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Abstract. Differential Optical Absorption Spectroscopy  Sulphur aerosol affects the radiation balance of the atmo-
(DOAS) is a well established spectroscopic method to detersphere directly (i.e. cooling by sulphate particles) and indi-
mine trace gases in the atmosphere. During the last decadegctly by acting as cloud condensation nuclei (CCN),SO
passive DOAS, which uses solar radiation scattered in the atSO3, HSOy are aerosol precursors, which lead to cloud for-
mosphere as a light source, has become a standard tool tation and serve as surfaces for heterogeneous chemistry.
determine S@ column densities and emission fluxes from The modification of the cloud properties by sulfate aerosol is
volcanoes and other large sources by ground based as wedksociated with a cooling effect (e.g. Lohmann and Feichter,
as satellite measurements. For the determination gfc®®  2005). The sulphur particles enhance the number of aerosols
umn densities, the structured absorption of the molecule irand therefore increase the albedo. The result is a reduction
the 300—330 nm region (due to théBy < XA transition)  of the direct incoming solar radiation.
is used. However, there are several problems limiting the ac- Since the eruption of El Chichon 1982 when Sfias de-
curacy of the technique in this particular application. Heretected by satellite measurements for the first time through the
we propose to use an alternative wavelength region (360-otal Ozone Mapping Spectrometer (TOMS) on the Nimbus-
390 nm) due to the spin-forbiddedBy « X'A; transition 7 satellite (Krueger, 1983) and later, the algorithms and in-
for the DOAS evaluation of Sin conditions where high  struments to detect SGrom space are under continuous im-
SO, column densities prevail. We show this range to haveprovement (e.g. Eisinger and Burrows, 1998; Khokar et al.,
considerable advantages in such cases, in particular when tte05; Krotkov et al., 2006; Lee et al., 2008; Krueger et al.,
particle content of the plume is high and when measurementg 995, 2008)
are performed at large distances from the area of interest. Developed since the mid-seventies (Noxon, 1975; Perner
et al., 1976; Platt et al., 1979), today DOAS is a well es-
tablished spectroscopic method to determine trace gases in
) the atmosphere, among others alsg SDOAS is typically
1 Introduction applied in the UV-visible wavelength region and uses the nar-
row band absorption features of molecules for their identifi-
Sulphur influences atmospheric chemistry as well as climateation; a detailed description can e.g. be found in Platt and
and can negatively affect our health. It has been known forstutz (2008). During the last decade, the passive DOAS tech-
a long time that sulphur species are naturally released to thique, which uses solar radiation scattered in the atmosphere
atmosphere through volcanism (mainly as;S0d HS) or  as a light source (see e.gokhinger et al., 2004a; Platt and
biological processes - decay of organic mattes§HCHsSH  Stutz, 2008), has become a standard tool to determine SO
or CHzSChg) and sea spray (sulphate). Since the Industrial-emission fluxes from volcanoes world wide (e.g. Galle et al.,
ization anthropogenic sources have increased and have be@03, 2009; Horton et al., 2006; McGonigle, 2007) and has
comparable in magnitude to natural ones since the early 20tBtarted to replace the Correlation Spectroscopy (COSPEC)
century. developed in the 1960ties, (e.g. Millan et al., 1969). More-
over, DOAS offers the possibility to analyse for other vol-
canic gases, like BrO (see e.g. Bobrowski et al., 2003), as

Correspondence td\. Bobrowski well. This was possible due to the technological develop-
BY (n.bobrowski@iup.uni-heidelberg.de)  ment of cheaper and smaller spectrometers, sensitive and fast
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multi-channel array detectors, powerful computers, and ef-of the radiative transfer in and around the measured volcanic
ficient algorithms for the analysis of differential absorption plume (Kern et al., 2010). The results show that this espe-
spectra. cially applies to situations in which SQs a strong absorber,
The DOAS method is usually applied to weak absorbersas the optical path of incident radiation is significantly influ-
with optical densities below approximately 0.05 (an excep-enced by absorption in the plume in such cases. There are
tion are retrievals of stratospherigz@e.g. Solomon et al., three problems related to radiation transport:
1987). However, when measuring $@bsorption in vol-
canic plumes and considering the commonly used evalua- — Radiation is scattered in the atmosphere both, by air
tion range between 300 and 325nm, optical densities can  molecules (mostly Rayleigh scattering) and by aerosol
exceed unity. Such strong absorbers can complicate the particles. While aerosol scattering is only weakly de-
DOAS retrieval algorithm when using high resolution ref- pendent on the wavelength (approximately propor-
erence spectra from literature, which have to be convoluted  tional to A~13), Rayleigh scattering is proportional
with the instrumental line-shape of the employed spectrom- to A~4. This fact leads to a wavelength dependent
eter. This well known phenomenon (see e.g. Volkamer et mean free photon path in the atmosphere. Photons of
al., 1998; Platt and Stutz, 2008; Kern, 2009) is caused by a  shorter wavelengths travel significantly shorter mean
non-linearity in the relationship between the measured opti- paths between scattering events than photons of longer
cal density and the column density occurring at high optical ~ wavelengths. Thus, radiation of shorter wavelengths
densities when the spectral resolution of the instrument is  is more likely to be scattered between instrument and
insufficient to fully resolve the absorption bands, as is usu-  plume than radiation of longer wavelengths. This so-
ally the case with the compact spectrometers employed for  called “radiation dilution” effect was already discussed
volcanic surveillance. The problem can be solved by using in Moffat and Millan (1971) and modelled by Mil-
an iterative approach like the Iterative Maximum A Posteri- lan (1980), but in ground based DOAS measurements

ori DOAS technique (IMAP-DOAS, see Frankenberg et al.,

2005 for more detailed information), but such methods re-

quire high computation power and are rarely applied today.
A further problem associated with the commonly evalu-

ated wavelength range below 330 nm, where the strong ab-

sorptions due to the 81 < XA transition of the S@

first observed by Mori et al. (2006), who realized that
the SQ column density (CD) retrieved from measured
spectra depended on the wavelength range in which the
evaluation took place. Especially for long distances be-
tween instrument and plume (i.e. several km), evalua-
tions at shorter wavelengths yielded lower Sg@lumn

molecule are located, is caused by the rather low intensity
of scattered sunlight (mostly due to ozone absorption in the
stratosphere) and therefore unfavourably high photon shot
noise. Additionally for this UV wavelength region where
the measured intensities are generally low, compared to the
longer wavelength UV also entering the instrument, stray-
light can contribute a significant fraction of the measured
signal, leading to a considerable underestimation for the true — Aside from the reduction of the apparent 8CD due to
optical density. This is particularly severe for the frequently radiation dilution, multiple scattering inside the plume
applied compact spectrometers (e.g. from Ocean Optics).  can also enhance the $GD. Depending on the partic-
Correction of this effect is not at all straightforward (Van ular situation (i.e. amount and properties of aerosols in
Roozendael et al., 2006). the plume and in the air surrounding the plume), the en-
Two other spectroscopic issues can potentially lead to mi- hancement of the effective photon path due to multiple
nor errors in the evaluation. For one, the Sabsorption scattering can be of the same order of magnitude as the
cross section is slightly dependent on temperature thus lead-  above described dilution. Therefore, the measured CD
ing to an imperfect fit if the temperature of the measured can be either over- or underestimated in any particular
gas deviates from the temperature at which the cross-section measurement.
was measured. Secondly, the &bsorption in the lower part
of the SQ evaluation wavelength range can be sufficiently — In cases of strong absorption, the observed scattered
strong to interfere with the SOevaluation. Both of these light has only penetrated the outermost layers of the
effects are however usually of subordinate importance com- SO, plume. In extreme cases, the sensitivity for the
pared to the other spectroscopic errors mentioned above. whole plume can become essentially zero (AMB
Apart from the above mentioned spectroscopic issues, leading to a strong underestimation of the true CD), be-
it has only recently been shown that the accuracy of re- cause at the wavelength where the,@@sorptions are
mote sensing techniques measuring volcanig BGhe UV- observed the plume is completely dark. In reality, this
visible wavelength region using scattered solar radiation as  effect is, however, typically reduced due to the pres-
a light source is often largely dependent on our knowledge ence of aerosols, and a small fraction of the observed

densities than those performed at longer wavelengths.
The same effect is known and has frequently been dis-
cussed in the satellite community since about a decade
(e.g. Palmer et al., 2001; Richter and Burrows, 2002;

Eskes et al., 2003) and appropriate suggestions how to
correct it have been made.
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light is scattered by aerosols inside the plume. Then theand “short wave UV” windows, respectively (see Fig. 4).
SO, absorption signal is still weak but not zero. The differential absorption cross section of S®about two
to three orders of magnitude lower in the long wave UV
In fact, the effect that not all of the detected radiation haswindow, therefore the above mentioned problems of non-
passed through the region of interest in a straight line is dinearity are avoided. While the weaker absorption cross
well known issue in optical remote sensing. Typically, the section also leads to a lower sensitivity for £his effect
concept of air mass factor (AMF) is used to describe the pheis in part compensated by a higher light intensity at longer
nomenon. The AMF gives the ratio of the measured columnwavelengths, which leads to considerably better signal/noise
density to the theoretical column density along a straight lineratios. In the following, two examples of the $@valuation
through the region of interest (see Kern et al. 2010 for a mordn the proposed long wave UV window of 360—-390 nm are
specific definition). Therefore, an AMF of less than unity in- presented in comparison to an evaluation between 315 and
dicates that the average light path inside the region of interes325 nm. As one example, we discuss a spectrum recorded by
(in this case the volcanic plume) is shorter than the columna ground based instrument at Mt. Etna Volcano in June 2008,
along a straight path through the plume. as the other we report satellite measurements of the eruption
In principle these effects could be corrected for using mod-of Kasatochi volcano in August 2008.
ified DOAS approaches (e.g. Marquard et al., 2000). How- Also a theoretical model study was performed, which in-
ever, especially for very strong absorptions not only the totalvestigates the influence of radiation dilution on remote sens-
optical depth but also the profile shape becomes importaning measurements in the proposed long wave UV wavelength
preventing a simple parameterisation of the correction. In ex+egion around 375nm in comparison to the standard range
treme cases the observation might become even completelground 320nm using the backward Monte-Carlo radiative
insensitive for the lowest part of the $@lume. transfer model McArtim (Deutschmann, 2008) to simulate
Previous attempts have been made to correct for the nonthe propagation of radiation between the sun and a simu-
linearity of SGQ absorptions as a function of wavelength lated instrument located on the ground at various distances
(e.g. Yang et al., 2007), especially in the case of rather highirom the volcanic plume or of the backscattered sun-light to
SO, concentrations. The AMF in the standard fit range a satellite instrument. The results show that the transition
(<320 nm) strongly depends on wavelength, leading to arfrom short wave UV to long wave UV leads to a decrease
underestimation of the regarded S@mount. In order to ac-  in the radiation dilution effect, and that the AMF is typically
count for these effects, an iterative model approach can beloser to unity for the new retrieval window if the distance
applied (see Yang et al., 2009; Richter et al., 2009). As suctbetween instrument and plume is larger than approximately
iterative model calculations are rather time intensive, switch-1 km. Also in the case of satellite remote sensing, the new
ing to an fit window at longer wavelength where the responseproposed fit region prevents underestimation og $6lumn
to enhanced S©concentrations is more linear (respectively densities in cases of high S@ads.
the AMF), is a sufficient and particularly fast method to cor-
rect for the occurring non-linear effects (Yang et al., 2007).
Here we propose a new approach to the problem usingg Sample measurements and evaluations in the short
an alternative wavelength region for the DOAS evaluation ~ wave UV and long wave UV windows
of SOy, which can have considerable advantages under cer-
tain conditions, in particular when high S@olumn densi- 3.1 Ground based measurement example

ties prevail or when measurements at large distances from the
area of interest are necessary. For the ground based measurement example, a Minia-

ture MultiAxis-DOAS (Mini-MAX-DOAS) instrument (de-

scribed in detail e.g. by hninger et al. (2004b); Bobrowski
2 The new approach et al. (2007); Bobrowski and Platt (2007)) was set up on

the North East crater rim of Mt. Etna volcano (Italy) on
In cases of high S® column densities, the relatively 10 June 2008. The miniaturised MAX-DOAS system con-
weak system of absorption lines corresponding to the spinsists of an airtight aluminium box containing a temperature
forbidden @B, <« X!A; transition of the S@ molecule  stabilized commercial miniature spectrometer (OceanOptics
can be used to quantitatively detect this species. Comparebhc., USB2000) covering the spectral range from 289 nm to
to the standard evaluation range of approximately 310 to442nm, a small telescope (fused silica leffs= 40 mm,
325nm (due to the 81 < XA; transition), which has d =20mm, field of view approximately 02§ coupled to
been used by all hitherto reported UV-spectroscopie SO the spectrometer by a quartz fibre bundle (4 fibres with
measurements, the absorption lines of this system are foung00 um core diameter), and electronics for temperature reg-
in the longer UV wavelength region of about 350 to 390 nm, ulation and stepper motor control. A geared stepper mo-
which can have a number of advantages. In the following wetor is attached to one side of the box and turns it to point
refer to the two evaluation windows as the “long wave UV” the telescope at different elevation angles between 0 and
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Fig. 1. Example of the DOAS S@Fit. Black lines: measured spectra, red lines: reference spectra, the atmospheric spectrum was taken
inside the volcanic cloud of Etna € 9°) on 10 June 2008 at 11:22 local tini@) evaluation in the short wave UV window 315-325nm
(b) evaluation in the long wave UV window 360—-390 nm.

150 degrees. Automatic data acquisition was performed byo zero. In addition, a “Ring” spectrum was calculated to
the DOASIS software package (Kraus et al., 2001) runningcompensate for the effect of Raman scattering in the atmo-
on a notebook computer. The distance to the volcanic plumesphere (Bussemer, 1993).
was about 100m. The plume visually had a white appear- SO, was first analyzed in the typical short wave UV region
ance, probably caused by the large amount of condensatioof 315 to 325nm. Apart from the SQeference spectrum
of emitted water vapour. Aside from the plume, a cloudless(Bogumil et al., 2003293 K), two G reference spectra
sky was observed. measured at 223 and 246 K (Voigt et al., 2001), a Ring spec-
The wavelengths to pixel mapping (WPM) as well as the trum (to remove artefacts caused by inelastic scattering in the
instrumental line shape (instrument function) were deter-atmosphere (Ring effect, see Bussemer, 1993) and the Fraun-
mined by taking a spectrum of a low-pressure mercury emishofer reference spectrum were included in the fitting process.
sion lamp. By using the known mercury spectral line posi- A 3rd order polynomial was applied to remove broad-band
tions, a second order polynomial describing the WPM wasstructures, and a shift and 1st order squeeze were allowed
calculated. The WPM was later adjusted using the Fraunfor the measured spectra to compensate possible wavelength
hofer structure of the measured spectra compared to a literazalibration errors.
ture solar emission spectrum (Kurucz et al., 1984). A sample evaluation result is shown in Fig. la. The
The software WinDoas V2.10 from IASB (Belgium Insti- SO, absorption features are easily detectable, but several un-
tute for Space Aeronomy, (Fayt and Van Roozendael, 2001gxplained structures remain in the residual spectrum, with
was used to derive the slant column densities (SCD) offairly high amplitudes (2 x 10-2 RMS) and features that do
SO, from the recorded spectra using a standard DOAS fit.not appear to be randomly distributed (as would be expected
A background spectrum recorded shortly after each plumeof pure noise). Also, the Ring spectrum is not very well cap-
measurement was taken as a Fraunhofer reference spectrunred by the fit and might be one of the main causes for the
(FRS) to remove the Fraunhofer lines. Care was taken tdiigh residual structures. The slant column density op SO
avoid absorption structures of volcanic species in the FRSwas determined to (4 0.1) x 10'° molec/cn?.
All measured spectra were corrected for spectrometer stray In a second step, SQvas evaluated in the long wave UV
light by subtracting a constant offset in such a way as to forcewindow between 360 and 390 nm, where 5 weak absorption
the intensity measured below 298 nm, where ozone absorphands are located. As in the short wave UV evaluation be-
tion is sufficiently large to block all incident solar radiation, sides SQ and two Q reference spectra taken from the same
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source and for the same temperatures as above, aef€r- is a function of wavelength, a fact that is not taken into ac-
ence spectrum (Herman et al., 1999), N#D 246 K (Moigt et count in simple DOAS retrievals. However, the dependency
al., 2002), a Ring spectrum, and a Fraunhofer reference speof the measured column density of 5€an be used to gain
trum was included in the DOAS fit. Again, a 3rd order poly- information on the radiative transfer in and around the plume
nomial was applied to remove any broad-band structures, an{Kern et al., 2010), thus correcting the associated errors.
a shift and 1st order squeeze were allowed for the measured
spectra. 3.2 Satellite measurement example
The DOAS evaluation results obtained in the long wave
UV window for the same spectrum as evaluated beforeAs a second example we present the evaluation of satellite
are shown in Fig. 1b. SPcould also be clearly iden- data from an overpass of the GOME-2 instrument after the
tified in this wavelength region, and in this case2@  eruption of the Kasatochi volcano (Aleutian Islands) on the
0.4) x10"° molec/cnt were found. The higher value ob- 8 August 2008. The GOME-2 (Global Ozone Monitoring
tained here is likely a result of a lower radiation dilution, Experiment-2) on board of the MetOp satellite is the first of a
as discussed in the section “Model Studies” below. Althoughseries of three identical instruments. MetOp-A was launched
the error of the SCD seems to be higher in the longer waveinto a sun synchronous polar orbit at 800 km altitude in Oc-
length region, this is only because the given “Fit error” as-tober 2006. The satellite crosses the equator at 09:30 local
sumes a random residuum. As this is obviously not the caséime. GOME-2 is a 4 channel UV/Vis grating spectrome-
for the short wave UV retrieval, the “Fit error” is not a good ter observing the Earth’s atmosphere in nadir viewing ge-
measure of the measurement error (see Stutz and Platt, 199&)metry (including up tat50° difference to nadir). It mea-
The amplitude of the residual structures7(Q 10~* RMS) is sures both the radiance component of the light reflected by
almost an order of magnitude lower than in the previous evalthe Sun-illuminated Earth’s atmosphere and the direct Sun
uation, and the features appear to be of random nature. Théght, covering the wavelength region of 240-790 nm at mod-
causes for the lower amplitude of the fit residual are: erate spectral resolution of 0.2-0.4nm. With a pixel size of
80 x 40 km (240x 40 km for the back scan), GOME-2 ob-
— elimination of non-linear effects caused by high optical serves about 4 times smaller ground pixels than its predeces-
densities (see Frankenberg et al., 2005) sor GOME on ERS-2. By scanning the earth surface with

) o a scan-width of 1920 km, global coverage can be achieved
— reduced influence of spectrometer stray light in this well \yithin 1.5 days (EUMETSAT, 2005).

illuminated region of the detector As in the first example, WinDoas V2.10 was used to de-

J[ive the SQ SCD from the recorded spectra using a DOAS
fit (spectral range 360-390 nm). For the Fraunhofer refer-
ence spectrum, the Sun Mean Reference Spectrum (SMR) of
— the lower photon noise in the long wave UV window GOME-2 for that day was taken (containing no atmospheric
due to more incident radiation (see below). absorptions) and again a “Ring” spectrum (Wagner et al.,
2009) was calculated to compensate for the effect of Raman
The first point deals with the (apparent) saturation of scattering.
SO, absorption lines occurring at high optical densities. In  For the short wave UV Sgevaluation of the satellite data,
such cases, a convolution of the S&bsorption cross-section a slightly different fit range than for the ground-based mea-
performed in optical density space does not quite match thesurements was chosen, covering the region between 312.1-
optical density measured by the instrument (even if the light324 nm. Besides the SQeference spectrum (Bogumil et
path of all measured photons is the same). The true meaal., 2003,—293K), an Q cross section (221K, seelGet
surement can be described by a convolution of the incidentl., 2005), the SMR, the Ring spectrum (calculated from the
intensity with the spectrometer’s instrument function. After SMR) and an inverse SMR spectrum were included into the
the measurement, the logarithm is applied to obtain the optifitting process (the inverse SMR spectrum should compen-
cal density. For high optical densities, the logarithm and thesate the effect of possible spectrograph stray-light). Since
convolution are not commutative, and the convolution mustthe atmospheric light paths within the selected fitting window
instead be performed in intensity space (Wenig et al., 2005)change systematically with wavelength (e.g. Van Roozendael
The effect described by point 3 deals with the radiative et al., 2006), not only the original ozone absorption cross sec-
transfer in and around the volcanic plume. ;S&bsorption  tion but also a second one (the original cross section scaled
in the plume is sufficiently strong to significantly influence with a fourth order polynomial in wavelength) was included
radiative transfer. The average light path in the plume isin the fitting algorithm (see also Pii& et al., 2010; Heue et
much shorter for wavelengths at which absorption is highal., 2010). It should be noted that, in principle, additional
(peaks of the S@absorption cross-section) than at wave- ozone absorption cross sections for other temperatures might
lengths where the absorption is weaker (dips in the absorpbe included into the fit. However, for the selected case study,
tion cross-section). Therefore, the measured column densitypo significant change of the retrieved S@sults and the

— the absence of a wavelength dependent air mass fact
(see “Model Studies”), and
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Fig. 2. Example of a DOAS S@Fit. Black lines: measured spectra, red lines: reference spectra, the atmospheric spectrum was taken
by GOME-2 (21:25 UTC, center pixel coordinates 167.8849.6% N) on the 8 August 2008 after the eruption of the Kasatochi volcano
(a) evaluation in the short wave UV window 312.1-324 (ishevaluation in the long wave UV window 360-390 nm.

magnitude of the residual were found, if additional tempera-ing the value of the short wave UV evaluation by a factor of
tures were considered. A 5th order polynomial was appliedabout 20. The now quite random looking residual structures
to remove the broad-band structures and a slight wavelengthre up to 50 times smaller than those obtained in when the
shift was allowed for the measured spectra. short wave fit range (2 103 RMS).

In Fig. 2a, the short wave UV fit results for the evalua-
tion of one of the recorded spectra including the Kasatochith
SO, plume are shown. The SOsignal can be clearly Ei
identified with a determined slant column density of2(2
0.3) x10"¥molec/cnt. As in the ground-based example,
the residual (5« 1072 RMS) shows unexplained systematic
structures. While for the selected case of very strong &9

sorption the residual structures are probably mainly cause@. . . :
iple the same shape. However, some interesting discrepan-
by the wavelength dependence of the,2MF (see also b P g b

) ! ) ies remain. While the highest $@olumns are measured
Fig. 7), part of the residual structures might be also relateofn the north-east and south-west regions of the plume when
to imperfect correction of the Ring effect or the, @bsorp-

. . using the short wave UV window, the maximum $S6€ol-
tion. Thus, the S@ absorption structures can not be well 9 5

d ived by simolv includi ingle $0r tion i umn is found in the south-east when using the long wave
sScS:ﬁr::aesesy simply including a single 0ss sectionin—yy range (the maximum column densities are indicated by

white stars inside Fig. 3a—b and d). As we show in the sec-
The long wave UV S@evaluation of the satellite data in-  tion “Model Studies”, this is likely a result of a decreased
cluded, besides the above mentioned reference spectra fort@énsitivity for high S@ columns that occurs in short wave
short wave UV range, reference spectra far (Greenblatt v when SQ absorption becomes so strong that radiation
et al., 1990,-298K) and NQ (Vandaele, 1997:-294K).  can no longer penetrate the volcanic plume (see Figs. 6 and
Again a spectral shift for the measured spectra was allowed)_ |n order to illustrate the advantages of the long wave UV
to correct for possibly occurring instrumental changes. evaluation more clearly, the fit results for the previous used
The results for the long wave UV evaluation can be seenshort wave region are shown in Fig. 3c on the same scale
in Fig. 2b, showing a significantly higher $@lant column  as used for the long wave SCD results. Figure 3d shows
density of (47+0.1) x 10" molec/cn? and are thus exceed- the corresponding VCD for the long wave UV fit region.

The spatial distribution of the Splume on 8 August for

e different evaluation ranges is presented in Fig. 3a—d. In
g. 3athe plume can be clearly identified by the significantly
enhanced S®SCD values obtained in the short wave UV
evaluation. For the long wave UV fit region, the plume can
also be clearly identified in Fig. 3b (notice the SCD values
re about a factor of 20 higher), however showing in prin-
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Fig. 3. SO, plume after the Kasatochi eruption on 8 August 2008 recorded by GOME-2, The pixels with the maximum column densities
are indicated by a white stafa) evaluation in the short wave UV window 312.1-324 nm (max SCTD ~ 2.2+ 0.3 x 108 mol/cm?

(b) evaluation in the long wave UV window 360—-390 nm (max,S8CD ~ 4.7+ 0.1 x 1019 moI/cmz) (c) evaluation in short wave UV
window using the same color scale as shown in (b).SO, VCDs for the long wave UV window 360-390 nm (max S8@CD ~ 1.87 x

109 mol/cn?).

The AMF calculation was done with the Monte-Carlo ra- absorption features used for the DOAS evaluation are only
diative transfer model McArtim, assuming the S@yer  about two orders of magnitude smaller in the long wave UV
to be between 10 and 11km (constant,Sedncentration  window (see Fig. 4b, c).
of 1x 10" molec/cn? within this layer), including aerosols The disadvantage with regard to sensitivity and detection
(aerosol optical depth: 3, asymmetry parameter: 0.68, sinlimit that this weaker system of absorption lines brings with
gle scattering albedo: 0.9). Additionally a cloud layer ex- it are largely compensated by a significantly better signal to
tending from 5 to 6 km (OD: 20, single scattering albedo: 1, noise ratio in the long wave UV region and a much lower
asymmetry parameter: 0.85) was included. Interestingly theaesidual (see above): The diffuse solar irradiance incident at
VCD results are in general in good agreement with resultsthe Earth’s surface is about one order of magnitude higher in
from Richter et al. (2009), who derived VCDs from the short the long wave UV region than in the short wave UV window.
wavelength range, but accounted for the non-linearity effectsAs the noise of a DOAS measurement is typically dominated
by photon noise (the magnitude of which is proportional to

_ _ the square root of the measured intensity), measurements in
4 Discussion the long wave UV window provide a 3 times better signal
to noise ratio from photoelectron statistics for a given mea-
surement integration time. Another factor of two is gained
X rE)y using a wider wavelength region for the long wave UV
in the commonly used shorter wavelength range. Unfortu~yayelength evaluation, which adds another factor of 1.4 to
nately, the relative precision and accuracy of the 8850rp- e sjgnal to noise ratio. Moreover, the quantum efficiency of
tion cross-section in the long wave UV is inferior compared vy ica| compact spectrometer detectors is better in the long
to_the short_wave UV. Further studies are required to IMProveyave UV and, due to reduced distortion of the band shape
this, especially for low temperatures that occur at high lati- see giscussion above, the amplitude of the residuum is lower

tudes. S in the long wave UV range.
Nevertheless, Sf)shows a characteristic high frequency

structure in both regions, and the narrow band (differential)

The absolute S@cross section (Fig. 4a) in the longer wave-
length region is about three orders of magnitude smaller tha
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Novel Sfspectral evaluation scheme using the 360—-390 nm wavelength range

In summary, the overall loss in sensitivity when switching
to the longer wavelength window (long wave UV) can be es-
timated at about an order of magnitude. While this may seem
high, a considerable fraction of volcanic $@missions mea-
surements are conducted under conditions in which the lower
sensitivity is not an issue, and the potentially improved accu-
racy of evaluations in the long wave UV region is arguably
more important.

5 Model studies
5.1 Ground based geometry

A model study was conducted to investigate the influ-
ence of radiation transport on ground-based remote sens-
ing measurements performed in the long wave UV wave-
length region around 375 nm in comparison to the standard
short wave UV range around 320nm. In this study, the
backward Monte-Carlo radiative transfer model McArtim
(Deutschmann, 2008) was used to simulate the propagation
of radiation between the sun and a simulated instrument lo-
cated on the ground at various distances from the centre of a
volcanic plume.

The geometry of the model run corresponds to the mea-
surements at Mt. Etna on 10 June 2008. A volcanic plume
with a 450 m diameter circular cross section was simulated
250 m above the ground, the DOAS instrument, was located
350 m from the plume centre. While the plume contained
SO and aerosols, aerosol-free ambient atmospheres was as-
sumed, an assumption that is justified by the observed clear
sky conditions above and around the plume on the date of the
measurement (see Sect. 3.1). The model atmosphere exhib-
ited a typical stratospheric ozone profile to account for the
influence of ozone on radiative transfer in the upper atmo-
sphere.

Using the radiative transfer model as a forward model for
the measurement results, an iterative problem inversion was
performed in which the S@©concentration and the aerosol
extinction coefficient inside the simulated plume were var-
ied until the modelled spectral intensity, when divided by the
modelled spectral intensity in a viewing direction outside the
plume and after applying the logarithm, matched the mea-
sured optical density. The details of this procedure are sub-
ject of a separate manuscript in preparation.

The best fit, both, to the measured spectrum between
306 and 324 nm as well as to the measured column density
at 375nm was achieved for a plume S€bncentration of
4.1 x 10" molec/cn?, which corresponds to a straight col-

efficient of approximately 80 kmt. Therefore, these values
are assumed to be the best estimate for the true conditions
inside the volcanic plume.

However, a standard DOAS evaluation will not necessarily
give these values. As described by Kern et al. (2010), a naive
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DOAS approach can yield considerable errors, especially if 2.0 — . . . . . .

the measurements are conducted at a large distance from the ., i % Ng
plume or if the plume contains a high aerosol load. As an ~ {30 g
aerosol extinction coefficient of 80 kmh corresponds to an  _ 1°T ] £
approximate visibility of only 50 m; a value that is not unre- % . ] 2 IES
alistic considering the high opacity of the plume caused by ‘; 1ol e s 120§
condensation of water vapour, considerable errors can be ex%‘@ ' e, " 1is &
pected in standard DOAS retrievals in this example as well. = = e S 8‘“
One indication of this fact is the factor of 2 difference be- ~ o5 10 3
tween the result of the evaluation in the short wave UV win- TEea . somm s 2
dow compared to that of the long wave UV range. B S S 2
The question which of the two evaluation ranges gener- 0.0 o 5 7 5 5 o 12 °

ally gives the better results cannot be answered without tak-
ing into account the distance to the plume. In the example
measurement at Mt. Etna, the Instrumgnt was located ne)(It—'ig. 5. Simulated air mass factors (AMF) for remote sensing mea-
to the active crater and therefore the distance to the plumegyrements of a volcanic plume with high aerosol load performed at
was exceptionally small (assumed to be 350 m in the modeb20 (shown in blue) and 375 nm (shown in red). The distance be-
run). In this case, the short wave UV seems to give thetween the volcanic plume and the remote sensing instrument was
better result, as the retrieved CD o6k 10'° molec/cnf  varied between 1 and 12 km.

is closer to the radiative transfer model inversion result of

1.85x 10molec/cnt than the R x 10" molec/cnt ob-

tained in the long wave UV range. However, this situa- in volcanic plumes with high Sand aerosol loads when
tion changes rapidly if the measurements are conducted fathe instruments are located at distances larger than approxi-
ther away from the plume. Figure 5 shows the simulatedmately 1km from the plume. While the exact AMF of such
air mass factor (AMF) for a measurement of the above de-measurements will depend on the conditions inside the plume
scribed plume as a function of distance between instrumengs well as the aerosol load in the ambient atmosphere, the de-
and plume. Both 320 and 375 nm are shown, it should how-scribed example shows that the dilution effect is considerably
ever be noted that the simulations performed at 320 nm aréess prominent for the long wave UV evaluation region than
not necessarily indicative of the radiative transfer in the entirefor wavelengths around 315 nm.

region between 300 and 330 nm, as the AMF is strongly de- To obtain accurate results, it is necessary to retrieve the
pendent on wavelength in this region (see Kern et al., 2010)effective radiation path length in the volcanic plume, as the

The first data points shown in Fig. 5 are the results of measured column density can be highly dependent on wave-
model runs conducted for the exact geometry used for the ralength. Only then can the true straight column density (and
diative transfer inversion, i.e. the distance to the plume centetherefore the average concentration) be accurately assessed.
was 350 m. In this geometry, the long wave UV range yieldslt was recently shown that the wavelength-dependent air
an AMF of almost 1.75, thus indicating a light path exten- mass factor can be retrieved from the measureg Gfiical
sion by 75% inside the plume due to multiple scattering. At densities between 300 and 325 nm (Kern et al., 2010). Fur-
320 nm, the light path is also enhanced by multiple scatterthermore, the algorithm described by Kern et al. (2010) could
ing, but the strong S©absorption leads to an AMF of about be expanded to include wavelengths around 380 nm, thus in-
0.75. For this geometry, a standard DOAS retrieval in thecreasing the information content in the model inversion.
short wave UV range is therefore expected to slightly under-
estimate the true straight CD, while a retrieval in the long5.2 Satellite geometry
wave UV will overestimate the CD by 75%.

However, as the instrument is moved farther from the The GOME-2 observations of the Kasatochi eruption were
plume in the simulation, the AMF rapidly decreases in bothalso simulated using the full spherical Monte Carlo radia-
cases, an effect that is caused by radiation entering the line dfve transfer model McArtim (Deutschmann, 2008). To sim-
sight between plume and instrument, thus diluting the signalplify the simulations, fixed values for the viewing geome-
The AMF at 320 nm drops below 0.5 at 750 m, and continuestry were assumed (SZA: 8pviewing angle: —90°). The
to decrease as the distance is increased. At 375 nm, the sitlayer of enhanced SOconcentrations was assumed to be
ation is much better. Here, the AMF drops to approximatelybetween 10 and 11 km (constant S€bncentration within
unity at 1 km distance and then declines more slowly, thusthis layer). Below the S@layer, a cloud layer extend-
staying close to one for a large range of distances from theéng from 5 to 6 km (OD: 20, single scattering albedo: 1,
plume. asymmetry parameter: 0.85) was included in the simulations.

The results of this model study show that the novel evalu-Two basic model runs were performed: the first one without
ation range is better suited for DOAS measurements of SO aerosols and the second including aerosols within the SO

Distance to plume center [km]
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Fig. 6. Simulated SQ SCDs for 315nm versus SOSCDs at  Fig. 7. AMF dependency on the SOVCD, wavelength and

375 nm for satellite remote sensing of the Kasatochy lome on aerosols. While the AMF for the short wave UV range rapidly de-

8 August 2008 for two cases: without aerosols or with aerosol in-crease for large SOVCDs, it almost remains constant for the long
side the plume (optical depth of 3). In addition to the modelled SO wave UV range. In the presence of aerosols, the reduced sensitivity
SCDs also the GOME-2 measurements are included in the figureis less pronounced for very high S@ads & 2 x 10 mol/cn?),

Only if aerosols are present in the plume, simulations and measurepecause more light is scattered back by the aerosol particles to the
ments are in agreement. satellite instrument from the layer of enhancebSO

layer (aerosol optical depth: 3, asymmetry parameter: 0.68large SQ VCDs, it almost remains constant for the long
single scattering albedo: 0.9). For both runs the 8Gn-  wave UV range.
centration was varied from zero to&L0' molec/cn?, and
the corresponding S{BCDs were calculated for both of the
regarded wavelengths (315 and 375 nm). 6 Conclusions

The results are presented in Fig. 6, where the modelled
SO, SCDs for 315 nm are plotted versus those at 375 nm. IPAn alternative evaluation range for the DOAS retrieval of
addition to the modelled SOSCDs also the measurements SO, was proposed. It was shown that using the long wave
for 8 August 2008 are included in the figure. In both model UV window of 360—-390 nm has a number of advantages in
runs a linear relationship between the S8CDs for both  situations in which high S@column densities are encoun-
wavelengths is only found for rather small 8€oncentra- tered. In particular, problems with non-linearity in the DOAS
tions (about< 1 x 1023 molec/cn¥, corresponding to about evaluation, stray light in the spectrometer, and signal dilu-
2.5 x 108 molec/cn?). For higher concentrations, the $O tion by scattering could be avoided or at least significantly
SCDs for 315 nm increase much slower compared to thoseeduced.
for 375nm, and eventually they even decrease if the SO Although the absolute SQOabsorption cross section in
concentration is further increased. This is a result of thethe long wave UV range is about three orders of magnitude
very strong light absorption caused by Si@side the vol-  smaller than around 320 nm, the high frequency (differential)
canic plume. If aerosols are present, this effect is less proabsorption features are only about two orders of magnitude
nounced (and for very high SQoncentrations even higher smaller. Because the intensity of incident solar radiation on
SO, SCDs for 315 nm are found compared to the non-aerosothe ground is about an order of magnitude higher in the long
case), because more light is scattered back by the aerosol pakave UV region, the smaller sensitivity towards S€an in
ticles to the satellite instrument from the layer of enhancedpart be compensated by a lower photon noise level (about a
SO,. The comparison with the measured S8CDs clearly  factor of 4.2). However, since the quality of volcanic SO
indicates that it is not possible to describe the satellite ob-measurements using the DOAS technique are rarely limited
servations from 8 August 2008 without aerosols present inby instrument sensitivity but rather by retrieval accuracy, the
the volcanic plume. Good agreement for the upper boundsuggested long wave UV evaluation region can be advanta-
of measured S©SCDs for 315 nm is found for an assumed geous in many situations.
aerosol optical depth of about 3. The scatter of the measured A model study conducted to investigate radiative trans-
data indicates that the aerosol load was different (and mostlyer showed that DOAS evaluations in the long wave UV re-
higher than 3) in different parts of the observed plume. gion will give more accurate results in situations where high

Additionally Fig. 7 shows the strong dependency of the plume SQ loads and long distances between the instrument
AMF on the SQ VCD for the different wavelengths. While and the volcanic plume prevail. This is especially true for
the AMF for the short wave UV range rapidly decrease for satellite measurements. The novel evaluation window is less
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