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Abstract

Here we present the first observations of simultaneous ozone deposition fluxes and
ultrafine particle emission fluxes over an extensive infra-littoral zone. Fluxes were mea-
sured by the eddy covariance technique at the Station Biologique de Roscoff, on the
coast of Brittany, north-west France. This site overlooks a very wide (3km) littoral
zone controlled by very deep tides (9.6 m) exposing extensive macroalgae beds avail-
able for significant iodine mediated photochemical production of ultrafine particles. The
aspect at the Station Biologique de Roscoff provides an extensive and relatively flat,
uniform fetch within which micrometeorological techniques may be utilized to study
links between ozone deposition to macroalgae (and sea water) and ultrafine particle
production.

Ozone deposition to seawater at high tide was significantly slower
(v4[03]=0.302+£0.095 mm s‘1) than low tidal deposition. A statistically significant
difference in the deposition velocities to macroalgae at low tide was observed between
night time (v;[O3]=1.00+0.10 mm s_1) and daytime (v,[03]=2.05+0.16 mm s_1) when
ultrafine particle formation results in apparent particle emission. Very high emission
fluxes of ultrafine particles were observed during daytime periods at low tides ranging
from 50 000 particles cm2s™ ' to greater than 200 000 particles cm2s™ during some
of the lowest tides. These emission fluxes exhibited a significant relationship with
particle number concentrations comparable with previous observations at another
location. Apparent particle growth rates were estimated to be in the range 17—
150 nmh~" for particles in the size range 3—10 nm. Under certain conditions, particle
growth may be inferred to continue to greater than 120 nm over tens of hours; sizes at
which they may readily behave as cloud condensation nuclei (CCN) under reasonable
supersaturations that may be expected to pertain at the top of the marine boundary
layer. These results link direct depositional loss and photochemical destruction of
ozone to the formation of particles and hence CCN from macroalgal emissions at a
coastal location.
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1 Introduction

Coastal new particle formation has been observed at a number of locations (see
O’Dowd and Hoffmann, 2005, for a review). These nucleation events generally oc-
cur during the day and at low tide and have been known to result in ultrafine particle
number concentrations in excess of 10° particles cm™ (O’Dowd et al., 2002b). If a sig-
nificant fraction of such particles grow sufficiently, they will enhance cloud condensation
nucleus (CCN) concentrations and hence affect the properties of coastal clouds (Pirjola
et al., 2002; Saiz-Lopez et al., 2006). In recent years, these coastal particle bursts have
been linked to iodine emissions from macroalgae exposed during low tide (McFiggans
et al., 2004; McFiggans, 2005; Saiz-Lopez et al., 2006).

Seaweeds, and particularly brown kelps, have long been known to accumulate large
amounts of iodine (in the form of iodide) in their tissue, sometimes at concentrations
more than 30000 times greater that that of the surrounding seawater (Kipper et al.,
1998, 2008). It was shown by Kipper et al. (2008) that this accumulated iodide acts
as an inorganic antioxidant, and is released in large quantities when the seaweed is
subjected to oxidative stress. When the seaweed is exposed to the atmosphere (for
example at low tide), the iodide reacts rapidly with ozone in the film of water at the
seaweed surface to form molecular iodine (Palmer et al., 2005; Klpper et al., 2008).
A second ozone loss mechanism occurs during particle production. During daytime
low tide, the photolysis of molecular iodine leads to enhanced concentrations of the
iodine monoxide radical (IO), consuming ozone (Saiz-Lopez et al., 2004). The self-
reaction of 1O produces higher iodine oxides (I,0,), which can in turn nucleate and
grow to detectable sizes (3 nm) of iodine-containing aerosols (McFiggans et al., 2004;
Saiz-Lopez et al., 2006). This results in a net consumption of ozone.

Laboratory incubation experiments on Laminaria sp. macroalgae (those comprising
the highest percentage iodine dry weight and likely contributing to the greatest iodine
emission on intertidal exposure; see Ball et al., 2009; Leigh et al., 2009, this issue)
found that the amount of ozone consumed in macroalgal exposure experiments de-
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pends on the initial ozone concentration (Kupper et al., 2008) with a first order loss
rate of 0.0115s~'. From this, an apparent ozone deposition velocity to the macroal-
gal sample of between 2.5 and 10 mm s~ was derived (assuming a typical range for
aerodynamic resistance). This is at least an order of magnitude greater than the value
of 0.3mms™" determined for deposition to seawater (Chang et al., 2004), and is also
greater than the upper limit of 1.0 mm s~ estimated by Clifford et al. (2008) based on
the reaction of ozone with chlorophyll in the surface marine layer. Enhanced ozone
deposition velocities may therefore be expected to be seen over exposed infra-littoral
macroalgal beds. It may be expected that, because of the highly enriched iodide con-
centrations in the macroalgal apoplast (Kipper et al., 2008), molecular iodine formation
through reaction of ozone with iodide at the surface of exposed macroalgae will lead
to an increased ozone deposition. During the day, the apparent enhancement in de-
position velocity will be enhanced further through photochemical destruction on top of
the direct depositional loss. This study presents such direct measurement of apparent
ozone deposition and particle production at a coastal location.

The deposition rate of ozone to sea surfaces is an important quantity, likely con-
trolled by many complex physical and chemical processes (Schwartz, 1992). Quanti-
fying its magnitude and behaviour is important in many model studies that attempt to
link detailed chemical processes in the background marine boundary layer with ozone
destruction. Direct measurements of ozone exchange to water and sea surfaces are
sparse, and there is large variability in reported net deposition velocities (v). Measure-
ments by Gallagher et al. (2001) suggested a significant wind speed dependence on
ozone exchange was evident in previously reported data in line with ideas of enhanced
uptake due to turbulence enhanced molecular diffusion (Liss and Merlivat, 1986). Re-
cently modelling work by Chang et al. (2004), suggested v, can vary by more than
a factor of 5 as wind speeds increase from 0 to 20ms~'. This variation can have
significant consequences for chemical box model studies of, for example, halogen me-
diated ozone destruction in marine surface layers (Gallagher et al., 2001). Modelling
studies attempting to link enhanced surface reactivity based on a number of species
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known to react with ozone in water are still speculative but iodide has been hypothe-
sised as the most likely candidate due to its reported relatively wide range of ocean
surface concentrations (20—400 nM; Chang et al., 2004). Martino et al. (2009) reported
the formation of volatile organic iodine compounds produced from the reaction of ma-
rine dissolved organic matter with hypoiodous acid/molecular iodine, which are formed
at the sea surface when ozone reacts with dissolved iodide. Such a mechanism would
result in an abiotic enhancement of ozone deposition in open waters. Although we
cannot address the surface reactivity issue quantitatively here we provide a significant
addition to available observations that we believe provides a more reliable lower limit
than hitherto available previously for v,[O3] to sea water.

This paper extends the findings of Whitehead et al. (2009) and discusses them in
more detail with respect to previous work.

2 Methods
2.1 Site and measurements

The measurements were conducted at the Station Biologique de Roscoff (48°44' N,
3°59' W), in a coastal town in Brittany in the north-west of France, during September
2006, as part of the coastal experiment of the Reactive Halogens in the Marine Bound-
ary Layer (RHaMBLe) project. The maximum tidal range at this site is 9.6 m, and at the
lowest tides this results in an infra-littoral zone of up to 3 km from the measurement site,
consisting of extensive macroalgae beds. Instruments were situated on the shoreline
at the start of a low stone jetty outside the Station Biologique de Roscoff. This location
provided a fetch of at least 800 m, and up to several kilometres over the inter-tidal zone
for a wind direction of between 215° and 005°. Further details of the site are outlined
in McFiggans (2009, this issue).

Direct fluxes of ultrafine particles and ozone were measured using the eddy covari-
ance technique (see below). The instrumentation included a sonic anemometer (Gill
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UK Model R3-50) with a resolution of £0.01m s'anda frequency response of 50 Hz.
Water vapour fluctuations were also measured using a Krypton UV absorption hygrom-
eter (Model KH20, Campbell Scientific Ltd.), co-located with the sonic anemometer in
order to determine latent heat fluxes (the KH20 has a reported frequency response
of >50Hz). Absolute temperature and humidity were measured using a Vaisala sen-
sor (Model PTR-100/Humicap). All the instruments were mounted on a specially con-
structed boom protruding 5 m past the edge the jetty. The boom was capable of being
traversed vertically to accommodate the very large changes in tidal height and could
be swung horizontally to accommodate different wind fetches (although this was not
considered necessary in the conditions experienced during the experiment). Figure 1
shows the mast arrangement deployed in the RHaMBLe experiment.

In order to ensure that the presence of the jetty wall was not influencing the air flow
at the sensor location, the vertical wind angle was examined. This was not found to
deviate by more than a few degrees and was within the range observed and presented
in previous publications (e.g. Gallagher et al., 2001). In addition, the values of the
variances of the vertical and horizontal wind velocities, normalised by the local stress
(momentum flux) are consistent with measurements over a flat uniform terrain, indicat-
ing the flows were not significantly perturbed by any bluff body (Foken and Wichura,
1996).

2.2 The eddy covariance technique

The eddy covariance (EC) technique is the most direct, least empirical method for
measuring vertical exchange fluxes of atmospheric constituents. It is based on the
Reynolds decomposition of a turbulent quantity such as concentration (y) into its time-
averaged component (), and its instantaneous perturbation (y'):

Y=x+x. (1)
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The vertical flux of y is then defined as the covariance between y and the vertical
component of wind speed, w (e.g. Foken and Wichura, 1996):

Fp=wy =wy-wy. 2)

Online fluxes of particles and ozone were calculated using EC within the same soft-
ware, for 15min averaging periods. Aerosol and trace gas time series data were
treated automatically for lag times induced by sampling down the inlets, and 3-D geo-
metric coordinate rotations were performed on the fluxes to correct for any deviations
in the alignment of the sonic anemometer. The data were also corrected to account
for density fluctuations using the method of Webb et al. (1980). Fluxes were rejected if
conditions were considered to be non-stationary (using the criterion described by Fo-
ken and Wichura, 1996), or if the average wind direction was from outside the sea fetch
(i.e. outside the range 215° to 005°).

2.3 The resistance analogy

Turbulent transport of atmospheric trace gases and particles to a surface may be dis-
cussed in terms of the resistance analogy (e.g. Gallagher et al., 2001). The total resis-
tance (r;) to deposition of a scalar to a surface is given by:

__xz-ad) _

s =
Fy

v‘;1(z -d) (3)

where v, is the deposition velocity to the surface from a given height z—d where z is the
measurement height, and d the zero-plane displacement height. The total resistance
may be considered as the sum of the aerodynamic resistance (r,), the laminar sub-
layer resistance (r,), and the surface resistance (r;). The aerodynamic resistance de-
scribes the resistance experienced in turbulent transport from the measurement height
(z) down to the roughness length (z,) above the surface. An expression for r,, derived
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by Garland (1977), is given by:

uz-d)  wu(z/L) - wu(z/L)
U2 Ku,

ra(z-d) = (4)
where v is the wind speed, v, is the friction velocity, L is the Obukhov length (a measure
of stability), « is the von Karman constant (0.41), and y, and y,, are the integrated
stability functions for heat and momentum, respectively, which may be approximated
by the analytical solutions derived by Paulson (1970). The second term in Eq. (4)
vanishes for stable and neutral conditions.

The laminar sub-layer resistance describes the molecular diffusion across the lam-
inar boundary layer in direct contact with the surface. There are various different pa-
rameterisations of r;, in the literature (e.g. Owen and Thomson, 1963; Chamberlain,
1966; Gallagher et al., 2001) whose use depends on the surface type. There is little
information on the processes governing r;,, above water and it is difficult to select an ap-
propriate parameterisation for deposition to either the sea surface or the exposed sea
floor. In any case, r,, is small compared to r, (based on calculations using a number of
these parameterisations) and so will be neglected here. Finally r; is the resistance to
uptake at the surface and may be found by subtracting r, and r, from r;.

2.4 Ozone fluxes

Eddy covariance flux measurements of ozone were made with using a fast response
ozone sensor (GFAS model OS-G-2; see Gusten et al., 1992; Gusten and Heinrich,
1996), which is based on the chemiluminescent reaction of ozone on the surface of
a 25mm silica gel disk impregnated with a layer of coumarin-47 reactive dye solution.
The disks were pre-sensitised by exposure to approximately 100 ppb of ozone for 3h
were replaced typically every 48—72 h depending on the ambient accumulated ozone
concentration and water vapour. The instrument has a quoted response time of 20 Hz,
and a detection limit of 50 pptv, making it suitable for eddy covariance flux measure-
ments. The instrument does not measure absolute concentrations of ozone, and so
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required calibration against a slower response Thermo Electron Corporation ozone
analyser (Model 49, limit of detection +1 ppbv, response time 20s). A calibration on
every 15min ozone flux measurement was sufficient for this purpose as the drift in
calibration was slow and monotonic. Various issues relating to sources of uncertainty,
data quality control and in particular analysis techniques using the GFAS and similar
instruments for ozone flux measurements, are discussed extensively by Muller et al.
(2009).

2.5 Ultrafine particle fluxes

In addition to ozone, fluxes of ultrafine particles were measured using an eddy co-
variance system comprising two ultrafine condensation particle counters (TSI models
CPC 3010AS and UCPC 3776, which was replaced by a UCPC 3025AS on the 11th of
September; e.g. Agarwal and Sem, 1980). These are capable of measuring total par-
ticle concentrations with sizes greater than a specific value determined by the instru-
ments operating characteristics. The UCPC 3025AS has a 50% detection efficiency for
particles at 3 nm diameter. This efficiency rises to 90% detection for 5 nm diameter par-
ticles. The UCPC 3776 is able to detect particles down to 2.5 nm with a 50% efficiency,
and an almost 100% efficiency for 3 nm particles. The CPC 3010 has a 50% efficiency
for 10 nm particles. The non-step nature of the lower size limit of these instruments is
likely to introduce errors when comparing results from two CPCs, which depends on
the efficiency curve of the respective instruments. This may be particularly important
when attempting to calculate a growth rate from the delay in response to a particle
burst between two different CPCs (see Sect. 4.3). Background count levels for these
instruments are typically 0.0001 particles cm™ with an absolute accuracy of £10% al-
though this can degrade with prolonged use. Details describing the use of these and
similar particle counters to measure particle fluxes over different surfaces can be found
in Buzorius et al. (1998) (forest surfaces), Dorsey et al. (2002) and Martensson et al.
(2006) (urban surfaces), and Nemitz et al. (2002) (grasslands). A detailed review of
micrometeorological methodologies and analysis techniques suitable for particle flux
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estimation can be found in Pryor et al. (2008).

The eddy flux systems used here provided measurements of FD,,>3 (flux for parti-
cles with sizes D,>3nm) and FDp>10’ (flux for particles with sizes D,>10nm). The
difference between these, AF:FDP>3—FDP>1O, may be used as a useful indicator of
a nucleation particle emission event, as well as providing a crude measure of the net
nucleation particle flux (strictly speaking this will depend on the discrete nature of the
distribution between these size limits).

2.6 Particle size distributions

The aerosol size distribution was measured using a combination of a Scanning Mobility
Particle Sizer (SMPS, TSI Model 3080L) and an optical particle counter (OPC, GRIMM
Model 1.108). The SMPS was operated using a “long” Differential Mobility Analyser
(DMA) column (TSI model 3080L) to size particles in the range 10-505nm (mobility
diameter). The GRIMM OPC sized particles in the range 0.3—20 um (optical scattering
diameter) in 16 size channels but these data will not be reported here.

3 Results
3.1 Ozone fluxes

The mean ozone concentration during the experiment was 30 ppb, and ranged from
2ppb to 54 ppb. Following rejection of non-stationary flux data and other quality
controls, 330 15-min flux periods remained. Measured ozone fluxes ranged from
-3.4mg m?st01.0 mg m2s™ (where negative values denote downward flux) with
a mean of —0.060+0.014 mg m2s™ (standard error). The mean ozone deposition
velocity (v4[O3]) was 0.96 mm s~ with a standard error of £0.15mms™" (where de-
position is denoted by a positive value). Figure 2 shows time-series plots of v,[O3]
for two periods during the experiment when a prolonged sea fetch was seen. It can
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be seen that v,[O3] was, on average, greater during low tide than during high tide.
Mean high tide v,[O3] was 0.302mm s~ (standard error £0.095 mm s™'; number of
data points, n=109), while the mean low tide v,[O3] was more than four times greater
at 1.28mms™’ (standard error £0.22 mm s n=221). Low tide is defined here when
the sea floor was exposed, that is when the tide height is below 5.6 m. The difference
between these values was found to be statistically significant (p<0.005), and they can
be compared in Fig. 3. In the period from the 24th to the 28th September, low tide oc-
curred in the middle of the day and the middle of the night. During this period, the mean
night-time low tide v,[O3] was 1.00+£0.10 mm s (standard error; n=31). Mean v4[O4]
during daytime low tide was found to be statistically significantly higher (p<0.001) at
2.05+0.16mms™" (standard error; n=39). However the night-time deposition veloci-
ties were still significantly higher (p<0.001) than those observed at high tide during the
same period. These data are summarised in Fig. 4. This is compared to values of
v4[O3] measured between the 14th and the 18th September in Fig. 4, when the tidal
amplitude was smaller and low tide occurred mainly in the morning and evening. While
there is still a significant (p<0.001) difference between high and low tide, no statistically
significant difference was found between daytime and night-time low tide, most likely
due to low tide occurring in the transition between day and night. The mean v,[O;] at

low tide was 1.61+£0.13mms™" (standard error; n=64).

3.2 Particle measurements

A number of particle bursts were observed at low tide during the daytime, lasting
around 5h, and were particularly strong during the period of greatest tidal range from
the 7th to the 11th of September. During these events, mean particle number con-
centrations were as high as 95000 particles cm™3, reaching peaks of around 2.5x10°
particles cm™>. The time-series of particles greater than 10 nm shows much smaller
increases in number concentration, confirming the bursts are comprised mostly of nu-
cleation mode particles. In situ SMPS size distribution measurements (Fig. 5) show the
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apparent growth of these particles to sizes greater than 120 nm, where they could be
readily expected to behave as cloud condensation nuclei. This period of spring tides
consisted mostly of winds from the north-east, which came from over the infra-littoral
zone, but beyond the fetch for reliable flux measurements. However, good fetch and
stationary conditions were observed on the 25th and 26th September, during which
particle bursts of up to 10° particles cm~2 were observed. Figure 6 illustrates where
the strongest particle bursts were coming from. Nucleation mode particle number con-
centrations (estimated by subtracting the number concentrations of particles greater
than 10 nm from those greater than 3nm), are shown in Fig. 7 along with fluxes of
particles greater than 3nm, and v,[Og] for this period. Apparent net particle emission
fluxes of up to 2x10° particles cm~2s™" can be seen during daytime low tide corre-
sponding with the particle bursts and the highest values of v,[O3] (up to 3mm s7h.
Strong particle emission fluxes were not observed during night-time low tides.

4 Discussion
4.1 Ozone deposition at high tide

The deposition velocity at high tide is assumed to represent direct deposition to the
sea surface unaffected by chemical processes. A review of previous measurements
shows quite a range in observed deposition velocities to sea surfaces (Gallagher et
al., 2001; Chang et al., 2004; Fairall et al., 2007). This large variation in values has
been attributed partly to an observed increase in v,[O3] with wind speed (Gallagher
et al., 2001; Chang et al., 2004), however this mainly occurs at high wind speeds (i.e.
u>4m s'1)(Chang et al., 2004). In this study, the mean wind speed was 3.2m s~ and
ranged 0-7.8ms”'. However, for the majority of the time (about 75%) it remained
below 4ms™', so based on the work of Chang et al. (2004), no relationship between
v4[O3] and wind speed was expected, nor was any seen. A large variation in deposition
velocities reported by the various studies is also observed at low wind speed, which
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may be due to large spatial and temporal variability in ocean chemistry (Chang et al.,
2004).

The mean sea-surface resistance, based on measurements made at high tide at
Roscoff, was calculated to be r5=1150:|:1503m'1. The median value of r; was
1690 sm™"). These values are within the range suggested by Gallagher et al. (2001) of
950-1890sm™' based on a review of previous micrometeorological measurements of
ozone deposition to seawater. Gallagher et al. (2001) note that sea surface roughness
may be enhanced by breaking waves where there is an extensive shallow coastal shelf,
resulting in a reduction in surface resistance. This may be one reason why the mean
rs observed here is lower than the values calculated from measurements over open-
ocean. Higher ozone deposition velocities were also observed in coastal waters than
in open ocean during a cruise near the coast of Texas in the Gulf of Mexico (Bariteau
et al.,, 2009). Preliminary analysis by Bariteau et al. (2009) found a mean v,[O3] of
0.34+0.03mms™" over open ocean, rising to 0.65+0.19 mm s~ near the coast (once
influences from the land had been removed).

4.2 Ozone deposition and particle formation

The surface resistance to ozone deposition during night-time low tide was found to be
650+46sm™'. This is lower than that observed at high tide (115O:|:15OSm'1, both
daytime and night-time). This is due to enhanced uptake at the exposed seaweed sur-
face due to the release of high levels of iodide by the macroalgae. Direct deposition to
the seaweed surface forms the dominant loss mechanism of ozone at night time low
tide. Kupper et al. (2008) predicted an order of magnitude difference between the sur-
face resistance of seawater and that of exposed Laminaria digitata (r;=100-400s m™
to the seaweed based on the ozone removal rate observed during chamber measure-
ment results). This may therefore be considered a lower limit to surface resistance
to an exposed seafloor with non-uniformly distributed Laminaria beds amongst other
species of seaweed.
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During the daytime low tide periods, photochemical destruction provides an addi-
tional removal mechanism for ozone, which reacts with atmospheric iodine generated
by the photolysis of iodine emitted by the exposed macroalgae. This is expected to
result in higher values of v,[O3] during the day than at night (low tide). Indeed, at
Roscoff, average low tide values of v;[O3] were twice as high during the day as they
were at night (see Fig. 4). It is this photochemical reaction that leads to coastal particle
formation, resulting in the observation of strong net apparent particle emission fluxes
and hence concentrations during daytime low tide. This is fully consistent with obser-
vations of particle bursts at other coastal sites (O’'Dowd et al., 1998, 2002b) and also in
laboratory experiments using chambers (O’Dowd et al., 2002a; McFiggans et al., 2004;
Palmer et al., 2005).

4.3 Particle size spectra and growth rates

It can be seen from the particle size spectrum time-series in Fig. 5 that the increase in
number concentration following the particle production events on 8th and 9th Septem-
ber is propagated continuously through to larger sizes which persist at the measure-
ment site into the afternoon of the 10th September. The particles are formed at diam-
eters of less than 2.5 nm, observed only once they have reached 2.5 nm (by the differ-
ence in CPC measurements ), and grow to sizes of greater than 120 nm in a timescale
of tens of hours. Particle growth rates may be estimated from the rate of change of
the mode in the size distribution (e.g. Dal Maso et al., 2002). Using this method for
the particle bursts seen on 8th and 9th September, an apparent growth rate of 10—
15nmh™" is seen. This growth rate decreases with time as the plume is diluted, and
since the lower size cut-off of the SMPS during these measurements was 10 nm, it
may be reasonably assumed that growth rates are higher at smaller sizes. This can be
estimated by comparing the times at which the number concentrations recorded by the
two CPCs increase due to a nucleation event. The time delay between the two instru-
ments may be regarded as the time taken for particles to grow from 2.5nm (or 3nm
when the UCPC3025AS was operating) to 10 nm. It must be noted that this assumes
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a step change in the response of the CPCs at their lower size cut-off (see Methods,
Sect. 2 for a discussion on this). Using this method for nucleation events throughout
the experiment, the particle growth rate was estimated in the range 17-150 nm h='. At
Mace Head in Ireland, Dal Maso et al. (2002) estimated a range of 120—180 nm h™'in
clean marine air and 15-20nmh™" in polluted air advected over a tidal zone. The site
at Roscoff is more complex than Mace Head with sources at various distances upwind
(see Leigh et al., 2009, this issue, for a seaweed map and footprint analysis) as well
as numerous pollution sources. As a result it is difficult to relate the range of apparent
growth rates to sources without a larger dataset.

The apparent growth to greater than 120 nm diameter observed by single-point in situ
measurement implies that the particle formation must be a widespread phenomenon
over the Brittany coastline during the experimental period (see back-trajectories in
Fig. 8. Since regionally, there may be significant additional sources of condensable
material, it cannot be claimed that the particle growth results solely from the conden-
sation of oxidation products of macroalgal emissions of iodine. Indeed, it is very likely
that other condensable material significantly contribute to the particle growth as they
dilute and mix into the semi-polluted atmosphere. However, from the relationships es-
tablished in the current work and more widely within the RHaMBLe project it is clear
that the regional scale enhancement in particle number, and under appropriate con-
ditions CCN number, results from tidally driven iodine- and ozone-mediated particle
formation.

4.4 Particle fluxes

Particle fluxes of the order of 10° particles cm~2s™" were seen at Roscoff during the

RHaMBLe experiment. In previous measurements of coastal particle emission fluxes,
Flanagan et al. (2005) observed fluxes of up to 10°cm™2s™" at Mace Head. Flanagan
et al. (2005) was also able to derive a relationship between particle number fluxes and
concentrations for clean marine air over a single source (no strong correlation could be
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found in air masses over multiple coastal sources). This was based on the formula:
logso F = mlogig N — k (5)

With F the particle flux (cm'2 s'1) and N the number concentration (# cm'3), Flanagan
et al. (2005) derived the values m=1.40+0.16 and k=1.46+0.65 (r2=0.86). A simi-
lar correlation was also found between the particle number fluxes and concentrations
measured at Roscoff. Using Eq. (5), m=1.56+0.26 and k=2.78+0.97. Figure 9 shows
this relationship and compares with that derived by Flanagan et al. (2005). The cor-
relation is weaker (r2=0.47), but still significant (p<0.001). This result is surprising as
Flanagan et al. (2005) only observed a correlation when clean marine air passes over
a single source region within 100 m of the measurement location. As discussed above,
the site at Roscoff is more complex with multiple sources at various distances upwind
of the measurement location and it must be stressed that Flanagan et al. (2005) only
proposed the simplifying correlation for the single source events. This may explain the
differences between the correlations seen at the two sites, but longer-term investiga-
tions would be needed to establish the dependence of the relationship between particle
number fluxes and concentrations on source.

It should be noted here that it is likely that significant particle nucleation also occurs
above the sensors, leading to an underestimate in the total apparent particle emission
fluxes. The fluxes shown above and in Fig. 6 must therefore be lower limits at this
location.

5 Conclusions

Measurements of ozone deposition velocities and ultrafine particle emission fluxes
were made over an extensive infra-littoral zone on the coast of Brittany, north-west
France in September 2006. Strong particle bursts (with ultrafine particle concentrations
up to 2.5x10° particles cm‘s) were observed during the daytime low-tides. Enhanced
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uptake to the iodide-rich surfaces of exposed macroalgae resulted in higher v,[O3] dur-
ing low tide both during daytime and night-time compared to high tide. Observed values
of v,[O5] at low tide were at least twice as high during the day as at night, illustrating
the importance of photochemical destruction as an additional removal mechanism for
ozone in the coastal atmosphere. In good stationarity and fetch conditions, particle
fluxes of up to 2x10° particles cm™2s™" were observed corresponding to the highest
observed v4[O3] of 3mm s™', and a significant relationship was seen between particle
number fluxes and concentrations. Apparent particle growth rates were estimated to
be in the range 17-150 nm h™" for particles greater than 3 nm. These results link direct
depositional loss and photochemical destruction of ozone to the formation of particles
from macroalgal emissions at a coastal location. The apparent continuous growth of
particles is indicative of large-scale formation of ultrafine particles and that they grow
to sizes at which they will most likely act as CCN indicates a potential regional radiative
impact.
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Fig. 1. The boom from which flux measurements were made during the RHaMBLe experiment.
The overlay shows the photochemical processes that lead to particle production.
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Fig. 2. Time-series of v,[O5] (filled grey circles) for two different periods during the experiment
at Roscoff. The tidal height is shown by the black trace. The grey shaded areas represent

night-time.
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Fig. 3. Comparison of v,[O] values between low and high tide for the whole experimental pe-
riod. The medians and inter-quartile ranges are shown (boxes) along with the 10-90% ranges

(whiskers) and means (filled black circles).
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Fig. 4a. Comparison of v;[O;] values between different conditions during the period 14th—18th
September 2006. The medians and inter-quartile ranges are shown (boxes) along with the
10-90% ranges (whiskers) and means (filled black circles).
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Fig. 4b. Comparison of v,[O] values between different conditions during the period 24th—28th
September 2006. The medians and inter-quartile ranges are shown (boxes) along with the
10-90% ranges (whiskers) and means (filled black circles).
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Fig. 5. Ultrafine particle concentrations (top panel) along with the number size distribution from
the SMPS (bottom panel) during the period 8th—10th September 2006. Also shown is the tidal

height.
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Fig. 6. Average ultrafine particle number concentrations plotted as a function of wind direction.
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Fig. 7. Time-series of ultrafine particle number concentration (thin black trace at the top),
particle flux for particles in the size range 3—10 nm (filled grey circles, middle) and v,[O3] (white
circles, bottom). The thick black trace shows the tidal height. Night-times are represented by

the grey shaded areas.

12:00
25/09/2006

00:00 12:00
26/09/2006

Time (GMT)

20595

00:00
27/09/2006

(w) yb1eH apiL

ACPD
9, 20567-20597, 2009

Coastal particle
emissions and ozone
deposition

J. D. Whitehead et al.

: III III


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/20567/2009/acpd-9-20567-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/20567/2009/acpd-9-20567-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

NOAA HYSPLIT MODEL
Backward trajectories ending at 00 UTC 09 Sep 06
CDC1 Meteorological Data

Source x at 48.73N 3.98 W

Fig. 8. Hourly back trajectories generated using the NOAA HYSPLIT model for the period
18:00 LT to midnight on the 8th September 2006 (see Draxler and Rolph, 2003).
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Fig. 9. Particle emission fluxes plotted as a function of number concentration. Also shown are
the fit based on Eq. (5) (black line) and the 99% confidence (dashed) and prediction (dotted)
intervals, as well as the relationship derived by Flanagan et al. (2005) (grey line).
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