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Abstract In the framework of the TIBAGS project, spatial and temporal variations
of iodine monoxide, IO, in the Earth’s atmosphere were analysed, and relations
between IO and further variables of the biosphere and atmosphere were investigated.
The abundances and variations of IO are not well known on a global scale, partly
because IO amounts are comparably low. However, due to strong reactivity, also
small amounts of IO may have a substantial impact on tropospheric composition. In
the present study, satellite data from the SCIAMACHY (Scanning Imaging
Absorption spectrometer for Atmospheric CHartographY) sensor on board the
ENVISAT satellite is used and a more global view on the subject is obtained. IO
amounts are retrieved from measurements of scattered sunlight by using an absorp-
tion spectroscopy technique. Two consistent IO data sets are retrieved, one based on
near real-time data (2004–2011) and one based on reprocessed consolidated data
(2003–2010). Largest amounts of IO are found in the Polar Regions of Antarctica, for
example in theWeddell Sea area in spring time. In addition, enhanced IO amounts are
detected above some but not all biologically active ocean areas which show high
Chlorophyll-a (Chl-a) signals. Correlations between IO and diatom distributions are
in some areas stronger than between IO and Chl-a in general, indicating the impor-
tance of the specific phytoplankton species present in the ocean water.

1 Background Information

The focus of the TIBAGS project is set on the trace gas iodine monoxide in the
atmosphere. Iodine compounds are relevant for tropospheric composition for sev-
eral reasons. Iodine radicals react with ozone, whereby iodine monoxide, IO, is
formed and tropospheric ozone is destroyed. This also affects levels and lifetimes of
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other tropospheric species. In addition, IO may lead to the formation of fine
atmospheric particles which influence the radiation budget. IO is hence an indicator
of active iodine photochemistry, and iodine chemistry is considered to be relevant
for understanding tropospheric composition, especially in the marine boundary
layer and Polar Regions (e.g. [6, 22], and references therein). Precursors of IO
include molecular iodine, I2, as well as halocarbons. These may be emitted, e.g. by
algae and phytoplankton ([15], and references therein), or via inorganic pathways
from the ocean [7].

Several field studies have investigated these precursors as well as atmospheric
levels of IO. However, all field studies are necessarily restricted in time and space,
and the spatial and temporal distributions of atmospheric iodine are only partly
known. Satellite measurements are an additional and valuable source of information
as they yield near global observations over time scales of many years.

In the framework of the TIBAGS project, abundances of IO are retrieved from
space on a nearly global scale. The retrieval of IO from the Scanning Imaging
Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) has
initially been demonstrated by Schönhardt et al. [24]. Based on near real-time data,
now the time series covers the years 2004–2011. Comparisons between the amounts
and distributions of IO with selected parameters of the atmosphere and biosphere
shall improve our understanding of source regions and links to other processes. The
studied parameters include atmospheric trace gases such as bromine monoxide,
BrO, and the short-lived organic compounds formaldehyde, HCHO, and glyoxal,
CHOCHO, as well as compounds dissolved in the ocean waters such as
Chlorophyll-a and individual phytoplankton species.

Focus areas of the TIBAGS project are the Polar Regions, especially Antarctica,
as well as the world’s ocean areas. An overview of IO above Antarctica is shown in
Fig. 1. The Southern Hemispheric map depicts the average IO vertical column
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Fig. 1 Average IO vertical
column amounts for eight
years (2004–2011) above the
Antarctic region
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amount for the eight years from 2004 to 2011. IO amounts are enhanced above the
sea ice region, above the shelf ice, along the coast lines, as well as above parts of
the continent. Details on the IO retrieval and the resulting observations are
described in the following sections.

2 The Satellite Sensor

Column amounts of IO may be retrieved by using absorption spectroscopy. The
well-established and widely used method of differential optical absorption spec-
troscopy (DOAS) [16, 17] was applied in the present study to detect IO amounts in
the radiances recorded by the SCIAMACHY sensor on board the European Space
Agency’s (ESA’s) Environmental Satellite ENVISAT. SCIAMACHY is a spec-
trometer measuring in the ultraviolet (UV), visible and infrared (IR) wavelength
regions, in three different geometries: nadir, limb and occultation [3, 5, 11, 12]. In
the present study, nadir measurements in the visible were used.

3 Data Analysis

The DOAS retrieval initially yields slant column amounts of IO, which describe the
amount of IO integrated along the slant light path. The slant columns are the result
of a least-squares optimization routine based on the Lambert–Beer law. An actual
radiance measurement I is compared to a background measurement I0, which in the
present case is an Earthshine radiance chosen from a background region. The
difference between the two measurements is caused by several atmospheric effects,
including absorption, scattering and reflection, of the electromagnetic radiation.
Absorption by trace gases in the atmosphere is one important contribution. In the
DOAS method, only those spectral effects, which quickly vary with wavelength
(high-pass filter), are further analysed. Low-frequency effects are effectively filtered
out by the subtraction of a polynomial, a quadratic polynomial in the present case.

The applied DOAS retrieval for IO uses the wavelength window between 416
and 430 nm. The IO absorption cross-section measured by Gómez Martín et al. [10]
is applied to identify the IO absorption bands in the measurements. Additional trace
gases taken into account are O3 and NO2. In addition, the Ring effect is taken into
account, an effect that is caused by inelastic scattering on molecules in the Earth’s
atmosphere and leads to an infilling of absorption lines, especially the solar
Fraunhofer lines. The Ring effect is calculated separately by radiative transfer
(RTF) calculations, and an effective Ring spectrum is fitted as a pseudo-absorber
cross-section in the same manner as the trace gases. A linear intensity offset is also
taken into account.
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4 Considerations on the Air Mass Factor

As the slant column is intrinsically dependent on the respective light paths which
the radiation has taken through the absorber layer(s), this light path needs to be
estimated when the slant columns are to be converted into the more comprehensible
values of vertical columns. The vertical column is the amount of the absorber per
ground area integrated vertically through the atmosphere and usually given in
molecules per cm2 (molec/cm2). The light path taken by the radiation going from
the sun through the atmosphere and into the satellite sensor is computed by RTF
calculations.

In the present study, the RTF code SCIATRAN is applied [20] to calculate the
so-called air mass factor (AMF) which is the light path length through the absorber
layers relative to a single vertical transmission. Hence, the vertical column VCi of
trace gas i is given by the ratio of the slant column SCi to the AMF a.

VCi ¼ SCi

a k; pð Þ

The calculated AMF a depends on the wavelength λ and on a parameter set
p including, e.g. the surface reflectance, solar zenith angle and the absorber profile.
The parameters used in the RTF calculation need to be adapted to the respective
measurement scenario.

By considering the variation of AMF with the solar zenith angle, SZA, the
dependency of the slant column value on the SZA is effectively eliminated in the
vertical column value. For satellite geometry in nadir observation, typical variations
of AMF with changing SZA are shown in Fig. 2.

The left graph is computed for a Polar scenario with snow/ice cover and cor-
responding albedo of 0.9, and SZA variation from 30 to 84°. The standard IO
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Fig. 2 Left AMF for IO at 90 % albedo calculated for different mixing layer heights, for 1 km
shown in black and for 100 m shown in grey. The inset shows the ratio of the two curves,
maximum deviation at large SZA does not exceed about 7 %. Right AMF for different scenarios,
testing the influence of aerosols on the IO AMF for a bright (90 %) albedo scene (red and black
curves) and a dark (5 %) albedo case (green and blue curves)
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retrieval only uses measurements up to 84° SZA, as the signal-to-noise ratio
(SNR) strongly decreases for larger angles. The left figure compares the AMF for
two different profiles, both box profiles of constant mixing ratios, one going from
the ground up to 1 km (black), the other from ground to 100 m (grey). The actual IO
profile is not well known. Recent observations report on IO in the free troposphere
[8, 18], but IO is mostly found in the boundary layer (e.g., [6, 21]).

For the results in Fig. 2, a pure Rayleigh atmosphere is considered, i.e. without
scattering on aerosols. For Antarctica, this is a valid first assumption. The largest
difference of 7 % between the two settings is found for large SZA. As the influence
of the mixing layer height on the AMF is comparatively small for this high albedo
scene, the choice of the layer height does not influence the derived IO vertical
column amount much. The results from the black curve with 1 km mixing layer
height are typically used for the calculation of the vertical IO columns in Polar
studies such as the Antarctic map in Fig. 1.

Aerosols are frequently present in other scenes and may strongly influence the
AMF as the light path is influenced by additional scattering processes on the aerosol
particles. Whether the AMF increases or decreases with aerosol load depends on the
relative vertical position of the aerosol and absorber layers as well as on the aerosol
type. The right graph of Fig. 2 presents the aerosol influence on the AMF value. As
an example case for ocean scenarios, the aerosol type considered here is maritime
aerosol with a visibility of 10 km. The aerosol is mixed with the IO layer and is
partly situated above the IO. The calculated AMF results are again plotted versus
SZA, where the cases for 90 % albedo are shown in red and black (with and without
aerosols) for comparison, and the cases for 5 % albedo typical for water surfaces are
shown in green and blue. For small SZA, aerosols enhance the sensitivity towards
IO detection, i.e. lead to an increase of the AMF. For the bright case of 90 %
albedo, the enhancement lies around 10 %, while for the dark scene, aerosols
enhance the sensitivity by around 25 %. At larger SZA (>62° for 90 % albedo, and
>77° for 5 % albedo), aerosols lead to a decrease of the AMF. Only for the 90 %
case at low sun (large SZA) a difference larger than 25 % is found with lower
sensitivity in the presence of aerosols. For smaller SZA, therefore, not considering
aerosol influence on the AMF may lead to a limited overestimation of IO vertical
columns while for larger SZA, some underestimation may occur.

In the details, therefore, the IO amount is dependent on the aerosol load, but for
moderate aerosol amounts, the influence does not dominate over regional or tem-
poral changes. The IO overview maps presented in the next sections are computed
for aerosol-free scenarios.

5 Detection Limit and Averaging

Considering slant column amounts, the IO detection limit for a single
SCIAMACHY measurement lies at 7 × 1012 molec/cm2. The vertical column
detection limit depends on the AMF. Above snow and ice, the detection limit lies
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around 1.7 × 1012 molec/cm2. As the IO amounts are often not much larger than the
detection limit, temporal and/or spatial averaging is necessary to improve SNR and
thus data quality. In addition, absolute IO amounts need to be treated with caution.
IO maps are typically generated as averages over time spans of several months. This
way, the statistical error on the measurements is reduced. In order to resolve smaller
scale temporal variations, single calendar months of subsequent years are averaged.
Using this strategy, a time series of IO maps through different seasons may be
generated (cf. Sect. 6).

6 Observations Above Antarctica

Using SCIAMACHY satellite data, both IO and BrO are retrieved for many years
and compared for the same time periods above the Southern Hemisphere. Also
based on satellite observations, the regions of IO enhancement are compared to the
sea ice cover in the respective time periods.

6.1 Spatial and Temporal Variations of IO Vertical
Columns

The temporal averaging period in order to obtain a SNR of sufficient quality for the
IO vertical column product depends on several aspects such as the time of year, the
location on the Earth and the surface conditions. Usually, a suitable averaging
period for IO data is a few months.

In order to resolve temporal variations in the IO amounts not only on a seasonal
basis but on a smaller time scale, IO columns of single calendar months are
averaged over subsequent years. In this way, monthly variations which reoccur
every year can be resolved. This procedure is suitable owing to the fact that many
features in the spatial pattern of IO are repeated annually. As a result, monthly
maps, each averaged over eight years from 2004 to 2011, are produced. They are
used for comparison with BrO columns and other parameters. The temporal evo-
lution of IO enhancements above the Antarctic regions is thus observed. In
Schönhardt et al. [23] maps for the time period 2004–2009 have been published.
Figure 3 shows the time series of IO from October (Antarctic spring time) through
summer to March (Antarctic autumn).

For direct comparison, the same time series is plotted for BrO vertical columns
in Fig. 5 in Sect. 6.2 below.

IO amounts in September are rather scattered due to low light levels resulting in
lower signal at the satellite. Some locally enhanced IO amounts along the coast west
of the Antarctic Peninsula are detected and some scattered amounts above the ice
shelves. In October, enhanced IO vertical columns of up to about
1.6 × 1012 molec/cm2 are spread over wide parts of the shelf ice areas, especially
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Fig. 3 Monthly averages of IO vertical columns above the Antarctic continent for eight years
(2004–2011). The AMF applied here assumes a ground reflectance of 90 % suitable for clean snow
and ice
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the Weddell Sea and the Ross Sea areas, in coastal locations and the continent.
Between October and November then a distinct feature of IO enhancement evolves
at some distance of the coast, and has fully developed into a circular region of IO
amounts above the sea ice in the November average. The circular enhancement
retreats somewhat in December and moves closer to higher latitudes, and IO is still
visible along the coasts on some sea ice patches. Later in autumn
(January/February), IO is mostly found on the shelf ice areas. In parts, the areas of
IO occurrence overlap and agree with the sea ice cover.

The main spatial features are repeated from year to year. This is demonstrated by
Fig. 4 showing Antarctic monthly means of IO observations for one year (top row),
six years (middle row, the time period used in Schönhardt et al. [23]) and the full
eight years of the IO near real-time product (bottom row). A longer averaging
period reduces noise effects and emphasizes the main features of IO enhancement.
For the comparison in Fig. 4, the calendar months November (left column),
December (middle column) and January (right column) have been chosen, as the IO
spatial pattern changes noticeably during this time of year with enhanced IO
amounts above the ring-shaped sea ice around Antarctica in November, and
reducing amounts and spatial extent towards January.

Clearly, local values may be larger when using shorter averaging periods. It is
remarkable, however, that spatial patterns and IO amounts are conserved rather
clearly when averaging over several years. Some persistence in the seasonal vari-
ation of IO is the reason for this behaviour.

6.2 Comparison of IO and BrO Distributions

Bromine monoxide, BrO, is a molecule that is in principle similar to IO. However,
the atmospheric relevance as well as sources and sinks may be quite different. In the
Polar Regions, BrO is regularly generated by a mechanism called the bromine
explosion (cf., e.g. [25], and references therein). During these events that begin
shortly after Polar sunrise in early spring time, atmospheric BrO increases rapidly
and is present above large areas. The release mechanism is an inorganic process.
The relevant and necessary conditions for the bromine explosion to take place are a
matter of continuing research.

In order to investigate the relations between IO and BrO distributions, satellite
observations of the two species are compared. BrO vertical columns are retrieved
from SCIAMACHY observations in the UV wavelength range [19, 30]. Taking into
account the stratospheric amounts of BrO, a stratospheric AMF has been applied
[19]. More details on AMF considerations for BrO observations can be found in
studies by Begoin et al. [2] and Theys et al. [27]. The BrO data were averaged for
the same periods and the same region as for IO and are shown in Fig. 5.

The BrO distributions show some clear differences towards the IO observations,
but also some general similarities. One similarity lies in the fact that both, IO and
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BrO amounts, are enhanced above the Antarctic region in spring time. The details
of the spatial and temporal distributions however, are quite different. BrO is mostly
present above the sea ice around the continent, and enhancement starts with Polar
sunrise in August (not shown), and is fully developed in September. Through the
summer months, BrO amounts decrease and mostly vanish in autumn, except for

IO: NOV 2005 IO: DEC 2005 IO: JAN 2006 

IO: NOV 2004-2009 IO: DEC 2004-2009 IO: JAN 2004-2009

IO: NOV 2004-2011 IO: DEC 2004-2011 IO: JAN 2004-2011
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Fig. 4 Comparison of IO vertical columns over Antarctica for an averaging period of one year
(top row), six years (middle row, as used in Schönhardt et al. [23]) and eight years (bottom row).
Main patterns and regional enhancements of IO reappear from year to year
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Fig. 5 BrO vertical column averages above the Antarctic region for the same averaging periods as
for IO in Fig. 3
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enhancements along the coast lines and above the ice shelves (there especially in
December and January).

Resulting from the differences between the IO and BrO spatial and temporal
distributions, it can be concluded that at least some individual release pathways
exist for iodine and bromine species in the South Polar Region. Although both, IO
and BrO, occur in Antarctic Spring time, IO is present above the sea ice for a
comparably shorter time period concentrated more towards later spring, while BrO
is already present on the sea ice prominently from early spring onwards.

6.3 Relation of the Halogen Oxides to Sea Ice Cover

Both halogen oxides, IO and BrO, show enhancements above the sea ice covered
area around the Antarctic continent. Comparisons with sea ice cover data have been
performed using ice concentration data from the AMSR-E instrument [13, 26].
AMSR-E is the Advanced Microwave Scanning Radiometer for EOS, a passive
microwave radiometer on board the NASA AQUA satellite belonging to the Earth
Observing System (EOS). The ice concentration data is provided by ZMAW
(Centre for Marine and Atmospheric Sciences) in Hamburg, Germany, and can be
downloaded from the Integrated Climate Data Center, KlimaCampus, at the
University of Hamburg (ICDC, http://icdc.zmaw.de/seaiceconcentration_asi_amsre.
html?&L=1). The ice concentration is defined as the percentage of the represen-
tative AMSR-E satellite pixel covered by sea ice.

Figure 6 (right) shows the monthly ice concentration for November averaged
over six years from 2004 to 2009, together with the IO map (left) for the same time
period. The close spatial correlation of sea ice area with BrO enhancements
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Fig. 6 IO vertical columns (left) from SCIAMACHY observations and ice concentration (right)
derived from AMSR-E data in November above the Southern Polar Region averaged over six
years from 2004 to 2009. The ice map is based on daily data provided by the Integrated Climate
Data Center, Hamburg (http://icdc.zmaw.de)
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(cf. Fig. 5) is apparent. In addition, the curved region of enhanced IO in November
is located above still present sea ice. In November, the density of the sea ice is
reduced in some areas, as visible in Fig. 6 by darker grey patches within the sea ice
area. The ice sheets start to break up and retreat in spring time. When the sea ice
becomes more porous, and more open leads and polynyas develop, the water gets
into contact with the atmosphere above. As iodine compounds are presumably
emitted by biological species such as phytoplankton or ice algae, which prefer the
habitat underneath the sea ice sheets, iodine input to the atmosphere may be
facilitated as soon as the ice sheets break up. Convection above open water areas
further supports the insertion of gaseous species, as the water is warm compared to
the spring time Antarctic boundary layer air. These considerations form a possible
explanation for the temporal behaviour of the observed IO occurrence in late spring.
As further evidence of a connection to a biological source, Chlorophyll-a data have
been consulted. This is discussed in Sect. 7.

In addition to providing a habitat for biological species, the sea ice cover also
changes the radiation conditions in the respective areas. This has two consequences.
On one hand, the stronger light reflection improves the visibility of IO above ice
covered regions. On the other hand, the photochemical situation is different above
and next to the ice. While the first aspect enhances the observed IO amounts above
sea ice, the second aspect can influence in both directions, as iodine precursors as
well as the IO amount itself are altered by changing light conditions. In any case,
the Antarctic ice region is an especially interesting area for iodine research.

In a study by Atkinson et al. [1], the Weddell Sea area has been selected as focus
area for iodine measurements in and above the sea ice and the ocean. The field
study includes measurements in the water, ice and atmosphere, and the results
emphasize that the Weddell Sea area is rich in iodine chemistry. Atmospheric
iodine chemistry, however, is not yet well enough understood to make full atmo-
spheric modelling possible. Not all observed data may be reproduced by model
calculations. Some iodine source terms might still be unknown.

7 Relations Between IO and Biospheric Parameters

Previous studies have demonstrated that iodine compounds are emitted by bio-
logical species such as microalgae and macroalgae. Several chemical compounds
are thereby emitted by various organisms in different speciations and different
amounts [9, 28]. Satellite IO observations are compared to Chlorophyll-a (Chl–a)
concentrations in the oceans, an indicator of active biology. For this comparison, IO
data from a reprocessed data set for 2003–2010 is used. The data set is fully
consistent with the near real-time data set from 2004 to 2011, but includes a more
complete time series during the initial year 2003. For the investigation of Chl-a
concentrations, the ESA merged GlobColour product is used. This product is based
on the three instruments SeaWiFS (Sea-viewing Wide Field-of-view Sensor),
MERIS (Medium Resolution Imaging Spectrometer) and MODIS (Moderate
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Resolution Imaging Spectroradiometer). Information and data are available from
the website http://www.globcolour.info.

7.1 Comparison Between IO and Chlorophyll-a Above
Antarctica

The oceans surrounding the Antarctic continent are a region of strong biological
activity. Following the detection of IO within the sea ice zone above the
biology-rich waters, the first interesting comparison is that of IO and Chl-a around
Antarctica. Long-term averages over many years are compiled and presented in
Fig. 7 for IO (left) and Chl-a concentrations (right). IO vertical columns are
computed here with an AMF that assumes a surface albedo of 5 %, appropriate for
oceans in the visible spectral range. A spatial mask is applied to the IO data,
showing the results only for regions, where Chl-a data is also available. The Chl-a
data can only be derived from above-satellite ground pixels which are entirely free
of ice, otherwise the signal from the ice covered part of the field-of-view would
dominate the measured signal. This way, also the IO data is plotted only above
regions which are at least for some part of the year free of ice. As the low albedo is
applied, IO amounts in this map differ from the ones above. Some overestimation of
the absolute IO amount may occur when applying the low albedo scenario.

Two main features can be derived from Fig. 7. First of all, the Antarctic proves
to be an area rich in biological productivity, demonstrated by fairly large Chl-a
concentrations all around the Antarctic continent with local maxima in the Weddell
Sea, the Ross Sea and just off the coast over long distances as well as the area
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Fig. 7 Antarctic maps of IO vertical columns in the atmosphere (left) and Chlorophyll-a
concentrations in the ocean (right). For the IO data, conversion to vertical columns assumes an
albedo of 5 % suitable for observations above water bodies, and data is masked by the area, where
Chl–a data is available, i.e. data is only shown above regions which are free of ice at least in parts
of the year
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offshore of the Amery ice shelf. The second striking observation is the spatial
overlap of enhanced values of IO with many of these Chl-a rich locations.
Especially the Weddell Sea and the waters of the Ross Sea offshore of the Ross ice
shelf show both, enhanced IO and enhanced Chl-a, in similar spatial patterns.
Naturally, a correlation does not represent causality. However, from this compar-
ison, a relation between biological production and the release of iodine precursors
seems probable.

7.2 Comparison Between IO and Chlorophyll-a Above
Ocean Areas

In contrast to the Antarctic analysis, spatial correlation between IO and Chl-a is not
a general feature elsewhere. Other regions on the globe do not show such a clear
spatial relation. Especially, regions with strong biological productivity can be found
where no significant IO signal is detected.

For biological productivity, the ocean upwelling regions are important. Here,
colder deep water masses rise to the surface and are often rich in nutrients and
organically produced gaseous compounds may enter the atmosphere. Figure 8
compares atmospheric IO amounts from SCIAMACHY with oceanic Chl-a
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Fig. 8 Comparison of eight year averages (2003–2010) of atmospheric IO (left) and oceanic Chl–
a concentrations (right). The areas marked by coloured boxes are used for the computation of
spatial correlation coefficients
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concentrations from the GlobColour project, both for an eight year average from
2003 to 2010. The maps in the top show the Eastern Pacific and Southwest Atlantic
around South America, and the bottom maps focus on the waters around Africa.
Field studies have also reported on elevated IO amounts above the Eastern Pacific
[8, 14, 29]. Along the West coast of South America, a large upwelling region is
situated where the Humboldt current from Antarctica surfaces. As seen in the
enhanced Chl-a data, off the coasts of Peru and Chile, biological activity is present.
Enhanced Chl-a amounts are also seen further into the Pacific towards the
Galápagos Islands.

Above the Peru and Northern Chile upwelling area, Chl-a enhancements coin-
cide with enhanced IO abundances, which also spread further into the ocean
towards the Galápagos Islands. Around the South tip of Chile and Argentina, where
Chl-a is large especially on the East coast, IO amounts are smaller and the relation
between the two compounds is less prominent. North of Brazil, around the Amazon
estuary, the Chl-a amounts are large, and IO amounts are also detected, however,
much less strongly as compared to the Eastern Pacific. For the coloured boxes in
Fig. 8 (top), example correlation coefficients for the spatial correlations are deter-
mined to be r = 0.29 and 0.27 for the yellow and orange areas, respectively, and
somewhat larger at r = 0.43 for the red box, each with an uncertainty around 0.02.
These coefficients are not overly large, but significantly positive, and the red box
close to the coast reveals the strongest correlation of these three areas.

Around the African continent the diverse relation can be seen even better.
Figure 8 (bottom) shows that Chl-a is enhanced especially above the Mauritanian
upwelling region (off the African Northwest coast) and above a two parted area off
the African Southwest coast, partly coinciding with the Benguela current. In the
Southwest, the spatial patterns of IO and Chl-a are very similar, while in contrast,
no significantly enhanced IO is found above the Mauritanian upwelling in the
North. For the Southwest region marked by a red box, the spatial correlation lies at
r = 0.50.

The Chl-a and IO spatial patterns are also similar, e.g. towards the open ocean at
the Southern limit of the displayed map as well as at the West coast of Somalia.
Clear differences appear along the coasts of the Arabian Peninsula where no
enhanced IO is detected above areas where Chl-a is present.

All in all, an ambiguous picture is received from the analysis of Fig. 8.
Enhancements in IO and Chl-a concentration coincide for some areas, while other
locations do not exhibit a spatial relation between the two variables, i.e. Chl-a
concentrations are high while no large IO is found. Possibly, the phytoplankton
types as well as surface and atmospheric conditions or other than direct biological
source pathways play a role for the emissions of iodine compounds.
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7.3 Comparison Between IO, Chlorophyll-a and Diatoms
for Southeast Asia

Following from the ambiguous picture discussed in the previous section, investi-
gations of individual phytoplankton types are of interest. Using the PhytoDOAS
method [4], a few different phytoplankton species may be distinguished. From the
absorption spectrum characteristic for each different organism, the PhytoDOAS
method retrieves an equivalent Chlorophyll-a concentration indicative of the
amount of phytoplankton present in the light absorbing upper ocean layers. In the
context of iodine release, the distributions of diatoms are specifically interesting and
have therefore been investigated for some selected regions. Diatom maps display
the equivalent Chl-a amount, which should be proportional to the amount of diatom
organisms in the upper ocean layers. The absolute diatom amount still depends
somewhat on the unknown vertical phytoplankton profile.

Figure 9 shows the comparison of IO abundances (top), total Chl-a concentration
(bottom left) and Chl-a from diatoms (bottom right) in the oceans of Southeast Asia.
This region is of specific importance for the exchange between the stratosphere and
the troposphere because of strong convective transport. Therefore, this area is the
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central research area of the SHIVA project (Stratospheric Ozone—Halogen Impacts
in a Varying Atmosphere). Data is averaged over the years 2003–2010, for diatoms
from 2003 to 2009 as data of the year 2010 was not available.

Several locations show enhanced IO, where Chl-a and diatoms are present in the
water, especially at some coast lines, e.g. of Southern China, and between some
islands, such as between the Philippines, between New Guinea and Australia, and
further west in the sea gate between Sri Lanka and India. In most of these locations,
the Chl-a content in the water is large, and diatoms are detected, except for the coast
of Southern China, with large Chl-a but little diatom detections.

On the other hand, there is strong Chl-a occurrence in the Yellow Sea and East
China Sea, but no IO is detected there and diatoms are not prominent there either.

Further to the qualitative comparison of the regional maps, some spatial corre-
lation coefficients have been computed. For example, the areas between the islands
as marked by three coloured boxes in Fig. 9 have been analysed. For IO and Chl-a,
the correlation coefficients are r = 0.33, 0.31 and 0.38 for the yellow, red and blue
areas, respectively. For IO and diatoms, the correlation coefficients are larger with
r = 0.48, 0.47 and 0.62, respectively.

These results and observations are a further indication that there is no general
one-to-one relationship between iodine compounds and all Chl-a producing bio-
logical species. If iodine species are biogenically produced, some differentiation
amongst the emitting phytoplankton species is taking place which is strong enough
that it becomes noticeable in the satellite measurements. In the selected regions, IO
abundances correlate much better with the diatom distributions than with total Chl-a
patterns, while the enhanced IO is not accompanied by strong diatom occurrence at
the coast of South China. Consequently, although diatoms show a closer relation
with IO in several locations than Chl-a, also diatoms are no safe indication for
iodine emissions. Although the picture remains to some extent ambiguous, the
spatial overview from satellite reveals many interesting regions with a spatial link
between IO and the underlying biological situation.

8 Summary

The TIBAGS project has provided the opportunity to continue research on atmo-
spheric iodine measured from space. Long-term data sets of IO observations from
the SCIAMACHY instrument have been retrieved and investigated in order to
increase our knowledge on spatial and temporal distributions and variations of
atmospheric IO abundances. Largest amounts of IO have been detected in the
Antarctic, and in the long-term data sets re-occurring IO maxima in the same
regions each year have been found. Comparisons between IO and BrO above the
South Polar Region show that besides the mutual appearance in Antarctic Spring,
the spatial distribution as well as the temporal evolution differ in their details.
Separate release pathways are most probably the reason for the differences.
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In ocean areas around the South American and African continent, Chlorophyll-a
concentrations in the ocean waters coincide with enhanced IO in several places but
not in all. The spatial correlation between IO and Chl-a in some places suggests the
importance of biological activity, while the missing one-to-one relationship indi-
cates that other influencing factors are relevant for the release of iodine from the
ocean. In the ocean areas of South-East Asia, correlations between IO and Chl-a as
well as between IO and diatoms, a specific phytoplankton species known to emit
iodine precursor substances, have been investigated. Spatial correlation coefficients
between IO and diatom abundances are larger than between IO and total Chl-a,
supporting the laboratory result that iodine release is to some extent dependent on
the prevalent phytoplankton species. Closer investigations in ocean areas are nee-
ded to further improve our understanding on iodine release. Efforts should include
field studies on local air composition and measurements of gaseous compounds as
well as phytoplankton species in the ocean waters in addition to continuing
long-term satellite observations.
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