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Abstract 13 

Aerosol physico-chemical fluxes over NE Atlantic waters were quantified 14 

through the parallel deployment of micrometeorological eddy covariance flux 15 

system and an aerosol chemistry gradient sampling system. Fluxes of primary 16 

components, specifically, sea salt (SS), water insoluble organic carbon (WIOC) 17 

and a combined sea spray are presented in the context of seasonality of marine 18 

aerosol sources and sinks. The chemical gradients of secondary aerosol 19 

components, specifically, nitrate, ammonium, oxalate, amines, methanesulfonic 20 

acid (MSA) and water soluble organic nitrogen (WSON) were examined in great 21 

detail. A strong power law relationship between fluxes and wind speed has been 22 

obtained for primary sea salt and sea spray while water insoluble organic matter 23 

(WIOM) followed a linear dependency. The power law relationship between sea 24 

salt flux (FSS) and 10m height wind speed (U10) (FSS=0.0011U10
3.15

) compared 25 

very well with existing parameterisations but highlighted the divide between 26 

parameterization derived from ambient observation versus laboratory 27 

measurements. The observed seasonal pattern of sea salt production was mainly 28 

driven by wind stress in addition to yet unquantified effect of marine OM 29 

modifying fractional contributions of SS and OM in sea spray. WIOM wind 30 

dependent fluxes were a complex combination of rising and waning biological 31 

activity, especially in the flux footprint area, and wind-driven primary sea spray 32 



production supporting the coupling of recently developed sea spray and marine 33 

OM parameterisations. 34 

 35 

1. Introduction 36 

Marine aerosols contribute significantly to the global radiative budget and 37 

consequently, changes in marine aerosol abundance and/or chemical composition 38 

have an impact on climate change through both direct and indirect effects. The 39 

Northeast Atlantic region is of particular interest due to a combination of 40 

storminess, prevailing westerlies bringing marine air masses into continental 41 

Europe, and biological activity in surface waters significantly affecting chemical 42 

composition of atmospheric particulate matter (O'Dowd et al., 2004). Organic 43 

matter (OM) has been observed in marine aerosol particles for many decades and 44 

has been linked to fractional contribution of OM transferred from the sea-surface 45 

into the tropospheric boundary layer through bubble-mediated production 46 

processes (Blanchard, 1964; Hoffman and Duce, 1977; Middlebrook et al., 1998; 47 

Oppo et al., 1999; Russell et al., 2010). There has been a significant progress in 48 

understanding marine aerosol composition, which has been identified to consist 49 

of significant amounts of organic matter (Cavalli et al., 2004; Sciare et al., 2009) 50 

both water-soluble and water-insoluble. It has historically progressed from 51 

mainly consisting of sea salt and non-sea salt sulphate (Charlson et al., 1987; 52 

O'Dowd et al., 1997) to complex primary biogenic organic mixtures and states 53 

(dissolved, particulate, colloidal or nanogel) (Cavalli et al., 2004; Leck and Bigg, 54 

2005; Russell et al., 2010; Decesari et al., 2011) as well as secondary organic 55 

compounds like organic acids (Kawamura and Sakaguchi, 1999; Mochida et al., 56 

2002; Turekian et al., 2003; Rinaldi et al., 2011) and recently discovered 57 

biogenic amines (Facchini et al., 2008a; Muller et al., 2009). The findings of 58 

Ceburnis et al. (2008) and Facchini et al. (2008b) independently confirmed that 59 

water insoluble organic carbon (WIOC) in marine atmosphere has primary origin 60 

while water soluble organic carbon (WSOC) is mainly secondary or processed 61 

primary (Decesari et al., 2011), however, studies of Keene et al. (2007) and 62 

Russell et al. (2010) evidenced that even WSOC can largely be of primary origin.  63 

After significant fraction of marine sea spray particles was found to contain 64 

biogenic organic matter compounds (O'Dowd et al., 2004) it became even more 65 

important to determine principal sources and sinks of marine organic matter. 66 



Tentatively, the source of biogenic marine organic matter has been linked to the 67 

ocean surface and driven by a biological activity in surface waters based on a 68 

seasonality pattern of organic matter and chlorophyll-a (Yoon et al., 2007; Sciare 69 

et al., 2009) or regression analysis (O'Dowd et al., 2008; Russell et al., 2010). 70 

Furthermore, the first quantitative estimate of submicron aerosol organic matter 71 

in oceanic environment has been performed by Ceburnis et al. (2011) using dual 72 

carbon isotope analysis that showed over 80% of organic matter in clean marine 73 

air masses is of marine biogenic origin. A pilot study based on concentration 74 

gradient method performed in marine environment by Ceburnis et al. (2008) 75 

revealed that water soluble organic matter is largely produced by secondary 76 

processes while water insoluble organic matter is of primary origin. The latter 77 

study evaluated the first wind speed dependent fluxes, but those remained 78 

uncertain due to the absence of parallel eddy covariance measurements and a 79 

limited sampling period. Considering a significant seasonal cycle of marine 80 

organic matter is important to study chemical fluxes on a full year basis to 81 

capture the variability in aerosol sources and sinks. 82 

This study is the extension of the study by Ceburnis et al. (2008) through the 83 

combination of eddy covariance measurements in parallel with the off-line 84 

chemical analysis of samples, expansion of the range of chemical species and 85 

extension of the timescale to evaluate fluxes as a function of season. 86 

 87 

2. Experimental methods 88 

The flux of sea-spray aerosols has been studied previously as sea salt mass fluxes 89 

or aerosol size and number flux (O'Dowd and De Leeuw, 2007; de Leeuw et al., 90 

2011). Apart from few studies, the flux experiments have typically focused on 91 

super-micron sized particles. Eddy covariance method for studying submicron 92 

particle fluxes was first used by Buzorius et al. (1998) estimating submicron 93 

particle fluxes and sinks and has been since applied in a variety of environments: 94 

boreal and tropical forest (Buzorius et al., 1998; Ahlm et al., 2009), ocean 95 

(Nilsson et al., 2001; Geever et al., 2005; Norris et al., 2008; Brooks et al., 2009), 96 

desert (Fratini et al., 2007) and urban (Martensson et al., 2006; Martin et al., 97 

2009). Eddy-covariance method is typically used to study total particles fluxes. 98 

The technique has been modified into relaxed eddy-covariance method to allow 99 

studying size-segregated particle fluxes (Gaman et al., 2004) or disjunct eddy 100 



covariance method (Held et al., 2007) employing slower response instruments. It 101 

should be noted, however, that while number of sea spray particles is dominated 102 

by submicron particles, mass is dominated by super-micron sizes and not a single 103 

method is capable of measuring particles around the important boundary of 1 104 

micrometer. None of the above techniques were suitable for studying chemically 105 

resolved fluxes, because chemical analysis typically requires long sampling time 106 

(many hours for off-line chemical analysis). Most recently, however, eddy-107 

covariance system coupled with high resolution aerosol mass spectrometer has 108 

been used to study chemically resolved fluxes (Nemitz et al., 2008; Farmer et al., 109 

2011), but those were largely limited to areas with relatively high concentration 110 

of species.  111 

The study of chemical fluxes in a relatively clean marine atmosphere represents a 112 

great challenge due to generally low absolute species concentrations and the lack 113 

of appropriate experimental methods. The rationale of choosing the gradient-flux 114 

method was based on the fact that persistent fluxes must produce concentration 115 

gradients with their sign depending on the source and assuming that recurrent 116 

eddies allow sampling for certain number of hours to meet analytical 117 

requirements of chemical species. Additional challenges exist when it comes to 118 

reactive species (organic matter) due to chemical transformation during transport 119 

to the sampling location or extended sampling durations. A combination of 120 

continuous production (or removal) of particles and turbulent eddies of varying 121 

magnitude within the boundary layer should establish concentration profiles. The 122 

profiles, therefore, are a net result of the competition between upward and 123 

downward eddies averaged over time. The persistent surface source will manifest 124 

itself in a decreasing concentration away from the source. The absence of the 125 

surface source should result in an increasing concentration profile as particles are 126 

removed to the surface through deposition processes. For the approach to work 127 

one needs neutral or near-neutral boundary layer stability conditions persisting 128 

for sufficient timescales to allow sampling over many hours. The biggest caveat 129 

is whether representative averaging over many hours can produce meaningful 130 

results. The approach was previously demonstrated to work in urban 131 

environment (Valiulis et al., 2002) as well as in a relatively clean marine 132 

environment (Ceburnis et al., 2008). This study is the continuation of the latter 133 



study adding full scale eddy-covariance system and expanding the number of 134 

chemical species studied.  135 

A new set-up to study gradient chemical fluxes was installed at Mace Head 136 

Atmospheric Research Station on the west coast of Ireland (Jennings et al., 2003; 137 

O'Connor et al., 2008) comprising PM1 samplers installed at three different 138 

heights (3 m ,10 m, and 30 m) while the eddy covariance system installed at the 139 

22 meter height.  140 

LIDAR measurements (Jenoptik/Lufft and Vaisala ceilometers) are continuously 141 

conducted at Mace Head and a dedicated algorithm for  temporal height tracking 142 

(THT) (Haeffelin et al., 2012; Milroy et al., 2012) using the backscatter profiles 143 

measured by the LIDAR was used to identify the surface mixed layers (SML) 144 

and the decoupled residual layers (DRL), both important parameters when 145 

considering boundary layer filled by primary fluxes. 146 

The chlorophyll satellite data (daily, 1° spatial resolution) were obtained from 147 

GlobColour (http://www.globcolour.info). They result from the merging of 148 

Medium-Resolution Imaging Spectrometer (MERIS), Moderate Resolution 149 

Imaging Spectroradiometer (MODIS), and Sea-viewing Wide Field-of-view 150 

Sensor (SeaWiFS) data, using advanced retrieval based on fitting an in-water 151 

biooptical model to the merged set of observed normalized water-leaving 152 

radiances. A thorough description of the data treatment can be found in Rinaldi et 153 

al.(2013). 154 

 155 

2.1 Sampling strategy 156 

Meteorological records demonstrate that on average marine westerly air masses 157 

account for over 50% of time at the station (Cooke et al., 1997; Jennings et al., 158 

2003). The gradient measurement system PM1 samplers (Sven Leckel 159 

Ingenieurbüro GmbH) ran in parallel at a flow rate of 38 lpm. Samples were 160 

collected in clean marine conditions (wind direction 190 < WD < 300 and 161 

Condensation Particle Counter (CPC) concentrations < 700 particles cm
-3

) using 162 

an automated sampling system on quartz filters for the analysis of both organic 163 

and inorganic components of marine aerosol. The system operated day and night 164 

whenever the above clean marine conditions were met. Active control of the 165 

sampling conditions excluded sampling during occasional short-term spikes of 166 

CPC concentrations either due to coastal nucleation events or occasional local 167 



ship traffic. Post-sampling analysis revealed that such air masses did not have 168 

contact with land for 4-5 days (as confirmed by air mass back-trajectories) and 169 

black carbon (BC) concentration measured by an Aaethalometer (AE-16, Magee 170 

Scientific, single wavelength at 880 nm) did not exceed 50 ng m
-3

. Such air 171 

masses have been typically spending the last 48 hours (at least) in the marine 172 

boundary layer as documented by Cavalli et al. (2004) and Ceburnis et al. (2011). 173 

The latter study quantitatively demonstrated that in clean marine air masses 174 

anthropogenic carbon species typically contributed to 8-20% of the total carbon 175 

mass which should be applicable to other anthropogenic species due to internally 176 

mixed anthropogenic aerosol far from the source. It is important to note that 177 

clean marine samples collected at Mace Head are representative of the open 178 

ocean environment considering chemical and physical similarities between open 179 

ocean and coastal (Mace Head) samples (Rinaldi et al., 2009). The marine air 180 

criteria used at Mace Head were demonstrated to be sufficient at ensuring that 181 

anthropogenic and coastal effects are minimised to guarantee a dominant, if not 182 

at times overwhelming natural marine aerosol signal as detailed in the study of 183 

O’Dowd et al.(2014). 184 

 185 

2.2 Off-line chemical analysis and concentration gradients 186 

Fifteen PM1 gradient samples were collected during 13 month period in clean 187 

marine conditions as listed in Table 1. The sampling strategy aimed at capturing 188 

two samples per month providing that clean marine conditions were prevailing 189 

and each sample duration lasted on average 50% of time during the calendar 190 

week. 191 

The samples were analysed for a wide range of chemical species present in 192 

aerosol particles: sodium (a marker for sea salt (SS)), non-sea-salt sulphate 193 

(nssSO4), nitrate (NO3), ammonium (NH4), methanesulphonic acid (MSA), total 194 

carbon (TC), oxalate (Oxa), (analytical details can be found in Cavalli et al. 195 

(2004)), water soluble organic carbon (WSOC), water insoluble organic carbon 196 

(WIOC) (Rinaldi et al., 2009), water soluble organic nitrogen (WSON), total 197 

nitrogen (TN), dimethylamine (DMA) and diethylamine (DEA) (Facchini et al., 198 

2008a). WIOC was calculated as WIOC=TC-WSOC while WSON was 199 

calculated as WSON=TN-WSIN (water soluble inorganic nitrogen). WSOM 200 

(water soluble organic matter) was calculated as WSOC*1.8 and WIOM (water 201 



insoluble organic matter) was calculated as WIOC*1.4 (Decesari et al., 2007; 202 

Facchini et al., 2008b). Sea salt concentration was calculated as SS=Na*3.1 203 

(Seinfeld and Pandis, 2006). The absolute concentration ranges of all measured 204 

components are summarised in Table 2. 205 

Normalised averaged concentration profiles of all measured chemical species 206 

were obtained as follows: for each aerosol component, only samples for which 207 

concentrations above the detection limit were observed at all three sampling 208 

altitudes were used in data analysis. Normalisation was done by dividing the 209 

concentration at every height by the sum concentration of three levels thus giving 210 

the same weight to every profile for averaging purposes. After normalisation, the 211 

profiles of each mass category were averaged, resulting in statistically 212 

meaningful variances around the mean value and presented as an average and its 213 

standard deviation. The normalised averaged concentration profiles allowed 214 

classification and categorisation of the profiles, but the normalised data were not 215 

used for calculating gradients and fluxes. The main features were similar to the 216 

ones documented by (Ceburnis et al., 2008): decreasing concentration with 217 

height, or negative gradient, was common of species produced at the surface by 218 

primary processes while increasing concentration with height, or positive 219 

gradient, was common of species produced by secondary processes in the 220 

atmosphere aloft or within the marine boundary layer.  221 

Concentration gradients of various chemical species were obtained by linear fit 222 

of the concentration profile (except WSOM). A detailed discussion of potential 223 

influence of local sources (surf-zone) to the gradient can be found in (Ceburnis et 224 

al., 2008) and reconsidered in the Results section. 225 

 226 

2.3 Eddy-covariance system 227 

Eddy-covariance measurements of micrometeorological parameters, water 228 

vapour (H2O) and CO2 fluxes were undertaken in parallel (Keane-Brennan, 229 

2011) which provided micrometeorological measurement data for calculating 230 

gradient fluxes. The flux package comprised a Solent sonic anemometer (Gill 231 

Windmaster Pro) to provide 3-D wind fields at 10 Hz. The sonic anemometer 232 

was mounted 2 meters out from the sea-facing side of the 22 m tower and a 233 

turbulent flow around the tower (Buzorius et al., 1998). Flux data were averaged 234 

for 30 min for further analysis and more details on flux data can be found in 235 



Geever et al. (2005) and Keane-Brennan et al. (2011). Half-hourly flux data were 236 

further averaged to match the periods of gradient samples. The undertaken 237 

strategies allowed a complete analysis of the source and sink fluxes as a function 238 

of wind speed and oceanic biological activity and provided a quantification of 239 

both primary and secondary inorganic and organic aerosol species cycling in the 240 

marine boundary layer.  241 

 242 

2.4 Flux-gradient method 243 

First-order closure turbulent flux parameterisation, often known as a gradient 244 

transport theory, K-theory or flux-gradient similarity method, can be expressed 245 

according to Stull (1988) as following: 246 

 247 

z

z
dz

dc
KF      (1) 248 

where F is the flux, Kz is the turbulent-transfer coefficient; dc/dz is the 249 

concentration gradient. 250 

 251 

Thus having Kz value and the measured concentration gradient it is possible to 252 

calculate fluxes of chemical species. The approach, however, would only allow 253 

calculating the net flux and does not allow distinguishing between upward and 254 

downward fluxes in high time resolution as is typically done with the eddy 255 

covariance system. The Kz parameter can be calculated from the eddy covariance 256 

(EC) measurements using high frequency data of vertical wind velocity using the 257 

formula: σ=√(2Κz/t) (where σ is the standard deviation of vertical wind velocity, 258 

Κz is the turbulent-transfer coefficient, and time is the unit time (1s)) which 259 

follows from diffusivity fundamentals (e.g. (Reible, 1998)) applied to the vertical 260 

wind speed. Kz had to be averaged over about 50 to 140 hours to represent the 261 

sampling period of a particular concentration profile. The averaged Kz values 262 

were compared with eddy covariance data and presented in Figure 1 to check 263 

whether the averaged Kz values were consistent with the high time resolution 264 

measurements. The dependence of Kz values on horizontal wind speed were very 265 

similar pointing to the fact that Kz values were consistently distributed around the 266 

mean and the mean average representing gradient samples was statistically 267 

meaningful. The variance of Kz values around the mean provided the partial 268 



uncertainty in flux calculations. It is worth noting that the power law coefficient 269 

of the averaged Kz(WS) dependence was very similar to the one given by 270 

Ceburnis et al. (2008) (1.97 and 2.07 respectively). A similarity between the 271 

relationships obtained by Ceburnis et al. (2008) from 2002 EC data and this 272 

study period (2008-2009) suggests that the dynamics of the boundary layer did 273 

not change significantly over time at this geographical location, thereby 274 

providing a confidence that the Kz values can be reliably derived from the 275 

horizontal wind speed measurements if the Kz values cannot be estimated 276 

directly. A tight relationship between Kz and horizontal wind speed and the 277 

absence of a diurnal cycle of Kz is typical in wind shear generated turbulence 278 

environment like marine sector at Mace Head. Consequently, the above 279 

relationship between horizontal wind speed and the coefficient of turbulent 280 

transfer would only apply to the marine sector and Mace Head location. The 281 

scatter of Kz values over a short or long period of time was mainly due to 282 

gustiness as presented in Figure 2 where the Kz and wind speed relationship was 283 

coloured by normalised standard deviation of the horizontal wind using random 284 

subset of data. All elevated values of Kz were accompanied by high values of the 285 

standard deviation of the horizontal wind speed. Therefore, Kz values were all 286 

meaningful and must have been included in the mean average to represent fast 287 

turbulent eddies. 288 

It is important to know the thickness of the surface layer as it is here that fluxes 289 

are considered to be constant and gradients adhere to similarity theory. Another 290 

caveat is the formation of internal boundary layers (Stull, 1988). Detailed 291 

measurements performed during NAMBLEX campaign at Mace Head (Heard et 292 

al., 2006) provided strong evidence that the internal boundary layer had little 293 

impact on the measurements made on the main tower if they were conducted 294 

above 7-10 m (Coe et al., 2006; Norton et al., 2006), which would include two 295 

out of our three sampling points. Norton et al. (2006) showed that the internal 296 

boundary layer was typically limited to below 10m and never propagated to the 297 

top of the tower in marine sector, consequently, having small effect on our 298 

measurements at 10 m and 30m. Coe et al. (2006) concluded that over a wide 299 

range of aerosol sizes there was no impact of the inter-tidal zone or the surf zone 300 

on measurements made at 7 m above ground level or higher.  301 

 302 



2.5 Errors and uncertainties 303 

The flux-gradient method based on the Equation 1, involves several variables, 304 

necessitating a calculation of the combined propagated uncertainty. Specifically, 305 

not only it involved two independently measured concentrations at two heights, 306 

but the uncertainty of the subtracted blank concentration (pre-fired but not 307 

exposed filter) and the uncertainty of the Kz value. The combined fractional 308 

uncertainty of an individual flux was calculated by the following Equation: 309 

 310 

𝛿𝑞 = √(
𝜕𝑞

𝜕𝑥1
𝛿𝑥1)

2

+ ⋯ + (
𝜕𝑞

𝜕𝑥𝑛
𝛿𝑥𝑛)

2

 (2) 311 

where xi are the independent variables and δxi are the fractional uncertainties of 312 

the independent variables. 313 

The uncertainty of individual concentrations (C) (provided in Table S1) and the 314 

gradient (G) was calculated by the following Equations: 315 

𝛿𝐶 = √(𝛿𝐶𝑚𝑒𝑎𝑠)2 + (𝛿𝐶𝑏𝑙𝑎𝑛𝑘)2  (3) 316 

𝛿𝐺 = √(𝛿𝐶10)2 + (𝛿𝐶30)2   (4) 317 

where Cmeas, Cblank, C10 and C30 were measured, blank and concentration at 10 318 

and 30 meters, respectively. 319 

The relative uncertainty of the corresponding fluxes was calculated by the 320 

following Equation based on multiplication of measured quantities (F=G*Kz): 321 

𝛿𝐹

𝐹
= √(

𝛿𝐺

𝐺
)

2

+ (
𝛿𝐾𝑧

𝐾𝑧
)

2

   (5) 322 

where G and Kz are corresponding gradients and coefficient of turbulent transfer, 323 

respectively. Note that the flux uncertainty is dominated by the gradient 324 

uncertainty, because the uncertainty of turbulent transfer coefficient would be 325 

actually smaller than presented in Eq. 5 due to being an average of over a 326 

hundred of half-hourly values. 327 

The relative uncertainty of the organic matter fractional contribution to sea spray 328 

(OMss=WIOM/(WIOM+SS)), where the variable WIOM appeared in both 329 

nominator and denominator and WIOM represented total sea spray OM, resulted 330 

in a more complicated equation of the combined propagated uncertainty of the 331 

OM fractional contribution: 332 

𝛿𝑂𝑀𝑠𝑠

𝑂𝑀𝑠𝑠
=  

𝑆𝑆

(𝑆𝑆+𝑊𝐼𝑂𝑀)
√(

𝜕𝑊𝐼𝑂𝑀

𝑊𝐼𝑂𝑀
)

2

+ (
𝜕𝑆𝑆

𝑆𝑆
)

2

 (6) 333 



where the ratio in front of the square root is the fractional contribution of sea salt 334 

in sea spray resulting in the fractional uncertainty of the OM fractional 335 

contribution dependent on the sea salt fractional contribution and, therefore, 336 

always smaller than the additively combined fractional uncertainty of sea salt and 337 

WIOM measurement. 338 

The uncertainty of the fitted functional relationships obtained from the discretely 339 

measured values was presented with the 95% confidence bands which was 340 

conceptually different from the fractional uncertainties of individual values. The 341 

confidence bands also helped to define the best fitted function (e.g. linear or 342 

power law) as unrealistic fits had very low or no confidence at all. Typically, the 343 

confidence bands become narrower as the number of points increases and/or their 344 

scatter decreases. The presentation of the confidence bands provided the physical 345 

meaning of the points residing outside the confidence bands. An individual point 346 

which is outside the confidence bands suggests a higher order of the relationship 347 

or an unaccounted freak error. Several of such cases will be discussed 348 

accordingly. 349 

 350 

3 Results and Discussions 351 

The measurements at three different heights allow resolving the vertical 352 

concentration profiles of different chemical species and the magnitude of the 353 

sources and sinks, or corresponding fluxes, shape the profiles. Most of them were 354 

non-linear, but well interpretable having studied concentration and flux footprints 355 

in detail in the previous pilot study of (Ceburnis et al., 2008). It is important to 356 

note that the footprint of the measured absolute concentration was of many tens 357 

to hundreds of kilometres offshore while the footprint of the concentration 358 

gradient or the flux was within about 10km from the measurement location, i.e. 359 

coastal waters (Ceburnis et al., 2008). The surf zone emissions may have had 360 

certain influence on the concentrations of sea salt or sea-spray at the lowest level 361 

of 3m, particularly for low wind speeds, practically disappearing at higher 362 

winds(O'Dowd et al., 2014), but had little or no impact on secondary organic 363 

aerosol. The different distances of the flux footprint arise from emissions 364 

contributing to the concentration at different heights. The flux footprint of the 365 

90% concentration difference between 3 and 10 meters is 0.2-1.2 km while the 366 

footprint of the 90% of the difference between 10 and 30 meters extends to 5 km 367 



(Figure 1, Ceburnis et al. 2008). The remaining 10% of the contribution extends 368 

well beyond 5km, perhaps 10 km distance being a safe approximation. A 369 

condensation potential could have also contributed to the concentration 370 

differences of certain species as the time required for the air parcel to cover 10 371 

km distance is about 15 min which is more than sufficient to achieve gas-aerosol 372 

equilibrium, e.g. (Meng and Seinfeld, 1996; O'Dowd et al., 2000). 373 

 374 

3.1 Concentration gradient profiles 375 

 376 

3.1.1 Primary components 377 

The concentration profile of sea salt (top left in Figure 3) was unambiguously 378 

surface sourced or primary, i.e. concentration was decreasing vertically. Some of 379 

the individual profiles were sharper than others, but all were primary with only 380 

three exceptions where the profiles were distorted at lower heights possibly 381 

partly due to measurement errors and partly due to boundary layer dynamics and 382 

changes in sea state during the sampling period (ascending and descending wind 383 

regimes). However, as it was stated above, surf-zone emissions could have had 384 

influenced the concentration value at the lowest level of 3 meters and, therefore, 385 

this level was not used in the flux calculations of primary sea spray species.  386 

Interestingly, similar “negative gradient” concentration profiles were obtained 387 

for nitrate and oxalate. However, those profiles were slightly, but repeatedly 388 

(systematically) distorted, i.e. the concentrations of oxalate and nitrate 389 

significantly diverged from the sea salt one at the lowest sampling height of 3 390 

meters while following the sea salt profile above 10 meters. It is well established 391 

that nitrate is produced by secondary processes and mainly manifesting itself 392 

through condensed nitric acid on pre-existing sea salt particles in the absence of 393 

anthropogenic ammonium nitrate. Sea salt particles at the lowest level were the 394 

freshest having the closest flux footprint and, consequently, adsorbed the least 395 

amount of condensable nitric or oxalic acid compared to higher levels. Similarly 396 

to nitrate, oxalic acid could have been condensing on pre-existing sea salt 397 

particles as well despite more diverse chemical pathways of oxalic acid (some of 398 

the oxalate could also be produced by oxidation of organic matter inside sea-399 

spray particles (Rinaldi et al., 2011) and, therefore, manifesting itself as 400 

“primary” species. The concentration profile of oxalic acid was similar to that of 401 



nitrate and could indicate that a significant amount of oxalate is produced in the 402 

atmosphere aloft subsequently condensing onto primary sea spray particles due 403 

to its acidic nature.  404 

The water insoluble organic matter (WIOM) concentration profiles were split 405 

between three main categories: production (5 profiles), removal (6 profiles) and 406 

mixed profiles (4 profiles) (bottom right of Figure 3). Given that fractional 407 

contribution of OM in primary sea spray is related to the enrichment of organic 408 

matter at the ocean surface, this range of behaviour can be interpreted in terms of 409 

the location of biologically active region relative to the flux footprint. The wind 410 

speed has been reported to have an effect on fractional contribution of OM, but 411 

quantitative effect is unclear and will be discussed in more detail in chapter 3.4. 412 

The biologically active water patches within the flux footprint (~10 km form the 413 

measurement location) were responsible whether WIOM was produced or 414 

removed from the surface layer, or a combination of both processes. Therefore, a 415 

mixed profile was pointing at the production at a longer distance from the coast 416 

and the removal close to the measurement location. Thus the removal profile was 417 

pointing both at the deposition within the flux footprint area and/or the absence 418 

of biological activity in surface waters within the flux footprint area. The WIOM 419 

production by the secondary processes cannot be completely excluded either, but 420 

we have no evidence of that. It is worth noting that the production profiles were 421 

observed in early spring (March until early May) when biological activity is high 422 

at the coast and during late summer (late July-August) when biological activity 423 

has a second maximum identified by the chlorophyll proxy (Yoon et al., 2007). 424 

In contrast, the removal profile was observed during late spring and early 425 

summer when biological activity is retreating away from the coast into the open 426 

ocean. Despite a general pattern of the evolution of biological activity presented 427 

by Yoon et al. (2007) it should be stressed that biological activity is very patchy 428 

all over the ocean including coastal areas and the phytoplankton blooms are 429 

generally governed by the availability of nutrients which themselves are supplied 430 

by ocean currents and upwelling and become unpredictable on a day-to-week 431 

time scale. 432 

 433 

3.1.2 Secondary components 434 



The inorganic secondary species (nssSO4 and NH4) are presented in top right of 435 

Figure 3 along with an aerosol neutralisation profile considering only ammonium 436 

and sulphate which will be discussed later. Ammonium profile was clearly 437 

secondary, as expected, due to ammonia being the principal gaseous neutralizing 438 

agent in the marine boundary layer. It should be noted that the concentration 439 

profile of nssSO4 was pretty constant and did not follow that of the ammonium 440 

profile as it could be expected considering that sulphuric acid is the main acidic 441 

species in the marine boundary layer, typically neutralized by ammonium. 442 

NssSO4 was calculated as the difference between two relatively large numbers 443 

(total measured SO4 minus sea-salt SO4 as inferred from a conservative tracer 444 

such as Na
 
ion). As sea salt concentration was changing quite dramatically with 445 

height especially in moderate to high wind speed during winter, some ambiguity 446 

must be acknowledged before interpreting nssSO4 profile. In fact, if the winter 447 

sulphate profiles were excluded from the average that would have improved the 448 

average profile. In any event nssSO4 concentrations at three different heights 449 

were not significantly different preventing any conclusions with respect to 450 

apparently secondary nssSO4. The uncertainty in nss-sulphate determination can 451 

be the reason of the difference with respect to the profile of ammonium. Looking 452 

at the profiles, it can be observed that marine aerosol sampled at Mace Head is 453 

more neutralized at 30 m than closer to the sea level (Figure 3 (top right) and 454 

Figure 4), even though neutralization with respect to sulphuric acid is never 455 

complete, due to scarcity of ammonia in the marine boundary layer. Figure 4 456 

shows calculated ammonium (considering neutralisation by sulphate only as 457 

nitrate was more likely to be neutralised by sodium (causing chloride depletion) 458 

due to scarcity of ammonia in the marine boundary layer) versus measured 459 

ammonium revealing significant but consistent differences in neutralisation 460 

pattern at three different heights. The neutralization profile can be driven by the 461 

gaseous ammonia vertical profile, which we have no hint about, or can be an 462 

indication of the importance of in-cloud processes of sulphate neutralization 463 

considering also that measurements at the lowest level were somewhat perturbed 464 

due to surf-zone fluxes. In fact, if the neutralization of acidic sulphates occurred 465 

prevalently in clouds, after scavenging of gaseous ammonia into acidic droplets, 466 

this process would occur more likely at the top of the marine boundary layer, 467 

were cloud layers form, justifying the observed neutralization profile. 468 



The secondary organic species (MSA, WSOM and WSON) are presented in the 469 

bottom left of Figure 3. The MSA exhibited a “mixed profile” with steep increase 470 

of concentration between 3 and 10 m, typical of secondary products and 471 

decreasing profile between 10 and 30 m, likely due to condensation of MSA on 472 

sea salt particles (Hopkins et al., 2008) that causes an apparently primary profile. 473 

A clear secondary profile was observed for WSOM also, reaffirming the 474 

conclusion of Ceburnis et al. (2008) on the secondary origin of WSOM. The 475 

water soluble organic nitrogen concentration pattern is presented in the bottom 476 

left of Figure 3. WSON presents a mixed profile, therefore, it is not possible to 477 

attribute it to primary or secondary formation processes unambiguously. WSON 478 

concentration in aerosol samples is generally difficult to quantify as it is 479 

calculated as the difference between the total nitrogen (TN) and the water soluble 480 

inorganic nitrogen (WSIN) – both numbers of similar magnitude. As a result, 481 

only 7 complete profiles could be derived out of 15 samples and should, 482 

therefore, be considered cautiously (8 profiles were discarded as incomplete, i.e. 483 

missing determined concentration at one or two levels). Along with WSON, 484 

aliphatic amines were analysed following Facchini et al. (2008a). WSON, DMA 485 

and DEA are minor constituents of marine aerosol, together typically accounting 486 

for 10% of secondary organic aerosol (Facchini et al., 2008a). While the 487 

magnitude of their absolute concentrations maybe misleading – amines can be 488 

important species facilitating new particle production in the marine atmosphere 489 

(Dall'Osto et al., 2012) – quantification of their concentration by offline chemical 490 

analysis is always challenging. Mostly concentrations of DMA and DEA at the 491 

lowest height were below detection limit and, therefore, no profile can be 492 

provided for these species with confidence. However, the fact that detectable 493 

concentrations were always observed at 30 m, strongly suggests a secondary 494 

origin for DMA and DEA.  495 

The well-established aerosol chemical compounds such as nitrate, oxalate, MSA 496 

and less well established WSON were all studied for the first time using flux-497 

gradient method. The concentration profiles of the above compounds have not 498 

demonstrated that the species were secondary, despite well-established 499 

knowledge of their secondary formation in the atmosphere aloft (boundary layer, 500 

clouds or free troposphere)(Seinfeld and Pandis, 2006; Facchini et al., 2008a; 501 

Rinaldi et al., 2011). Figure 5 is presented for elucidating an apparent “primary” 502 



profile of nitrate and oxalate which is due to aforementioned species condensing 503 

or reacting with sea spray particles. MSA by contrast has the weakest if any 504 

relationship with sea salt. Figure 5 (top left) presents the relationship between 505 

nitrate and sea salt mass which appears as linear with the exception of 2-3 506 

outliers. The outliers likely appeared due to the presence of trace amounts of 507 

ammonium nitrate. Ammonium nitrate is generally considered as anthropogenic 508 

species and can be present in trace amounts due to pollution background. The 509 

trace amount was really small, 20-30 ng m
-3

 of nitrate only re-affirming 510 

cleanness of the marine atmosphere studied at Mace Head. Despite a strong 511 

similarity in concentration pattern of nitrate and primary sea salt it is 512 

inconceivable that a significant amount of primary nitrate can be produced 513 

(nitrate is a tracer nutrient in sea water) and, therefore, must be derived by 514 

condensation of nitric acid on pre-existing sea salt.  515 

The relationship of sea salt and oxalate (top right plot of Figure 5) was slightly 516 

different from nitrate and somewhat similar to MSA. While oxalate can indeed 517 

condense on pre-existing sea salt particles its chemical pathways of secondary 518 

production are different and more diverse than that of nitrate as were detailed by 519 

Rinaldi et al. (2011). Oxalate can also be present in sea-spray particles via 520 

oxidation of organic matter in sea-spray and, therefore, dependent on biological 521 

activity of the ocean. As opposed to nitrate, the oxalate was not enhanced in the 522 

presence of copious amounts of sea salt particles suggesting that oxalic acid is 523 

not an ever present species in the boundary layer which would readily condense 524 

on sea salt. The same was true for MSA which showed even less of a relationship 525 

with the sea salt mass (bottom left of Figure 5). MSA production is 526 

photochemically driven and time limited considering the gradient footprint of 527 

0.2-10 km in the coastal zone. The water soluble organic nitrogen (WSON) is a 528 

relatively less studied class of chemical compounds of which amines are the best 529 

known compounds (Facchini et al., 2008a). The observed concentrations of 530 

DEA, DMA and WSON were very similar to the ones documented by Facchini et 531 

al. (2008a) in clean marine air masses. Both WSON and the sum of 532 

dimethylamine (DMA) and diethylamine (DEA) exhibited a relationship with 533 

water soluble organic carbon (WSOC) (bottom right of Figure 5), however, only 534 

WSOC and WSON correlated at a significant level (r = 0.58). Note, that the sum 535 

of amines is presented in absolute concentration while that of WSON as a mass 536 



of nitrogen. The comparison between the WSON and the sum of amines 537 

suggested that the amines were likely the dominant species of WSON, but 538 

difficult to determine due to detection limit as noted above. 539 

WSOC/WSON/DEA/DMA relationship is presented in Figure 5 (bottom right) 540 

for exploratory purposes as these interrelationships have not been examined or 541 

discussed in the context of marine aerosol. 542 

 543 

3.2 Chemical fluxes 544 

 545 

3.2.1 Sea salt flux 546 

The individual concentration profiles had to be fitted first in order to calculate 547 

gradients and then fluxes using Equation 1. The concentration gradient is a 548 

derivative of the concentration as a function of height. The lowest level at which 549 

concentration was measured was at 3 meters and may have been affected by surf-550 

zone fluxes as discussed in detail by Ceburnis et al. (2008). Therefore, only the 551 

concentrations measured at 10 and 30m were used in calculating primary fluxes 552 

in order to reduce surf-zone related uncertainty in calculated fluxes. This 553 

approach yielded “linear gradients” and constant fluxes. It is important to note 554 

that for comparison purposes Kz values were adjusted for 10m wind speed from 555 

Figure 1 given well established relationship between Kz values and the horizontal 556 

wind speed as well as good agreement between EC and gradient samples. Sea 557 

salt (SS) and sea-spray (SS+WIOM) flux dependence on the wind speed is 558 

presented in Figure 6. The uncertainty parameters of all the fitted flux-wind 559 

speed relationships are summarised in Table 3. The obtained relationship was the 560 

power law very similar to the one obtained by Ceburnis et al. (2008), but this 561 

time it was quantified separately for sea salt and sea-spray. The relationship of 562 

sea-spray flux was stronger; however, inherent uncertainty had to be considered. 563 

The Kz values were calculated explicitly and, therefore, the uncertainty of the 564 

flux was down to the uncertainty of the gradient which in turn was dependent on 565 

the accuracy of the chemical analysis. The uncertainty of the individual sea salt 566 

fluxes was calculated as a combined propagated uncertainty of the two 567 

concentrations (10 and 30m height) and the uncertainty of Kz values. The 568 

uncertainty of the fitted relationship was presented as the 95% confidence bands. 569 

Typically, the confidence bands would narrow constraining the relationship as 570 



the number of points increase and/or their scatter decreases. The power law 571 

exponent of SS and sea spray (3.15 & 3.4) source function were very similar to 572 

SS source function obtained by Ovadnevaite et al. (2012) who obtained power 573 

law exponent of 2.7 using high resolution measurements with aerosol mass 574 

spectrometer. The maximum sea salt flux calculated by flux-gradient method was 575 

2-3 ng m
-2

 s
-1

 at the maximum average wind speed of 11-12 m s
-1

 while the mass 576 

flux range presented by Ovadnevaite et al. (2012) was 15-20 ng m
-2

 s
-1

 at 25 m s
-

577 

1
 hardly in need of extrapolation to even higher wind speed. However, 578 

quantitatively both studies (this study and Ovadnevaite et al. (2012)) agreed well 579 

for a given wind speed of e.g. 10 m s
-1

, 1.67 and 1.97 ng m
-2

 s
-1

, respectively. 580 

Only two of the individual fluxes lay outside the 95% confidence bands 581 

suggesting that the linear flux-gradient method is not the ideal one - it is an 582 

approximation after all. It is suspected that the necessitated long averaging time 583 

of the sample was an important reason behind it as well. 584 

 585 

3.2.1 Organic matter flux 586 

The corresponding chemical flux of WIOM was calculated and presented in 587 

Figure 7 (left). All uncertainty considerations are the same for the sea salt and 588 

sea-spray fluxes. There was one important difference, however; the WIOM 589 

fluxes turned out to be positive only at relatively strong wind speed exceeding 7 590 

m s
-1

 while all WIOM fluxes below this value were negative (with consequential 591 

large intercept), pointing at the removal or deposition of WIOM. Note, that the 592 

negative fluxes corresponding to lower wind speed were obtained from removal 593 

profiles introduced previously in chapter 3.1.1. That does not mean that the 594 

production flux becomes negative at low wind speed, but rather reflects 595 

observations when the production flux at very low wind speed in the gradient 596 

footprint area is smaller than the deposition flux of WIOM generated tens to 597 

hundreds kilometres away. Therefore, the resulting negative WIOM flux at low 598 

wind speed occurred due to the absence of biological activity in the flux footprint 599 

area (within ~10 km from the measurement location). Another possibility is that 600 

there is no measurable concentration increase in WIOM mass at wind speeds 601 

below 7 m s
-1

 resulting in the negative flux as WIOM is being removed from the 602 

surface layer due to the largely absent source.  603 



The WIOM flux was best fitted to the linear function (all other functional forms 604 

were associated with uncertainties far larger than the coefficient values) and 605 

there were reasons why it might be so. The WIOM content in sea spray depends 606 

on two processes: (1) fractional contribution of OM to sea spray as a function of 607 

biological activity and/or organic matter concentration and physico-chemical 608 

state in sea water; and (2) sea spray production flux as a function of wind stress 609 

or wave state. The two processes are independent and combine differently during 610 

different seasons. For example, during summer the fractional contribution of OM 611 

is typically higher, but the sea spray flux is typically lower while during winter 612 

the production flux would typically be high (due to deeper low pressure systems 613 

generating higher wind speeds), but the fractional contribution of OM would be 614 

the lowest.  615 

The water soluble organic matter exhibited the removal gradient throughout the 616 

study period which allowed studying a seasonal pattern of a sink and a 617 

dependence on meteorological parameters. Individual WSOM concentration 618 

profiles were first fitted to power law using concentrations at all three heights 619 

and then the resulting fluxes were calculated by the Equation 1 at 10 meter 620 

height. The reason why all three heights were used is that WSOM concentration 621 

profiles pointed to a well-established removal profile with the surf-zone having 622 

minimal if any impact. The removal rate dependence on the wind speed is 623 

presented in Figure 7 (right) and attempted to fit to the power law. It turned out 624 

that the WSOM removal rate or sink was dependent on the wind speed, but with 625 

the large uncertainty and, therefore, declared unreliable. Due to the large 626 

uncertainty of the individual fluxes the actual removal rate was uncertain too, but 627 

worth noting that the removal rate of WSOM was opposite in sign to WIOM 628 

production flux. 629 

 630 

3.3 A comparison with the other flux-wind speed relationships 631 

Given the uncertainty of the derived sea salt flux and wind speed 632 

parameterisation it was important to compare it with other available source 633 

functions. Equally important was to cover a wide range of methods used to 634 

derive fluxes. Figure 8 presents the source functions for which submicron sea salt 635 

mass could have been calculated and include the following: Callaghan (2013), 636 

Clarke et al. (2006), Fuentes et al. (2010), Gong-Monahan (Gong, 2003), 637 



Martensson et al. (2003), Ovadnevaite et al. (2012; 2013) and this study. Clarke 638 

et al. (2006), Fuentes et al. (2010) and Martensson et al. (2003) parameterisations 639 

were derived in either laboratory conditions or in-situ surf breaking waves and 640 

coupled with Monahan and Muircheartaigh (1980) whitecap parameterisation to 641 

yield flux wind speed relationship. All of the above parameterisations were based 642 

on exploring SMPS measurement data. Gong et al. (2003) used an original 643 

Monahan (Monahan et al., 1982) parameterisation obtained in the laboratory 644 

experiment and adjusted for the size range <0.2 µm. Callaghan (2013) used in-645 

situ whitecap measurements developing a discrete whitecap method and Gong 646 

(2003) parameterisation to obtain submicrometer sea salt mass flux and wind 647 

speed parameterisation. While the Callaghan (2013) paper proposes a new SSA 648 

source function, it pulls the whitecap parameterisation from the Callaghan et al. 649 

(2008) paper. One of the primary findings of the Callaghan (2013) work was the 650 

importance of choosing the correct whitecap timescale for the discrete whitecap 651 

method in particular. Finally, Ovadnevaite et al. (2012; 2013) and flux-gradient 652 

method of this study used ambient measurement data (real-time AMS sea salt 653 

measurements, SMPS measurements and PM1 gradient measurements, 654 

respectively), but were completely independent of each other and different in 655 

terms of the utilised methods. It should be noted, that despite the fact that the 656 

latter methods estimated net fluxes as opposed to production fluxes measured in 657 

the laboratory experiments, deposition fluxes are typically small, in the order of 658 

2-4% in submicron particle range (Hoppel et al., 2002). The presented 659 

parameterisations fall into two regimes as seen in Figure 9: Clarke et al. (2006), 660 

Fuentes et al. (2010), Gong (2003) and Martensson et al. (2003) 661 

parameterisations exhibit a significantly higher wind-speed dependency 662 

compared to the more recent parameterisations by Callaghan (2013), 663 

Ovadnevaite et al. (2012; 2013) and this study. Note, that all the latter 664 

parameterisations were based on ambient measurement data. The split into 665 

regimes is even more apparent on a linear flux scale. It must be noted that up 666 

until now majority of global or regional scale models used one of the former four 667 

parameterisations (Gong, 2003; Martensson et al., 2003; Clarke et al., 2006; 668 

Fuentes et al., 2010) typically resulting in the overestimated mass concentrations 669 

(e.g. (Textor et al., 2006; de Leeuw et al., 2011). Figure 7 reiterates the 670 

conclusion made by Ovadnevaite et al. (2012) that the improvements were 671 



needed in both whitecap parameterisation, now addressed by Callaghan (2013); 672 

and the more realistic differential aerosol productivity term recently advanced by 673 

Ovadnevaite et al.(2013). It is reasonable to suggest that the laboratory 674 

experiments or the in-situ surf breaking waves were most likely unable to 675 

realistically replicate air entrainment by the open ocean breaking waves and 676 

consequently formed bubble plumes, resulting in unrealistic whitecap coverage 677 

and/or size distributions. The most recently developed parameterisation by 678 

Ovadnevaite et al. (2013) advanced even further by introducing Reynolds 679 

number instead of a commonly used wind speed, thereby removing the 680 

uncertainty related to the sea wave state (during rising or waning winds) and 681 

implicitly containing sea surface water temperature and salinity which have been 682 

both implicated to altering aerosol production (Martensson et al., 2003; Jaegle et 683 

al., 2011; Zabori et al., 2012). 684 

It can be argued that the new whitecap parameterisation of Callaghan et al. 685 

(2013) coupled with Clarke et al. (2006), Fuentes et al. (2010) and Martensson et 686 

al. (2003) parameterisations would bring all of them closer to the more recent 687 

parameterisations, however, it is important to make few distinctive comments. 688 

While the Gong-Monahan parameterisation has decreased the sea salt mass flux 689 

when coupled with Callaghan (2013) whitecap parameterisation instead of the 690 

original Monahan (Monahan et al., 1982) whitecap parameterisation, the size 691 

resolved flux remains unrealistic due to the arbitrary adjusted submicron size 692 

distribution below 0.2 µm (Gong, 2003). A single mode centred at around 100nm 693 

fails to reproducing submicron size distributions observed in ambient air in 694 

stormy maritime boundary layer (Ovadnevaite et al., 2013). Similarly, Clarke et 695 

al. (2006), Fuentes et al. (2010) and Martensson et al. (2003) parameterisations, 696 

even when coupled with Callaghan (2013) whitecap parameterisation, would still 697 

predict concentrations far in excess of observed concentrations. The size resolved 698 

fluxes are crucial in predicting direct and indirect climate effects and have to be 699 

benchmarked against the ambient rather than the laboratory measurements unless 700 

both reasonably agree.  701 

The most significant limitation of the flux-gradient method is that it allowed 702 

calculating fluxes up to moderate wind speed only. It is extremely rare that the 703 

average wind speed above 15 m s
-1

 would be sustained over a week period. 704 

Therefore, the sea spray source function method proposed by Ovadnevaite et al. 705 



(2012; 2013) has to be considered as the more useful source function covering 706 

wind speed range of up to 26 m s
-1

. It should be also noted that the applicability 707 

of the Clarke et al.(2006), Fuentes et al. (2010) and Martensson et al. (2003) 708 

parameterisations come more questionably for higher wind speeds as the 709 

divergence between the more recent parameterisations becomes progressively 710 

greater and the slope of the dependency curve becomes unrealistically steep. 711 

 712 

3.4 WIOM and chlorophyll-a relationship 713 

Gantt et al. (2011) suggested that fractional contribution of organic matter in sea 714 

spray particles depends not only on the biological activity in oceanic surface 715 

waters, but also the wind speed at the point of emission. The data of this study 716 

were examined according to the approach of Gantt et al. (2011). Figure 9 717 

presents inter-relationship between fractional organic matter contribution to sea 718 

spray (OMss=WIOM/(WIOM+SS)), wind speed using the data set of this study 719 

which were not part of the dataset used by Gantt et al. (2011) and chlorophyll-a 720 

concentration in the open ocean area area upwind from Mace Head as examined 721 

in Rinaldi et al. (2013). Open ocean region was 10x10deg or roughly 1000x1000 722 

km upwind from Mace Head. Only WIOM was taken into account in calculating 723 

fractional contribution of OM in sea spray. Notwithstanding the fact that a 724 

fraction of measured WSOM was associated with sea spray and formed by 725 

processing primary WIOM, quantitative assessment is beyond current 726 

knowledge. Both relationships were statistically significant (P<<0.01) and 727 

explained 58% of the variance (top plots) suggesting an overlap. The obtained 728 

relationships agree well with the relationship reported by Rinaldi et al. (2013) 729 

based on an extended dataset (reaching 70% OM fractional contribution at 1.0 µg 730 

m
-3

). Further, when the former relationship is coloured by the chlorophyll-a 731 

concentration in the oceanic region upfront of the measurement location at Mace 732 

Head, no apparent pattern can be discerned (bottom plot) apart from general 733 

mutual relationship. It can be concluded, that while the OMss dependence on 734 

wind speed is significant it may actually be weaker than the OMss and 735 

chlorophyll-a relationship due to inter-dependence of wind speed and 736 

chlorophyll-a – wind speed is higher in winter when chlorophyll-a concentration 737 

is at its lowest and vice versa – thereby contributing to the excessive variance of 738 

OMss and wind speed. Note that seasonal relationship between wind speed and 739 



chlorophyll is simply a coincidence. For example, the effect of wind speed could 740 

be elucidated if very low OM fractional contributions were often observed during 741 

summer or high fractional contributions during winter which was never the case 742 

with very few exceptions (only two). However, it is hardly a coincidence that the 743 

two points (top right plot in Figure 9) with rather similar chlorophyll-a 744 

concentration (~0.4 µg m
-3

) residing outside the 95% confidence bands are the 745 

ones characterised with the lowest and the highest wind speed re-affirming that 746 

the effect of wind speed is real, but difficult to separate from the OMss and 747 

chlorophyll-a relationship. In conclusion, wind stress is the driver of primary sea 748 

spray production, but biological productivity is modifying sea spray chemical 749 

composition. Last but not least, it is important to note that the chlorophyll-a 750 

concentration is only useful as a proxy of biological activity which can affect a 751 

fraction of primary organic matter in sea spray in different ways depending on 752 

the trophic level interactions. 753 

 754 

3.5 Seasonality of observed concentrations, gradients and fluxes 755 

The sampling strategy aimed at capturing two samples per month providing that 756 

clean marine conditions were prevailing and each sample lasted on average 50% 757 

of time during the calendar week. In reality, fifteen samples were collected 758 

covering full year (April 2008 – May 2009) as listed in Table 1. The observed 759 

seasonal cycle may not have been typical, but allowed to examine fluxes 760 

associated with varying oceanic conditions throughout the calendar year.  761 

The observed chemical species concentrations have been typical of those 762 

documented at Mace Head by Yoon et al. (2007) and Ovadnevaite et al. (2014). 763 

Sea salt concentrations and respective fluxes were generally the largest in winter 764 

(0.2-0.85 µg m
-3

 and 0.9-2.5 ng m
-2

 s
-1

, respectively) and the smallest in summer 765 

(0.07-0.5 µg m
-3

 and 0.1-0.6 ng m
-2

 s
-1

, respectively) which was mainly due to 766 

the wind pattern over the North East Atlantic (Jennings et al., 2003; O'Dowd et 767 

al., 2014). However, occurrence of deep low pressure system in e.g. September 768 

2008 with corresponding high winds resulted in high sea salt concentrations and 769 

large fluxes despite seasonal pattern suggesting otherwise. Therefore, sea salt 770 

fluxes should be considered independent of the season and dependant on the 771 

wind speed. On the other hand, it has been suggested that sea salt can be replaced 772 

in primary sea spray by primary marine OM (Oppo et al., 1999; Facchini et al., 773 



2008b) in which case sea salt fluxes estimated from observed concentrations 774 

would become smaller. This is at least partially reflected in the differences 775 

between sea salt and sea spray fluxes and the larger respective sea spray flux 776 

uncertainties. Also, the stronger sea salt and wind speed power law relationship 777 

compared to pure sea salt relationship presented in Ovadnevaite et al. (2012) 778 

suggests that the smaller sea salt fluxes during summer may be due to the 779 

aforementioned replacement effect and may have constrained the relationship to 780 

the higher power. Furthermore, Vaishya et al. (2012) showed that aerosol 781 

scattering dependence on the wind is different between contrasting seasons 782 

suggesting the effect of primary marine OM on sea spray production. However, 783 

considering the uncertainties of the flux-gradient method, a quantitative proof of 784 

the aforementioned effect was not possible. 785 

The WIOM concentrations and fluxes revealed a much more complex pattern. 786 

The absolute concentrations were lower in winter (0.06 - 0.19 µg m
-3

) and higher 787 

in summer (0.1 - 0.44 µg m
-3

) following the pattern of oceanic biological activity 788 

lately reaffirmed by Ovadnevaite et al. (2014). The seasonal variation of WIOM 789 

gradients and fluxes, however, was different as the gradients depended on 790 

biological activity in the flux footprint region (0.2-10 km from the coast) while 791 

the fluxes depended both on the biological activity and wind speed dependent sea 792 

spray production in the flux footprint area. The three distinct profiles of WIOM 793 

gradients presented in Figure 3 clustered in characteristic periods. The removal 794 

gradient prevailed in late spring and early summer when biological activity was 795 

waning close to the coast. Yoon et al. (2007) demonstrated that biological 796 

activity revealed by chlorophyll proxy has been typically starting at the coast 797 

early in the season and then gradually moving off-shore and northward, thereby 798 

affecting the WIOM gradients and corresponding fluxes. The production gradient 799 

manifested itself during late summer and early spring, reaffirming conclusions 800 

made by Yoon et al. (2007) about the presence of two or more phytoplankton 801 

bloom peaks during the biologically active season. The mixed WIOM profile 802 

prevailed during autumn when biological activity was waning over the North 803 

East Atlantic, but at the same time shifting closer to the coast. The spatial 804 

resolution of satellite chlorophyll data and the large errors associated with coastal 805 

interfaces in particular (Darecki and Stramski, 2004; Gregg and Casey, 2007) 806 

prevented exploring the relationship between coastal biological activity and 807 



WIOM gradients, fluxes and its fractional contribution to sea spray. Previous 808 

chapter demonstrated that open ocean biological activity revealed by the 809 

chlorophyll proxy upwind from Mace Head correlated well with the WIOM 810 

fractional contribution to sea spray validating the seasonal pattern of WIOM 811 

gradients and fluxes. Therefore, despite WIOM fluxes were found dependent on 812 

biological activity in the flux footprint area (0.2-10km) that did not invalidate a 813 

relationship between WIOM and chlorophyll in the open ocean over the North 814 

East Atlantic. Recently, Long et al. (2014) demonstrated a diurnal signal in 815 

primary marine OM production suggesting that sunlight-mediated biogenic 816 

surfactants may have a previously overlooked role. However, time resolution of 817 

the gradient samples (weekly) and randomness of clean sector sampling during 818 

day and night, prevented exploring the effect in this study. However, the results 819 

of this study do not contradict the above study either as the primary marine OM 820 

production would be enhanced in summer compared to other seasons following 821 

radiation pattern. 822 

 823 

3.6 Boundary layer filling time 824 

The boundary layer filling time helps to understand a conceptual relationship 825 

between the species concentration and its corresponding flux. The calculated sea 826 

salt fluxes allowed an estimation of an important parameter called boundary 827 

layer filling time τ according to the following equation: 828 


MBL

eff

HC
F


    (4) 829 

where Feff is the effective flux; C is the concentration; HMBL is the height of 830 

marine boundary layer. 831 

 832 

The boundary layer filling time for each sampling period was calculated using 833 

the measured boundary layer height (day or night providing clean sector 834 

condition were met), calculated sea salt flux (Figure 6) and the absolute sea salt 835 

concentration at 30m level assumed as representative of the well mixed boundary 836 

layer. The surface mixed layer (SML) height obtained from LIDAR 837 

measurements varied in the range of 846-1102 meters among the eight periods 838 

for which overlapping LIDAR measurements were available. An occasional 839 

formation of nocturnal boundary layer was ignored here due to the nature and 840 



resolution of the gradient samples. The corresponding filling time range was 841 

calculated as 0.9-5.1 days with the median value of 1.8 days. Similar values of 842 

the time constant to reach equilibrium concentration in the boundary layer taking 843 

into consideration particle sizes were obtained by Hoppel et al. (2002) and the 844 

value of 2 used by Ovadnevaite et al. (2012) in calculating the sea salt mass flux 845 

based on sea salt concentration measurement. It is important to note, however, 846 

that the filling time constant is a feature of a particular low pressure system 847 

arriving at the point of observation in a connecting flow. Moreover, the flux-848 

gradient method is independent of the filling time and pretty insensitive to 849 

precipitation which would mainly affect the absolute concentration value not 850 

used in this study (concentration gradient was used instead). All other things 851 

equal, the absolute concentration in the well mixed boundary layer would 852 

continuously increase at a given flux eventually reaching steady state. Figure 10 853 

helps to visualise various relationships between the four parameters: sea salt 854 

concentration, sea salt flux, wind speed and boundary layer filling time. The 855 

shortest filling time was obtained for the periods of the highest flux when the 856 

absolute concentration was at its lowest. Clearly, the strongest winds could not 857 

be sustained over the long periods of time to achieve a proportionally high 858 

absolute mass concentration.  859 

The longest boundary layer filling times should be attributed to the series of 860 

well-defined low pressure systems without significant precipitation and the 861 

calculated flux should be representative of the entire region of concentration 862 

footprint which is many tens to few hundred kilometres upwind from Mace Head 863 

(Ceburnis et al., 2008). 864 

 865 

4 Conclusions 866 

Marine aerosol sources, sinks and chemical fluxes were studied over the entire 867 

year by the gradient method. The chemical fluxes of primary species, such as sea 868 

salt, and more generally sea-spray were found to show strong power law 869 

relationship with the wind speed. The power law exponent of sea salt mass 870 

source function was 3.15 which was fractionally higher than the generally 871 

considered cubic power law relationship. The flux versus wind speed relationship 872 

of WIOM was found to be linear resulting from a dependence on the biological 873 

activity in oceanic waters as supported by the linear dependence of fractional 874 



contribution of organic matter on chlorophyll-a concentration and the power law 875 

relationship of sea spray production. The study of certain secondary species 876 

(nitrate, oxalate, MSA, WSON) was performed for the first time revealing their 877 

mainly secondary origin, but also interactions with primary sea spray. The 878 

seasonal pattern of concentrations, gradients and corresponding fluxes 879 

highlighted complex interactions between biological activity, especially in the 880 

flux footprint area, and wind driven sea spray production. The marine boundary 881 

layer filling time was found to be variable in the range of 1 to 5 days linking 882 

species concentration, flux and wind speed. The obtained sea salt mass flux and 883 

wind speed parameterisation compared very well with other parameterisations 884 

which used carefully selected ambient measurement data. The comparison with 885 

the range of available flux-wind-speed parameterisations revealed significant 886 

advances in the development of the sea spray source function for the benefit of 887 

global climate models. 888 
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Table 1. Gradient sample weekly collection time scale and the number of hours 1228 

each sample was sampled during 13 month period in 2008-2009. 1229 

Sampling period Dura 

tion, h 

Sampling period Dura 

tion, h 

Sampling period Dura 

tion, h 

10-15/04/2008 36.8 30/06-07/07/2008 24.4 11-18/12/2008 72.8 

24-29/04/2008 72.6 14-22/07/2008 147.5 14-21/01/2009 74.8 

29/04-07/05/2008 10.3 22-29/08/2008 146.5 25/02-04/03/2009 131.5 

27/05-06/06/2008 53.0 08-18/09/2008 84.0 04-11/03/2009 121.5 

25/06-30/06/2008 69.3 30/09-10/10/2008 106.7 05-12/05/2009 87.7 

 1230 

 1231 

Table 2. Absolute concentration ranges of measured chemical species. 1232 

Chemical species Concentration range, g m
-3

 

Sea salt (SS) 0.066-2.571 

Nss SO4 0.042-0.829 

NO3 0.001-0.037 

NH4 0.001-0.127 

MSA 0.002-0.428 

WSOM 0.047-1.568 

WIOM 0.061-0.990 

WSON 0.001-0.071 

DMA 0.001-0.052 

DEA 0.001-0.082 

Oxalate 0.002-0.059 
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 1235 

Table 3. Uncertainty of the fitted parameters (± one standard deviation) of 1236 

derived parameterisations in Figures 7-8. 1237 

Parameterisation Linear coefficient Power coefficient 

Sea salt vs U10 

FSS=0.0011U10
3.15 

 

0.0011±0.0014 

 

3.15±0.55 

Sea spray vs U10 

Fsea spray=0.0007U10
3.4 

 

0.0007±0.001 

 

3.4±0.6 

WIOM vs U10 

FWIOM=-0.73+0.10U10 

 

0.10±0.03 

Intercept 

-0.73±0.28 
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 1240 

 1241 

 1242 

Figure 1. A relationship between the coefficient of turbulent-transfer Kz (eddy 1243 

diffusivity) and the horizontal wind speed in clean marine air over the whole 1244 

sampling period. 30 min data from eddy covariance system (blue open circles) 1245 

and averaged eddy covariance data for the duration of gradient samples (black 1246 

circles) were both fitted by power law relationship. 1247 
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 1251 

Figure 2. A dependence of the coefficient of turbulent-transfer Kz on the 1252 

horizontal wind speed and normalised standard deviation of horizontal wind 1253 

speed during April 2008 (a randomly chosen subset of data).  1254 
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 1257 

Figure 3. The gradient profiles of chemical species studied: species resembling 1258 

primary production (top left); inorganic species resembling secondary production 1259 

(top right); organic secondary species (bottom left) and water insoluble organic 1260 

matter split into production, removal and mixed profiles (bottom right). 1261 
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 1264 

 1265 

 1266 

Figure 4. A scatter plot of sulphate neutralisation by ammonium with respect to 1267 

sampling height. 1268 
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 1272 

Figure 5. Plots of sea salt and secondary species which resembled primary 1273 

production concentration pattern: SS vs NO3 (top left); SS vs Oxalate (top right); 1274 

SS vs MSA (bottom left) and WSOC vs WSON (also plotted as the sum of 1275 

dimethylamine and diethylamine)(bottom right). Note, that WSOC and WSON 1276 

concentration are presented as µg of carbon or nitrogen mass, respectively, while 1277 

all other species reported in absolute species concentrations. 1278 
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 1280 

 1281 

Figure 6. Sea salt and sea spray net production flux versus wind speed. 1282 

Individual uncertainties of the flux and wind speed marked with caps while the 1283 

grey area denotes 95% confidence bands of the fitted parameterisations. 1284 
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 1286 

 1287 

Figure 7. Water insoluble organic matter net production flux versus wind speed 1288 

(left) and the dependence of the WSOM removal rate on wind speed (right). 1289 

Individual uncertainties of the flux and wind speed marked with caps while the 1290 

grey area denotes 95% confidence bands of the fitted parameterisations. WSOM 1291 

relationship was not parameterised due to large uncertainties. 1292 
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 1294 

 1295 

Figure 8. A comparison of the most often used and recently developed sea spray 1296 

and wind speed parameterisations in log scale (left) and linear scale (right). The 1297 

grey area denotes the 95% confidence bands of the flux-gradient fitted 1298 

relationship. 1299 
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 1302 

 1303 

Figure 9. Effect of wind speed and chlorophyll-a concentration on the fractional 1304 

contribution of organic matter (OMss): OMss vs WS (top left); OMss vs 1305 

chlorophyll-a (top right) and OMss vs WS coloured by chlorophyll-a (bottom). 1306 

Individual uncertainties of the flux and wind speed marked with caps while the 1307 

grey area denotes 95% confidence bands of the fitted parameterisation. 1308 
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 1312 

Figure 10. A relationship between sea salt absolute concentration (y-axis), sea 1313 

salt flux (x-axis), wind speed (colour) and boundary layer filling time (marker 1314 

size). 1315 
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Table S1. Measurement uncertainties of concentration profiles for individual 1318 

chemical species. 1319 

ID sample Height NH4 NO3 WSON WSOC WIOC Na SO4 dma dea Oxa MSA 

Nss 

SO4 

MH100408 3 6% 5% 92% 16% 11% 5% 5% <DL <DL 5% 5% 6% 

MH100408 10 5% 5% 61% 13% 10% 5% 5% <DL <DL 5% 5% 6% 

MH100408 30 5% 5% 55% 9% 9% 5% 5% 9% 15% 5% 5% 5% 

MH240408 3 8% 5% 49% 10% 12% 5% 5% <DL <DL 5% 5% 6% 

MH240408 10 5% 5% 27% 8% 10% 5% 5% <DL <DL 5% 5% 6% 

MH240408 30 5% 29% 77% 6% 9% 5% 5% 9% 15% 5% 5% 5% 

MH290408 3 29% 5% <DL 49% 26% 5% 5% <DL <DL <DL 5% 6% 

MH290408 10 32% 5% <DL 22% 29% 5% 5% <DL <DL <DL 5% 6% 

MH290408 30 13% 24% 10% 7% 15% 5% 5% 9% 15% <DL 5% 5% 

MH270508 3 5% 5% <DL 8% 12% 5% 5% <DL <DL 5% 5% 6% 

MH270508 10 5% 8% 41% 8% 10% 5% 5% <DL <DL 10% 5% 5% 

MH270508 30 5% <DL 125% 7% 10% 5% 5% 9% 15% <DL 5% 5% 

MH250608 3 20% 5% 34% 7% 15% 5% 5% 9% <DL 5% 5% 7% 

MH250608 10 5% 11% 77% 6% 11% 5% 5% <DL <DL 5% 5% 5% 

MH250608 30 5% <DL <DL 5% 11% 5% 5% 9% 15% <DL 5% 5% 

MH300608 3 <DL 5% <DL 22% 22% 5% 5% <DL <DL 5% 5% 6% 

MH300608 10 <DL 5% 105% 19% 15% 5% 5% <DL <DL 5% 5% 6% 

MH300608 30 7% 7% 15% 13% 13% 5% 5% 9% 15% 5% 5% 5% 

MH140708 3 5% 32% 28% 6% 10% 5% 5% 9% 15% 5% 5% 5% 

MH140708 10 5% <DL 15% 5% 12% 5% 5% <DL <DL 5% 5% 5% 

MH140708 30 5% <DL 28% 5% 13% 5% 5% 9% 15% 5% 5% 5% 

MH220808 3 5% 5% 23% 5% 19% 5% 5% 9% 15% 5% 5% 5% 

MH220808 10 5% 5% 13% 5% 24% 5% 5% <DL <DL 5% 5% 5% 

MH220808 30 5% 41% 63% 5% 21% 5% 5% 9% 15% 5% 5% 5% 

MH080908 3 54% 5% 19% 11% 12% 5% 5% <DL 15% 5% 5% 7% 

MH080908 10 85% 5% 8% 7% 10% 5% 5% <DL <DL 5% 5% 6% 

MH080908 30 5% 5% 18% 8% 12% 5% 5% 9% 15% 5% 5% 6% 

MH011008 3 5% 8% 9780% 29% 14% 5% 5% <DL 15% <DL 5% 9% 

MH011008 10 5% 5% <DL 18% 11% 5% 5% <DL <DL 5% 5% 7% 

MH011008 30 5% 10% 28% 15% 12% 5% 5% 9% 15% 22% 5% 7% 

MH111208 3 17% 8% <DL 38% 13% 5% 5% <DL <DL 7% 27% 9% 

MH111208 10 <DL 5% 45% 15% 11% 5% 5% <DL <DL 6% 12% 7% 

MH111208 30 5% 10% <DL 14% 23% 5% 5% 9% 15% 8% 22% 6% 

MH140109 3 23% 5% <DL 23% 15% 5% 5% <DL <DL 10% <DL 21% 

MH140109 10 <DL 8% <DL 13% 14% 5% 5% 9% 15% 11% <DL 16% 

MH140109 30 <DL 7% 52% 11% 25% 5% 5% 9% 15% <DL <DL 13% 

MH250209 3 5% 5% 100% 10% 12% 5% 5% <DL <DL 5% 5% 7% 

MH250209 10 5% 5% 12% 5% 14% 5% 5% <DL <DL 6% 5% 6% 

MH250209 30 5% 5% 678% 8% 13% 5% 5% 9% 15% 5% 5% 6% 

MH040309 3 5% 5% <DL <DL 5% 5% 5% <DL <DL 7% 5% 14% 

MH040309 10 5% 5% <DL 24% 13% 5% 5% <DL <DL <DL 5% 12% 

MH040309 30 6% 6% 40% 26% 17% 5% 5% 9% 15% <DL 6% 7% 

MH050509 3 5% 5% 33% 10% 11% 5% 5% <DL <DL 16% 5% 6% 

MH050509 10 5% 5% 10% 6% 13% 5% 5% <DL <DL 9% 5% 6% 

MH050509 30 5% 12% 23% 6% 19% 5% 5% 9% 15% 8% 5% 5% 
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