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Abstract. The first in situ point observations of iodine 1 Introduction

monoxide (IO) at a clean marine site were made using

a laser-induced fluorescence instrument deployed at Macé&he important role of iodine chemistry in the marine bound-
Head, Ireland in August 2007. 10 mixing ratios of up to ary layer has been highlighted by a number of studies (e.g.,
49.8 ppw (equiva|ent to pm0| m‘o:l-; 1s average) were ob- Alicke etal, 1999 Read et a].2008 O’'Dowd etal, 2003
served at day-time low tide, well in excess of previous Ob-The iodine monoxide (|O) radical is involved in the catalytic
served spatially-averaged maxima. A strong anti-correlationdestruction of ozone in the marine boundary lay@a(is

of 10 mixing ratios with tide height was evident and the high €tal, 1996. This destruction can be initiated by the reac-
time resolution of the observations showed 10 peaked in thdion of 10 with itself or BrO as well as with the HOradical
hour after low tide. The temporal delay in peak 10 comparedor NO,. The reaction of 10 with HQ alters the OH/HQ@

to low tide has not been observed previously but coincidegatio (Bloss etal. 2009 and affects the oxidising capacity
with the time of peak aerosol number previously observed aff the atmosphere, both directly (through kj@r indirectly
Mace Head. through impacts on @and NQ..

A long path-differential optical absorption spectroscopy lodine has been found in ultrafine particlésgkeh etal,
instrument (with a % 6.8 km folded path across Roundstone 2002 and observations in marine environments have shown
Bay) was also based at the site for 3 days during the pointhat peaks in gas phasgdoncentrations coincide with new
measurement observation period. Both instruments showparticle bursts @Dowd etal, 2002 Sellegri etal. 2005
similar temporal trends but the point measurements of 10 aréIcFiggans eta).2010. However, the mechanism of new
a factor of~6-10 times greater than the spatia“y averagedpartiC|e formation from iodine is still uncertain. Recent lab-
10 mixing ratios, providing direct empirical evidence of the oratory work suggests that IO and OIO react to form higher

presence of inhomogeneities in the 10 mixing ratio near theoXides bO3 and bO4, which then polymerise and grow to
intertidal region. ultrafine particles $aunders etal2010. If these new par-

ticles grow to form cloud condensation nuclei (CCN), they
can influence cloud properties and have an impact on climate
(Rosenfeld etal.2008. Laboratory and modelling studies
by Burkholder etal(2004 suggested point mixing ratios of
10 between 50 and 100 pptv (parts-per-trillion, equivalent to
pmol mol~1) were required to explain the particle bursts ob-
served in coastal area®'Oowd etal, 2002.
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Table 1. Acronyms used are explained in the text.

Summary of mid-latitude coastal IO Observations

Location & Year Max 10 (pptv); Technique Notes Reference
Integration Time
Mace Head, 2007 4988.8;1s LIF (in situ) clean marine; This study
Mace Head, 2007 4.4;10min LP-DOAS (13.6 km) macroalge Seitz etal (2010
Mace Head, 2002 720 LP-DOAS (8 km) beds located Saiz-Lopez etal(2006H
Mace Head, 1998 72 LP-DOAS (13.6 km) allaround  Carpenter et al200])
Mace Head, 1997 6%7 LP-DOAS (13.6 km) Alicke etal.(1999
Mweenish Bay, 2007 29.9; 10 min LP-DOAS (517 m) South of MHD Seitz etal(2010
Dagetilll, Germany, 2002 1.9; 5-15min LP-DOAS (18.3 km) semi-polluted Peters etal(2005
Roscoff, France, 2006 2763.2;10s LIF (in situ) semi-polluted Whalley et al.(2007)
Roscoff, France, 2006 1631 LP-DOAS (6.7 km) Mahajan et al(2009
Lilia, France, 2003 8; 5-15min LP-DOAS (18.8 km) semi-polluted Peters etal(2005
Appledore Is, Maine, | LP-DOAS (4.6 km) semi-polluted Stutz etal (2007
USA, 2004 NG up to 8 ppbv

LP-DOAS: Long-path Differential Optical Absorption Spectroscopy. LIF: Laser-induced Fluorescence. CRDS: Cavity Ring Down Specttdsodpgegration time given.
ppbv = parts-per-billion, equivalent to nmol mdi.

IO radicals are formed through the reaction of atomic io- etal, 2001, Saiz-Lopez and Plan2004 Peters eta).2005
dine with ozone. A steady state between 10 and | atoms isSaiz-Lopez etal.2006a Read et a].2008 Mahajan etal.
formed during the day, with the reformation of ozone in the 2009 Seitz etal. 2010. Table1 presents an overview of
absence of other reactions. In coastal areas, iodine atoms cdhese spatially-averaged 10 observations as well as point
be formed by the photolysis of molecular iodine or iodocar- measurements of 1O at mid-latitude locations. This signifi-
bons, which have been emitted from macroalgae in the interecant spatial averaging can conceal the presence of an inho-
tidal zone and high concentrations of iodine atoms have beemogeneous distribution of the target species along the LP-
directly measured at coastal sitd®ale etal, 2008 Maha- DOAS light-path, which can make the interpretation of point
jan etal, 2011). 10 was first observed at Mace Head Atmo- observations of short-lived species (e.g. OH andhHef-
spheric Research Station (MHD), located on the west coasficult. A factor of 10 increase in the 10 concentration ob-
of Ireland, in 1997 by Long Path Differential Optical Absorp- served by LP-DOAS was required to reproduce [HOb-
tion Spectroscopy (LP-DOASA(icke etal, 1999 and has  served during the North Atlantic Marine Boundary Layer Ex-
since been measured at a number of mid-latitude sites sucperiment (NAMBLEX) campaign§ommariva et a).2008.
as Lilia, FranceReters et a] 2005, Dageliill, Germany Pe- A recent LP-DOAS study with various path lengths found
ters etal. 2005 and Roscoff, FranceMahajan etal.2009, similar 1O column densities for both a 2 km and 10 km path
with varying 10 mixing ratios observed, up to a maximum length above beds of macroalgae, indicating the presence of
of 29+ 8.8 pptv observed bgeitz etal.(2010 at Mween-  significant inhomogeneities within the light patbgjtz et al.
ish Bay just south of Mace Head on the west coast of Ire-2010.
land. These previous spatially-averaged observations of 10 at We present point observations of IO made using a portable
MHD have provided important information about the role of and compact Laser-Induced Fluorescence (LIF) instrument
macroalgae in initiating iodine chemistry through the emis- developed for the detection of 10. The instrument and cali-
sion of molecular iodine (e.gSaiz-Lopez and Plan2004 bration method are described. The temporal and tidal related
and, to a lesser extent, iodocarbons (eCGarpenter etal. variations of the in situ point observations of IO are discussed
200)). These studies also linked iodine species to hew parand the short-term variability investigated. The point obser-
ticle formation O’Dowd etal, 2002 and initiated chamber vations of IO are compared to the spatially-averaged 10 ob-
studies into the role of specific macroalgae in the emissiorservations made by the LP-DOAS instrument and the extent
of iodine Bale etal, 2008 Dixneuf etal, 2009 Ball etal, of the inhomogeneity of the 10 concentrations is examined.
2010.

Most field observations of IO have been made by LP-
DOAS instruments, which use path lengths of several kilo-
metres to improve the LP-DOAS sensitivity (e@arpenter
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LP-DOAS oy stone Bay varied between 1 m at Neap Tide and 4.5m at
Retro-reflector N Spring Tide, which corresponds to a horizontal distance of
o between~ 50 m (high tide) and-~ 100 m (low tide) in front

of the site. During the observation period, the wind direction
varied from west to north-west, with wind speeds varying
from 11ms?!to 0.5ms?! (data courtesy of B. Kelly, Met
Eireann). Multiple ensemble back trajectories wind fields
calculated using the HYSPLIT (HYbrid Single-Particle La-
grangian Integrated Trajectory) model (NOAA Air Research
Laboratory:Draxler and Hess1998 show this air had trav-
elled at low level over the ocean for most of the previous
24 h. Previous studies lommariva et al(2006 found that
clean marine air with NG: 30 pptv arrived at the site for
these wind directions. During the August 2007 measure-
ment period, NO was measured using a TECO Trace Level
analyser with a limit of detection of 50 pptv and NO was not
recorded above this limit during the measurement period dis-
cussed here. The analyser recorded a short-lived increase in
NO when a speedboat passed the site but this occurred dur-
ing a calibration of the LIF system so has not been considered
here.

Point measurements of IO were made on eight days be-

Roundstone '

L. hyperborea

P 2 L. digitat . .
gy | | L S;Z’C,‘ja‘;,na tween 15 and 30 August 2007 with short breaks in data col-
i Tt g lection due to restrictions on the deployment of the sampling
Croaknakeela . . . .
e cell i.e. observations were only possible when the station

was attended and were not possible during inclement weather

Fig. 1. Schematic representation of macroalgae location recorded:ond't'c_ms brought by easterly winds. Th? Instr.ument was in-
during a 2000 survey. Extensit@minariabeds were observed in  Stalléd in avan locates 5 m north of the site buildings. The
the inter-tidal areas under the LP-DOAS light path. Adapted from POrtable fluorescence cell was extended 10 m away from the
Connemara Seaweed Survey 2001. Irish Seaweed Centre, NUI®an, towards the sea (upwind), giving-#5 m clearance in
Internal report 72 pp. (Bottom Left): ordinance Survey Map of front of the site buildings, approximately 100 m from the low
Mace Head showing the 6.8 km LP-DOAS light path between Macetide line and exposed macroalgae. Simultaneous spatially-
Head and Roundstone to the north. Croagnakeela Island 4.2 kmaveraged measurements were made by the LP-DOAS instru-
to the west has been used as the location of the retro-reflector ifnent for the final three LIF observation days (28-30 August
previous studies. 2007). The LP-DOAS instrument was located in the site
buildings with the light-path passing 5 m behind the LIF flu-

) orescence cell to a retro-reflector located across Roundstone

2 Instrumentation Bay (total path length 13.6 km).

2.1 Site description ) )
2.2 Laser-induced fluorescence instrument
The Mace Head Atmospheric Research Station (MHD)
(53.32 N, 9.90 W) is a marine site located on the west coast The laser-induced fluorescence (LIF) instrument uses radi-
of Ireland (Fig.1). The research station has been the subjectation ati =444.885nm (generated by a tunable solid state

of extensive halogen studies in the past (eAdicke etal, laser) to excite thg2,0) band of theA2H3/2 <« X21'I3/2
1999 Saiz-Lopez eta).20063 and is described extensively electronic transition (R1 bandhead), which consists of sev-
in Heard etal(2006. eral overlapping rotational linesGf¢avestock etal.2010.

Mace Head experiences semi-diurnal tides, with extensiveOff-resonance fluorescence in tt#&5) band is detected at
beds of macroalgae exposed in narrow strips along the coast=520.3 nm.
at low tides. A log of the approximate low and high tide  The instrument was adapted from the Leeds aircraft in-
times at the site was maintained during August 2007 andstrument for OH and H®measurementsCommane etal.
the high and low tide times were found to agree well with 2010 and the laser configuration used was similar to that de-
the tide times predicted for Roundstone Bay (7 km north) byscribed inWhalley etal.(2007 andFurneaux etal(2010,
the UK Hydrographic Office (UKHO) Poltis program. Dur- with up to 100 mW of blue light ak ~ 445 nm produced.
ing the measurement period, the intertidal height in Round-Details of the laser excitation and fluorescence spectra, and

www.atmos-chem-phys.net/11/6721/2011/ Atmos. Chem. Phys., 11, 67232011
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)

a 1000 ns wide collection gate, delayed 50 s after the laser
pulse to collect the signal due to solar scattered light and
CPM dark counts (the latter 0.01 ctss1). The difference
in signal (ctss1) between gates A and B is recorded as the
1 s averaged IO fluorescence signal and can be integrated
to longer time periods as required. During all field mea-
20 30 40 surements, a 1:1 duty cycle was adopted: the laser wave-
10/ potv length was tuned to thenline wavelength (444.887 nm) for
Fig. 2. Calibration of IO for mixing ratios between 2.2 and 60, producing 60 One,second online points (or 300 000 I{?lser
37.2pptv. From this fit, the sensitivity of the instrumefd) is shots), then tuned_ of'flln_e (444.882nm) for 605, producing
0.039 ¢ 0.001) cts s mwW—L pptv—1, with a slight negative inter- 60 one second offline points. From these 1 s data (5000 laser
cept (-0.002¢ 0.01) cts 51 mw—1), R =0.999. shots), the data were usually averaged to generate a 1 min
data point. The signals are normalised for laser power and the
mean offline signal is subtracted from the mean online signal
the photophysical and collisional processes occurring in theo give the laser normalised signal (gjgcts st mw-1). Fi-
A21'I3/2 state of IO can be found iGravestock etal2010. nally, this signal is divided by the sensitivity to give the 10
Installed on two aircraft racks, with a separate pump set, caliconcentration ([I0], molecule cnf):
bration system and portable fluorescence cell, the instrument .
was characterised prior to, and calibrated during, deploymenﬂo] _ % (1)
at Mace Head. Cio
The optical cell is similar in design to that described in where Cio is the instrument sensitivity to 1O
Commane etal2010, with an extended inlet to reduce so- (ctss*mW-2moleculeX cn). Using the ambient tem-
lar scattered light. The inlet was pointed vertically upwards erature and pressure recorded during the 10 measurement
and consisted of a 45mm internal diameter stainless Ste‘%eriod the 10 mixing ratio was then calculated
cylinder, with a 25 mm internal diameter solid nylon cylinder ' '
of 21.5cm length inserted between a stainless steel cap angl, ;
base, giving a total length of 33 cm. A maximum=eb cts
(counts)s*1 of solar scattered Ii_ght was observed within the | 5ser-induced fluorescence spectroscopy is not an abso-
cell at solar noon. A 0.8mm pinhole was centered on a flate technique and the sensitivity of the instrument to 10
disc, drawing ambient air into the fluorescence cell at a flow st pe determined by calibration. A turbulent-flow cal-
rate of 8.5slm (standard litres per minute,’2) 760°Torr),  ipration system was developed to produce known concen-
giving an cell pressure ot 150 Torr. trations of 10 from the photolysis of a known concentra-
Laser radiation was delivered to the cell through a 15myjq of N,O in the presence of excess £LF The turbulent-
fibre Opt_iC cable (Oz Optics) and the light exiting the flbl’e flow method is described infhalley etal, 2007, where a
was collimated and focussed through a baffled side-arm intqomparison with a laminar-flow calibration method found an
the fluorescence region. Fluorescence was detected on Ayreement within the combined uncertainty of both meth-
axis perpendicular to both the laser beam and ambient airpg4s  The sensitivity of the instrument was not found to
flow, and passed through a 50.2 mm diameter window (with,5ry throughout the measurement period and a sensitivity of

A =521nm anti-reflection coating), was collimated and fil- 939 (0.001) cts s mwW-2pptv-t was used for all data
tered by ax =521 nm centred interference filter (Barr As- analysis.

sociates, 2nm FWHM, 52% transmission) and focussed
through two lenses (50.2 mm diameter, 52 mm focal length
anti-reflection coated fok =521 nm) onto the photocath-
ode qf a yellow sensitive ch.annel photomultiplier (CPM) [101=[N,0] ON,0 10 2 Fig49nm 0t 2)
(Perkin Elmer, C993 P). The signal from the CPM was sent to
a photon-counting card (Becker and Hickl, MSA 300) in the where  on,0 IS the  absorption  cross-section
data-acquisition computer before the signal was processeaf N2O at 184.9 nm  dn,0=1.43x
The photon-counting card was triggered by a timed-transistol0-1° cm? molecule!, Sander eta).2008, ¢o is the
logic (TTL) pulse from the delay generator 50 ns prior to the chemical yield of 10 from the reaction of é®) and CEl
laser pulse. (¢10 =0.83,Gilles etal, 1996, Fig49nm is the photon flux
Photons at =521 nm from the laser focal volume were of the lamp ath =184.9 nm and: is the irradiation time.
recorded during two time gates: (i) Gate A: a 100 ns wide The productFigsgonm 9t is determined by MO actinometry
collection gate centred directly over the laser pulse to collect{described in detail ifCommane etal.2010. Figure 2
the LIF signal, laser scattered-0.8-1ctss'mw-1) and  shows a calibration over a range of ambient concentra-
solar scattered light (maximum 5ctss'1) and (ii) Gate B:  tions from 2.2 pptv (5.4 10’ molecule cn®) to 37.2 pptv

1
mwW
N}

Bl

o
©

o
IS

10 Signal / cts s

o
=)

o
=

10 calibration

In the photolysis region, the concentration of 10 is given
by:
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(9.2 x 168 molecule cnt3), which can be generated by vary- on the instrument to determine the effect of NOIt was
ing both [NoO] (1.2—-8x 108 molecule cnT3) and the lamp  found that no response in signal above the calculated in-
flux ati =189 nm (9.5x 101%-2.5x 103 photoncnt?s™1).  strumental LOD was observed for NQnixing ratios be-
The total uncertainty in the 1O calibration was found to be low 500 ppbv, which is far less than the sub-ppbv levels of
23.5% at &. This is the sum in quadrature of the uncertainty NO, observed at clean marine sites. With the addition of
in the laser power (1 %), the lamp flux (11 %), the absorptionover 500 ppbv N@, the instrument recorded a response of
cross-section of O (< 1 %), the chemical yield of IO from —0.004 pptv of false 10 perppbv of NQagain much less
the reaction of O{P) + CRl (11 %), the concentration of than the instrument uncertainty. Thus, any interference from
N2O (1%) and the reproducibility of the wavemeter to ac- constant background NQnixing ratios would result in only
curately find the excitation wavelength of 10 (18 %), which a small underestimate of 10 recorded.
was determined from experimental tests with a constant cal-
ibration source.
The limit of detection (LOD) of the instrument is deter- 3 Point observations of IO
mined by both the sensitivity to I0C{p) and the instrumen-
tal noise. For equal online and offline sample sizes with equaPoint observations of 10 were made over eight days in Au-
variance, the minimum detectable 10 signal, 1Qgig for gust 2007 and encompassed diel cycles of high and low tides.

a given confidence interval (Cl) can be calculated: The data were collected at 1 s (limit of detectiorlO pptv)
and averaged to 60 s (LOD1-2 pptv). The high limit of de-
OSia. — T, E 3 tection associated with the 1 s data precludes the use of the
'Omin = 1C1 4/ - %0 (3 15 data at all but the highest mixing ratios. In order for the

) ) _ _ entire diel/tidal cycle to be considered, the data were aver-

where Tc) is the T' value for a given confidence interval ageq to 60s. For comparison of the LP-DOAS and LIF 10
(Tos9%=2), m is the sample size defined by the sampling fre- 4ata  both datasets were averaged to a common time basis,
quency andro is the standard deviation of the background, {herefore the LIF data in Sect. 4 is averaged over 10 min.
Whlch is assumgd to be representajuve of the standard dgw— Figure 3 shows the observed time series of the 10 mix-
ation of the qnlme sam_pl«_a. Assuming the background SI8%ing ratio (pptv) for 60 s time integration, where the 10 mix-
nal obeys Poisson Statistic#/halley etal, 2007, the stan- jn4 ratio showed a strong dependance on tide height. The
dard deviation of the total background signal is defined as thehighest 10 mixing ratio of 29.3 pptv (60's) was observed at
square root of the mean: low spring tide around noon on 29 August (spring tide; tidal

e T T height range of 4.5 m over 24 h). Atthe neap tide (tidal height
910 = v (Sib + Ssot- Scc) @) range of 1 m in 24 h), a maximum IO mixing ratio of 4 pptv
where Sj, is the signal due to laser scatteSg, is the  was observed. The lowest neap tides occurred at dawn and
signal due to solar background ang}. are the dark dusk so the photolysis rate of photolabile sources of | atoms
counts of the CPM andj, + Ssp+ Sqc is the mean of the  will be significantly lower than at mid-day and result in re-
sum of these {gg). For a 60s measurement cycle at duced | atom production. Itis possible, and indeed probable,
noon on 29 August, the limit of detection was calculated that neap tides at mid-day would result in greater 10 mixing
to be 1.25pptv (composed dfosg,=2, Pio=44.8mW, ratios than observed here.
Cio=0.039ctsstmW-1pptv1, Sgg =35.7 cts s, Solar

Signal=1.8ctss1, m = 60). 3.1 Temporal variability of 1O
I0Sig,iy is converted into a minimum detectable mixing
ratio of 10 (pptv) by: Figure 4a shows a short section of 10 data (over 2min)
) recorded at 1s resolution close to low tide with both online
|Omin=|08|gmin (5) and background signal (also recorded at 1 s resolution). Up
Cio Po to 49.7 & 8.6) pptv of 10 was observed over a 1s integra-

tion time at the lowest tide on 29 August, the highest mixing

where C is the instrument sensitivity to 10
0 y ratio of IO observed at Mace Head to date. Within this 60s

(ctsstmw-1pptv1) and Po is the laser power in

the 10 cell (MW) measurement period, the online 10 mixing ratio (red) varies
' between 10.0 pptv and 49.7 pptv. The variation in the offline
2.2.2 Influence of NG signal (ctss?; black) illustrates the range of instrumental

variation expected (converted to an equivalent IO mixing ra-
NO, exhibits a pressure-broadened absorption spectrum itio), which is much less than that observed in ambient obser-
the wavelength range used for 10 excitation={444—  vations. The offline signal is below the 1 s>(Rinstrumental
445nm) and fluorescence from M@xcited in this region limit of detection (blue line) of 10 pptv.
includes the wavelength region transmitted through the band- Figure4b shows the 60 s data around spring tide with the
pass interference filtei.(= 521 nm). Tests were conducted standard deviation of the 1 s data within this mean shown as

www.atmos-chem-phys.net/11/6721/2011/ Atmos. Chem. Phys., 11, 67232011
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10/ pptv
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Fig. 3. 10 mixing ratio (pptv) observed by LIF for a 60s time in-
tegration period (black) for the Day of Year (DQOY) in 2007; 10
instrument 60 s limit of detection(1.4 pptv at 2) (red); predicted

30, .

® D (60s)

251 4.
201 o gd
\.‘

154 ofen.

10 / pptv

Tide Height /m

Fig. 5. 10 mixing ratio observed by LIF (60s integration time)
against tide height: day (red), night (black). A clear anti-correlation
of 1O with tide height can be seen during daylight hours but there is
no tidal dependance at night.

At mid-latitude coastal marine boundary layer sites,
molecular iodine emission from macroalgae in the intertidal

tide height at Roundstone Bay (blue) scaled to fit the graph. Shadedone has previously been identified as a major source of
areas indicate night-time observations. Data were collected betweelD (Saiz-Lopez and Plan®2004 McFiggans eta).2004).

15 (DOY 227) and 30 August (DOY 242) 2007.
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Kupper etal (2008 propose that the ozone-scavenging re-
activity of iodide on kelp surfaces at low tide leads to the
direct release of molecular iodine frobmminaria into the
coastal atmosphere. The emission of iodine fitcaminaria
has also been linked to dessication and physical agitation
(Bale etal, 2008 Ball etal, 2010. The physical agitation
caused by wave motion as the tide returns could contribute
to the large variability seen in the 1s 10 data. However re-
cent chamber studies have suggested iodine emission from
Laminariamay also occur in cycles independently of phys-
ical agitation Dixneuf etal, 2009, where the release of |
was found to occur in short, strong bursts with a complex
time signature.Dixneuf etal.(2009 suggest that the time
signhature may be based on an autocatalytic reaction mecha-
nism which is closely related to the production of®$ in
the macroalgae.

At times of highest 10, macroalgae were located a max-
imum of ~100 m upwind of the LIF sampling point and,

Fig. 4. (top) 1s 10 mixing ratio (pptv) (red) at noon on 29 Au- with mean wind speeds of 5ms! at this time, the mean
gust (DOY 241) in 2007. The 1s background signal converted tochemical processing time between emission and sampling
an equivalent 10 mixing ratio is indicated as “offline” and shown \was~ 20s. This suggests that (with a photolysis lifetime

in black. The 1s limit of detection ) shown in blue. Up to

of 10 s at mid-day) is the dominant source of | atoms and the

49.7 & 8.6) pptv 10 was observed over this short time scale. (bot-major precursor to 10 at Mace Head. However, with a pre-

tom) 60 s IO mixing ratio (pptv; black) with the standard deviation
of the 1s data within the 60s block average shown as error bars

(grey). Tide height is shown as a blue line.

vailing westerly wind and wind speeds of 5-101 $ypical

in the area, it is possible that the maximum IO mixing ra-
tio, greatest @destruction and peak in particle formation all
occur inland from the observation point at Mace Head. The

a = error bar. The variability of the 1s 10 data at daytime Magnitude and location of thisz@lestruction are discussed

low tide is much greater than during the night or high tide andfurther in Sect4.3.2
suggests that the nearby macroalgae (a source of halocarbons ] ]
and molecular iodine) are not steadily emitting 10 precursor3-2 Diel and tidal dependance of 10

species, perhaps as a result of wave action or changing wind

speeds.

Atmos. Chem. Phys., 11, 6728733 2011

The tidal variation of 10 shows two distinct modes associ-
ated with the diel cycle (Fig5). During the day, a clear
anti-correlation of 10 with tide height can be seen and the

www.atmos-chem-phys.net/11/6721/2011/
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60 s integration time

¢ | m  Night-time 10 data

i |—— Gaussian Fit

F 20 Limit of Detection|
I 10 Limit of Detection

Frequency
[e2]
o

205 Pre-Tide Post-Tide : 40
g_ F 1 20
2 15} = 0+
o) F ] -3 -2 -1 0 1 2 3
= 10 g E Night-time 10 / pptv
50 3 _ _ o
F J Fig. 7. Histogram of night-time 10 data (60s
0 > ‘ integration  time; grey  boxes), +LOD (20=
-10 5 0 5 10 1.4pptv; red dash-dot lines,ct=0.78 pptv; blue dashed lines).

Tidal Time / Hours A Gaussian fit to these data (black line) shows a slight negative

Fig. 6. 10 mixing ratio as a function of time from daytime low bias €-0.49 pptv).

tide for all data between 28—-30 August. Data are separated between
before (red) and after (black) daytime low tide. The hour before and

after low tide is indicated by black dashed lines. theLaminariato dry out and emitd, as suggested by labora-

tory studies of L. Digitata byaale et al (2008 andBall et al.

(2010.

highest 10 mixing ratios were observed around daytime low | "€ time delay between low tide and peak 10 coincides

tide. These daytime data were highly variable on all days"ith the sharp increase in sub-10nm particle number ob-

with 10 mixing ratios between 3 and 29 pptv (60s integra- served in the hour after low tide during the PARFORCE and
BIOFLUX campaigns at Mace Head{Dowd and Hoff-

tion time) observed at low tide. 200 tina 10 ol K e i .
Seaweed surveys at Mace Head over various tide heightg]ann 9, suggesting plays a key role in new part-

found that macroalgae are widely distributed in narrow tidal cle formation. Unfortunately, no aerosol measurements were

) ) . h . made at Mace Head during the observation period of this
strips a few metres wide directly in front (and upwind) of the : : : :
X . ) . . study, which prevents direct comparison with the 10 data.
research station. A visual inspection of the area in front of the - . S
IO mixing ratios of up to 50 pptv (1s) are significantly

LIF observation point showed no macroalgae were exposed . o .
at tide heights greater than3m (high tide). The observed greater than any spatially-averaged IO mixing ratio reported

IO mixing ratios were of a similar range during day and night to date and provide further evidence of the role of IO in new

for these high tides heights. This suggest that any open ocea%art'de formation. Modeling studies suggested that 10 mix-

- - . Ing ratios of the order of 50 pptv would be required to ex-
iodine sources were not sufficient to allow detection of 1O at lain new particle formation initiated by the 10 self reaction
the LIF sampling point. At tide heights between 3 and 1 m b P y

macroalgae species suchRedmaria palmataAscophyllum (Burkholder etal. 2004}’. while Saunders et a(2019 sug-
nodosumand various type oFucuswere present and a max- gest the growth of particles proceeds through higher oxide

imum 1O mixing ratio of 8.2 pptv was observed during the polymerisation:

day. At low tides below 1 m, large bedslodminaria digitata ke

were exposed directly in front of the LIF sampling point and I0+10— OIO+I ®)
mixi_ng ratiqs of IO up to 29.3 pptv were observed (60s inte- |0+0IO A 1,03 )
gration period). 1,05+1,04 — —> NewParticleFormation (8)

At Mace Head in 2004Saiz-Lopez etal(20068 found
that both $ and ultra-fine aerosols peaked around low-tide,
o ) _ . while in Mweenish Bay, 6 km south of Mace Hea8eitz
Defining a common time basis based on hours from low tidegy 4. (2010 found that nucleation events coincided with
(Tidal Time) allows the continuous 60 s 1O data series on thepeak |0. Each of these LP-DOAS instruments requires a
final three days of measurements (as shown in4byto be  (minimum) 10 minute integration time. In Roscoff, France,
considered together. Figuésshows the 60s 10 data on this  Fyrmeaux etal(2010 found that ultra fine particles were
common time basis. Overall the time of the 10 enhancemengenerally observed around the same time as the highest 10

(10 mixing ratios greater than the limit of detection) aver- mixing ratios but that the peak 10 mixing ratios showed
ages to about five hours around daytime low tide. Althoughg temporally broader peak.

the maximum observed 10 occurred before low tide (29 Au-

gust), overall the mean 10 detected in the hour after low tide3.2.2  Night-time 10

(13.7 pptv) is greater than before low tide (8.4 pptv) and most

of the 10 above 12 pptyaklO) is concentrated in the hour At night, there is no tidal dependance evident in the IO mix-
after low tide. The time delay between low tide and the peaking ratios. Figure7 shows the probability distribution of
10 observed here could be attributed to the time required forthe 10 mixing ratio observed at night. The observations are

3.2.1 Temporal offset from low tide
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distributed around zero, within the mean instrumental limit sea level at high tide (Figl), where a retro-reflector con-

of detection (2), with a slight negative bias{0.49 pptv).  sisting of 76 quartz prisms (63 mm diameter) was located.
Previous observations of 10 at night at Mace Head wereThe reflected light was diffracted by a spectrometer (Acton
associated with high N mixing ratios Gaiz-Lopez etal.  Spectra Pro 300f = 4.1, 1900 gr mm?). The detector used
20063 and the only known 10 production pathway at night was a 1024 pixel photodiode array detector (type Hamamatsu

is through the reaction of lwith NO3: S3904-1024). 10 was measured in the 416—439 nm wave-
length range, with a 10 min integration time. For the analysis

12+NO3 N IONO, + 1 9) the software DOASISKraus 2005 was used to simultane-

k1o ously fit the different references to the atmospheric spectrum

I+03 — 10+0, (10) using a non-linear least-squares method (&iitz and Plajt

where ke = 15 x 10-2crmBmoleculelst, 1999. In addition, a polynomial of 5th order was inclu_ded to
(Chambers etal. 1992 and  kio=1.2x account for broad band structures due to.sc,attermg |n,the at-
1012 cmB molecule’ s at 298 K Gander et al2008. mosphere. As well as the 10 cross secti@dhez Martn

etal, 2005 Spietz etal. 2005, references of N@ (Voigt
etal, 2002, and HO vapour Rothman eta).2005 were
included in the fitting procedure. NQvas analysed between
618 and 626 nm and 657 and 664 nm and fitted using NO
(Yokelson etal.1994 and H,O vapour cross sections. Over
(tihe three days discussed here, N@ixing ratios were not
bserved above the detection limit of 4.8 ppty.wlas fitted
etween 510 and 590 nrB4iz-Lopez and Plan2004), with
mixing ratios up to 65 pptv detected on the single nightof |
measurements made during the intercomparison period.

During the LIF measurement period, mixing ratios of NO
were found to be below the LP-DOAS limit of detection of
4.8 pptv, while a maximumgyl mixing ratio of 65 pptv was
observed at night by LP-DOASSaiz-Lopez etal(2006H
showed that the spatially-averagedbserved by LP-DOAS
was concentrated in a short distance over the inter-tidal are
and mixing ratios of greater than 65 pptv are probable an
up to 100 pptv 4 is possible Bitter etal, 2005. Given
typical ozone mixing ratios of- 30 ppbv, an upper limit of
4.8 pptv of NG and an estimated 200 ppt of, Ithe 10 for-
mation rate is about 0.03 pptv neglecting all |0 removal 4.2 Inhomogeneities in IO distribution

processes. This requires a minimum of 405 to form S'um_FigureS shows the time series of both the LIF and LP-DOAS

cient 10 for detection by the LIF instrumentd2.IF limit IO mixing ratios. The general trend of higher 10 at daytime
of detection= 1.46 pptv). With windspeeds of 5-10 mrsat low tide is reproduced by both instruments but the in situ LIF

the site, the transit time of air passing between the macroalio mixing ratios are much greater than the spatially averaged
gae exposed at low tide to the LIF sampling point is betweenLP_DOAS O mixing ratios. Over the LP-DOAS 10 min inte-

rlzgtigg(:)fz Ic())st’ owg] écfr;r';g]j :Tg;;ﬁtt'tlme for detectable mixing gration time, the maximum 10 measured by LP-DOAS was
4.4 pptv, compared to the 22 pptv IO observed by the LIF
instrument over the same time period. The presence of short-
4 Comparison of spatially-averaged and point lived burs_ts of high 10 mixing rat_io_s evide_:n_t_in the 1s anq
observations of 10 60 s LIF time series may be sufficient to initiate new parti-
cle formation but these high mixing ratios are masked by the

For three days around low tide at Mace Head, |0 was mealong integration time required by the LP-DOAS instrument.
sured by a long-path Differential Optical Absorption Spec-  The ratio of IO point measurements to spatially averaged
troscopy (LP-DOAS) instrument from the University of Hei- measurements indicates the extent of the spatial distribution
delberg Huang etal.2010. The wind was consistently ar- throughout the DOAS light beam. While the peak LIF 10
riving at the site from the west to north-west for all three Mixing ratio was above 20 pptv on all the comparison days,
days, allowing direct comparison of spatially-averaged andthe peak DOAS IO mixing ratios steadily increased from

point measurements of 10. 2pptv to 4 pptv over the course of the three days, result-
ing in the LIF/LP-DOAS ratio changing as the tidal structure
4.1 Long path — DOAS instrument changed. An increase in IO at low tides is present in the spa-

tially averaged LP-DOAS observations but to much less of
Differential Optical Absorption Spectroscopy (DOAPI4tt  an extent than that seen in the point observations. Figure
and Stutz 2008 is a well established technique to iden- shows the anti-correlation of the LIF/LP-DOAS ratio with
tify and quantify trace gases by their narrow band absorptide height. On 28-29 August, the maximum ratio reaches
tion structures. The setup of the active long-path DOAS9.8. Back-trajectory analysis shows the air arriving at the
(LP-DOAS) systems used was a further development of thesite on these days was north-westerly and had passed over
coaxial mirror system introduced bixelson etal.(1990. coastal areas to the west of Roundstone. A seaweed survey
A detailed description of the Fibre LP-DOAS can be found conducted by the Irish Seaweed Centre at National Univer-
in Merten etal.(2011). The light path (6.8km one-way) sity of Ireland, Galway shows the presence of extensive beds
crossed Roundstone Bay to Roundstone about 10 m abowvef Laminaria digitataandL. hyperboreaalong this coastline
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the intertidal area and directly over beds of macroalgae. A
peak mixing ratio of 29 pptv (10 min) was observed in the
short path over the intertidal area. Another study at Roscoff,
France found point observations of IO were only a factor of
2-3 higher than spatially averaged IRufneaux etal201Q
Wada etal. 2007, suggesting that inhomogeneities in 10
distributions are location specific.

Indirect evidence of inhomogeneities in IO have been

w / ybIeH ap1L

28 29 30

August 2007 observed at coastal sites previously. Comparison of spa-
(10 % tially averaged 4 observed by LP-DOAS and point mea-
s 8 o surements by cavity ring-down spectroscopy (CROSiz-
VR L Jh:. . Lopez etal. 20060 and a denuder techniquBlijang etal.
L 4 :"° “. PO ) 2010 have highlighted the inhomogeneity in the iodine
o 2 AR X . A.° N e ‘: i N distribution along the LP-DOAS light path at Mace Head.
Oofo os 10 * s 20 s 2 30 Model calculations bySaiz-Lopez etal(2006) suggested

Tide Height / m that all the p was located in a narrow coastal band of less
than 10 % of the total light-path. Due to a lack of point ob-
Fig. 8. Observation of LP-DOAS and LIF 10 between 28-30 Au- servations of 10 at that time, it was not possible to prove this
gust. (a) LP-DOAS 10 (pptv, red, 10min), tide height (blue), hypothesis for IO, but local IO mixing ratios of up to 47 pptv
(b) LIF 10 (pptv, black, 1 min),(c) anti-correlation of the LIF/LP-  were suggested from the/lO ratio observed by LP-DOAS.

DOAS 10 ratio with tide height down to 0.3m. 30 August (red This predicted inhomogeneity is in good agreement with the
triangles) shows a lower ratio than 28—29 August (black dots). Thispoint observations of 10 presented here.

corresponds to increased IO detected by the LP-DOAS on 30 Au-
gust. 4.3 Implications of inhomogeneities in 10

The presence of high concentrations of iodine monoxide
to the west of Inishlackan (the island south of Roundstonejeads to a number of effects on the local chemistry, including
shown in detail in Figl). oxidative capacity and the potential for new particle forma-

On 30 August, the ratio reaches a maximum of 5.5tion.
and coincides with the highest IO observed by LP-DOAS.
Back-trajectory analysis showed the wind arrived from a4-3-1 Evolution of IO with tide height
more westerly direction on 30 August but the wind direc- . . .
tion did not vary throughout the day. Measurements of wind | N€ daytime point observations of 10 by LIF were found to
direction at a nearby meteorology station confirmed the conP€ anti-correlated with tide and can be quantified as:
stant wind direction. Consequently there is the Ie_ss inﬂu-_IO:l?.?Se—TH/l.OS_I_0.02’ (11)
ence from the macroalgae to the north-west of the site and air
spent less time traveling over the macroalgae beds directly ifvhere 10 is in pptv and TH is tide height in metres. This is
front of the site before being sampled by the LIF instrumenta stronger correlation with tide height than seen previously at
on 30 August compared to 28 and 29 August. On 30 Au-Mace Head. The LP-DOAS light beam sampled over ocean
gust, the LIF/LP-DOAS ratio decreases with tide heights be-for more than 90 % of the light path so a weaker correla-
low ~0.3m. At these tide heights additiorlaminariawas tion of 10 with tide height is expected. Figugeshows how
also exposed at the retro-reflector end of the LP-DOAS lighta relationship of 1G=3.07e ™/129  0.44 observed by the
path, as well as at the edges of two islands close to the light P-DOAS during this study compares to a previous study
path, that had not been exposed for any significant time orby Carpenter etal2007), which found a exponential corre-
previous days. This increased inhomogeneity in 10 sourcesation of I0=2.6e /17, The LP-DOAS path-length dur-
may account for the increase in the LP-DOAS mixing ratio ing Carpenter eta(2001) was 14.6 km compared to the LP-
(compared to the LIF mixing ratio) observed below these tideDOAS path-length of 13.6 km used here, resulting in greater
heights on 30 August. spatial averaging in th€arpenter etal(2001) study. Both

The point observations of IO presented in this study pro-paths were to Roundstone to the north of Mace Head. It is
vide the first direct experimental evidence of the extent ofprobable that the high mixing ratios of 10 observed by the
the spatial inhomogeneity of 10 along the DOAS light path LIF instrument here were previously masked by both the long
at Mace Head. This observation agrees wlbitz etal. time (30min) and spatial averaging (14 km) of LP-DOAS
(2010, who found inhomogeneities in 10 at Mweenish Bay measurements.
(6 km south of Mace Head). Similar IO column densities At a semi-polluted site in Roscoff, Northern France,
were observed for path-lengths of 1034 and 3946 m ovelFurneaux etal(2010 found that point measurements of 10
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Day 10 (60s Observations - This study - LIF)
(TH/2.8)

25 ~@ 10=10.05 ¢ -034  (Furneaux et al. 2010 - LIF)
m0-26¢™"" (Carpenter et al. 2001 - DOAS)
20 —4-10=3.07¢""" 1044 (This study - DOAS)

(-TH/ 1.08)

A 10=1775¢ +0.02 (This study - LIF)

10 / pptv

10 / pptv

August 302007

3 4 Fig. 10. Time series of 10 and ©(60s) and tidal height (m) for
30 August, 2007.

Fig. 9. 10 as a function of tide compared to other studies. Point ob-

servations of IO by LIF presented in this study (one minute data: = . .
grey points, tidal dependance: yellow triangleBjrneaux etal. this time. Up to 22 pptv of | atoms was observed at low tide

(2010 point observations by LIF at Roscoff, France (green points), during the measurement perioBale etal, 2008. In the
Carpenter etal(2001) LP-DOAS observations at Mace Head (red presence of 28 ppbv4)22 pptv of | atoms will result in the
squares), LP-DOAS observations from this study (black diamonds)loss of 0.08 ppbv @in 20 s. In fact, simply considering these
Point observations of 10 (by LIF) show the strongest dependanceeactions, a minimum processing time of 20 minutes would
on tide height. be required to account for the 5 ppby @epletion observed
and suggests an iodine source region located 6—12 km to the
] west/north-west depending on wind speed.
by LIF were only a factor of 23 greater than spatially aver-  For the 50 pptv of 10 observed at the site at low tide (linked
aged LP-DOAS measurements. The 10 by LIF relationshipyg the emission of iodine from macroalgae directly in front of
with tide was determined to be 1910.056 /2 —0.34.  he ghservation point), £destruction is likely to take place
This slightly weaker correlation than observed by LIF at gignjficantly downwind and, given the wind direction, in-
Mace Head may be due to the more dispersed sources @fng from the site. Again, assuming purely chemical loss
IO and the titration of 10 by the higher NOmixing ratios  of O, through reaction with | atoms, between 0.3 ppbv and
present at Roscoff. 10 may also have been chemically cong g ppbv Q@ will be lost within 1 km of the coast. However,
sumed or lost to new particle formation during the long tran-hjs cajculation does not account for IO loss to new parti-
sit time between the widely dispersed macroalgae and th@je formation, other sinks or dilution effects and should be

2
Tide Height /m

sampling point. treated as an upper limit for{hemical loss.
o Models of fast photochemistry at Mace Head have high-
4.3.2 Impact on oxidation lighted the impact of halogens on HO Sommariva etal.

(2006 used an in situ box model to show that observecbHO
could be reproduced by increasing the maximum spatially-
averaged 1O concentrations observed by an order of magni-
tlude. In the presence of 50 ppt IO, the modelledldGncen-
ration was reduced by 50 % and the modelled OH increased
by 30 %, in close agreement with observed values. The for-
mation (Reactiori4) and photolysis of HOI (Reactiobb):

During the day, @ is photolysed to form @D) (leading to
OH formation). Q can also be destroyed by reaction with
| atoms to form 10. The self-reaction of 10 produces OIO
and | atoms, alongside other products, and the produced
atoms then react with £Xo reform IO, resulting in the iodine
induced catalytic destruction of ozone:

k
I+03 =5 1040, (12)  |0+HO, X4 Hol (14)
' ‘
I0+10 =22 OlO+1 (13)  HOl+hv ™8 OH+1 (15)

whereki = 2.3 x 10~ Mexp(—870/T) (Sander eta)200§  as found to be the dominant HG> OH pathway, more
and k13 = ¢0105.4 x 10~ 'exp(180/T) (Atkinson etal,  than an order of magnitude greater than the normally domi-
2007), (branching ratiogoio = 0.38,Bloss etal,200]). The  pant HGQ + NO— OH 4 NO, pathway.

combination of these processes may explain the 5ppbv re- The point observations of 10 presented here show that
duction in ozone observed around low tide on 30 Augustmixing ratios of 10 greater than 10 pptv are only present
2007 (Fig.10), although physical process such as ozone de; tige heights below 1 m. This suggests that iodine related
position may also contribute to ozone loss at low tidéh(te- chemistry dominates the H®udget at Mace Head only dur-

head etal.2009. ing the low tide periods of spring tides.
It is unlikely that the macroalgae located within 10-20s

transport time of the sampling cell was the source of ozone-
depleting iodine, as the reaction o @ith | atoms to pro-
duce IO is too slow for @to be appreciably depleted within
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5 Conclusions mos. Chem. Phys., 7, 981-119d9i:10.5194/acp-7-981-2007
2007.

Point measurements of IO were made at Mace Head AtmoAxelson, H., Galle, B., Gustavson, K., Ragnarsson, P., and

spheric Research Station, a clean marine site on the west Rudin, M.: A transmitting and receiving telescope for DOAS-

coast of Ireland. 10 was found to be highly variable, with ~ Measurements using retroreflektor technique, Techn. Dig. S., 4,

up to 49.8 pptv 10 observed (1s). 10 showed a strong anti- 641-644, 1990.

correlation with daytime low tide and the associated local®&¢: - S: E. Ingham, T., Commane, R., Heard, D. E., and

macroalgae exposure. 10 peaked in the hour after low tide, an Bloss, W. J.: ' Novel measurements of atmospheric iodine
g p ’ P ! species by resonance fluorescence, J. Atmos. Chem., 60, 51—

offset which may be due to the time required for dessication 74 " 4:10,1007/510874-008-9108-http://www.springerlink.

and oxidative stressing of macroalgae, as well as mechani- ¢om/content/k6j323266406772008.

cal agitation from returning waves. This is consistent with Ball, S. M., Hollingsworth, A. M., Humbles, J., Leblanc, C., Potin,
previous aerosol observations, which saw a peak i) nm P., and McFiggans, G.: Spectroscopic studies of molecular iodine
particle number in the hour after low tide. No IO mixing ra-  emitted into the gas phase by seaweed, Atmos. Chem. Phys., 10,
tios above the instrumental limit of detection were observed 6237-6254d0i:10.5194/acp-10-6237-2012010.

at night. Bitter, M., Ball, S. M., Povey, I. M., and Jones, R. L.: A broad-

A comparison of spatially-averaged long-path Differential band cavit)_/ ringdown spectrometer for in-situ measurements of
Optical Absorption Spectroscopy (LP-DOAS) observations atmOSphe”C trace gases, Atmos. Chem. Phys., 5, 2547-2560,
. . . . doi:10.5194/acp-5-2547-2008005.
of 10 with point observations of 10 by LIF showed simi- e
| | d daf Bloss, W. J., Rowley, D. M., Cox, R. A. and Jones, R. L.: Kinet-
ar temporal trends. However LP-DOAS reported a _aCtor ics and products of the IO self-reaction, J. Phys. Chem. A, 105,
of between 6 and 10 times less than the LIF observations of 7g40_7854 2001.
IO, consistent with the assumption of inhomogeneities of IOB|oss, W. J., Lee, J. D., Johnson, G. P., Sommariva, R., Heard, D. E.,
along the LP-DOAS light-path used to explain previous rad-  Saiz-Lopez, A., Plane, J. M. C., McFiggans, G., Coe, H.,
ical point measurements. Flynn, M., Williams, P., Rickard, A. R., and Fleming, Z. L.: Im-
Overall the observations presented here found that coastal pact of halogen monoxide chemistry upon boundary layer OH
areas influenced by macroalgae contain high concentrations and HQ concentrations at a coastal site, Geophys. Res. Lett.,
of 10 but only for short periods of time (daytime low tide). 32,1.06814doi:10.1029/2004GL022082005. _
While these high concentrations of IO may significantly per- B“;khcl’_'dgr' Ji B., i“g_'”s' Jf.EhRar\]/lshankara, AR, lan?. LOV?.O%I.E'
turb local oxidation chemistry, this large effect will be rela- - caporatory siudies of e homogeneous nucieation of lodine

_ _ oxides, Atmos. Chem. Phys., 4, 19-3#i:10.5194/acp-4-19-
tively short-lived. 2004 2004.
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