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Abstract 10 

Volatile organic compounds (VOCs) are ubiquitous in the atmosphere and are important for atmospheric chemistry. Large 

uncertainties remain in the role of the ocean in the atmospheric VOC budget because of poorly constrained marine sources and 

sinks. There are very few direct measurements of air–sea VOC fluxes near the coast, where natural marine emissions could 

influence coastal air quality (i.e. ozone, aerosols) and terrestrial gaseous emissions could be taken up by the coastal seas. 

To address this, we present air–sea flux measurements of acetone, acetaldehyde and dimethylsulfide (DMS) at the coastal 15 

Penlee Point Atmospheric Observatory (PPAO) in the Ssouth-Wwest UK during the spring (Apr-May 2018). Fluxes of these 

gases are quantifiedwere measured simultaneously by eddy covariance (EC) using a proton transfer reaction quadrupole mass 

spectrometer. Comparisons are made between two wind sectors representative of different air–water exchange regimes: the 

open- wateropen water sector facing the North Atlantic Ocean and the fetch-limitedterrestrially influenced Plymouth Sound 

fed by two estuaries. 20 

Mean EC (± 1 standard error) fluxes of acetone, acetaldehyde and DMS from the open-wateropen water wind sector 

were -8.0±0.8, -1.6±1.4 and 4.7±0.6 μmol m-2 d-1 respectively (- sign indicates net air-to-sea deposition). These measurements 

are generally comparable (same order of magnitude) to previous measurements in the Eastern North Atlantic Ocean at the 

same latitude. In comparison, the terrestrially influenced Plymouth Sound wind sector showed respective fluxes of -12.9±1.4, 

-4.5±1.7 and 1.8±0.8 μmol m-2 d-1. The greater deposition fluxes of acetone and acetaldehyde within the Plymouth Sound were 25 

likely to a large degree driven by higher atmospheric concentrations from the terrestrial wind sector. The reduced DMS 

emission from the Plymouth Sound was caused by a combination of lower wind speed and likely lower dissolved 

concentrations as a result of the freshwater estuarine influence (i.e. dilution). 

In addition, we measured the near surface seawater concentrations of acetone, acetaldehyde, DMS and isoprene from a 

marine station 6 km offshore. Comparisons are made between EC fluxes from the open- wateropen water and bulk air–sea 30 

VOC fluxes calculated using air/water concentrations with a two-layer (TL) model of gas transfer. The calculated TL fluxes 

are largely consistentagree with the EC measurements with respect to the directions and magnitudes of fluxes, implying.  that 

any recently proposed surface emissions of acetone and acetaldehyde would be within the propagated uncertainty of 2.6 umol/ 

m-2/ d-1. Accordingly, tThe computed transfer velocities of DMS,  and acetone, and acetaldehyde from the EC fluxes and 

air/water concentrations are largely consistent with previous transfer velocity estimates from the open ocean. This suggests 35 

that wind, rather than bottom-driven turbulence and current velocity, is the main driver for gas exchange within the open water 

sector at PPAO (depth of ~. 20 m).  
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1 Introduction 

Volatile organic compounds (VOCs) are ubiquitous in the atmosphere and play an important role in atmospheric chemistry 

and carbon cycling in the biosphere (Heald et al., 2008). Many VOCs can influence the oxidative capacity of the atmosphere 40 

by acting as a source or sink of atmospheric ozone (O3) and hydroxyl radicals (Atkinson, 2000; Lewis et al., 2005), and 

subsequently could indirectlythereby influencinge local air quality. The lower-volatility oxidation products, produced from 

reactions of some VOCs with atmospheric oxidants, can condense into particulates and form cloud condensation nuclei (CCN) 

(Charlson et al., 1987; Blando and Turpin, 2000; Henze and Seinfeld, 2006), affecting the Earth’s radiative forcing and climate. 

The terrestrial environment is the largest source of VOCs to the atmosphere with the flux emission dominated by isoprene 45 

from plant foliage (Guenther et al., 2006). Terrestrial biological processes also produce carbonyls including ketones and 

aldehydes in varying amounts (Kesselmeier and Staudt, 1999). Large uncertainties exist however with respect to the role that 

the ocean plays as a net source or sink of these gases (Broadgate et al., 1997; Arnold et al., 2009; Millet et al., 2010; Fischer 

et al., 2012; Wang et al., 2019). This is due to poorly quantified air–sea fluxes as well as uncertainties in the biogeochemical 

and physical processes that control them. 50 

Acetone and acetaldehyde are carbonyl-based VOCs that have been shown to make up to ~57 % of the carbon mass of all 

non-methane organic carbon compounds in remote marine air over the North Atlantic Ocean (Lewis et al., 2005). These VOCs 

have been detected in the surface ocean at concentrations of up to tens of nM (Zhou and Mopper, 1997; Williams et al., 2004), 

withK known oceanic sources includeing the photochemical degradation of dissolved organic matter (DOM) in bulk seawater 

(Kieber et al., 1990; Zhou and Mopper, 1997; Zhu and Kieber, 2018) and possibly autotrophic/heterotrophic biological 55 

processes (Halsey et al., 2017; Schlundt et al., 2017). The heterogeneous oxidation of DOM at the sea surface has also recently 

been identified as a source of carbonyl-containing VOCs (Zhou et al., 2014; Ciuraru et al., 2015), however the significance of 

this is currently unknown.  

Dimethylsulfide (DMS) is a biogenic sulfur-containing VOC that constitutes the majority of the organic sulfur in the 

atmosphere (Andreae et al., 1985). It is produced in the surface ocean from the degradation of the algal osmolyte 60 

dimethylsulfoniopropionate (Kiene et al., 2000) and subsequently emitted in to the atmosphere. DMS remains is often the 

dominant source of sulfur in the marine atmosphere (Yang et al., 2011b), and the oxidation products of DMS can act as CCN 

(Charlson et al., 1987; Veres et al., 2020). 

Isoprene is an unsaturated terpene-based VOC that is produced in the ocean by a broad range of phytoplankton as a 

secondary metabolic product (Moore et al., 1994; Shaw et al., 2003; Exton et al., 2013; Booge et al., 2016; Dani and Loreto, 65 

2017). Oceanic sources of isoprene are important for the remote marine atmosphere (Lewis et al., 2001; Arnold et al., 2009; 

Booge et al., 2016) where transport from terrestrial sources is negligible due to the isoprene’s very short atmospheric lifetime 

(~30 min; Carslaw et al., 2000). 

The main oceanic sink of most VOCs is biological metabolism at varying rates (Dixon et al., 2014; Royer et al., 2016; 

Halsey et al., 2017). Surface seawater concentrations of acetone and acetaldehyde tend not to be very sensitive towards their 70 

air–sea fluxes (Beale et al., 2015). Emission to the atmosphere is generally considered to be a small loss for seawater DMS 

(Yang et al., 2013b) but a much larger loss relatively for seawater isoprene (Booge et al., 2018).  

There have been very few direct measurements of air–sea VOC fluxes with the eddy covariance (EC) technique (e.g. 

Marandino et al., 2005; Yang et al., 2013c, 2014b; Kim et al., 2017). More often, the fluxes are estimated with the bulk method 

using air/sea concentrations in a two-layer (TL) model (e.g. Baker et al., 2000; Beale et al., 2013; Wohl et al., 2020). Most 75 

studies focus on the open ocean air–sea exchange, while air–sea VOC flux measurements from the coast are essentially non-

existent (EC or bulk). Compared to the open ocean, the coastal waters tend to be very biogeochemically dynamic 

biogeochemically (Borges et al., 2005; Bauer et al., 2013) and physically. For example, riverine runoffs carry nutrients and 

organic carbon into the coastal seas, which could stimulate intense biological cycling (Cloern et al., 2014).  Furthermore, 

compared to the remote marine atmosphere, coastal air is affected by terrestrial emissions. 80 
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The air–sea gas transfer velocity can be derived by assuming equating that the EC method flux and with the bulk TLmethod 

yield identical fluxestwo-layer flux (e.g. Blomquist et al., 2010; Bell et al., 2013; Yang et al., 2013a, 2014a). Limited studies 

have been undertaken to identify whether open-ocean derived parameterisations of the transfer velocity are applicable to 

coastal systems (Borges et al., 2004; Yang et al., 2019a). Turbulent processes (i.e. wave-breaking, tidal currents, bottom driven 

turbulence) are expected to behave differently in these environments (Upstill-Goddard, 2006), with potential impacts on gas 85 

exchange.  

Here we present air–sea fluxes of acetone, acetaldehyde and DMS determined using the EC technique at a coastal 

observatory in the south–west UK. Using seawater concentrations measured from a marine station 6 km offshore, we further 

compute the TL fluxes of these VOCs as well as that of isoprene. We compare our coastal flux measurements with previous 

observations of open ocean fluxes as well as global model estimates. We further compare the concurrentFrom the EC and TL 90 

fluxes and air/sea concentrations,   and we derive the gas transfer velocities of DMS,  and acetone, and acetaldehyde and 

compare them against previous observations from the open ocean.  

2 Method 

2.1 Location 

The Penlee Point Atmospheric Observatory (PPAO) is a long-term monitoring station and a part of the Western Channel 95 

Observatory (WCO; https://www.westernchannelobservatory.org.uk/penlee/) on the Ssouth–Wwest (SW) coast of the UK 

(50.318° N, -4.189° E). The suitability of the observatory for direct air–sea exchange measurements (momentum, heat, 

greenhouse gases, sea spray aerosols, O3) has been discussed in detail before (Yang et al., 2016a, 2016c, 2019a, 2019b; Loades 

et al., 2020). The PPAO is located on an exposed headland which benefits fromthat is exposed to two distinct wind sectors 

representative of different air–sea exchange regimes. The SW open-wateropen water sector (depth of ~20 m within the flux 100 

footprint) faces the western English Channel and North Atlantic Ocean. The Nnorth–Eeast (NE) Plymouth Sound sector (fetch-

limited with a depth of ~10 m) is influenced by estuarine output from the rivers Tamar and Plym (Uncles et al., 2015) as well 

as natural terrestrial and anthropogenic atmospheric emissions. The theoretical extent of the flux footprint at the PPAO has 

been discussed previously (Yang et al., 2019a; Loades et al., 2020).  

2.2 Set-up and measurements 105 

The EC system here principally consists of a high sensitivity proton transfer reaction – mass spectrometer (PTR-quadrupole-

MS, Ionicon Analytik) and a sonic anemometer (Gill Windmaster Pro). The measurement setup closely followed previous 

PPAO flux campaigns (Yang et al., 2016a, 2016d), with a few adaptations made to accommodate the PTR-MS requirements. 

A simple gas flow diagram is shown in  Fig. 1Figure 1. 

The sonic anemometer was mounted on a mast ~19 m above mean sea level and run at 10 Hz. The air inlet consisted of a 110 

downwards-facing 90 ° union, mounted 30 cm below the anemometer, connected via a 10 m tube to a union tee upstream of 

the air pump (UT1). All PPAO air sampling instruments (including the PTR-MS) sub-sampled ambient air from this union tee. 

A dry pump (Gast 1023 series) was used to draw ambient air into the observatory. The total flow rate was ~13.5 L min-1, as 

calculated from the continuously monitored flow of the pump (Bronkhurst EL-FLOW series) and the sum of independent flows 

of connected instruments. All unions and tubing before UT1 were 9.5 mm internal diameter (ID).  115 

Downstream of UT1 (i.e. closer to the instruments) was a 0.3 m, 3.2 mm ID tube and union tee (UT2), which split the 

sample air between the PTR-MS and other equipment (see Loades at al. (2020) for simultaneous PPAO ozone O3 fluxes). 

Downstream of UT2 (i.e. closer to the PTR-MS) was a 0.3 m, 1.6 mm ID tube, which connected through a solenoid valve 

(Takasago Electric, Inc.) to the 1.2 m, 0.8 mm ID PTR-MS inlet tubing. All tubing, unions, fittings between the mast inlet and 

https://www.westernchannelobservatory.org.uk/penlee/
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PTR-MS inlet were made from perfluoroalkoxySwagelok, while the solenoid valve was polytetrafluoroethylene and the PTR-120 

MS inlet was polyetheretherketone (heated to 80 °C to limit surface adsorption). 

A solenoid valve, controlled from the PTR-MS, was used to automate routine hourly blanking for the VOC measurements. 

At the beginning of the campaign, sample gas (ambient air) was diverted through a platinum catalyst (heated to 450 °C) to 

produce VOC-free air (full oxidation to CO2; Yang and Fleming, 2019). However, the use of the catalyst caused overheating 

within the PPAO building and was replaced with an activated charcoal filter, which unfortunately proved to be inefficient at 125 

removing VOCs. The charcoal filter was replaced with compressed clean air (BOC synthetic air) towards the end of the 

campaign (27/04/18–03/05/18), which yielded the most consistent blanks. Post-campaign experiments show that the 

acetaldehyde background when measuring dry, CO2-free compressed air is lower than measuring moist atmospheric air 

scrubbed by the catalyst by about 0.33 ppbv (Wohl et al., 2020). This difference is due to the different levels of CO2 (accounting 

for ~0.3 ppbv) and to a lesser extent water vapor (accounting for ~0.03 ppbv) between the compressed air and ambient air, 130 

qualitatively consistent with previous works (Warneke et al., 2003; Schwarz et al., 2009). Our calculation of atmospheric 

acetaldehyde mixing ratio accounts for these sensitivities.The sensitivity of the background as a function of sample humidity 

was determined from post-campaign laboratory experiments (Wohl et al., 2019) and applied to the field data. Overall, the 

determination of the VOC backgrounds were more uncertain during this campaign than in previous measurements (Yang et 

al., 2013c). , Hhowever, this is not expected to significantly influence the EC fluxes since the air concentrations were detrended 135 

during the flux calculation (Sect. 2.4).  

The PTR-MS was set to multiple ion detection mode with four VOCs of interest: acetaldehyde, acetone, DMS and isoprene 

(initially at m/z 45, 59, 63 and 69 respectively). Previous experiments (Schwarz et al., 2009) and our laboratory results tests 

(Wohl et al., 2019) show that substantial isoprene fragmentation occurs at the voltage used in these measurements (690 V, 166 

Td). Importantly, the m/z 41 fragment ion was shown to provide a larger and more stable signal than that of the isoprene parent 140 

ion (m/z 69). As a result, a week into the campaign the monitoring of isoprene was changed to m/z 41. The calibration (Sect. 2.5) 

and thus calculation of the isoprene mixing ratio accounted for the fragmentation and the change in ion monitored. The 

quadrupole mass dwell time was set to 50 ms for H3O+ and 100 ms for each VOC. In total, the full ion cycle was just over 450 

ms, which resulted in a sampling frequency of 2.2 Hz. Dwell time for each VOC was a compromise between measurement 

frequency and instrument noise. The PTR-MS parameters are listed in Table A31. Data from the sonic anemometer, flow meter 145 

and PTR-MS were all recorded on the same computer to avoid desynchronisation. 

2.4 Eddy covariance flux calculation 

EC gas fluxes (𝐹) are determined from the correlation between rapid changes (at least a few Hz) in vertical wind velocity 

(𝑤) and the gas mixing ratio (𝑥); 𝐹 = 𝜌𝑎𝑤
′𝑥′̅̅ ̅̅ ̅̅ , where 𝜌𝑎 represents dry air density, the primes represent fluctuations from the 

mean and the overbar represents temporal averaging. Air density was computed using the PPAO air temperature, pressure and 150 

humidity data (Gill Instruments Metpak Pro). Wind measurements were linearly interpolated from 10 Hz to match VOC 

measurement frequency. 

A double wind rotation (Tanner and Thurtell, 1969; Hyson et al., 1977) was applied to each 10 min segment of wind data 

(𝑢 and 𝑣 = horizontal, 𝑤 = vertical), such that 𝑢 became the wind speed (𝑈) in the mean wind direction and 𝑣 and 𝑤 each 

averaged zero. This was done to minimise the effect of flow distortion caused by the headland. 155 

A lag time of approximately 3.5 s between wind and PTR-MS measurements was calculated from the dimensions of the 

tubing and flow rate. The exact latencylag time was further determined hourly using a lag correlation analysis between 𝑤 and 

𝑥 over a window of +10 s. Acetone had the strongest flux signal of the four VOCs measured and was used to determine the 

latencylag time. 
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Lag-adjusted PTR-MS data were used to calculate fluxes in 10 min segments, the sampling interval chosen as the best 160 

compromise between maintaining sufficient flux signal-to-noise ratio and satisfying the stationarity criteria in this dynamic 

region (Yang et al., 2016a, 2016c, 2019a, 2019b).  

The sampling frequency of the PTR-MS is relatively low (2.2 Hz), and the instrument’s response time determined from 

laboratory tests is just under 0.5 s. The computed fluxes were corrected for high frequency signal loss due to: 1) sampling at 

2.2 Hz, and thus missing the flux above the Nyquist frequency of 1.1 Hz and 2) attenuation due to the tubing, using a combined 165 

wind speed dependent attenuation factor (mean 1.09, max 1.18). This signal attenuation was estimated from the instrument’s 

response time following the approach of Yang et al. (2013a). 

The 10 min flux segments that met the quality control criteria (Table A2 for criteria details) were averaged into 1 h or 3 h 

fluxes, which reduces random noise by a factor of ~√6 and ~√18, respectively. Over the entire duration of the campaign, 61 

% of the data were discarded mainly due to in-appropriate wind directions (i.e. from land) or large variability in wind direction 170 

(more common at low wind speeds). Diurnal variability was apparent in the open-wateropen water wind sector data (SW 

winds) with respect to the number of acceptable flux segments. About twice as many flux segments passed quality control in 

the daylight hours compared to at night, which is likely due to a diurnal sea-breeze effect. Therefore, the mean open-water 

fluxes are weighted towards the daytime by a ratio of 2/3. When EC fluxes were averaged across 5 weeks of measurements, 

no difference was observed per hour of the day. No diurnal cycle could be seen in the Plymouth Sound wind sector data (NE 175 

winds), likely in part due to the limited data size. 

Cospectra of acetone and DMS averaged over all quality-controlled periods are shown in Fig. 2 Figure 2 for both the open- 

wateropen water and Plymouth Sound wind sectors. Here the areas between the cospectral curves and zero represent the 

magnitudes of the fluxes. Theoretical cospectral fits constrained by the actual wind speed and measurement height (Kaimal et 

al., 1972) suggest that the measured cospectral shapes were reasonable. The Kaimal fits also showed the high frequency flux 180 

loss (> ~1 Hz) was small, consistent with the estimated high frequency signal loss correction. Acetaldehyde and isoprene are 

not shown here because the bidirectionality in acetaldehyde flux and the low isoprene flux magnitude (Sect. 3.1) cause very 

noisy cospectra. 

2.5 Seawater measurements and two-layer flux calculation 

Discrete seawater samples were collected from the L4 marine time-series station of the WCO, which is ~6 km S–SW of the 185 

PPAO headland. The near surface VOC concentrations are presumed to be similar between L4 and the PPAO open- wateropen 

water flux footprint despite the outflow from the Tamar estuary that hugs the PPAO headland (Uncles et al., 2015); we revisit 

this assumption in Sect. 3.3. Seawater acetaldehyde, acetone, DMS and isoprene concentrations were determined using a 

segmented flow coil equilibrator coupled to the PTR-MS before and after the PPAO campaign (following Wohl et al. (2019)). 

Additional seawater DMS concentration measurements were made weekly at L4 using gas chromatography (following 190 

Hopkins and Archer (2014)) for the Mar–May 2018 period.  

Atmospheric VOC mixing ratios were blank-corrected using the synthetic gas cylinder measurements (27/04/18 onwards, 

see Sect. 2.2), accounting for the humidity dependence in the background for of DMS (mean correction 0.22 and 0.12 ppbv, 

for SW and NE air respectively, estimated from Wohl et al. (2019)) and the CO2 plus humidity dependences in the background 

of acetaldehyde (constant correction 0.33 ppbv estimated from data from Wohl et al. (2020)). We have greater confidence in 195 

the measured atmospheric VOC mixing ratios after switching to synthetic air for the blank measurement. Thus, the EC fluxes 

and the two layer (TL) bulk fluxes were compared over this period (27/04/18–03/05/18) only. Gas phase calibrations of the 

PTR-MS (using a certified gas standard, Apel-Riemer Environmental Inc) before and after the deployment were averaged and 

applied to both the atmospheric and seawater VOC data. 

Surface saturation values of DMS and acetaldehyde were calculated using the recommended solubility from the literature 200 

(Burkholder et al., 2015; Sander, 2015) as a function of temperature and adjusted for salinity (Johnson, 2010). Recent 
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calibrations at environmentally relevant concentrations in seawater suggest that acetone is less soluble than previously thought 

(Wohl et al., 2020); thus the acetone air-over-water solubility recommended by Burkholder et al. (2015) was by divided by 1.4 

as recommended by Wohl et al. (2020).  

The calculation of the bulk TL fluxes requires the use of wind speed dependent gas transfer velocity parametrisations. The 205 

measured wind speed at the PPAO was corrected for flow acceleration due to the headland using results from a comparison 

with a wind sensor on the L4 buoy (Yang et al., 2019a). This scaled the wind speeds from 19 m (height of the PPAO mast) to 

4.9 m (height of L4 wind sensor), and also removed the effect of wind acceleration from the sloped PPAO headland. The 

corrected winds were then scaled to 10 m; 𝑈10 = 𝑈4.9(ln⁡(10 𝑧0)⁄ ln⁡(4.9 𝑧0)⁄⁄ ) , where 𝑧0  represents the aerodynamic 

roughness length calculated from 𝑈 using the COAREG 3.5 model (Edson et al., 2013). Overall, the mean correction factor 210 

was 0.93 (min 0.79 and max 1.39) for the two wind sectors. The relationship between the corrected 𝑈10 and EC friction velocity 

(𝑢∗ = ((𝑢′𝑤′̅̅ ̅̅ ̅̅ )2 + (𝑣′𝑤′̅̅ ̅̅ ̅̅ )2)0.25) shows reasonable agreement with the COAREG 3.5 model as well as with Mackay and Yeun 

(1983) (Figure. S1), which validate these wind corrections. 

Bulk fluxes (𝐹) were calculated following Liss and Slater (1974) and Johnson (2010); 

𝐹 = −𝐾𝑎(𝐶𝑎 − 𝐻𝐶𝑤)            (1) 215 

𝐾𝑎 = (
1

𝑘𝑎
+

𝐻

𝑘𝑤
)
−1

           (2) 

where 𝐾𝑎  represents total airside transfer velocity, 𝐶𝑎  and 𝐶𝑤  represent air and waterside concentrations respectively, 𝐻 

represents air-over-water dimensionless Henry solubility and 𝑘𝑎 and 𝑘𝑤 represent the individual air and waterside transfer 

velocities, respectively. Note that total waterside transfer velocity (𝐾𝑤), more commonly used for waterside controlled gases 

such as DMS and isoprene, is equal to 𝐻𝐾𝑎. 𝑘𝑎was calculated from the COAREG 3.5 model (Edson et al., 2013), which can 220 

be approximated as 𝑘𝑎 ≈ −0.32884𝑈10
3 + 27.428𝑈10

2 + 34.936𝑈10 + 553.71. The VOCs targeted here span only a small 

range in diffusivity in air, and are thus assumed to have the same⁡𝑘𝑎 for simplicity (Yang et al., 2014a, 2016b). 𝑘𝑤 for acetone, 

acetaldehyde and DMS was calculated using the fit from Yang et al. (2011a); this was an average of DMS observations from 

five cruises: 𝑘𝑤 ≈ (−0.00797𝑈10
3 + 0.208𝑈10

2 + 0.484𝑈10)(𝑆𝐶𝑤/660)
−0.5 , where 𝑆𝐶𝑤  represents waterside Schmidt 

number. 𝑘𝑤 for isoprene was calculated using the fit from Nightingale et al. (2000);⁡𝑘𝑤 ≈ (0.222𝑈10
2 + 0.333𝑈10)(𝑆𝐶𝑤/225 

600)−0.5. At a 𝑈10 of 10 m s-1, the Nightingale et al. (2000) parametrization would overestimate DMS 𝑘𝑤 by ~37 % because 

bubble-mediated gas exchange is less important for the moderately soluble DMS (see Bell et al., 2017; Blomquist et al., 2017). 

The waterside Schmidt number for all gases were computed following Johnson (2010) at the ambient temperature and salinity. 

Appendix B provides further information on the chosen gas solubilities, waterside data and calculations. 

3 Results and Discussion 230 

3.1 EC fluxes for the open-wateropen water and Plymouth Sound wind sectors 

Flux measurements were made between 05/04/18 and 03/05/18. During this period, winds arrived from the open-wateropen 

water wind sector (180–240° N) 30 % of the time and from the Plymouth Sound sector (30–70° N) 8 % of the time. The wind 

directions defining these two marine flux sectors were re-established (see Appendix C) compared to previous PPAO studies 

after raising the mast height by ~1 m at the beginning of this campaign. 235 

A time series of VOC fluxes (3 h average) is shown in  Fig. 3Figure 3. While acetone and DMS had clear unidirectional 

fluxes (deposition and emission respectively), acetaldehyde showed bidirectional fluxes throughout the campaign. EC fluxes 

of acetone, acetaldehyde, DMS and isoprene from the two marine wind sectors averaged over the entire campaign are 

summarised in Table 1, with positive fluxes representing net sea-to-air emission.  

For the open-wateropen water sector, acetone and DMS fluxes had relative standard errors <12 % (from 1 h bins), which 240 

and  are confidently represented by the measurements in the mean thanks to the robust signal-to-noise ratio. Acetaldehyde had 
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a much greater relative standard error (74 %) because the fluxes often changed in direction and were smaller in magnitude 

(closer to the limits of detection, LOD); acetaldehyde standard error is lowered to 51 % when the 573 10 min flux segments 

are instead averaged over the campaign. The isoprene flux was not resolvable with the EC method using our PTR-MS due to 

the low signal-to-noise ratio. The only direct measurement of isoprene flux from the sea (Kim et al. (2017) in the North Atlantic 245 

Ocean) used a chemical ionisation mass spectrometer that is significantly more sensitive than the PTR-MS here. 

Overall, 68, 33, 62 and 35 % of 3 h averages of acetone, acetaldehyde, DMS and isoprene, respectively, were above the 

LOD (DMS and isoprene had the additional condition of a positive flux above LOD) for the open-wateropen water sector. The 

estimation of LOD is shown in Appendix A. 

The greater air-to-sea deposition fluxes of acetone and acetaldehyde in the Plymouth Sound sector, compared to the open-250 

wateropen water sector, were likely driven by the higher gas mixing ratios in terrestrially-influenced air. Distributions of 

atmospheric acetone mixing ratio from the two wind sectors are shown in Figure 4Fig. 4. Seawater concentrations of acetone 

and acetaldehyde within the Plymouth Sound flux footprint were not measured, and thus we are unable to comment on the 

quantitative effect of riverine outflow on the dissolved VOC concentrations. The weaker sea-to-air flux of DMS in the 

Plymouth Sound sector compared to the open- wateropen water sector was likely due to a combination of low DMS water 255 

concentrations associated with freshwater outflow (Uncles et al., 2015) and lower wind speed (Figure 4Fig. 4) that results in 

reduced waterside gas transfer velocity (𝑘𝑤; Nightingale et al., 2000; Yang et al., 2011a). 

3.2 Seawater concentration and atmospheric mixing ratios of VOCs 

The seawater concentrations of acetone, acetaldehyde and DMS measured around the campaign (Table A4) are broadly 

similar (≤48 % difference) to previous measurements in the Western English Channel (Archer et al., 2009; Beale et al., 2015), 260 

a highly variable and seasonal environment. No seawater measurements of isoprene have been published in this region, so 

comparisons are made to previous observations from the Eeastern North Atlantic (~0.02 nM; (Broadgate et al., 2004; 

Hackenberg et al., 2017), which are ~79 % lower than measurements here. The Eeastern North Atlantic measurements were 

conducted in Sep–Oct, thus likely represent a period of lower isoprene productivity. An annual study in the North Sea found 

the highest isoprene seawater concentrations in May (~0.06 nM; (Broadgate et al., 1997), which were closer to our L4 265 

measurements but still lower (~41 %). 

The mean atmospheric mixing ratios of acetone and acetaldehyde from the open- wateropen water sector (0.82±0.16 and 

0.51±0.07 ppbv respectively, Table 2), mainly observed over one day, are greater than previous measurements around the 

sample site, possibly in part due to our measurements occurring mainly over one day (01/05/181st May 2018; see Fig. 6 later 

for timeseries) thus a multiday average was not possible. Rremote marine Atlantic Ocean measurements from the ATom‐4 270 

campaign (Apr–May 2018), 0.31±0.01 and 0.15±0.04 ppbv respectively (±SD), from the ATom‐4 campaign (Apr–May 2018) 

within 0.5 km of the sea surface and at latitudes of 40–60° N, observed 0.31±0.01 ppbv acetone (±SD) and 0.15±0.04 ppbv 

acetaldehyde (Wofsy et al., 2018). Better agreement was seen with shipboard measurements between 40 and 50° N in the 

Eeastern North Atlantic Ocean (Yang et al., 2014b) and coastal measurements at the Mace Head Observatory (Lewis et al., 

2005) with mean acetone mixing ratios of ~0.65 and 0.50 ppbv, respectively, and acetaldehyde mixing ratios of ~0.16 and 0.44 275 

ppbv, respectively. Finally, rooftop measurements at PML (~350 m north of the Plymouth Sound, ~6.1 km NE of the PPAO, 

and affected by local ship/port activities) showed daytime night time atmospheric mixing ratios of ~0.3–1.14 and ~0.1–0.4 

ppbv, respectively for acetone and acetaldehyde (Yang et al., 2013c). A summary of these concentrations, in coordinate form, 

can be found in Fig. S3. The atmospheric carbonyl measurements at the PPAO from this day might not represent purely oceanic 

conditions even though wind was from the open-wateropen water sector. Hysplit (Stein et al., 2015; Rolph et al., 2017) 280 

backward trajectories suggest that the air mass sampled on 1st May 2018 this day made contact with land (mainland UK) ~24–

48 h prior to arriving at the PPAO (Figure S3S4). Lewis et al. (2005) show that similar air-mass trajectories over the UK and 

continental Europe contained high acetone levels (max of ~1.67 ppbv). 
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Our mean DMS mixing ratio (0.20±0.09, Table 2) is in agreement with shipboard measurements in the Eeastern North 

Atlantic Ocean in Jun/Jul (0.16±0.14 and 0.12±0.08 ppbv (Huebert et al., 2010), with and without a phytoplankton bloom, 285 

respectively) and the Wwestern North Atlantic Ocean in March (~0.13±0.04; Quinn et al., 2019). Our mean isoprene mixing 

ratio (0.18±0.05) is higher than observations in autumn from the western North-West (0.035±0.025 ppbv; Kim et al., 2017) 

and eastern North-East (0.0044±0.0083 ppbv; Hackenberg et al., 2017) North Atlantic oOcean. The PPAO isoprene mixing 

ratio is more similar to measurements at the Mace Head Observatory (Carslaw et al., 2000), which further implies some 

influence from terrestrial land sources at the PPAO site. We note that the TL air–sea isoprene flux is almost purely governed 290 

by its seawater concentration where it is grossly supersaturated; the flux is insensitive to the elevated atmospheric mixing ratio. 

3.3 Comparison between EC and bulk TL fluxes and derivation of the gas transfer velocities 

Here we compare EC fluxes of acetone, acetaldehyde and DMS from the open- wateropen water sector with fluxes computed 

with the TL model (using concurrent atmospheric mixing ratios from the PPAO and linearly interpolated seawater 

concentrations from L4). This is to assess two assumptions in the TL flux calculation: 1) that gas transfer velocity 295 

parameterizsations from deeper water (i.e. the open ocean or shelf seas) are applicable to this shallower coastal environment, 

and 2) seawater VOC concentrations in the PPAO flux footprint and at the L4 station are similar.  

Acetone and acetaldehyde were both undersaturated in seawater in the open-wateropen water sector (Table 2), while DMS 

and isoprene were both supersaturated. The mean TL fluxes of acetone, acetaldehyde, DMS and isoprene (n=20) are provided 

in Table 2 with corresponding EC measurements from the open-wateropen water wind sector for the last week of the campaign 300 

(27/04/18–03/05/18). For this short period with satisfactory VOC blanking, the open-wateropen water EC fluxes were fairly 

large in part because of a 17 % higher mean wind speed compared to the rest of the campaign.  

Figure 5 compares the VOC EC and TL fluxes for the open- wateropen water sector (not inc. isoprene), and Figure 6Fig. 6 

shows the same data as a time series. Acetone, acetaldehyde and DMS fluxes exhibit reasonable agreement between the EC 

and TL methods, with both covarying with wind speed. The data points furthest from the 1:1 line in Figure 5Fig. 5 are hourly 305 

averages with ≤2 10 min flux segments, suggesting that the discrepancy is mainly due to random noise in the flux measurement. 

We do not attempt to calculate TL fluxes for the Plymouth Sound sector because we do not have concurrent seawater 

measurements and have limited EC measurements for comparison.  

To assess the wind speed dependence in gas transfer velocities at the PPAO, 𝐾𝑎 is calculated by equating the EC flux with 

TL flux: ; 𝜌𝑎𝑤
′𝑥′̅̅ ̅̅ ̅̅ = −𝐾𝑎(𝐶𝑎 − 𝐻𝐶𝑤). Figure 7 shows the calculated 𝐾𝑎 and 𝐾𝑤 (𝐾𝑤 = 𝐻𝐾𝑎) values for acetone, acetaldehyde 310 

and DMS, acetone, and acetaldehyde and DMS using 1 h flux data, compared to calculated 𝐾 from parameterisations of 𝑘𝑎 

and 𝑘𝑤. In the mean, the expected solubility-dependence in these VOCs is observed. Overall,  – the measurements show mean 

𝐾𝑎 of 2121, 1894 and 183 cm h-1 for acetone, acetaldehyde and DMS (in order of decreasing solubility), respectively. These 

translate to 𝐾𝑤 values of 2.0, 2.6 and 9.9 cm h-1.  

For DMS, to facilitate comparison with previous measurements, the measured derived 𝐾𝑤 is adjusted to a standard Schmidt 315 

number of 660 (𝐾660 = 𝐾𝑤(660 𝑆𝐶𝑤⁄ )−0.5). The mean 𝐾660 for DMS (16.7±2.7 cm h-1) is in good agreement when compared 

to published measurements (~17 cm h-1; Blomquist et al., 2006; Yang et al., 2011a; Bell et al., 2013) at similar wind speeds in 

the North Atlantic Ocean. Data from this short campaign suggest that the mean wind speed dependence in DMS transfer 

velocity at the PPAO (open- wateropen water sector, depth of ~20 m) is largely comparable to deeper water, in agreement with 

previous CO2 gas exchange measurements at this site (Yang et al., 2019a). Our measured acetone and acetaldehyde 𝐾𝑎 are also 320 

of the expected magnitudes. Processes important for shallow estuaries, such as bottom-driven turbulence and tidal current, do 

not appear to be the main controlling factors in gas exchange in this environment.  

There is a large amount of scatter in Figure 7Fig. 7, especially for acetone and acetaldehyde.   This is likely in part due to 

the poor temporal resolution (weekly) in seawater concentration measurements that do not capture any rapid changes in this 

dynamic region (e.g. changes in riverine outflow, biological bloom).   In addition, oOur DMS exchange transfer velocity 325 
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measurements imply that the outflow of the estuary Tamar does not substantially change dilute the seawater DMS 

concentration within the open- wateropen water flux footprint compared to L4, while . There is a large amount of scatter in 

Figure 7, likely in part due to the poor resolution (weekly) in seawater concentration measurements. Further higher resolution 

measurements are needed to better constrain the influence of riverine outflow.  

Our measured acetone and acetaldehyde 𝐾𝑎 appear to be very scattered but are of the magnitude as the expected values. 330 

Current and previous PPAO observations demonstrate that the air–sea exchange of momentum (Figure S1) and the transfer 

velocity of DMS (Figure 7) and CO2 (Yang et al., 2019a) are generally comparable with open ocean values. It is possible that 

the measured seawater carbonyl concentrations at L4 are not representative of the concentrations in the flux footprint of the 

PPAO. This could be because there are spatial gradients in the carbonyl concentrations could be more significant relative to 

their air/sea concentration differences., or because there are large temporal changes in seawater concentration due to 335 

environmental effects (e.g. changes in riverine outflow, biological bloom) that are missed by the simple linear interpolation of 

weekly seawater measurements. Further hHigher resolution measurements within the flux footprints in the future are needed 

to better constrain the influence of riverine outflow.  

As mentioned in Sect. 2.5, this paper uses a revised acetone solubility from Wohl et al. (2020). Focusing on the last week 

of the campaign (Table 2), we compute a mean TL acetone flux of -19.0±2.2 and -21.5±2.5 μmol m-2 d-1 (±SD, propagated 340 

error in concentration only) with and without the solubility revision. The flux with revised solubility is in better agreement 

with the EC measurement (-14.9±2.1 μmol m-2 d-1). 

3.4 Comparison to other flux estimates 

The acetone fluxes presented here are in good agreement with previous EC measurements (-7.0±2.2 μmol m-2 d-1) from 50° 

N on an Atlantic Meridional Transect (AMT) research cruise in Autumn 2012 (Yang et al., 2014b). However, the acetaldehyde 345 

flux here shows an opposite mean direction to their 50° N average (1.8±1.3 μmol m-2 d-1). Acetone and acetaldehyde bulk 

fluxes from 50° N during an AMT cruise in 2009, estimated using CAM–Chem modelled atmospheric concentrations, 

were -5.7±1.1 and -2.4±0.7 μmol m-2 d-1 respectively (Beale et al., 2013). The PPAO fluxes are in reasonable agreement with 

these earlier indirect estimates. Further acetone and acetaldehyde bulk fluxes estimated from a time series of L4 water 

measurements and a static atmospheric mixing ratios (0.66 and 0.40 ppbv respectively) were -7.4±1.4 and 1.4±1.0 μmol m-2 350 

d-1, respectively, for spring 2011 and -6.4±0.1 and -1.5±0.1 μmol m-2 d-1, respectively, as annual averages. The spring acetone 

fluxes of Beale et al. (2015) are in good agreement with the PPAO direct measurements, however their acetaldehyde flux was 

in the opposite direction. Importantly, Beale et al. (2015) identified that the L4 water saturation of acetaldehyde was highly 

sensitive to the atmospheric mixing ratio (changing it between 0.1–0.4 ppbv was enough to switch the direction of flux). Thus 

variability and uncertainty in the atmospheric acetaldehyde mixing ratio are probably among the main causes for the 355 

discrepancies in these air–sea flux estimates (Yang et al. (2014b) (discussed earlier), Beale et al. (2013, 2015), and PPAO 

measurements presented here). 

The PPAO DMS flux is in agreement with previous EC DMS flux observations from the Eastern North Atlantic Ocean 

during summer 2007 (2.6±0.2 and 4.4±0.4 μmol m-2 d-1 with and without a short, intense phytoplankton bloom; Huebert et al., 

2010). Our campaign ended before the spring phytoplankton bloom started at L4 (Archer et al., 2009), which typically starts 360 

in May/June. Yang et al. (2016c) estimated bulk DMS fluxes of 3 and 10 μmol m-2 d-1 in the winter and summer, respectively, 

using the L4 annual seawater DMS concentration time series (Archer et al., 2009). The DMS flux measurement at the PPAO 

is also in reasonable agreement with previous observations in the North Atlantic Ocean without the phytoplankton bloom 

(5.58±0.15 μmol m-2 d-1; Bell et al., 2013).  

Although isoprene EC fluxes were unresolvable, the estimated open water TL flux was similar to NECS April estimates of 365 

~0.8 μmol m-2 d-1 (Palmer and Shaw, 2005) and ~1.0 μmol m-2 d-1 (Booge et al., 2016, supp.) using MODIS satellite 

observations of chlorophyll-a for production models. A mean direct flux (0.7 μmol m-2 d-1) was observed in the eastern North 
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Atlantic Ocean (Kim et al., 2017); they estimated seawater concentrations (~0.02 nM) that were ~78 % lower than measured 

here but also experienced much higher wind speed. Importantly, discrepancies between top-down and bottom-up isoprene 

budget analyses show the ocean fluxes necessary to explain remote marine boundary layer (MBL) concentrations of isoprene 370 

are on the order of a magnitude higher than predicted from seawater concentrations alone (Arnold et al., 2009; Booge et al., 

2016). Future simultaneous comparisons between EC and TL isoprene fluxes might observe this difference.  

We also compare our direct VOC fluxes to global model predictions at this location. Typical global models and 

climatologies operate with a 1° latitudinal and longitudinal resolution (e.g. Wang et al., 2019, 2020a, 2020b). At the PPAO 

this equates to a grid size of ~110 km N–S and ~85 km E–W, which is much coarser compared to the flux footprint areas (on 375 

the order of a few km2). Nevertheless, this comparison allows us to qualitatively assess the spatial representativeness of the 

PPAO fluxes and identify potential shortcomings in the models. 

The GEOS–Chem and CAM–Chem models predict a mean annual acetone flux in the Eastern North Atlantic Ocean coastal 

shelves (NECS; biogeochemical province that includes the PPAO coastal site) of ~-2.5 μmol m-2 d-1 (Fischer et al., 2012) and 

Mar–May flux of ~-2.9 μmol m-2 d-1 (Wang et al., 2020a), respectively. These two predictions are much lower than measured 380 

in the PPAO open-wateropen water sector (-8.01±0.77 μmol m-2 d-1, Table 1). Both of these models estimate lower fluxes 

because they models predict a smaller air–sea concentration difference. Fisher et al. (2012) and Wang et al. (2020a) used water 

concentrations of 15 (static) and ~8 nM respectively (12482 % and ~19 50 % higher than L4 concentrations) and a modelled 

atmospheric mixing ratio of ~0.45 ppbv (~45 % lower than the PPAO concentration). Seawater acetone has a highly variable 

lifetime (Beale et al., 2013; de Bruyn et al., 2013; Dixon et al., 2013) so the higher estimated seawater concentration in the 385 

Wang et al. (2020a) model may be because of a slower removal rate. We measured an atmospheric acetone mixing ratio that 

is higher than in the model likely because our measurement, even from the open- wateropen water sector, has some terrestrial 

influence (e.g. via the diurnal sea-breeze effect or advection of air masses previously in contact with land). 

The small negative acetaldehyde fluxes measured at the PPAO imply a net weak ocean sink (mean of -1.55±1.14 μmol m-2 

d-1, Table 1), which does not agree with global model results. The NECS acetaldehyde flux is ~0.22 μmol m-2 d-1 in GEOS–390 

Chem (Millet et al., 2010) and ~1.4 μmol m-2 d-1 in CAM–Chem (Wang et al., 2019) in the Mar–May period. The seawater 

concentrations used by Wang et al. (2019) (~11 nM) are higher than L4 measurements for the same period (79 54 % higher 

than L4 conc.). In the model, the short marine lifetime of acetaldehyde (de Bruyn et al., 2013, 2017; Dixon et al., 2013) is 

coupled with an estimate of its production rate to predict the seawater concentration. Wang et al. (2019) use of a constant 

lifetime of 0.3 d for the global ocean, whereas previous measurements at L4 suggest a much shorter acetaldehyde lifetime 395 

(0.01–0.13 d; Beale et al., 2015). de Bruyn et al. (2017) showed shorter seawater acetaldehyde lifetimes at another coastal 

location directly after rainfall or during the wet season. It is possible that the shorter lifetime at L4/PPAO, and hence lower 

seawater acetaldehyde concentration, may be related to riverine input. The atmospheric acetaldehyde mixing ratios from the 

models are also lower than the coastal observations presented here, similar to acetone as discussed above. 

The PPAO DMS flux is in agreement with previous EC DMS flux observations from the Eastern North Atlantic Ocean 400 

during summer 2007 (2.6±0.2 and 4.4±0.4 μmol m-2 d-1 excluding with and without a short, intense phytoplankton bloom; 

Huebert et al., 2010). Our campaign ended before the spring phytoplankton bloom started at L4 (Archer et al., 2009), which 

typically starts in May/June. With a short bloom included, Huebert et al. (2010) observed a 4.4±0.4 μmol m-2 d-1 flux which is 

indicative of the lower net DMS productivity of the Eastern North Atlantic Ocean (Lana et al., 2011) compared to the PPAO 

footprint.  Yang et al. (2016c) estimated bulk DMS fluxes of 3 and 10 μmol m-2 d-1 in the winter and summer, respectively, 405 

using the L4 annual seawater DMS concentration time series (Archer et al., 2009). The DMS flux measurement at Penlee is 

also in reasonable agreement with previous observations in the North Atlantic (5.58±0.15 μmol m-2 d-1 without the 

phytoplankton bloom (Bell et al., 2013); 1.5 μmol m-2 d-1 (Kim et al., 2017)).  

From the perspective of climatology and global modelling, the NECS was predicted to have an April DMS flux of ~14 μmol 

m-2 d-1 (Lana et al., 2011) and ~6 μmol m-2 d-1 (Wang et al., 2020b). The estimate of Lana et al. (2011) is 3 times higher than 410 
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the PPAO measurements, however that of Wang et al. (2020b) is in good agreement. Waterside concentrations of ~7 and ~3 

nM were predicted (69 52 % higher and 27 43 % lower than the L4 concentration) by Lana et al. (2011) and Wang et al. 

(2020b) respectively. The high concentrations in the Lana et al. (2011) climatology likely correspond to phytoplankton blooms 

in the Apr–May period, which did not occur at the time of our measurements nor appear as intensely in the estimations of 

Wang et al. (2020b). This could be partly related to the interannual variability in plankton dynamics and hence seawater DMS 415 

cycling.  

All the models and climatologies discussed here (except for Wang et al. (2020b)) used the Nightingale et al. (2000) 𝑘𝑤 

parameterisation, which leads to ~26, ~26 14 and ~14 26 % higher 𝑘𝑤  values for DMS, acetone, acetaldehyde and  

DMSacetaldehyde, respectively, than that of Yang et al. (2011a) over this campaign because of the solubility dependence in 

bubble-mediated gas exchange (Yang et al., 2011a; Bell et al., 2017). Substituting the Nightingale et al. (2000) 𝑘𝑤 420 

parameterisation with the Yang et al. (2011a) 𝑘𝑤 would generally reduce the flux magnitude in these models; estimated as ~5, 

~6 and ~19 % for acetone, acetaldehyde and DMS, respectively,  (using the COAREG 3.5 parameterisation of 𝑘𝑎 unchanged 

and from COAREG 3.5).. 

Although isoprene EC fluxes were unresolvable, the estimated open-wateropen water TL flux was similar to a NECS April 

estimate of ~0.8 μmol m-2 d-1 (Palmer and Shaw, 2005) using MODIS satellite observations of chlorophyll-a. A mean direct 425 

flux (0.7 μmol m-2 d-1) was observed in the Western North Atlantic Ocean (Kim et al., 2017); they estimated seawater 

concentrations were ~78 % lower than measured here but experienced much higher wind speed. 

3.5 Significance of fluxes 

Our measured open-wateropen water acetone and acetaldehyde air–sea fluxes exhibit stronger deposition flux than 

estimated by global modelling. . Here we evaluate; new atmosphericthe lifetimes of these gases within the atmospheric marine 430 

boundary layer (MBL)MBLare estimated to discuss the significance of these fluxes. Atmospheric The MBL lifetimes (𝜏𝑥) are 

calculated similarly to a 0D model; 𝜏𝑥 = 𝐶𝑥 (𝐶𝑥𝐿𝑥 + 𝐷𝑥 ℎ⁄ )⁄ , where 𝐶𝑥 represents concentration (here, the mean of the PPAO 

observations, Table 2), 𝐿𝑥 represents chemical loss, 𝐷𝑥 represents the net deposition flux (here, the mean of the PPAO EC 

observations, Table 1) and ℎ represents marine boundary layer (MBL) height. We assume ℎ to be 500 m and VOCs to be 

homogeneously mixed within the MBL upwind of the PPAO, and 𝐿𝑥  is 2.7×10-7 s-1 for acetone and 2.1×10-5 s-1 for 435 

acetaldehyde. 𝐿𝑥  is calculated from literature OH reaction rates (1.7×10-13 and 1.5×10-11 cm3 molec.-1 s-1, respectively; 

Atkinson and Arey, 2003), April surface 50° N zonal average OH concentration (~106 molec. cm-3; Horowitz et al., 2003) and 

summer surface photolysis rates for acetone (~10-7 s-1; Blitz et al., 2004) and acetaldehyde (~5.5×10-6 s-1; Warneck and 

Moortgat, 2012). 

From this simple model and the values described above, the atmospheric MBL lifetimes of acetone and acetaldehyde are 440 

calculated to be 2.0 and 0.5 d respectively. The deposition to the ocean above accounts for 95 and 8 % of all losses for MBL 

acetone and acetaldehyde respectively, which highlights the importance of acetone air–sea exchange. The calculated PPAO 

open-wateropen water acetone lifetime is much shorter than the 11–18 d estimates for the mean troposphere (Marandino et al., 

2005; Fischer et al., 2012; Khan et al., 2015; Wang et al., 2020a), where surface deposition is less substantial (16–56 %; Jacob 

et al., 2002; Fischer et al., 2012). The acetaldehyde lifetime is in good agreement with literature values (0.1–0.8 d; Millet et 445 

al., 2010; Wang et al., 2019) because photochemistry is the main loss mechanism for MBL acetaldehyde rather than deposition, 

because and the Apr surface 50° N zonal average OH concentration is similar to the tropospheric mean (1.1×106 molec. cm-3; 

Li et al., 2018) and because photochemistry is the main loss mechanism for MBL acetaldehyde rather than deposition.  

The noticeable increase in acetone and acetaldehyde deposition fluxes within the Plymouth Sound compared to the open-

wateropen water sector suggests that deposition can represent a large loss term for atmospheric VOCs in the coastal 450 

atmosphere. Importantly, Eenhanced coastal deposition fluxes of acetone and acetaldehyde are not well captured in global 

models. The atmospheric boundary layer lifetimes during periods of offshore winds are calculated using the same approach as 
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before, resulting in 1.7 d for acetone and 0.5 d for acetaldehyde. Here deposition to the ocean accounts for 96 and 17 % of 

losses, respectively. The estimated lifetimes in the Plymouth Sound sector are similar to the open -ocean even though the 

deposition fluxes were stronger because the increased deposition fluxes correspond to a greater atmospheric burden. As 455 

airmasses from the Plymouth Sound (or further inland to the NE) are advected offshore over the coastal seas, the mixing ratios 

of carbonyls tend to decrease due to combination of deposition to the sea, chemical losses, and mixing with marine air. If 

additional x-y dimensional constraints are added to the Plymouth Sound 0D box (e.g. 4 km N–S, 1 km E–W), dilution becomes 

the dominantan important loss term.  

4 Conclusions 460 

This paper presents measurements of air–sea fluxes of acetone, acetaldehyde, and DMS at the coastal PPAO in the SW UK. 

A quadrupole PTR-quadrupole-MS (2.2 Hz) was used to simultaneously resolve the fluxes of these gases with the eddy 

covariance (EC) method. Comparisons between the open-wateropen water sector and an terrestrially influenced estuary 

dominated sector with land influence show stronger deposition fluxes of acetone and acetaldehyde from the estuary sectorlatter 

because of higher atmospheric carbonyl concentrations from that wind direction. Emission fluxes of DMS from the terrestrially 465 

influenced estuary sector are weaker than from the open- wateropen water sector, likely because of lower wind speeds and 

lower seawater concentrations due to riverine estuarine influence/dilution.  

Bulk fluxes computed from seawater and atmospheric concentrations using the two-layer (TL) approach agree reasonably 

well with our EC measurements of open-wateropen water DMS, acetone, and acetaldehyde and DMS fluxes. The derived air–

-sea transfer velocities of acetone, acetaldehyde and DMS, acetone, and acetaldehyde are largely consistent with previous 470 

estimates over the open ocean in the mean.   Along with previous measurements of air–-sea CO2 exchange, these data suggest 

that wind, rather than processes such as bottom driven turbulence, is the dominant control for gas exchange at this site for the 

open- wateropen water sector (depth of ~20 m). 

While the DMS flux at PPAO was in reasonable agreement with recent climatological estimateses, our measured open-

wateropen water acetone fluxes show stronger deposition compared to climatological and model estimates for the NE Atlantic 475 

Ocean coastal shelf. This is likely because the models/climatologyies do not fully capture the spatial/ and temporal variability 

in the distribution of atmospheric and seawater acetone concentrations. The PPAO acetaldehyde flux (net sink in the mean) is 

in the opposite direction to global models that suggest that the northern hemisphere oceans is to be a net acetaldehyde source. 

This is mostly because models predict higher seawater acetaldehyde concentrations and lower atmospheric acetaldehyde 

mixing ratios at this coastal location.  480 

Future experiments at PPAO should strive to increase the temporal and spatial resolutions of the 𝐶𝑤 observations in order 

to better match up with the EC fluxes. The accuracies in the air/water concentration measurements can be further improved by 

using blanks that have the same CO2 and humidity levels as the samples, especially for acetaldehyde. The use of a higher 

resolution PTR-time-of-flight-MS at 10 Hz would improve the precision of the flux measurement and reduce the magnitude 

of the high frequency flux loss. Simultaneous methanol fluxes would enable the derivation of the airside gas transfer velocity 485 

(𝑘𝑎) and benefit the lag correlation calculation (methanol flux is typically large; see Yang et al. (2014a)). Important future 

work would involve measuring EC fluxes, 𝐶𝑤 and 𝐶𝑎 at high resolution from the anthropogenically/terrestrially dominated 

coast through to the continental shelf edge and open ocean on a ship in order to develop our understanding of the impact of 

coastal seas on local atmospheric chemistry and quality. Such transect measurements would help to further constrain global 

models for improved estimations at the coast. 490 
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Appendix A: Additional eddy covariance method details 

Table A1 shows the PTR–MS measurement parameters used, which largely follows from Yang et al. (2013c). Importantly, 

a high drift voltage was used to limit the formation of hydrated clusters (𝐻3𝑂
+ + 𝑛𝐻2𝑂 ⟶ 𝐻3𝑂

+(𝐻2𝑂)𝑛) caused by the high 

humidity of marine air. These hydrated clusters have different reaction kinetics with VOCs and can affect the instrumental 

sensitivity. Increasing the drift voltage leads to a lower cluster formation (unstable high energy collision product), but also 495 

causes a greater degree of isoprene fragmentation (Schwarz et al., 2009; Wohl et al., 2019). Isoprene fragmentation was 

corrected using gas phase calibration. 

Table A2 shows the quality control criteria used to filter 10 min flux data segments, developed from EC measurements of 

CO2 and CH4 fluxes at the PPAO (Yang et al., 2016a). Standard deviation in wind direction was used to ensure fairly constant 

wind direction and minimise influence from areas outside the specified NE and SW wind sectors. The remaining controls 500 

check for the stationary criteria required for EC measurements, remove periods with obvious flow distortion, or remove periods 

with substantial rain influence on the sonic anemometer. 

Random uncertainty in the EC flux depends on variability (instrument noise + ambient variability) in the VOC measurement 

and the wind measurement. Precision (or random error) in the EC technique can be approximated as the standard deviation of 

‘null’ fluxes (i.e. covariance data with a lag time between vertical wind and concentration measurements that is much greater 505 

than the integral time scale (Spirig et al., 2005)). Fluxes are resolvable when they are higher than 3x the measurement noise. 

An artificial lag time of 300 s was chosen for this calculation here. The 3x standard deviation was calculated from hourly 

averages over a 5 h window of stable open-wateropen water wind speed and direction as 10.1, 6.8, 4.7 and 4.7 μmol m-2 d-1, 

for acetaldehyde, acetone, DMS and isoprene respectively. Our LOD estimates are 140-250% of the LODs from a previous 

deployment of this PTR-MS at sea (Yang et al., 2014b), mainly due to the greater ambient variability in VOC mixing ratio at 510 

this coastal environment. Averaging hourly data to 3 h reduces random error by a factor of √3, thus the 3 h LOD are 5.8, 4.0, 

2.7 and 2.7 μmol m-2 d-1, for acetaldehyde, acetone, DMS and isoprene respectively. 

Appendix B: Two-layer flux calculation additional information 

Table A3 shows the solubility and solubility temperature dependence (Burkholder et al., 2015) and molar volume data 

(Johnson, 2010) used in the calculations of salinity dependent solubility and Schmidt number. In the diffusion coefficient 515 

calculation, the original association factor of solvent (2.6) was used as recommended by Saltzman et al. (Saltzman et al., 1993) 

for DMS. 

During the period with satisfactory hourly blanking (27/04/18–03/05/18), the mean (±SD) L4 water temperature and salinity 

were 10.6±0.8 °C and 34.9±0.1 PSU (n=3). These were taken from the surface measurement of a weekly CTD profile collected 

on the RV Plymouth Quest. Mean atmospheric pressure was 1006±4 mB, wind speed at 10 m height was 9.93±3.76 m s-1, and 520 

friction velocity (also from EC) was 0.364±0.166 m s-1. Table A4 shows the available VOC concentration data just before, 

during and after the campaign. Simultaneous measurements and calculated fluxes were made using concentration data from as 

close as possible to the period with satisfactory blanking (*). 

Appendix C: Wind sector determination 

Figure S2 shows the double wind rotation tilt angle correction and drag coefficient (𝐶𝐷 = (𝑢∗/𝑈)
2) for 10 -min segments 525 

of wind data averaged into wind direction bins. The 10 min data were filtered (𝑈 > 3 m s-1) to reduce the influence of the flux 

footprint overlapping with the narrow strip of land upwind under low wind speed conditions (Yang et al., 2019a). The majority 

of winds had a positive tilt angle due the rotation of ocean (horizontal) winds hitting the headland. However winds from 260–

360° N were negatively angled due to the raised headland behind the observatory. The 30–70° N and 180–240° N zones exhibit 
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a small, positive tilt angle and a low drag coefficient, as might be expected for the open ocean (Kara et al., 2007; Edson et al., 530 

2013). We define these as our two air–water exchange sectors. 
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Figures & tables 

 845 

Figure 1: Schematic of the tubing set-up used to draw atmospheric sample to the gas instrument (PTR-MS). Dashed lines represent 

the set-up of the platinum catalyst before the synthetic gas blank was added. UT represents union-tee; a three-way static connection. 

 

Figure 2: Mean flux cospecta for acetone and DMS in the SW and NE wind sectors (. Ddashed/broken lines = represent PPAO 

observations). Solid lines represent the idealised spectral fits (Kaimal et al., 1972), where measurement height and wind speed are 850 
specified according to the measurement conditions. 
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Figure 3: Time series of 3 h averages of a) wind speed (𝑼𝟏𝟎) and wind direction, b) acetaldehyde flux, c) acetone flux and d) DMS 

fluxes for the open-wateropen water (180–240° N) and Plymouth Sound (30–70° N) wind sectors that met quality control criteria. 

Error bars are 1 standard error. The Bblue and green shaded zone lines in a subplot a represent the two wind sectors. TheBlue grey 855 
shaded zones  lines in subfigures subplots b–d represent limits of detection for 3 h averages; 5.8, 4.0 and 2.7 μmol m-2 d-1 for 

acetaldehyde, acetone, DMS respectively. 
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Figure 4: Histogram of a) wind speed (𝑼𝟏𝟎) and b) acetone and c) DMS atmospheric gas phase mixing ratio over the entire campaign. 

Histograms are normalised for probability density separately and then to the same relative maximum occurrence. The DMS gas 860 
mixing ratio calculations here values use an extrapolated background blanks here, which has introduce some uncertainty, h. H, 

therefore DMS concentrations are likely lower, however the two wind sectors use the same background and arecan still be 

comparablecompared. 
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Figure 5: A comparison between EC and bulk TL fluxes (hourly) for the open-wateropen water sector during the dates (27/04/18–865 
03/05/18). The error on EC measurements is one SE, whist the error on TL is the propagated error of one SD in concentration and 

solubility. 
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Figure 6: A comparison between a) DMS, b) acetone and c) acetaldehyde EC and TL fluxes (hourly) for the open-wateropen water 

sector during the dates 27/04/18–03/05/18. Wind speed (𝑼𝟏𝟎) is provided in a). The error on EC measurements is one SE, whist the 870 
error on TL is the propagated error of one SD in concentration and solubility. 
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Figure 7: Calculated transfer velocities (hourly) for a) DMS (𝑲𝒘,𝟔𝟎𝟎), b) acetone (𝑲𝒂), and c) acetaldehyde (𝑲𝒂) in the open-

wateropen water footprint of the Penlee Point Atmospheric Observatory during the dates 27/04/18–03/05/18. Error bars on the 

experimental data (black circles) are propagated uncertainty from the eddy covariance measurement. The black ploy fit lines are fit 875 
to the experimental data, with the dashed black lines representing 95 % confidence in the poly fit. The red circle and blue triangle 

lines in sublot A are theoretical transfer velocities using the 𝒌𝒘 parameterisations of Yang et al. (2011a) and Nightingale et al. (2000) 

respectively. The black  red circle lines in subplots b and c are theoretical transfer velocities calculated from the 𝒌𝒘 parameterisation 

of Yang et al. (2011a) and 𝒌𝒂 from COAREG 3.5 model (shown as blue triangles). 

Table 1: Eddy covariance flux measurements over the entire campaign. Errors indicate standard errors (SE) with n=135 and n=40 880 
hour-bins for the open-wateropen water and Plymouth Sound sectors respectively. Also included are the quartiles (qrt).  

Compound 
Open-waterOpen water (μmol m-2 d-1) Plymouth Sound (μmol m-2 d-1) 

25 % qrt. Median Mean 75 % qrt. 25 % qrt. Median Mean 75 % qrt. 

Acetaldehyde -7.44 -1.23 -1.55±1.14 4.93 -10.86 -4.45 -4.45±1.73 1.84 

Acetone -12.15 -6.27 -8.01±0.77 -2.19 -17.52 -9.47 -12.93±1.37 -2.19 

DMS 0.79 4.05 4.67±0.56 8.26 -0.96 1.16 1.75±0.80 4.80 

Isoprene -3.54 0.60 1.71±0.73 5.82 -8.84 -0.24 -1.95±1.65 3.56 

Table 2: Saturations and two-layer bulk fluxes of VOC in open-wateropen water (SW) and Plymouth sound (NE) water (27/04/18–

03/05/18) along with the eddy covariance measurements for this period. Errors for water concentration and air mixing ratio 

(measurement) and saturation (propagation) indicate one standard deviation. Errors for flux indicate one standard error. 
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Compound 

Open-waterOpen water Plymouth Sound 

Water 

conc. (nM) 

Air mixing 

ratio (ppbv) 

Saturation 

(%) 

TL flux (μmol 

m-2 d-1) 

EC flux (μmol 

m-2 d-1) 

Air mixing 

ratio (ppbv) 

EC flux (μmol 

m-2 d-1) 

Acetaldehyde 7.1±1.4 0.51±0.07 44±6 -6.76±0.59 -3.94±1.23 0.75±0.04 -7.32±2.86 

Acetone 5.3±2.0 0.82±0.16 15±3 -18.98±2.24 -14.93±2.09 1.09±0.09 -8.21±4.00 

DMS 3.6±0.8 0.20±0.09 1434±569 9.41±1.03  9.61±1.55 0.015±0.006 2.55±2.36 

Isoprene 0.09±0.01 0.18±0.05 971±221 0.30±0.05 1.65±1.89 0.28±0.03 9.27±3.01 

Table A1: PTR–MS method used for measurements. 885 

Parameter Value 

Drift chamber pressure (mBar) 2.3 

Drift chamber voltage (V) 690 

Drift chamber temperature (°C) 80 

H2O mass flow (mL min-1) 5 

Source/proportional valve (%) 49 

Inlet flow rate (mL min-1) 150 

Inlet temperature (°C) 80 

Table A2: Flux segment quality control criteria. 

Parameter Value 

Wind direction, 𝝈 (°) < 10 

Momentum flux (kg m-2 s-1) < 0 

Tilt angle (°) < 15 

𝝈𝒘 𝒖∗⁄   1.2 < x < 1.9 

𝝈𝑼
𝟐 𝑼⁄  (m s-1) < 0.35 

Table A3: Fresh water solubility (𝑯𝒄𝒑), solubility temperature dependence (
d 𝐥𝐧(𝑯𝒄𝒑)

d(𝟏 𝑻⁄ )
) and molar volume (𝑽𝒃)Chemical data used in 

calculations of seawater solubility and Schmidt number at ambient temperature and salinity. 𝑯𝒄𝒑  (and d 𝐥𝐧(𝑯𝒄𝒑) d(𝟏 𝑻⁄ )⁄  for 

freshwater are updated from Sander (2015) and Burkholder et al. (2015). 

Compound 𝐻𝑐𝑝 (mol L-1 atm-1) 
d ln(𝐻𝑐𝑝)

d(1 𝑇⁄ )
 (K) 𝑉𝑏 (cm3 mol-1) 

Acetaldehyde 13.4 5775 56 

Acetone 29.0 5170 77.6 

DMS 0.541 3520 77 

Isoprene 0.0345 4400 105 

Table A4: Seawater concentrations of VOCs at the L4 marine station at 2 m depth. * denotes concentration used for two-layer 890 
calculation.  

Date 
Acetaldehyde 

(nM) 

Acetone 

(nM) 

DMS 

(nM) 

Isoprene 

(nM) 

Measurement 

method 

26/03/18 8.09* 3.93* 1.11 0.09* SFCE-PTRMS 

10/04/18 - - 2.56 - GC 

19/04/18 - - 10.34 - GC 

23/04/18 - - 3.03* - GC 

30/04/18 - - 4.13* - GC 

21/05/18 - - 10.69 - GC 

30/05/18 6.16* 6.71* 4.99 0.10* SFCE-PTRMS 

 


