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Abstract. Limb measurements provided by the Scanningdensities (depending on the sign of the gradient along the line
Imaging Absorption spectroMeter for Atmospheric CHar- of sight) for altitudes below the peak of the profile (around
tographY (SCIAMACHY) on the ENVISAT satellite allow 20km) are obtained.
retrieving stratospheric profiles of various trace gases on a The limb-only measurements allow examining the sys-
global scale. Combining measurements of the same air voltematic error if the horizontal gradient is not accounted for,
ume from different viewing positions along the orbit, a tomo- and studying the impact of the gradient strength on the pro-
graphic approach can be applied and 2-D distribution fieldsfile retrieval on a global scale. The findings for the actual
of stratospheric trace gases can be acquired in one inversio SCIAMACHY observations are verified by sensitivity stud-
With this approach, it is possible to improve the accountingies for simulated data for which the N@istributions to be
for the effect of horizontal gradients in the trace gas distri-retrieved are known in advance. In addition, the impact of
bution on the profile retrieval. This was shown in a previousthe horizontal distance between consecutive limb scanning
study for the retrieval of N@and OCIO profiles in the Arctic  sequences on the quality of the tomographic 2-D retrieval is
region near the polar vortex boundary. investigated and a possibility to take into account the hori-
In this study, the tomographic retrieval is applied on zontal gradients by an interpolation approach is studied.
measurements during special limb-only orbits performed on
14 December 2008. For these orbits the distance between
consecutive limb scanning sequences was reducei8’ 1 Introduction
of the orbital circle (i.e. more than two times with respect
to the nominal operational mode). Thus, the same air vol-Measurements in satellite limb geometry (i.e. tangential view
umes are scanned successively by more than one scanningth respect to the Earth surface) offer the opportunity to
sequence also for midlatitudes and the tropics. Itis found thaticquire height resolved profile information of various at-
the profiles obtained by the tomographic 2-D approach showmospheric parameters. This is achieved by measuring light
significant differences to those obtained by the 1-D approachfrom air masses at different tangent heights (THs) in a ver-
In particular, for regions close to stratospheric transport bartical scanning sequence and combining the measurements
riers (i.e. near to the edge of the polar vortex and subtropicabf all THs in an inversion algorithm. Several retrieval al-
transport barrier) up to 50% larger or smaller NQumber  gorithms exist, for ENVISAT-SCIAMACHY limb measure-
ments of scattered sunlight (see for exam$leris et al,
2004 Rozanov et a).2005 Kuhl, 2005 von Savigny et al.
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also horizontally resolved information on the number density
field if the backscattered light of the same air volume is mea- .
sured at different sites along the orbit. In these cases, the \ scanning P
spatial correlation between these measurements can be take | sefuence scanning
into account and a tomographic (2-D) approach can be ap- lne of e
plied (Pukte et al, 2008, i.e. the measurements from sev-

eral consecutive SCIAMACHY limb scanning sequences are

combined in one inversion. This approach improves the pro-
file retrieval by taking into account horizontal gradients of
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the trace gas distribution in flight/viewing direction and re- ;};m‘\ )
quires that the sites, where the measurement sequences a . ,/
performed, are close enough that the probed air masses pal e e 77 o e
tially overlap. (p)  Scanning sequence

It is important to mention that also tomographic ap-
proaches for satellites measuring infrared emission exist, for
MIPAS on ENVISAT (see e.gCarlotti et al, 2002 Ridolfi Fig. 1. Spatial overlap of the LOSs of two consecutive scanning
et al, 2004 Steck et al.2005 Carlotti et al, 2006. Also sequences (for the same TH). If the distance between their TPs is
the infrared channels of OSIRIS are specifically designed’-> (nominal SCIAMACHY orbits), they intersect15 km above
for tomographic retrievals, although they are mainly usedthe TH indicating rather poor spatial overlap. On the other hand,

L L for a distance of 3.3(full limb orbits), they cross~3 km above the
for measurements of terrestrial airglow emissions and not fo
limb-scattered radiation (sé#egenstein et §l2003and ref-
erences on airglow emission tomography therein).

The SCIAMACHY instrument on the ENVISAT satellite . .

measurements close to the Arctic polar vortex boundary in

operates in a near polar sun synchronous orbit with an incli- . .
: . o boreal winter. However, the 2-D tomographic approach can
nation from the equatorial plane 6f98.5°. It performs one

orbit in ~100 min with an equator crossing time of 10:00 correct for most of these errors by taking into account the in-

for the descending node. In the normal operation mode, th(;orma'uon from all scanning sequences that probe a particular

satellite probes the atmosphere at the day side of Earth in aP" volume.
ternating sequences of nadir and limb measurements. Ver- For the normal operational mode with 7.8istance be-
tical limb scans for one scanning sequence are performedveen consecutive limb scanning sequences, the spatial over-
with approx. 3.3 km elevation steps at the tangent point (TP)ap of the scanned air masses is very weak: i.e. the line of
in flight direction. The cross track swath is 960 km at the Sight (LOS) for the actual tangent point crosses the point of
TP and consists of up to 4 pixels for the UV/VIS spectral half distance to the tangent point of the previous limb scan-
range. The field of view (FOV) is 0.045n elevation and ning sequence with a difference in altitude of almost 15 km
1.8 in azimuth. This corresponds to approx. 2.5km in ver- (Se€ Fig.1), therefore not allowing a 2-D tomographic re-
tical direction and 110 km in horizontal direction at the TP, trieval. Under an operational change request made by the
respectively. For nominal orbits (with alternating limb and authors, seven consecutive SCIAMACHY orbits (nr. 35499
nadir measurements) the distance between TPs of conse85505) on 14 December 2008 were performed in limb mode
utive limb scanning sequences is 7.&f the orbital cycle only (i.e. without nadir scans between consecutive limb scan-
(i.e.~830km). SCIAMACHY measures in the UV-VIS-NIR ning sequences) for investigating the horizontal gradient ef-
spectral range from 240 to 2380 nm with a spectral resolutiorfe€ct on the 2-D tomographic profile retrieval globally. There-
of approx. 0.25 to 0.55 nm in the UV-VIS range. More instru- fore, the distance between two consecutive limb scanning se-
mental details can be found Bovensmann et a{1999. guences is reduced te3.3° for the whole orbit, and the LOS

In Puldte et al.(2008), the 2-D tomographic approach was for the actual tangent point crosses the point of half distance
applied for the most northern parts of SCIAMACHY orbits t0 the tangent point of the previous limb scanning sequence
where no nadir measurements are performed. Therefore th¥ith a difference in altitude of only 3km (as indicated in
distance between the satellite positions of consecutive limg™i9- 1). This reduced spatial distance between consecutive
scanning sequences is reduced8.3° (corresponding to limb scanning sequences by slightly more than a factor of
approx. 370 km along the Earth's surface), which allows for WO for the whole orbit provides valuable information about
a tomographic retrieval approach. It was found that, if the Possibilities to correct for horizontal gradients also at tropical
horizontal inhomogenity in the distribution of the considered @nd midlatitude regions.
species is not properly accounted for (i.e. if the retrieval was In Sect. 2 we describe the retrieval algorithms which are
performed separately for every scanning sequence by the 1-Bpplied for the retrieval of the vertical NQdistribution in
approach), typical errors of 20% for N@nd up to 50% for ~ Sect. 3. Additionally to the 1-D and 2-D approach applied
OCIO around the altitude of the profile peak can arise forin Pukite et al.(2008 we also study a possibility to apply
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an interpolation approach. It assumes that the number den-
sity in the regions between the consecutive limb scanning Ve b
sequences changes linearly. In Sect. 4, the 1-D and 2-D re-

trieval approaches are applied to simulated measurements tc g% \‘
investigate the performance and limitations of the 2-D and /ﬂﬁ— e

the interpolation approaches for different gradient strengths.
Also, an estimate for the optimal distance between consecu-
tive limb scanning sequences to account for the typical hori-

zontal gradients of the Nfxoncentration is derived from the

sensitivity studies. Section 5 draws some conclusions.
Fig. 2. Definition of the horizontal model space for the 2-D retrieval

with respect to the tangent points of the scanning sequences. For
2 Retrieval algorithm illustration purposes, the LOS of only one measurement (for the
same TH) per scanning sequence is shown.

All retrieval approaches, for which the obtained profiles are
compared in the following, are based on a two step method
developed in our group (the remote sensing group of the2.1 1-D retrieval
Max Planck institute for Chemistry in Mainz and also two .
members of the atmospheric physics group from the Institutd=irst we perform a simple 1-D retrievaP(lite et al, 2006
of Environmental Physics in Heidelberg) for the retrieval of Kuhl et al, 2008, where every scanning sequence is re-
stratospheric trace gas distributions (N®rO and OCIO)  trieved separately, i.e. measured SCDs at different THs of
from SCIAMACHY limb measurement&@hl, 2005 Pukite one scanning sequence are used for the inversion. This 1-D
et al, 2006 Kiihl et al, 2008 Pulte et al, 2008. method does not take into account the horizontal gradients in

The first step, where slant column densities (SCDs), thehe retrieval, thus assuming horizontally homogeneous trace
integrated number density of the absorber along the lighgas distributions in the atmosphere. SCDs of only one scan-
path, are derived from the SCIAMACHY limb spectra by ning sequence are inverted simultaneously in one inversion,
Differential Optical Absorption Spectroscopy (DOAS, see applying 1-D box air mass factors (box AMFs). Therefore,
e.g.Platt and Stutz2008, is common for all approaches. the SCDS for every measurement position and viewing ge-
In particular, the same fit window (420-450 nm) and Fraun-0metryg (i.e. TH) is described as a sum of products of box
hofer reference spectrum at the TH e#2km is applied. ~AMFs A and number densities for boxesbait resolved in
Further details of the N®SCD retrieval are described in altitude alt:
Kihl et al.(2008. In the second step, the retrieved SCDs are
converted into vertical (for 1-D approach) and additionally 59 =hZA9’bah”balt @)
horizontal (for 2-D approaches) number density profiles by bal
the optimal estimation metho®6dgers2000. For all ap- 1 is the vertical extension of the boxes which is set to 3km
proaches radiative transfer modelling is performed with thefor this study.
fully spherical Monte Carlo radiative transfer model McAr-
tim (Deutschmann2009, a successor of the RTM Tracy- 2.2 2-D retrieval
Il (Wagner et al.2007), which was applied for the studies
performed inPukte et al.(2008. The main difference be- For the 2-D approach, the retrieval algorithm as described
tween McArtim and Tracy-Il is that in McArtim the separa- in Pukte et al.(2008 is applied: The trace gas SCDs are
tion between trajectory generation and weighting is not per-converted into vertical and horizontal number density distri-
formed, i.e. the absorption is included in the trajectory gen-butions by a tomographic approach. SCDs of all scanning
eration. This increases calculation speed especially for casesequences and THs of one orbit are inverted simultaneously
with large optical depths. All features relevant for this study in one inversion applying 2-D box AMFs. The SCD at the
like the full sphericity option, and the 3-D box AMF concept measurement position and viewing geometris described
are kept and do not affect the results. We study and comparas the sum of products of box AMFs and number densities
three different approaches for the definition of the forward for boxesbay jat, resolved in altitude alt and latitude lat:
(and inverse) problem, which are described in the following
subsections. Sg="h ) Agbaia/ba e )

balt lat

In the latitude dimension, boundaries of the boxes are de-
fined approximately at the midpoint of the tangent points
(TPs) of two consecutive scanning sequences as shown in
Fig. 2.
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the boxes around the TPsyp, is acquired by inversion like
for the general 2-D approach. Thus no additional a-priori
smoothing constraints like off-diagonal elements for the a-
priori covariance matrix are necessary. In our study linear
interpolation of number density is applied, although, in gen-
eral, different kinds of interpolation may be defined by the
matrix X.

3 Application of the 2-D tomographic retrieval to the

Fig. 3. Definition of the horizontal model space for the interpo- full limb orbits

lation approach with respect to the tangent points of the scanning

sequences if additional intermediate boxes are introduced. TP and . .
dark shading indicates boxes around the tangent points, 1B and? the following we compare the results for the plfrofile

white shading indicates the intermediate boxes. For illustration pur'€trieval obtained .by the Qifferent approaches described in
poses, the LOS is shown for only one measurement per scannin€ct.2 for the full limb orbits performed by SCIAMACHY
sequence (at the same TH). on 14 December 2008.

3.1 Comparison between the results of the 1-D and
For the whole set of SCDs measured along the orbit, 2-D approaches

Eq. () can be written:

S=h(An) 3) To iIIu_strgte _the diff_erences in the vertical and horizontal
NO- distribution retrieved by the 1-D and 2-D approach, the

where the matrixA consists of box AMFs for all measure- Upper panels in Figgl and5 show the individual results for

ment positions and all boxes a|ong the Orbit, and the VeCtOltWO of the full limb orbits. The absolute and relative dif-

n contains the number densities of all boxes. ferences between both retrievals are given in the middle and
bottom panel, respectively.

2.3 2-D tomographic retrieval with interpolation As seen in the upper panels generally larger number den-

constraint sities of NQ are observed for the southern (summer sea-

) ) ) _ ~son) hemisphere in contrast to lower number densities for the

For this approach, intermediate boxes are introduced in thgiorthern winter hemisphere, reflecting the seasonal depen-
latitude dimension with equal distances to each other and tgjence of NQ chemistry and also the effect of stratospheric
the measurement TPs as shown in BigThus, for the inter-  transport. In winter, less sunlight reaches the atmosphere de-
pOlatlon approach, 2-D box AMFs are calculated on a f|nercreasing the production of Ngrom NZO, as well asincreas-
latitude grid than the measurements occur. This allows foling the abundance of reservoir species HNMd N.Os by
number density changes between the measurement sites fenoxification Brasseur and SolomoR005. Also, the peak
more than one step, so that a better agreement with the shapgitude of the NQ profile varies with latitude and is larger
of a true number density change can be realized. ~ for the tropics (-33 km) than for the polar regions-@5 km).

However, applying the 2-D tomographic retrieval with in- - gtrong differences between both retrievals occur at regions
terpolation constraint itis necessary to eliminate the underdeynere strong horizontal gradients in the N@eld are ob-
terminancy that arises from the definition of the finer retrieval garyed. These regions are at the subtropics (10-86d
grid. This is done by describing the number density or boxat the midlatitudes (around 40-90in both hemispheres.
vertical column density, VCD (i.e. the product of the number |, particular, in the summer hemisphere (i.e. the South-
density in the box and its vertical extension) in the additional g, Hemisphere in December), subtropical transport barri-
boxes that are located in between the measurement TPs assgs strongly impact the stratospheric circulation patterns, af-
function of the number density (or VCD) of the boxes that fecting the latitudinal distribution of different trace gases in
are located at the TPs. Thus, only the number density for thgpe stratosphere like e.goB and NO (Randel et a].1993

boxes at the TPs is inverted directly. Brasseur and SolompB005, CH; (Russell et al.1993 as
The forward problem for the interpolation approach can beyq|| a5 aerosolsTrepte and Hitchmarl992. On the other
written as: hand, in the winter hemisphere weaker gradients from the

@) subtropics (i.e. 10N) northwards occur because of rather ef-
fective mixing of air masses in this season with a stronger
Atp andA g are box AMFs for boxes at the TPs and in be- gradient only at the northern part of the midlatitudes due
tween, whilentp andn g are the respective number densi- to the polar vortex. Since the main source of stratospheric
ties. The matrixX describes the introduced relation (by in- NO is the reaction of GD) with the long-lived tracer O,
terpolation) betweem g andntp. The number density for these transport barriers also impact the distribution obNO

S=h(Atpntp+AiBnB) =h(Atp+ABX)nTP
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Fig. 4. Top panel: vertical and latitudinal distribution of N@um- Fig. 5. Same as Figd but for orbit 35503.
ber density for orbit 35499 on 14 December 2008 retrieved by the
2-D approach (color plot with solid contourlines) and 1-D approach

(dashed contourlines). Middle and bottom panels: absolute and N h | h istical fh . |
relative difference between 1-D and 2-D approach for the retrieval ote that also the statistical component of the retrieval er-

boxes. Boxes, where the retrieval error is larger than the differencef©" Might cause part Of_ the variations in the Qiﬁerences be-
are shaded by a diagonal pattern. tween 1-D and 2-D retrieval therefore the retrieval must have

a certain precision in order to obtain a significant improve-
ment by the 2-D approach. In particular for lower altitudes
Although also other factors control the abundance of the(below 20 km) where the NOnumber density is relatively
short lived species N§) a correlation to the strong gradients small compared to values at the peak altitude (25-30 km),
of N2O observed byrandel et al(1993 is found, e.g. across this retrieval error is on the order of the correction due to the
the tropical barrier the gradients of both tracers show an opgradient effect (i.e. the relative difference between the 1-D
posite trend for the same latitude interval. and 2-D retrieval). The magnitude of these two quantities,
Generally, the differences found between the 1-D and 2-Di.e. the retrieval error (determined from the a-priori settings
retrievals are in accord with the resultsHokte et al.(2008: and the SCD retrieval erroKuhl et al, 2008 by the opti-
for regions at 10-30S, around 69S and at 40—60N the mal estimation methodRodgers 2000 and the difference
number density of N@decreases along the LOS towards the between the 1-D and 2-D retrieval are compared in Hgs.
instrument (i.e. the gradient is negative). Therefore, since thend5 (in the middle and bottom panels): areas for which the
instrument is more sensitive to the near limb side (i.e. the sideretrieval error is larger than the difference between the 1-D
between TP and the instrument), the lower number densityand 2-D retrieval are shaded to distinguish them from those
field closer to the instrument dominates the observed SCDsgreas where the correction for the gradient effect is signifi-
and thus less N®is retrieved by the 1-D approach. In con- cant. It can be seen that for regions near e.g. the southern
trast, for the northern subtropical region (10<80), where  subtropics (10-30S) or the southern part of the southern
a weak positive gradient along the LOS is found, the instru-midlatitudes (around 60 in Fig.4) or the northern midlati-
ment sees the higher number density field at the near limludes (around 40-8MN in Fig. 5) the gradient effect is larger
side and, consequently under the assumption of a homogedhan the retrieval error. For both orbits, differences between
neous NQ distribution in the 1-D forward model, a larger the 1-D and 2-D retrieval are around 10% just below the peak
number density is retrieved wrongly for the location of the (approx. 30 to 25 km for the tropics and below 20 to 25km
TH. for midlatitudes) and increase up to 30 or even 40% for alti-
tudes around 20 km. Although rather similar absolute values
of the effect appear at midlatitudes of both hemispheres, the
relative effect is larger at the northern polar vortex boundary

www.atmos-meas-tech.net/3/1155/2010/ Atmos. Meas. Tech., 3, 11382010
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because of lower N©number density (see the values at 50—

10

60° N in Fig. 5, bottom panel). 1 .

Comparing the results for the individual orbits with those % , 2%
of the mean of all full limb orbits (see Fi@), it appears that & s 58
the differences between 1-D and 2-D retrieval are system- £ j 2 A §§
atic and the regions where the difference is larger than the - os
retrieval error mainly appear at the locations of the strato- : . — = o
spheric transport barriers (comp&andel et a].1993. Also ‘ ‘ ‘ Latitude () ‘ ‘ ‘ e

for the mean, an increase of up tox 208 molec./cnd for

the 2-D retrieval with respect to 1-D retrieval can be seen
at the southern part of the tropics and the southern part of
the midlatitudes for altitudes that are below 20 to 25km.
This corresponds to 10-20% of the number density at the
profile peak or~40% of the actual values. Also, a smaller WL/ /iy
increase at the midlatitudes of the Northern Hemisphere Latitude (°)
(~0.5x10® molec./cn?) is observed, which is up to 10% of ' / 7
the NG number density at the profile peak. Compared to the
differences found for individual orbits, smaller differences
are found for the mean because of (1) the improved statistics < =f
because statistical retrieval errors of single orbits are (partly) .|
averaged out and (2) averaging the longitudinal variability . T L
of the stratospheric transport barriers. This variability can Latitude °)
be seen comparing the results for different orbits (compare

Figs. 4 and 5), where for orbit 35499 the largest gradient Fig. 6. Top panel: vertical and latitudinal distribution of the mean
at the subtropics occurs at 108 but for orbit 35503 at  NO2 number density for all six full limb orbits on 14 December
~18 S. For the northern midlatitudes (40-80) the varia- 2008 retrieved by the 2-D approach (color plot with solid con-

tion is even larger, showing a strong gradient for orbit 35503turlines) and the 1-D approach (dashed contourlines). Middle
" . d bottom panels: absolute and relative difference between results
but almost no gradient for orbit 35499. an

from the 1-D and 2-D approach for the retrieval boxes. Boxes where
the retrieval error is larger than the difference are shaded by a diag-
onal pattern.

Altitude (km)
@
Difference
(molec./cm?3)

I L I
40 60 80

35F

30r

tude (km)

Relative
difference (%)

3.2 Studying a possibility for extending the 2-D retrieval
for the nominal SCIAMACHY orbit by an
interpolation constraint

i o i odd numbered scanning sequences. For even numbered scan-

_Ifthe distance between cpnsecutlve limb scanning Sequencesing sequences, not shown in the figure, similar discrepan-

Is 7.5, as for the nominal SCIAMACHY measurement cjes are found. A slightly better agreement with the 2-D

mode, the sensitivity regions of the scanning sequences afgtrieval is obtained by the interpolation approach than by

not sufficiently overlapping. Therefore, a direc"t applicatiqn the 1-D approach. However, large differences still appear
of the 2-D approach for these measurements is not possiblg,r regions where the gradient is not changing gradually but
without causing systematic errors comparable with those b)é_g. changes its sign during the distance of two consecutive
the 1-D approach. In Se@.3we proposed a possibility t0  |inp scanning sequences (e.g. at $8in Fig.4), as seen in
overcome this problem by an interpolation approach. In theihe second and bottom panel in Fity.Nevertheless, for ar-
following we study if this approach can be applied to improve eag with a gradual increase of the number density where large
the profile retrieval in cases of strong gradients also for thegjtferences are found for 1-D retrieval, more correct number
nominal SCIAMACHY orbit. densities with respect to the 2-D approach are retrieved by
The full limb mode orbits offer the opportunity to test the the interpolation approach (e.g. at°t@® S and 58S or
performance of this approach simply by skipping every sec-¢>—3(> N, compare upper panel with the second panel from
ond limb scanning sequence in the retrieval and thus obtaintgp). Also, for the mean of the retrieval of all full limb orbits,
ing a resolution of 6.7which is close to the nominal opera- 5 petter agreement with the 2-D retrieval can be seen for the
tional mode of the SCIAMACHY measurements. The resultsinterpolation approach than for the 1-D retrieval in the two
obtained by the interpolation approach for this resolution camottom panels. However, the differences to the 2-D retrieval
then be compared with the values of the 2-D retrieval appliedare in average only-25% smaller than for the 1-D retrieval

on all scanning sequences. for all limb orbits. Thus, only a small fraction of the gradient
The comparison for the retrieved number density fields iseffect can be corrected.

shown as difference to the 2-D approach in Figior or-
bit 35499 when the interpolation approach is applied on the

Atmos. Meas. Tech., 3, 1155474 2010 www.atmos-meas-tech.net/3/1155/2010/
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Fig. 8. Difference between the number density retrieved by the 1-D

and 2-D approaches at 22.5 km as function of the horizontal gradi-

. ent of the number density at 25.5km as observed for the 2-D re-

0 60 80 trieval for all measurements of the full limb orbits on 14 December
2008. Also shown is the line of the best fit to the observed differ-
ences. Equation for the line of the best fit and squared correlation

Fig. 7. Differences between the 1-D and 2-D retrieval (plotted for coefficient-? are provided in the title.

even scanning sequences) are shown in the first and third panel from

top in comparison with the differences between the retrieval with

interpolation approach (applied for even scanning sequences) and \,, : - : . . )
the 2-D retrieval (second and bottom panel). The first two panelsb With this definition, the gradient is positive when the num

show the differences for a single orbit (34599), the remaining panels er denSIty along the LOS towards the instrument increases
the differences for the mean of all full limb orbits. and negative when it decreases.
Figure 8 shows the difference of the number density re-
trieved by the 1-D and the 2-D retrievals at 22.5 km altitude
The possibility to improve the retrieval by the interpolation as function of the gradient at 25.5 km altitude for all full limb

approach is studied here for the actual SCIAMACHY full orbits. A clear linear dependency (squared correlation co-
limb orbits measured by SCIAMACHY, in Sect. 4 itis also efficient ~2=0.82) on the steepness of the gradient is found:
verified by sensitivity studies on simulated data. a gradient in the number density ofeidolec./cn$ per de-
gree of the orbital circle of the satellite results in a difference
of the number density of 2:410° molec./cn? (for the later
scanning sequence) between both approaches.

approach,

S
Difference
(molec./cm?3)

Altitude (km)

mean for all full
limb orbits

o

Y

-80 -60 -40

20 0 2
Latitude (°)

3.3 Impact of the gradient strength in the NO
distribution on the retrieved NO, profiles

In the following, we systematically investigate the relation 10 illustrate this effect also for other altitudes, Faxleft
between the steepness of the N@dadient and its effect on Panel) shows the squared correlation coefficienty be-

the profile retrieval, i.e. the difference between the results actWeen the gradient strength and the difference between both
quired by the 1-D and 2-D approach. We study the gradienfPProaches as a function of the gradient altitudexis) and
effect for the retrieved number densities at different altitudestn® altitude of the differencextaxis). The strongest cor-
(16-40 km) as well as for the stratospheric columns 0bNO relation is found for altitudes that are immediately below
for all full limb orbits and all latitudes. The gradient strength (i.e. ~3km) the altitude of the gradient. T_h's_'s expected
G (for every horizontal altitude layer) is determined from the P€cause the LOS crosses the number density field of the pre-
2-D retrieval by calculating the difference of the retrieved VI0US scanning sequence (for which the gradients are calcu-
number density: for a particular latitude regiohto the pre- lated) at higher altitudes before reaching the tangent point
vious latitude regiori—1 along the LOS towards the instru- ©f thé measurement (compare F&). The largest correla-
ment (i.e. northward), normalized by the distadd@n terms tion (squared correlation coefficier®>0.8) occurs for gra-

of degrees of orbital cycle) between these two measurement&ient altitudes where the profile usually peaks (25-33km),
since here the effect from other altitudes and also the relative

G— nj—1—n; ) retrieval error is smaller. On the other hand, when the dif-
d ference between the altitude of the gradient and that of the
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Fig. 9. Left: squared correlation coefficienty) between gradients (calculated by Eq. 4) occurring at different altitudes and the difference
between the 1-D and 2-D retrieval. Right: same as before but now the slope of the line of the best fit is shown. Values for the example plotted
in Fig. 8 are indicated with a crossed circle.
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Fig. 10. Scatter plot between the gradient in the stratospherig 8lumns between 15 and 40 km as observed for the 2-D retrieval (between

two consecutive scanning sequences) and the difference between treN@ns retrieved by the 1-D and 2-D approach. On the left panel:
scatter plots between absolute values, on the right: the same for relative values (normalized by the vertical column acquired by the 2-D
retrieval). Also shown are the lines of the best fit to the observed differences. Equations for the lines of the best fit and squared correlation
coefficients-2 are provided in the titles.

number density to be retrieved increases, the correlation ddew. For cases with a large correlation, the value of the slope

creases. This can be explained by the fact that the length off the line of the best fit is in the range of 1.5-2.5 degrees for

the LOS that passes the field with the gradient decreases argtadients below 38 km.

therefore the retrieved number density is affected more by

NO, number densities at altitudes that are closer to the partic- Since there is a strong effect of a gradient at a certain

ular altitude. Likewise, for differences that appear above thealtitude for a wide altitude range below, the effect on the

altitude of the gradient, the squared correlation coefficient isstratospheric N@ column is also significant. FidlO (left

close to zero because the LOS does not cross the altitudes bpanel) shows the scatter plot with the slope of the line of
the best fit for the retrieved stratospheric column (integrated
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from 15-42km). A gradient in the vertical column of pare the results to those obtained by for the actual SCIA-
1x 10 molec./cn? per degree of the Earth circle typically MACHY measurements. Further, studies on the estimation
leads to a difference 0f2.3x 101*molec./cn? between both  of the optimal distance between consecutive scanning se-
approaches. Relative values for the analyzed orbits are indigquences are performed.

cated in the right panel of Fid.0. It shows that most gra-

dients for the stratospheric column are within an interval of4.1  Simulation of a linear gradient

+5% per degree of the orbital circle resulting in a difference

of ~10% in the obtained vertical column for the consecutive For simulations of a simple scenario with a linear gradient, a
scanning sequence. stepwise gradient on a 20 times finer latitudinal grid than the

It should be noted that the retrieval is affected by statisticalmeasurement grid of the full limb orbits of SCIAMACHY is
and systematical errors of the SCDs that further affect the reassumed for the SCD calculation. The profile is assumed to
trieved number density profile. Since the difference and thebe of Gaussian shape with the peak at 28.5km and a width
gradient is calculated partly involving the same data (of theof one standard deviation of 6 km (FWHML14 km). The se-
2-D retrieval), the above study may partially be affected bylected width approximately corresponds to the width of the
these errors. However, as will be shown in Sect. 4 in sensitivNO2 profile in the southern midlatitudes in December (deter-
|ty studies performed for simulated N@istributionsl simi- mined from measurements and model data). We simulate dif-
lar correlations below the prof"e peak are found, also Whenferent Strengths of the linear gradient for which we calculate
the gradient is determined from the M@istribution known ~ SCDs, that are later inverted by the 2-D or 1-D approaches,
before hand. respectively.

A possibility to reduce the effect of the retrieval error on  In Fig. 11 an example for a case with a gradient from
the statistical relation between the gradient and the differenc®> 10° molec./cn? at 50 N to 10x 10° molec./cnd at 40 N
between the 1-D and the 2-D retrieval for the measured datéi-€- 0.5<10° molec./cn? per degree of the orbital circle in an
would be to Study in how far a gradient between some Scanj.nterval of 10 degrees in |at|tude) at the prOf”e peak is shown.
ning sequences impacts those scanning sequences that are A&€ left plot in the upper row shows the number density field
involved in the gradient calculation. However, since the over-used for the calculation of the SCDs. The number density
lap in the sensitivity regions occurs only for two consecutive field interpolated on the SCIAMACHY measurement and re-
scanning sequences (as demonstrated later in the sensitivi§ieval grid is given on the upper right plot.
studies), no trend is found if a correlation plot is made for In the second row from top the number density field re-
the gradient between the first and second scanning sequendéeved by the 1-D (on the left) and the 2-D approach (on
and the difference for the following third scanning sequence the right) is shown. The third and bottom rows on the re-
Such an effect would be possible only if the measurements$pective sides provide the absolute and relative differences
were performed on an even finer grid (distance between twdo the interpolated simulation (true) field. Qualitatively, the
limb scanning sequences smaller th&h 2 results agree with the findings Pukte et al.(2008 show-

ing a much better agreement with the true number densities
for the 2-D approach than for the 1-D approach. For the

4 Studies on simulated data: verification and latter, a significant disagreement especially for altitudes be-
guantification of the profile retrieval correction by low the peak of the profile is observed. Quantitatively, the
the 2-D approach example in Fig.11 shows that the gradient at the peak of

0.5x10® molec./cn¥ per degree of the orbital circle and the

In this section we perform various sensitivity studies to in- respective gradient for other altitudes (according to the Gaus-
vestigate the effect of horizontal gradients in the Niistri- sian profile function) leads to a systematic retrieval error of
bution on the profiles retrieved by the different 1-D and 2-D around X 10® molec./cn? for the 1-D retrieval for altitudes
approaches. By applying the results of a model simulationat 20 km. This corresponds to the findings in S8 where
from which the NQ distribution is well-known beforehand, a very similar relation is observed (see F8g.right panel),
the corresponding SCDs are calculated applying the RTM.e. the gradient field at certain altitudes results in a discrep-
McArtim. Using these calculated NOSCDs as input for  ancy for the retrieval at altitudes below. For higher altitudes
the different retrieval approaches, the obtained profiles ardnowever, the number of altitude levels and thus the column
then compared to the original (true) number density field. Asof NO, above decrease, therefore the effect reduces. Thus,
NO; distribution field for the SCD simulation we apply first for the altitude of 25 km, just below the profile peak, the error
a simple linear gradient and later more realistic seasonal ani only 0.5x< 10° molec./cnd, i.e. only half of the discrepancy
latitudinal dependent NgXistributions obtained from the at- below.
mospheric chemistry model EMAQdckel et al, 2006. Due to the assumed linear gradient occurring at all alti-

We also investigate the effect of the gradient strength ortudes, the scatter plots and slopes of the line of the best fit
the systematic retrieval errors, i.e. the discrepancy betweefook different for the simulations (see Fi#j2) than for the
the retrieved and simulated (true) number densities and comreal measurements (compare with F&. Since a similar
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Fig. 11. Upper row left: assumed Ndistribution with a negative gradient towards the instrument. Upper row right: the same profiles but
gridded on the SCIAMACHY retrieval grid. Second row: M@rofiles obtained by the 1-D retrieval (left) and 2-D retrieval (right). The
absolute and relative differences between the original (true) profile averaged on the SCIAMACHY retrieval grid and the retrievals for the
simulations are shown in the third and bottom row, respectively.

linear gradient with constant slopes at all altitudes is simu-tained also around 3%, where the gradient occurs only un-
lated, the gradient at any altitude causes the same correlatiail 40° N. No effect can be seen northward from°50and
with the difference in number density at any particular al- southwards of 37N. This shows that the gradient effect is
titude (see left panel). The correlation, however, is largerlimited to the latitudinal interval, where the gradient occurs
for differences below the profile peak because they are largeand the next interval in the viewing direction of the instru-
here and hence relatively less affected by the retrieval erromment, not exceeding-3.5°. This small latitudinal interval
The slope of the line of the best fit (see right panel), howeverfor the gradient effect supports that we found no correla-
is increased for altitudes above and below the profile peak betion for the real measurements between the gradient of two
cause the differences are correlated with smaller gradients atcanning sequences and the difference between the 1-D and
these altitudes. 2-D retrieval for the following (third) scanning sequence (see
Sect.3.3.

4.1.1 Latitudinal interval affected by the gradient

4.1.2 Investigating the difference of the 1-D and 2-D
As seen in Fig.11 (bottom row, left plot), the difference retrieval for different gradient strengths
between the 1-D approach and the true Ndbstribution is
largest for latitudes around 4R and 45 N. For the latitude In analogy to the correlation studies for the actual SCIA-
region around 48N an approximately two times lower dis- MACHY measurements (see Fig), we now investigate the
crepancy is observed, although the gradient occurs alreadlnear dependency between the gradient strength and its ef-
at 50 N southwards. Similarly, lower discrepancies are ob-fect on the profile retrieval also for the simulations, i.e. the
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Fig. 12. Same as Fig9 but for the simulated linear gradient in Figl. The differences are calculated between the 1-D retrieval and the true
(simulated) data, the gradient is obtained from the true (simulated) data.

difference for the 1-D and 2-D approaches with respect to thdor the measurements (Se8t3), verifying that the additional
simulated values as function of the gradient strength. Thereretrieval error for the measurements only has a small impact
fore we simulate SCDs for the simple Gaussian scenario withon this systematic difference.

different gradient strengths by allowing the number density Note that due to the assumption of a linear gradient, simi-
to increase more rapidly between°58nd 40 of latitude. lar studies for the interpolation approach would yield similar
In Fig. 13, the difference with respect to the true values is results as for the 2-D approach because the gradient would
shown for the retrieved number density by the 1-D (left) andbe fitted by the linear interpolation.

2-D (right) approaches at 4N for different altitudes and

gradient strengths (on the-axis, the gradient at the peak 4.1.3 Impact of the distance between consecutive

altitude, 28.5km, is given). A clear linear dependency be- scanning sequences on the 2-D retrieval

tween the gradient strength and the related retrieval error is . .
found. Also, the retrieval error increases for lower altitudesAS Shown before, the 2-D approach for the full limb orbits
similarly as for the measurement. For the 1-D retrieval it With a distance between the consecutive scanning sequences

varies between 1.5 anc@ 0P molec./cn? for a gradient of of ~3.3° improves the retrieval considerably with respect to

108 molec./en? per degree of orbit cycle for altitudes from the 1-D approach. In the following we study the effect of
25 5 10 16.5 km. different spacings for the tomographic retrieval.

o the 2:0 sproach, a much beteragreement wi e PO 1 S, addtonaly o e dtrce o ave
true number density values is observed, although also herd 9 5€a P

a linear increase of the discrepancy is found if the gradi-f'JI two times coarser and a two times finer resolution. It

ent strength increases. For the altitude of 16.5km, the res worth to remind that the two times coarser resolution

trieval error is approx. 3.5 times smaller than for the 1-D ap_(6.7°) nearly fits with the resolution for the nominal orbits

proach. Nevertheless, the systematic disagreement (compa%;'51)(')8V%’ilzmglr%teirs(ineEg;h;;?gi %rlzdal\f?;set;gs
also Fig.11) indicates that the distance of 3.Bay still be X ' P 9 Y P

a bit too coarse as optimal distance for the tomographic ap?lc the profile) as in Sect.1 but with the gradient extend-

proach, see also discussion in SdcL.3 ing from 50 up to 35 N (see top graph on the left panel
' . L in Fig. 14) in order to assure that for the simulation with
As a summary, the Fidl3 verifies the finding of Sect. 3:

neglecting the typical gradient of 0.5 toc1.0P molec./cn? thee lcj:‘c;;';l(r:seesr resolution the gradient occurs for two scanning
per degree of_the orbital circle leads to errors in_ the retrieveds '?’he retriéved number density distributions are compared
number density of 0'5%1_0,8 molec./c.rﬁ'. Relative to the with the true distributions and are shown on the left panel in
typical peak number densities of N@his corresponds to 10 Fig. 14

to 30%, but relative to the actual number density at a given

altitude it can exceed even 50%. This is in agreement with

the observed differences between the 1-D and 2-D retrieval
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50° for the 1-D (left) and 2-D (right) retrieval approach. On thexis the gradient strength at the peak of the simulated profile (28.5 km) is
given. The colored lines display the difference to the true simulated values at the respective altitudes (16.5 km to 25.5 km, see legend).

For the cases with a spacing of 38nd 1.7, only small peak of the profile, the error is up toe1x10® molec./cn3,
discrepancies to the true values are found for the gradienand thus of the same magnitude as the errors found for the
region with the exception of a slight underestimation (up to 1-D approach. This indicates that for such a coarse spacing
0.4x10° molec./cn?) for the case of 3Bat 16.5km. This  the sensitivity regions do not overlap well enough to success-
overall good agreement is also observed for the southern paftlly apply the 2-D tomographic retrieval.
of the gradient area (approx. 38 to°4Awvhere the TP and the
LOS are within the gradient region and therefore the mea#4.2 1-D and 2-D retrieval applied on simulations for
surement is strongly sensitive to the gradient. For this area, = EMAC NO 2 distributions

the average difference between the 2-D retrievals performed ] o o
for the different spacings and the true distribution is plot- 10 investigate the effect of a gradient in the N@stribution

ted in the right panel of Figld. Thus, without considering  ©" the profile retrieval anq the ability of the Z-D tpmographic
the argument that any additional sampling is improving the@pproach to. cqrregt for it also for more realistic cases, we
statistics of the measurement, it can be concluded that a di?PPly NC; distributions calculated by the ECHAM/MESSy
tance in the interval between 3.8nd 1.7 (i.e.~3°) allows ~ Atmospheric Chemistry EMAC general circulation model
to correct for the horizontal gradient effect and thus is suc-(Jockel etal, 2009. To study the seasonal effect, we selected
cessfully reducing the systematic error towards the retrievafh€ distributions for the day 15 of March, June, September
noise for the gradient of 0:510° molec./cn? per degree of and December 2007. Note that model simulations for the
orbital cycle. However, as can be seen for the case with #€ar 2008 are not considered here because an actual quan-
distance of 1.7, further reducing the distance also increasestitative comparison of the observed and simulated;@xa

the retrieval noise, thus showing limited improvement for IS ot in the scope of this article. The model output is ob-
this gradient strength w.r.t. the distance of*38lthough it  tainéd at the local time of SCIAMACHY measurements for
improves the overlapping of consecutive scanning sequencége illuminated part of _the Ol’blt'WIthIn the Iat|t'ud|nal range
and corrects well for the systematic discrepancies). For verPetween—80 and 80 with a horizontal resolution of 2.78
small distances, like 1.7 deg, a smoothing constraint could b@&nd & vertical resolution of 600-800 m in the stratosphere.

introduced to reduce this noise, but then the retrieval resoluThe SCDs are calculated for the orbital geometry of SCIA-
tion will be downgraded. MACHY limb measurements with a spacing between the

consecutive scanning sequences corresponding either to the
Much larger discrepancies are found for the case with thenominal or the full limb operational mode (7.5r 3.3 of
coarse resolution of 62qsecond plot from top). This is ob- the orbital circle). For the simulations in our studies the
served for latitudes affected by the gradient and also for theNO, number densities are gridded on a 40times finer latitu-
first latitude region after the cease of the gradient. At thedinal grid than that of the scanning sequences in the nominal
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Fig. 14. 2-D retrieval for different distances between consecutive scanning sequences. On the left; fiedd\d the simulation (top) and

the differences between the retrieved number density and the true values with the distan€gs#dadiid plot), 3.3 (third plot) and 1.7

(bottom plot). On the right: mean differences are plotted for the southern part of the gradient (i.e. where the measurement is sensitive only
to the areas of the gradient) for the three distances.

SCIAMACHY operational mode (i.e. 7°#0) in order to al- The figure also shows the absolute and relative differences

low a smooth latitudinal change in the number density in thebetween the retrieval methods and the simulated (true) num-

RTM. Also, we grid the data on a 3km altitude resolution, ber density field (middle and right panel). It can be seen that

thus matching the vertical retrieval grid. the 1-D approach (top panels) shows significant discrepan-
In Fig. 15, the simulated N@number density field (upper cies (around 1 to 2108 molec./cnd) for the latitudes where

plot, left panel) for 15 December 2007 is provided. The sec-the strong gradients occur (around°@and 20N at the

ond plot (left panel) shows the number density field (gridded)subtropics, arround 8% and 40—60N). At these latitudes

as it is applied for the calculation of the SCDs. The num-the gradients reach 0.5 toc1.0® molec./cn? per degree. The

ber density field interpolated on the nominal SCIAMACHY regions and also the magnitude of the differences agree well

measurement and retrieval grid (corresponding to the spacingith the results obtained for the real measurements for the

of scanning sequences of 7 &f the orbital cycle) is givenin  mean of the full limb orbits in Fig6.

the third plot. The same, corresponding to the full imb mode

with horizontal spacing of 3°3is shown in the bottom plot.
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Fig. 15. Left panels: N@ number density field simulated by EMAC atmospheric chemistry general circulation model for 15 December 2007
(top), gridded for the simulation of SCDs with fine horizontal resolution (second row), and gridded to the resolution of the SCIAMACHY
limb measurements in the nominal and full limb operational modes (third and bottom row). In the middle and right panels absolute and
relative differences between the MNdistribution retrieved from the simulated SCDs and the true (simulated) number density field are
shown. The first three rows from top show results for the simulated measurements with the distan€eobtheorbital cycle between
consecutive scanning sequences. From top to bottom the differences plotted are for the 1-D approach, the 2-D approach and the interpolatio
approach. In the two bottom rows, the results for the distance 6f(Be3 full limb mode) are shown for the 1-D and 2-D approach.

4.2.1 Influence of the spacing between scanning The 2-D approach applied on the simulations with a spac-
sequences on the 2-D retrieval and investigation of  ing between the consecutive scanning sequencesbft®8
the interpolation approach tom panels), i.e. like for the full limb orbits, significantly

improves the agreement with the simulated field. The sys-
In Fig. 15 it can also be seen that when applying the 2-D tematic errors for the 1-D approach at around 85660° S
approach to the simulations for the nominal SCIAMACHY and also at 50N are corrected by the 2-D retrieval. The re-
mode, with a spacing of 7:5of the orbital cycle, the re- maining errors are on the level of the retrieval noise. Thus, a
trieval can not be improved by the 2-D approach (secondretrieval with an even finer resolution will not provide signif-
panel from top) and has similar discrepancies as the 1-D apicant additional improvement (compare with Séct.3. It
proach. For this distance the sensitivity areas of the consecshould however be noted, that, in general, with an increased
utive scanning sequences are not overlapping and thereforigsolution, i.e. by a closer spacing, more information can be
the 2-D approach does not provide additional information. gained from the measurements. Therefore the 2-D retrieval

On the other side, for this spacing an improvement can b&yith the small spacing is more accurate compared to the in-

acquired by applying the interpolation approach (third pan-terpolation approach with a two times larger spacing for the
els from top in Fig 15). It should be noted that such a good cases with rapid changes in the atmospheric number density
agreement may, however, not be obtained, if the gradient igcompare e.g. the difference at 202%0or around 69S).
not so smooth and varies significantly within Sensitivity ar- The Study is performed also for other months for which
eas of limb measurements and between scanning sequencgfe gradients at the locations of the transport barriers (i.e. at
because the coarser sampling cannot resolve the finer Vari%btropics and between midlatitudes and p0|ar regions) are
tions this is not occurring in the simulated example becausglso very pronounced (see Appendix A). Therefore the dis-
of the limited horizontal resolution or is affected by the mea- Crepancies for the 1-D (and also the 2-D approach with nom-
surement error. inal spacing) appear mainly for these regions. Also for these

months the largest improvement is obtained with a spacing

between the consecutive scanning sequences af 3.3
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4.2.2 Effect of the gradient on the systematic tion in the model and the fact that the model data is a zonal
retrieval error average. Also note that in contrast to the measurement re-
sults in Figs.8 and 10, the differences and the gradients are
Similarly as for the measured data, we performed statisticatalculated with respect to the true N@istribution field. The
studies regarding the effect of the gradient at different alti-smaller correlation (which means more outliers) may affect
tudes on the systematical retrieval error of the 1-D retrieval:the slope of the line of the best fit which is 1.4 (number den-
in Fig. 16the squared correlation coefficients (left panel) andsity for the example altitude) and 2.gstratospheric column
the slope of the line of the best fit for the relation between thedensity) for the simulation compared with 2.4nd 2.3 for
gradient and the difference between the 1-D retrieval and thehe measurement. Considering these points, the results for
simulated field (right panel) are given. the simulations and the measured data both show a very sim-
Like for the measurement results in Fig. the correla- ilar effect of an existing gradient on the 1-D retrieval.
tion is large only for altitudes below the altitude of the gra-
dient. The squared correlation coefficieRtis up to 0.7 for
these altitudes. The slope of the line of the best fit is aroundd Conclusions
2degrees for these altitudes, i.e. a gradient in the number
density of Ix108 molec./cn? per degree of the Earth circle The tomographic 2-D approach for the retrieval of vertical
leads to an error of 210° molec./cnd for the 1-D approach.  profiles from the SCIAMACHY limb measuremen®u(«te
This finding is in good agreement with the slope obtained foret al, 2008 was applied for the full limb orbits performed
the measurements plotted in F&. on 14 December 2008. We show that the method improves
The large values of the slope of the line of the best fit for the retrieval for altitudes at and below the profile peak with
the gradients at high altitudes may not be explained by theespect to the 1-D approach 0 to 20% of the peak value
gradient effect because of the small squared correlation cotor up to 50% of the actual value) of the N@umber density.
efficient for these cases. Note that the larger values of thdhe difference is largest at subtropics and between southern
squared correlation coefficient for the real measurements (inmid-latitudes and polar regions in December where a gra-
comparison to the simulations) arise due to a different calcu-dient of 0.5 to %10 molec./cni per degree of the orbital
lation of the gradient: for the simulations, the gradient is cal-cycle is observed below 25 km due to the stratospheric trans-
culated from the (true) distribution known before hand; for port barriers.
the measurements, it is calculated from the distribution re- In the sensitivity studies we verified the discrepancies in-
trieved by the 2-D approach. Also the difference is obtainedtroduced in the profile retrieval if the horizontal gradient is
w.r.t. the distribution known before hand for the simulated not considered. First, we performed simulations by assum-
data but w.r.t. the distribution retrieved by the 2-D approaching a simple linear gradient and second, by applying:NO
for the measurements. Therefore, statistical and systematdistributions from the EMAC atmospheric chemistry general
cal retrieval errors may contribute to the determined gradi-circulation model. The simulations with the modelled data
ent strength. On the other hand, a lower correlation for theprovided similar discrepancies between the 1-D retrieval and
simulated data can also appear because the gradient may bee simulated data like the observed discrepancies between
different at different latitudes also in between the TPs of thethe 1-D and 2-D retrieval for the measured data. In both
simulated measurements, but for the calculation of the gradidatasets, linear dependency between the horizontal gradient
ent only the concentration values at the TPs are applied.  strength and the systematic retrieval error for the 1-D re-
In analogy to Figs8 and 10, Fig. 17 shows the scatter trieval is found. In contrast, the tomographic 2-D retrieval
plot of the gradient at 25.5 km and the difference at 22.5 kmshows only very small discrepancies in comparison to the
(left panel), together with the relation between the gradienttrue NG, distribution. Thus, for reducing the systematic re-
of the stratospheric column and its impact on the retrievaltrieval error, the 2-D retrieval is more important the stronger
(right panel). Again, a linear dependency is observed (withthe horizontal gradients of the retrieved trace gas are.
a squared correlation coefficient ©4=0.59 for the number The sensitivity studies for the full limb orbits also revealed
density and 0.8 for the stratospheric column density). Com-that a certain gradient affects only the retrieval at the scan-
pared with the results for the measurements, there is a gooding sequence for which the tangent point lies within the
agreement regarding the amplitude of the gradient whichgradient region and the scanning sequence immediately after
ranges from approx. 0.3 te0.5x10° molec./cn? (number  this interval. Thus, the length of the impact of the gradient
density at 25.5 km) for the bulk of both datasets. Also, for does not exceed the distance between the scanning sequences
the gradient of the integrated stratospheric column density(i.e. 3.3 of the orbital cycle). We also found that a linear gra-
comparable values are found, ranging from 0.2-tbx10° dient can almost completely be accounted for by the 2-D ap-
for the simulations and 0.6 te1.4x 10° molec./cn# for the proach for such a resolution and show that a further decrease
measurements (see Fig. 10, left panel). The smaller amplief the distance between the consecutive scanning sequences
tude of the gradient in the model data compared with theprovides only a negligible improvement. Also, the studies
measured gradient may be explained by the limited resoluon seasonal N®data from EMAC show that the gradient is
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Fig. 16. Same as Fig9 but for simulated data for 15 December 2007. The differences are calculated between the 1-D and true (simulated)
data, the gradient is obtained from the true (simulated) data.
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coefficients-2 are provided in the titles.

well accounted for with such a distance. On the other hand, The possibility to apply an interpolation approach, assum-
no improvement is obtained when the 2-D approach is aping a linear gradient in between the locations of the actual
plied for coarser distances between the scanning sequencasieasurement, was investigated. We applied the interpolation
for the distance of 75(corresponding to the nominal oper- approach for full limb orbits skipping every second scan-
ational mode of SCIAMACHY), the 2-D approach results in ning sequence in the retrieval thus obtaining a spacing be-
similar discrepancies to the true distribution as the 1-D ap-tween the measurements that is comparable with that of the
proach. nominal SCIAMACHY orbits. The results allow us to con-
clude that although no overlap of the sensitivity areas for
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the measurements in the nominal SCIAMACHY operational Appendix A
mode exists, the interpolation approach agrees better with the
2-D retrieval than the 1-D approach for all full limb mode Simulation of the gradient for different seasons
scanning sequences. However, only a small part of the gra-
dient effect can be corrected for by this approach_ In Case(—\dditionally to the simulation for the EMAC distribution of
studies we find that the 1-D retrieval shows up to 25% higherNO2 for 15 December 2007 in Seot.2, we perform the
discrepancies with respect to the 2-D retrieval (applied for allstudy also for three other days representing different seasons.
scanning sequences) than the retrieval with the interpolatioyVe simulate SCDs and retrieve M@istribution fields for 15
approach (applied for every second scanning sequence of tHef March, June and September (Figd, A2, andA3). Also
full limb orbit). for these days and seasons the gradients are very pronounced
Based on the findings for the full limb orbits, the retrieval at the locations of the transport barriers (i.e. at the subtropics
for the nominal orbits should be modified to limit the hori- and between midlatitudes and polar regions). While there are
zontal gradient effect. Different approaches might be consid-strong seasonal variations in the absolute values of 6O
ered. Besides the interpolation approach, also an empiricdhe midlatitudes and polar regions, very similar number den-
correction for the 1-D retrieval could be performed, taking sities are observed for all seasons in the tropics. Therefore,
into account the gradient between the retrieved profiles othe gradient strength and the resulting systematical errors in
the consecutive scanning sequences. As well, gradients prdhe 1-D retrieval are similar with those found for December
vided by atmospheric chemistry models may be used for thén Fig. 15for the tropics.
correction. Also, the assimilation of profiles retrieved from In March and September an almost symmetrical distribu-
SCIAMACHY for the previous days can be considered. In tion of NO; is observed for midlatitudes in both hemispheres.
upcoming studies it will also be investigated in how far nadir Thus, only very small gradients are observed between mid-
measurements might be involved in a tomographic approacHatitudes and polar regions. For these months, the interpo-
Although nadir observations provide information on the total lation approach shows a better agreement with the true dis-
column only, they could provide more detailed information tributions approach in contrast to the results for December
on the location of the gradient in the horizontal dimension. and June. The largest gradients take place at the subtropics
The current study shows that SCIAMACHY is able to per- Where, besides the increase of the number densities towards
form limb measurements for which a g|oba| tomographic ap-midlatitudes, also the altitude of profile peak decreases.
proach can be implemented that provides\iofiles with a In September (see Figh3), however, a very strong de-
discrepancy to the true distributions on the level of the meacrease of N@ occurs also within the Antarctic polar vor-
surement noise. Up to present these full limb measurementtex and therefore much stronger gradients than usual appear
are limited to a few orbits on 14 December 2008. Due to the(in the Fig. A3 between 60 and 7%5). It can be seen that
large systematic errors, for the 1-D retrieval approaches, ireven for such a strong gradient the interpolation approach
particular for regions close to stratospheric transport barriersand 2-D approach (with the spacing between the consecutive
the interpretation of these data in scientific studies is limited.Scanning sequences of 3)3etrieve number density values
In this article, the impact of horizontal gradients was inves-that are much closer to reality. The large relative differences
tigated for the retrieval of N@ However, similar retrieval ~for altitudes below 20 km for the most southern part of or-
errors can also be expected for other trace gases if compar&it (75-80 S) appear because these differences are caused
ble horizontal gradients occur. Therefore, it may be useful toby a gradient through areas with high N@umber densities
extend the full limb measurements for selected events of paroutside and very low N@values within the polar vortex.
ticular interest and/or on a routine basis for different seasons In June, an increase in the N@umber density towards
to establish a climatology of 2-D profiles. The smaller sys- the Northpole occurs in contrast to December where it ap-
tematic errors of the 2-D retrieval might also be useful whenpears towards the Southpole. Therefore, strong positive gra-
the limb-nadir matching is performed for the determination dients towards the instrument are observed in the Northern
of tropospheric nadir column®¢irle et al, 2010. Hemisphere comparable with the negative gradients in the
Southern Hemisphere in December. Thus, a strong overes-
timation for the 1-D retrieval occurs in the Northern Hemi-
sphere at subtropics and midlatitudes, the strongest°ati 10
and 60 N, i.e. at the transport barriers.

These case studies show that, although the strength of the
horizontal gradient in N@varies seasonally, the correction
for it in the retrieval is important for every season. For
all studied cases, the 2-D approach reduces the discrepancy
to the true distributions up to the level of the measurement
noise.
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