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1 Introduction

1.1 Scope of document

In this document, a brief introduction is given to the basics of satellite measurements, afsSBg
Differential Optical Absorption SpectroscodA$in the UV part of the spectrum. The sensitivity of
the measurements as function of $@mount, SQ@ vertical profile, surface albedo and other
parameters is discussed and the retrieval algorithm devedogethe University of Bremen for the
near real time R retrieval of volcanic SOfrom GOME2 measurements is describedhe
description is complemented by a short introduction of the web based volcanic alert system using
the newdata product and a ddfition of the file formats of the output data.

1.2 The SAVAA project

The SAVAA (Support to Aviation for Volcanic Ash Avoidangiert is anESA funded project aiming

at the development of a demonstration system using various satellite data in combinattn wi
forward and inverse trajectory modelling to provide VAACs with information on volcanic plumes.
Both ash and SOproducts are included as well as a combination of IR and UV sensors. As VAACs
need volcanic information iNRT geostationary observations ethe most appropriate data source.

So far, no UV instruments with sufficient spectral resolution are available on such platforms.
Therefore, UV retrievals of $@e mainly used for validation of IR retrievals and to constpaime
evolution for inversemodelling of plume altitude. However, even for these applications a fast
delivery of the products is needed, limiting the complexity of retrieval schemes.

More information on the SAVAA project can be fountti://s avaa.nilu.no/.

1.3 UV/is SQ measurements from satellite
The S@molecule has strong absorption bands in the UV part of the solar spedisamFig. 1).
These features can be used to remotely sense atmospherica®©unts by appling absorption
spectroscopy to measurements of scattered sunlight.
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Fig.1: SQabsorption crossection (Vandaele et al., 1994) convoluted
with the GOME2 slit function

First satellite observations of volcanic ;S@kere reported ly Krueger 1983 using data from the
TOMS instrument which has only a few spectral bands limiting sensitivity to strong eruptions.

GOME2 SQ ATBD -4- First draft


http://savaa.nilu.no/

However, the long time series available in combination with the relatively good spatial resolution of
the instrument providesa useful longerm record of satellite observed $®om space (Krueger et

al., 1995,Carn et al.,, 2003). Volcanic Sculd also be detected using the B&?2 instrument
(McPeters 1993). The improved spectral resolution of the GOME instrurteaniched in1995 on
ERS reduced the detection limit for SQetrievals facilitating detection of weaker signals including
tropospheric pollution (Eisinger and Burrows, 1998, Kiaolet al, 2004 Thomas et al., 2005In
2002, the SCIAMACHY instrument followed fiog smaller groungbixels but reduced spatial
coverage (Afe et al., 200Rjchter et al., 2006,ee et al., 2008, Lee et al., 2008he OMI instrument,
launched in 2004combines high spatial resolution with daily global coverage and high spectral
resoltion. Sulphur dioxide signals from volcanic eruptions and pollution have been retriened
OMI measurementasing different algorithms,e(g. Krotkov, 2006, Carn et al., 2Q0Yang et al.,
2009a, Krotkov et al., 20p9ncluding high volcanic $®@adings (Yang et al., 2007) and the retrieval
of volcanic plume heightr@ang et al. 2009b

For the rapid volcanic S@roduct described here, data from the GOMEnstrument are used.

1.4 The GOME2 instrument

The GOME2 instrument is a 4 channels UV / visible dpemeter covering the spectral region from
240to 790nm with a spectral resolution of 86 to 0.51nm (Munro et al., 2008 It was launched on
MetOp-A in October2006 and has been providing measurements since Jar2@0y. The MetOA
satellite is in a nar polar sin-synchromus orbit with adescending node equator crossing time of
09:30LT. ThaGOMEZ instrument is observing the upwelling radiance from the atmosphere in near
nadir observation geomntey. It has a large swath of 20 km, resulting in globatoverage at the
equator in 1.5 days and several overpasses per day at higher latitudes. The spatial resolution of the
forward scan measurements is 80 x 40°laver most of the globe but is reduced at large solar zenith
angle to improve signal to noise ratiDuring the rapid back scan, spatiagatition is reduced to 2

x 40km? and these data is not used hefle.regular intervalsGOME2A & 2 LISNJ GAy3 Ay a4yl
Y2RS¢ 6 KAOK AYLINE ®Saafactarlof Giuh rediicesNsBrarage. dafick pagy, the
instrument takes a direct sun measurement which is used as absorption free background spectrum.

The GOMEZ instrument is based on the GOME instrument launched onZER3\pril 1995. It has a
very similar optical layout but some important impraewents, including better spatial resolution,
better coverage and reduced sensitivityttte polarisation of the incoming light. The curr€eBOME

2 instrument is the first in a series of three identical instruments to be launched in sequence and
providing a consistent lonterm data set of operational UV / visible observations. More information
on the GOME2 instrument can be found at the following internet pages:

¢ |UP BremertGOME2 page( http://www.do asbremen.delGOME2.htm)

o ESAGOME2 page( http://www.esa.int/esalL P/SEMTTREE LPmetop_ 0.htn)l

e DLRGOME2 page( http://wdc.dIr.de/sensors/gome/ )

2 SO Measurement Sensitivity

The sensitivity of satellite nadir measurements in the UV depends on many parameters, of which the
most important ones will briefly be discussed here. The signal received at the satellite sensor is
comprised of pbtons scattered by air molecules, photons scattered by aerosols or clouds and light
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reflected on the surface. Only the last group of photons héle passed through the complete
atmosphere whereas the scattered photons do not probe the atmosphere belewsdattering point
(seeFig.2). As a resultthe measurements are less sensitive to absorption in the lower atmosphere.
Any effect that changes the relative contributions of photons from different altitudes will affect the
measuement sensitivity. For example, a brighter surface will increase the proportion of reflected
photons increasing sensitivity. A cloud will reduce sensitivity below it but will increase sensitivity
above its top. Strong extinction by Rayleigh scatteringps@s or absorbers such as ozone will
reduce the sensitivity to lower layers thereby affecting the wavelength dependence of the sensitivity.
Overall a complex behaviour follows which will have to be accounted for in the retrieval to get
accurate results.

B

Fig.2: Sketch of the observing geometry and the different
contributions to the observed signal assuming single scattering only

2.1 Dependence on altitude

As mentioned abovestrong Rayleigh scattering in combination with ozone apton reduces the
sensitivity towards the surface in particular for Ieurfacealbedo.This is illustrated ifrig.3 for two

wavelengths and three total $@olumn amounts. While above 10 km, the sensitivityekatively
constant, it strongly reduces to the surface where it is very small. At largedBfnns, the effect is
enhanced at the shorter wavelengths (see discussion below).
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Fig.3: Vertical sensitivity for two wavelengths andgkrS@loadings at 40 SZA

and a surface albedo of 0.05. The,8@s assumed to be evenly distributed from
the surface to 1&m.
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2.2 Dependence orwavelength andsolar zenith angle

The sensitivity of the measurements also depends on solar zenith angle. Sefextd contribute to

this dependency: First, thabsorptionincreasesas the light path through the STayer increases at

low sun for purely geometric reasons. Second, the extinction by Rayleigh scattering and ozone and
SQ absorption increases with ingasing SZA reducing the sensitivity in particular to the shorter
wavelengths. Third, the radiance received at the satellite sensor decreases with increasing SZA as
result of the larger extinction which increases tmeasuremennoise. The last point ultiately limits

the useful range of SZAs for Sétrieval and thereby the coverage of the satellite measurements.

The effects of SZA on the lightth are illustrated inFig.4 as a function of wavelength for a
moderate S@column d 10 DU. As can be seen, the airmass factors increase with SZA but towards
shorter wavelengths, the extinction becomes increasingly important leading to an actual reversal of
the order at 314 nm.
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Fig.4: Wavelength and SZA dependerof the S@airmass factor for 40 DU S©
layer of1 km thickessbetween 10 and 11 knSurface albedo was set to 0.05 and a
300 DU US standard ozone profile was assumed.

2.3 Dependence on ozone column

For standard DOAS applications, the spectral fittind te correction for light path are separated.

This is possible in the case of weak absorption where one can assuntadtamospheric radiation

field is not affected significantly by the amount and vertical distribution of the trace gas. For these
situations, the DOAS retrieval provides the slant column of the absorber which is then converted by a
single number, the airmass factghkMF)to the vertical column. However, in the UV ozone absorption

is large and the average light path varies with waveleragha function of the ozone absorption
crosssection. Also, Rayleigh scattering strongly affects the signal leading to a rapid change of light
path with wavelength.
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SO, Airmass Factor at different O columns
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Fig.5: Wavelength dependence of the S@mass factor for diffenet ozone
columns. A 10 DU gfayer of 1 km thickness between 10 and 11 km was used,
surface albedo was set to 0.05 aB@dA was 40°.

In Fig.5, the effect is illustrated for three different ozormlumns. As can be seen, the light path
decreases towards shorter wavelengths as result of increased Rayleigh scattering and ozone
absorption. Also, the spectral signhature of the ozone absorption eesson is reflected in the SO
airmass factor as veations in ozone absorption with wavelength lead to variations in average light
path length. Both effects increase for increasing ozone coludverall the effect is negligible at
longer wavelengths but can be as large as 20% at 310 nm.

2.4 Dependence on Sgxotal column amount

At large S@columns, the absorption d&Q itself becomes significant anthanges the averagaght
path. As shown irFig. 6, the AMF decreases with increasing,$0lumn, in particular at short
wavelengths. At the same time, the spectral sighature of the &Qorption crossection becomes
apparent h the AMF on top of the ozone structures which leads to a distortion of the absorption
signature of Sgif not accounted for.
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Fig.6: Dependence of $@irmass factor on S@olumn in a 1 km thick yeer
between 10 and 1km. Surface albedo was set to 0.05, mz@olumn to 300 DU
and SZA is®.
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2.5 Dependence on surface reflectivity

SO, airmass factor at different albedo
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Fig.7: Dependence of S@irmass factor osurface albeddor a 1 km thick Isier of
10 DUSQ between 10 and 1km. Theozme column to 300 DU and SZAGS

Qurface reflectivity also plays a significant role in the sensitivity of the measurements towagds SO
This includes two aspectgfirst the increased intensity over bright surfaces which reduces the noise
of the measurementsand second the increase in light path over reflective surfaces. The latter effect
is illustrated inFig.7 where the airmass faor for a 1 km thick SQayer between 10 and 11 km is
shown for different surface albedoés can be seen, only very large albedos have an impact for this
scenarig making albedo effects imponté only over snow and ice as well as over bright surfalces.
contrast,for low layers of S{as are found inthe situation of anthropogenic pollution, dependence
on surface albdo is very largénot shown)

2.6 Averaging kernels

For many satellite data products, averaging kernels are provided to the users to facilitate
interpretation and guantitative comparison to other data sets. The idea of the averaging kernel is to
provide the information, on how much the retrieved value for altitude lalyisrchanged if the true
atmospheric profile in layeris changed by a certain amounh the case of column products, this
simplifies to the question of how much the retrieved vertical column changes if the true profile
changes by a given amount in layer

The averaging kernels are computed from the weighting functions, in the case ofrcplwducts by
simply dividing the altitude dependent airmass factors by the alesirmass factor (Eskes and
Boersma, 2008 However, the weighting function is valid only in cases where the radiative transfer is
sufficiently linear for changes in the alvber concentration. For large $@mounts, this is not the
case.

As an exampleconsider a layer of 100 DU S& 12 km. As the absorption is quite strong, the
sensitivity below this layeat e.g. 10 km will be very small, and this will be reflectedsrimall
weighting functions and averaging kernels computed for a scenario assuming such prof8@
However, if the real SQayer is at 10 km instead of2km, no such shielding exists and the real
sensitivity at 10 km is nearly as high as it was2dirth in the first scenario.

As a result, the weighting function and the averaging kernels are ill defined and cannot be provided
with the product. If the S©column foran a priorivertical S@ profile differing from the one used in
the retrievalis to be eétermined, a full radiative transfer calculation has to be performed.

GOME2 SQ ATBD -9- First draft



2.7 Requirements for SQretrieval

Based on the sensitivity studies shown above, the accuracy of a volcanietB8&val depends
critically on appropriatea prioriassumptions for SCamourt and SQ@ layer altitude.Ozone column

and surface reflectivity are also important, as wellpasper treatment of clouds. As the arimass
factor depends strongly on wavelength and in addition has spectral structures correlated to the SO
absorption crossection, a standard DOAS retrieval will not be appropriate.

As discussed in Yang et al., 2008Hfull retrieval of the spectral information can provide information

on all of the above parameteréeading to accurate anseltcontainedretrievals. Howeversuch an
inversion is slow and currently not applicable for a NRT product. In the next section, the retrieval
approach used here is described.

3 SO Algorithm

The S@retrieval algorithm used for the SAVAA project was developed to be fast and adapted to
volcanic eruptions. It is not optimised for the retrieval of S@m pollution or volcanic degassing,
and in its current form it is fast but not as accurate as possible.

The overall retrieval is performed in several steps which are the DOAS fit, an ités@icelumn
selection, an iterative spike correction and a post processing performed on a complete orbit of data.
The individual steps of the analysis are described in detail below.

3.1 DOAS fit

The DOAS (Differential Optical Absorption Spectroscopy) mdthdhsed on application of Beer
[FYOSNI Q& flt¢ 2F SEGAYOGAzY (2 FiY2ALKSNAO YSI &
is the separation of spectral fitting of the absorption signal and determination of light path length.

The signal observed bkKtS RSGSOG2NJ Lo<0 A& Y2RStftSR & 0SAYy:
(l0 <abtehuated by absorption and scattering in the atmosphere:

1(2) = 14(A)er exp 4 [0(2) A(SYIS — gy () [ Py (SIS = G2 [ Prie (S

g K S NuBis the Rayleigh extinction crossS O (i f.dsyiie Mie extinction crossedi A 2 Y gk, Y R

IV Rue are the number densities of Rayleigh and Mie scatterers, respectively. For simplicity, only

one absorber is shown having the absorption ckdsS OG A2y "~ & Ly iS3IANI GA2Y Aa
FGY2aLKSNAO t A3IK(G tduniing forthe IscAtiering effisiénciyd starflardBCAS | O

the assumption is made that the light path does not depend on wavelergih least over a

sufficiently small wavelength interval and the slant column density

SCD =[p(s)ds

is defined whib is the total amount of absorber per unit area integrated along the light path. Using
this quantity and approximating the effects of scattering and broad band absorption by a polynomial,
the DOAS equation can be derived

lo(A , A
In |((/1)) = iZai(ﬂb)scoi +§cpz
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which linksthe measured intensities to the known absorption crgsstionsin a system of linear
equations which can be solved for the SCDs using least square methods.

The vertical column density VCD, which is defined as the vieriiegral over absorber dengit

TOA
VCD = [p(z)dz
0
is then derived by applying an airmass factor AMF which is defined by the ratio

SCD
VCD

AMF =

and is computed with radiative transfer programs.

For large SOcolumns, the assumption of a wavelength independent light padlesdnot hold.
Therefore, the DOAS equation has to be modified by replacing the SCDs with slant optical densities
(SODs) which are defined as the integral over the product of absorptionseoien and absorber
concentration:

SOD(4) = [o(4)p(s)ds

Usingthe SOD, the DOAS equation becomes

'I(”)) 350D (1)+ e,

where the SODs have to be computed using radiative transfer code. This equation will only be correct
if the real atmosphere is identical to the one used in the calculations. For applicatiomi@vads, the
assumption is made that the SOD can be approximated by simple scaling of the modefled SOD

'((’1)) X.1,SODY(A)NVCD + T,

This will work for small diffences between real and assumed atmosphere. In case of large
differences, a more appropriata priori will have to be used and the procedure be repeated. How
this iterative scheme is implemented here is described in the next seddiprividing the SQDy

the model vertical column VGDthe scaling factor;ris identical to thevertical columnto be
retrieved

The detailed settings selected fGOME2 SQ fits are summarised ifab.1.

GOME2 SQ ATBD -11- First draft



Parameter Setting

Fitting window 312.5¢ 327 nm

Ozone SOD for US standard atmosphere us
GOME2 FM absorption crossections +
orthogoral temperature dependence fron
GOME2 measurements a43 and273K

SQ SeeTab.2

Ring effect Vountas et g11998

Polynomial Cubic (4 coefficients)

Additional corrections Offset and slope

Background spectrum GOME2 daily sola measurement

Tab.1: DOAS settings used for tB&®ME2 SQ retrieval

3.2 lterative Column Selection

As discussed above, the spectral shape of theaB€orption as well athe absorption depth depend

in a nonlinear way on the total SGamount present in the atmosphere. To account for this in a fast
and simple mannerSODs have been tabulated for a number of wavelengths, solar zenith angles and
SQ columns using a standard atmospheric scenario where only the tota®0unt varies. The
scenariosused are summarised ifab.2.

Parameter Value

SZA 1, 10,20, 30, 40, 45, 50, 55, 60, 65, 7Q,5/ 75, 76, 77,
78, 79, 80, 81,883, 84, 85, 86, 87, 88, 89, 90, 91
LOS viewing angle| 0 (nadir)

SQ profile Block pofile between 10 and 11 km
SQ total amount 1,5, 1020, ...500 DU

Ozone profile US standard

Surface albedo 0.05

Aerosols none

Clouds none

Tab.2: Radiative transfer settings used for the tabulated SODs

In the retrieval, he first iteration is performed using the SOD from the base scenario having,an SO
column of 1 DU. If the reieved column is larger than@U, a second iteration is performed using the

a priori column closest to the retrieved column. This procedure isatga until thefit quality does

not improve anymore. In this case, a last iteration step is taken using theahid between the last

and the second to last $@olumn. Based on the chisquare of this value, either the result of the

second to last or thentermediate column is used as final result. A flow chart of the retrieval is shown
in Fig.8.
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Fig.8: Schematic of the iteration of the g&»lumn used for the a priori in the DOAS

retrieval

Using this pocedure, consistency in the columns of retrieval and a priori is assured, and a large
fraction of the nonlinearity in S@ absorption occurring is corrected. The procedure always
converges as the behaviour of the Dsorption as a function of $@olumnis monotonous and the
procedure is stopped when 500 DU are reached.
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Fig.9: Effect of iterative selection of g®priori used for the Kasatochi eruption
plume on August 8008 inGOME2 data. Much larger S£columns are retrieve
with the iterative a priori in the centre of the plume. Note the logarithmic colour

Iterative spike correction

scale.

An additional complication of the $@etrieval arises from the fact that sonfleOME2 spectra are
affected by increased noise in someteigor pixels. In the region of the South Atlantic Anomaly

(SAAY K S NB

by Fy2Ylfe

Ay GKS 91 NIKQa

YI3ySG4AO FAS

many spectra are affected resulting in increased noise and large scatter of ffe®IB@ns. In ther
regions of the globe, much less spectra are affected.
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Fig.10: Schematic of spike correction algorithm

While the increased noise is too small to be directly identified in the raw spectra, it can readily be
seen in the fittirg residuals as shown irig.11. If the number of pixels which are affected is not too
large, they can be identified in the residuals, flagged as having large errors and then the retrieval can
be repeated. This approach has been takeere and results in a significant reduction of scatter in the
SQ columns closéo the SAAThe remaining scatter results from noise in the spectra which is below
the threshold for spike removal but still interferes with the,$€rieval.

Fig.11: Example of a fit result in the SAA affected by a spike without (upper panel)
and with (lower panel) correction. The spike is not removed but a large uncertainty
has been assigned to the affected values resulting in a much bettee dzas well

as a smaller residual in the S@trieval (no significant SWvas retrieved).
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