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Abstract. Limb measurements provided by the SCanning1l Introduction

Imaging Absorption spectrometer for Atmospheric CHartog-

raphY (SCIAMACHY) on the ENVISAT satellite allow re-  While nadir observations (i.e. space borne instruments look-

trieving stratospheric profiles of various trace gases on dng perpendicularly to the surface of the Earth) provide

global scale, among them BrO for the first time. For limb knowledge of the total column density and low vertical res-

observations in the UV/VIS spectral region the instrumentolution information (about 10 km) about profiles for strong

measures scattered light with a complex distribution of lightabsorbers onlyRhartia et al. 1996 Hoogen et al. 1999,

paths: the light is measured at different tangent heights an@gneasurements in limb geometry (i.e. tangential view with re-

can be scattered or absorbed in the atmosphere or reflected Bpect to the Earth surface) provide further opportunities to

the ground. By means of spectroscopy and radiative transfegxtract height resolved profile information. This is achieved

modelling these measurements can be inverted to retrieve thgy measuring backscattered light from air masses at differ-

vertical distribution of stratospheric trace gases. ent tangent heights. Satellite instruments such as the Opti-

The fully spherical 3-D Monte Carlo radiative transfer cal Spgctrogra_ph and Infrared Imager System (OSIRIS) on

W o A the Odin satellitel(lewellyn et al, 2004, SCIAMACHY on
model “Tracy-11" is applied in this study. The Monte Carlo
: AT ENVISAT (Bovensmann et gl1999, and also the Strato-
method benefits from conceptual simplicity and allows re- . .
alizing the concept of full spherical geometry of the atmo- spheric Aerosol and Gas Experiment (SAGE Ill) on the Me-
; : R teor 3 have limb observation capabilitigggult, 2005 in the

sphere and also its 3-D properties, which is important for a IS spectral reqion

realistic description of the limb geometry. Furthermore it al- uv P g o )

lows accounting for horizontal gradients in the distribution The SCIAMACHY mstrument_ on_the _ENVISAT satelllte_

of trace gases. whose measurements are apphe_d in this st_udy_ opgrates ina
near polar sun synchronous orbit with an inclination from

In this study the effect of horizontally inhomogeneous dis- the equatorial plane 0£98.5. It performs one orbit in ap-

tributions of trace gases along flight/viewing direction on the proximately 100 min with equator crossing time of 10:00 in

retrieval of profiles is investigated. We introduce a tomo- descending node. The satellite probes the atmosphere at the

graphic method to correct for this effect by combining con- day side of Earth in alternating sequences of nadir and limb

secutive limb scanning sequences and utilizing the overlap irmeasurements. Limb scans in one scanning seqguence are

their measurement sensitivity regions. It is found that if hor- performed with approximately 3.3 km elevation steps at the

izontal inhomogenity is not properly accounted for, typical tangent point (TP) in flight direction. The cross track swath

errors of 20% for N@ and up to 50% for OCIO around the is 960km at the TP and consists of up to 4 pixels for the

altitude of the profile peak can arise for measurements clos&V/VIS spectral range. The field of view (FOV) is 0.04i5

to the Arctic polar vortex boundary in boreal winter. elevation and 1.8in azimuth. This corresponds to approx-

imately 2.5km in vertical direction and 110 km in horizon-

tal direction at TP, respectively. SCIAMACHY measures in

the UV-VIS-NIR spectral range from 240 to 2380 nm with a

spectral resolution of approximately 0.25 to 0.55nm in the

Correspondence tol. Pulte UV-VIS range. More instrumental details can be found in
BY (janis.pukite@mpch-mainz.mpg.de) Bovensmann et a{1999.
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consecutive scanning sequences is utilized, i.e. we are taking

Measured || Measured | | Absorption| | A-priori || Auxiliary ||Geolocation .
atmospheric | | reference || cross | |constraint||  data parameters advantage of the fact that the LOS for one particular scan-
SRECUUI) [SECCUNNY) [Sceuchs ning sequence crosses atmospheric volumes already probed
! l ! I ] by previous measuring sequences — under a different geome-
‘ SCD retrieval by DOAS ‘ ‘ box AMFs calculation by RTM ‘ try
l This 2-D retrieval approach is a modification of our two

‘ Profile inversion by least squares approach or linear optimal estimation ‘

step algorithm Kiihl, 2005 Pukite et al, 2006 Kihl et al,
2007 where Differential Optical Absorption Spectroscopy
(DOAS) and profile acquisition by applying radiative trans-
fer modelling are performed in two separate steps. Similar
approaches have been describedHaley et al(2004), Krecl

et al.(2006 andSioris et al.(2006.

d The 3-D fully spherical Monte Carlo radiative transfer
‘modelling (RTM) allows the introduction of a 2-D box air

Fig. 1. Schematic diagram of the algorithm applied for profile re-
trieval.

The limb geometry is characterized by a very slant an
thus long line of sight (LOS) through the atmosphere cross ¢ . v in altitude but also i
ing extended volumes of air masses. In existing 1-D limb re-MaSs factor concept, varying not only in altitude but aiso in

trieval algorithms from SCIAMACHY limb spectrs{oris et latitude (for definition please see Settd). This enables the
al. 2004 Rozanov et a).2005 Kiihl, 2005 Sinnhuber et a) estimation of sensitivity regions of limb measurements and

2005 von Savigny et a).2005 Sioris et al, 2006 Pukte et allows the simultaneous inversion of many limb scanning se-
al., 2008 Kiihl et al, 2007 the retrieval is ;)erformed, forey- duences, thereby providing the 2-D field of spatial distribu-
er)'/ limb scanning s,equence separately, i.e. each correspongpn of trace gas concentrations. In this article we investigate
ing profile is retrieved independently from the measurement > Owhth?]Z',D ar n;asngctor;oncept can be applied to correct
of the previous or following scanning sequences. or the OI’I.ZOI’lta gra. lent e.ect. . .
However, large variability in the concentrations of photo- The retrieved profiles which result from applying either
' 1-D or 2-D air mass factors (AMFs) are intercompared for

chemically active trace gases can occur along the Iong L.O Sselected case studies. The improvement is shown for both,
If the model assumes a horizontally homogeneous distribu-
. : . L S selected cases of SCIAMACHY measurements as well as for
tion, horizontal inhomogenity in the spatial distributions of

: S : . model simulations.
atmospheric trace gases is introducing systematical errors

in profile retrievals from limb measurements. Approaches
to correct for this effect applying photochemical modelling , Rratrieval algorithm
have been described recentatarajan et a]2005 McLin-

den et al.2006 Sioris et al, 2006. An algorithm for the retrieval of N@ BrO and OCIO verti-

The aim of this study is to demonstrate a possibility to cor- cal profiles from SCIAMACHY limb measurements was de-
rect for the horizontal gradient effect from the observationsyeloped in our groupKiihl, 2005 Pukte et al, 200§ Kl
themselves, applying a tomographic approach by combinet al, 2007). It allows the efficient retrieval of trace gas pro-
ing consecutive limb scanning sequences that have a spatigiles, and shows a good agreement of the retrieved BrO and
overlap of their sensitivity regions. For infrared spectra, a di-NO, profiles with balloon measuremenBd(f et al, 2006
rectinversion algorithm developed for the MIPAS instrument Butz et al, 200§ Kuhl et al, 2007. The retrieval of ver-
(also flown on ENVISAT) was introduced to retrieve temper- tical trace gas profiles from SCIAMACHY measured limb
ature, pressure and trace gases simultaneously for all limpectra is done in two steps as illustrated in Hig.In the
scanning sequences of one orbit taking into account the hoffirst step, slant column densities (SCDs), the integrated con-
izontal variability Carlotti et al, 2001, Ridolfi et al, 2004  centration of the absorber along the light path, are derived
Carlotti et al, 200§. Also the infrared channels of OSIRIS from the SCIAMACHY limb spectra by DOAS. For OCIO
are specifically designed for tomographic retrievals, althoughthe fitwindow ranges from 363.5 to 391 nm and for Niéobm
they are mainly used for measurements of terrestrial airglow420 to 450 nm. As reference spectrum we use a measurement
emissions and not for limb-scattered radiati@egenstein  at a tangent height where the absorption of the considered
et al.(2003 and references on airglow emission tomographytrace gas is smal36 km for OCIO and~42 km for NO).
therein). The small abundances of the considered absorbers which ap-

In this study a distance of only 3.7between satellite po- pear at the tangent height of the reference spectrum are es-
sitions (corresponding to approx. 415 km along the Earth‘stimated by a latitude dependent a-priori and their impact is
surface) of consecutive scanning states for the northern paadded to the retrieved SCDs.
of a SCIAMACHY orbit will be used to study the impact Second, the trace gas SCDs are converted into vertical
of horizontal inhomogenity for limb measurements of scat- concentration profiles applying RTM. To increase the signal-
tered light in the UV/VIS spectral range. For that purpose, anto-noise ratio only one averaged SCD per tangent height is
overlap between the largely extended sensitivity regions ofapplied for the inversion, which is performed either by the
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optimal estimation methodRpdgers2000 or a least squares  High Tangent Heights, LOS transparent atmosphere WAy
approachiflenke 1999. <>

For the algorithm details please refeRokte et al.(2006
or more recently t&ihl et al.(2007). Being the most rele-
vant for the issues of this article, specific details of the RTM % L\
are given in the next two sections and also in the Appendix.

Low Tangent Heights, high extinction along LOSJ(A)V>

3 Radiative transfer modelling

3.1 Spatial sensitivity V7S w

o Tamgewt
Point

The instrument measures light scattered into the LOS either

directly from the incoming solar radiation, or being scattered

previously by the atmosphere, clouds or the ground belowFig. 2. Schematic view of the spatial sensitivity distribution. Con-
The limb geometry is characterized by relatively long pathstributing light paths are displayed. More crossing paths means
of light along the LOS after the last scattering event, in Com_hlgher sensitivity for a particular region (note that the impact of the
parison to the paths before the atmospheric last scatteringonSidered absorber on the detected slant column density increases
event when solar zenith angle (SZA) is smaller thafi. 90 ccording to the number of light paths).
Along the LOS the instrument has different sensitivities for
different locations in the atmosphere. In general, the instru- 2 Box air mass factors

ment exhibits a higher sensitivity to air masses closer to the

instrument since the light contributing to the measurementrg retrieve the desired trace gas profile from the SCDs de-

integrates along the LOS (see schematic view in BJgOn  rjyed by DOAS, the relation between these two quantities

average, one will get gradually increasing sensitivity for the needs to be established. The box AMFs quantify the spa-

LOS towards the instrument. tial sensitivity for certain space regions (or boxes) in the at-
Another factor is that the asymmetry of the sensitivity re- mosphere and relate the measurement space (SCDs) to the

gion increases for rising optical depths and therefore withmodel space (vertical column densities (VCDs), the number

decreasing tangent height (mainly due to scattering on aidensity multiplied by the vertical extension of the box). In

molecules). Also absorption (especially ozone) and scattermatrix form the relation is:

ing by aerosols, clouds and reflection at the ground modify

the measured light intensity. SCD =AMF x VCD 1)

For high altitudes, where the atmosphere is optically trans- .
parent, a nearly symmetrical distribution across the TP of _where the _elements CE_CD are SCDs _belongmg to cer-
photons being scattered into the LOS is observed by théam observation geometries (tangent heights, instrument po-

model: Nearly one half of all photons contributing to the S|t||0ns andIV|eW|?g art;gles), thz (tarllembentsgcl'\zll:) areaxgdgs
measurement are scattered into LOS between TP and instrLE’-e onging to certain boxes an € box sm

ment (near limb side), the other half from behind the TP (farquantlﬂes the impact of the VCDs of these boxes on the

; : SCDs.

limb side).

! de) ) ) — . In terms of the Lambert-Beer Law the SCD of an absorber
For the retrieval at low altitudes a limiting factor is the

- ) 1 of interest at a certain viewing geomeifyycan be expressed
large probability for Rayleigh scattering i.e. the atmosphere

as:

is optically thick. Furthermore, usually clouds are present

along the LOS at low altitudes, also preventing sensitivity Iog(,’—g)
£0

for low atmospheric layers. SCDg = ——— (2)
Therefore at low tangent heights with an optically dense ?

atmosphere, more photons contribute from volumes of the whereos is the absorption cross-section of the tracegas,
side between TP and instrument. Thus, besides the low sens the intensity observed for the geomegryand /,0 is the
sitivity for altitudes below 12—15 km, a larger shift of the sen- intensity without the absorber of interest.

sitivity towards the near limb side occurs. This also means For a certain box the box AMF AM F,;, describes the
(as it will be seen later in Seet.3) that the measured spectra impact of theV C D;, within that box on the measuretC D,
practically contain no information about regions around theat the geometrg. Hence, in order to assess this impact one
TP for low tangent heights. needs to calculate derivatives of SCDs with respect to the
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VC Dy. In practice this means to calculate the derivative of A more detailed description on the weighting of generated
the logarithm of the intensity with respect to the number den-trajectories and its relation to the calculation of box AMFs is
sity np, in the boxb or, more precisely, the absorption coeffi- provided in the Appendix.

cientBy:

dSCD, . 1 dlogl, __idloglg 3) 4 Two-dimensional retrieval
dVCDb_ hpop  dnyp - hy dBp

AMFg, =

4.1 Horizontal gradients
whereoy, is the absorption cross-section of the considered
trace gas in the bok. In this study box AMFs are calculated Photochemically active species like BrO, llénd OCIO can
as derivative of the logarithm of the intensity with respect to vary significantly in space and time due to their dependence
the absorption coefficient (last term in E@)), normalized  on solar illumination, atmospheric chemistry and transport.

by the vertical extensioh; of the box. The large volume to which satellite limb observations are
sensitive requires the consideration of gradients in the trace
3.3 Radiative transfer model “Tracy-II" gas distributions. Since the instrument is more sensitive to

the air masses closer to it, the near limb side will have a larger

We apply the 3-D fully spherical Monte Carlo RTM “Tracy- effect on the measurement results. If horizontal gradients ex-
II” ( Deutschmann and Wagn@007, Wagner et al.2007) to ist, algorithms which do not account for the horizontal vari-
calculate box AMFs. The largest advantage of Monte Carloation of trace gases will introduce errors in the retrieval: If
models in limb geometry is that they properly take into ac- there are higher concentration values towards the instrument
count Earth’s sphericity both for single and multiple scatter-(in comparison to the TP) these will be wrongly accounted
ing (Oikarinen et al.1999 Loughman et a).2004. Further-  for the location where the measurement is assumed to be
more they also provide the possibility to simulate an inho-taken (for the TP). Therefore a positive horizontal gradient
mogeneous atmosphere up to a high degree. The model doesll - in the 1-D retrieval - lead to a concentration higher than
not take into account refraction since it would require addi-in reality and the peak values will tend to appear at lower al-
tional computer power but its effect was found to be negli- titude: For negative gradients the opposite is the case.
gible for altitudes above 12 km (see eSjoris et al, 2006. Algorithms which assume homogeneous horizontal distri-
Also aerosols and clouds are not included in this study. Theputions do not take into account that the LOS and hence the
aerosol extinction is much lower compared to extinction by light, which contributes to measurement before and after be-
Rayleigh scattering in the stratosphere. Also, due to theing scattered into the LOS, crosses regions with concentra-
slantness of limb observations, SCDs derived from measuredons different to those appearing around TP. For situations
spectra are practically insensitive to the atmosphere belowith significant horizontally inhomogeneous distribution this
the tangent height. will lead to increased systematic errors in the profile retrieval.

For temperature, pressure and ozone we apply a model
simulation provided byBruihl and Crutzer§1993. It should
be noted that in some individual cases the actual temperaturé,.2 The retrieval approach
pressure and ozone profile might differ considerably from the
assumed model profiles. From sensitivity studies we foundn order to account for possible gradients of the considered
that the related errors in profile retrieval can be up to 10%.trace gas along the flight/viewing direction, we propose a
However, the conclusions of this study are not affected bytwo-dimensional tomography-based retrieval approach: The
these systematic effects. individual measurements are described as a superposition not

The whole process of RTM in “Tracy-1I” is separated into only regarding varying altitude (as in 1-D retrievals) but also
two parts: backward trajectory generation and weighting.regarding latitude parameters. l.e. SCDs derived from con-
The multiple scattering is performed until the modelled light secutive measurement sequences of one orbit are inverted si-
trajectories leave the atmosphere. The scattering angle is s@ultaneously, including in the retrieval the information about
lected according to the phase function of the respective scathe horizontal sensitivity of the measurements.
tering event using random numbers. For the path genera- With this approach a better description of the impact of
tion scheme the interested reader is referreMéwchuk et  the viewing geometry on the measurement is realized: The
al. (1980 or Davis and Knyazikhir(2005. The peculiarity = abundance of the considered trace gas measured along the
of our algorithm is to separate scattering and absorption proLOS is not assumed to occur at the TP only (as in the 1-D
cesses. The trajectory generation does not produce any alpetrieval) but distributed along the LOS taking into account
sorption event, therefore the absorption effect is determinedhe sensitivity of the instrument. Thus, the 2-D approach
in the second step (weighting) for the simulated photon pathsdistinguishes between air volumes at different regions along
The advantage of this method is, that one photon ensembleOS. Therefore the retrieved profiles will agree better with
can be used for an arbitrary absorption scenario. reality (unless there are errors in the algorithm).

Atmos. Chem. Phys., 8, 304366Q 2008 www.atmos-chem-phys.net/8/3045/2008/



J. Pultte et al.: Horizontal gradients in limb measurements of scattered sunlight 3049

60

—0-3km
—3-6km
——6-9km
——912km
—12-15km
15-18 km
—18-21 km
——21-24 km
——24-27 km
——27-30 km
——30-33km
——33-36 km
36-39 km
——39-42 km
——42-45km
——4548km
——48-51 km
——51-54 km
—54-57 km

N
o

30mmmmet==

Tangent Height (km)

=
“}Orbit 15122,
==/ 20.01.2005

Fig. 3. Spatial correlation of two successive limb scanning se-
quences (right panel) together with a geolocation map of the SCIA-
MACHY limb scanning sequences (left panel, taken from SOST 0 10 20 30 40 5 60 70 8 9D
webpageatmos.caf.dir.de/projects/scopsif the distance is small box air mass factors

enough for the measurement regions to partially overlap, as for

scanning sequences indicated with red circle (left panel), the mea-

surement of the same air masses is made from different instrumerﬁi,g' 4. One dimensjonal box AMFs for ,435 nm p!otted ff’r S.km
positions. thick boxes as function of the tangent height. The illustration is for

the 3rd scanning sequence (solar zenith anglé; 8dlar azimuth
angle:—43° at the tangent point) in the descending part from North
of an orbit of SCIAMACHY in the middle of January (orbit 15122
A precondition for an improvement with respect to the 1-D on 20 January 2005). The peak value usually is located at the tan-

algorithm is that the change of the atmospheric trace gas corgent height equal to the altitude of the “box” simulated.

centrations (particularly because of SZA change and trans-

port of air) in time is negligible. The SZA change in time

(in January) for consecutive scanning sequence in the Nortlg is defined as:

is from ~0.02% (most northern state) te-0.07 (around

60° N) during the time €1 min) which is necessary to cross SCDg =h Y AMFg b, nai 4

the distance between two consecutive scanning sequences batr

(Fig. 3, left panel indicated with red circle). This difference

in the SZ_A does not result in significant profile changes Oftudealt for the geometry and number density, respectively.
the considered absorbers. I is the vertical extension used for the boxes.

Also the spatial distance between the consecutive scanning |n our 2-D retrieval the box AMFs vary not only in altitude
sequences should be small enough so that they overlap iBut also in latitude. Here th&C D, is described as a sum of

some extent (see Fig) and be at least less than the sensi- products of both, in altitude and latituder resolved box
tivity region of one limb measurement. Both criteria are ful- AMFs and number densities:

filled for the northern part of SCIAMACHY orbits, where the
first 3 or 4 limb scanning sequences (indicated for an examSCD, = h Z AM Fg by, 10 Malt lat (5)
ple in the right panel of Fig3) are performed without nadir balt lar
observations in between.

The SZA change per minute during a SCIAMACHY orbit
increases until the equator is reached, with its maximum o
~0.25 (in January) and then decreases again southwards.

whereAM Fg ;. andng;; are box AMFs resolved in alti-

Due to the additional latitudinal dimension, the box AMFs
fcalculation time of “Tracy-II” increases by a factor of 1.5.

The 2-D box AMFs describe the spatial character of the
sensitivity of limb measurements in a more appropriate way,
see Fig.5. The enhanced sensitivity for regions crossed by
the LOS can be nicely seen; the higher sensitivity for the
instrument side can be realized, too. The spatial distribu-
The light path lengths in a box depend on the form of the boxtion of 2-D box AMFs for different tangent heights of the
only. Hence Eq.3) is valid for any dimension of the bax,  instrument's LOS is depicted in Fig.for a pure Rayleigh
it can be either 1-D, 2-D or even 3-D. atmosphere, i.e. without clouds and aerosols. The latitudinal

Figure 4 shows 1-D box AMFs calculated by the RTM borders of the boxes are selected as midpoints between the
Tracy-1l as a function of the tangent height. The box AMFs tangent points (TP) of the scanning sequences of the instru-
depicted in Fig.4 demonstrate only the sensitivity to ver- ment.
tically resolved but horizontally homogeneous atmospheric Due to increased Rayleigh scattering at low tangent
layers. In this case, the measured SCD at a certain geomettyeights of the LOS (see the example given for a tangent

4.3 Two-dimensional box air mass factors

www.atmos-chem-phys.net/8/3045/2008/ Atmos. Chem. Phys., 8, 3068-2008
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1 dim 2 dim to satellite

60 T T T T I

50

N
o

altitude (km)
altitude (km)
box AMFs

Normal of

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Earth at
‘ ‘ ‘ ‘ ‘ Tangent
N I R T N Point
0 10 20 30 40 50 60 54 56 58 60 62 64 66 68 70
box AMFs Latitude (°)

Fig. 5. Comparison between 1-D and 2-D box air mass factors. Values calculated for 435nm are plotted for tangent height at 21 km.
lllustrations are for the 3rd scanning sequence (solar zenith andles8kr azimuth angle-43° at the tangent point) in the descending

part from North of an orbit of SCIAMACHY in the middle of January (orbit 15122 on 20 January 2005). The latitudinal distribution of
the air mass factor along the line of sight of the instrument can be realized for 2-D box AMFs. Introducing 2-D AMFs in the retrieval is
distinguishing between air masses measured not only in altitude but also in latituafdafitude corresponds 8119 —160 km depending

on line of sight azimuth angle. Line of sight, normal of the Earth, tangent point, and direction of Sun light are also shown in the figure.

height of 9 km in the Fig6) the contribution of light to the  where the distribution of the considered trace gas along the
measurement is small for areas close to the TP (for the giveh OS is inhomogeneous. The left panel in Figshows the
example the TP is at+63° N). Therefore the sensitivity for geolocation of the tangent points corresponding to the limb
low altitudes &15 km) around the TP is low. The sensitivity measurement sequences of orbit 15122 on 20 January 2005.
increases with tangent height. Since the box AMFs dependhe right panel gives an illustration of the potential vorticity
on the slantness of the light paths, large values and thus hight the 475K level (approx. 19 km altitude) above the North
sensitivity for high tangent heights is found around the TP.Pole for the same day. The position of the considered SCIA-
The fact that the light after the last scattering event prop-MACHY observations in the northern part of the selected or-
agates towards the instrument along a very slant trajectoryit is indicated with a red square in both maps (approX. 60
leads to high values of 2-D box AMFs along the LOS. to 70° N).

Figureé6 illustrates also the wavelength dependency of the
box AMFs: Due to a larger probability of Rayleigh scatter-
ing for smaller wavelengths the box AMFs at 380 nm are de-
creased with respect to the box AMFs at 435 nm.

The interesting limb scanning sequences are located at the
boundary of the polar vortex. Here, due to denoxification
inside the polar vortex, a strong negative gradient along the
LOS (from the TP towards instrument) is expected foraNO
Vice versa, for OCIO a positive gradient is expected due to
5 Results strong chlorine activation inside the polar vortex in the ex-

traordinary cold January 2005 (regarding stratospheric tem-
As an example we show retrievals of N@nd OCIO number  peratures). The retrieved N@nd OCIO number densities
density profiles for selected orbits in January 2005. The refor the northern part of the selected orbit are plotted as a
trieval is performed applying either 1-D or 2-D box AMFs in function of latitude and altitude, both for 1-D and 2-D ap-
order to investigate if the 2-D box AMF concept is changing proach, in Figs8 and9 (left and right panels, respectively).
the profile retrieval to the direction expected by the consider-It can be seen very clearly that the N@umber density is
ations in Sect4.1 This is awaited because of the improved decreasing monotonically from 6Q@o 70’ N (in particular
description of the reality in the forward model for situations at the peak altitude of approx. 28km). For OCIO, a rapid

Atmos. Chem. Phys., 8, 304366Q 2008 www.atmos-chem-phys.net/8/3045/2008/
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Fig. 6. 2-D AMFs for different tangent heights as modelled by the RTM model Tracy-Il for 435 nmp) N0 the left panel and 380 nm

(OCIO) on the right panel. Values are plotted for the example of the 3rd scanning sequence in the descending part from North of an orbit of
SCIAMACHY in the middle of January (orbit 15122 on 20 January 2005). The normal from tangent point to the Earth surface is indicated
with a white line.
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ANALYSIS
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Fig. 7. Left panel shows geolocations of the tangent points for the limb scanning sequences of the orbit 15122 on 20 January 2005. The red
box indicates the states for which the retrieval is shown in the line plots irBFRptential vorticity for the same day, 12:00 UT is displayed
in the right panel ECMWF, 2000.

increase is observed from 68 70 N for altitudes between For the same example of consecutive limb scanning se-
15 and 18 km. Comparing the retrieved profiles for the 1-quences in the northern part of the orbit 15122 we applied
D and 2-D approach (dashed lines in FBgand lower panel the 2-D approach on the retrieval of OCIO profiles (see right
in Fig. 9), significant differences appear. For the Nf@- panels in the Fig88 and9). Although the relative retrieval er-
trieval (left panels of Figs3 and9) an increase of the values rors for OCIO are larger (in comparison with N@etrieval),
in the 2-D approach is visible for altitudes from 21 to 30 km systematically lower concentrations for the 2-D retrieval of
and latitude regions of 61.5-64.5nd 64.5-67.5(dashed OCIO can be observed for latitudes belev67.5 N (or for
red and green lines, respectively). The typical difference beregions 64.5-673N (green line) and 61.5-64.5! (red line)
tween both retrievals is about 20%. corresponding to the second and third scanning sequence).
As can be seen from Fi@, the LOS for the 3rd scanning Hence the 2-D approach results in a more rapid decrease of
sequence from North (as indicated by the red box in the [eftOCIO when leaving polar vortex, which is in better agree-
panel of Fig.7 with TP located at-63° N) crosses also re- ment with the expectations. Similarly, the strongest gradient
gions of 64.5-67.5N for a wide altitude range~20 km). of NOy in orbit 15 122 (see Fig8 and9) occurs when cross-
In the 1-D retrieval, where a homogeneous distribution is asing the border of Arctic polar vortex (compare Fig.right
sumed, the SCD obtained in the first step of the retrieval (se@anel). Also the rapid decrease of OCIO is observed at the
Sect. 2) is interpreted only as a superposition of the tracdocation of this barrier for horizontal transport (see Figs.
gas abundances at different altitude levels. Therefore, alsand9). Other examples where strong gradients ofoNi@-
horizontal gradients will be wrongly accounted as vertical cur, are depicted in FidLO for orbits 14 979 on 10 January
number density changes. In other words, a decreased me&005 (panel a), 15080 on 17 January 2005 (panel b), 15088
surement value of SCD due to lower N®alues towards on 18 January 2005 (panel ¢) and 15 149 on 22 January 2005
the instrument will incorrectly be interpreted as a decrease ir(panel d).
concentration values retrieved and assumed for the TP. How- The largest differences between the 1-D and the 2-D ap-
ever in the 2-D retrieval approach, the model uses knowl-proaches occur if the gradient is strong and appears for an
edge from the previous state assigning a part of the measuregktended altitude interval, see e.g. results for orbit 14979
SCDs to lower concentrations more to the North. (latitude regions corresponding to scanning sequences 3 and
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Fig. 8. Comparison between retrieved profiles using 1-D approach (solid lines) and 2-D approach (dashed lines) for orbit 15122 on 20
January 2005 for N@(left panel) and OCIO (right panel) for the first three northern states of descending part of the orbit (see al&o Figs.
and9).
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respect to the 1-D approach larger horizontal gradients are achieved, in agreement to the expectations for the vortex edge. In addition, for the
most northern scanning sequences also a higher latitudinal resolution can be obtained.
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Fig. 10. Comparison between retrieved profiles of Nf@ade separately for every scanning sequence i.e. applying 1-D box air mass factors
(solid lines) or performing profile inversions for all scanning sequences at the same time i.e. applying 2-D box air mass factors (dashed lines).
Results for the first 4 latitudinal regions (2-D retrieval) or scanning sequences (1-D retrieval) are displayed as they follow from the North in
blue, green, red and cyan. The results are displayed for orbits 14 979 on 10 January 2008)((d&@80 on 17 January 2005 (pat)

15088 on 18 January 2005 (paeghnd 15 149 on 22 January 2005 (padé!

4), results for orbits 15080 and 15 149 (latitude regions cor-6 Verification
responding to scanning sequences 2 and 3 and also 3 and 4),

and the results for orbit 15088 (scanning sequences 2 angh order to verify that the profiles derived by the 2-D ap-
3), shown in Fig10. It can be seen that the disagreement be-proach are indeed resulting from an improved description of
tween the 1-D and 2-D retrievals increases for lower altitudeshe measurement sensitivity regions, we also selected a case
if a strong gradient exists. Also for OCIO large differences (orbit 15 146 on 22 January 2005) where practically no gra-
between 1-D and 2-D retrievals can be found as illustratectient for NG is observed for the most northern part of orbit,

in Fig. 11. For scanning sequences crossing the polar vortexee Fig.12. Here the retrieval applying either 1-D or 2-D
boundary a decrease in the OCIO concentrations of approxibox AMFs results in very similar profiles indicating that the
mately 50% is found. change in the cases above is not an artefact.

Furthermore, we also tested our 1-D and 2-D retrievals us-
ing modelled trace gas fields. For that purpose we chose
simple scenarios in which the gradient (either negative or

Atmos. Chem. Phys., 8, 304366Q 2008 www.atmos-chem-phys.net/8/3045/2008/
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Fig. 11. The same as in Fid.0 but for OCIO for orbits 14 951 on 8 January 2005 (paell4 979 on 10 January 2005 (pai] 15088 on
18 January 2005 (pane) and 15 149 on 22 January 2005 (pakel

positive towards the instrument) are prescribed by well We inverted the SCDs either by 1-D or 2-D approach. The
known number density values. We then applied “Tracy-11” resulting profiles are shown in the middle panel of H§.

to simulate the corresponding SCDs for these stratospheritor 1-D case on the left and for 2-D case on the right side.
trace gas fields, adopting the geometry of SCIAMACHY The difference to the original trace gas distribution averaged
orbit 15122. For the first study (the negative gradient to-on the retrieval grid used for SCIAMACHY measurements
wards the instrument) we prescribed a trace gas distributionis plotted for both cases in the bottom panel. For the 2-D
as depicted in Figl3 (upper panel, left). A stepwise gradi- retrieval a much better agreement can be realized for latitudes
ent on a five times finer latitudinal grid than the measure-below ~68° N i.e. for the latitudinal regions corresponding
ment grid of SCIAMACHY was selected and a Gaussianto the 2nd, 3rd and 4th scanning sequence of SCIAMACHY.
shape profile with peak at 28.5 km asebarameter of 4km  The improvement for the 2-D retrieval is up to 10% for values
(FWHM ~9.4km) was assumed. The gradient was from at the peak of the profile and it increases for altitudes below
3x10% molec/cn? at 71° N to 12x10° molec/cn? at 61.3 N the peak.

at the peak of the profile. In the top panel on the right side of

Fig. 13, a latitudinal average on the SCIAMACHY retrieval A_dditio_nally, we model!ed SCDs for a tr_ace gas distri-
grid used in this study is provided. bution with positive gradient towards the instrument (see

Fig. 14). Also for this case, a stepwise gradient on a five

www.atmos-chem-phys.net/8/3045/2008/ Atmos. Chem. Phys., 8, 3068-2008
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7 Conclusions

N
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! ! _— o === ©
NN I 22:?0 ___6562'_168.10 SCIAMACHY provides scattered light measurements in

! ! limb geometry from which atmospheric trace gas profiles can

i | be retrieved successfully. The two step approach (DOAS,
| RTM combined by optimal estimation) allows to investigate
: the effects of spectroscopy and radiative transfer on profiles
separately. The assumption of horizontally homogeneous
trace gas distributions can lead to errors in the retrieved pro-
! ! files, in particular at locations where strong horizontal gra-
! ! dients occur e.g. at the edge of polar vortex. The inversion
' ' of SCDs from several consecutive SCIAMACHY limb scan-

N
o

—63.0° T7762.0-65.0°

w

)]
T
1
1
1
I
1
1
1
1
1
i
T
1
1
1
1
I
1
1
1
1
1
I
1
1
1
1
_
I
1
1
1
1
1-|
1

S
Y
=

altitude (km)
w
o

| ning sequences simultaneously in one inversion constraint is

e

! performed by applying box AMFs resolved both in altitude
0 2 4 6 8 10 12 and latitude. This approach allows taking into account the
spatial correlation between these measurements and thereby
improving the profile retrieval. This tomographic application
for SCIAMACHY UV/VIS measurements is demonstrated

Fig. 12. Comparison between retrieved profiles using 1-D appmachfor the first time. It allows the correction for cases with large

(solid lines) and 2-D approach (dashed lines) for orbit 15 146 on oohorizontal gradients in flight/viewing direction: concentra-

January 2005 for N@for the first three northern states of descend- tions and profile Sh.ape are qu.rected in the t.rue direction for
ing part of the orbit. both types of gradients (positive and negative). Such gra-

dients can occur for several stratospheric trace gases due to
their dependence on meteorological conditions, transport, so-
lar illumination and photochemistry.

For situations with practically no horizontal gradients, no
difference between the 1-D and the 2-D retrieval is observed.
A better agreement of the 2-D approach with the reality was
demonstrated for the verification studies, in which SCDs
were modelled for the simple scenarios with either a nega-
tive or a positive gradient towards the instrument.

For the first limb scanning sequence of a SCIAMACHY
orbit, where no overlap with preceding measurements exists,
strong gradients in photochemically active species like NO
The profiles, resulting either by 1-D or 2-D retrieval O OCIO can occur, especially for large SZA. A method to

method are shown in the middle panel of FIi on the  Ccorrect for this diurnal effect has been describedvinl.in-

left and on the right side, respectively. The difference be-den etal(200§. Currently, we are working on an algorithm
tween the original trace gas distribution averaged on the ret@ combine this photochemical modelling with the 2-D ap-
trieval grid used for SCIAMACHY measurements is plot- prpach presented in the article at _hand. By _combmatlon of
ted for both cases in the bottom panel. Also in this case S 2-D approach and photochemical modelling, a more de-
a much better agreement for the 2-D retrieval can be realized@iled correction for horizontal gradients will be achieved in
for the latitudinal regions corresponding to 2nd, 3rd and 4th@ future modification of the retrieval algorithm. _
scanning sequence of SCIAMACHY. For the 1-D approach For other parts of the SCIAMACHY orbit, where nadir

a downward shift of the retrieved profile peak and overesti-Scanning sequences are performed between limb scanning
mated values of up to 100% are observed. In contrast, the 28€quences, the presented algorithm can not be applied in its
D approach provides values being much closer to the originafurrent form. It is giving only unconvincing improvement

distribution used for the study and averaged on the retrievaP&cause of a poor overlap of the sensitivity areas of consec-
grid. utive limb scanning sequences. This requires further stud-

ies and improvements in the algorithm. Also, in additional
To conclude, these verification studies showed that, by uti-studies the effect of possible gradients across flight/viewing
lizing the overlap of consecutive limb scanning sequencesdirection should be investigated because the 2-D approach
the 2-D approach allows an improved inversion of the relatedpresented here did not account for it.
measurements. It has been demonstrated that this approachA small distance between limb scanning sequences im-
is correcting for the effect of horizontal gradients in limb re- proves the horizontal resolution of the measurements; there-
trievals. fore an instrument using only UV/vis limb measurements

number density (molec/crr?) X 108

times finer latitudinal grid than the measurement grid of
SCIAMACHY and a profile with Gaussian shape is used.
The peak of the profile is at 19.5km and theparameter
equals again 4 km. The gradient is fron5810’ molec/cn?

at 7 N to zero at 61.5N at the peak of the profile. In the
top panel on the right side in Fid.3 a latitudinal average
on the SCIAMACHY retrieval grid as used in this study is
provided.
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Fig. 13. Upper panel left: Sample verification profiles with negative gradient towards instrument applied for simulation of SCDs as function
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SCDs for 1-D case (left) and 2-D case (right). The difference between the original verification profile averaged on SCIAMACHY retrieval
grid and the simulated retrievals is shown in the bottom panel for 1-D case (left) and 2-D case (right).
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absorption (compare Se&.3). Therefore each scatter event

to the Sun j on atrajectory is characterized by a basic weight:
P ©
L7 w?j = M exp —/8s(r)dr (A1)
. A
escape rij

Here, P is the scattering phase function of the scatter event
(i) at positionr;; with respect to the scatter anglg . In the
second facto® denotes the sun ang(r) is the total scatter
coefficient at positionr. Both factors together multiplied by
the solar disc solid angle may be interpreted as the probabil-
ity, that sun light reaches the scatter evg@ind the photons
are scattered into the trajectary

For a backward trajectory ensemble wNtrajectories the

Fig. AL. Example of a backward trajectory, the dotted lines lead  INt€NSity without absorption is calculated by averaging the
to the sunr p is the position of the detectarl..i7 are scatter events  INtensity estimated;, where each; is defined as the sum
of the trajectory. They are assigned with basic Weigh’@f,,w?? of the contributions of all scatter eventsbelonging to the
quantifying the probability for light to reach the scatter event with- backward trajectory:

out extinction by scattering and beeing scattered into the trajectory.

D

1 N mj 0
I = |lim = V. A2

i.e. without performing nadir observations in between two wherem: is the number of scatter events for tia tra-

. . 1

limb scanrr: ‘N9 sequenc;;\shwould_ be gn ac:_\llantage and furthes vy (see FigAl). In theory the equal sign is valid for a
improve the accuracy of the retrieved profiles. large number of photons, in practid&can be finite to have

a certain degree of accuracy.
In order to consider absorption the basic Weighgs are

Al dix A o
PPENdix modified as follows:
Calculation of box air mass factors by RTM “Tracy-II” o
0
w;; = w;; -expl — wa@)dr | - A;; A3
For this study the backward Monte Carlo RTM “Tracy-II” "~ ij &P / Praalr) Y (A3)
D ij

calculates box AMFs according to E®) @iven in Sect3.2
We now want to describe (1) how the intensity (as measured with absorption coefficient,, of all absorbers at position
at the instrument position) is estimated in our model and (2);:
how the derivative of the logarithm of the intensity is calcu- vacegases vacegases
lated, leading to the box AMFs. .  Bea(r) = Z n, (r)o, (r) = Z B, (r) (Ad)

In the following a path which light would take if it is emit- 7 7
ted from the detector until it leaves the atmosphere is named a
“backward trajectory” or just “trajectory”. A group of back-  The basic weight?; is reduced by a Lambert-Beer-like
ward trajectories calculated for the same RTM configurationfactor andd,; which is the product of all aerosol single scat-
is called “backward trajectory ensemble”. Each trajectorytering albedos and ground albedos on the backward trajec-
of a backward trajectory ensemble is generated obeying thé&ory i from the detector until the scatter eventin case of
distribution densities of (1) the free path length, (2) the typeRayleigh scattering events the albedo is set to one. Equa-
of the scatter object and (3) the scatter angle (path generdlon (A3) may be interpreted as a measure of the probability
tion). In a second step (weighting), each scatter event on &f light to reach the detectab through the trajectory by
trajectory is assigned with a weight which is a measure of theScatter eveny, considering absorption on condition that the

probability that sun light reaches the detector. whole backward trajectory ensemble is representative for a
physical photon ensemble emerging from the detector. For
Al Intensity a sampled backward trajectory this is always true, because

every backward trajectory was generated obeying the proba-
Intensity is defined as sun normalized radiance, thus the ratidility distributions of the free path length, the scatter object
of the radiance observed by the instrument and the solar irraand the angle of scattering. For details on the theory behind
diance. Initially, it is calculated from the backward trajectory the method the interested reader is referre®dgtylyakov
ensemble simulated by “Tracy-II” without considering any (2004 or Marchuk et al(1980.
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