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Possible evidence for a connection between methyl iodide
emissions and Saharan dust
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[1] Methyl iodide has been measured during two field campaigns in the Atlantic region in
2002. The first took place in July—August at 2300 m on the island of Tenerife, while
the second was a shipborne, east—west crossing of the Tropical Atlantic at 10°N in
October—November of the same year. Both campaigns were periodically impacted by
dust, advected from Africa in trade winds. Unexpectedly, during these dust events, methyl
iodide mixing ratios were observed to be high relative to other times. Backward
calculations with the particle dispersion model FLEXPART show the origin of the dust
storms as Mauritania and southern Algeria for the ground- and ship-based campaigns,
respectively. The dust-laden air traveled from its source above the marine boundary layer
to the measurement region. On the basis of the field data correlations and the simulations,
we suggest that dust-stimulated emission of methyl iodide has occurred. To test this
hypothesis, dust samples were collected from the identified source regions and added to
filtered Atlantic seawater. This rapidly produced methyl iodide. Further tests established
that the addition of iodide increased the yield and that iodide with H,O, was greater
still. This was found for both sterilized and nonsterilized samples. We conclude that there
is an abiotic methyl iodide production mechanism that can occur via substitution,
analogous to those in soil, rather than radical recombination. This may occur when dust
contacts seawater containing iodide or when marine water vapor condenses on dust
containing iodide. This hypothesis appears to be consistent with recent long-term methyl
iodide data sets from Tasmania and may help resolve current uncertainties in the iodine

cycle.
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1. Introduction

[2] The main source of atmospheric methyl iodide (CH3I)
is the ocean [Carpenter, 2003; Blake et al., 1999; Moore and
Groszko, 1999]. In coastal regions methyl iodide can be
produced directly from macro and micro algae in the surface
mixed layer [Baker et al., 2000; Carpenter et al., 2000;
Scarratt and Moore, 1999]. However, in the vast oligo-
trophic open ocean, a primarily photochemical rather than
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biological production pathway has been proposed [Moore
and Zafiriou, 1994]. Abiotic production driven by light is
supported by observations in surface waters [Happell and
Wallace, 1996; Bell et al., 2002], while transport to the
atmosphere has been shown to be correlated to sea surface
temperature [Yokouchi et al., 2001]. Recent shipborne incu-
bation experiments in the Tropical Atlantic involving natural
seawater that had been filtered or poisoned indicated that
methyl iodide production had no direct dependence on bio-
logical activity [Richter and Wallace, 2004]. The latter work
concluded, however, that the mechanistic pathway of methyl
iodide production in the ocean is not yet fully understood.
[3] After emission to the atmosphere, methyl iodide can
be photolyzed or oxidized by the HO radical, to produce
iodine radicals. Its relatively short lifetime (ca. 1 week) has
led to it being used as a tracer for marine influence in model
studies of vertical mixing [Bell et al., 2002]. lodine pro-
duced from methyl iodide and other short-lived iodocarbons
plays many important roles in marine boundary layer
chemistry, influencing ozone destruction, the oxidizing
capacity of the troposphere, denoxification, and particle
formation [Vogt et al., 1999; Carpenter, 2003; O ’Dowd et
al., 2002]. The ultimate fate of gas phase iodine is abstrac-
tion to aerosol particles as iodide (I") and iodate (I03).
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Recent speciated measurements of both I and 103 in
Tropical Atlantic aerosol showed that the 17/IO3 ratios
measured cannot be reproduced by current models of
aerosol iodine chemistry [Baker, 2004]. Further studies of
methyl iodide are evidently required to better understand the
iodine cycles in both the air and the seawater.

[4] In this study we present two field measurement data
sets of methyl iodide, collected in 2002 between 0—30°N in
Atlantic air. The first field campaign (MINATROC) was
completed in July and August at the 2300 m high measure-
ment station Izafia, on Tenerife (28°N, 16°W), and the
second (Meteor 55), from a research ship during a west to
east crossing of the Atlantic at 10°N latitude [Wallace and
Bange, 2004]. For periods of several days in both cam-
paigns, a major dust event of Saharan origin impacted the
point of measurement. An unexpected finding during the
high dust events in both campaigns was that the methyl
iodide mixing ratios were found to be higher than in low
dust conditions. These events are analyzed with a particle
dispersion model and supplementary laboratory experiments
using dust and filtered seawater. Possible explanations for
the apparent covariance of methyl iodide and dust are
discussed in this paper.

2. Methods

[s] In both campaigns methyl iodide was measured
from whole air samples collected every four hours in
stainless steel canisters and subsequently analyzed in the
laboratory by a gas chromatograph—mass spectrometer
system (GC-MS; Agilent Technologies), within 3 months
of sampling. Storage tests have not shown significant
changes of the mixing ratios of the methyl iodide during
this period. Canisters were filled by the following procedure:
flushing four times and then pressurizing to 3 bar using a
metal bellows pump. Analyses at the Max Planck Institute
(MINATROC, Tenerife campaign) were carried out using a
GC-MS with cryogenic preconcentration of the VOCs at
—72°C, separation on a DB-5 column and detection by a
quadrupole mass spectrometer (Single Ion Mode). The
system allows the quantification of various hydrocarbons
and halocarbons and its characteristics have been described
in detail elsewhere [Gros et al., 2003]. Calibration was
performed at least twice a day against a working standard
calibrated at the National Center for Atmospheric Research
(NCAR). Therefore all measurements presented here are
calibrated on the NCAR calibration scale. The detection
limit for methyl iodide was 0.1 pmol/mol, and the overall
uncertainty estimated to be better than 15%. A set of
132 canisters was collected on the Meteor 55 campaign,
by NCAR. The NCAR canisters were analyzed by GC-MS,
and the analytical system is described in detail elsewhere
[Schauffler et al., 2003].

[6] The laboratory analyses were made from either 20 ml
headspace vials with a gas chromatograph—electron capture
detector, GC-ECD (Fison HRGC 8265) or a purge and trap
GC-MS (Tekmar LSC 2000/Varian Star 3400 cx/Varian
Saturn 2000). To investigate the abiotic formation of methyl
iodide in samples of Lanzarote (Canary Islands) soil dust, 4 g
of sample was suspended in 10 ml of demineralized, bidis-
tilled and UV irradiated water in 20 ml headspace vials,
which were capped immediately after sample preparation.
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The UV irradiation was performed with an Elgastat UHQPS
(Elga, UK) with a Silvania UV G4W lamp to destroy any
organic species in the water. The vials were agitated in the
dark for 24 hours before the gas phase was analyzed for
CHj;I with a GC-ECD or a purge and trap GC-MS. Further-
more, iodide as potassium iodide (KI) and oxidants as
hydrogen peroxide (H,O,) were added to selected vials to
study their influence on the yield of the reaction. In addition,
two samples were sterilized at 120°C in an autoclave so that
a microbiological contribution to the production of methyl
iodide could be excluded. The sensitivity experiments were
conducted with the fine fraction (d < 0.125 mm) of fourteen
soil dust samples collected from Lanzarote, which is situated
directly downwind from the main sources of Saharan dust.
The geochemical characterization of the samples revealed
that they were chemically comparable to African dust
samples. Lanzarote samples were preferred for the experi-
ments, as this dust had already undergone aeolian transport
from the Sahara.

3. Results
3.1. Tenerife Data (MINATROC)

[7] In July—August 2002, methyl iodide measurements
were carried out at Izafia, Tenerife, to assess potential
interactions between mineral dust aerosol and tropospheric
chemistry. The station is situated on a mountain ridge on the
island of Tenerife at 2360 m above sea level (asl., 28°18'N,
16°29'W). During the campaign a dense Saharan dust
plume, with aerosol masses exceeding 500 ug m >, per-
sisted for 3 days; see Figures la and 1b. Several smaller-
scale events are also apparent. The methyl iodide mixing
ratios (see also Figures la and 1b) appear to be elevated in
cach of the dust events, although it is clear from the
variation that this is not the only factor affecting this
species. By day, under normal dust free conditions, marine
boundary layer air is transported upslope to the site. In
contrast at night, an inversion at 1.5 km serves to isolate the
site from the ocean. During the dust event the effect of the
inversion was weaker and air from the marine boundary
layer can be mixed up to the site more effectively. This can
be seen in the relative humidity signal, which increases
during the dust event. Note that the humidity was also high
between 2 August and 5 August, when methyl iodide was
elevated even in the absence of dust (see Figures 1a and 1b).
This will be examined further in the discussion section. The
prevailing wind during the measurement period was north-
west; however, during the dust event the wind was from the
southeast. It is important to note that the wind turned
southeasterly for 1.5 days before the dust arrived, and
during this time methyl iodide remained low indicating
negligible local sources from this wind direction (see
Figure 1b; see expanded section). Although the widely used
term “dust storm” implies high wind speeds, it should be
noted that the arrival of the dust was not associated with
significantly enhanced wind speeds; see expanded section
of Figure la. Indeed, for the entire period shown in
Figures la and 1b before the dust event, the wind speed
was on average higher (8.9 m s™') than during the dust
event (7.7 m s~ '), although afterward the wind speed was
on average 5.3 m s '. Aerosol index images from the
TOMS satellite indicated that this dust plume originated
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Figure 1a. Methyl iodide mixing ratios measured at [zafa,
Tenerife, plotted with aerosol volume. The period of the
main dust event is marked with grey shading.

in southwestern Algeria and its border region with Mali and
Mauritania. Backward simulations with the particle disper-
sion model FLEXPART (described in detail below) suggest
that the air masses were lifted over the boundary layer from
between 500 and 1500 m above ground level to the
measurement altitude of about 2.5 km, 2.5 to 3 days before
arrival at the Izafla measurement station, and originate more
to the southwest in Mauritania. Lidar measurements indicate
that the Saharan dust plume at Izafia extended from the sea
surface to an altitude of about 7 km (G. P. Gobbi, personal
communication, 2003).

3.2. Tropical Atlantic Ship Data (Meteor 55)

[8] In the same year, methyl iodide measurements were
also made on Cruise 55 of the research ship Meteor to the
Tropical Atlantic (October—November 2002). The ship
steamed from Curacao (69°W) to Cameroon (9°E) approx-
imately along 10°N. During the cruise the Inter Tropical
Convergence Zone (ITCZ) lay at about 5—6°N [Williams et
al., 2004]. Although instrumentation for measuring aerosol
loading at high frequency was not operated on this cruise,
the ship’s visibility measurement can be used to see when
the ship was engulfed in the dust event. The visibility
measurement indicates the range of sight from the bridge
and is determined every 10 seconds by the attenuation of
light over 2 m. Dust and rain events both cause the visibility
to drop markedly; see Figure 2. In periods of high dust the
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visibility remains suppressed for a long period (e.g., 25—
26 October and 3—11 November) whereas rain events
tended to be short (28 October). This interpretation of the
visibility signal tallied with on-board observations of dust
on the decks and redder sunsets. Just as in the Izafia data,
the methyl iodide measured in the marine boundary layer
was elevated in dust events relative to low dust conditions;
see Figure 2. The effect is less clearly seen in the ship data
since natural variability in methyl iodide emissions from the
ocean tend to mask the effect. Nonetheless, there are several
events where methyl iodide appears to vary with dust
loading. At the beginning of the campaign, at the first
encounter with dust in the western Atlantic (event A in
Figure 2), methyl iodide peaks sharply. Furthermore, the
sharp transitions from high dust to low dust on 26 October
(marked by the letter B) and from low dust to high dust on
3 November (marked by the letter C) are clearly demarcated
in the methyl iodide mixing ratios. The events encountered
by ship named events A, B, and C were all measured within
a wind direction sector 45—-100°. A shift to more northerly
winds occurred around midnight on the 5 November, after
the onset of dust event C. Also plotted in Figure 2 are the
mixing ratios of bromoform (CHBr3), which has a compara-
ble lifetime to methyl iodide. This species is thought to be
produced in the tropical surface ocean as a result of biogenic
activity, in particular from upwelling areas at the equator and
on the coast of Africa [Atlas et al., 1993; Quack et al., 2004].
Although the traces of methyl iodide and bromoform are
broadly similar, reflecting that both species can be produced
from seawater, the former is generally better correlated with
the dust events. (correlation with visibility is r = —0.6 for Mel
and —0.3 for CHBr3). Event A shows no increase in bromo-
form, and while event B produces an effect in both species,
event C again shows a stronger effect for methyl iodide.

3.3. Backward Simulations

[9] To examine the extent of causality in the covariance
of dust and methyl iodide and to gauge the origin of the dust
events, we performed backward simulations with the parti-
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Figure 1b. Relative humidity (RH) and wind direction
(WD) measured at Izafa, Tenerife, plotted on the same
timescale as that in Figure la. The period of the main dust
event is marked with grey shading.
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Figure 2. Methyl iodide and bromoform mixing ratios measured on the research ship Meteor plotted
with visibility. Prolonged periods of low visibility (brown-red regions) correspond to high dust loadings.
The letters A—C refer to particular events described in the text.

cle dispersion model FLEXPART [Stohl et al., 1998], which
has been validated in a number of studies on regional and
long-range air pollution transport [e.g., Wotawa and Trainer,
2000; Forster et al., 2001, 2004]. The backward simulations
are described in detail by Seibert and Frank [2004]. As
FLEXPART parameterizes turbulence [Stohl and Thomson,
1999] and convection [Emanuel and Zivcovié-Rothman,
1999] and accounts for the filamentation of the initial
sampling volume by the large-scale advection, the FLEX-
PART backward simulations are more accurate than tradi-
tional back trajectories [Stohl et al., 2002]. The simulations
for this analysis were based on operational data from the
European Centre for Medium-Range Weather Forecasts
(ECMWEF), which have a horizontal resolution of 1° x 1°,
60 vertical levels, and a temporal resolution of 3 hours.
40000 particles with unit mixing ratio were released, exactly
at the dust affected measurement point in Tenerife or at the

ship’s position respectively, every 3 hours, and calculated
15 days backward in time. While FLEXPART cannot
resolve the local upslope winds at Tenerife it can indicate
the origin and transport path of the dust-laden air masses to
the mountain and the ship. Owing to the effects of turbu-
lence and convection the particles build up a so-called
retroplume. Every 24 hours the particle positions are
assigned to one of five groups using a clustering algorithm
[Stohl et al., 2002] in order to summarize the retroplume
information into the five clusters and a trajectory of the
centroid of the retroplume. Such a summary is shown
in Figures 3a—3c, and this illustrates the movement and
mixing of dust-laden air prior to arriving at Tenerife
(Figure 3a), at the ship in the mid-Atlantic (Figure 3b),
and the ship near Africa (Figure 3c). The figures should be
interpreted as follows. At the position of every cluster a
circle is drawn with the circle’s radius scaled with the
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Figure 3a. The 15-day retroplume summary determined with the FLEXPART model for Tenerife, the

main dust event (10 days are plotted).

number of particles the cluster represents (i.c., the fraction
of sampled air for which it is representative). The color of
the circle indicates the altitude, and the number on top gives
the time backward in days. The retroplume’s centroid is
displayed by a trajectory. Also shown are time series of the
mean altitude of the retroplume (and the five clusters, red
circles in the time series, size again indicating the relative
fraction of sampled air it represents), and the fraction of
particles in the atmospheric boundary layer (ABL), which is
defined by the mixing height from the ECMWF data at the
time of the output, which is 15:00 UTC for the results
shown in Figures 3a—3c. Note that the information on the
fraction of particles in the ABL must be interpreted care-
fully. Over land the mixing height is a very sensitive
parameter and can vary considerably during the course
of the day with the highest values in the early afternoon
and the lowest values during nighttime. In the early after-
noon, the mixing height over land areas is usually much
higher than over the sea and can easily extent up to the trade
wind inversion (around 3 km) in summer. This is, for
example, evident from the dust event over Tenerife in
Figure 3a, where up to 60% of the particles traveling over
land are within the ABL. The fraction of particles within the
ABL decreases substantially as soon as the particles travel
over the sea toward Tenerife 2 to 1 days prior to arrival. For
the ship cases only a very small fraction of the particles is
within the ABL at 15 UTC. The ship measurements were
taken in fall, when the sunset is earlier than in summer.
Therefore the mixing height over land at 15 UTC is most
likely already much lower than it was just one or two hours

before. From the Figures 3a—3c, we may deduce the most
probable source region of the dust events. For the main dust
event at Tenerife the FLEXPART trajectories show that
3 days previously a large proportion of the air sampled in
the dust event originated from East Mauritania, as indicated
by the largest circle marked 3 in Figure 3a. For the events
encountered by ship, event B is shown by the large circle
marked 10, to consist of air that was in the most part over
southern Algeria 10 days previously. Similarly, event C is
shown to have occurred in air that had transected Algeria
and Mauritania beneath the trade wind inversion (3—4 km),
consistent with the prevailing northeasterly trade winds. For
the Meteor ship samples it is clear from Figures 3b and 3c
(see color code in the top panel and ABL%) that there has
been little influence from the upwelling zones prior to the
descent into the marine boundary layer within the vicinity of
the ship. During both dust events observed on ship the
relative humidity decreased sharply. This supports the
FLEXPART analysis that little mixing with marine bound-
ary layer air or contact with the sea surface has occurred
prior to measurement. Indeed, in all three cases air has
descended from above the boundary layer to the point of
measurement and has not in the recent past resided over the
African coast.

[10] The proximity of the dust source region to the coast
provides one possible explanation for the effects observed.
Oceanic upwelling along the coastal regions of tropical
West Africa brings nutrients to the surface and ocean
biology proliferates as a result. Such regions are known to
be a strong source of trace gases such as methyl iodide
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Figure 3b. The 15-day retroplume summary determined with the FLEXPART model for the ship in the
mid-Atlantic (10 days are plotted), event B in Figure 2.

[Davis et al., 1996; Happell and Wallace, 1996], which
could mix into dust-laden air. The explanation that the dust
and methyl iodide sources are co-located is, however, not
satisfactory for several reasons. Firstly, the effects were
observed in two campaigns, and for only one (for Tenerife)
is the dust source located near the coast. Secondly, in the
case of Tenerife, dust poor air arriving at the mountain site
Izana from the southeast 1.5 days prior to the main dust
event (see Figures la and 1b) passed over similar areas but
did not show enhanced methyl iodide, precluding the
influence of local upwelling. Finally, the backward simu-
lations (Figures 3a—3c) show that the long distance trans-
port of dust from Africa to Tenerife and to the mid-Atlantic
occurred mostly above the marine boundary layer without
significant convective influence; and so mixing from up-
welling related surface sources located close to the African
coast, or input from the ocean en-route will be inhibited.
Furthermore, prior to the dust loading the air did not reside
over the upwelling zones. To summarize, we use the
FLEXPART analysis here to (1) identify source regions,
(2) to show no significant convection occurred en-route to
the sampling site, (3) to establish that the air parcels did not
reside for prolonged periods over the upwelling area, and
(4) to locate from where the dust samples should be
retrieved for laboratory experiments.

3.4. Laboratory Experiments

[11] To test the feasibility of dust triggering methyl iodide
emissions upon contact with seawater, a simple dust-sea-
water addition experiment was first conducted in the labora-

tory. For this a fine dust sample was collected from the region
of southern Algeria (Oued Tamrassett, located in the Hoggar
region), indicated as the dust source region in the
FLEXPART analysis. The dust was determined to contain
4.7% iron using X-ray fluorescence spectrometry, and
0.19% total carbon using an infrared absorption analyzer
(Eltra CS2000). Although the soluble iron fraction was not
determined, this has been previously reported for Tropical
Atlantic dust as 1% [Johansen et al., 2000]. The dust was
also analyzed for iodide by ion chromatography but was
found in all experiments to be under the detection limit of
1 mg/kg. Seawater (10 ml) collected during the ship’s cruise
(Meteor 55) and filtered to 0.2 pum was then added to the
dust (4 g). As soon as 20 minutes after addition, methyl
iodide production was found to occur. Although the experi-
ments were not quantitative and the mechanism is not yet
clear, this result shows that dust deposition to the sea or the
wetting of dust with marine boundary layer water can
stimulate rapid methyl iodide production. This was there-
fore considered a viable new explanation of the observed
trends and was examined further.

[12] A series of laboratory experiments were performed to
assess the abiotic methyl iodide production caused by dust
input into the ocean, in particular with respect to iodide (1)
and hydrogen peroxide (H,0,), both of which are known to
be present in surface seawater [ Tsunogai, 1971; Croot et al.,
2004a, 2004b]. In principle, we expected the natural con-
centrations of iron and organic carbon in the soil-dust
(included in Table 1), to be sufficient for the formation of
methyl iodide. Methyl iodide production was detected in all
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Figure 3c. The 15-day retroplume summary determined with the FLEXPART model for the near to the

African coast (10 days are plotted), event C in Figure 2.

of the samples of soil dust suspended in UV irradiated
water, albeit to different extents. The lowest values were
obtained in the samples that were suspended in bi-distilled
water without addition of further components; see Table 1.
A distinct increase in the CHsI concentrations was observed
after addition of iodide (in the form of potassium iodide).
An even higher yield was achieved through the addition of
potassium iodide in combination with hydrogen peroxide;
see Figure 4. The CH;l concentrations are in general
proportional to the amount of KI added. Since formation
of methyl iodide was also demonstrated in the experiments
with the sterilized samples, and the yields were comparable
to the results from the other analyses, the microbiological
contribution to these methyl iodide yields was assumed to
be negligible.

[13] In summary, methyl iodide production occurred in all
of the experiments without further addition of organic
carbon or iron(Ill). Since some methyl iodide production
occurred even when the dust was wetted with bi-distilled
water (not only with seawater), there must also be some
iodide in the dust, although the iodide content in the dust
was below the detection limit of our analytical system. It
should be noted that concentrations of iodide in the surface
ocean in this region are circa 100 nM [Campos et al., 1996;
Truesdale et al., 2000] and therefore there is probably much
more iodide available in the surface ocean than in dust-
laden air. The yields of methyl iodide increased after
application of KI and H,0,. Since both iodide and H,0,
are present in seawater we conclude that an input of iron

containing mineral dust can lead to abiotic production of
methyl iodide, at the ocean surface.

4. Discussion

[14] Two data sets have shown an unexpected correlation
between methyl iodide mixing ratios and dust. Five possible
explanations for this have been considered: (1) Dust storms
from Africa were advected over upwelling regions, with
high nutrients, biological activity, and methyl iodide fluxes.
The proximity of the dust and methyl iodide source leads to
a coincidental correlation. (2) The dust storm is associated
with high wind speeds or convection and therefore
enhanced mixing with sea surface and the dust storm
occurred. (3) Dust attenuates sunlight to prolong the atmo-
spheric lifetime of methyl iodide within the dust storm, and
hence apparent production. (4) The dust stimulates methyl
iodide emission from the ocean surface. (5) Methyl iodide is
produced directly from the dust aerosol.

[15] On the basis of the arguments presented above, we
have determined the first explanation to be unlikely. How-
ever, to further test this hypothesis a further 30 canisters
were taken directly over the upwelling area west of
Mauritania and analyzed using the same GC-MS system.
The mean, median, maximum, and standard deviation of the
samples are: 2.05, 1.85, 4.11, and 0.73 pmol/mol, respec-
tively. Similar mean values (2 pptv) have been reported on
cruise across the oligotrophic North Atlantic [Chuck et al.,
2005]. Although some high concentrations are indeed

7 of 11



D07302

WILLIAMS ET AL.: METHYL IODIDE AND DUST—A CONNECTION?

D07302

Table 1. Summary of the Methyl lodide Yields From the Dust, lodide (I"), and Hydrogen Peroxide (H,0,)

Addition Experiments®

Number Sterile? KL, mmol H,0,, puL H,0, mL Mel, nmol/L Fe, % Core, %0
Ll
1 no — — 10 52 53 0.1343
2 no 10 200 10 254 — —
L2
3 no — — 10 2.4 8.7 1.2525
4 no 10 200 10 61.9 —
L3
5 no — — 10 3.7 6.4 0.4273
6 no 10 200 10 20.1 — —
L4
7 no — — 10 4.7 4.7 0.5932
8 no 10 200 10 60.2 — —
L5
no — — 10 3.6 42 0.0946
10 no 10 200 10 24.7 — —
L6
11 no — — 10 1.5 436 1.0705
12 no 10 — 10 83.0 — —
13 no 10 200 10 87.8 — —
14 yes — — 10 0.8 — —
15 yes 10 200 10 76.8 — —
L7
16 no — — 10 44 5.9 1.1868
17 no 10 200 10 79.3 — —
L8
18 no — — 10 33 0.1 2.031
19 no 10 200 10 11.8 — —

“The iron and carbon contents of the dust samples are also included.

detected in the upwelling region this source is clearly
spatially and temporally variable and therefore again un-
likely to account for the consistent correlations between dust
and methyl iodide observed in both data sets. In section 3.2,
it was noted that bromoform during the dust event close to
the upwelling areas (event C), was lower than observed in
the mid-Atlantic dust storm (event B). This too hints at
another source for methyl iodide other than the upwelling
regions that are thought to be strong sources of bromoform.
The second explanation, that enhanced wind speeds or
convection has induced strong fluxes from the ocean surface
and mixed up methyl iodide from the sea surface is not
supported by the in situ wind speed data, which are not
elevated in the dust event (see Figure la expanded section),
or the FLEXPART trajectories (Figures 3a—3c), which on
the basis of ECMWF meteorological data show no evidence
of significant convection en route to the point of sampling.
For the third explanation to be true (reduced photolysis in
dust), light levels in the dust storm must be significantly
reduced, as methyl iodide in the main dust event at Tenerife
was circa 10 times the concentration before and after.
Photolysis measurements made at Tenerife during this event
have shown only small decreases (<5%) in J 0'D and JNO,
[de Reus et al., 2005] and little effect on the local photo-
chemistry of oxygenated organic species was found
[Salisbury et al., 2006]. Furthermore, assuming a methyl
iodide photolysis rate of 3 x 107® s~ [Roehl et al., 1997],
we may calculate that the time taken for factor of 10 differ-

ence to be generated. This is approximately 9 days, which is
far longer than the transport time from the coast to the point
of measurement, further evidence against the upwelling
source explanation for the observed changes. The combined
field data analysis and laboratory experiments therefore
indicate that dust-stimulated emission of methyl iodide from
the ocean is a plausible explanation for the observed effects.
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Figure 4. The emission of methyl iodide from dust upon

addition of iodide (I") and hydrogen peroxide as a function
of the concentration.
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Figure 5. A schematic diagram of the proposed abiotic
production mechanism for methyl iodide.

Could the emission of the methyl iodide emission be
biological, and the result of marine plankton growth being
stimulated through dust deposition? In event B (Figure 2)
the dust descended from above the boundary layer to the
ship and a methyl iodide signal enhancement was seen
immediately. Moreover, in all events the dust and methyl
iodide show simultaneous enhancements. We contend that
a biological response would require some incubation time
(1-2 days) before an enhanced emission could be poten-
tially observed. Furthermore, the laboratory experiments
described in section 3.4 show that emission can proceed
abiotically. We must therefore now consider how this
effect may occur.

[16] Surface seawater contains some iodide, H,O, and
complex organic species collectively termed humic-like
substances (HULIS). This is also true of soil, in which
iodide concentrations are even enriched with respect to
seawater, and HULIS-like compounds are also abundant.
Recent experiments on soil samples have revealed that
methyl iodide can be formed via an abiotic redox mecha-
nism [Keppler et al., 2000, 2003; Schéler and Keppler,
2003]. It was shown that in soils, in the presence of an
oxidizing agent such as iron III, and with the addition of
iodide, methyl iodide can be formed efficiently. Such
reactions could also occur in seawater, provided that a
suitable oxidizing agent such as iron III was present. Under
normal conditions the surface seawater is very poor in iron,
indeed iron supply is the limiting factor for phytoplankton
growth over vast areas of the ocean. Therefore dust depo-
sition to the ocean has been long recognized as an important
factor in the biogeochemical cycle of iron [Jickells et al.,
2005, and references therein]. The dust collected for this
work contained 4.7% iron, of which probably 1% is in
soluble form. Recent measurements of dissolved iron (DFe)
in Tropical Atlantic seawater have established that Saharan
dust events can provide significant amounts of DFe and that
the residence time for iron in surface seawater can be as
short as 6 days [Croot et al., 2004a]. At this point, it is
worth recalling that the laboratory experiments have shown
that with H,O, higher yields of methyl iodide were
obtained. One possible explanation for this would be that
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the H,O, reconverts Fe II to Fe IIl, thus making the
available iron more effective. This effect has been previ-
ously seen to occur in rainwater [Deutsch et al., 2001].
Therefore dust and seawater can provide the ingredients
(Fe, I, HULIS) necessary for a substitution reaction to
occur, shown schematically in Figure 5, and methyl iodide
to be produced. HULIS model compounds used in soil
studies suggest this reaction involved methoxy groups in a
reverse Williamson-type reaction, that is, HULIS-O-CH; +
I~ (+H") —> HULIS-OH + CH;l. This is different to the
mechanism proposed by Moore and Zafiriou [1994], who
suggested that a radical recombination of CHze and Ie
followed UV photolysis of carbon-carbon bonds. Indeed,
the strong correlation of surface water CH;l levels with
incident light noted in several field data sets, supported this
view until recently. However, seawater incubation experi-
ments performed by Richter and Wallace [2004] with low
UV intensities showed no significant difference in CH;l
concentrations, suggesting that the substitution mechanism
proposed here should be considered. Richter and Wallace
[2004] also made underway seawater measurements of
methyl iodide from 5-m depth during the Meteor cruise,
but these did not show a clear correlation with dust.
Furthermore, we have estimated the seawater concentration
required to generate 1—1.5 pmol/mol (pptv) enhancements
in atmospheric methyl iodide in both Tenerife and on the
Meteor, and found them to be more than double those
measured at 5-m depth from the Meteor [Richter, 2004].
Either the main production of methyl iodide is occurring
rapidly within the first 5 m of the ocean or an alternative
explanation for methyl iodide generation must be sought.
[17] Thus far we have proposed that dust deposition to the
ocean surface triggers rapid release of methyl iodide. The
same reactions could also be occurring on the aerosols
themselves, provided that dust, which contains iron, organic
species (in our dust sample 0.19% total carbon), and some
traces of iodide, is exposed to water, iodide from seawater
or iodide from the oxidization of iodine species. Such
aerosol could be generated from surface seawater into
which dust has recently fallen. Another possibility is that
moist sea salt aerosol and dust coalesce, although this is
statistically unlikely as both particle types are of similar size
and therefore unlikely to collide frequently. A final possi-
bility is that water from marine boundary layer air con-
denses on airborne dust, or on dust that has accumulated on
the ground. Since the dust contains some trace iodide,
mixing with boundary layer water and deposition of H,O,
from ambient air could also stimulate the emission of
methyl iodide in a manner similar to the laboratory experi-
ments described in section 3.4. In the case of Tenerife it is
difficult to determine which mechanism, either sea surface
contact or on aerosol is more likely. We favor the idea that
the dust stimulates methyl iodide emission at the sea surface
and stronger mixing from the marine boundary layer
evidenced by the higher humidity, brings the methyl iodide
to the site. The methyl iodide peaks measured at Izafa
shortly after the dust event (2—5 August), when high
relative humidities and low ambient temperatures were
experienced in the absence of airborne dust, could be the
result of postdust biological enhancement in the seawater
combined with a short-term enhancement in mixing,
although this is admittedly somewhat speculative.
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[18] Inclusion of the mechanism proposed here in iodine
aerosol models may help explain the unexpected I and 105
ratios observed by Baker [2004]. Previous estimates of the
net oceanic emission of methyl iodide to the atmosphere
have ranged from 130—1300 Gg yr~' [Campos et al., 1996;
Rasmussen et al., 1982]. The most recent estimate, based on
3-D modeling and all available published oceanic data sets
is 214 Gg yr ! [Bell et al., 2002]. Since dust-stimulated
emission of methyl iodide, was not specifically considered
in these estimates we expect future estimates to be slightly
higher. Dust-impacted regions of the ocean for which there
is little or no data available are probably underestimated,
although the overall budget increases will probably be
modest, since the global model estimates were constrained
by atmospheric measurements. If redox reactions of the type
proposed here do occur on aerosol, then methyl iodide can
be recycled and therefore has a longer effective atmospheric
lifetime. Consequently, if the global budget is currently
closed, then this suggests the presence of a further or
stronger sink than previously thought.

[19] Further work is needed to assess the importance of
dust stimulated methyl iodide emissions, and possible
further links between dust, and the chemistry of sea and
air. Such effects are perhaps more readily seen in methyl
iodide, owing to its high photolysis rate and hence low
background. However, the budgets of methyl bromide and
methyl chloride may also be subtly affected. Significant
enhancements were not seen for these or any other species
in the data sets presented here, although small effects would
be harder to discern as most other organohalogens measured
(e.g., methyl bromide and methyl chloride) have appreciable
and variable background concentrations. Because of the
stochastic nature of these dust events, long-term measure-
ments in dust-affected regions will be necessary (e.g., at
Cape Verde or Canary Islands). Interestingly, a long-term
data set of methyl iodide from Cape Grim, Tasmania has
been published recently [Cohan et al., 2003; Cox et al.,
2005]. The authors showed that elevated methyl iodide was
observed in northerly winds that blew from mainland
Australia across the Bass straight. Although not examined
specifically in the papers, this region will most likely be the
most impacted by dust from the mainland, particularly in
the summer when methyl iodide emission were reported to
be highest. Further south in the Southern Ocean, methyl
iodide was measured by Wingenter et al. [2004] as part of
an iron enrichment experiment in which large quantities of
FeSO, was added to the seawater. Measurements were made
48 hours after the iron was put in the ocean, and surpris-
ingly showed a decrease in methyl iodide in the water. This
appears to contradict the mechanism proposed here; how-
ever, the time frame of the measurement, oxidation state of
the iron, or biology may have a deciding influence. A
similar study in the same region showed an increase on
methyl iodide on iron addition [Liss et al., 2005]. Detailed
laboratory experiments are required to determine the pro-
duction mechanism dependence on variables such as light,
pH, other catalysts and temperature. In summary, we point
to a new link between dust and the iodine cycle and urge
further study. Specialists from ocean, air, and aerosol
science will need to work closely together in future for
such effects to be quantified.
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