
Atmos. Chem. Phys., 12, 6565–6580, 2012

www.atmos-chem-phys.net/12/6565/2012/

doi:10.5194/acp-12-6565-2012

© Author(s) 2012. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics

Simultaneous satellite observations of IO and BrO over Antarctica

A. Schönhardt1, M. Begoin1, A. Richter1, F. Wittrock1, L. Kaleschke2, J. C. Gómez Martı́n3, and J. P. Burrows1
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Abstract. This article reports on satellite observations of io-

dine monoxide (IO) and bromine monoxide (BrO). The re-

gion of interest is Antarctica in the time between spring and

autumn. Both molecules, IO and BrO, are reactive halogen

species and strongly influence tropospheric composition. As

a result, a better understanding of their spatial distribution

and temporal evolution is necessary to assess accurately their

role in tropospheric chemistry. Especially in the case of IO,

information on its present magnitude, spatial distribution pat-

terns and source regions is still sparse.

The present study is based on six years of SCIAMACHY

(SCanning Imaging Absorption spectroMeter for Atmo-

spheric CartograpHY) data recorded in nadir viewing ge-

ometry. Multi-year averages of monthly mean IO columns

are presented and compared to the distributions of BrO. In-

fluences of the IO air mass factor and the IO absorption

cross section temperature dependence on the absolute ver-

tical columns are discussed. The long-term observations of

IO and BrO columns yield new insight into the temporal and

spatial variation of IO above the Antarctic region. The oc-

currence of IO on Antarctic sea ice in late spring (Novem-

ber) is discovered and presented. In addition, the comparison

between IO and BrO distributions show many differences,

which argues for different mechanisms and individual nature

of the release of the two halogen oxide precursors. The state

of the ecosystem, in particular the changing condition of the

sea ice in late spring, is used to explain the observations of

the IO behaviour over Antarctica and the differences between

IO and BrO distributions.

1 Introduction

Reactive halogens such as iodine, bromine and their oxides

have received growing attention in the past years owing to

their strong impact on tropospheric composition. The atten-

tion for halogen oxides is intensified by the recently devel-

oped space based remote sensing instrumentation, which is

yielding their amounts. In particular, reactive halogens de-

plete ozone and alter the HOx and NOx ratios, consequently

changing the oxidizing capacity of the troposphere. The halo-

gen oxides iodine monoxide (IO) and bromine monoxide

(BrO), generated from the reaction of atomic I and Br with

ozone, play a central role in these processes (Barrie et al.,

1988; Solomon et al., 1994; Carpenter et al., 2003; Platt and

von Glasow, 2005; Simpson et al., 2007b).

A prominent example of tropospheric ozone loss by halo-

gen chemistry are ozone depletion events in Polar Spring,

closely linked to enhanced bromine levels and now under-

stood to be initiated by the bromine explosion mechanism

(Barrie et al., 1988; Platt and Hönninger, 2003). Further-

more, interest is motivated by observations that BrO acts as

an oxidizing agent for gaseous mercury leading to enhanced

bio-availability of mercury (Schröder et al., 1998; Steffen

et al., 2008), and by clear evidence that IO may nucleate via

self-reactions to larger iodine oxide molecules (Burkholder

et al., 2004) forming atmospheric particles and eventually

growing to cloud condensation nuclei (O’Dowd et al., 2002;

McFiggans et al., 2004; O’Dowd and Hoffmann, 2005; Saun-

ders et al., 2010).

Iodine atoms may be released by photolysis of precur-

sor substances such as I2 or volatile iodocarbons emitted

from the marine biosphere. Inorganic release processes are

also being considered, but they are so far uncertain. Bromine
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precursors include organic as well as inorganic sources. The

onset of the rapid bromine explosion was identified to be an

inorganic mechanism. Through cross reactions between IO

and BrO, the chemistry of the two halogens is linked. In this

respect, the ozone destruction potential of IO and BrO to-

gether is larger than the sum of the individual impacts (Vogt

et al., 1999). Modeling calculations have also shown that IO

has a substantial impact on tropospheric composition even

at small amounts (Vogt et al., 1999), and that neglecting tro-

pospheric iodine and bromine chemistry in previous model

studies may explain discrepancies between measured and

predicted amounts of species like O3, OH and HO2 (Bloss

et al., 2005; Read et al., 2008).

The occurrence of IO and BrO indicates ongoing active

halogen chemistry. Knowledge of the abundances, distribu-

tions and variations of IO and BrO, spatially as well as

temporally, is therefore necessary. Tropospheric BrO was

first measured by Hausmann et al. (1994) using ground-

based long-path DOAS (Differential Optical Absorption

Spectroscopy) measurements, and by Wittrock et al. (1996)

and Miller et al. (1997) using scattered sunlight DOAS ob-

servations. After BrO was observed in the Antarctic lower

stratosphere by ground-based spectroscopy (Solomon et al.,

1989; Carroll et al., 1989) and insitu aircraft measurements

(Brune et al., 1989), Kreher et al. (1997) provided evidence

of boundary layer BrO in the Antarctic also using passive

DOAS measurements. Satellite observations in 1998 first

showed the widespread nature of BrO occurrence in Polar

Spring (Richter et al., 1998; Wagner and Platt, 1998).

IO was first detected in the atmosphere in 1999 by Alicke

et al. by ground-based, active DOAS in the mid-latitudes,

and its occurrence was linked to a combination of close-by

algae beds, low tide, and strong solar illumination (Carpen-

ter et al., 1999). Since then, further measurement campaigns

have observed IO by active and passive DOAS in the ma-

rine boundary layer (MBL) at several locations of the world,

e.g. at mid-latitude coasts and (sub)-tropical marine sites (Al-

lan et al., 2000; Peters et al., 2005; Saiz-Lopez et al., 2006;

Oetjen, 2009) and in Polar Regions (Wittrock et al., 2000;

Frieß et al., 2001; Saiz-Lopez et al., 2007a) with typical con-

centrations up to a few ppt. IO amounts in the Arctic were

found to be much lower than in the Antarctic, and often be-

low detection limit (Hönninger et al., 2004; Mahajan et al.,

2010). Two in-situ methods, cavity ring-down spectroscopy

as well as the technique of laser induced fluorescence, were

successfully used to determine IO concentrations in the mid-

latitude MBL (Wada et al., 2007; Whalley et al., 2007). Mea-

surements from balloons so far show that IO amounts in the

stratosphere are below detection limit of 0.1 ppt (Pundt et al.,

1998; Bösch et al., 2003; Butz et al., 2009), however, no such

investigations have been performed in Antarctica yet.

Through laboratory studies, better understanding of the re-

action pathways of IO and its products has been achieved

(Himmelmann et al., 1996; Bloss et al., 2001; Gómez Martı́n

et al., 2007, 2009), and incubation studies have demonstrated

the release of iodocarbons from algae and phytoplankton

(Pedersén et al., 1996). Interestingly, polar algae seem to

emit larger amounts of iodine compounds than their subtrop-

ical relatives (Giese et al., 1999), similar to cold water di-

atoms in comparison to temperate species (Tokarczyk and

Moore, 1994; Moore et al., 1996).

Focussing on iodine species in Antarctica, IO has been ob-

served at a few locations by ground-based instruments (Frieß

et al., 2001, 2010; Saiz-Lopez et al., 2007a). Large amounts

around 10 ppt with singular events up to 20 ppt have been de-

tected occasionally in the boundary layer. However, the abun-

dances are highly variable. Concerning the altitude profile of

IO, knowledge is rather limited. Significant abundances in

large altitudes have not yet been detected. The suggestion

that IO is situated in the boundary layer, possibly only in the

lowest few tens of metres, is supported by modeling stud-

ies (Saiz-Lopez et al., 2008) as well as by recent multi-axis

DOAS measurements at Halley, Antarctica (Howard Roscoe,

personal communication). Indications were reported that a

significant fraction of IO might possibly even be located

within the snow (Frieß et al., 2010). Satellite observations

reveal substantial amounts of IO above the Antarctic re-

gion. Global maps of IO, observed by the satellite sensor

SCIAMACHY (SCanning Imaging Absorption spectroMe-

ter for Atmospheric CartograpHY), have been published pre-

viously (Schönhardt et al., 2008) with a focus on seasonal

averages. A study of four selected days of satellite observa-

tions above the Antarctic was published by Saiz-Lopez et al.

(2007b).

In the present study, more details on the spatial and tem-

poral variation of IO distributions are presented, based on six

entire years of SCIAMACHY observations. The satellite sen-

sor SCIAMACHY will be introduced, and the measurement

method and applied retrieval parameters for the IO and BrO

retrievals are summarized. A focus of the present study is the

time series of Antarctic IO maps, for which first the averag-

ing sequence is explained and then the spatial and temporal

variation of IO is described. Simultaneous IO and BrO obser-

vations are compared, and due to the importance of the sea

ice cover in this area, observations of the sea ice concentra-

tions are used to analyse specific IO occurrences.

2 Instrument

SCIAMACHY is a UV-vis-NIR spectrometer measuring in

nadir, limb and occultation modes from onboard the Eu-

ropean Environmental Satellite (ENVISAT). ENVISAT is

moving in a sun-synchronous, near-polar orbit since March

2002 with a local equator crossing time of 10:00 a.m. The

wavelength region covered by SCIAMACHY is divided into

eight channels within the ranges of 214–1773 nm, 1934–

2044 nm and 2259–2386 nm. The instrument records di-

rect, scattered and reflected sun light. Measurements used

in the present study are nadir observations from channel 3,
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Table 1. Settings for the DOAS retrieval of IO and BrO in this study. For the trace gases taken into account, the temperatures of the respective

cross sections are given in brackets.

Retrieval settings IO BrO

Fitting window 416 to 430 nm 336 to 347 nm

Polynomial degree 2 (quadratic) 3 (cubic)

Trace gases NO2 (223 K) (Bogumil et al., 2003) NO2 (223 K) Bogumil et al. (2003)

O3 (223 K) (Bogumil et al., 2003) O3 (223 K, 273 K) Bogumil et al. (2003)

IO (298 K) (Gómez Martı́n et al., 2007) BrO (228 K) Fleischmann et al. (2004)

Other features Ring effect: SCIATRAN calculation Rozanov et al. (2002); Vountas et al. (1998)

Linear intensity offset correction

clusters 14 and 15 (404–527 nm) with a spectral resolution

of around 0.44 nm and larger, as well as from channel 2,

clusters 9 and 10 (310–391 nm) with a spectral resolution

of 0.26 nm. Further details on the instrument, measurement

modes and mission objectives can be found in Burrows et al.

(1995); Bovensmann et al. (1999); Gottwald et al. (2006) and

Gottwald and Bovensmann (2011).

3 IO and BrO retrieval algorithms

The column amounts of IO and BrO are quantified by us-

ing the well-established DOAS algorithm (Platt and Perner,

1980; Platt and Stutz, 2008). Table 1 lists the relevant re-

trieval settings. IO is retrieved in the wavelength interval of

416–430 nm, and the fitting window for BrO lies at 336–

347 nm. In both cases a high-pass filter polynomial was ap-

plied to the measured optical density ln(I0/I) in order to

eliminate broad-band spectral structures. Here, I is the anal-

ysed nadir spectrum and I0 is a reference background spec-

trum, ideally free of absorber influences. For the case of BrO,

a daily solar spectrum was chosen as I0. An improved re-

trieval quality was achieved by the choice of an averaged

daily earthshine spectrum in the case of IO (Schönhardt et al.,

2008).

The IO retrieval had originally been tested in spectral re-

gions also including wavelengths above 430 nm. By using

e.g. the spectral window of 418–438 nm, similar results, es-

pecially in pattern, were obtained as compared to results

then reported by Saiz-Lopez et al. (2007b). However, using

the larger spectral windows, also noticeably large fitting er-

rors in the areas of supposed IO observation had occurred.

There is an interference, which we attribute to residual error

associated with the atmospheric radiative transfer in strong

Fraunhofer lines. This makes the larger spectral windows at

present unsuitable for IO retrieval from space. Consequently,

the retrieval had been moved to a different fitting window

to avoid the Fraunhofer band around 430.5 nm (Schönhardt

et al., 2008).

Another question relevant to the IO retrieval is the de-

pendence of its absorption spectrum on temperature (cf.

BrO, Fleischmann et al., 2004). Although previous labora-

tory work has found a significant dependence on tempera-

ture of the IO peak absorption cross section of the (4–0)

band (Bloss et al., 2001), full range spectra at low tem-

peratures have not been reported to date. Moreover, no at-

tempt has been made to quantify the systematic error result-

ing from using the 298 K reference spectrum for ground- or

satellite-based observations in Polar Regions. In order to elu-

cidate this question, laboratory experiments have been car-

ried out where low resolution IO spectra have been recorded

in the temperature range between 233 and 298 K (see Sup-

plement). These experiments show that as a result of de-

population of high rotational levels of the ground vibrational

state with decreasing temperature, the IO bands become nar-

rower and grow higher, resulting in a difference of 35 % be-

tween the (4–0) band peak-to-valley cross sections at 233

and 298 K. The overall effect when using the 298 K refer-

ence spectrum for atmospheric retrievals at 243 K is an over-

estimation of around 20 % of IO concentrations or column

densities. Due to the simultaneous narrowing and growing

of the absorption bands at colder temperatures, the magni-

tude of the temperature effect depends on the spectral reso-

lution of the recording spectrometer. At a finer spectral res-

olution (such as for SCIAMACHY) a slightly stronger influ-

ence is expected, while a broader resolution will attenuate

the temperature effect. More information as well as the tem-

perature dependent reference spectra of IO are being made

available at http://www.iup.physik.uni-bremen.de/gruppen/

molspec/databases/referencespectra/iospectra/index.html.

From the DOAS retrieval, the slant columns of the trace

gases are determined. The slant column is the average of the

trace gas density integrated over the specific light paths of the

recorded light. In order to transform this amount into a ver-

tical column, i.e. the trace gas concentration integrated ver-

tically through the altitude layers, the air mass factor (AMF)

needs to be applied. The AMF describes the relative light

path length through an absorber layer and is represented by

the ratio of slant column to vertical column.

The averaged IO vertical column above Antarctica for the

years 2004 to 2009 is shown as first overview in Fig. 1. Av-

erage columns reach up to 1.9×1012 molec cm−2. For indi-

vidual measurements, also larger IO amounts are detected.

www.atmos-chem-phys.net/12/6565/2012/ Atmos. Chem. Phys., 12, 6565–6580, 2012
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Fig. 1. IO vertical columns above the Antarctic region averaged over

the total period of six years, from 2004 to 2009. Different types

of areas show enhanced IO amounts – sea ice regions, ice shelves,

coast lines, and parts of the continent.

Over widespread areas the vertical column lies between

1.0×1012 molec cm−2 and 1.5×1012 molec cm−2.

For the understanding of the IO influence on chemical

composition, the amounts in terms of concentrations or mix-

ing ratios are relevant. Starting from column amounts, the

computed mixing ratio is strongly dependent on the assumed

altitude profile, which is not well known. Assuming the IO

to be close to the surface which is in agreement with several

previous studies and assumptions (Saiz-Lopez et al., 2008;

Frieß et al., 2010), estimations for the boundary layer IO

mixing ratios can be derived. In latest studies, however, wide

spread and substantial free tropospheric abundances of IO

have been reported in tropical regions (Volkamer et al., 2012;

Saiz-Lopez et al., 2012). If free tropospheric or even strato-

spheric abundances of IO are relevant for Antarctic scenes is

so far an open issue.

The conversion from vertical columns to mixing ratios

and the comparison to long-path DOAS measurements of

IO mixing ratios by Saiz-Lopez et al. (2007a) in Antarctica,

have been previously discussed in (Schönhardt et al., 2008).

A vertical column value of 1.0 or 1.5×1012 molec cm−2 cor-

responds to a concentration of 1.0 or 1.5×108 molec cm−3

within a 100 m layer and a mixing ratio of 3.7 or 5.6×10−12,

i.e. 3.7 or 5.6 pptv, at 273 K. These values are of the same

order of magnitude as observed by Saiz-Lopez et al. (2007a)

close to the surface by long-path DOAS observations in the

years 2004/05 and by Atkinson et al. (2012) using ship-

borne multi-axis DOAS in early 2009 when assuming a

200 m boundary layer. Iodine chemistry with IO amounts on

the ppt level may have noticeable influence on atmospheric

composition in Polar Regions, especially on O3 levels and

HO2/OH and NO2/NO ratios (Saiz-Lopez et al., 2007a) as

well as particle formation (Atkinson et al., 2012) and poten-

tially also enhanced mercury oxidation via Br (Saiz-Lopez

et al., 2008).

Considering a boundary layer box profile, the computed

mixing ratio of IO will change approximately by one order

of magnitude when assuming a 1 km instead of a 100 m thick

layer for the case of a bright surface where the AMF hardly

depends on the profile shape. The boundary layer in Antarc-

tica can easily be as shallow as 100 m. In any case, the alti-

tude profile will retain its strong influence in the conversion

steps, which is even more the case above dark surfaces.

The detection limit for single recordings lies around

7×1012 molec cm−2 for the slant column, corresponding to

a vertical column around 1.7×1012 molec cm−2 over snow

and ice, depending on the AMF. This detection limit is based

on the determination of a minimum detectable optical den-

sity (ODmin) which is obtained directly from the residual

of the DOAS fitting result, as discussed in more detail by

Schönhardt et al. (2008). The root-mean-quare (RMS) of the

residual gives a measure for ODmin. For the conversion to

the detection limit in terms of a slant column amount, the ab-

sorption cross section of IO is applied. Therefore, the slant

column detection limit is temperature dependent. The given

numbers represent typical values, which vary between in-

dividual measurements. For a typical orbit, e.g., the single

measurement RMS in terms of optical density and its stan-

dard deviation are (1.9 ± 0.5)×10−4 corresponding to an IO

slant column detection limit of (6.8±1.8)×1012 molec cm−2.

This detection limit is reduced by temporal averaging, as per-

formed in this study.

The AMFs used here were calculated by the radiative

transfer code SCIATRAN (Rozanov et al., 2002, 2005a). A

surface spectral reflectance of a = 0.90 and a pure Rayleigh

atmosphere were assumed. Aerosols influence the sensitivity

of the measurement and hence the AMF, however, treatment

of aerosols has been neglected in the present case as Antarc-

tic aerosol concentrations are fairly low. The aerosol optical

thickness (AOT) in Antarctica typically remains well below

0.05 and often below 0.03 as can be seen, e.g., by AERONET

measurements (see also http://aeronet.gsfc.nasa.gov/). Low

aerosol amounts in Antarctica are also reported by Shaw

(1988). Aerosol observations from space over snow and ice

are more challenging than over the ocean or land, so a com-

plete set of aerosol information for the time and space cov-

ered by the IO analysis is not readily available yet. Using an

AOT of 0.05 and assuming all the aerosol to be situated in

the boundary layer with the IO, the AMF for IO changes by

less than 5 % over most of the SZA range. In an alternative

computation using a parameterization of the aerosol load by

a visibility of 50 km, an AOT of about 0.08 is represented

(Bäumer et al., 2008). Again, the influence on the AMF is

5 % up to 75◦ SZA and would rise up to 10 % for very large

SZA. Antarctic aerosol abundances typically stay well be-

low these amounts, so the influence on the AMF is usually

Atmos. Chem. Phys., 12, 6565–6580, 2012 www.atmos-chem-phys.net/12/6565/2012/
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Fig. 2. Calculated AMF for IO using the SCIATRAN radiative

transfer code for a Rayleigh atmosphere at 425 nm above a 90 %

reflecting surface. Two different layer heights (LH) are compared,

with constant VMR in this layer above the surface, LH = 1 km in

blue and LH = 100 m in red. The inset shows the ratio of the two

AMF calculations, i.e. AMF (LH 1 km) / AMF (LH 100 m). The

maximum difference between the two cases lies below 7 %.

even smaller. The precise aerosol influence depends on the

aerosol characteristics (type, size distribution, altitude pro-

file) as well as on the relative vertical location with respect

to the IO, and is therefore variable. The calculations reported

above represent rough estimations of the aerosol importance.

For the case of bright reflecting surfaces, the influence of

aerosols on the AMF remains small in comparison to dark

scenes.

Generally, SCIAMACHY offers better sensitivity of IO

observations over snow and ice. In the current treatment of

Antarctic IO, amounts over the open ocean are underesti-

mated as the surface effect cannot be fully taken into ac-

count. A more elaborate consideration of the AMF may be

performed as soon as more information on the atmospheric

conditions of the considered scenarios is available.

For the AMF calculation, the assumed trace gas profile

is an important input information. Current understanding is

that most of the IO is situated in the lower boundary layer

(Saiz-Lopez et al., 2008; Mahajan et al., 2010). No mea-

surements of significantly large stratospheric iodine amounts

above Antarctica have been reported yet. For this study, con-

sequently, a tropospheric IO content at low altitudes is as-

sumed.

The AMF values for IO used in this work, were computed

for a wavelength of 425 nm and varying solar zenith angle

(SZA). The result is plotted in Fig. 2. For the final calcula-

tion of vertical columns, an IO box profile in the lowest 1 km

of the troposphere was assumed. Clearly, in the near polar

regions, boundary layer heights may reduce to much lower

altitudes. However, the difference for the AMF when assum-

ing a 1 km or a 100 m box profile for IO is fairly small. This

can be seen in Fig. 2, where the AMFs for these two profiles

in dependence of the SZA are shown, for a 1 km box profile

in blue and for a 100 m profile in red for comparison. The

AMF varies between about 3.1 and 4.6 with changing SZA,

and the difference between the two profile cases remains be-

low 7 % above bright surfaces such as snow and ice. The as-

sumed trace gas profile has much larger impact a) above dark

surfaces and b) on deduced values of the volume mixing ra-

tio.

For BrO, the situation is different. Considerable amounts

of BrO are situated in the stratosphere (Rozanov et al.,

2005b). In order to take into account the notable amounts

of stratospheric BrO with vertical columns of around

5×1013 molec cm−2, a stratospheric AMF is applied to the

BrO slant columns (Richter et al., 1998). Depending on the

actual vertical distribution, the tropospheric BrO part tends to

be underestimated by this procedure, for smaller SZA some

overestimation is possible (up to around 50 %). The observed

spatial patterns of tropospheric BrO in Antarctica, however,

do not depend crucially on the treatment of the AMF. Again,

the impact of the profile treatment would be larger over dark

scenes. For elaborated studies on BrO air mass factors, please

refer to Begoin et al. (2010) and Theys et al. (2011).

4 Data set and averaging procedure

In total, six years of SCIAMACHY nadir data are used in this

study. The period covers the years from 2004 to 2009.

Due to the comparably small atmospheric amounts of IO,

many of the IO measurements are close to the detection limit

of the instrument (Schönhardt et al., 2008), making it neces-

sary to average the IO results over several weeks to months

to create maps with sufficient data quality. After applying

temporal averaging over suitable periods of time, details on

the spatial distribution and temporal variation of IO become

visible.

Seasonal patterns of IO repeat in similar form from year

to year. Therefore, selected short time periods may be aver-

aged over several subsequent years to improve the signal-to-

noise-ratio, and still retain some information on the shorter

time scale. As an example, the reoccurrence of IO spatial

patterns from year to year is shown in Fig. 3 for the 3-month

spring period September to November for all six years 2004

to 2009 individually. In all six years, IO amounts are ele-

vated above the shelf ice regions, around the continent on the

sea ice, along coast lines and above parts of the continent.

The absolute IO amounts differ from year to year with higher

amounts, e.g., in 2006 and lower levels, e.g., in 2009, how-

ever, the observed spatial pattern is noticeably similar. The

level shift in IO vertical columns between spring 2006 and

spring 2009 corresponds to a difference in IO optical depth

of below 5×10−5 (already taking into account the average

AMF of 4). The pattern of enhanced IO is more meaningful

for this study than the absolute amounts. In further studies,

www.atmos-chem-phys.net/12/6565/2012/ Atmos. Chem. Phys., 12, 6565–6580, 2012



6570 A. Schönhardt et al.: Simultaneous satellite observations of IO and BrO

D
iscu

ssion
P
ap

er
|

D
iscu

ssion
P
ap

er
|

D
iscu

ssion
P
ap

er
|

D
iscu

ssion
P
ap

er
|

Fig. 3. Spring time averages (September–November) of IO vertical column amounts above the Southern Hemisphere (from 90◦ S to 50◦ S)

for six individual years from 2004 to 2009.

the year to year variation and potential reasons will need to

be investigated in more detail.

In the following, monthly means of IO are presented which

are averaged over the time span of six years. Averaging peri-

ods either start at the beginning or the middle of a month. In

this manner, a time series is generated as a running average,

where each map is shifted by half a month with respect to

the previous image with half a month overlap to both sides.

Trace gas variations on effectively shorter time scales may

be analysed in this way. The same procedure is applied to

the BrO data for suitable comparison. For both retrievals, the

values used for the final results are subject to a quality cri-

terion. Only those results satisfying a limit on the fit resid-

ual are considered, excluding individual measurements, e.g.,

with less than usual signal-to-noise ratio.

5 Temporal and spatial variation of IO

The maps in Fig. 4 present a time series of IO vertical

columns over Antarctica. The averaging procedure described

in Sect. 4 is applied. The first map, e.g., contains data cov-

ering the time from 15 September to 14 October from the

years 2004 to 2009. The following map then runs from be-

ginning to end of October. For the same periods as for IO,

the distributions of BrO above the Southern Hemisphere are

computed and shown in Fig. 5. The BrO maps are discussed

and compared to IO distributions later in the following sec-

tion.

Regions affected by enhanced IO include the sea ice area,

shore lines, the ice shelves, and also parts of the continent. In-

terestingly, above each of these regions enhanced IO appears

in different times of the year. In Antarctic early spring time,

in the beginning of the time series, IO is enhanced around

the shelf ice areas and above parts of the continent. This

can be seen in the first map (September/October). Towards

later spring, it can be seen how a distinct structure forms.

A circular area of enhanced IO amounts around the Antarc-

tic continent begins to evolve in October/November, is fully

developed in November and can still be perceived during De-

cember. In the circular area, enhanced IO columns lie around

1×1012 molec cm−2 to 1.6×1012 molec cm−2. The area lies

within a part of the ocean still covered by sea ice during

this time of year. The sea ice on the ocean is present already

during winter and through Antarctic spring time, and slowly

starts to break up and melt during spring. The relation be-

tween IO appearance and sea ice coverage is discussed be-

low in Sect. 7, where sea ice concentrations are consulted for

comparison.

Atmos. Chem. Phys., 12, 6565–6580, 2012 www.atmos-chem-phys.net/12/6565/2012/
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Fig. 4. Monthly maps of IO vertical column amounts on the Southern Hemisphere (up to 50◦ S) averaged over six subsequent years each

(2004–2009), the individual averaging periods are given in the headers.

The area exhibiting enhanced IO then decreases during

summer (December and January), enhanced amounts are

here mainly found at some coastal locations. In January, the

IO is found mostly above some shelf ice areas where it re-

mains present also in early autumn. Towards autumn then

the IO becomes more variable, the scattering in the data is

enhanced due to less data points and less sun light (larger

SZA) and consequently reduced data quality. The enhanced

IO amounts are then more widespread in March. In winter,

there are no data from scattered sun light measurements.

Following from the discussion on the temperature depen-

dence of the IO absorption, the slight overestimation of IO

columns changes with season, with a stronger influence to-

wards the colder months. From typical temperature differ-

ences between Antarctic winter and summer of around 1T ≈

20–30 K depending on location (Comiso, 2000), a relative

difference in retrieved IO amounts of ≤ 10 % results (see also

Supplement). A deviation of this magnitude will not signif-

icantly influence the observed patterns and temporal-spatial

variations of the IO columns, but it should be kept in mind.

By averaging the IO columns over the main latitude band

of IO enhancements (≈ 80◦ S to 60◦ S), the IO column

amounts may be investigated in dependence of the longi-

tude. In this way, the influence of the Solar Zenith Angle

(e.g., by photochemistry or measurement sensitivity) is ef-

fectively removed. Longitudinal variations of IO enhance-

ments are then caused only by the regional characteristics

of the area. The variation of IO amounts with longitude and

with time is depicted in Fig. 6. Months from May to July

have too little data at the given latitudes, these times ap-

pear as white stripes. In the time from August to April each

year, the Weddell Sea area and the Ross Sea are regions

with frequently large IO columns. Results from a versatile

measurement campaign in 2009 confirmed the Weddell Sea

area to be rich in iodine chemistry (Atkinson et al., 2012).

Other regions, e.g. between 80◦ E and 140◦ E show generally

low IO amounts. Regions with less continent but more sea

ice area (0◦ E to −200◦ E) show the tendency for larger IO

columns. In each year, the shelf ice areas (the Ross Ice Shelf,

the Filchner and Ronne Ice Shelves, as well as the smaller

Amery Ice Shelf) exhibit enhanced IO columns. In regions

www.atmos-chem-phys.net/12/6565/2012/ Atmos. Chem. Phys., 12, 6565–6580, 2012
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Fig. 5. Monthly maps of BrO vertical column amounts on the Southern Hemisphere (up to 50◦ S) averaged over six subsequent years each

(2004–2009), the individual averaging periods are given in the headers. D
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Fig. 6. Contour plot showing the variation of IO average columns

with longitude (horizontal axis) and time (vertical axis). IO amounts

are averaged within the latitude band 80◦ S to 60◦ S. The map below

shows the Antarctic coast line.

with enhanced IO, the absolute IO values vary with time. It

becomes visible again that the overall IO spatial and tem-

poral patterns repeat from year to year. Paying attention to

the details, however, some variability in this reoccurrence is

recognized. Giving some examples, the absolute IO amounts

vary somewhat from year to year, the secondary maximum

in autumn (around March) is unequally strong each year, and

enhanced IO amounts at certain locations, e.g., at the Amery

Ice Shelf at 70◦ E, do not appear at exactly the same time

each year. The observed detailed differences are subject to

variable local environmental conditions.

6 Comparison of IO and BrO distributions

With respect to reactive halogens and sea ice coverage on

the ocean, the circular pattern of enhanced IO in late spring

is familiar from observations of BrO. The appearance of

widespread BrO in Polar Spring above sea ice covered re-

gions is well known and has been discussed in preceding

publications (Richter et al., 1998; Wagner and Platt, 1998;

Atmos. Chem. Phys., 12, 6565–6580, 2012 www.atmos-chem-phys.net/12/6565/2012/
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Wagner et al., 2001; Kaleschke et al., 2004; Simpson et al.,

2007a).

The distributions of IO, described above, are now com-

pared to those of BrO, shown in Fig. 5 for the same time

periods and averaging strategy as for IO. The stratospheric

portion of BrO is effectively masked by the choice of the

colour scale, emphasizing the tropospheric contribution. It

is known that BrO appears above Antarctic sea ice (Wag-

ner and Platt, 1998; Richter et al., 2002; Kaleschke et al.,

2004), while the necessary conditions are still under discus-

sion and not fully understood. The collected summary of sin-

gle BrO appearances in individual areas above the sea ice

leads to the characteristic circular pattern around the conti-

nent if, e.g., monthly means are considered (Simpson et al.,

2007b). Enhanced amounts of BrO are observed from early

spring onwards (i.e. August, not shown here), the circular

pattern of BrO above the sea ice remains fully developed in

September/October and persists for several months through

the entire spring period, as visible in Fig. 5. BrO columns

slowly decrease and retreat during summer. In December, the

amounts above the ice shelves are larger than above the sea

ice. In addition, the Antarctic coast lines exhibit pronounced

BrO, a feature which remains present throughout summer

and autumn and decreases gradually.

Comparing the BrO with the IO distributions described

above, there is one general similarity: IO and BrO are

both observed in the Antarctic region with highest average

amounts in Polar spring time. Some of the affected areas

overlap in location and partly in time. Both reactive halogens

generally appear on ice shelves, above the sea ice and along

coast lines.

Apart from that, mainly differences between the two

species and their distributions are identified. One prominent

difference is the behaviour above the sea ice area. IO is ob-

served above Antarctic sea ice only for a fairly short period

in late spring, while BrO exhibits its pronounced maximum

there during the entire spring period, starting directly after

Polar Sunrise and then decreasing from October onwards.

The IO and BrO distributions differ in two further aspects

partly already mentioned in Schönhardt et al. (2008). En-

hanced IO amounts are more widespread above the conti-

nent than BrO. Best visible in December in Fig. 5, BrO is

present above some parts of the continent extending, e.g., in-

land from the Ross ice shelf (around 180◦ E) and the Ronne

ice shelf (around 50◦ E). IO is present in large amounts above

parts of the continent in October, mainly inland from the

Ronne and Ross ice shelves, and nearly up to the South Pole.

While IO amounts increase again towards autumn, e.g., en-

hanced IO is clearly visible in the Weddell Sea area in March,

BrO amounts gradually decrease over summer and do not

reappear in autumn.

7 Discussion of the observations

Identification of source regions and release pathways is of

major importance in the research of reactive halogens. Satel-

lite observations contribute to the clarification process as they

offer a good overview of trace gas abundances in widespread,

even remote regions for long time periods. Species with sim-

ilar source and sink characteristics would show similar dis-

tribution patterns. The fact that IO and BrO both appear

in Antarctic Spring above partly overlapping areas (sea ice,

coastal regions) may imply some relation or chemical inter-

action between the two compounds. Long-path DOAS ob-

servations above Halley in 2005 had shown in parts a similar

temporal behaviour of the local IO and BrO amounts (Saiz-

Lopez et al., 2007a), from which a close link between the

two compounds at this location might be concluded. How-

ever, such similarities are not observed for the temporal and

spatial distributions of IO and BrO on larger scales. The ap-

parent differences in the distributions argue for individual re-

lease mechanisms for gaseous iodine and bromine species

in Antarctica. An explanation of sudden BrO release above

sea ice by the inorganic bromine explosion mechanism has

been established in the past few years (Simpson et al., 2007b;

Sander et al., 2006, and references therein). The satellite ob-

servations show the different signature of IO and suggest that

its release mechanism is of different nature. After a short

view on the other regions, the following discussion mainly

addresses the sea ice area.

7.1 Halogen oxides on ice shelves and the continent

Both species are observed on the shelf ice areas, and as for

neither of the two halogens direct sources on the ice shelf are

known, the involvement of transport processes in both cases

is likely. For BrO, individual transport processes extending

over distances up to several thousand kilometres and lasting

for several days are regularly observed, e.g., also in the Arc-

tic (Begoin et al., 2010). Chemical recycling processes en-

able this persistence although the BrO photolytic life time is

much shorter. Enhanced IO extends over the continent even

further. This has not been satisfactorily explained yet. Some

recycling of IO on the surface and/or aeorosol appears to be

likely (Saiz-Lopez et al., 2008). No ground-based measure-

ments are available to clarify the situation. However, trans-

port and recycling of iodine species involving aerosols and

snow (Saiz-Lopez et al., 2008) may effectively transfer io-

dine from marine sources inland, similar to the BrO trans-

port processes. As a result of IO reactions, iodine oxide com-

pounds are formed which contain iodine acid anhydrides,

such as I2O3, I2O4, or I2O5, the latter being the anhydride

of iodic acid HIO3 and strongly hygroscopic (Jimenez et al.,

2003). Iodine oxides may act as starting point for new parti-

cle formation (Jimenez et al., 2003; Burkholder et al., 2004;

Saunders et al., 2010). The initial formation of the acid an-

hydrides is therefore likely to be an important step in any

www.atmos-chem-phys.net/12/6565/2012/ Atmos. Chem. Phys., 12, 6565–6580, 2012
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Fig. 7. Map of the chlorophyll a concentration climatology for the

Antarctic region. This visualization has been obtained from the Gio-

vanni online data system (Acker and Leptoukh, 2007) developed

and maintained by the NASA GES DISC. Observations are based

on data from the SeaWiFS and MODIS instruments.

transport and recycling mechanism. In addition, some strato-

spheric IO occurrence and the influence of strong UV radia-

tion during the ozone hole season might contribute to the ob-

served total IO column. The determination of the details of

the mechanism by which iodine is transported into Antarctica

producing IO still requires further investigation.

7.2 Chlorophyll a concentrations around Antarctica

It has been argued before, that iodine species are probably

of biological origin (Alicke et al., 1999). Biogenic iodine

release by certain types of macroalgae/phytoplankton has

been observed and cold water diatoms produce organic io-

dine species. Carpenter et al. (2007) have measured organic

iodine species in the water columns as well as above the wa-

ter in the gas phase, and have found substantial amounts of,

e.g. CH2I2, in their case for Antarctic summer. Thus, evi-

dence is provided by point measurements, that iodine species

are connected to the surrounding biological activity.

The high biological productivity of Antarctic waters is

seen in Fig. 7, showing the chlorophyll a concentration mea-

sured by NASA’s SeaWIFS (Sea-viewing Wide Field-of-

view Sensor) and MODIS (Moderate Resolution Imaging

Spectroradiometer) instruments which is an average compos-

ite for the years 2004 to 2009. High chlorophyll a concentra-

tion indicates strong biological activity. Chlorophyll a con-

centrations are particularly high close to the Antarctic conti-

nent, especially in the waters close to the shelf ice areas, i.e.

in the Weddell Sea, the Ross sea and seawards of the Amery

ice shelf. In these areas, chlorophyll a is closely correlated to

IO occurrence (cf. Fig. 1).

Globally however, the relation between IO and Chl a has

not yet been established based on ground-based measure-

ments, because of the sparsity of IO measurements, most of

them being taken in coastal locations. Initial investigations

based on satellite observations indicate an ambiguous pic-

ture, some regions showing a positive relation between Chl a

concentrations and IO amounts and some without such a re-

lation (Schönhardt et al., 2012). Chlorophyll a may not nec-

essarily be a useful proxy for IO appearance.

7.3 Sea ice cover

Compared to the BrO appearance above the Antarctic sea ice,

IO abundance evolves comparably late and is temporally re-

stricted mainly to November and December (cf. Figs. 4 and

5). This is one of the most interesting differences between

the two compounds. After BrO is generated at polar sunrise,

it takes nearly three more months until IO is observed in this

area in a similar circular pattern. The appearance of IO above

the sea ice is only of short duration of around two months.

With the largest extension of the sea ice cover being

present in September (Thomas et al., 2003), the sea ice be-

gins to melt and retreat in the weeks after. During the melting

period, not only the total sea ice cover decreases, but more

and larger open leads develop, and in addition the still exist-

ing sea ice becomes more porous and permeable. Ice algae in

Antarctica live and feed from underneath the sea ice (Thomas

et al., 2003), and contact with the troposphere above is facil-

itated in later spring when the ice cover weakens but still of-

fers its habitat to the algae and phytoplankton. In addition

to the potential release of iodine from closed sea ice sur-

faces, for which ideas were developed by Saiz-Lopez and

Boxe (2008), the melting and breaking open of sea ice and

its increase in temperature and porousness may play an im-

portant role.

In order to relate the IO appearance to sea ice cover,

observations of sea ice concentrations are used. The

sea ice is monitored by the AMSR-E instrument (Ad-

vanced Microwave Scanning Radiometer for EOS), a

passive microwave radiometer onboard the AQUA satel-

lite which belongs to NASA’s Earth Observing System

(EOS). Sea ice concentration data used for the maps in

Fig. 8 are available from the Integrated Climate Data

Center (ICDC, http://icdc.zmaw.de/seaiceconcentration asi

amsre.html?&L=1, KlimaCampus, University of Hamburg).

Based on the brightness temperatures measured with the

AMSR-E 89 GHz channel, the ice concentration data are a re-

sult of the ARTIST Sea Ice (ASI) algorithm (Kaleschke et al.,

2001; Spreen et al., 2008). The observed field of view may

contain regions with open ocean as well as sea ice covered ar-

eas. The sea ice concentration value is defined as the relative

area (in percentage) of water covered by sea ice. The left up-

per map in Fig. 8 shows the average sea ice concentration for

October, the right upper map for November, both averaged

over the six year period from 2004 to 2009. Regions with

Atmos. Chem. Phys., 12, 6565–6580, 2012 www.atmos-chem-phys.net/12/6565/2012/
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Fig. 8. Maps of the sea ice concentration above Antarctica in October (a) and November (b), averaged over the years 2004 to 2009 each,

i.e. the same time period as in Figs. 4 and 5. Data of daily sea ice concentrations are available from the Integrated Climate Data Center

(ICDC, http://icdc.zmaw.de, KlimaCampus, University of Hamburg). The boxes mark an example area with internal ice concentration loss

between October to November, which is used for analysis in Fig. 9. For comparison, the IO maps for October (c) and November (d) have

been repeated here from Fig. 4.

100 % ice cover are shown in white, and for lesser coverage

the brightness decreases through gray to black (around 50 %

ice) and then to blue for 0 % ice concentration (i.e. open wa-

ter). Regions without data are marked in pale turquoise. The

sea ice extends circularly around the Antarctic continent, and

the ice covered area is smaller for November than for Octo-

ber. In addition, the average concentration of sea ice has al-

ready been reduced between the two months which can be

seen in the larger dark grey areas within the sea ice zone in

the November map. Especially around the coast lines, and at

some specific areas within the ice cover, the concentration

decreases.

As an example, a closer view on the section between 0◦

and 10◦ E shall be taken (box area in Fig. 8). Here, going

from October to November, a rise in IO concentrations and a

decline in ice concentration is observed (cf. Fig. 8c and d as

well as overall time series in Fig. 4 for IO). Figure 9 shows

zonally averaged amounts over the stated section of the ice

concentrations in October (blue dotted curve) and November

(dark blue dashed curve), as well as the difference between
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Fig. 9. Comparison of the change in ice cover with the change in

IO abundance in the section from 0◦–10◦ E versus latitude (marked

area in Fig. 8). Blue dotted and dark blue dashed lines: the av-

erage ice concentration for October and November, respectively.

The difference between the two curves is shown in solid light blue

(November–October). The solid red curve displays the difference of

the IO column amount between November and October.
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the two time periods in solid light blue. From the latter curve,

two regions of ice loss are identified, i.e. one between lati-

tudes −67◦ and −61◦ still amid the sea ice circle, and one

between latitudes −60◦ and −53◦ at the ice edge. The first

dip represents melting and breaking up of the sea ice in still

sea ice covered regions, while the second dip represents the

retreat of the sea ice cover at the border to the open ocean.

The red curve shows the difference in IO vertical column

amount between November and October in the same section.

The largest enhancement of IO is found between latitudes

−67◦ and −58◦, covering the area of sea ice decline amid

the sea ice and reaching further northwards.

Assuming that the origin of iodine emissions is from ice

algae and phytoplankton, the observed specific IO enhance-

ment is dependent on several factors. In regions with a porous

ice cover and many open leads, the contact of the algae

species in the water with the air above is facilitated, while the

surrounding sea ice still preserves their habitat. As a result,

emissions in later spring would be more likely than in early

spring emerging from underneath a tightly closed ice cover.

Above the comparably warm open ocean areas within the sea

ice circle, enhanced convection may enable the insertion of

gaseous species to the atmosphere.

The emission of iodine containing compounds into the at-

mosphere in later spring may also be facilitated by the struc-

ture and composition of the ice itself. The probability for liq-

uids to pass through sea ice strongly depends on the tem-

perature of the ice, with a strong increase of permeability

at a temperature of around −5 ◦C (Golden et al., 1998). At

temperatures above the threshold, water and brine can move

through the sea ice. This may have a direct impact on the liv-

ing species below the sea ice (nutrient transport) as well as on

the upward transport of compounds and their insertion into

the atmosphere. Closer investigation of the sea ice tempera-

ture and its relation to iodine release should be performed by

dedicated field work in Antarctica.

For the enhanced IO in earlier spring above regions apart

from the sea ice, open ocean directly at the coast may play

a role. There is no marked IO enhancement at the ice edge,

where the absolute sea ice loss is even larger. This may have

at least three explanations: firstly the lower sensitivity of the

IO observations above the open ocean as compared to ice

and snow, secondly the loss of the algae and phytoplankton

preferred habitats when the sea ice vanishes, and thirdly the

differences in meteorology such as weaker convection.

Finally, a comparison of the satellite maps of IO and ice

concentration and the specific view on the selected section at

0◦–10◦ E support the observation that IO amounts are ampli-

fied above sea ice where the ice cover is breaking open and

melting, but where the sea ice habitat is still present.

8 Summary and conclusions

Six full years of SCIAMACHY nadir data have been anal-

ysed for the trace gas signatures of IO above Antarctica.

Monthly periods of vertical column amounts have been com-

puted and averaged over the six years under consideration.

The observed IO vertical column is influenced by the consid-

ered AMF through the surface reflectance, the aerosol load-

ing and the unknown IO altitude profile. While the AMF vari-

ation remains around several percent for scenes with highly

reflecting surfaces and low aerosol loadings, stronger varia-

tion results over darker surfaces.

The temperature dependence of the IO absorption cross

section has been examined to estimate the influence of at-

mospheric temperatures on observed IO columns. Through

application of the 298 K cross section, an up to 20 % over-

estimation may result for atmospheric temperatures as low

as 243 K due to deeper and narrower IO excitation lines at

colder temperatures. Combined uncertainties due to the IO

AMF and fitting inaccuracies are usually larger than the tem-

perature effect.

Strong variations of IO abundances in time and space have

been identified above Antarctica. In the detailed temporal

resolution, a distinct feature of IO appearance has been dis-

covered. In late spring time, around November and Decem-

ber, a cloud of pronounced IO above the Antarctic sea ice

region is regularly observed.

Comparisons of IO and BrO distributions show that the

monthly evolution of these species is different. Although the

distributions partly overlap in time and space, considerable

differences in the spatial and temporal patterns are observed.

Enhanced BrO is a common feature on Antarctic sea ice dur-

ing the entire spring period starting from polar sunrise in

August and lasting many months, while IO above sea ice ap-

pears much later in the year and for a shorter time. The obser-

vations support the view that the release pathways of iodine

and bromine precursors are probably distinct in origin.

The presented observations and arguments also support the

suggestion, that IO release in Antarctica is of biogenic na-

ture. Observations from the SeaWIFS sensor show that ar-

eas of high chlorophyll a concentrations and enhanced IO

are in close proximity. Observations of sea ice concentra-

tions from the AMSR-E instrument have been considered,

and they illustrate that the sea ice concentration decreases in

late spring and more open water areas develop still within the

sea ice region, enabling closer contact between species in the

water column and the troposphere above. Convection above

the warmer water as compared to the surrounding ice and air

above may facilitate the input of biogenic iodine species to

the troposphere.

For a complete understanding of the ongoing biogeochem-

ical cycling of iodine species in the Antarctic sea ice area, de-

tailed in situ studies need to be performed and coupled with

improved spatial and temporal resolution remote sensing

measurements in the future. In these studies measurements

Atmos. Chem. Phys., 12, 6565–6580, 2012 www.atmos-chem-phys.net/12/6565/2012/
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in the water column are to be directly combined with flux

measurements and trace gas observations in the atmosphere

above.

In addition, for an improved understanding of the impor-

tance of atmospheric iodine, combined field, satellite and

modelling studies would be helpful. Under reasonable as-

sumptions, e.g. on the IO vertical distribution, the presented

satellite IO observations would be consistent with a few ppt

IO in the polar boundary layer and therefore a widespread

and non negligible impact of iodine chemistry on atmo-

spheric composition. These IO levels would indicate a no-

ticeable influence on Antarctic ozone as well as OH amounts

and particle formation. However, due to the various assump-

tions that have to be made in the retrieval and can currently

not be verified, the satellite data do not yet provide strong

constraints on the range of possible surface IO mixing ra-

tios. Dedicated studies investigating this further would in-

clude ground-based and aircraft measurements of the tempo-

ral and spatial variation and especially of the vertical distri-

bution of iodine species at several representative locations.

Model computations based on the input from these refer-

ence points may then be extended to further areas by also

using satellite IO observations in an upscaling procedure to

a regional-to-continental scale, and in this way aim at an im-

proved determination of iodine impact on the atmosphere.

The satellite observations of IO over several years, pre-

sented in this manuscript, provide valuable insight into the

distribution of IO and its spatial and temporal variation.

Supplementary material related to this article is

available online at: http://www.atmos-chem-phys.net/12/

6565/2012/acp-12-6565-2012-supplement.pdf.
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Gómez Martı́n, J. C.: Spectroscopic, Kinetic and Mechanistic Stud-

ies of Atmospherically Relevant I2/O3 Photochemistry, Ph.D.

Thesis, University Bremen, Germany, 2006.
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