et al., 1986]. Ship increased in the last 10 years in Svalbard, and Ny-Ålesund 

accounted for 15% of all Svalbard ship landings [Hagen et al., 2012]. Given the fact 

that a large number of ships visited Ny-Ålesund during the summer months, ship 
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emissions may contribute to particulate matter in the air and affect the regional 

aerosol chemical composition [Eckhardt et al., 2013; Weinbruch et al., 2012]. 

More recent work has recognized marine shipping in Ny-Ålesund [Eckhardt et al., 

2013]. In the year 2007, ship emissions were responsible for 90% of the total nitrogen 

oxides (NOx) and 93% of the black carbon in the Svalbard archipelago [Vestreng et al., 

2009]. Eleftheriadis et al. [2009] suggested that 0.2% of the measured equivalent 

black carbon concentrations at Zeppelin station could probably be attributed to ship 

emissions. Soot was observed when cruise ships visited Ny-Ålesund [Weinbruch et al., 

2012]. Eckhardt et al. [2013] suggested that equivalent black carbon and 60 nm 

particles increased 45% and 72%, respectively, when cruise ships with more than 50 

passengers were present at Ny-Ålesund. To date, few work focus on the impact of 

ship emissions on the chemical composition of aerosols. 

 

In this study, we use non-crust vanadium (nc-V), nc-nickel (Ni) and non-sea salt (nss) 

sulfate (SO4
2−

) in aerosols as chemical tracers to evaluate the impact of ship emissions 

on aerosol concentrations at Ny-Ålesund in the summer. In addition, the features of 

aerosol concentrations observed during the few-ship periods, defined as the period 

with none or only one cruise ship with less than 1000 passengers being present, were 

interpreted by employing the ratios of nc-V/nc-Mn, backward trajectories and 

enrichment factors of trace elements in aerosols at Ny-Ålesund in the summer. 
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3.2 Methods 

3.2.1 Sampling site 

Sampling of aerosols was carried out in July 2012 at the Chinese Arctic “Yellow 

River Station” (YRS) (78.92° N, 11.93° E, 13 m above sea level (a.s.l)) in the 

settlement of Ny-Ålesund, in the Svalbard Archipelago (Figure 3.1). Ny-Ålesund is a 

research community with up to 150 people living there in the summer, while only 

around 15 permanent residents are there during winter months. Pollution sources in 

and around Ny-Ålesund include power stations, cars, airplanes and water traffic, 

including small vessels and large cruise ships. 

 

3.2.2 Meteorological conditions 

The sounding profile shows that the height of boundary layer over this area was ~1 

000 meters (Figure 3.2), consistent with the results derived from the Micro Pulse 

Lidar [Engvall et al., 2008]. As hills around the station are from 400 to 1431m a.s.l., a 

lower starting point for trajectories could affect the accuracy of the calculations, and 

thus the height at 1000 m a.s.l. was chosen as the arrival elevation for each trajectory 

calculation. On the other hand, as shown in Figure 3.3 during the sampling period, the 

lower-than-average pressure over the Arctic and stronger-than-average high pressures 

over Greenland existed in July 2012. This pattern increased in Greenland Blocking 

and enhanced southward meridional winds across the Arctic, resulting in the 

north-west prevailing winds over Ny-Ålesund that brought in the influences from the 

direction of the open Arctic Ocean (Figure 3.3b and 3.3c).This feature was also 

reflected by a north-west sector in the wind fields at the sampling location, although 

there was a stronger sector of southeast winds from glacier areas due to the 
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topographic effects (Figure 3.4). As air masses that arrived at the 1000 m a.s.l could 

quickly mix with the surface air in this area [Ström et al., 2009], the 96-hour samples 

collected at the surface could contain a mixture of both local and regional air. 

 

 

Figure 3.1 Aerosol sampling site (Yellow River Station) and soil sampling sites 

(S1-S5) at Ny-Ålesund. 
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Figure 3.2 The profiles of temperature and humidity at Ny-Ålesund in July 1, 2012, 

based on the Radiosounding data provide by The German Alfred Wegener Institute for 

Polar and Marine Research (AWI) and the French Polar Institute Paul Emile Victor 

(IPEV). 
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Figure 3.4 The wind rose plot for the entire experiment period (July 4-22, 2012) at 

Ny-Ålesund. Individual wind direction measurements were accumulated and the 

relative frequency is shown as a percentage. Wind speed (m s
-1

) is expressed by 

different color bars. 

 

3.2.3 Back trajectory analysis 

Ten-day backward trajectories were computed by the Hybrid Single-Particle 

Lagrangian Integrated Trajectory Model 4 [Draxier and Hess, 1998] to trace the air 

history. The National Centers for Environmental Prediction (NCEP)-National Center 

for Atmospheric Research (NCAR) reanalysis meteorological data was fed into the 

model. The data showed a horizontal resolution of 2.5 x 2.5 degrees, 17 vertical levels 

up to 10hPa, and a temporal resolution of six-hour. To evaluate the relative 

contributions of air from different origins, cluster analysis was used to classify 

trajectories into different groups. The percentage of air masses from each group for 

each sample was calculated and listed in Table 3.1. 
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3.2.4 Sample collection 

Air Samplers were installed on the roof of the YRS building, 20 m above the ground. 

A Chemcomb (C) cartridge (Model 3500; Thermo Scientific, Waltham, MA, USA) 

was used to collect total suspended particles (TSP) operated at a flow rate of 16.7 L 

min
−1

 and with a sampling duration of three days, following the procedures in Gao et 

al. [2013]. Teflon filters (47mm diameter, 1.0 µm pore size; Pall Corp., Port 

Washington, NY, USA) were used as sampling media for the determination of trace 

elements, anions and cations in aerosols. A model KC-6120 comprehensive 

atmospheric sampler (Laoshan Electronic Instrument Factory, Qingdao, China) with a 

flow rate of 96 L min
−1

 was used to collect TSP for the analysis of elemental carbon 

(EC) and organic carbon (OC), with quartz fiber filters (MK 360; 90 mm diameter, 

0.3 µm pore size; Munktell Corp., Falun, Sweden) being used as the sampling media. 

These quartz fiber filters were pre-fired at 550°C in a muffle furnace for 12 hours 

before sampling, and after then they were wrapped in aluminum foils and stored at 

4°C until laboratory analysis. All filter handling was carried out in a 100-class laminar 

flow clean hood in the laboratory of the YRS. After sampling, each sample filter was 

put into a pre-cleaned petri dish, sealed in a plastic bag, and stored at 4 °C until 

analysis. A total of 12 samples were collected (six samples on Teflon filters and six on 

quartz fiber filters). Soil samples were collected in small polyethylene bags around 

Ny-Ålesund (Figure 3.1). After collection, samples were freeze-dried and then stored 

in small bags in a desiccator before analysis. A total of 6 soil samples were collected. 
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3.2.5 Sample analysis 

Water-soluble ionic species (sodium (Na
+
), nitrate (NO3

−
) and SO4

2−
) in aerosols were 

analyzed by ion chromatography (IC) using a Dionex ICS-90A with RFC-30 at the 

Third Institute of Oceanography, State Oceanic Administration, China, following the 

procedures by Zhao and Gao [2008] and Xu et al. [2013]. Half of each Teflon sample 

filter was extracted with 25 mL Milli-Q water (18.2 MΩcm
−1

; Milli-Q Academic 

System; Millipore Corporation, Billerica, MA, USA) in an ultrasonic bath for 40 

minutes and leached overnight. The extracted solution was then filtered through a 

PTFE syringe filter (0.45μm pore size; Fisherbrand, Fisher Scientific, Fair Lawn, NJ, 

USA) and injected into the IC system via an automated sampler (AS40; Dionex) using 

5.0 mL vials. A CS12A analytical column (4×250 mm
2
; Dionex), a methanesulfonic 

acid eluent generator cartridge (EGC II MSA; Dionex), a conductivity detector, and a 

25 μL sample loop, were used to determine the concentrations of Na
+
 in aerosol 

samples. The concentrations of NO3
−
 and SO4

2−
 in aerosol samples were determined 

by an AS18 analytical column, an AG18 guard column (4×250 mm
2
; Dionex), a 

Potassium Hydroxide (KOH) eluent generator cartridge (EGC II KOH; Dionex), a 

conductivity detector, and a 25 μL sample loop. National institute of Standards and 

Technology (NIST) traceable calibration standards were run prior to and during 

sample analyses. The method detection limits for Na
+
, NO3

−
 and SO4

2−
 were 20, 3 and 

7μg L
−1

,
 
respectively. The overall precision of the method was < 5%. Final 

concentrations of these species in aerosols were corrected by their field blanks. 

 

The other half of each Teflon sample filter was analyzed by an Inductively Coupled 

Plasma Mass Spectrometer (ICPMS, Model 7500ce; Agilent) at the Third Institute of 
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Oceanography, State Oceanic Administration in China to determine the concentrations 

of selected trace elements in aerosols (sodium (Na), magnesium (Mg), Aluminum(Al), 

potassium(K), calcium(Ca), vanadium(V), chromium (Cr), manganese (Mn), iron (Fe), 

cobalt (Co), nickel(Ni), copper (Cu), zinc (Zn), arsenic (As),selenium (Se),cadmium 

(Cd), barium(Ba), and lead (Pb)) following the procedures similar to those in Xia and 

Gao [2010]. Briefly, one half of each Teflon sample filter was digested with 

concentrated HNO3 (Optima A460-500, Fisher Scientific) in a Microwave Accelerated 

Reaction System (MARs, CEM Corporation). There were three digestion steps: (1) 

heating to 170 ±5ºC in 5.5 minutes, (2) remaining at 170 ±5ºC for 30 minutes, and 

then (3) cooling down for 20 minutes to room temperature. Then digested solutions 

were diluted with Milli-Q water to 15 mL and injected to the ICPMS system. The 

detection limits for all trace elements analyzed in this study were less than 1ppt and 

the precision of the method was 2%. The digestion recoveries of the elements ranged 

from 91% to 104%, and overall average levels of field blanks were 2–4 times lower 

than the sample values. Final concentrations of the elements in samples were 

corrected by the field blanks. 

 

Soil samples were dried, grounded and passed through a 100 mesh sieve. These soil 

samples (approximately 0.5gram each) were weighed directly into 100-mL 

pre-cleaned Pyrex test tubes. 7.5 mL of 10 M concentrated hydrochloric acid (HCl) 

and 2.5 mL of 10 M concentrated nitric acid (HNO3) were added to each sample tube. 

The mixture was heated to 120–130 ºC for 14–16 hours and was then added with 5mL 

of HClO4, and kept heating until dry and residue color becoming white. If the residue 

color was dark, another 5mL of HClO4 was added and the sample was re-heated until 
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residue was white. Following digestion, the mixture was cooled and transferred into 

100 mL volumetric flask. Each solution was diluted with Milli-Q water to 100 mL and 

was analyzed by an Inductively Coupled Plasma-Optical Emission Spectrometer 

(ICP-OES, Optima 7000DV; Perkin Elmer, Shelton, USA) at the Institute of Urban 

Environment, Chinese Academy of Sciences in China, to determine the concentrations 

of selected trace elements following the DIN EN ISO 11885 protocol [1998]. A 

certified reference material from China National Center for Standard Materials 

(GBW-07407) was digested and analyzed in the same way as samples were treated. 

The precision of the method was 2%. The digestion recoveries of the selected 

elements in the reference material ranged from 90% to 115%. 

 

The concentrations of EC and OC in aerosols were determined using a thermal-optical 

transmittance carbon analyzer (Sunset Laboratory Inc., Portland, OR, USA). The 

details of the OC and EC analyses were as described in the NIOSH protocol [1999]. 

The uncertainties associated with the EC and OC measurements were 10%. 

 

To obtain the total aerosol gravimetric mass, Teflon filters were weighed before and 

after sampling under the same controlled temperature (20ºC ± 2) and humidity 

(35%±2) conditions, using a microbalance (Model XP6/52, Mettler Toledo) at the 

Third Institute of Oceanography, State Oceanic Administration in China. The total 

aerosol mass collected on each filter was calculated by the difference between the 

pre-sampling and after-sampling weights of the filter. Detailed information on aerosol 

data is provided in Table 3.2 and soil data is showed in Table 3.3. 
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3.2.6 Data analysis 

To identify source regions and evaluate the degree of anthropogenic influence, crustal 

enrichment factors (EFs) were calculated as follows: 

(EFX)crust = (CX /CR) aerosol /(CX /CR) crust        (3.1) 

where X represents the element of interest; EFx is the enrichment factor of X; Cx is 

where X represents the element of interest; EFx is the enrichment factor of X; Cx is 

the concentration of X; and CR is the concentration of a crustal reference element. The 

aerosol and crust subscripts refer to elements in an aerosol sample and crustal material, 

respectively. Al was selected as a crustal reference element. The average abundance of 

chemical elements in the Ny-Ålesund soil was used to calculate EFs (Table 3.3). 

Elemental ratios derived from the soil data in this study and those from the table in 

Taylor [1964] were relatively comparable for most elements examined in this study 

(Figure 3.5). The EF values of less than five were operationally considered as 

indication of crustal origin, whereas the values higher than five suggested a 

non-crustal source. 
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Table 3.2 Chemical concentrations and ratios in aerosols during cruise ships 

present and during few-cruise ships present in Ny-Ålesund in July, 2012 

Substance 

Few/no-ships 
Cruise 

ships 
Ratio Zeppelin Ratio 

Max. Min. 
 

Cship/ 

Cmedian 

Annual 

Average 
Cship/Czeppelin 

ng m
−3

 
 

ng m
−3

 
 

Na 7.36×10
1
 8.72×10

0
 2.08×10

2
 3.0  

  

Mg 3.49×10
1
 2.94×10

0
 9.06×10

1
 8.0  

  

Al 3.33×10
1
 6.52×10

0
 5.27×10

1
 5.0  

  

K 9.85×10
0
 1.85×10

0
 2.85×10

1
 5.0  

  

Ca 5.22×10
1
 9.05×10

0
 1.79×10

2
 10.0  

  

V 8.70×10
−2

 1.68×10
−2

 1.04×10
0
 28.0  0.07−0.20 5.2−14.8 

Cr 1.89×10
−1

 1.13×10
−2

 7.42×10
−2

 1.0  0.04−0.9 0.1−1.9 

Mn 4.43×10
−1

 7.95×10
−2

 1.16×10
0
 9.0  0.24−0.57 2.0−4.8 

Fe 3.10×10
1
 1.39×10

0
 6.42×10

1
 7.0  

  

Co 2.68×10
−2

 1.08×10
−3

 5.08×10
−2

 5.0  0.055−0.14 0.4−0.9 

Ni 1.77×10
−1

 2.58×10
−2

 5.92×10
−1

 8.0  0.07−0.19 3.1−8.5 

Cu 3.48×10
−1

 4.45×10
−2

 2.64×10
−1

 1.0  0.25−0.41 0.6−1.1 

Zn 9.03×10
−1

 2.53×10
−1

 8.88×10
−1

 1.0  1.2−1.9 0.5−0.7 

As 7.38×10
−3

 1.14×10
−3

 2.21×10
−2

 4.0  
  

Se 7.52×10
−2

 1.24×10
−3

 1.11×10
−1

 2.0  
  

Cd 1.21×10
−2

 0.00×10
0
 3.67×10

−3
 1.0  0.01−0.03 0.1−0.4 

Ba 1.18×10
−1

 0.00×10
0
 1.77×10

−1
 2.0  

  

Pb 3.21×10
−1

 1.10×10
−2

 1.36×10
0
 42.0  0.48−0.83 1.6−2.8 

TSP 1.06×10
3
 3.30×10

2
 2.29×10

3
 4.0  

  

nc-V 4.96×10
−2

 4.31×10
−3

 9.76×10
−1

 39.0  
  

nc-Ni 1.73×10
−1

 3.81×10
−3

 5.72×10
−1

 10.0  
  

nc-Mn 5.02×10
−2

 2.71×10
−3

 5.35×10
−1

 119.0  
  

nss-SO4
2−

 1.08×10
2
 5.07×10

1
 2.03×10

2
 3.0  

  

NO3
−
 8.42×10

1
 1.41×10

1
 4.59×10

1
 1.0  

  

OC 5.42×10
1
 1.66×10

1
 7.73×10

1
 2.0  

  

EC 4.64×10
0
 0.00×10

0
 2.76×10

0
 2.0  

  
PAX

*
 4.77×10

3
 4.41×10

2
 6.02×10

3
 3.0    

EC/OC 2.80×10
−1

 0.00×10
0
 3.57×10

−2
 1.0  
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nc-V/ 

nc-Ni 
9.62×10

0
 2.49×10

−2
 1.70×10

0
 3.0  

  

nss-SO4
2−

/ 

nc-V 
1.18×10

4
 2.08×10

2
 2.08×10

2
 0.0    

*
PAX: the number of ship passengers; n.a.: lower than detection limit. 

** 
Annul mean concentrations at the Zeppelin Station [Berg et al., 2004]. 

*# 
Cship/Cmedian: chemical concentrations measured during cruise ships present over 

median concentration of the sampling period. 
**#

Cship/Czeppelin: chemical concentrations during cruise ships present over annual mean 

concentration of elements at the Zeppelin Station. 

 

 

 

Table 3.3 Element concentrations in soils at Ny-Ålesund (mg kg
−1

) 

 

* LOD: limit of detection 

 

Elements Max. Min Average LOD* 

Na 1.16×10
3
 3.46×10

2
 7.28×10

2
 8.75×10

−1
 

Mg 9.46×10
3
 7.99×10

2
 3.43×10

3
 3.00×10

−2
 

Al 2.75×10
4
 1.26×10

4
 2.09×10

4
 4.50×10

−2
 

K 8.60×10
3
 3.64×10

3
 6.01×10

3
 1.00×10

−2
 

Ca 2.61×10
4
 4.72×10

2
 6.61×10

3
 1.00×10

−2
 

V 4.67×10
1
 3.43×10

0
 2.35×10

1
 1.00×10

−2
 

Cr 9.12×10
1
 3.42×10

1
 5.10×10

1
 6.10×10

−3
 

Mn 4.19×10
2
 7.74×10

1
 2.47×10

2
 1.60×10

−3
 

Fe 2.94×10
4
 9.16×10

3
 1.99×10

4
 5.10×10

−3
 

Co 7.34×10
0
 1.13×10

0
 5.10×10

0
 6.00×10

−3
 

Ni 1.31×10
1
 2.10×10

0
 7.69×10

0
 1.00×10

−2
 

Cu 2.04×10
1
 1.04×10

1
 1.70×10

1
 5.40×10

−3
 

Zn 1.36×10
2
 7.13×10

1
 1.15×10

2
 1.80×10

−3
 

As 6.89×10
0
 1.54×10

0
 3.82×10

0
 4.00×10

−3
 

Se 1.23×10
0
 4.67×10

−1
 8.03×10

−1
 5.40×10

−3
 

Cd 2.08×10
−1

 1.66×10
−2

 1.12×10
−1

 4.60×10
−3

 

Ba 1.46×10
2
 8.00×10

1
 1.10×10

2
 1.30×10

−3
 

Pb 5.91×10
1
 1.28×10

1
 3.57×10

1
 9.00×10

−2
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Figure 3.5 Correlation of elemental composition between soils at Ny-Ålesund and 

crustal materials in Taylor (1964). 

 

The concentrations of crustal V, Ni and Mn in aerosols were calculated from the mass 

ratios of these elements to Al in the soil samples. The nc-V, nc-Ni, and nc-Mn were 

obtained by subtracting crustal V, Ni and Mn from the total V, Ni and Mn in aerosols. 

The concentrations of sea salt (ss)-SO4
2−

 in aerosols were calculated from the 

measured Na
+
 concentrations in the air and the SO4

2−
/ Na

+
 mass ratio for seawater of 

0.252 [Millero, 2013]. The nss-SO4
2−

 concentration was obtained by subtracting 

ss-SO4
2− 

from the total SO4
2−

. The chemical reconstructed mass was estimated 

following the procedures of Malm et al. [2007]. Sulfate and nitrate were assumed to 
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be in the form of ammonium sulfate and ammonium nitrate. The organic matter (OM) 

was estimated from OC by assuming conversion factor (1.8) of OC to OM [Malm et 

al., 2007]. Sea salt aerosol was estimated by multiplying sodium with a factor of 1.8, 

the ratio of sodium to sodium chloride in seawater [Millero, 2013]. Soil was estimated 

by sums of typical oxides of elements associated with soil (Al2O3, SiO2, CaO, K2O, 

FeO, Fe2O3,TiO2). Soil K was estimated from Fe multiplied by a factor of 0.30, a ratio 

of K/Fe in soil in Ny-Ålesund measured by this study. Nonsoil-K was obtained from 

the total K minus soil K. The formulas used in the calculation are summarized in 

Table 3.4. 
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3.3 Results and discussion 

3.3.1 Composition of total Aerosol mass 

The mass concentrations of TSP observed at this site ranged from 330 to
 
2 290 ng m

−3
, 

with a median concentration of 609 ng m
−3

. These values were in the range of those 

previously found over the Arctic Ocean (from 0.10 to 3.8 μg m
−3

) [Leck and Persson, 

1996b].  

 

The nss-SO4
2−

 concentrations in aerosols observed at this location during this study 

ranged from 50.6 to 203 ng m
−3

, with a mean of 96.5 ng m
−3

. There could be multiple 

sources for nss-SO4
2−

 observed in the Arctic marine atmosphere [Leck and Persson, 

1996a]. The major anthropogenic contributions to nss-SO4
2−

 included ship emissions 

around the Arctic Ocean [AMAP, 2006] and fossil fuel combustion in distant regions 

(such as Eurasia and North America) that affected the Arctic mainly in winter and 

spring through long-range transport [Norman et al., 1999]. In addition to volcanic 

emissions [AMAP, 2006], the dominant natural source for nss-SO4
2−

 in the Arctic air 

is the oxidation of dimethylsulfide (DMS) from marine phytoplankton in sea water 

[Leck and Persson, 1996a]. In summer, regional marine biological sources contribute 

about one third to the sulfate aerosol in the Svalbard region, as observed at Zeppelin 

station by Heintzenberg and Leck [1994]. In this region, the melting ice edge gives 

rise to a spring bloom of phytoplankton (April-June), leading to the release of DMS to 

the atmosphere from the uppermost ocean layer, resulting in the formation of biogenic 

aerosol sulfate [Park et al., 2013]. 
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The EC/OC ratios in aerosols in Ny-Ålesund in the summer ranged from 0.00–0.28 

(median: 0.04). The observed EC/OC ratios from going marine diesel engines ranged 

from 0.03 to 0.07 [Agrawal et al., 2010]. The variability of EC/OC ratios from 

heavy-duty diesel ships was large, ranging from 0.2 to 2.4, depending on engine types, 

model years, manufacturers, and sizes [Shah et al., 2004]. The EC/OC ratios could be 

low in the idle phase (0.2), increase to 0.6 in the creep phase and high in the transient 

(2.4) and cruise (2.2) phase [Shah et al., 2004].  

 

The OC concentrations ranged from 13.8 to 64.4 ng m
−3

, with a mean of 32.8 ng m
−3

. 

Primary organic material could contribute significantly to the organic carbon 

[Decesari et al., 2007]. In Svalbard, significant carbon signals were found in the 

X-ray spectra of aerosols, and that might be originated from humic or humic-like 

substances of marine origin [Weinbruch et al., 2012]. 

 

Chemical reconstructed mass derived from the procedures by Malm et al. [2007] 

shows reasonable agreement with gravimetric mass (Figure 3.6), and the 

reconstructed aerosol composition identified 81−94% of the aerosol gravimetric mass 

at Ny-Ålesund. However, a more negative bias appeared toward the higher end of the 

mass concentration. Malm et al. [1994] found a similar pattern and suggested that 

water could be part of the unidentified mass. Bias in the multipliers used to account 

for the oxide forms of the crustal elements could also provide another explanation for 

the “missing mass in chemical reconstructed mass”. Despites uncertainties, soil, 

sulfate (as (NH4)2SO4) and sea salt contributed to 31.5%, 24.1%, and 20.4% of the 

gravimetric mass, respectively. Nitrate as NH4NO3, organic matter, non-soil K and EC 
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accounted for 11.3%, 9.4%, 0.7%, and 0.3% of the gravimetric mass. The results 

suggested that aerosol particles at Ny-Ålesund were derived from complex sources 

including crustal materials, sea-spray and fuel combustion. 

Highest concentration of TSP was observed in Sample #6 when two cruise ships with 

more than 1500 passengers visited Ny-Ålesund, which was 2290 ng m
−3

, higher than 

those in Samples #1–5 (330–1060 ng m
−3

), and it was almost six times higher than 

that in Sample #1 which was collected when there had been a rainfall event during 

one of the three days sampling period (330 ng m
−3

). The concentrations of nss-SO4
2−

 

(203 ng m
−3

) in Sample #6 were about three times higher than the values in other 

samples when few ships present and the concentration of OC (64.4 ng m
−3

) and EC 

(2.3 ng m
−3

) was doubled when cruise ships visited Ny-Ålesund. This suggests that 

ship emissions might impact on aerosol chemical composition at this location. 

 

 

Figure 3.6 Comparison between chemical reconstructed mass and gravimetric mass. 
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3.3.2 Episodes from ship emissions 

Identification of ship emissions. In order to estimate the influence of ship emissions 

on the composition of aerosols, the nc-V and nc-Ni were used as indicators of this 

source [Barwise, 1990; Viana et al., 2009]. The nc-V concentrations ranged between 

0.0043 and 0.98 ng m
−3

 and the concentrations of nc-Ni were from 0.0038 to 0.57 ng 

m
−3

. Elevated concentrations of nc-V (0.98 ng m
−3

) and nc-Ni (0.57 ng m
−3

) were 

observed in Sample #6 when two cruise ships with more than 1500 passengers visited 

Ny-Ålesund on July 19–22, 2012, while nc-V and nc-Ni concentrations were low at 

the levels of 0.0043–0.050 ng m
−3 

and 0.0038–0.17 ng m
−3

, respectively, when few 

cruise ships were present. The nc-V and nc-Ni concentrations in Sample #6 were 

38-fold and 8-fold higher, and the nss-SO4
2−

 concentration (203 ng m
−3

) was 2-fold 

higher compared to their median values found during the sampling period. The nc-V 

concentration in Sample #6 was 43-fold higher than the summer month average 

(0.022 ng m
−3

) observed at Barrow from 1976 to 1978 [Rahn, 1981] and 9-fold higher 

than the summer average (0.10 ng m
−3

) at Barrow from 2005 to 2008 as well [Quinn 

et al., 2009]. Accordingly, the nc-V/nc-Ni ratio of 1.7 was observed in this study, 

which was higher than that in coal (0.5), gasoline (0.3) and diesel exhaust (0.5) 

[Pacyna and Pacyna, 2001], but it was in the range of crude oil or petroleum (1–10) 

[Barwise, 1990], suggesting the source of oil combustion. 

 

In addition, the nss-SO4
2−

/nc-V ratio in Sample #6 was low (208) compared to that in 

other samples (range: 1156–11767). Becagli et al. [2012] suggested that the 

nss-SO4
2−

/nc-V ratio of 200 can be defined as the lower limit for aerosol particles 

originating from heavy oil combustion in summer. The signals of the concentrations 
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of nc-V and nc-Ni and the ratios of nc-V/nc-Ni and nss-SO4
2−

/nc-V found in Sample 

#6 indicate the impact of ship emissions on the ambient particulate matter at this 

location. 

 

Effects of ship emissions on the air quality. The influence of ship emissions on the 

ambient air quality at this location was examined by comparing certain trace elements 

between Sample #6 collected during cruise ship emissions and Samples# 1–5 affected 

by few-ship emissions. Trace elements concentrations in Sample #6 were higher than 

the values in Sample #1–5 and the values measured in 1980s [Maenhaut and Cornille, 

1989; Pacyna and Ottar, 1985] (see Figure 3.7). Elements (Al, Fe, Co) in Sample #6 

were 5–7 times higher than those in Sample #1–5. Anthropogenic elements, Ni, V, and 

Pb in Sample # 6 were found, 8–fold, 26–fold and 41–fold of the mean value of 

Sample #1–5. 

 

The concentrations of trace elements typically derived from pollution sources 

observed at Ny-Ålesund during this study were higher than those at Zeppelin and 

other Arctic sites. The concentration of V in Sample #6 was l.0 ng m
−3

, about 4−14 

times higher than the annual mean values (0.07−0.20 ng m
−3

) observed at Zeppelin 

Station and was higher than those measured during Haze events (0.11−0.13 ng m
−3

) at 

North American Arctic and Norwegian Arctic [Sheridan and Zoller, 1989]. 

 

The Ni concentration in Sample #6 was also 2−8 times higher than the annual mean 

Ni concentrations at Zeppelin Station [Berg et al., 2004], which was six times higher 

than those obtained in other samples during this study and those observed during the 
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summer campaigns from 1980 to 1982 at the same location [Maenhaut and Cornille, 

1989], which was higher than the mean concentration (0.29 ng m
−3

) observed during 

the winter months of 1984–1986 at Ny-Ålesund [Maenhaut and Cornille, 1989], and 

was higher than the mean concentrations of 1980–1982 at Alert (0.32 and 0.38 ng 

m
−3

), Lgloolik (0.14 and 0.27 ng m
−3

) and Mould Bay (0.40 and 0.45 ng m
−3

) in the 

Canadian Arctic [Barrie and Hoff, 1985]. 

 

Other elements that also showed similar patterns include Pb: its concentration in this 

sample was 1.36 ng m
−3

, 1–2 times higher than annual mean Pb concentrations at 

Zeppelin station [Berg et al., 2004]. These comparisons indicated that ship emissions 

contributed significantly to the concentrations and compositions of particulate matter 

in the ambient air at this location in the summer. 
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3.3.3 Periods with few-ship visits 

Chemical compositions. Trace elements concentrations in the aerosols collected 

when few-ship visited Ny-Ålesund were compared with history data collected at the 

Ny-Ålesund in the summer in the 1980s [Maenhaut and Cornille, 1989; Pacyna and 

Ottar, 1985] (see Figure 3.7). The concentration of elements (e.g., Cr, Ni, Pb, As, Se), 

associated with anthropogenic emissions, were lower than the values in the 1980s 

[Maenhaut and Cornille, 1989; Pacyna and Ottar, 1985], and V and Mn was in the 

lower end of the values in the 1980s [Maenhaut and Cornille, 1989; Pacyna and 

Ottar, 1985]. Relatively lower concentrations of Pb measured in the summer are due 

to a reduction in the use of leaded petrol. nc-V observed in the atmosphere results 

from fuel combustion [Zoller et al., 1973], which concentrations ranged between 

0.0004 ng m
−3

 and 0.050 ng m
−3

 at Ny-Ålesund. The nc-Mn concentrations ranged 

between 0.0027 ng m
−3

 and 0.05 ng m
−3

. The comparison of the concentrations of 

nc-V and nc-Mn with those observed at the Alert, Bear and Spitsbergen showing that 

these concentrations were lower than the values reported in the literature in the 

summer Arctic [Quinn et al., 2009; Rahn, 1981] (see Figure 3.8). The concentrations 

of anthropogenic elements (nc-V, nc-Ni, Cr, As, Cd and Pb) observed in this study 

were also lower than those in 1980s [Maenhaut and Cornille, 1989; Pacyna and Ottar, 

1985]. This might be partly due to the decreased source strength since the 1990’s 

[Berg et al., 2004] and a reduction in the use of leaded gasoline. This agrees with 

global decrease in emissions. The declined trend of the long-range transport of 

pollutants is well documented, which can be seen from the decrease of BC from 

long-range transport since 1990’s [AMAP, 2011; Eleftheriadis et al., 2009] and 

decreased emissions from the Europe, Scandinavia and Russia since 1980’s 
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[Weinbruch et al., 2012]. However, comparable concentrations were found in metallic 

elements (Cu, Zn, and Mn). This generally agree with the long-term measured at 

Svalbard that with no significant trend in the temporal variations of Cu and Zn at 

Svalbard from 1994 to 2002 [Berg et al., 2004]. This might be related to the temporal 

variation in the potential source regions [Weinbruch et al., 2012]. 

 

 

Figure 3.8 Comparison of the concentrations of nc-V versus those of nc-Mn obtained 

at Ny-Ålesund in the summer during this study with those from Barrow [Quinn et al., 

2009], Eurasia, Northeast USA , Barrow and Mould Bay in the North American Arctic 

and Bear Island and Spitsbergen in the Norwegian Arctic [Rahn, 1981]. 

 

nc-Mn/nc-V and Enrichment factors. The nc-Mn/nc-V ratios in aerosol samples can 

be used to identify aerosol sources because this ratio may reflect the signatures of 

pollution in source regions since sources in Eurasia were identified with a 

nc-Mn/nc-V ratio of 2.0, whereas sources in the northeast U.S.A. were identified with 

a nc-Mn/nc-V ratio of 0.41 [Quinn et al., 2009; Rahn, 1981]. EFs can be used to 

evaluate the degree of influence of anthropogenic emissions on atmospheric aerosols 
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at Ny-Ålesund (Figure 3.9). Thereby, the nc-Mn/nc-V ratios, enrichment factors 

associated with air mass trajectories were employed to interpret the features of air 

masses over Ny-Ålesund while few ships visited in the summer. 

 

The mean nc-Mn/nc-V ratio in samples from this study was 0.54, with a range of 

0.12–1.1 (Table 3.1). These ratios measured in Ny-Ålesund in July 2012 had a larger 

range than the ratios observed at Norwegian Arctic in 1980s (range: 0.49–0.85). The 

nc-Mn/nc-V ratio was 1.0 in air masses from the Arctic Ocean (Sample #2 and #3). 

This ratio was higher than the ratios obtained in the Norwegian Arctic (0.49–0.85) and 

lower than the ratios observed at the Barrow Alaska (1.3–2.3) [Quinn et al., 2009]. 

This suggested that trace elements observed in the sampling station could be affected 

by a mixture of air masses from the North American Arctic with those from 

Norwegian Arctic. Enrichment factors of elements Ni, Se, and Cd were high in these 

air masses.  

 

The nc-Mn/nc-V ratio was 0.2 in the Air masses from Iceland (Sample #1), which was 

significantly lower than the ratios (2.1–4.3) in the air masses in Eurasia and was 

closed to the ratios(0.25–0.47) in the air masses in the northeast U.S.A [Rahn, 1981]. 

This suggested that the air masses arriving from Iceland might be linked to the air 

masses in the northeast USA. The nc-V/nc-Ni in Sample #1 was 0.57, which was 

close to coal (0.5) and diesel exhaust (0.5), higher than gasoline (0.3) [Pacyna and 

Pacyna, 2001] and lower than crude oil or petroleum (1–10) [Barwise, 1990], 

suggesting the influence from coal burning and diesel fuel combustion along the path. 

In addition, high EFs of Pb and Zn were observed in Sample #1 ranked second only to 
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Sample # 6 (influenced by ship emissions). Similar phenomenon was also found at 

Ny-Ålesund in the summer by Pacyna and Ottar [1985], who indicated that the high 

Zn and Pb concentrations in the air masses from Greenland and pass over Iceland 

were associated with lead and zinc mining along the path. This suggested the air 

masses arriving from Iceland could have been contaminated by mineral production 

along the path in addition to coal and diesel fuel combustion. 

 

The nc-Mn/nc-V ratios ranged from 0.1 to 0.3 in the Air masses from north Russia 

(Sample # 4 and #5), which was lower than those from Eurasia (2.0). This might be 

related to the decrease in ratios during the transport as result of the difference size 

distribution of Mn and V [Quinn et al., 2009; Rahn, 1981]. This ratio would decrease 

more in the summer than in the winter due to more precipitation and low transport 

efficiency in the summer. Elements Cu, Zn, Se, Cd, and Ni were found to be enriched 

in these air masses. Similar results were reported by Weinbruch et al. [2012] that high 

Ni, Zn, and Cu were found in air masses arriving from North Russia, possibly relating 

to pollutants emitted from metallurgy industry.  

 

Thereby, when few ships visited Ny-Ålesund, the concentration of anthropogenic 

elements (nc-V, nc-Mn, Cr, Ni, Pb, As, Se) were lower than those values in the 1980s 

[Maenhaut and Cornille, 1989; Pacyna and Ottar, 1985; Rahn, 1981], suggesting 

Ny-Ålesund can be counted as a “clean” region in the summer. Anthropogenic signal 

reflected by nc-V/nc-Mn and enrichment factors, however, can still be seen in the air 

arriving from the North American Arctic, Iceland and North Eurasia in Ny-Ålesund in 

the summer. 
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3.4 Conclusions 

The selected trace elements, ionic species and organic/elemental carbon in aerosols 

and elemental composition of local soils were measured to assess the origins of 

aerosols and their impact on aerosol chemical composition in Ny-Ålesund in the 

summer. The concentrations of anthropogenic elements (nc-V, nc-Mn, Cr, Ni, Pb, As, 

Se) were lower than the values in the 1980s [Maenhaut and Cornille, 1989; Pacyna 

and Ottar, 1985; Rahn, 1981] when few-ship visited Ny-Ålesund; however, 

anthropogenic signal reflected by nc-V/nc-Mn and enrichment factor can be seen in 

the air arriving from the North American Arctic, Iceland and North Eurasia in 

Ny-Ålesund in the summer. 

 

Significantly enhanced levels of nc-V and nc-Ni were observed when two cruise ships 

with more than 1500 passengers visited Ny-Ålesund. The nc-V, nc-Ni and Pb 

concentration in Sample #6 was 38-fold, 8-fold and 40-fold, respectively, higher than 

the median values observed during the sampling period. Elevated concentrations of 

TSP, nss-SO4
2−

, OC, EC and trace elements (Mn, Fe, Co, Ni, As, and Se) in aerosols 

were also observed when the presence of cruise ships, suggesting that ship emissions 

contributed significantly to pollutants in Ny-Ålesund in the summer. 

The results indicate that ship emissions significantly contribute to aerosol 

concentrations in Ny-Ålesund in the summer. This study may serve for future research 

that seeks to examine the impact of anthropogenic emissions on the physiochemical 

properties of aerosol, particularly in identifying tracers that track the aerosol sources.  
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Chapter 4: Characterization of major ionic species and carbonaceous 

components in summertime aerosols at Ny-Ålesund in the Arctic
1
 

 

Abstract 

Aerosol sampling was conducted at Ny-Ålesund in the Arctic in July 2012 to assess 

the formation of secondary inorganic aerosols (SIAs), aerosol acidity and chloride 

depletion. Water soluble components (Na
+
, NH4

+
, K

+
, Mg

2+
, Ca

2+
, F

−
, 

methanesulfonate (MSA
−
), Cl

−
, NO2

−
, NO3

−
, SO4

2−
, and PO4

3−
) and 

organic/elemental carbon (OC/EC) in aerosols were measured by ion 

chromatography and thermal–optical transmittance carbon analysis. The mean sea 

salt concentration was 373 ng m
−3

, and the mean Cl
−
 concentration was 210 ng m

−3
. 

Na
+
 and Cl

− 
accounted for 57±17% of the measured ionic species. The mean SIAs 

concentration, defined as the sum of nss-SO4
2−

, NO3
−
 and NH4

+
, was 158 ng m

−3
, 

accounting for 33% of the total mass of ionic species. The mean concentration of 

OC was 55 ng m
−3

, and 88% of the variance in OC could be explained by oceanic 

emissions and ship emissions. The mean neutralization ratio (NR) was 0.53, 

indicating that SO4
2−

 and NO3
−
 was not fully neutralized by NH4

+
. Aerosols in this 

area were generally acidic, with the mean [H
+
]total of 3.17 nmol m

−3
 and [H

+
]free of 

3.06 nmol m
−3

. The Cl
−
 depletion occurred in samples when [nss-SO4

2−
 + NO3

−
 − 

NH4
+
] and sea salt concentrations were high, indicating that the Cl

−
 depletion could 

be affected by interactions of acidic species (SO4
2−

, NO3
−
) with sea salt. 

 

                                                             
1
 Zhan, J, Gao, Y., Li, W., Chen, L., and Lin, Q., 2014. Characterization of major 

ionic species and carbonaceous components in the aerosols at Ny-Ålesund in the 

summer Arctic, submitted to Polar Research. 
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Keywords: Water-soluble ionic species, carbonaceous aerosol, secondary inorganic 

aerosols, aerosol acidity, chloride depletion, Arctic. 

 

4.1 Introduction 

The relative abundances of different chemical species in the atmosphere affect 

aerosol radiative forcing [Martin et al., 2004], aerosol-cloud interactions [Leck et 

al., 2002], and heterogeneous chemistry [Weinbruch et al., 2012]. Heterogeneous 

processes involving oxides of sulfur and nitrogen lead to secondary aerosol 

formation that may alter aerosol acidity [Sievering et al., 1992; Weinbruch et al., 

2012]. The extent to which aerosols are neutralized can influence the ability of 

particles acting as cloud condensation nuclei [Abbatt et al., 2006; Girard et al., 

2013; Yang et al., 2011] and change the ability of particles to scatter and absorb 

light [Martin et al., 2004]. Aerosol acidity can therefore have an effect on aerosol 

radiative forcing. 

 

Aerosol acidity and the formation of secondary inorganic aerosols (SIAs) depend on 

the concentrations of strong acids (e.g., sulfuric and nitric acids) and the availability 

of ammonia in aerosols [Quinn et al., 2009], which vary spatially and temporally 

[Fisher et al., 2011]. Ground-based observations at Barrow, Alaska, have revealed 

that the ammonium concentrations in aerosols have declined more rapidly than that 

of sulfate over the last decade, and that aerosol acidity has increased as a result  

[Quinn et al., 2009]. In contrast, at Alert, Canada, the ammonium concentrations 

have decreased less rapidly than the sulfate concentrations, implying that the 

aerosols have become more neutral [Hole et al., 2009]. The results obtained from 
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the projects “the Arctic Research of the Composition of the Troposphere from 

Aircraft and Satellites (ARCTAS) and the Aerosol, Radiation, and Cloud Processes 

Affecting Arctic Climate (ARCPAC)” conducted in April 2008 showed that 

aerosols were more acidic below 2 km than those above 2 km, with the median 

neutralized fraction [NH4
+
]/(2[SO4

2−
]+[NO3

−
]) being 0.5 below 2 km and 0.7 above 

2 km. This vertical pattern could be attributed to the influences of biomass burning 

and NH3 emissions from eastern Asia [Fisher et al., 2011]. When aerosols become 

acidic, the acid displacement of chloride (Cl
−
) in sea-salt leads to the production of 

Cl containing gases such as HC, Cl2, HOCl, and ClNO2 [Finlayson-Pitts, 2003], 

resulting in lower Cl
−
/Na

+
 ratios, and the Cl

−
 depletion in aerosols [Quinn et al., 

2009]. A lack of Cl
−
 has been observed in some particles, with both Na

+
, NO3

−
 and 

SO4
2−

 being detected because of the transformation of HNO3 and H2SO4 

[Behrenfeldt et al., 2008]. 

 

Aerosols observed in the unpolluted air at Ny-Ålesund were dominated by NaCl 

particles [Geng et al., 2010]. These particles could be modified by pollution-derived 

compounds from local emission sources including diesel generators, cars and ships. 

Modified sea salt aerosols have occasionally been observed at Ny-Ålesund 

[Anderson et al., 1992; Geng et al., 2010]. However, the formation of secondary 

inorganic aerosols, aerosol acidity and chloride depletion impacted by local 

pollution and natural processes in the summer have not been assessed for this site. 

The purpose of this study is to investigation ionic composition of aerosols and 

potential sources of ionic species and carbonaceous aerosol and to assess the 
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formation of SIAs, aerosol acidity and chloride depletion that may occur in summer 

at this location. 

 

4.2 Methods 

4.2.1 Sample and data collection 

Sampling of aerosols was carried out at the Chinese Arctic “Yellow River Station 

(YRS)” (78.92° N, 11.93° E, 13 m above sea level (a.s.l)) in the village of 

Ny-Ålesund in Svalbard (see Figure 4.1) in July 2012. Two aerosol samplers were 

used simultaneously to collect aerosol particles on the roof of the YRS building, 

approximately 7 m above the ground. A Chemcomb (C) cartridge (Model 3500; 

Thermo Scientific, Waltham, MA, USA) was used to collect total suspended particles 

(TSP) for the analysis of water soluble species. Particles were collected on Teflon 

filters (47 mm diameter, 1.0 µm pore size; Pall Corp., USA) at a flow rate of 16.7 L 

min
−1

 with sampling duration of 3 day. Another sampler was a model KC-6120 

comprehensive atmospheric sampler (Laoshan Electronic Instrument Factory, 

Qingdao, China) for collection of TSP for elemental carbon (EC) and organic carbon 

(OC) analyses. Particles were collected on quartz fiber filters (MK 360; 90 mm 

diameter, 0.3 µm pore size; Munktell Corp., Falun, Sweden) at a flow rate of 96 L 

min
−1

 with 3 days duration. Prior to sampling, the quartz fiber filters were baked at 

550 °C in a muffle furnace for ca.12 hours and after then wrapped in aluminum foil 

until their use. In the laboratory at the YRS, the filters were handled in a 100-class 

laminar flow clean hood. After sampling, each sample filter was put into a cleaned 

petri dish, sealed in a plastic bag, and stored at 4 °C until analysis. A total of 12 

samples were collected (six samples on Teflon filters and six on quartz fiber filters). 
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Meteorological parameters (air temperature, wind speed, wind direction, and relative 

humidity (RH)) were measured by weather detectors and probes (Vaisala Company; 

Helsinki, Finland) throughout the study, with a temporal resolution of 1 hour. The 

times and dates of the arrivals and departures of ships, and the numbers of passengers 

(hereafter PAX) visiting Ny-Ålesund, were obtained from the Kings Bay AS 

Company. Detailed sampling information and results of analyses are shown in Table 

4.1. 

 

4.2.2 Chemical analysis 

Aerosol particles collected on Teflon filters were analyzed for major water-soluble 

ionic species by ion chromatography (IC), using a Dionex ICS-90A with an RFC-30 

reagent-free controller (Dionex, Sunnyvale, CA, USA) at the Third Institute of 

Oceanography, State Oceanic Administration, China. Half of each Teflon filter sample 

was extracted with 25 mL of ultra-pure water (18.2 MΩ cm
−1

; Milli-Q Academic 

system; Millipore Corp., Billerica, MA, USA) in an ultrasonic bath for 40 min and 

after then leached overnight. The extract was then filtered through a PTFE syringe 

filter (0.45 μm pore size; Fisherbrand, Fisher Scientific, Fair Lawn, NJ, USA) and 

injected into the IC system using an automated sampler (AS40; Dionex), using 5.0 mL 

vials. Cation analysis was made using a CS12A analytical column (4 mm I.D., 250 

mm long; Dionex), a methanesulfonic acid eluent generator cartridge (EGC II MSA; 

Dionex), a conductivity detector, and a 25 μL sample loop. Anions were analyzed 

using an AS18 analytical column (4 mm I.D., 250 mm long; Dionex), an AG18 guard 

column (Dionex), a KOH eluent generator cartridge (EGC II KOH; Dionex), a 

conductivity detector, and a 25 μL sample loop. Standards from National Institute of 
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Standards and Technology (NIST) were run before and during sample analyses. The 

method detection limits for Na
+
, NH4

+
, K

+
, Mg

2+
, Ca

2+
, F

−
, MSA, Cl

−
, NO2

−
, NO3

−
, 

SO4
2−

, and PO4
3−

 were 20, 9, 20, 20, 50, 0.9, 0.4, 1, 0.5, 3, 7, and 8 μg L
−1

,
 

respectively. The overall precision of the method was < 5%. The final concentrations 

of the species analyzed in the aerosols were corrected for the amounts found in the 

field blanks. The EC and OC were determined using a thermal–optical transmittance 

carbon analyzer (Sunset Laboratory Inc., Portland, OR, USA), following the National 

Institute of Occupational and Health protocol [NIOSH, 1999]. The uncertainties 

associated with the EC and OC measurements were ca. 10%. 

 

Figure 4.1 Sampling location at Ny-Ålesund, Svalbard 
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4.2.3 Data analysis 

Sea salt calculation. The sea salt (SS) concentration was calculated using equation 

4.1. 

[SS] = [Cl
−
] + 1.47 × [Na

+
], (4.1) 

where 1.47 is the seawater ratio (Na
+
 + K

+ 
+ Mg

2+ 
+ Ca

2+ 
+ SO4

2− 
+ HCO3

−
)/Na

+
 

[Millero, 2013].This calculation assumes that all the Na
+
 in aerosols came from sea 

spray. Most of the Na
+
 in Arctic aerosols has been found to be associated with sea 

salt was either unmodified or modified [Geng et al., 2010]. The concentrations of sea 

salt sulfate (ss-SO4
2−

) were calculated from the measured Na
+
 concentration and the 

SO4
2−

/Na
+
 mass ratio of 0.252 derived from seawater [Millero, 2013]. 

 

Non-sea salt calculation. The concentrations of non-sea salt sulfate (nss-SO4
2−

) 

were calculated as the difference between the total SO4
2−

 and the ss-SO4
2−

, as shown 

in equation 2.  

[nss-SO4
2−

] = [SO4
2−

] − 0.252 × [Na
+
]              (4.2) 

Secondary inorganic aerosols. In this study, the sum of nss-SO4
2−

, NO3
−
, and 

NH4
+
 is defined as SIAs, as these species are the main components of SIAs. This 

approach has been used by other investigators [Squizzato et al., 2013]. 

 

The neutralization ratio (NR). In this study, NR was calculated by equation 4.3. 

NR was used to determine the extent to which the acidic SO4
2−

 and NO3
−
 were 

neutralized by NH4
+
 (expressed as equivalents) [Tsai and Cheng, 1999]. The aerosol 

was defined to be acidic if it had an NR of less than 0.9, propagating a 10% 
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uncertainty in the NR calculation from the analytical error and measurement 

uncertainties [Quinn et al., 2000]. 

NR = [NH4
+
]/([SO4

2−
] + [NO3

−
])             (4.3) 

 

Aerosol acidity. Aerosol acidity is an important factor influencing aerosol properties 

[Pathak et al., 2009]. In the past, the total acidity ([H
+
]total), strong acidity ([H

+
]strong), 

free acidity ([H
+
]free), and pH were among the parameters that were used to evaluate 

aerosol acidity [Behera et al., 2013; Zhang et al., 2007; Zhou et al., 2012]. In this 

study, [H
+
]total, which is referred to as the ion-balanced acidity, is the sum of anions 

minus the sum of cations [Pathak et al., 2009]. However, [H
+
]total does not represent 

the in situ acidity of aerosols well because of the excessive amounts of water present 

in aqueous extracts [Keene and Savoie, 1998]. [H
+
]free was defined as the number of 

moles of free hydrogen ions in the aqueous phase of the aerosol per unit air volume 

(nmol m
−3

), or as the pH of the aqueous aerosol phase; [Zhang et al., 2007]. [H
+
]free 

was obtained from the Extended Aerosol Inorganic Model Aerosol Thermodynamics 

Model - Inorganic Model IV (hereafter E-AIM 4) [Friese and Ebel, 2010]. In 

addition, water content ([H2O]) was computed from E-AIM 4 model as well. 

 

Chloride depletion. In this study, Cl
−
 depletion (%) was calculated using equation 

4 based on the work[Zhao and Gao, 2008]. 

Cl
−
 depletion (%) = 100 × (1.174[Na

+
] – [Cl

−
]) /(1.174[Na

+
]),   (4.4) 

where [Na
+
] and [Cl

−
] are the concentrations (nmol m

−3
) measured in the aerosol. 

1.174 is the [Na
+
]/[Cl

−
] ratio for sea water [Millero, 2013]. 
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Table 4.1 Sampling dates, meteorological data, chemical concentrations (ng m
−3

), 

neutralization ratios, [H
+
]total, [H

+
]strong, [H

+
]free (nmol m

−3
), and pH 

 
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 

 
7/4–7/7 7/7–7/10 

7/10–

7/13 

7/13–

7/16 

7/16–

7/19 

7/19–

7/22 

T[°C] 6.5 5.6 5.9 5.9 6.1 6 

RH[%] 76 77 72 76 78 75 

WS[m 

s
−1

] 
2.3 3.4 4.7 3.1 2.4 3.5 

WD[°] 139 169 214 159 124 151 

P[hPa] 1008.9 1018 1005.9 1009 1008.8 1006.1 

PAX 1898 4770 1335 2386 441 6018 

ng m
−3

 
 

F
−
 3.86×10

−1
 7.10×10

−1
 7.78×10

−1
 n.a. n.a. n.a. 

MSA
−
 2.65×10

1
 1.46×10

1
 4.61×10

0
 8.61×10

0
 8.80×10

0
 1.71×10

1
 

Cl
−
 5.86×10

1
 3.08×10

2
 1.75×10

2
 1.69×10

2
 2.55×10

2
 2.95×10

2
 

NO2
−
 7.71×10

−1
 1.24×10

0
 6.58×10

−1
 2.17×10

0
 1.98×10

0
 1.69×10

0
 

NO3
−
 8.42×10

1
 8.30×10

1
 3.54×10

1
 1.41×10

1
 4.52×10

1
 4.59×10

1
 

SO4
2−

 6.79×10
1
 1.13×10

2
 7.27×10

1
 1.20×10

2
 1.24×10

2
 2.49×10

2
 

nss-SO4
2−

 6.50×10
1
 5.73×10

1
 5.07×10

1
 1.08×10

2
 9.49×10

1
 2.03×10

2
 

PO4
3−

 n.a. n.a. n.a. n.a. n.a. 2.41×10
0
 

Na
+
 1.11×10

1
 2.19×10

2
 8.76×10

1
 4.85×10

1
 1.15×10

2
 1.84×10

2
 

NH4
+
 1.53×10

1
 1.18×10

−1
 n.a. 1.39×10

1
 2.45×10

1
 4.58×10

0
 

K
+
 n.a. n.a. n.a. n.a. 5.39×10

0
 0.00×10

0
 

Mg
2+

 n.a. n.a. n.a. n.a. n.a. 3.58×10
1
 

Ca
2+

 n.a. n.a. n.a. n.a. n.a. 6.07×10
1
 

TSP 3.30×10
2
 1.06×10

3
 5.98×10

2
 4.82×10

2
 6.20×10

2
 2.29×10

3
 

OC 2.06×10
1
 5.42×10

1
 1.66×10

1
 3.46×10

1
 3.29×10

1
 7.73×10

1
 

EC 1.31×10
0
 1.95×10

0
 4.64×10

0
 n.a. 2.51×10

−1
 2.76×10

0
 

Sea Salt 7.50×10
1
 6.30×10

2
 3.03×10

2
 2.40×10

2
 4.24×10

2
 5.65×10

2
 

SIAs 1.65×10
2
 1.40×10

2
 8.61×10

1
 1.36×10

2
 1.65×10

2
 2.54×10

2
 

nmol m
−3

 
 

[H+]free 2.61×10
0
 2.07×10

0
 2.64×10

0
 3.75×10

0
 3.26×10

0
 4.03×10

0
 

[H+]total 3.41×10
0
 3.04×10

0
 3.31×10

0
 4.75×10

0
 4.13×10

0
 3.3×10

−1
 

[H2O] 3.68×10
1
 1.11×10

2
 5.84×10

1
 6.74×10

1
 9.59×10

1
 8.68×10

1
 

NR 4.10×10
−1

 2.61×10
−3

 0.00×10
0
 5.20×10

−1
 6.72×10

−1
 7.61×10

−2
 

n.a.: lower than detection limit; PAX: Number of ship passengers 
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4.3 Results and discussion 

4.3.1 Major ions in aerosols 

The major inorganic ions in aerosols were Cl
−
, SO4

2−
, NO3

−
, MSA

−
, Na

+
, and NH4

+
, 

together contributing to ca. 98% of the total ionic species by mass measured in this 

study. Other anions (F
−
) and cations (Ca

2+
, Mg

2+
, and K

+
) contributed to the 

remaining ca. 2% fraction. The mean SIAs concentration was 158 ng m
−3

, 

accounting for 33% of the total mass of water-soluble ionic species. The highest 

SIAs contribution to the total mass of water-soluble ionic species was 62%, which 

was associated with a rainfall on July 4−9, 2012. NO3
−
, nss-SO4

2−
,
 
and NH4

+ 

contributed 51%, 40%, and 1%, respectively. The oxidation of gaseous precursors, 

including nitrogen oxides (NOX), SO2, and NH3, which could react with O3 and 

hydroxyl radicals (HO·), could lead to the production of SO4
2−

, NO3
−
, and NH4

+
 

[Squizzato et al., 2013]. 

 

Sea salt Aerosol. The Na
+
 concentrations in aerosol samples ranged from 11.1 to 

219 ng m
−3

, with a mean of 111 ng m
−3

, which was within the range of the Na
+
 

concentrations (10−1000 ng m
−3

) previously measured at the Zeppelin Mountain 

station in the Ny-Ålesund [Ström et al., 2003]. The Cl
−
 concentrations in aerosols 

samples ranged from 58.6 to 295 ng m
−3

, with a mean of 210 ng m
−3

. [Cl
−
] and [Na

+
] 

dominated the water soluble inorganic species, accounting for 57±17% of the total 

ionic species in aerosols observed at this location. The concentrations of sea salt 

aerosol ranged from 75.0 to 630 ng m
−3

, with a mean of 373 ng m
−3

, accounting for 

ca. 46% of the TSP. Sea salt aerosol was the dominant aerosol type observed in 
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Ny-Ålesund settlement [Anderson et al., 1992; Geng et al., 2010] and the Zeppelin 

station [Weinbruch et al., 2012]. 

 

Nss-SO4
2− 

and MSA
−
. The nss-SO4

2−
 concentration measured in this study ranged 

from 50.6 to 203 ng m
−3

, with a mean of 96.5 ng m
−3

, consistent with 

concentrations measured at other Arctic sites (see Table 4.2). The MSA 

concentrations in Ny-Ålesund ranged from 4.61 to 26.5 ng m
−3

, similar to the 

concentrations found at other Arctic sites in summer (Table 4.2). The highest MSA 

concentration (26.5 ng m
−3

) was found during the period 4–7 July, when the air 

mass passed over the productive waters of the Atlantic Ocean (Figure 4.2), where 

the monthly average chlorophyll concentration was as high as 0.3 mg m
−3

 [Feldman 

and McClain, 2009]. Chang et al. [2011] found high marine biogenic production 

when air masses originated in the Barents and Kara Seas. The lowest MSA 

concentration (1.13 ng m
−3

) was found when the marine biogenic sulfur 

concentration was low, when the air mass had passed over the Arctic Ocean.  

 

The oxidation of dimethylsulfide (DMS, CH3SCH3) from microbial activity in the 

ocean contributes to the nss-SO4
2−

 formation [Leck and Persson, 1996a]. MSA, 

which is only derived from the photo-oxidation of DMS [Leaitch et al., 2013], was 

used to evaluate the contribution of marine biogenic SO4
2−

 to the total nss-SO4
2−

 

concentration. The MSA
−
/nss-SO4

2−
 ratio was 0.08–0.40, and this range is similar to 

that found at other Arctic sites in summer (see Table 4. 2). However, the range of 

MSA
−
/nss-SO4

2−
 ratios from this study was lower than those found in summer at 

Alert, Canada [Li and Barrie, 1993; Norman et al., 1999]. Results from previous 



80 

 

studies showed that variability in the MSA
−
/nss-SO4

2−
 ratio was affected by the 

temperature [Bates et al., 1992]. However, the relationship between the 

MSA
−
/nss-SO4

2−
 ratio and the temperature obtained in this study was not significant, 

with the Pearson correlation coefficient r being 0.47 (p = 0.35). The temperature 

ranged from 5.6 to 6.5 °C during the sampling periods that may not be sufficient to 

affect the production of MSA
−
. Similar results (i.e., no significant relationships 

between the MSA
−
/nss-SO4

2−
 ratio and temperature) were found in the Southern 

Ocean and in coastal Antarctica [Chen et al., 2012; Xu et al., 2013]. These results 

suggest that changes in the MSA
−
/nss-SO4

2−
 ratio at Ny-Ålesund in summer were 

not controlled by temperature. A positive correlation was found between the 

MSA
−
/nss-SO4

2−
 ratio and the MSA

−
 concentration (excluding the sample that was 

influenced by ship emissions), with an R
2
 of 0.94 (Figure 4.3), indicating that 

biogenic emissions from the ocean influenced the ratio. However, the slope of 

MSA
−
 vs. MSA

−
/nss-SO4

2−
 decreased by 13% and R

2
 decreased to 0.68 when the 

sample influenced by ship emissions was included in regression analysis, 

suggesting the contribution of ship emissions to the nss-SO4
2−

 concentrations. 

 

NH4
+
. The mean NH4

+
 concentration was 9.72 ng m

−3
, with the range from lower 

than detection limit to 24.5 ng m
−3

, comparable to the mean of 11 ng m
−3

 found at 

Alert, Canada in summers between 1980 and 1995 [Sirois and Barrie, 1999], and 

15.8 ng m
−3

 at the Summit station (Central Greenland, 72° N, 37° W, 3 240 m a.s.l.) 

in summer 1991. The NH4
+
 concentrations were lower than those seen during the 

haze season at Ny-Ålesund (about 153 ng m
−3

) that was impacted by mid-latitude 

transport [Heintzenberg et al., 2011]. Few sources of NH4
+
 exited in the Arctic 
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[AMAP, 2006]. A negative correlation was found between NH4
+
 and sea salt 

concentration, with a Pearson correlation coefficient r of −0.42 (p = 0.41), 

suggesting that emissions from the ocean might not make a significant contribution 

to the NH4
+
 concentration. 

 

 
 

Figure 4.2 Ten days air mass backward trajectories associated with the high 

concentrations of MSA. The trajectories were calculated at the 500m, 1000m, and 

5000m heights every 6 hours by the Hybrid Single-Particle Lagrangian Integrated 

Trajectory Model 4 (HYSPLIT_4) [Draxier and Hess, 1998]. The National Centers for 

Environmental Prediction (NCEP)-National Center for Atmospheric Research (NCAR) 

reanalysis meteorological data was fed into the model. 
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Table 4.2 Non-sea salt sulfate (nss-SO4
2−

) and methanesulfonate (MSA
−
) 

concentrations and the nss-SO4
2−

/MSA
−
 ratio in the Arctic in summer 

Location or 

study 

nss-SO4
2−

 

(μg m
−3

) 

MSA   

(μg m
−3

) 

MSA/ 

nss-SO4
2−

 
Reference 

IAOE-91 0.0027–0.66 0.0002–0.13 0.22 
Leck and Persson 

[1996b] 

AOE-96 0.0036–1.185 0.002–0.104 
 

Kerminen and Leck 

[2001] 

ASCOS <0.008–0.42 <0.01–0.08 0.25±0.02 Chang et al. [2011] 

CHINARE 0.049–5.55 0.0068–0.19 0.0051–0.39 Chen et al. [2012] 

Alert, Canada 
 

0.03–0.05 0.6±0.3 
Li and Barrie 

[1993] 

 
0.03–0.22 

 
0.39±0.21 

Norman et al. 

[1999] 

Barrow, USA 0.09–0.23 0.02 0.09–0.22 Quinn et al. [2002] 

Ny-Ålesund, 

Svalbard 
0.39 0.0118 

 

Heintzenberg and 

Leck [1994] 

 
0.065–0.20 0.008–0.026 0.08–0.40 This study 

 

Figure 4.3 Relationships between the methanesulfonate/non-sea salt sulfate 

(MSA
−
/nss-SO4

2−
) ratios and the MSA

−
 concentrations. The dish line was the result 

from linear regression model using all of the data. The solid line was the result from 

linear regression model excluding one sample affected by ship emission which was 

highlighted with back circle. 
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NO3
−
. The NO3

−
 concentrations ranged from 14.1 to 84.2 ng m

−3
, with a mean of 

51.3 ng m
−3

. Comparable concentrations (30–100 ng m
−3

) were found at Alert, 

Canada in summer between 1980 and 1991 [Sirois and Barrie, 1999]. However, the 

NO3
−
 concentrations in this study were higher than the NO3

−
 concentrations found in 

summer over the Arctic Ocean, for which the first and third quartiles were 5.1 ng m
−3

 

and 7.2 ng m
−3

, respectively [Chang et al., 2011]. This might be related to local 

pollution emissions in the summer at this location. A positive correlation was found 

between NO3
−
 and Na

+
, with a Pearson correlation coefficient r of 0.22 (p = 0.67). 

This might be related to NO3
−
 formation through the reaction HNO3(g) + NaCl(s) → 

HCl(g) + NaNO3(s). Similar results were found at Sevettijärvi, northern Finland, 

where the highest NO3
−
 concentrations were found during periods of high Na

+
 

concentrations, and NO3
−
 was not found to be associated with anthropogenic 

emissions [Ricard et al., 2002]. The reaction of DMS with nitrate radicals (NO3·) in 

the marine boundary layer has been proposed to be an important route for the 

formation of NO3
− 

[Allan et al., 2000; Savarino et al., 2013]. The Pearson correlation 

coefficient of NO3
−
 and MSA

−
, was 0.74 (p = 0.095). Similar results have been 

reported by Allan et al. [2000], who found a strong correlation between NO3
−
 and 

DMS concentrations. About 80–90% of the NO3
−
 present was found to be removed 

by its reaction with DMS in the marine boundary layer at Mace Head, western 

Ireland [Allan et al., 2000]. Savarino et al. [2013] also suggested that DMS is a sink 

for NO3
−
 in the marine boundary layer, and that this occurs predominantly at night. 

Interestingly, the NO3
−
 concentration was negatively correlated with the nss-SO4

2−
 

concentrations, with r = − 0.33 (p = 0.53). Other sources including ship emissions, 
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vehicles, power station, and aircraft may also contribute to the abundance of NO3
−
 in 

aerosols in the Ny-Ålesund in summer [Eckhardt et al., 2013]. 

 

4.3.2 Formation of secondary inorganic aerosols 

In this study, the formation of SIAs was determined from the relative abundances of 

NO3
−
, nss-SO4

2−
, and NH4

+
. NH4

+
 made up about 20% of the SIAs, compared to the 

contributions of NO3
−
 and nss-SO4

2−
, of 38% and 42%, respectively (calculated as 

the molar concentration ratio (nmol m
−3

/nmol m
−3

). The NR was used to assess the 

extent to which the acidic sulfate and nitrate compounds were neutralized by NH4
+
. 

The TSP was of a generally acidic nature, with an NR of 0.53±0.13 (mean ± 

standard deviation) because of the low NH4
+
 concentration at Ny-Ålesund. This 

indicates a deficit of NH4
+
 in Ny-Ålesund. The nss-SO4

2−
 aerosol at Ny-Ålesund 

was therefore not fully neutralized by NH4
+
, and could remain in more acidic forms, 

such as NH4HSO4 or H2SO4 rather than as (NH4)2SO4, as observed by Barrie and 

Barrie [1990] and report from AMAP [2006]. The presence of acidic species 

increased the hygroscopicity of the particles, causing them to remain as 

liquid-coated on the aerosol surface [Hoffman et al., 2004; Laskin et al., 2002]. 

 

The [NH4
+
]/[nss-SO4

2−
] ratio was used to study ammonium nitrate formation 

[Squizzato et al., 2013]. Previous studies have shown that [NH4
+
]/[nss-SO4

2−
] > 1.5 

indicates that NH3 can stabilize the NO3
−
, whereas [NH4

+
]/[nss-SO4

2−
] < 1.5 

indicates that NO3
− 

formation may depend on reactions between gas phase HNO3 

and sea salt particles [Squizzato et al., 2013]. The average [NH4
+
]/[nss-SO4

2−
] ratio  

was 0.57 with a range from 0 to 1.37 obtained from this study. The 

[NH4
+
]/[nss-SO4

2−
] ratio less than 1.5 suggested a deficit of NH4

+
 in aerosols at 
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Ny-Ålesund, and thus the ionic composition of aerosols and associated reactions 

may not be in favor of the formation of NH4 NO3 at this location. 

 

4.3.3 Aerosol acidity 

The [H
+
]total ranged from 0.332 to 4.75 nmol m

−3 
in aerosols obtained during this 

study. The average [H
+
]total was 3.17 nmol m

−3
. The lowest [H

+
] total of 0.332 was 

found in sample S6, which also had the nss-Mg concentration of 0.50 nmol m
−3 

and 

the nss-Ca concentration of 1.34 nmol m
−3

, suggesting that acidic particles were 

neutralized by the Mg- and Ca-containing substances, decreasing the [H
+
]total. These 

cations (Mg
2+

, Ca
2+

) could be from a natural source (e.g., dust) [AMAP, 2006] and 

anthropogenic emissions (e.g., ship emissions) [Zhan et al., 2014]. The remainder 

of the samples had undetectable Ca
2+

 and Mg
2+

 concentrations, and the [H
+
] total 

ranged from 3.04 to 4.75 nmol m
−3

. A positive correlation was found between 

[H
+
]total and [nss-SO4

2−
] (r = 0.96, p = 0.008), suggesting the [H

+
]total in these 

samples could be affected by nss-SO4
2−

. 

 

Free hydrogen ions in the aqueous phase of the aerosol [H
+
] free is an important 

factor affecting the heterogeneous chemical processes (e.g., oxidation of SO2, NOX, 

and organic aerosols) on particles [Pathak et al., 2009].The [H
+
]free, which was 

estimated using the E-AIM 4 thermodynamic model, was 3.06 ± 0.75 nmol m
−3

, 

which was in the range of results from previous studies at Singapore (5.23±4.52 

nmol m
−3

) [Behera et al., 2013 ] and in the Po Valley in Italy (1.2±1.1 nmol m
−3

) 

[Squizzato et al., 2013] and lower than the sampling site in Beijing, China (228±344 

nmol m
−3

) and Shanghai (96±136 nmol m
−3

), where only a small portion of [SO4
2−

] 
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and [NO3
−
] were neutralized by ammonia [Pathak et al., 2009 ] (see Table 4.3). The 

[H
+
]free is a complex function of water content in particles, ambient temperature and 

the levels of SIAs. The correlations between aerosol acidity, particle species, and 

meteorological parameters were summarized in Table 4.4. A positive correlation 

was found between [nss-SO4
2−

] and [H]free (r = 0.86, p = 0.02). In contrast, [NO3
−
] 

was negatively correlated with [H]free (r=−0.69, p=0.13). The displacement of Cl
−
 

from sea salt through reactions with HNO3 may lead to a decrease in [H
+
] and the 

formation of NO3
−
in aerosols. 

 

The water content has been proposed to be an important parameter that could 

increase the hygroscopic growth of the SIAs and increase the aqueous phase acidity 

[Behera et al., 2013]. There were no correlations between the water content and 

[H
+
]free, or SIAs in this study. The influence of water content on aerosol acidity is 

complex. Aerosols tend to contain more water under acidic conditions than under 

neutral conditions, and high water content is able to sorb acidic species and increase 

the aerosol acidity further [Badger et al., 2006; Wise et al., 2007]. However, high 

water content is in favor of absorbing acidic species and increase the aerosol acidity 

[Behera et al., 2013].  
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Table 4.3 Aerosol acidities found at Ny-Ålesund and at other sites 

Site Study periods [H
+
]Free References 

    nmol m
−3

   

Ny-Ålesund, Svalbard 2012 Jul. 3.06±0.75 This study 

Singapore (urban site, day time) 2011 Sep.–Nov. 5.23±4.52 
Behera et 

al. [2013] 

Singapore (urban site, nighttime time) 4.97±3.69 
 

Mt. Tai, China (1532 m) 2007 Mar.–Apr 25.25±32.23 
Zhou et al. 

[2012] 

 
2007 Jun.–Jul. 35.27±30.88 

 

Beijing,China (280 m rural site)  2005 Jun.–Aug. 228±344 
Pathak et 

al. [2009]  

Shanghai,China (urban site)  2005 May–Jun. 96±136 
 

Lanzhou, China (suburban site)  2006 Jun.–Jul. 7±6 
 

Guangzhou, China (suburban site)  2004 May 25±29 
 

Po Valley, Italy (Semi-rural coastal 

background) 
2009–2010 1.2±1.1 

Squizzato 

et al. 

[2013]  

Po Valley, Italy (urban background) 2009–2010 1.2±1.0 
 

Po Valley, Italy (industrial 

emissions) 
2009–2010 2.0±1.7   
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4.3.4 Chloride depletion 

The Cl
−
 depletion only occurred in samples 2 and 6, at about 11% and 22%, 

respectively when both sea salt concentrations and excess acidic species 

concentrations (defined as [nss-SO4
2−

 + NO3
−
 − NH4

+
]) were high, based on the 

assumption that SO4
2−

 and NO3
−
 were neutralized by NH4

+
 and that the remaining 

of SO4
2−

 and NO3
−
 reacted with sea salt. The Cl

−
 depletion occurred in sample 6 

collected when cruise ships visited Ny-Ålesund. In this sample, nss-SO4
2−

 was 

doubled and NO3
−
 was comparable to the samples collected when few cruise ships 

visited [Zhan et al., 2014]. This suggested that the Cl
−
 depletion was affected by 

nss-SO4
2−

 from ship emissions. A higher degree of Cl
−
 depletion (22%) in sample 2 

was associated with the highest NO3
−
/nss-SO4

2−
 ratio 1.44, but the 

[NH4
+
]/[nss-SO4

2−
] ratio in this sample was 0.01, lower than 1.5. This suggested 

that gas-phase reaction involves HNO3 and sea salt particles could be important for 

Cl
−
 depletion in this area during summer. Similar results were found by Sirois and 

Barrie [1999], who suggested that alkaline sea salt surfaces are preferred by 

gaseous acids, such as HNO3, over the more acidic anthropogenic SO4
2−

 particles. 

The Cl
−
 depletion didn’t occur in other samples. A positive correlation was found 

between [Cl
−
] and [H2O] (r = 0.95, p = 0.004), indicating that [Cl

−
] can remain in 

the aqueous phase in a high humidity environment at the low temperatures over the 

Arctic. No significant correlation was found between Cl
−
 depletion and [H]free (r = 

0.14, p = 0.79). The Cl
−
 depletion from sea salt aerosol resulting from reactions 

with acidic species is often a function of particle sizes [Quinn et al., 2002]. 

However, the results from this study were not sufficient to address this issue that 

will be explored through future studies. 
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4.3.5 Organic carbon and elemental carbon 

The OC concentrations measured in this study ranged from 13.8 to 64.4 ng m
−3

, with 

a mean of 55 ng m
−3

. This range is comparable to those found over the Arctic Ocean 

[Chang et al., 2011] and at Barrow, Alaska [Shaw et al., 2010]. The mean OC/EC 

ratio in our study was 45, which was relatively high compared with the ratios 

typically found for domestic combustion, bio-fuel combustion, and open biomass 

burning [AMAP, 2011]. High OC concentrations could be caused by organic matter 

from seawater. A significant relationship was found between the sea salt and OC 

concentrations in aerosols (R
2 

= 0.62, p = 0.074) (see Figure 4.4a), suggesting that 

marine sources could be important contributors to OC in the air. This could be linked 

to biogenic emissions of gases from the ocean in summer, which could be 

photo-oxidized to form particulate organic matter. Similar results were found in 

previous research. For example, organic matter was found to be a major component in 

marine aerosol [Facchini et al., 2008; O'Dowd et al., 2008]. Weinbruch et al. [2012] 

found significant carbon signals in the X-ray spectra of aerosols, possibly originating 

from humic or humic-like substances in the marine environment. In addition, a strong 

correlation was found between the OC concentration and the number of ship 

passengers (PAX) (R
2
=0.80, p=0.015) (see Figure 4.4b), indicating that emissions 

from ships were among major contributors to the OC concentrations in aerosols in 

Ny-Ålesund. The OC concentrations were more than ten times higher than the EC 

concentrations in emissions from low-speed marine diesel engines [Agrawal et al., 

2008], and high OC concentrations have been found to be emitted by ship emissions 

[AMAP, 2011]. Open biomass burning has been also found to give higher particulate 

organic matter/black carbon ratios than the combustion of biofuels. Wood smoke from 
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forest fires is one of the most important sources of aerosols in the Arctic in summer 

[Stohl et al., 2006]. The nss-K
+
 is a useful tracer for aerosols derived from biomass 

burning [Quinn et al., 2002]. However, in this study, nss-K
+
 was undetectable, 

indicating that biomass burning did not contribute to the TSP. Regression analysis 

showed that the sea salt concentration and the ship emissions together explained 88% 

(p = 0.043) of the variance in the OC concentration. Therefore, marine sources and 

emissions from ships play important roles in controlling the OC abundance in aerosols 

at Ny-Ålesund. Similar results were found by [Shaw et al., 2010], who suggested that 

the organic mass found in aerosols at Barrow, Alaska, was associated with both 

combustion and ocean-derived sources. Other factors may also contribute to the OC 

abundance, such as secondary organic aerosol formed through the oxidization of 

volatile organic compounds by HO· radicals [Kanakidou et al., 2005]. 

 

Figure 4.4 (a) The relationships between the organic carbon and sea salt 

concentrations. (b) The relationship between the organic carbon concentrations and 

the number of ship passengers. 
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4.4 Conclusions 

The results from this study showed that sea salt was a dominant aerosol component, 

accounting 46% of the aerosol mass concentration. SIAs accounted for 33% of the 

water soluble ionic species in aerosols, making up with 42% nss-SO4
2−

, 38% of 

NO3
−
, and 20% of NH4

+
, respectively. The mean of OC was 55 ng m

−3
, contributed 

by both marine and ship emissions. 

 

The mean neutralization ratio was 0.53, indicating that there was a deficit of NH4
+
 

and that SO4
2− 

might remain in more acidic forms, such as NH4HSO4 or H2SO4, 

rather than forming (NH4)2SO4. The E-AIM 4 simulation results showed that the 

aerosols were generally acidic, with [H
+
]free = 3.06 ± 0.75 nmol m

−3
. 

 

The Cl
−
 depletion of 11% and 22% was evident in two samples. High [nss-SO4

2−
 + 

NO3 − NH4
+
] concentrations were found when the Cl

−
 depletion in those samples 

occurred, and this coincided with high sea salt concentrations. This indicates that 

the mixing of sea salt and excess acidic species [nss-SO4
2−

 + NO3
−
 − NH4

+
] resulted 

in the Cl
−
 depletion. There was no clear correlation between [H

+
]free and Cl

−
 

depletion. 

 

The aerosol measurements presented here allowed evaluating the formation of 

secondary inorganic aerosols, aerosol acidity, and Cl
−
 depletion. More investigations 

on the size distributions of aerosol particles over a longer period are needed to further 

assess these processes in order to better understand their impacts on atmospheric 

chemistry and regional climate. 
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Chapter 5: Conclusions and future work 

 

5.1. Overall conclusions 

EBC calculated from aethalometer measurements of light attenuation, selected trace 

elements, ionic species and organic/elemental carbon in aerosols and elemental 

composition of local soils were measured to determine chemical composition, their 

potential sources and sinks, and the chemical properties of aerosols at Ny-Ålesund in 

summer. The major conclusions from this study are as follows. 

 

The median EBC concentration of 17 ng m
-3

 was observed in the settlement of 

Ny-Ålesund, which was higher than median values (5.4 ng m
-3

) observed outside the 

settlement. This suggests that EBC concentrations measured in the settlement were 

influenced by local emissions. The average emission rate at Ny-Ålesund was 8.1 g h
-1

,
 

equivalent to the EBC emissions from about five light duty vehicles, or half the BC 

emissions from a bus, in constant operation. Total deposition from local emissions 

estimated to be 6.4-4.4 ng m
-2

 h
-1

. This may affect snow black carbon concentrations 

in nearby glaciated areas. This suggests that local human activities might impact the 

concentration of EBC at Ny-Ålesund in the summer.  

 

The highest concentration of TSP was observed in the sample collected when two 

cruise ships with more than 1500 passengers visited Ny-Ålesund, which was 2290 ng 

m
−3

, three times higher than the median valued of the sampling period. The 

concentrations of nss-SO4
2−

 (203 ng m
−3

) were about three times higher. The 

concentration of OC (64.4 ng m
−3

) and EC (2.3 ng m
−3

) was doubled. The nc-V 
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concentration reached 0.976 ng m
−3

, about 38-fold higher, and the concentrations of 

nc-Ni were 0.572 ng m
−3

, which was 8-fold higher when compared to the mean value 

of the sampling period. This indicated that ship emissions contributed significantly to 

the concentrations and compositions of particulate matter in the ambient air at this 

location in the summer. When few ships were present, aerosols at this location and the 

concentrations of anthropogenic elements (nc-V, nc-Mn, Cr, Ni, Pb, As, Se) were low; 

however, anthropogenic signal reflected by nc-V/nc-Mn and enrichment factor can be 

seen in the air arriving from the North American Arctic, Iceland and North Eurasia in 

Ny-Ålesund in the summer. 

 

Sea salt was a dominant aerosol component, accounting for 46% of the aerosol 

mass concentration. SIAs accounted for 33% of the water soluble ionic species in 

aerosols, making up 42% of nss-SO4
2−

, 38% of NO3
−
, and 20% of NH4

+
, 

respectively. The mean of OC was 55 ng m
−3

, and 88% of the variance in OC could 

be explained by oceanic emissions and ship emissions. The mean neutralization 

ratio was 0.53, indicating that there was a deficit of NH4
+
 and that SO4

2− 
might 

remain in more acidic forms, such as NH4HSO4 or H2SO4, rather than forming 

(NH4)2SO4. Aerosols were generally acidic, with [H
+
]free = 3.06 ± 0.75 nmol m

−3
. 

The Cl
−
 depletion of 11% and 22% was evident in the samples with high [nss-SO4

2−
 

+ NO3 − NH4
+
] concentrations and high sea salt concentrations, indicating the 

interaction of sea salt and excess acidic species [nss-SO4
2−

 + NO3
−
 − NH4

+
].  
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5.2. Recommendations for future research 

Arduous effort has been dedicated to studying aerosol emissions, concentrations, 

transport and aerosol climate forcing in the last decade. However, the implemented 

measurements and analyses could elucidate the characterization of aerosols in the 

Arctic, including: 

a. Long-term measurements of aerosol chemical composition, size distributions, 

mixing states (internal or external mixture), and aerosol scattering/ 

absorption coefficients should be obtained to improve source identification 

and to evaluate aerosol climate forcing. 

b. Additional vertical observations should be carried out to obtain vertical 

profiles of aerosols in the Arctic. 

c. Implement routine measurements of rain and snow to investigate aerosol 

deposition processes and sources of deposited aerosols. 
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