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Abstract. Fluxes of gaseous compounds and nanoparticles were studied by micrometeorological methods at Harmaja in the 

Baltic Sea. The measurement site situated by the ship route to and from the city of Helsinki. The gradient method (GR), was 

used to measure fluxes of SO2, NO, NO2, O3, CO2, and Ntot (number concentration of nanoparticles). In addition, the flux of 

CO2 was also measured by the eddy covariance method (EC). Distortion of the flow field caused by obstacles around the 15 

measurement mast was studied by applying a computation fluid dynamic (CFD) model. This was used to establish the 

corresponding heights in the undisturbed stream, and the wind speed as well as the turbulent parameters at each of the 

established heights were recalculated for the gradient model. The effect of waves on the boundary layer was taken into 

consideration, because the Monin–Obukhov theory used to calculate the fluxes is not valid in the presence of swell. Uncertainty 

budgets for the measurement systems were constructed to judge the reliability of the results. No clear fluxes across the air-sea 20 

nor sea-air interface were observed for SO2, NO, NO2, NOx (= NO + NO2), O3, and CO2 by the GR method. A negative flux 

was observed for Ntot with a median value of -0.23×109 m-2 s-1 with an uncertainty range of 31-41 %. For CO2, while both 

positive and negative fluxes were observed, the median value was -0.0036 mg m-2 s-1 with uncertainty ranges of 30-60 % for 

the EC methods. Ship emissions were responsible for deposition of Ntot while they had a minor effect on CO2 deposition. The 

fuel sulfur content (FSC) of the marine fuel used in ships passing the site was determined from the observed ratio of SO2 and 25 

CO2 concentrations. A typical value of 0.40 ± 0.06 %, was obtained for FSC, which is in compliance with the contemporary 

FSC limit value of 1 % in the Baltic Sea Area at the time of measurements. The method to estimate the uncertainty of FSC 

was found to be accurate enough for use with the latest regulations, 0.1 % (Baltic Sea Area) and 0.5 % (Global Oceans).   
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1 Introduction 

The Baltic Sea, due to its nature as a relatively small inland sea with heavy ship traffic and a large population around the sea, 30 

is very sensitive to pollutants. Due to the very narrow and shallow strait of Kattegat in Denmark, the exchange of seawater 

between the North Sea and the Baltic Sea is limited. The load of phosphorus and nitrogen in the Baltic Sea mainly comes 

through the rivers. The rivers bring in fresh water, maintaining the salinity of the seawater in the Baltic Sea at 1/10 of that of 

the ocean. In addition, the airborne deposition of pollutants from the emissions of ships, and from industry, are becoming more 

and more important sources (Hongisto and Joffre, 2005). Ship emissions of most of the air pollutants except CO have decreased 35 

during 2006-2018, but greenhouse gas emissions from ships have remained stable throughout the period, regardless of the 

growth of ship transport reported in tonne kilometres (HELCOM, 2019). Ship emissions enter the sea mostly by indirect 

deposition of sulfur and nitrogen compounds through chemical conversion in the atmosphere (de Leeuw et al., 2003; Hongisto 

et al., 2005; Hongisto, 2014), or by direct deposition from the gas phase. In the Batic Sea few measurement facilities to measure 

the gas exchange between the sea-air interface by micrometeorological methods has been set up (Smedman et al. 1999,  40 

Honkanen et al. 2018). The need for reduction of atmospheric pollutants in the emissions has been taken seriously within the 

International Maritime Organization (IMO), which launched the MARPOL agreement for reduction of ship emissions, Annex 

VI (IMO, 1997). The latest revision includes more stringent emission limits for NOx and SO2. In spite of these abatement 

regulations, the ship emissions of IMO registered vehicles and non-IMO registered vehicles show constant or slightly 

increasing trends for the compounds NOx, SO2, and PM2.5, as well as a clearly increasing trend for CO. Once the stringent 45 

regulation for fuel sulfur content (FSC) in marine fuel came into power in 2014, the emissions of SO2 and PM2.5 decreased 

rapidly at regional and global level (Johansson and Jalkanen, 2016; Johnsson et al 2020; Seppälä et al. 2020).  

 The goal of this study was (i) to measure the gas and nanoparticle exchange between the sea-air interface in marine coastal 

environment close to the ship routes, (ii) to study the transport and dispersion of the ship plume to the footprint area, (iii) to 

define the FSC from the ship emission plumes and (iv) to characterise the uncertainty sources of the measurement results. The 50 

measurements took place at the Baltic Sea at the small island of Harmaja in the vicinity of the city of Helsinki during the 

summers of 2011 and 2012. The ship routes between the city of Helsinki and the cities of Tallinn, Stockholm and St. Petersburg 

pass by the measurement site. The exchange of the gaseous NOx, SO2, CO2, O3, and fine particles across the sea and atmosphere 

surface layer was studied by micrometeorological methods. The fluxes of these compounds were measured by the gradient 

method and the eddy covariance method. In addition, concentration of methane was measured. The major sources of the 55 

pollutants were ship emissions, but also trans-boundary emissions as well as emissions from the sea and from the city of 

Helsinki contributed to the observed concentration levels of the pollutants. The FSC of the ships’ marine fuel was determined 

from the measured concentrations of SO2 and CO2 (Cooper et al., 2005) to determine the compliance of the fuel used with the 

regulation. The ships passing the measurement site were identified by using AIS data (Jalkanen et al., 2009). This method has 

been demonstrated for defining the FSC in studies (Alföldy et al., 2013; Moldanova et al., 2013; Pirjola et al., 2014). Since 60 

recently, it has already been used as an indicator method for purposes of routine control by the authorities in some countries 



3 

 

(Mellquist, 2018). The uncertainty of the flux and FSC measurements were estimated based on the performance of the 

analyzers and measurement probes for meteorological parameters, for FSC the uncertainty of defining the peak areas of 

emission plumes from the ships was also taken into account. 

 65 

2 Theoretical background  

2.1 Micrometeorological methods  

The micrometeorological methods are used for measuring gas exchange across the surface layer (Kaimal and Finnigan, 1994); 

of these the eddy covariance method (EC) and the gradient method (GR) are commonly used. The use of micrometeorologocal 

methods reguires criterias to fulfil for the atmospheric conditions being similar for both methods. As such stationarity of the 70 

flux measurements, the footprint area and the occurrence of swell were considered. The eddy covariance method is a direct 

flux measurement method, while the gradient method is an indirect measurement method. In the eddy covariance method the 

flux of a gas compound is measured by using fast sensors (response better than 10 Hz) to measure the fluctuation of wind 

velocities and the concentration of chemical compounds. The gradient method overcomes the problems of fast analysis of 

chemical compounds. On the other hand, this method requires that the atmospheric conditions are stationary, and it also needs 75 

very accurate measurements of the parameters it uses (Businger, 1986), as well as the assumption of constant layer flux (Dyer 

and Hicks, 1970). In this study both the GR and the EC methods were used. The gradient method was used for the gas 

compounds (oxides of nitrogen, ozone, sulfur dioxide and carbon dioxide) as well as for nanoparticles. The eddy covariance 

method was used to measure the flux of carbon dioxide. In the GR method the wind speed should be measured at different 

heights, usually with conventional cup anemometers, while in the EC method the fluctuation of the 3-dimensional wind speed 80 

is measured by a sonic anemometer. Short descriptions of both methods are given below, with more emphasis laid on the 

gradient method.  

𝐹𝑐 = −𝐾𝑐
𝜕𝑐

𝜕𝑧
            (1) 

where Fc is the flux of the scalar quantity c, Kc is the eddy diffusivity of c; c means here the gas compounds and particles. The 

gradient ∂c/∂z describes the mean concentration of c in the vertical direction z. By definition, the flux is opposite to the gradient, 85 

which is positive towards the increasing concentration. The eddy diffusivity for a chemical compound c is calculated by 

applying an assumption Kc = Kh, (Businger 1986) i.e. the eddy diffusivity of gas concentration is the same as that for heat. 

The eddy diffusivity for heat transfer can be expressed as: 

𝐾ℎ = 𝑘 ⋅ 𝑢∗ ⋅ 𝑧/𝜙ℎ           (2) 

where 𝜙ℎ  is the dimensionless temperature gradient. Eq. (1) can now be rewritten with the help of Eq. (2) in the form 90 

𝐹𝑐 = −
𝑘𝑢∗𝑧

𝜙ℎ

𝜕𝑐

𝜕𝑧
            (3) 
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where k is the von Karman constant (≈ 0.4), 𝑢∗ is the friction velocity, c is the concentration of the chemical compound, and 

the dimensionless temperature gradient 𝜙ℎ  is defined as 

𝜙ℎ =
𝑘𝑧

𝜃*

𝜕�̅�

𝜕𝑧
            (4) 

Here θ is the potential temperature (Panofsky and Dutton, 1987) and θ* (= -θ´w´/𝑢∗) is the scaling parameter for temperature. 95 

The dimensionless potential function, Eq. (4), can be written in a way similar to the momentum 𝜙𝑚 and for the concentration 

of a chemical species (gases and particulate matter) 𝜙𝑖, respectively. The line above the symbol means the average of the 

quantity over time. Eq. (3) can be presented in the form     

𝐹𝑐 = −
𝑘𝑢∗(𝑐(𝑧2)−𝑐(𝑧1))

(ln(
𝑧2
𝑧1

)−𝛹𝑐(ζ2)+𝛹𝑐(ζ1))

  (5) 

where ψc(ξ2) and ψc(ξ1) are the integral functions of Eq. (4) over the stability parameter ξ at heights z2 and z1. The dimensionless 100 

gradient function Eq. (4) can be represented in the semi-empirical form of Businger and Dyer (Businger et al., 1971; Dyer, 

1974), which is used here for the calculations. The stability parameter ξ is related to the Monin-Obukhov (M-O) length, L, 

according to the relation ξ = z/L, where z is the height from the surface. Eq. (5) is valid in neutral (ξ  = 0) and unstable (ξ  < 1) 

conditions, but not in stable conditions (ξ  >> 1) (Panofsky and Dutton, 1987).  

 In Eq. (5) the concentration difference at heights z2 and z1 is known from the measurements, but the friction velocity, the 105 

integral functions (ψc), and the stability parameter are unknown. To solve the turbulence parameters, a method proposed by 

Paulson (Paulson, 1970) was applied.  

 On the other hand, the sonic anemometer measures the wind velocity with the help of acoustic pulses that propagate along 

the path between the sound emitter and the receiver. The three-dimensional wind components, i.e. horizontal (u, v) and vertical 

(w), are measured based on the changes in the acoustic signals along the fixed path lengths. The momentum flux Fm measured 110 

by the sonic anemometer can be calculated from the expression 

𝐹𝑚 = ρ𝑢´𝑤´̅̅ ̅̅ ̅̅ =  𝜌𝑢∗
2           (6) 

where ρ is the air density, u’ and w’ are the fluctuations of the wind speed components measured by the sonic anemometer, 

and 𝑢∗ is the friction velocity. The friction velocity can be calculated from the surface stress according to  

𝑢∗ = (−𝑢´𝑤´̅̅ ̅̅ ̅̅ ̅̅ )
1/2

            (7) 115 

Once the friction velocity is calculated according to Eq. (7), the Monin-Obukhov length can be expressed:  

𝐿 = − 
𝑢∗

3𝜃

𝑘𝑔𝑄∗𝑜
= −

𝑢∗
3𝑇

𝑘𝑔𝑤´𝑇′̅̅ ̅̅ ̅̅ ̅           (8) 

where 𝜃  is the potential temperature (in K), g is the acceleration of gravity and Q*o is the heat flux at the surface. The right 

side of eq. (8) is an approximation where T is the air temperature, 𝑤´𝑇′̅̅ ̅̅ ̅̅  is the heat flux measured by sonic anemometer. The 
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friction velocity and the M-O length obtained from the sonic measurements were used to complete the solutions for the the 120 

GR method. The M-O similarity theory states that the mean and turbulence variables in the surface layer are functions of height 

near the ground. General conditions for the M-O similarity theory are horizontally homogeneous surface structure, stationary 

(or near stationary) condition (e.g. Foken and Wichura, 1996), constant flux layer and that the atmospheric turbulence is 

affecting on the vertical profiles of wind speed, potential temperature and humidity. In addition to the conditions above, at 

marine environment the M-O similarity theory has been found to be valid over slowly moving waves, which sufficiently 125 

resemble solid ground, but it fails in the presence of swell, i.e. waves that move faster than the wind (e.g. Drennan at al., 1999; 

Smedman et al., 1999). The effects of swell on the boundary layer are manifold (Högström et al., 2008, 2013, 2015), the most 

conspicuous being the absence of a vertical velocity gradient above a certain wavelength-dependent height. From the results 

of Kahma et al. (2016) it can be deduced that the absence of wave components that are faster than the wind speed at 10 m 

height is typically sufficient to ensure that the waves do not invalidate the M-O similarity theory. 130 

 Similarly to the momentum flux in Eq. (6) one can express the vertical flux of a gas compound, e.g. CO2, by 

𝐹𝑐 = 𝜌𝑎̅̅ ̅𝑤′𝑐′̅̅ ̅̅ ̅            (9) 

where ρa is the density of dry air, and c’ is the measured molar fraction of CO2 (mol mol-1). The commonly used infra-red 

analyzers measure the concentration of CO2 in air normally in wet condition unless an air drier is used in the sampling tube. 

The widely used method to correct the fluctuations of water vapour and heat is the so called WPL method proposed by Webb 135 

et al. (1980), which is applied in this study. 

2.2 NO-O3-NO2 chemistry 

The chemical interconversion of the system NO - O3 - NO2 is well-known and described in the literature (Seinfeld and Pandis, 

2012). In the atmosphere the reaction system NO - O3 - NO2 forms a cycle where the reaction forming NO2, i.e., the reaction 

NO + O3 is the reverse of the reaction for dissociating NO2 to form NO, which takes place in the presence of sunlight (at 140 

wavelengths < 420 nm).  

 The chemical cycle in the NO – O3 – NO2 system is fast depending on the concentration of the compounds but also on the 

available sunlight (day/night time). The time scale (t) for vertical mixing can be estimated from the relation, t = z/u*. With z 

as 10 m and the friction velocity between 0.1 to 0.5 m/s, the time scale for vertical mixing is 20 to 100 s. This is of the same 

order of magnitude as the time scale of the NO – O3 – NO2 system. Therefore, the assumption of vertical constant flux according 145 

to M-O theory is not valid. The approximation Kh = Kc is not correct, and therefore the turbulent exchange coefficient Kc (Eq. 

(2)) must be modified. This problem has been discussed by several authors (Lenschow and Delany, 1987; Kramm et al., 1991; 

Vila-Guerau de Arellano et al., 1993; Duyzer et al., 1995). Lenschow and Delany (1987) constructed an analytical formulation 

for the flux profiles of the NO and NO2 compounds as a function of height. Duyzer et al (1995) developed a correction 

procedure for the formula of Lenschow and Delany.  150 
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2.3 Estimation of the sulfur content in the marine fuel of the ships 

The maximum sulfur content in the marine fuel used on the oceans is defined in the Annex VI of the MARPOL agreement 

(IMO, 2007). The agreement also defines the sea areas where a lower content of sulfur in the marine fuels must be used. These 

restricted sea areas, called SOx Emission Control Areas (SECA) need to be approved by the countries in the proposed SECA. 

The Baltic Sea and the North Sea (IMO, 2007) form a SECA area, where the stringent sulfur limit for the marine fuels applies. 155 

In 2012, the EU updated the directive (Directive 1999/32/EU) to include the more stringent demands from MARPOL Annex 

VI (Directive 2012/33/EU). According to the MARPOL Annex VI the testing of sulfur content shall be in accordance with the 

ISO standard, which includes a set of key tests, e.g. to identify potential fuel issues where exceedances of emission may occur 

(ISO 8217:2012). According to ISO 8217 the standard method for the assessment of the sulfur content shall be in accordance 

with the ISO 8754 (ISO 8754:2003). The main issue here is that the sample for the analysis of the sulfur content needs to be 160 

taken from the bunker fuel at the harbour, not during the cruise.  

 A method that can be used to determine the FSC during the cruise is to measure the ratio of SO2 to CO2 from the 

emissions, either from the stack or from the ambient air. The SO2 and CO2 are the integrated peak concentrations of SO2 

and CO2 when the background concentrations are subtracted i.e.C = Cpeak - Cbg. By assuming that all sulfur in the fuel has 

been oxidized to SO2, the FSC can be calculated according to e.g. (10) (Pirjola et al. 2014): 165 

𝐹𝑆𝐶 (%) =  
∆𝑆𝑂2 (𝑝𝑝𝑏)

103 ∙𝑀𝑆

∆𝐶𝑂2 (𝑝𝑝𝑚)∙𝑀𝐶𝑂2
∙ 𝐸𝐹𝐶𝑂2 ∙ 100 =  

∆𝑆𝑂2 (𝑝𝑝𝑏)

∆𝐶𝑂2 (𝑝𝑝𝑚)
∙ 0.23       (10) 

where MS and MCO2 are the mole masses of S and CO2, and EFCO2 is the emission factor for CO2. Here the value of 3.107 kg 

CO2 per kg fuel burned was used (Petzold et al., 2008).  

 Eq. (10) yields lower limits for FSC (Williams et al., 2009) since a small part of the sulfur in the fuel, less than 6 % (Alföldy 

et al., 2013) or 0.7 % (Moldanova et al., 2013), might be emitted as SO3 or converted to H2SO4 by homogeneous and 170 

heterogeneous pathways in the atmosphere.  

2.4 Uncertainty estimates 

The uncertainty in the measurements is one of the most important issues to solve when analysing the results. The measurements 

are influenced by a number of error sources that need to be identified and quantified, e.g. the performance characteristics of 

gas and particle analyzers and the different probes and sensors used for the measurements. Besides the uncertainties associated 175 

with the instruments, the EC and GR methods are very sensitive with respect to the topography and the atmospheric conditions. 

In particular, the stochastic nature of turbulence (Lenschow et al., 1994; Rannik et al., 2006) and the noise present in the 

measured signals cause random errors (Lenschow and Kristensen, 1985, Rannik et al., 2016), which are difficult to estimate. 

However, a number of error sources have been identified that have an influence on the results of flux measurement by the EC 

method (Businger 1986, Rinne et al 2000). The statistical error of an EC estimate is usually quite large.    180 
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 The uncertainty sources that contribute to the uncertainty of the flux results by the GR method are systematic and random 

in nature. Calibration of the response of all instruments, correction of the humidity for CO2 analyzers and cross-calibration due 

to sampling tubes of the analyzers are systematic errors. All the uncertainty sources (systematic and random) that contribute 

to the results need to be corrected. Even after correction for all systematic errors, there is always a residual component that 

needs to be included in the uncertainty budget. The residuals are estimated according to the best knowledge available. The 185 

variance of the standard uncertainty can be expressed in the form (JCGM, 2008)  

𝑢𝑐
2 = ∑ (

𝛿𝑓

𝛿𝑤𝑖
)2𝑢𝑖

2𝑛
𝑖=1 + 2 ∑ ∑

𝛿𝑓

𝛿𝑤𝑖

𝑛
𝑗=𝑖+1

𝑛−1
𝑖=1

𝛿𝑓

𝛿𝑤𝑗
𝑢𝑖𝑢𝑗𝜌𝑖𝑗 ,       (11) 

where the square root of uc
2 is the combined standard uncertainty. It includes all the uncertainty components ui (standard 

uncertainties) of the function f describing the measurement quantity in question for each of the parameters wi associated with 

the results of the measurements. The covariance term (the second term on the right-hand side) in Eq. (11) needs to be taken 190 

into account when it is about the same order of magnitude as the independent part in Eq. (11). Once the combined standard 

uncertainty has been determined, the expanded uncertainty U can be calculated according to U = k·uc. Here a factor of k = 2 

was used representing the 95 % confidence level of a normal distribution. In the case of the gradient method the uncertainty 

sources contributing to the fluxes associated with the method can be expressed by applying Eq. (2) to Eq. (11). For simplicity 

the covariance terms in Eq. (11) have been ignored since they are of the second order of magnitude.  195 

 The combined standard uncertainty of the flux of a compound c can then be approximated in the form:  

𝑢𝑐(𝐹𝑐)2

𝐹𝑐
2 =

𝑢(𝑢∗)2

𝑢∗
2 +

𝑢(𝛹ℎ)2

(ln(
𝑧2
𝑧1

) − 𝛥𝛹ℎ
  )

2  +
𝑢(𝛥𝑐)2

𝛥𝑐2 +
𝑢(𝑧)2

(ln(
𝑧2
𝑧1

) − 𝛥𝛹ℎ
  )

2 (
1

𝑧1
2 +

1

𝑧2
2) + 𝑢(𝑤𝑠)2.     (12) 

The standard uncertainties are calculated according to Eq. (11) for each of the contributors in Eq. (12): the friction velocity, 

the integral functions of the Businger-Dyer functions, the concentrations of gases and particles, as well as the measurement 

heights and the wind speed (ws). The estimated relative uncertainties for each of the contributing sources of uncertainty are 200 

presented in Supplementary Table S1.  

 The combined standard uncertainty of the fuel sulfur content uc (FSC) is estimated by applying Eq. (10) to Eq. (11), and it 

can be expressed in the form: 

(
𝑢𝑐(𝐹𝑆𝐶)

𝐹𝑆𝐶
)2 = (

𝑢(𝑆𝑂2)

∆𝑆𝑂2
)2 + (

𝑢(𝑆𝑂2,𝑏𝑔)

∆𝑆𝑂2,𝑏𝑔
)2 + (

𝑢(𝐶𝑂2)

∆𝐶𝑂2
2 )2 + (

𝑢(𝐶𝑂2,𝑏𝑔)

∆𝐶𝑂2,𝑏𝑔
2 )2 ,      (13) 

where u(SO2) and u(CO2) are the standard uncertainties of the measured SO2 and CO2 concentrations at the peak area  205 

concentration, while u(SO2,bg) and  u(CO2,bg) are the standard uncertainties of the background concentrations.  
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3 Measurements and data analysis  

3.1 The measurement site and the meteorological parameters 

The first measurement campaign at Harmaja (60°06´18.166´´N, 24°58´28.808´´E) started on July 13 after installation of the 

measurement instruments, and it ended on October 12, 2011. The second campaign started on July 7 and ended on August 20, 210 

2012. The isle of Harmaja is a pilot station located in the Gulf of Finland, about four kilometres from the city of Helsinki in 

Finland. The ship routes both from Tallinn to Helsinki and from Stockholm to Helsinki pass by the isle of Harmaja at distances 

of 1 km and 100 – 200 m, respectively, as shown in Fig. 1. Fig. 1 also shows the modelled NOx emissions. 

 The measurement station (Fig. 2) was set up in an old military fire control tower made of steel and concrete. All the 

measurement instruments were installed inside the tower, while measurement probes and sampling inlets were installed at 215 

different heights in a mast beside the tower. The height of the mast was 9 m, and it was standing on a breakwater 3.5 m above 

mean sea level (MSL). The measurement probes were installed at different heights to get an extensive view of the 

meteorological quantities. Cup anemometers by Vaisala (WAA 15 cup anemometers, Vaisala, Finland) measured the wind 

speed while the turbulence parameters were measured by an ultrasonic anemometer by METEK (Ultrasonic Wind Sensor 

uSonic-3 Scientific, METEK GmbH, Germany). Pt-100 sensors measured the ambient temperature. The cup anemometers 220 

were installed at three different heights, 12.2 m, 10.9 m, and 9.9 m above MSL. The sonic anemometer was installed at the top 

of the mast at a height of 12.9 m, and the temperature probes were installed at heights of 12.3 m, 11.0 m, and 10.0 m. The 

sampling intakes for the gaseous compounds were installed at two different heights, 12.58 m and 9.98 m. The inlets for particle 

measurements were installed at 8.0 m and 10.0 m. Next to this mast the official weather mast of the FMI (Fig. 2) was standing, 

equipped with a cup anemometer (WAA 15 wind vane, Vaisala, Finland) and a wind direction vane by Vaisala (WAV-15) at 225 

a height of 16.6 m. The current sea level was measured as a 30 min average with reference to MSL. The measurement heights 

of the probes used in the calculations are from the current sea level.  

3.2 Instrumentation 

The atmospheric concentrations of ozone, oxides of nitrogen and sulfur dioxide were measured simultaneously by conventional 

gas analyzers intended for ambient air quality measurement. Two identical analyzers of each gas were used to detect the 230 

concentration at the two measurement heights (12.58 m and 9.98 m). The sampling tubes at each altitude were made equal in 

length. PTFE (Polytetrafluoroethene) was used as tube material, since it is an inert material for each of the gaseous pollutants. 

The measurement method for ozone was the UV-photometric method (EN 14625:2012), and it was performed with APOA-

360 analyzers by Horiba, Japan. For nitrogen oxides (NOx) the chemiluminescence method was used (EN-14211:2012) and 

the measurements were performed with the AC31M analyzer by Environnement S.A., France. The AC31M analyzer was 235 

constructed as a two-channel instrument that measures the concentration of NO and NO2 simultaneously. For sulfur dioxide 

the UV-fluorescence method (EN-14212:2012) was used and measured with a TEI 43 CTL analyzer by Thermo Environment. 

LI-7000 by Licor was used for the EC method to measure the concentration of CO2 and H2O. Picarro G2301 by Picarro Inc 
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measured the concentration of CO2, CH4 and H2O. Results of the LI-7000 and the Picarro G2301 were also used for calculating 

the CO2 flux with the GR method.  240 

 For particle sampling stainless steel tubes with an outer diameter of 12 mm were used. Particle number concentration and 

size distribution were measured by two ELPIs (Electrical Low Pressure Impactor, Dekati Ltd.) (Keskinen et al., 1992); ELPI1 

measured at 10.0 m and ELPI2 at 8.0 m height. The measurement principle of both ELPIs was the same: particles were first 

charged and then classified into 12 stages according to their aerodynamic diameter, in the size range of 7 nm–10 μm. Both 

ELPIs were equipped with a filter stage (Marjamäki et al., 2002), and ELPI1 additionally with an extra stage designed to 245 

enhance the particle size resolution for nanoparticles (Yli-Ojanperä et al., 2010). The cut-off diameters were 0.016 (additional 

stage, only in ELPI1), 0.030, 0.056, 0.093, 0.156, 0.264, 0.385, 0.617, 0.954, 1.610, 2.410, 4.04 (only in ELPI2) and 9.97 μm. 

The mass concentration of particles smaller than 1 m (PM1) was calculated by assuming the particles to be spheres with a 

density of 1000 kg/m3. 

 The strategy for the air quality measurements in 2012 was different, and it included measuring concentrations of NO, SO2, 250 

CO2, O3, and particles at one height, and CO2 fluxes by the EC method. The NOx analyzer was a modified version of a single 

channel analyzer, Thermo 42 CTL by Thermo Environment. The modification was made by bypassing the NO2 converter and 

the solenoid valve, increasing the flow rate by choosing an orifice which allowed a flow rate of up to 2 l/min, and by using the 

shortest integration time. The purpose of the modification was to make the analyzer faster for detecting the emission peaks of 

the ships, but for the NO gas only. The SO2 analyzer was also a modified version from TEI 43 CTL by Thermo Environment. 255 

The purpose of modification was the same as in case of NOx analyzer: to make it faster for detecting ship emissions. The O3 

and CO2 analyzers and the particle analyzer (ELPI1) were the same as in the 2011 campaign.  

3.3 Calibration of the instruments 

The temperature probes (Pt-100) were calibrated at the FMI in the calibration laboratory for meteorological quantities. The 

wind speed anemometers were serviced (cleaned and the ball bearings changed) in the same laboratory. The gas analyzers 260 

were calibrated in the reference calibration laboratory at the FMI before and after the field campaign. The calibration laboratory 

is responsible for the tasks of the national reference laboratory on air quality, and it conducts the calibrations of the air quality 

analyzers and calibration facilities in Finland. The laboratory maintains the traceability of the calibration to the SI units, and 

it is accredited according to ISO 17025:2005 for all measured gas compounds except CO2. The dynamic dilution method by 

accurate gas sources was used for the calibration (Haerri et al. 2017). The calibration concentrations were selected to cover the 265 

expected measurement ranges for each of the gas components.  

 The analyzers were also calibrated at the measurement site during the campaign using a field calibration unit similar to that 

in the laboratory. Both ELPIs were factory calibrated and serviced. Zero setting and HEPA filtration tests were performed 

before and after each measurement period. Based on the parallel measurements of the ELPIs on 30.8.2011 and 2.9. 2011 

correction factors were inferred for ELPI2, separately for each stage (dN/dlogDp), and for the number concentration of particles 270 

smaller than 1m (Ntot) that was used for the flux calculations (more details in Supplement). All measured Ntot data from the 
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ELPI2 were corrected accordingly. This ensures that the results are correct within the stated uncertainty and are comparable 

with the other similar measurements.  

3.4 Data acquisition systems and data analysis 

The data acquisition systems consisted of several components. The meteorological measurements were collected and stored 275 

by a Milos 500 system (by Vaisala). The ambient air quality gas analyzers were connected to a data collection system EnviDas 

2000 (by Envimetria, Israel), the sonic anemometer and the LI-7000 were connected to a fast data acquisition system; Picarro 

G2301 used the system provided by the manufacturer, and the ELPI software was used for the collection of particle data. 

 The times, in EET (+2 UTC), of the different data acquisition systems were synchronized during each calibration and 

maintenance event. The final adjustment of all data sets at each of the altitudes was made manually from the time series so 280 

that the obvious peaks coincided. Data collection for the EC method was performed at 10 Hz time resolution. In the case of 

the GR method, data was collected as 15 second and one minute averages, while the total number concentration of particles in 

the size range of 7-1000 nm (Ntot) and PM1 were collected at 10 second intervals. The meteorological data from the official 

weather mast were collected as 10 min averages. A consistent data set was formed as 30 min averages from the synchronized 

individual data acquisition systems.  285 

 The first target for the data analysis was to achieve accurate and good quality continuous time series for the gaseous 

compounds and particles at each of the measuring heights. Secondly, the turbulence parameters (M-O length, stability 

parameter, friction velocity) were needed for calculating the transfer coefficients Km and Kc, the dimensionless gradient, and 

their integral functions for heat and momentum, and for calculating the fluxes of the chemical compounds and fine particles. 

The friction velocity and the M-O length, which were calculated from the data obtained by the sonic anemometer, were used 290 

as input parameters for the GR method. The benefit of this was to reach better agreement with the flux parameters.  

3.5 Measurements on R/V Aranda 

In 2012 measurements were also made on the Finnish research vessel Aranda during two days. The ship was kept stationary 

at a point approximately 2 km SSW from the measuring mast at Harmaja, with no islands between Harmaja and the ship. The 

bow of the ship was equipped with a sonic (Metek USA-1), an open path LI-7500 and an enclosed path LI-7200 at two heights 295 

(10 and 16 m) for the measurement of the CO2, H2O, momentum and heat fluxes. During the measurements the ship’s bow 

was kept within +/- 20 degrees into the wind direction. The sonic measurements were corrected for ship motions with a motion 

sensor MRU6, according to Drennan et al. (1994). In this study the measurements from the sonic and enclosed path LI-7200 

at the height of 16 m were used, and the calculated fluxes were corrected for water vapour fluctuations according to Webb et 

al. (1980). The partial pressure of CO2 in the surface water at a depth of 4 m obtained from the ship’s flow-through system 300 

was measured continuously with an equilibrator and a LI-6262. The measurements were transformed to in situ water 

temperature according to Takahashi et al. (1993). All the LI-CORs were calibrated against 0, 364, and 700 ppm CO2 gases. 
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4 Results 

4.1 General overview 

Environmental factors, e.g. the fire control tower, caused challenges with regard to the measurement signals. Though the 305 

measurement probes were installed at different heights above the top of the tower the measurement signals were affected by 

disturbances in the flow field. Therefore a computational fluid dynamic (CFD) program OpenFOAM (version 7) by the 

OpenFOAM Foundation (OpenFOAM, 2020) was used to determine the amount of distortion and the required correction. 

OpenFOAM is a C++ based open source software developed mostly, but not exclusively, for CFD. The airflow around the 

shoreline and the measuring structure was modelled using steady, incompressible, single-phase potential flow. The simulation 310 

covered a 80 m long, 40 m wide and 30 m high rectangular box around the measurement area.  

 Fig. 3a illustrates the calculated wind field isopleths at a wind speed of 9 m/s over the open sea area, and it shows how the 

flow field is disturbed around the measurement mast. Based on the calculated isoplets we determined for each measurement 

height the corresponding height over the open sea. The actual heights of wind speed probes are shown at the measurement 

mast on the right and their projected heights over open sea on the left. The heights at the measurement masts for wind speed 315 

measurements were reduced from 16.63 m, 12.88 m, 12.18 m, 10.88 m and 9.88 m, to 15.5 m, 11,1 m, 10.2 m, 8.6 m and 7.2 

m, respectively. Similarly, the heights of the sample intakes were reduced from 12.88 m, 12.58 m, 10 m, 9.88 m and 8 m down 

to 11,1 m, 10.7 m, 7.38 m, 7.2 m and 4.7 m, respectively. The correction for the wind speed was calculated from different 

simulations varying the wind speed and comparing the calculated results at the measurement mast with the open sea area. 

These calculations show that a linear relationship for the wind distortion at the measurement mast as compared with the open 320 

sea area was good enough to correct the observed wind speed measurement at all heights. The recalculated wind speed profiles 

(six profiles, cases 1 to 6) at each of the corrected measurement heights are presented as averages over short periods (2 to 3 

hours) in the wind sector to the open sea, i.e. 150º ≤ wd ≤270º.The data were roughly classified into three categories: code 1, 

the M-O theory is valid (no swell, cp < ws, where cp and ws are the peak wave and wind speeds, respectively); code 2, the M-

O theory is possibly valid (moderate swell, ws < cp  < 2·ws), and code 3, the M-O theory is not valid (dominant swell, cp  > 325 

2·ws). In Fig. 3b the wind speed profiles (cases 1 to 6) are presented in situations where the M-O theory is valid (code 1) and 

where the M-O theory is not valid (code 3). In Fig. 3c the ambient air temperature profiles are calculated from the same 

situations as the wind profiles. In Fig. 3d the wind rose at the height of 15.5 m shows the patterns of prevailing wind sectors 

with wind speed ranges.  

 As an example, Fig. 4a-b depicts the time series of 1-minute-averaged concentrations of the measured gas compounds at 330 

10 m altitude during the first campaign. The sharp peaks in the concentrations of nitrogen monoxide are very striking. In a 

detailed examination the duration of the emission peaks from the ships were of the order of a few minutes. Where there was a 

peak in the NO concentration, a negative peak was also detected in the ozone concentration due to the fast reaction producing 

NO2. This was observed within seconds after the emission from the ship into the atmosphere. The changes in the concentrations 

of NO, NO2 and O3 were equal, i.e. the change in the concentration of NO took place according to the stoichiometric balance. 335 
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 The concentration of sulfur dioxide was very low, but clearly distinguishable peaks, with a maximum of 28 ppb, were 

observed in the data. These peaks originated from the passing ships. The ship peaks were also seen in the CO2 data, but the 

short-term variation of the CO2 concentration might be larger than the contribution from the ship emissions (Fig. 4b). When 

looking at the particulate concentrations Ntot and PM1 (Fig. 4d), interesting features can be observed. Ship peaks can be clearly 

distinguished; however, the background levels of Ntot and PM1 were highest on 28 August in the morning when the wind blew 340 

from the south. The 96 h backward trajectory analysis of Flextra by NILU (Stohl et al., 1995) showed that in the  measurement 

period before the noon of 28 August an air mass was transported through central Europe and arrived in Helsinki (Fig. 5a) 

carrying anthropogenic pollutants. A sudden drop in the concentrations of Ntot and PM1 occurred at noon on 28 August when 

the wind turned and blew from the west until 10 AM on 30 August  (Fig. 4c) over the Altantic and Baltic Sea carrying clean 

air with low particulate concentrations (Fig. 5b). Simultaneously, the diurnal variation of CO2 diminished. During that period 345 

there was no precipitation. During the last 12 hours before the clean air mass arrived in Harmaja the average background 

particle concentrations stayed rather constant at ~2.7x103 #/cm3, whereas the PM1 increased from ~ 4 g/m3 to ~ 11 g/m3. 

This indicates that also larger particles were transported from Europe. In fact, this is obvious from Fig. 6, which presents the 

average number size distribution (Fig. 6a) as well as the volume size distribution (Fig. 6b) of background particles in the 

evening of 27 August, at noon on 28 August just before the clean air mass arrived, in the afternoon of 28 August, and early in 350 

the morning of 1 September. In the last-mentioned case the particle number concentration was highest (3.6x103 #/cm3), but 

due to the small particle sizes (Fig. 6a) they did not have an effect on the volume (and mass) size distribution (Fig. 6b). 

4.2 Concentration roses 

Figure 7 presents the maximum values for the concentrations of each gas compound and the particle number within wind 

sectors of 10° at both measurement heights. These results are in good agreement with the ones based on the sum of the measured 355 

concentrations, thus showing the cumulative contribution from different wind sectors at the measurement point (not shown). 

For NOx and SO2, similar patterns were observed indicating the ship routes in sectors 90° to 120°, 150° to 180°, and 270° to 

300°. In addition, there is a clear difference in concentrations between the heights: the higher concentrations were mostly at 

the highest measurement level. In the case of oxygen compounds (= O3 and O3+NO2) and CH4 the patterns were more evenly 

distributed. In the case of CO2 and Ntot there is an indication of the ship routes, but also of the influence of the city of Helsinki.  360 

4.3 Fluxes 

Quality control (QC) and quality assurance (QA) procedures are actions that should take into account in order to improve the 

data quality and to make the data comparable with the similar data from other studies. Although QA and QC procedures have 

slightly different meanings, in this study, the quality assurance and quality control (QA/QC) procedures are considered 

together. The following QA/QC procedures and criteria for flux calculations were taken into account. 365 

1. Calibration of the used analyzers for gases and particles (Section 3.3), for the GR and EC methods 

2. Criteria for minimum concentration difference between the measurement heights (Fig. S2), for the GR method 
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3. Correction of the wind flow field around the measurement mast according to the CFD calculations (Section 4.1), for 

the GR method   

4. Restriction to open sea, i.e. wind direction in the range of 150-270 degrees (Fig. 3a), for the GR and EC methods 370 

5. Analysis of swell to determine the validity of M-O-theory with Codes 1-3  (Section 4.1), for the GR method  

6. Footprint area was estimated at each of the measurement height and at neutral, stable and non-stable condition (Fig. 

8), for the GR and EC methods 

7. Stationarity criteria following the criteria of Foken and Wichura (Foken and Wichura 1998), for the for GR and EC 

methods 375 

8. The intermittency was applied according to Mahrt et al. (1998), for the EC method 

9. WPL correction due to water vapour and heat flux, for the GR and EC methods 

10. Cross sensitivity of the compounds on the used analyzers, for the GR and EC methods 

11. Preparation of the uncertainty budget for the measurement results, for the GR and EC methods 

 380 

 The footprint area i.e. the area along the upwind where the exchange of gases and particles between the air-sea surface 

are expected to be a source of the measurement results, was calculated according to Högström et al. (2008). The footprint 

area was calculated at each of the measured height at stable, neutral and unstable conditions. Fig. 8a illustrates the relative 

intensity of the footprint area in neutral conditions as a function of upwind distance from the measurement mast at instrument 

heights of 4.7 m, 7.2 m and 10.7 m. Stable and unstable conditions are presented in Fig. S3. The cumulative relative 385 

contribution (Fig. 8b) indicates that at the lowest height (4.7 m) less than 0.3 % of the observed flux takes place at the distance 

of 20 m from the mast reaching 90 % at a distance of 3 km. At the height of 10.7 m, the footprint area starts at 40 m from 

the mast reaching 85 % at distance of 3 km. The storage fluxes were not considered in this campaign. The site was by the 

sea where most of the time the turbulent mixing was most likely the main driving force for gas and particle dispersion. 

 The stationary requirement was calculated by the method proposed by Foken and Wichura (1996) for fluxes of CO2, 390 

momentum, water vapour and heat. Similarly, the effect of flux intermittency was estimated through the index proposed by 

Mahrt et al (1998). 

 Cross sensitivity of the compounds (e.g. water vapour) on the response of the used analyzers are included into the 

uncertainty budget or corrected directly on the results, see in Fig. S1. The influence of NO and NO2 compounds on the response 

of the SO2-analyzer was tested in the laboratory. Known concentrations of NO and NO2 gases were injected into the SO2-395 

analyzer to define the response function for both NO and NO2. The results of the SO2-analyzer were then corrected accordingly. 

 The uncertainty sources of the measurement results for fluxes by the gradient method are presented in more detail in 

Supplementary Table S1. To estimate the uncertainty of the momentum flux and CO2 flux measurements by the EC method 

we calculated the expected statistical variability using the Co-spectrum. The statistical variability of the covariance (which 

equals the integral of the Co-spectrum) depends on the shape of the Co-spectrum. A white Co-spectrum implies smaller 400 

statistical variability for the covariance than a peaked Co-spectrum. In our estimates we have taken the observed shape of the 
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CO2 Co-spectrum into account when calculating the estimate of the statistical variability of the covariance, see e.g. Bendat and 

Piersol, Ch. 7 (2010). For the momentum flux it was 20 %, and for the CO2-flux 30 %. This wide uncertainty range is typical 

in real meteorological situations and explains the scatter of the EC estimates in e.g. Fig. 12. The analysis of uncertainty follows 

the guideline provided by the Joint Committee for Guides in Metrology (JCGM, 2008). Based on the analysis, the relative 405 

expanded uncertainties for the flux measurements of CO2 and nanoparticles are presented in Table 1 at stationary 

meteorological conditions. 

 The eddy diffusivities Kh and Km describe the conditions of the turbulent mixing for momentum and heat. The latter 

describes also the behaviour of the gaseous compounds and particles, as explained in section 2.1. In Fig. 9a, the eddy 

diffusivities Kh and Km at the measurement level of the sonic anemometer are presented as a function of stability. From Fig. 410 

9a, b, and d, it is also evident that in this data swell occurs mostly in the far unstable conditions, and only in a few cases in 

stable conditions, while the situations with no swell occur in this data in near the neutral conditions. Wind speed and friction 

velocity in Fig. 9c show a clear dependence on the wind direction. A linear relationship between the average wind speed and 

the friction velocity is seen in the sectors where the wind arrives over an open sea area, whereas non-linear behaviour is seen 

towards the northern sector (345° to 45°), where there are more obstacles. The gradient function in Fig. 9d for momentum has 415 

a significant spread around the Businger - Dyer gradient function in the wind sector from 150° to 270°.   

 Dispersion of a ship plume is schematically presented in Fig. 10a. The black curves denote the edges of the plume. When 

the lower curve reaches the sea surface the pollutants would be reflected from the sea surface if there were no pollutant flux 

to the sea. Near the surface the sum of the incident and reflected concentrations will add up to the same value if the reflection 

is total, thus the forming a new boundary layer where the vertical concentration gradient of the pollutants vanishes. If there is 420 

a flux to the sea surface this will result in a vertical gradient of pollutants in this new boundary layer. The fluxes to the sea 

from the ship can be measured when the plume is over the flux footprint if the measurement instrument is inside the new 

boundary layer.  As an example, Fig. 10b illustrates the momentary plumes at the sea surface for a ship operating to the city 

of Helsinki and passing Harmaja Island with a speed of 21.5 kn (~11 m s-1). The arrows show how the apparent plume is 

generated in the (u,v)-coordinate system, and where the pollutants advecting to the footprint area come from. In the example 425 

the wind speed was 11 m s-1 and wind direction 216° as in the afternoon and evening of 28 August (Fig. 4c). The momentary 

plume figures are shown after 15, 23, 30 and 37 min the start, and the plume concentration gradients decrease as the plume 

moves further. At the footprint area the gradient is really small indicating horizontally homogeneous situation. If additionally, 

the stationary criteria for heat, water vapour and momentum are valid, the momentary vertical gradients give the momentary 

flux.   430 

 Before the calculation of fluxes of gases and particles by the GR method, it is necessary to evaluate the measured 

concentration differences between the measurement heights, with their uncertainty limits. The uncertainty of the gas and 

particle analyzers as a function of concentration is presented in Supplementary Fig. S1, and the concentration differences 

between the measurement heights in Fig. S2. Based on the analysis, the concentration differences for Ntot exceeded clearly 

the uncertainty limit enabling the calculation of the Ntot fluxes by the GR method.  In case of raw CO2, the concentration 435 
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difference exceeded the uncertainty limit frequently, but only rarely in case with WPL correction, i.e. in dry air. 

Consequently, the fluxes for CO2 were too small to be detected by the GR method. On the contrary, the CO2 fluxes obtained 

by the EC method did not suffer the same problem (direct flux method) and those fluxes were acceptable except in cases 

when stationary criteria was not fulfilled. We also made the comparison of GR and EC methods with sensible heat (Fig. S4). 

Clear correlation between the methods can be observed if the calculation of the sensible heat by the GR method was made 440 

from the sea surface up the measurement height 11 m and to 15 m. However, the temperature difference between the 

measurement heights (11 and 15 m) was mostly too small to be detected and no flux could be calculated.  

 Fig. 11a illustrates the time series for the CO2 flux by the EC method, and Fig. 11b for the Ntot flux by the GR method 

along with the uncertainties. Only the fluxes that fulfilled the stationary criteria with no swell in the wind sector of 150-270 

degrees were taken into account. For most of the time the CO2 flux was positive (upward) in Fig. 11a, while the flux of Ntot 445 

was mostly negative (downward) in Fig. 11b. The WPL-correction to the CO2 flux by the EC method corrects wet air into 

the dry air and for water flux. Due to the damping of temperature fluctuations in the long sample tube the WPL correction 

for heat flux was insignificant (Rannik et al. 1997). During the period when the air masses were moving from the Atlantic 

(during 28.8 to 31.8), the correction due to water flux was dominating and caused a positive offset to the CO2 flux (Fig. S5). 

The observed CO2 fluxes are also in line with the previous measurements (Honkanen et al. 2018) at the Utö island in the 450 

Baltic Sea.  

 Assuming that there is no inversion below the ships' chimneys height, profile measurements of the compounds indicate 

that the deposition of nanoparticles towards the sea surface is most probably caused by ship emissions (Fig. 11c). More detailed 

analysis was made to compare the fluxes of CO2 and Ntot calculated from single ship plumes which lasted from 3 to 7 minutes 

with the 30 min fluxes. Figs. 11c and 11d show clear peaks both in the case of CO2 and nanoparticles, but the contribution of 455 

these ship peak fluxes was insignificant compared with the 30 min fluxes (not shown in the figure).  

 From the campaign in 2012, the CO2 fluxes by the EC methods as measured at Harmaja and on R/V Aranda are presented 

in Fig. 12a. The corrections to CO2 fluxes measured from humid air samples have been criticized as insufficient (e.g. 

Landwehr et al. 2014). The fluxes in this study mainly fulfilled the criteria presented in Miller et al. (2010), Sahlée et al. 

(2011), Blomquist et al. (2014) and Landwehr et al. (2014). The CO2 fluxes measured on R/V Aranda might be 460 

underestimated because the flow rate was too small, 10 slpm. No systematic differences were observed when the LI-7200 

CO2 fluxes were compared with the LI-7500 on the ship mast and also with the measurements made at Harmaja.  

  The WPL correction performed to both of the data in 2011 and 2012 was small in general, see Fig S5. In 2011 the sign 

of the flux was changed after correction of WPL during the period between 28.8. and 31.8. Generally, positive CO2 fluxes 

are common in winter, and occasionally in summer after the spring algae bloom, since CO2 is less soluble in the warming 465 

sea water. In the Baltic Sea, however, the blue-green algae bloom extends the biological active season, and the positive fluxes 

in coastal regions are mainly caused by frequent upwelling events (e.g. Lehmann and Myrberg, 2008, Norman et al. 2013). 

The CO2 flux by the EC method and the partial pressure of CO2 in seawater were measured at the same time as the R/V 

Aranda measurements in late July 2012; the large difference between the partial pressures in the seawater and in the air 
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indicates the upwelling event (Fig. 12c) causing the positive CO2 fluxes in Fig. 12a. The scatter plot of the CO2 fluxes at 470 

Harmaja and on R/V Aranda is presented in Fig. 12b. The large scatter is most probably due to the different locations: the 

measurements of pCO2 (Fig. 12c) suggest that the pCO2 was not spatially homogeneous. The estimated statistical variability 

is large and also contributes to the scatter. The sensible heat fluxes (Fig. 12d) were calculated by the EC method in 2012 

campaign at Harmaja and at two heights (10 m and 16 m above the sea level) at R/V Aranda showing good agreement with 

each other. 475 

 Unfortunately, direct comparison between the CO2 fluxes by the EC and GR methods in Harmaja in 2011 as well as in 

2012 at R/V Aranda could not be performed due to the fact that the CO2 fluxes were too small to be detected by the GR 

method. Discrepancies between the measurement results by the GR and EC methods have been reported in the literature 

(Mycklebust et al. 2008, Muller et al. 2009) for CO2 and for O3, but no systematic reason has been found.  

  480 

4.4 Fuel sulphur content 

The FSC was determined in the measurement campaigns in both 2011 and 2012. The two campaigns differed from each other 

in the measurement strategies, but also in the data collecting frequency, once a minute in 2011 and every 15 s in 2012. In both 

cases, the data acquisition system calculated the averages over the data collecting time. It became very clear that the frequency 

of once a minute was too low in order to see accurate emission peaks in the ship plumes, because the duration of the plume 485 

itself was of the order of a few minutes. This was the reason for shortening the response time of the analyzers by increasing 

the flow rate from the nominal flow and shortening the integration time, which then made it possible to increase the data 

collecting frequency.  

 As seen from Supplementary Fig. S6, major factors influencing the accuracy of calculating the emission peak area are the 

difference of the response time between the SO2 and CO2 analyzers, but also the frequency of data collection. The Picarro 490 

G2301 CO2 analyzer is clearly faster than the UV-Fluorescence SO2 analyzers, which are designed for air quality 

measurements to meet the requirements of EU regulations. Even when improvements were made to the SO2 analyzer between 

the 2011 and 2012 campaigns, the difference in the peak width is clearly seen.  

 The variation between the 2011 and 2012 campaigns in the calculated FSC from the ships that routinely cruise between 

Helsinki and Stockholm or Helsinki and Tallinn is used when estimating the uncertainty of the FSC according to Eq. (13). In 495 

Fig. 13 the relative expanded uncertainty for the FSC, UFSC (%), is shown as a function of peak height concentration of SO2. 

Calculation of UFSC (%) was made for FSC = 0.1 %, 0.5 % and 1 % fulfilling the requirement according to the regulation at 

the time of the measurements (FSC = 1 %) but also the regulation which came into power in 2014 (Directive, 2012/33/EU) for 

SECA areas (FSC = 0.1 %) and for oceans (FSC = 0.5%). The uncertainty of the FSC increases rapidly, being 100 % at a peak 

concentration of 3 ppb for a FSC of 0.1 %, and 5 ppb for a FSC of 0.5 %. When more accurate measurements are required, the 500 

peak height concentration of SO2 should be clearly higher than 5 ppb or 10 ppb for the FSC regulation of 0.1 % or 0.5 %, 

respectively. Considering that the highest peak concentration observed was 50 ppb which gives the uncertainty of 18 % for 
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FSC. At the same time the NO peak was 100 ppb giving a response to SO2 analyzer of 2 ppb or 4 % of the measured SO2 with 

the cross sensitivity of 2 %.  According to the present regulation, FSC = 0.1% similarly, the highest peak concentration would 

be 5 ppb of SO2 with the uncertainty of 25 %. The NO would still be 100 ppb giving respond of 2 ppb on the SO2 results being 505 

40 % of the measured SO2 concentration. Correction of the cross sensitivity for nitrogen compounds on the response of SO2 

analyzer by UV fluorescence technique is vital. 

 No violation against the regulation was observed for the calculated FSC during the campaigns in 2011 and 2012 (Fig. 14). 

A typical value for FSC 0.4 % was obtained at an uncertainty of 15 % i.e. 0.40 ± 0.06 %. Also the obtained FSCs were in good 

agreement with the information given by the ship owners, as well with our earlier results in Pirjola et al. (2014), where 510 

emissions from the same ships were studied in winter and summer campaigns in 2010 and 2011. The mobile laboratory Sniffer 

was standing at the harbour areas in Helsinki and Turku. Besides the FSCs we also estimated the emissions factors for NO, 

NOx, SO2, Ntot and PM2.5, For example, the emission factors for NOx were in the range of 56 to 100 g (kg fuel)-1.  

 

5 Conclusions  515 

Direct exchange of gaseous compounds and nanoparticles between air and sea interface was studied by micrometeorological 

methods. The gas compounds SO2, NO, NO2, O3, and CO2, as well as the number concentration of nanoparticles, Ntot, were 

measured at the Baltic Sea beside the major ship routes to and from the City of Helsinki. Flux measurements in marine 

environment are challenging due to meteorological conditions and topographical aspects. Filtering of data outside the footprint 

area and for certain wind sector, occurrence of swell, non-stationarity, and the concentration difference between the 520 

measurement heights less than the uncertainty limit reduces the number of available data considerably. In this study, fluxes of 

43 % for Ntot by the GR method and 28 % for CO2 by the EC method of all measurement results were acceptable. 

 It became quite clear that no direct gas exchange across the air-sea interface, negative or positive fluxes, could be measured 

by the GR method. Mostly because the capability of the used analyzers to measure the gas concentration differences under 

clean coastal conditions was not sufficient. Even though the CO2 flux was too small to be detected with the GR method, it 525 

could be detected by the EC method. The case was different for nanoparticles where the observed differences of the number 

concentration were well above the uncertainty limit for the both ELPIs. 

 Both of the GR and EC methods were capable for measuring the emissions from the ships. Much effort was laid down on 

studying the transport and dispersion of single ship emissions. Different scenarios depending on the wind speed and wind 

direction were able to identify: (i) pollutants have reached the footprint area and the measurement mast (ii) the pollutants 530 

bypass the footprint area but are seen by the measurement mast. When the mixing of the pollutants occurred well before the 

footprint area for the measurement mast the measured fluxes were real. When the mixing of the pollutants from the ships was 

not complete, violation of the M-O theory occurred and the measurement results described dispersion of the pollutants 
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 The measurements for determining the FSC were in good agreement with the information given by the ship owners. The 

measurement method used to determine the FSC content of marine fuel from the ambient air in connection with the 535 

identification data from AIS gives a clear demonstration of whether the regulations are respected. 

   The uncertainty analysis of the fluxes and the FSC was conducted according to the well-known law of propagation of 

errors, and following the recipes from the literature (JCGM, 2008). The uncertainty budget, pointing out the sources of 

uncertainties and their contribution on the measurement results, may be conservative, but it can be made more accurate on the 

selecting better measurement technique, capabilities of the analyzers, measurement site and meteorological situations.  540 

   To improve the accuracy for determining the FSC based on measurements of the ratio of SO2 to CO2 from emission peaks 

of ship plumes, development of an instrumentation that can simultaneously measure SO2 and CO2 concentration fast enough 

and with the same order of response time is highly desirable. 
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Table 1. Estimated relative expanded uncertainties for the fluxes of gaseous CO2 and nanoparticles by the GR method, and for 700 

CO2 by the EC method in meteorological situations of stationary (UStat.Met.). More details of the uncertainty budget are presented 

in Supplementary Table S1. The uncertainty values are given at the median flux values. 

Flux Method Flux (median) UStat.Met. 

 FCO2 EC -0.081  mol m-2 s-1 30.0 % 

 FNtot GR  -229.1  cm-3 m s-1 30.8 % 
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 705 

         

Figure 1. International ship routes at the Baltic Sea and the ship routes to the harbors of Helsinki along with the modelled NOx emissions. 

Land area is marked by grey, sea by white, and NOx emissions in kg by color indicated on the bar. Harmaja Island is marked by a red circle.  

 

  710 
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Figure 2. a) Harmaja island. The red arrow points to the measurement tower. b) Measurement instrumentation was installed in racks inside 715 

the fire control tower. The mast on the right includes all the measurement probes (wind and temperature probes and sample intakes) for the 

gradient and eddy covariance methods during the 2011 campaign, whereas the mast on the left includes the probes and sample inputs for the 

eddy covariance method and for measuring gas and particle concentration during the 2012 campaign. Both masts faced the open sea. The 

masts stood approximately 20 m from the shoreline and 3.5 m above MSL in 2011, and 3 m from the shoreline and 1 m above MSL in 2012. 

The official weather mast of the FMI is located by the side of the tower (right-side mast, 16.6 m). 720 
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    a)                                                                               

    

 

       725 

     

Figure 3. a) The actual measurement heights were reduced to corresponding heights over the open sea surface utilizing calculated isopleths 

from flow dynamics program. The actual wind speed probe heights at the measurement mast are shown on the right and their projected 
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heights over open sea on the left.  b) Mean wind speed profiles over 2 to 3 hours are presented at different heights in the wind direction 

sector from 150º to 270º. The dots represent the situations of no swell (code 1), while the squares represent cases of swell (code 3). The 730 

error bars show the standard deviation of the wind speed over the average period at the respective heights. c) Hourly mean temperature 

profiles are presented from the same situations as the wind profiles in Fig. 3b. The error bars show the standard deviation of the 

temperature over the average period at the respective heights. d) Wind rose of direction (scale as %) and wind speed (m/s) at different 

ranges at the measurement height of 16.6 m.   

  735 
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Figure 4. Time series of one-minute average concentrations of gaseous (a-b) and particulate matter (d) as well as the wind speed and wind 

direction (c) during 25.8.-2.9.2011. Also shown in c) are the 30 minutes average wind speed in different situations regarding the M-O theory, 

i.e. codes 1 to 3.  

  740 
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Figure 5. Selected airmass trajectories 28.8. at 6 am (a) and at 6 pm (b), and 1.9. at 6 am (c) during our campaign of 2011. The times are 

given in UTC, whereas our data sets are given in EET (UTC+2). 745 
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Figure 6. Number (a) and volume (b) size distributions of background particles. 750 
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Figure 7. Roses of the maximum gaseous concentrations of nitrogen oxides (NO, NO2, NOx) in ppb, oxidants O3 and NO2+O3, as well as 

SO2 in ppb, and CH4 and CO2 in ppm. Also shown are the roses of particle concentrations Ntot in #/cm3. All roses, except for CH4, were 755 

plotted from the two heights; the corrected heights (m) are given in parentheses above the roses. The direction of the coastline is from 240 

to 60 degrees. 
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 760 

 
 
 

Figure 8. a) Flux footprint areas at neutral stability seen by the CO2 instruments at 10.7 and 7.2 altitudes, and by the ELPIs at 7.2 and 4.7 m 

altitudes, as recalculated in Fig. 3a. X-axis refers to the upwind distance from the instruments, and the colour bar to the relative intensity of 765 

the sea surface area to the flux. Figure b) shows the cumulative relative contribution. 
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Figure 9. a) The eddy diffusivity coefficients Kh,(blue) and Km (brown) as a function of stability at height 12.28 m and with wave codes 1, 2 

and 3. b) The friction velocity by sonic anemometer as a function of stability at 11.1 m height with wave codes 1, 2 and 3. c) The rose of 775 

friction velocity and wind speed (divided by 10) as averages over the wind sectors of 10°. d) The gradient functions from the experiments 

(𝜙𝑚_exp) at the 15.5 m altitude and from the Businger - Dyer formula (𝜙𝑚_BD). In a), b), and d) the stationary criteria in wind sector 150-

270 ° is based on the momentum flux. 
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 780 

 

 

 

 
 785 
Figure 10. a) Schematic figure of the vertical profile of ship plume dispersion. If the stack height is around 55 m the plume touches the sea 

surface at around 450 m distance from the ship. b) The momentary plumes at 15, 23, 30 and 37 min after start (0 min) at the sea surface. 

Black arrows are the wind speed vectors (ws = 11 m s-1), brown arrows show the dispersion of the plume and gray lines the ship routes to 

Helsinki, one passing Harmaja Island on its right side. Color on logarithmic scale (two decades, highest values dark red) refers to the pollutant 

concentrations in the chimney. The footprint area, an ellipsoid in white color at Harmaja inside of which 80 % of flux is reached at the height 790 

of 10.7 m. 
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Figure 11. Time series of 30 min fluxes for CO2 (mol m-2 s-1) by the EC methods (a) in all wave conditions (codes 1 to 3), and Ntot (cm-3 

m s-1) by the GR method (b) with no swell (codes 1-2), along with the uncertainties. The data in (a) and (b) include only events in the wind 

sector between 150° and 270° and with the stationary criteria based on the momentum flux for Ntot and the CO2 flux for CO2. c) Time 

series of the 30 min fluxes of Ntot by the GR method in the wind direction of 150-270 °. Additionally, the fluxes of ship peaks are shown 800 

separately. d) The same as c) but for CO2 fluxes. 
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Figure 12. a) Time series of CO2 fluxes by the EC methods in 2012 at Harmaja and at the R/V Aranda in the wind direction of 150-270°. b) 

Scatter plot of orthogonal regression analysis between EC-CO2 flux measurements conducted at Harmaja and on R/V Aranda in 2012 Also 

presented if the ortogonal regression line. c) Partial pressure of CO2 in the seawater from R/V Aranda, and CO2 concentrations in the 

atmosphere at Harmaja and at the urban background monitoring station SMEAR III in Kumpula, Helsinki. d) Time series of sensible heat 810 

fluxes measured by the EC method at Aranda at 16 and 10 m altitudes and in Harmaja at 6.6 m altitude.  
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 Figure 13. The expanded uncertainty of FSC, UFSC (%), as a function of SO2 peak height concentration for three FSC limits: 0.1 % (red 815 

circle), 0.5 % (black circle) and 1 % (red square).  

  



38 

 

 

 

Figure 14. Peak height concentrations of SO2 and CO2 from a ship emission plume and calculated FSC with the expanded uncertainty UFSC 820 

during a short time period of the 2012 measurements. The red line represents the FSC = 1 % limit following the regulation (Directive 

1999/32/EC). All the ships complied with the regulation.  

 


