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Abstract. A latitudinal cross-section and vertical profiles
of iodine monoxide (IO) are reported from the marine
boundary layer of the Western Pacific. The measurements
were taken using Multi-Axis Differential Optical Absorption
Spectroscopy (MAX-DOAS) during the TransBrom cruise of
the German research vesselSonne, which led from Tomako-
mai, Japan (42◦N, 141◦ E) through the Western Pacific to
Townsville, Australia (19◦ S, 146◦ E) in October 2009. In
the marine boundary layer within the tropics (between 20◦ N
and 5◦ S), IO mixing ratios ranged between 1 and 2.2 ppt,
whereas in the subtropics and at mid-latitudes typical IO
mixing ratios were around 1 ppt in the daytime. The profile
retrieval reveals that the bulk of the IO was located in the
lower part of the marine boundary layer. Photochemical sim-
ulations indicate that the organic iodine precursors observed
during the cruise (CH3I, CH2I2, CH2ClI, CH2BrI) are not
sufficient to explain the measured IO mixing ratios. Reason-
able agreement between measured and modelled IO can only
be achieved if an additional sea-air flux of inorganic iodine
(e.g., I2) is assumed in the model. Our observations add fur-
ther evidence to previous studies that reactive iodine is an
important oxidant in the marine boundary layer.

1 Introduction

Past studies indicated that inorganic iodine may exert consid-
erable influence on the oxidation capacity and particle forma-
tion of the marine atmosphere (e.g.,Chameides and Davis,
1980; Solomon et al., 1994; Platt and Ḧonninger, 2003; Saiz-
Lopez et al., 2012). Unequivocal evidence for the presence

of reactive iodine species and the important role they play in
various atmospheric processes have been provided through a
suite of ground, ship and satellite-based observations of re-
active iodine species (I2, IO and OIO) (e.g.Read et al., 2008;
Scḧonhardt et al., 2008; Seitz et al., 2010; Mahajan et al.,
2010b) as well as of iodine tied to aerosols (e.g.Burkholder
et al., 2004; Hayase et al., 2010; McFiggans et al., 2010)
along with supporting modelling studies (e.g.,von Glasow
et al., 2002; Saiz-Lopez et al., 2006, 2012; Sommariva et al.,
2012, and references therein).

Past observational studies on atmospheric iodine already
covered many areas of the globe, including both polar re-
gions, coastal regions, islands at mid- and low-latitudes
and salt lakes (e.g.Saiz-Lopez et al., 2012, and references
therein).

Nevertheless, information regarding reactive iodine in the
air over the open ocean remained sparse mainly due to a
lack of shipborne observations. Table1 provides an overview
of the recent ground-based observations of IO in the tropo-
sphere over open ocean, using the DOAS technique. Land-
based IO measurements with a strong connection to the
ocean have been conducted on several islands. For example
at Tenerife, IO mixing ratios up to 3 ppt were observed (Al-
lan et al., 2000), or on the Maldives IO mixing ratios ranging
between 2.4 and 3.1 ppt were inferred for assumed bound-
ary layer heights of 1 km and 350 m, respectively (Oetjen,
2009). In addition, on the Cape Verde Islands IO mixing ra-
tios ranging between 1 and 3 ppt were observed with a solar
radiation driven diurnal cycle (Read et al., 2008; Mahajan
et al., 2010a). Furthermore, in a recent study a latitudinal
cross-section of IO was inferred byMahajan et al.(2012)

Published by Copernicus Publications on behalf of the European Geosciences Union.

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by OceanRep

https://core.ac.uk/display/11904963?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


3364 K. Großmann et al.: Iodine monoxide in the Western Pacific marine boundary layer

Table 1.Past open ocean ground-based observations of IO in the troposphere using the active and passive DOAS technique.

Region Location Instrument Max. Mix.
Ratio [ppt]

Error
±(2σ )
[ppt]

Reference

land-based Tenerife, Spain (1997) LP-DOAS 3 0.3 Allan et al.(2000)
Tenerife, Spain, free
troposphere (2010)

MAX-DOAS 0.4 0.2 Puentedura et al.(2012)

Cape Verde (2006–2007) LP-DOAS 3.1 0.4 Mahajan et al.(2010a)
Cape Verde (2010) MAX-DOAS 1.5 0.6 Carpenter et al. (2010)
Maledive Islands (1999) MAX-DOAS 2.8 0.7 Oetjen(2009)

ship-borne Eastern Pacific (2010) MAX-DOAS 0.91 – Mahajan et al.(2012)
Western Pacific (2009) MAX-DOAS 2.2 (1.51) 0.5 (0.92) this study

1 Maximum daily mean;2 daily mean.

with maximum IO mixing ratios reaching 1.2 ppt in regions
of low biological activity, i.e., in the latitude bands 5◦N to
20◦ N and 20◦ S to 40◦ S at around 80◦W to 130◦W in the
Eastern Pacific.

Using the SCIAMACHY satellite instrument, IO was also
detected from space, mostly over high southern latitudes
and over some biological hot-spot regions (e.g., the African
and South American west coasts), where upwelling of nu-
trient rich waters and tentatively large emissions of iodocar-
bons occur (Saiz-Lopez et al., 2007; Scḧonhardt et al., 2008,
2012). However, satellite-based IO remote sensing is limited
by the relatively low detection sensitivity, in particular, over
surfaces with low reflectivity, such as the tropical oceans,
where the presence of IO can be suspected. Therefore, more
IO measurements covering wider and yet unexplored oceans,
such as the Pacific, are highly desirable, in order to determine
the importance of reactive iodine for the photochemistry and
its potential for aerosol formation in the marine boundary
layer (MBL) on a global scale.

Information regarding the vertical distribution of IO is also
sparse; the only published IO vertical profiles were inferred
from MAX-DOAS measurements at Izaña, Canary Islands
(Puentedura et al., 2012). In fact, these measurements not
only revealed the presence of sizable amounts of IO within
the marine boundary layer, but also indicated small amounts
in the overlaying free troposphere.

The present paper reports on shipborne MAX-DOAS mea-
surements in the Western Pacific from which a latitudi-
nal cross-section and vertical profiles of IO are inferred.
These IO measurements are complemented by sea-to-air
flux measurements of the organic iodine precursor gases
methyl iodide (CH3I), chloroiodomethane (CH2ClI), bro-
moiodomethane (CH2BrI) and diiodomethane (CH2I2) and
the results of a photochemical model which aim to close the
budget of organic and inorganic iodine source strengths, the
atmospheric IO abundance and the strength of potential sink
processes. It is argued that by adjusting the source strength
of the iodocarbons and inorganic iodine, the marine surface

air may sustain the detected abundance and vertical profile of
IO.

The paper is organised as follows: Sect. 2 gives an
overview of the TransBromSonnecruise in the Western Pa-
cific. In Sect. 3, the major tools and methods of the study are
described. Section 4 reports on the results with respect to the
observed and inferred source strengths of organic iodine pre-
cursors, the photochemistry of inorganic iodine and possible
correlations with observed IO. Section 5 compares the mea-
surements to model calculations and Sect. 6 concludes the
study.

2 The TransBrom Sonnecruise during October 2009

The TransBrom expedition was conducted aboard the Ger-
man research vessel (R/V)Sonnedeparting in Tomakomai,
Japan (42◦ N, 141◦ E) on 9 October 2009 and arriving at
Townsville, Australia (19◦ S, 146◦ E) on 24 October 2009
(cruise length of 7500 km). An overview of the meteorol-
ogy during the cruise is given byKrüger and Quack(2012).
Here the viewing conditions are added. At the beginning of
the cruise, the weather was influenced by the typhoonMelor
which had weakened to an extratropical storm when reach-
ing the R/VSonnecausing heavy rain and strong winds in
the harbour of Tomakomai on 9 October 2009. On 10 Octo-
ber 2009, the weather was characterised by almost clear skies
providing a good visibility, but on 11 and 12 October 2009
the cloud coverage increased. During the night of 13 Octo-
ber 2009, the next tropical depression (Nepartak) hit the R/V
Sonnecausing the largest winds recorded during the whole
cruise and heavy rain until noon. On 14 October 2009 clear
skies provided the best viewing condition during the whole
cruise. In the afternoon of 15 October 2009, the R/VSonne
encountered again high wind speeds due to the tropical de-
pressionLupit passing by. The days from 15 to 22 October
2009 were partly cloudy, and atmospheric instability initiated
large convective cells which on occasions led to precipitation

Atmos. Chem. Phys., 13, 3363–3378, 2013 www.atmos-chem-phys.net/13/3363/2013/



K. Großmann et al.: Iodine monoxide in the Western Pacific marine boundary layer 3365

during the afternoons. The weather on the final days of the
cruise was again rather sunny with infrequent occurrence of
clouds.

In order to facilitate the discussion later in the paper,
the whole cruise track is divided into three parts, part 1
ranging from Tomakomai, Japan (42◦N, 141◦ E) to (20◦ N,
146◦W) (9–14 October 2009), part 2 from (20◦ N, 146◦W)
to (8◦ S, 154◦W) (14–21 October 2009) and part 3 part from
(8◦ S, 154◦W) to Townsville (19◦ S, 146◦ E) (21–24 October
2009).

Major objectives of the TransBromSonnecruise were
the investigation of the halocarbon concentrations in the
surface seawater and air, and the estimation of their sea-
air source strengths and sinks. This appears to be relevant
since the Western Pacific is regarded as the main “entrance
gate” for naturally emitted halocarbons entering the strato-
sphere (Bonazzola and Haynes, 2004; Krüger et al., 2008;
Fueglistaler et al., 2009). Further, Fourier Transform infrared
spectrometry (FTIR) measurements of CO and O3 (Ridder
et al., 2012) as well as satellite and in-situ measurements
of phytoplankton complemented our measurements. Finally,
our trace gas studies were complemented by meteorologi-
cal measurements and the release of radio- and ozonesondes
(Krüger and Quack, 2012).

Two MAX-DOAS instruments were operated next to each
other aboard the R/VSonnewith the same line-of-sight. The
IUP Bremen group focussed on the measurements of NO2
and HCHO and their validation with satellite measurements
(Peters et al., 2012) and the IUP Heidelberg group focussed
on the retrieval of IO mixing ratios and profiles in the MBL
along the cruise track (this study).

3 Methods

While IO was measured using the MAX-DOAS method, air
samples were taken simultaneously, although at a lower fre-
quency, for the analysis of some major iodocarbon species
(CH3I, CH2I2, CH2ClI, CH2BrI) from which sea-air fluxes
were inferred. Since the measured IO mixing ratios were also
compared to simulations of the one-dimensional photochem-
ical model MISTRA v7.4.1 (von Glasow et al., 2002; Som-
mariva et al., 2012), some details of the MISTRA simulations
are provided below.

3.1 The (MAX-)DOAS measurement principle

For the retrieval of IO, the method of Differential Optical Ab-
sorption Spectroscopy (DOAS) was applied (Platt and Stutz,
2008). This method is a remote sensing technique using scat-
tered sunlight that is attenuated along its light path in the
atmosphere according to the Lambert-Beer law. It relies on
the fact that the optical density can be separated in a narrow
(differential) band component accounting for the absorption

processes of the different trace gas molecules and a broad
band component describing the scattering effects.

In the Multi-Axis DOAS (MAX-DOAS) technique
(Hönninger et al., 2004; Wittrock et al., 2004), spectra of
scattered sunlight are recorded under different elevation an-
gles α between the zenith and the horizon. Low elevation
angle measurements have a higher sensitivity to lower tro-
pospheric layers and, thus, the MAX-DOAS method has an
increased sensitivity towards tropospheric absorbers located
near the surface.

The MAX-DOAS measurements yield differential slant
column densities (dSCDs)1S for each fitted trace gas:
1S(α)= S(α)− Sref with S(α) being the slant column den-
sity (SCD) recorded at the elevation angleα andSref being
the SCD of the Fraunhofer reference spectrum usually mea-
sured towards the zenith (α = 90◦). The SCD is defined as
the concentrationc of a specific absorber integrated along
the light pathL and is given in units of moleccm−2.

Using radiative transport models, the SCDs can be con-
verted to vertical column densities (VCD)V by simulating
the air mass factor (AMF)A, which is the ratio ofS andV .
V is defined as the concentrationc integrated along the verti-
cal heightz and is in turn independent of the lengthL of the
light path.

3.2 The MAX-DOAS instrument

The IUP Heidelberg MAX-DOAS instrument on the R/V
Sonneconsisted of the following major parts: a telescope
unit, in which a plano-convex quartz lens collected the sky-
light into the approximately circular entrance area of a quartz
fibre bundle with 37 individual optical fibres of 100 µm core
diameter forming a telescope field of view of 0.5◦. At the fi-
bre bundle exit, the single optical fibres of the bundle were
arranged to a single column serving as the entrance slit of
the Acton SpectraPro 300i Czerny-Turner optical spectrom-
eter. The optical spectrometer was equipped with an Andor
CCD detector camera (model DU 440-BU) with 2048 hori-
zontal (i.e., in dispersion direction) and 512 vertical pixels.
The optical spectrometer covered a wavelength range from
327 nm to 470 nm, with a full width half maximum resolu-
tion of 0.5 nm, or 7.2 detector pixels. A personal computer
was used to control the instrument, to store the data and for
online data analysis. The performance of the instrument was
assessed during a recent intercomparison campaign (Roscoe
et al., 2010).

The telescope was attached at the portside on top of the
rail of the upper deck of the R/VSonne, approximately 15 m
above sea level. The viewing direction was oriented perpen-
dicular to the heading of the ship. The rolling movement of
the ship (rotation of the ship along the heading axis) was
largely compensated for by employing an inclinometer, of
which the output signal was used to continuously stabilise
the elevation angle of the telescope during the measurements.
The optical spectrometer was placed in the scientific bridge
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room of the R/VSonneand kept at a temperature of 38◦C, in
order to guarantee a stable optical imaging.

During the routine measurement mode, a set of 1000 scat-
tered skylight spectra was added for each chosen elevation
angle,α = 90◦ (zenith), 20◦, 10◦, 7◦, 5◦, 3◦, −45◦. One el-
evation angle sequence lasted for about seven minutes and
the sequences were continuously repeated as long as the so-
lar zentih angle (SZA) was lower than 85◦. During twilight
(85◦< SZA < 97◦), only zenith measurements were per-
formed, followed by detector dark current and offset mea-
surements during nighttime.

3.3 DOAS data analysis

The scattered sunlight spectra measured by MAX-DOAS
were analysed for the absorption of IO and O4 using the soft-
wareWinDOASprovided by the IASB/BIRA (Belgian Insti-
tute for Space Aeronomy) (Van Roozendael and Fayt, 2001).
TheWinDOAScode was also used for the convolution of all
absorption cross-sections reported in the literature, whereas
the Ring spectrum was calculated using the softwareDOA-
SIS(Kraus, 2006). In DOASISthe Ring spectrum was cal-
culated according toBussemer(1993) by dividing a Raman
smoothed skylight spectrum with the original skylight spec-
trum (i.e., the Fraunhofer reference spectrum), both being
wavelength normalised.

Since in the tropics at local noon, the measured zenith sky
spectra were too bright leading to a saturation of the detector,
instead local noon skylight spectra measured at an elevation
angle ofα = 20◦ were taken as Fraunhofer reference spectra.

Since during an individual elevation sequence the changes
of the stratospheric slant column densities were small due to
similar light paths in the stratosphere for all elevation angles,
their contribution cancelled out for two adjacentα = 20◦

measurements and, thus,1S(α) did not contain any strato-
spheric residual absorption. For the spectral retrieval, each
20◦ elevation angle spectrum was allowed to be wavelength-
shifted relative to the high resolution solar Fraunhofer spec-
trum of Kurucz et al.(1984). Thereby, changes in the wave-
length calibration, for example, due to variations of the spec-
trometer temperature, were compensated for. For every 20◦

Fraunhofer reference spectrum, a Ring spectrum was calcu-
lated and shifted the same way as the reference spectrum.
The respective reference and Ring spectrum were then used
to evaluate the measured skylight spectra recorded at the
other elevation angles of the measurement sequence.

The IO analysis was performed in the wavelength interval
ranging from 417.5 to 438.2 nm, encompassing three vibra-
tional IO absorption bands. The following absorption cross-
sections were included into the spectral retrieval: an IO spec-
trum from Spietz et al.(2005), an NO2 spectrum at 298 K
from Vandaele et al.(1998), an O3 spectrum at 223 K from
Bogumil et al.(2000), an H2O spectrum fromRothman et al.
(2009) (HITRAN), and finally an atmospheric Ring spec-
trum calculated according to recommendations ofChance

and Spurr(1997). The latter accounted for the filling-in of
the solar Fraunhofer lines by rotational Raman scattering of
air molecules. An absorption spectrum of glyoxal (Volkamer
et al., 2005) was not included in the spectral retrieval, as
glyoxal was not found in a spectral pre-analysis performed
in the wavelength range from 450 to 461 nm, encompassing
the largest glyoxal absorption band. Furthermore, a multi-
plicative polynomial of 3rd order was included in order to
account for the broadband spectral structures due to atmo-
spheric Rayleigh and Mie scattering. Spectrometer straylight
was accounted for by an additive polynomial of first order
(i.e., assuming a linear wavelength dependence of the stray-
light). The whole package of reference spectra was allowed
to be wavelength-shifted relative to the ratio of measured at-
mospheric spectra. All absorption cross-sections were con-
volved to the spectral resolution of the instrument using the
mercury emission line located at 404.66 nm.

In addition, spectral retrieval exercises indicated that in-
elastic Vibrational Raman Scattering (VRS) by oceanic wa-
ter also needed to be considered. The VRS is known to be
in particular relevant for measurements over oceanic wa-
ter of low chlorophyll concentrations (Vountas et al., 2003;
Dinter, 2005). Hence a VRS compensation spectrum (pro-
vided by T. Dinter, IUP Bremen, personal communication,
2011) was included in the spectral retrieval. A typical ex-
ample for the retrieved IO absorption including the oceanic
VRS is shown in Fig.1a. The spectrum was recorded at
19.87◦N and 147.15◦ E at an elevation angle of 3◦ at 15:13
local time (SZA= 55.79◦) on 14 October 2009. Spectral re-
trieval exercises including/excluding the VRS indicated that
the inferred IO dSCD was 1.56×1013 moleccm−2 versus
1.89×1013 moleccm−2 and the residual root-mean-square
(RMS) was 1.50×10−4 versus 1.67×10−4, respectively, i.e.,
the IO dSCD increased by about 20 % while the residual in-
creased by about 10 %, thus, providing evidence that the VRS
compensation spectrum needed to be included in the spectral
retrieval. Furthermore, modelling studies of the relative num-
ber of photons that are back-scattered from the ocean sur-
face layer using the radiative transfer model McArtim (see
Sect.3.4.1) suggested that, for elevation angles smaller than
10◦, a wavelength of 428 nm, an SZA of 30◦, a relative az-
imuth angle of 90◦ and an oceanic albedo of 0.054 (Jin et al.,
2002), 10–15 % of the detected photons were back-scattered
in the oceanic surface layer. Both findings led us to include a
VRS compensation spectrum in the spectral retrieval.

The analysis of O4 was performed in the wavelength in-
terval ranging from 348 to 369 nm, where a single absorp-
tion band is located. The following absorption cross-sections
were included into the spectral retrieval: O4 from Hermans
et al. (1999), BrO at 298 K fromWilmouth et al. (1999),
HCHO fromMeller and Moortgat(2000), NO2 at 298 K, O3
at 223 K and 243 K (for the references see above) as well as
a Ring spectrum. For the multiplicative and additive poly-
nomials, the same degrees were used as for the IO spectral
retrieval.
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Fig. 1: Example for a spectral retrieval of (a) IO including a VRS compensation spectrum

and (b) O4. The spectrum was recorded at an elevation angle of 3◦, an SZA of 55.79◦, at

19.87◦ N and 147.15◦ W and 15:13 local time (UTC + 10 hours) on October 14, 2009.

The black lines indicate the fitted absorption cross-sections, whereas the red lines indicate

the retrieved spectral signatures. The retrieved absorption structures of NO2, O3, HCHO,

and BrO are not shown.

28

Fig. 1. Example for a spectral retrieval of(a) IO including a VRS
compensation spectrum and(b) O4. The spectrum was recorded
at an elevation angle of 3◦, an SZA of 55.79◦, at 19.87◦ N and
147.15◦W and 15:13 local time (UTC + 10 h) on 14 October
2009. The black lines indicate the fitted absorption cross-sections,
whereas the red lines indicate the retrieved spectral signatures. The
retrieved absorption structures of NO2, O3, HCHO, and BrO are not
shown.

Figure 1b shows an example for an O4 spectral re-
trieval. In this case, the retrieved O4 dSCD was 1.13×
1043 molec2cm−5 with the RMS of the residual spectrum
amounting to 1.72×10−4.

For the further analysis, only data points with an RMS
smaller than 4×10−4 were used.

3.4 Retrieval of aerosol and trace gas vertical profiles
from MAX-DOAS measurements

Vertical profiles of the aerosol extinction and IO mixing ra-
tios were derived using the well-established method of op-
timal estimation (Rodgers, 2000). The aerosol and trace gas
retrieval algorithm, as previously described byFrieß et al.
(2006) andFrieß et al.(2011), was used and adapted for this
study. Briefly, the optimal estimation method compared mea-
sured O4 and IO dSCDs with model simulations from ra-
diative transfer modelling, using a priori vertical profiles as
an additional constraint. The resulting maximum a posteriori
(MAP) solutions yielded the aerosol extinction and IO mix-
ing ratio profiles, respectively.

The following radiative transfer model parameters were
chosen for both, the aerosol and the IO retrievals: pressure,
temperature and humidity were adapted from the US stan-
dard atmosphere, and the surface albedo was set to 6 %. Pro-
file information was retrieved for time intervals of 15 min for

individual layers, each 100 m in vertical extent, ranging from
the surface up to 2000 m altitude.

3.4.1 Details of the vertical profile retrieval

In a first step, aerosol profiles were retrieved using a retrieval
algorithm based on the SCIATRAN radiative transfer model
(Rozanov et al., 2005). Since the length of the light paths
and, thus, the O4 dSCDs observed at different elevation an-
gles depend on the atmospheric aerosol loading, information
on the aerosol extinction profile can be derived on the ba-
sis of the observed O4 dSCDs (Wagner et al., 2004; Sinreich
et al., 2005; Frieß et al., 2006). As a priori, an aerosol ex-
tinction profile with a surface extinction of 0.14 km−1 and
linearly decreasing to zero at an altitude of 2 km was chosen.
The a priori error was set to 100 %. For aerosol scattering,
an aerosol single scattering albedo of 0.95 and a Henyey-
Greenstein phase function with an asymmetry parameter of
0.72 were assumed. O4 dSCDs inferred from different eleva-
tion angles from the 360.8 nm band served as measurement
vector. According to findings byClémer et al.(2010), the ab-
sorption cross-section of O4 was previously underestimated
by as much as 25 % and, hence, the O4 cross-section from
Hermans et al.(1999) is multiplied by 1.25.

IO vertical profiles were derived using our trace gas re-
trieval algorithm, which employed the McArtim Monte Carlo
radiative transfer code as a forward model (Deutschmann
et al., 2011). The retrieved extinction profiles from above
served as input parameter for modelling the radiative trans-
fer. The a priori IO profile was assumed to exponentially de-
crease with altitude, with a scale height of 1 km and a surface
volume mixing ratio (VMR) of 2 ppt. The a priori error was
set to 100 % and the same 100 m layers as in the case of the
aerosol retrieval were used. The profiles were simulated with
104 photon trajectories.

For the measurements under clear skies on 14 October
2009, a comparison between measured and modelled O4 and
IO dSCDs is shown in Fig.2. A good agreement between
modelled and measured dSCDs was achieved, showing that
the radiative transfer model was able to reproduce the mea-
surements with the chosen assumptions. Figure3 shows av-
erage aerosol and IO averaging kernels. The aerosol and IO
retrievals showed a distinctively different behaviour, with
the aerosol retrieval being only sensitive to the lowermost
≈500 m of the atmosphere (note that the sensitivity varies
with aerosol content due to the non-linear nature of the in-
verse problem). During the whole cruise the degrees of free-
dom for signal (DFS) of the aerosol retrieval ranged between
0.78 and 1.29 with an average value of 1.15. Somewhat better
sensitivity was achieved for the IO retrieval, where the aver-
aging kernel indicated that information on the vertical profile
was retrieved for the lowermost 1000 m, and the DFS ranged
between 1.30 and 2.26 with an average value of 1.97.
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Fig. 2.Measured (squares) and simulated (crosses) O4 dSCDs (top)
and IO dSCDs (bottom) for 14 October 2009. The colour coding
indicates the elevation angles.

Figure4 shows a comparison between the aerosol optical
depth (AOD) retrieved from MAX-DOAS measurements and
from data of a hand-held Sun photometer. Sun photometer
data during the TransBromSonnecruise was very sparse and
data was only available for several hours on six days. During
these occasions, the AODs inferred from the MAX-DOAS
and Sun photometer measurements showed good agreement
except for 17 October 2009, when the AODs inferred from
the Sun photometer observation were significantly lower than
inferred from MAX-DOAS measurements.

3.4.2 Error characterisation and information content

Several sources contributed to the overall error of the re-
trieved profile. First, random and systematic errors (called
noise error) of the trace gas spectral analysis propagated into
the profile retrieval. Second, the limited information content
of the measurements resulted in a limited height resolution
as quantified by the averaging kernels, yielding the so-called
smoothing error. Third, the uncertainty in the forward radia-
tive model parameters caused a systematic error component.
Furthermore, the choice of the a priori constraint affected the
results of the retrieval. Since a detailed error analysis of the
aerosol retrieval was already provided byFrieß et al.(2006),
the focus of the following error discussion was put on the IO
vertical profile retrieval.

The errors of the IO spectral analysis (noise error) were
given by the IO fit error and the systematic errors. For ex-
ample, for the measurement on 14 October 2009, the average
(and typical) IO fit error was about 1.6×1012 moleccm−2

(≈10 % of the average IO dSCD) for an observation at an
elevation angle of 3◦.

In order to test the sensitivity of the spectral retrieval and
of the forward model parameters on the profile retrieval, re-
trievals were performed for different sets of parameters. Ta-
ble 4 specifies the different parameters and the correspond-
ing inferred IO dSCDs, VMRs and VCDs and the respective
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Fig. 3. Averaging kernels for inferred AOD and IO, both averaged
for the data from all profile retrievals.
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Fig. 5: Daily averaged IO dSCDs measured for elevation angles of 3◦ (red) along the cruise

track with the dSCD detection limits displayed by blue bars (left panel). In the right panel,

all inferred IO dSCDs are shown and colour-coded for different elevation angles.
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Fig. 4.Comparison of the aerosol optical depth (AOD) at 360 nm re-
trieved from MAX-DOAS (black squares) and from Sun photome-
ter (red circles) measurements. The Sun photometer data were con-
verted from AODs measurements at 440 nm to AODs at 360 nm,
using theÅngstrom exponents derived from the Sun photometer
measurements.

absolute IO retrieval errors, averaged over many profile re-
trievals for a single day (14 October 2009). Systematic errors
arose e.g., from excluding or including different absorption
cross-sections in the DOAS fitting procedure. The following
parameters were varied: (a) An H2O absorption cross-section
from HITRAN 2009 instead of HITRAN 2006 was included.
Here it was found that the HITRAN 2009 H2O yielded ap-
proximately 21 % lower IO dSCDs and 12 % lower dSCDs
errors, most likely due to a wavelength shift of the HITRAN
2006 versus HITRAN 2009 H2O absorption cross-section.
(b) Inclusion of a glyoxal absorption cross-section in the
spectral retrieval resulted in lower IO dSCDs (≈19 %), but
much higher dSCD errors (≈38 %). (c) Inclusion or omis-
sion of a VRS compensation spectrum led to the results al-
ready stated above i.e., excluding the VRS compensation
spectrum resulted in approximately 16 % larger IO dSCDs
and 25 % larger dSCD errors.

The average VMR noise error of the final IO profile re-
trieval amounted to 0.3 ppt, which corresponded to approxi-
mately 25 % of the average VMR of 1.3 ppt. However, here
the smoothing error dominated the IO retrieval error and
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resulted in an average mixing ratio error of 0.8 ppt. Accord-
ingly, the average total VMR error was 0.9 ppt.

The main uncertainty of the forward model parameter er-
ror was due to uncertainties in the assumed aerosol extinction
profile. For example, changing the assumed AOD by±20%,
which was much larger than the typical total retrieval error
of 5%, modified the IO VMR by approximately±22%.

A further test consisted of using an exponentially decreas-
ing IO a priori profile with a scale height of again 1 km and a
surface VMR of 1 or 4 ppt instead of 2 ppt. It was found that
changing the a priori profile shape had a large impact on the
shape of the inferred profile, which was a result of the limited
information content of the profile retrieval.

Another error potentially arose from the uncertainty of the
viewing direction. Assuming that the inclinometer did not
correctly compensate for the rolling movement of the ship,
an elevation offset of 1◦ was implemented in the retrieval.
Compared to the retrieval excluding an elevation offset the
total VMR error was approximately 17 % larger and the in-
ferred VMR increased by 22 %.

In summary, the systematic error determined using a
Gaussian square sum of the individual error components,
amounted to≈ 0.95×1012 moleccm−2 (30 %) and 0.65 ppt
(60 %) for the inferred IO VCD and VMR, respectively. The
daily averaged DFS for 14 October 2009 wasds= 1.98, but
varied considerably with atmospheric visibility.

3.5 Iodocarbons measurements

Occasional air samples were collected using unpressurised
canisters and analysed for major halocarbons using the
GC/MS analytical system installed aboard. In addition, air
samples were taken at higher frequency using pressurised
canisters, which were analysed for halocarbons at the Rosen-
stiel School of Marine and Atmospheric Sciences (RSMAS)
in Miami by the group of Elliot Atlas (Quack et al., 2013).
Furthermore, a few air samples were analysed for some halo-
carbons at the Institute for Atmospheric and Environmental
Sciences, University of Frankfurt, Germany by the group of
Andreas Engel. All these samples, analysed at different lab-
oratories, showed a good agreement for some brominated
compounds (Brinckmann et al., 2012). The direct analysis of
the samples analysed aboard the R/VSonnewith the GC/MS
system was found to be necessary, since some iodinated halo-
carbons e.g., CH3I, CH2I2, CH2ClI and CH2BrI, are known
to be unstable in the air canisters upon storage. Calibra-
tion of the on-board measurements was performed using liq-
uid standards, since gaseous standards were not available.
Three stock solutions of chlorinated, brominated and iodi-
nated compounds were prepared in pentane, and volumetri-
cally diluted with methanol to environmental concentrations.
Analysis of the liquid standards was performed through the
same analytical set-up as for seawater and atmospheric sam-
ples analysed on-board. Intercalibration of the analytical sys-
tems was performed with a) a NOAA gas standard mixture

and b) with the CHBr3 and CH3I atmospheric data obtained
by all three groups. The agreement between the two canis-
ter storage methods were generally better than 5 %, while the
samples analysed with the on-board GC/MS system differed
by as much as 20 % in absolute terms, but generally showed a
good agreement in relative terms. The iodinated compounds
CH2I2, CH2ClI and CH2BrI were only calibrated with the
standard solutions resulting in an estimated uncertainty of
20 %.

3.6 Photochemical modelling

The IO measurements were compared to simulations of
the marine iodine chemistry performed with the one-
dimensional (1-D) photochemical model MISTRA v7.4.1
(von Glasow et al., 2002; Sommariva et al., 2012). MISTRA
is a 1-D Lagrangian model which includes a detailed treat-
ment of the dynamics and thermodynamics as well as a mi-
crophysical module that explicitly calculates particle growth
and the interaction with radiation. MISTRA includes a de-
tailed and recently updated gas and aqueous phase chemical
mechanism, with a focus on halogen chemistry, as recently
described inSommariva and von Glasow(2012) andSom-
mariva et al.(2012).

The model was set up to simulate the transport of air
masses in the MBL over the Pacific Ocean for a latitude of
10◦ N during October. The model meteorology was devel-
oped assuming a constant boundary layer height of 800 m,
and a surface wind speed and temperature of 6 ms−1 and
295 K, respectively. These assumptions were based on the
average meteorological observations made during the Trans-
Brom cruise (Krüger and Quack, 2012), though sensitivity
runs showed that the model results, with respect to iodine
species, were not very sensitive to meteorological parame-
ters under the conditions encountered during the TransBrom
cruise.

Due to a lack of measurements during the campaign, the
model was initialised based on previous measurements in a
tropical remote region of the open ocean (Sommariva and
von Glasow, 2012): NOx ≈ 20 ppt, O3 ≈30 ppb and CO
≈130 ppb. The model was run for 1.5 days to spin-up the
meteorology and the microphysics, then the chemistry was
re-initialised and the model ran for another three days. The
simulation represented a clean air mass that travelled for at
least three days in the marine boundary layer of the tropical
Western Pacific Ocean.

In model run 0 the only source of iodine was a mix-
ture of iodinated hydrocarbons emitted from the ocean sur-
face, according to the iodocarbon measurements. The flux of
iodocarbons was calculated off-line, in order to reproduce the
atmospheric observations of CH3I, CH2I2, CH2ClI, CH2BrI,
C2H5I, C3H7I made during the TransBrom cruise (see Ta-
ble2). As CH2ClI was considerably elevated in cruise part 3,
the dataset was split into two separate model runs representa-
tive for the tropical region of cruise part 2 and with elevated
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Table 2. Iodocarbons measured during the TransBrom cruise. Since CH2ClI mixing ratios varied during the cruise, average values for cruise
part 2 and part 3 were calculated.

CH3I [ppt] CH2ClI
cruise part 2
[ppt]

CH2ClI
cruise part 3
[ppt]

CH2BrI [ppt] CH2I2 [ppt]

Lifetime 6 days1 0.1 days2 ≈ 1 h3 2–10 min3

Average 0.52 1.43 7.41 0.19 0.561

Minimum 0.11 0.31 0.51 0.14 0.09
Maximum 0.93 4.162 13.85 0.25 1.76

1 Bell et al. (2002)
2 Rattigan et al. (1997)
3 Mössinger et al. (1998)

CH2ClI as during cruise part 3. Furthermore, two model runs
with different levels of additional I2 fluxes as listed in Table
3 were performed (run 1 and 2).

The inferred iodocarbon fluxes were also compared to
iodocarbon fluxes used in previous model studies: the fluxes
from (a) Vogt et al.(1999) and from (b)von Glasow et al.
(2002) were very similar, although they differ by a factor of
two for the flux of CH2ClI and C3H7I (assumed as the sum of
the two isomers). The flux of CH2I2 was assumed to be the
same in both cases (Vogt et al.(1999) did not report a flux
for this species). The ratios between the fluxes of the differ-
ent species in both modelling studies were estimated based
on the measurements of total organic iodine reported during
field studies (Vogt et al. (1999) and references therein). A
more recent study byJones et al.(2010) reported observa-
tions of the sea-air fluxes of individual iodocarbons for (c)
the open ocean region in the tropical and sub-tropical At-
lantic Ocean and for (d) the Mauretanian upwelling region
(high productivity region off the coast of West Africa). These
fluxes were significantly different from previous estimates,
particularly for the short-lived compounds such as CH2I2 and
CH2ClI, resulting in an overall weaker source of iodine in the
remote ocean, even in high productivity regions (Table3).
The flux of CH2ClI in the Atlantic Ocean reported byJones
et al.(2010) is even ten times lower than the flux calculated
for part 3 of the TransBrom cruise in the Western Pacific.

4 Results and discussion

Figure5 shows the IO dSCDs for an elevation angle of 3◦ to-
gether with the daily averaged IO dSCDs and the respective
detection limits for the TransBrom cruise track. The average
detection limit (assumed to be 2σ ) was similar for all ele-
vation angles and amounted toSmin=(3.32±0.72)×1012

moleccm−2 for an elevation angle of 3◦. As expected the IO
dSCDs increased with decreasing elevation angle, indicating
that IO was present close to the surface, except for periods of
heavy rain e.g., in the morning of 13 October 2009 and in the
afternoon of 18 October 2009 as well as around noon on 20

to 22 October 2009. During these periods, no clear separation
of the measured IO dSCDs for different elevation angles was
observed owing to the low visibility. For rainy periods, the
inferred IO dSCDs were also lower than on clear days. Com-
pared to the measurements in cruise part 1 and 3, in cruise
part 2 the measured IO dSCDs were larger reaching typi-
cal IO dSCDs of (1–1.8)×1013 moleccm−2 and maximum
IO dSCDs of 2.5×1013 moleccm−2. The largest IO dSCDs
were observed on cloud free sunny days e.g., on 14 October
2009, but unfortunately due to software problems the early
morning data were missing. Moreover, on days with almost
clear sky and little cloud coverage, the measured IO dSCDs
did not show a distinct diurnal cycle for SZAs lower than
84◦. Contrary to this finding, on overcast days e.g., on 19
October 2009, enhanced IO dSCDs were observed for morn-
ing as compared to evening measurements. The enhanced IO
dSCDs as well as the O4 dSCDs (not shown here) seen in the
morning of 19 October are most likely caused by radiative
transfer effects. On overcast days the length of the light path
reaching the MAX-DOAS instrument changes a lot due to
multiple scattering within clouds.

The inferred IO dSCDs were also compared to the mea-
surements simultaneously taken with the Bremen instrument
(for instrument description seePeters et al., 2012) for 14 Oc-
tober 2009 (Fig.6). In order to avoid direct sunlight and de-
tector saturation effects, the spectra from the IUP Bremen in-
strument were analysed against a single daily zenith Fraun-
hofer reference spectrum taken at an SZA of 45◦, whereas
for the IUP Heidelberg retrieval the 20◦, spectrum taken dur-
ing each elevation sequence was used as a Fraunhofer refer-
ence spectrum. For this comparison, however, the IO dSCDs
from Heidelberg were also analysed against a single daily
zenith Fraunhofer reference spectrum taken at an SZA of
45◦. Overall, both datasets were in good agreement and the
diurnal variations were similar for all days of the cruise. The
Heidelberg IO dSCDs were found to be slightly higher than
those inferred from the Bremen instrument. The difference
was likely due to the different choice of reference spectra se-
lected by both groups. Since both datasets showed an overall
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Table 3. Iodocarbon fluxes in units of 107 moleccm−2s−1 calculated from the data of previous studies and those collected during the
TransBrom cruise part 2 and 3.

Vogt et al.
(1999)

von Glasow et
al. (2002)

Jones et al.
(2010)
open ocean

Jones et al.
(2010) up-
welling

TransBrom
cruise part 2

TransBrom
cruise part 3

CH3I 0.6 0.6 3.4 3.6 0.48 0.48
CH2I2 3.01 3.0 1.3 1.4 2.3 2.3
CH2ClI 3.0 6.0 1.2 1.9 3.8 19.0
CH2BrI 0.0 0.0 0.76 0.59 0.71 0.71
CH2H5I 0.0 0.0 0.29 0.38 0.382 0.382

CH3H7I 2.0 1.0 0.063 0.056 0.0632 0.0632

Additional I2 flux (run 1) – – 22.0 19.0 18.0 10.0
Additional I2 flux (run 2) – – 22.0 19.0 34.0 16.0

1 Used the same value asCH2ClI;
2 not measured during TransBrom. The highest fluxes reported byJones et al.(2010) are used.

1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0 2 1 2 2 2 3 2 4
0 . 0

0 . 1

0 . 2

0 . 3

0 . 4

0 . 5
 A O D  ( M A X - D O A S )
 A O D  ( S u n  p h o t o m e t e r )

 d a y s  o f  O c t o b e r  2 0 0 9

 AO
D

4 0 . 7 °    3 6 . 1 °    3 1 . 4 °      2 6 . 7 °     2 2 . 4 °     1 8 . 1 °     1 4 . 2 °       9 . 7 °       5 . 0 °      0 . 3 °      - 4 . 3 °       - 8 . 4 °    - 1 2 . 2 °    - 1 4 . 8 °   - 1 8 . 0 °
l a t i t u d e

Fig. 4: Comparison of the aerosol optical depth (AOD) at 360 nm retrieved from MAX-

DOAS (black squares) and from Sun photometer (red circles) measurements. The Sun

photometer data were converted from AODs measurements at 440 nm to AODs at 360 nm,
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Fig. 5. Daily averaged IO dSCDs measured for elevation angles of 3◦ (red) along the cruise track with the dSCD detection limits displayed
by blue bars (left panel). In the right panel, all inferred IO dSCDs are shown and colour-coded for different elevation angles.

good agreement, for further analysis only the Heidelberg IO
dSCDs were used.

A latitudinal cross-section of inferred daily averaged IO
VCDs and IO surface mixing ratios is shown in panel a of
Fig.7. In general, the retrieved IO surface mixing ratios were
subject to significantly larger relative errors than the VCDs,
because the measurements yielded only limited information
on the shape of the IO profile, whereas the VCD was re-
trieved with significantly better accuracy. Largest IO VCDs
and IO surface mixing ratios were present during cruise part
2 (20◦N to 5◦ S), where the daily averaged VCD reached
3.7×1012 moleccm−2 and the IO mixing ratio 1.5 ppt. Panel
b of Fig. 7 shows the air mixing ratios of the organic io-

dine precursor molecules CH3I, CH2BrI, CH2I2 and CH2ClI.
They indicate that the largest iodocarbon mixing ratios oc-
curred in the southern tropical hemisphere. Furthermore, af-
ter 21 October 2009 (cruise part 3), a significant increase in
CH2ClI was observed, when the R/VSonnepassed Papua
New Guinea and approached the north coast of Australia,
where the increased biological activity was largely due to
the proximity to the coast. Accordingly, biologically derived
iodocarbons e.g., CH2ClI reached mixing ratios of more
than 12 ppt near the surface. Due to its short lifetime (some
hours), CH2ClI was potentially an efficient source of inor-
ganic iodine there, but surprisingly a corresponding increase
in IO was not observed. Table5 shows an overview of the
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Table 4.Overview of retrieved quantities and their errors for different IO retrieval settings, averaged over all observations from 14 October
2009. The scenario in the first column (bold) corresponds to the optimal parameters found for the spectral retrieval. The basic parameters and
settings are described in Sects. 3.3 and 3.4. The dSCDs are given in units of 1013moleccm−2, the VCDs in units of 1012moleccm−2 and
the VMR in ppt.

parameter H2O
2009

H2O
2006

with gly-
oxal

without
VRS

apriori
1 ppt

apriori
4 ppt

AOD
+20 %

AOD
−20 %

α offset
1◦

dSCD 3◦ 1.880 2.268 1.521 2.173 – – – – –
1dSCD 3◦ 0.157 0.175 0.217 0.196 – – – – –
VMR 1.290 1.674 1.023 1.668 1.178 1.410 1.574 0.998 1.491
VMR noise error 0.323 0.305 0.340 0.333 0.231 0.553 0.321 0.326 0.446
VMR smoothing error 0.830 0.842 0.856 0.835 0.451 1.551 0.787 0.904 0.940
VMR total error 0.893 0.897 0.923 0.902 0.508 1.654 0.852 0.963 1.043
VCD 3.383 3.980 3.089 3.725 3.001 3.729 3.530 3.266 3.823
VCD noise error 0.296 0.284 0.321 0.297 0.230 0.380 0.320 0.277 0.348
VCD smoothing error 0.315 0.309 0.323 0.305 0.209 0.542 0.359 0.270 0.307
VCD total error 0.434 0.422 0.457 0.428 0.311 0.665 0.482 0.388 0.465
degrees of freedom 1.983 1.985 1.931 1.986 1.721 2.247 1.995 1.968 1.803
AOD 0.093 0.093 0.093 0.093 0.093 0.093 0.111 0.074 0.097
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Fig. 6. Comparison of IO dSCDs retrieved from 5◦ elevation angle
observations of the Bremen (red) and the Heidelberg (blue) instru-
ments on 14 October 2009. Since the Bremen instrument performed
more elevation angles per sequences, observations at specific eleva-
tion angles are less frequent.

different parameters that were correlated with the daily av-
eraged IO mixing ratios. Except for CH2BrI, the daily aver-
aged iodocarbons only indicate a weak correlation with daily
averaged IO VMR (R ≤±0.25), supporting the idea that or-
ganic iodocarbons were not the main source for reactive io-
dine in the MBL. Note that for CH2BrI only three data points
were available. Hence, a reliable correlation could not be ob-
tained. Furthermore, the daily averaged oceanic Chla con-
tent (Zindler et al., 2012) and the IO VMR were found to be
anti-correlated with a correlation coefficient ofR =−0.70.
Thus, the oceanic Chla concentrations (panel c of Fig.7)

may not serve as a good proxy for the presence of IO in
the MBL. Zeaxanthin and divinyl chlorophylla are marker
pigments for cyanobacteria (Zindler et al., 2012). Since both
marker pigments only show a weak anti-correlation with IO
VMR (R =−0.42, R =−0.43), they may also not serve as
an appropriate indicator for IO.

In the latitude band between 15◦ N and 8◦ S, ozone mix-
ing ratios measured by in-situ O3-sondes (Markus Rex, AWI
Potsdam, personal communication) dropped to values close
to zero near the surface (panel d of Fig.7). Since the O3
and IO mixing ratios anti-correlated withR =−0.47, this
may lead to the conclusion that ozone was lost by iodine-
mediated photochemistry or in reactions with dissolved or-
ganic matter at the ocean surface, a finding in broad agree-
ment with recently reported results from the Eastern Pa-
cific (Mahajan et al., 2012). At the same time reactions of
ozone with dissolved organic matter (DOM) at the ocean
surface could have initiated the release of iodocarbons into
the atmosphere. When ozone reacts with dissolved iodide,
hypoiodous acid HOI and molecular iodine (I2) are formed
at the ocean surface (e.g.,Garland et al., 1980; Carpen-
ter et al., 2013). HOI and I2 further react with DOM to
produce dissolved organic iodine (DOI). Iodocarbons can
then be produced from the oxidation of iodide by ozone
and the reaction of HOI with organic molecules (Garland
et al., 1980; Garland and Curtis, 1981; Martino et al., 2009).
However, owing to the poor correlation between the IO and
ozone mixing ratio found in the data, a tighter conclusion
can neither be drawn on ozone destruction by reactive io-
dine, nor on an ozone-driven iodine precursor production.
Further, IO showed a positive correlation with relative hu-
midity (R = 0.60) (panel d of Fig.7) and with sea surface
temperature (SST) (R = 0.71) (panel c of Fig.7). The lat-
ter correlation might point to an increased oceanic release

Atmos. Chem. Phys., 13, 3363–3378, 2013 www.atmos-chem-phys.net/13/3363/2013/



K. Großmann et al.: Iodine monoxide in the Western Pacific marine boundary layer 3373

Table 5. Overview of the correlation of different parameters with
IO mixing ratios (daily averages).

correlation parameters number of correlation Pearson
data points coefficient slope of linear

correlation

CH3I [ppt] 7 0.25 0.150
CH2ClI [ppt] 10 −0.22 −0.023
CH2BrI [ppt] 3 −0.91 −5.320
CH2I2 [ppt] 8 0.15 0.220
Chl a [mg m−3] 14 −0.70 −0.001
zeaxanthin [mg m−3] 14 −0.42 −0.005
divinyl chlorophylla 14 −0.43 −0.004
[mg m−3]
O3 [ppb] 12 −0.47 −0.009
humdity [%] 14 0.60 0.021
SST [◦C] 14 0.71 0.076
windspeed [m s−1] 14 −0.31 −0.031

of iodocarbons due to their decreasing solubility at higher
temperatures. Moreover, the Pearson correlation coefficient
of wind speed and IO amounts toR =−0.30 (see Table5)
indicating that a correlation e.g., during the tropical storms
was not observed. The relative humidity and wind speed were
recorded by the weather station of the R/VSonne, whereas
the SST was measured by a factory calibrated temperature
probe in surface seawater taken from 5 m depth in the hydro-
graphic shaft of the R/VSonne.

5 Comparison to model calculations

The measurements are compared to results obtained from
the MISTRA model simulations (see Sect.3.6). Due to the
limited vertical resolution of the IO profiles retrieved from
the MAX-DOAS measurements, a quantitative comparison
of measured and modelled IO required the artificial degra-
dation of the modelled profiles i.e., by applying the inferred
averaging kernel according toRodgers and Connor(2003),

x′ = xa+A(x− xa) (1)

wherex is the modelled IO vertical profile,A the MAX-
DOAS averaging kernel andxa the MAX-DOAS a priori
profile. The artificially degraded profilex′ represents the ver-
tical profile that would have been retrieved from the MAX-
DOAS measurements if the true profile would bex. Since the
MAX-DOAS averaging kernel varied from profile retrieval to
profile retrieval, due to changes in atmospheric visibility and
aerosol load, a representative averaging kernel matrixA was
calculated from the mean of all inferred averaging kernels
(see Fig.3).

Figure 8 shows the IO VCDs derived from the different
model scenarios as listed in Table3, together with the mea-
sured VCDs as a function of SZA and averaged for all data
taken during the cruise. For all model runs the adjusted mod-
elled VCDs were significantly larger than the unmodified
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Fig. 7. Latitudinal cross-section of daily averaged IO VCDs and
mixing ratios with the error bars indicating the respective daily av-
eraged total error(a), iodocarbon mixing ratios(b), daily averaged
Chl a concentration and sea surface temperature (SST)(c) as well
as the O3 mixing ratios averaged for the lowest 100 m from each of
the different O3-sonde profiles (upper limit of the uncertainty range
in red and lower limit of the uncertainty range in black), and the
daily averaged relative humidity(d).

modelled VCDs. This positive bias was caused by the choice
of the a priori, which exponentially decreased with altitude
and, therefore, contained some residual IO located above the
model boundary layer i.e., at altitudes where the sensitivity
of the MAX-DOAS measurements was very limited.

The diurnal variation of the modelled IO VCD was dis-
tinctively different for the model runs excluding (run 0) or
including an additional I2 source (run 1 and 2). In particu-
lar, the model runs including an I2 source exhibited larger IO
VCDs in the morning (maximum at≈ 73◦ SZA), whereas
the model run 0 (excluding an I2 source) showed a symmet-
ric diurnal variation. Thus, the IO peak mixing ratio in the
morning resulted from the rapidly photolysed I2 (Saiz-Lopez
and Plane, 2004) that had accumulated in the MBL during
the night. It was found that an additional I2 flux of at least
jI2 = 1.8×108 moleccm−2s−1 (run 1) was required to re-
produce the measurements of cruise part 2. The artificially
degraded VCDs of model run 0 excluding an additional I2
source were (1–1.5)×1012 moleccm−2, which was outside
the error of the measurements supporting the conclusion that
an additional iodine flux is required.

In the absence of an I2 source (run 0), the model pre-
dicted approximately twice as much IO in the MBL for
part 3 as compared to part 2, mostly owing to the higher
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Fig. 8.Comparison of morning (left panel) and evening (right panel)
values of measured and modelled IO VCDs as a function of SZA for
the cruise part 2 (upper panel) and for the cruise part 3 (lower panel).
The modelled VCDs are calculated from predictions of model runs
0, 1 and 2, according to Table3 (solid red, green and blue lines) and
the corresponding artificially degraded model VCDs are indicated
by dashed lines. The measured VCDs are 5◦ SZA averages for the
cruise part 2 and 3 (black squares), respectively.

iodocarbon mixing ratios there. The additional CH2ClI ob-
served in cruise part 3 causes an increase in the mod-
elled IO VCDs of about 1×1012 molec cm−2 compared to
cruise part 2, whereas I2 contributes with about (0.5–1)×
1012 molec cm−2. In this case the comparison of modelled
and measured VCDs did not allow us to decide, if an addi-
tional I2 source was required. However, the measurements
showed elevated IO VCDs for SZAs larger than 70◦, which
were indicative for the presence of a short-lived inorganic io-
dine precursor e.g., I2.

Panel a–d of Fig.9 show the modelled vertical profiles of
IO for run 0 and 1. Except for the early morning hours, IO
was predicted to be well mixed within the boundary layer in
run 0 (panel a and b of Fig.9), mainly as a result of the rel-
atively long photochemical lifetime of the iodocarbons (see
Table2). In contrast, for run 1 (including an I2 source) (panel
c and d of Fig.9), IO shows a strong vertical gradient with
highest IO mixing ratios near the surface. Figure10 shows
the single vertical profiles of model run 0 and 1 for cruise
part 2 and 3 at noon, respectively. In model run 1 the shallow
layer of enhanced IO with a strong vertical gradient near the
surface is clearly visible.

Panels e–h of Fig.9 show the same model scenarios as
in panel a–d, but artificially degraded with the MAX-DOAS
averaging kernel. As expected, the adjusted profiles showed
much larger vertical gradients as a result of the limited verti-
cal resolution of the MAX-DOAS measurements. However,
the main features of the model run 0 and 1 were still discern-
able in the artificially degraded profiles. In particular, the ar-
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Fig. 9. IO simulations of the MISTRA model(a–h) and inferred
IO profiles from the MAX-DOAS measurements(i, j) for a typi-
cal scenario of cruise part 2 (left column) and cruise part 3 (right
column). Panels(a) and (b) excluding an additional inorganic io-
dine flux, (c) and (d) including an additional I2 flux of jpart 2=

1.8×108 moleccm−2s−1 andjpart 3= 1.0×108 moleccm−2s−1,
respectively,(e)–(h) same as(a)–(d), but artificially degraded,(i)
and(j) retrieved from the MAX-DOAS measurements for 14 Octo-
ber 2009 and for 23 October 2009, respectively. The colour coding
represents IO mixing ratios in units of ppt.

tificially degraded profiles of run 1 showed a shallow layer
of enhanced IO located directly above the surface.

Panel i of Fig.9 shows the IO mixing ratios retrieved from
the MAX-DOAS measurements during cruise part 2 on 14
October 2009, and panel j for 23 October 2009 during cruise
part 3. These two days had the lowest cloud contamination
of the IO profile retrieval. For both days, the measured IO
profiles were similar to the prediction of model run 1, with IO
being distributed over the entire depth of the boundary layer
in the morning i.e., in particular seen on 23 October 2009.
During the rest of this day IO was confined within a shallow
layer near the surface of about 300 m in vertical extent. These
findings strongly supported the hypothesis that an additional
short-lived inorganic iodine compound was necessary to find
a good agreement between measured and modelled IO.
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Fig. 10.IO vertical profiles for different model scenarios (run 0, run
1) for cruise part 2 and 3 at 12:00 local time.

6 Conclusions

The present paper reports on a latitudinal cross-section of
surface IO mixing ratios and IO profiles, which were taken
in the MBL of the Western Pacific (42◦N, 141◦ E to 19◦ S,
146◦ E). The measurements provide further evidence that
IO is probably ubiquitous in the marine environment, with
slightly enhanced IO being detected above warmer tropi-
cal (cruise part 2) as compared to the adjacent colder wa-
ters (cruise parts 1 and 3). The IO profiles inferred from the
MAX-DOAS measurements indicate that (a) the bulk of IO
with mixing ratios in the range (1–2.2) ppt was located in a
shallow layer near the surface of less than 300 m in vertical
extent during the day and that (b) IO is more widely dis-
tributed in the MBL in the morning.

A negative correlation of oceanic Chla and atmospheric
IO was observed in agreement with a recent study performed
in the Eastern Pacific (Mahajan et al., 2012). Both studies
are providing strong evidence that, in contrast to coastal re-
gions where iodocarbon emissions of macroalgae are likely
the major source for iodine (e.g.Seitz et al., 2010; Commane
et al., 2011), in the open ocean direct marine emissions of
inorganic iodine (here assumed to be I2) are important as a
source of reactive iodine in the MBL, in line with recent find-
ings of Carpenter et al. (2013).

This conclusion is corroborated by the following findings
of our study:

1. There is no correlation between the measured IO and the
organic iodine precursor species CH3I, CH2ClI, CH2BrI
and CH2I2.

2. The observed IO is underpredicted by the MISTRA
model when only using iodocarbons as iodine precur-
sors.

3. In the morning the IO peak is much smaller in the MBL,
when excluding a strong inorganic iodine source, e.g.,
I2, in the MISTRA model.

4. Over the course of the day IO tends to be con-
fined to a shallow layer of enhanced IO near the sur-
face, requiring a short-lived precursor molecule emit-
ted from the ocean, e.g., I2, with a flux of 1.0 to
1.8×108 moleccm−2s−1.

Findings 1 and 2 are in agreement with those previously
reported byJones et al.(2010) andMahajan et al.(2010a).

Possible mechanisms for the direct oceanic emission of I2
include (a) the reaction of ozone with dissolved organic mat-
ter at the ocean surface, as proposed byGarland and Curtis
(1981) andMartino et al.(2009), (b) emission from any other
abiotic source in the surface water body (Garland and Curtis,
1981; McFiggans, 2005; Carpenter et al., 2013), (c) direct
emission of I2 produced by microalgae and phytoplankton
(I2 emissions by macroalgae in coastal regions was observed
at several sites, e.g., byPeters et al., 2005; Saiz-Lopez and
Plane, 2004; andFinley and Saltzman, 2008), and (d) iodine
liberated from the sea salt aerosol (e.g.Saiz-Lopez et al.,
2012). Mechanism (c) is unlikely due to the anti-correlation
between IO and Chla and the lack of any correlation between
IO and the organic iodine precursor species. While mech-
anism (d) is already implemented in the MISTRA model,
our study does not give hints as to whether mechanism (a)
and (b) are more relevant for our observations and for open
ocean iodine emissions in general. However, there are still
uncertainties regarding e.g., the heterogeneous and aqueous
phase processes, and the iodine release mechanism might be
underpredicted by the model (e.g.,Reeser et al., 2009; Jam-
moul et al., 2009).
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Mendes, L., Lopez, H., Faria, B., Manning, A., and Wallace,
D.: Seasonal characteristics of tropical marine boundary layer air
measured at the Cape Verde Atmospheric Observatory, J. Atmos.
Chem., 67, 87–140,doi:10.1007/s10874-011-9206-1, 2010.

Carpenter, L. J., MacDonald, S. M., Shaw, M. D., Kumar, R.,
Saunders, R. W., Parthipan, R., Wilson, J., and Plane, J.
M. C.: Atmospheric iodine levels influenced by sea surface
emissions of inorganic iodine, Nature Geosci., 6, 108–111,
doi:10.1038/ngeo1687, 2013.

Chameides, W. L. and Davis, D. D.: Iodine: Its Possible Role in
Tropospheric Photochemistry, J. Geophys. Res., 85, 7383–7398,
1980.

Chance, K. and Spurr, R. J. D.: Ring effect studies; Rayleigh scatter-
ing, including molecular parameters for rotational Raman scat-
tering and the Fraunhofer spectrum, Appl. Opt., 36, 5224–5230,
1997.
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