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Abstract. A comprehensive error characterization of the stratosphere up to the end of the 1990s led to the long-
SCIAMACHY (Scanning Imaging Absorption Spectrome- term decline in ozonefMO Assessmenf006§. The Mon-
ter for Atmospheric CHartographY) limb ozone profiles has treal Protocol in 1987 and its later amendments banned the
been established based upon SCIATRAN transfer modeproduction of CFCs and related ODS. Several studies in-
simulations. The study was carried out in order to eval-dicate that ozone has been recovering since the late 1990s
uate the possible impact of parameter uncertainties, e.giNewchurch et a). 2003 Steinbrecht et al.2009 Jones
in albedo, stratospheric aerosol optical extinction, temper-et al, 2009. Different satellite missions with the instruments
ature, pressure, pointing, and ozone absorption cross sedOMS, SAGE I-1ll, SBUV, HALOE, SABER, MLS, SCIA-
tion on the limb ozone retrieval. Together with the a pos- MACHY, GOME, GOMOS, and MIPAS have contributed to
teriori covariance matrix available from the retrieval, total investigating and understanding stratospheric ozone over the
random and systematic errors are defined for SCIAMACHY past three decades. SCIAMACHY (Scanning Imaging Ab-
ozone profiles. Main error sources are the pointing errors, ersorption Spectrometer for Atmospheric CHartographY) is
rors in the knowledge of stratospheric aerosol parameterspne of the instruments on board the Envisat platform, which
and cloud interference. Systematic errors are of the ordewas launched in 2002. It performed measurements for about
of 7%, while the random error amounts to 10-15% for 10yr in three observation modes, i.e. nadir, limb, and occul-
most of the stratosphere. These numbers can be used faation Bovensmann et gl1999 2002. Unfortunately, con-
the interpretation of instrument intercomparison and valida-tact to the Envisat platform was lost on 8 April 2012, and
tion of the SCIAMACHY V 2.5 limb ozone profiles in a the official mission end was declared in early May 2012.
rigorous manner. In the limb mode the spectral backscattered radiation from
UV to the visible range is used to retrieve ozone number
density profiles. A zonal mean time series of SCIAMACHY
limb ozone version 2.3 is shown in Fig.for various lati-
1 Introduction tude bands at the 49 hPa level. These time series, which in-
clude the entire SCIAMACHY data set from 2002 to 2011,
Ozone is an important trace gas in the Earth’s atmosphergnow the annual and semiannual variability of the strato-
(Chapman 193Q Crutzen 197Q Molina and Rowland  spheric ozone signal, which needs to be considered in or-
1974. It is the main absorber of solar UV radiation in der to extract long-term trends in stratospheric ozdoaés
the stratosphere and mesosphere, and is one of the clit 51, 2009 Steinbrecht et 412009 2011). A detailed error
mate gases contributing to global warmirgehl and Tren-  characterization of the SCIAMACHY limb ozone data set

berth 1997). Anthropogenic increase of ozone-depleting js very helpful when interpreting validation results obtained
substances (ODS) such as chlorofluorocarbons (CFCs) in
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by comparing SCIAMACHY limb ozone measurements with tive spherical approximation of the atmosphere, which is, in
other concurrent data setdlieruch et al, 2012. The aim  particular, required for limb-scatter retrievals.

of this paper is to provide an estimate of the total error in  SCIATRAN also includes an adjustable retrieval code and
the SCIAMACHY limb ozone profile retrievals using the empirical treatment of clouds as a laydRozanov et aJ.

SCIATRAN radiative transfer model. 2005 Rozanov and Kokhanovsky008. It has been suc-
The total error is a combination of accuracy and preci-cessfully employed to retrieve vertical profiles of differ-
sion estimates of the ozone profileSaftesi et al. 2007). ent chemical species from the measurements performed by

The accuracy (systematic error) and the precision (randonthe SCIAMACHY instrument Rozanov et a).2005 2007,
error) have to be precisely estimated in order to explain theBracher et al.2005 von Savigny et al.2005 Butz et al,
bias or the difference between two independent instruments2006. The version used in this work, SCIATRAN 3.1, is spe-
The retrieved ozone profiles depend on parameter settingsially designed for ozone retrievals. The user can set different
in the SCIATRAN radiation transfer moddR6zanov et aJ.  values for different physical and satellite geometry parame-
2005 that is used as the forward model in the limb ozoneters at the initialization step. The forward mode simulates
retrieval. The question arises as to how accurately these paadiances, to be used in retrieval mode later, to retrieve the
rameters are known, and how their uncertainties result in erozone profiles by applying the optimal estimation method
rors in the retrieved ozone profiles. Until now there have only(OEM) or other inversion methods with regularization. By
been estimates of the influence of cloud parameter uncertairsetting different parameters in the initialization stage, the cor-
ties on the retrieved SCIAMACHY ozone profiles available responding ozone profiles retrieved from simulations can be
(Sonkaew et al.2009 that typically range between 1 and compared with each other. This allows for the exact defini-
3% in the stratosphere. In the present paper the investigatiotion of relative errors in the ozone profiles for a given devia-
of the influence of additional physical parameters on the re-ion of the parameter settings. The SCIATRAN model is run
trieved ozone profiles using SCIATRAN is presented. Deriv- in the forward calculation in an approximate spherical mode.
ing possible uncertainties in the retrieved ozone profiles fromFor this purpose the combined differential-integral (CDI) ap-
different parameter errors in the forward model, a detailedproach has been useddzanov et a).2007).
total error budget can be established. Solar radiation passing through the atmosphere may be
The method used in this paper in order to establish a tosingle and multiply scattered. Therefore the CDI takes the
tal error budget has been implementedvoy Savigny et al.  contribution of both scattering processes into account. The
(20054 for the OSIRIS limb ozone retrievals. We followed single scattering of the incoming solar radiation in the atmo-
similar procedures in order to establish an error budget forsphere is treated fully spherically. For the multiple-scattering
SCIAMACHY ozone profile retrievals. The first step is to part an approximation for each point along the line of sight
estimate the uncertainties for different geometrical and physis calculated. The approximation for different geometries can
ical parameters, and in the second step, the impact of pabe solved with the pseudo-spherical radiative transfer equa-
rameter uncertainties on the retrieved ozone profiles is caltion (Siewert 2008 Rozanov and Kokhanovsk2006. The
culated. The impacts of albedo, stratospheric aerosol extincSCIATRAN radiative transfer code has been compared with
tion coefficient, temperature, pressure, ozone cross-sectioather radiative transfer modelKirosu et al. 1997 Lough-
choice, clouds, temperature dependency of the ozone absorpan et al. 2004 Hendrick et al. 2006 Wagner et a].2007),
tion cross section, and signal-to-noise ratio on the retrievedgshowing generally good agreement. In the study performed
ozone profiles are examined and analysed. In Sect. 2 thby Loughman et al.(2009 of several models the agree-
SCIATRAN model and ozone retrieval method is described.ment in simulated radiance between the model pairs were
In Sect. 3 the parameters used in the SCIAMACHY ozonewithin a precision of 2—4 % below 30 km and diverge up to
profile retrieval, their uncertainties, and the effects of each7 % for higher altitudes. A description of the forward model
parameter on the retrieved ozone profiles are presented. lcalculations with SCIATRAN for cloudy/cloud-free scenar-
Sects. 4 and 5 the total error budget and the main results dbs and a corresponding cloud-related error budget in the
the work are discussed. SCIAMACHY limb ozone retrieval can be found 8onkaew
et al.(2009.
To retrieve ozone profiles, normalized limb radiance pro-
files in the UV and the triplet methodr(jttner et al, 200Q
2 Data von Savigny et a).2003 in the visible wavelength ranges
have been used. Normalized limb radiance profiles in the
The SCIATRAN radiation transfer model (RTMR6zanov ~ Chappuis, Hartley, and Huggins bands are used in a simul-
et al, 2001 has been implemented for use in satellite limb, taneous retrieval to obtain the ozone number density and ex-
nadir, and lunar/solar occultation retrievals of atmospherictend the ozone profile to altitudes up to 80 km. Only selected
trace gases and aerosols in the UV, visible, and near-IR speavavelengths are used from the Hartley band in order to avoid
tral regions. This RTM code is an extension of the GOME- the dayglow emission and Fraunhofer lin&€o(kaew et al.
TRAN RTM (Rozanov et a).1997, and includes an itera- 2009. In the optical wavelength range the triplet method has
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Fig. 1. SCIAMACHY limb ozone time series at 49 hPa at three different latitude bands (black solid line) with corresponding fitted curves
(green solid line) and residuals (orange solid line). The fit has been obtained from a multivariate linear regression that includes seasonal,
QBO, solar cycle, and linear trend terms. The residual is calculated as the fraction of total of residuum (absolute) to the average of the original
data.
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Fig. 2. Percentage error of SCIAMACHY limb ozone profiles simulated for positive and negative change in parameter settings as indicated
relative to the reference casEgey) in order to investigate the sensitivity toward the direction of the selected parameter deviations. Examples
for (a) albedo,(b) aerosol, andc) temperature errors are shown here. The viewing geometry is taken from SCIAMACHY orbit 33566

(1 August 2008) at geolocation of 701 and 165 E, with solar azimuth angle (SAA) of 2&nd solar zenith angle of (SZA) %2

been used. The strong absorption in the Chappuis band witfor a given reference parameter is compared with a set of
its maximum at 602 nm and two weaker absorptions at theprofiles retrieved with different values of the same parameter
wings at 525 and 675 nm are combined together to build thgvon Savigny et a)] 20053. For example, in order to calculate

Chappuis triplet. The triplet is calculated as follows: the possible impact of surface albedo on the retrieved ozone
profiles, a reference scenario with constant albedo.®i9

Ienag TH) = In 1(A2, TH) ’ (1)  selected. In the second step the retrieval is then run with an

VT, THYI (A3, TH) albedo value of 0.4. The relative uncertainties are calculated

] ] ) ) ] then as follows:
with Ichag(TH) being the triplet for a given tangent height
Os3(X, z) — Os(Ref, z)

TH and corresponding three wavelengihis= 602 nm1 = o (dAlb, z) =

525nm, andvg = 675 nm. o O3(Ref, 2)
The SCIATRAN code uses temperatufE) @nd pressure

(p) profiles as input for the retrieval of 0zone number density. With Os(Ref, z) and Gy(X, z) being the ozone number den-

For the ozone profile retrieval the ECMWF (European CentreSity retrieved at altitude with fixed albedo value Ref and

for Medium-Range Weather Forecasts) operational analysi§ariable albedo value ok, respectively. In the example

p andT profiles are used for the day, time, and location of With albedo value ofX = 0.4, an uncertainty in retrieved
each individual SCIAMACHY measurement. ozone number density with albedo parameter deviation of

dAlb = X — Ref=+40.1 can be calculated and denoted as

o (dAlb) = o (dAlb = +0.1). The deviation of the ozone pro-
3 Error characterization file for a given parameter value from the ozone profile with

the reference value defines the parameter error or uncertainty
Possible impacts of parameter uncertainties on the retrievetbr a given parameter change. This approach has been ap-
ozone profiles are investigated as follows. In the first step theplied for different parameters that affect ozone retrievals, e.g.
ozone profile retrieved from SCIATRAN simulated radiances albedo, stratospheric aerosol, temperature, pressure, tangent

: )
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Fig. 3. Contour plot of the ozone retrieval error as a function of solar 50; E

zenith angle and altitude for an albedo perturbation of 0.1 and for ~ } ‘ ‘ ‘ ]
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height, signal-to-noise ratio, and choice of ozone cross sec- b

tion. The error calculation for a given parameter has been 1so[- -

done for different SCIAMACHY limb observation geome- ¢ 1

tries. In the following we will present the error contribution & - o, = . s .

of each parameter in a case study using SCIAMACHY ob- E i {jo; s, ]

servation geometries in orbit 33566 (1 August 2008) in the  *°F 83 0l bet fo, 00 0 @ ) ]

Northern Hemisphere high latitudes (M) with solar az- of ‘ ‘ - ]
imuth angle (SAA) of 29 and solar zenith angle (SZA) of -100 -50 0 50 100

52°. Note that the sensitivity analysis has been performed Latitude

for five days (18 April 2008, 1 August 2008, 12 Augst 2008, Fig. 4. Latitudinal distribution of the three geometrical parameters
3 October 2008, and 14 October 2008), which cover threescattering angle (SA, top panel), solar azimuth angle (SAA, mid-
seasons. In section 4 we will present the total errors as théle panel), and solar zenith angle (SZA, bottom panel) for the 21th

average calculated from different geometries and days for th€f March (black diamonds), 21st of June (blue triangles), 23th of
year 2008 sorted into latitude bins. September (blue squares), and 21th of December (green crosses).

3.1 Albedo

Hartley bands that mainly contribute to the retrieval in the
For the impact of albeddatthews 1983 on the retrieval  upper stratosphere and mesosphere.
the calculation has been run with a value d8 @s the ref- A contour plot of the ozone retrieval error for an error in
erence. Uncertainties in albedo values from several studiethe surface albedo of 0.1 as a function of SZA and altitude
can range between 0.05 and 0.25 depending on SZA and suis shown in Fig. 3 for one orbit. Negative values occur at
face structureBarker and Daviesl989. Cloudy scene and small SZA —i.e. low latitudes — in the lower atmosphere (0—
background aerosol can increase these values significantl20 km). For larger SZA — corresponding to mid-latitudes and
A deviation of Q1 in the albedo is assumed to be a con- polar regions — the effect of albedo on the ozone retrieval er-
servative but realistic estimation of error in the albedo valueror is smaller. This can be seen in Fgj.particularly at low
in the retrieval. The percentage errors for the comparison o#ltitudes. We can conclude that the ozone retrieval error as-
the ozone profile with albedo changesde®.1 are shown in  sociated with uncertainties in albedo is sensitive to the SZA.
Fig. 2a as an example for a single ozone profile retrieval. TheFor small SZAs the ozone retrieval errors are higher and vice
result shows that the deviation is symmetrical in both lowerversa. The latitude of the SZA minimum varies throughout
and higher albedos, and therefore the direction of the forcthe year, and its seasonal dependence is depicted irdFig.
ing does not affect the absolute value of the error. The main
effect of overestimating the albedo is the underestimation 0f3.2  Stratospheric aerosol
the retrieved ozone values in the altitude range 0—40 km. As
the scattering altitude increases at lower UV wavelengths du&CIATRAN uses the ECSTRA (Extinction Coefficient
to increased @absorption, the albedo effect vanishes in the for STRatospheric Aerosol) climatological profiles in the
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Fig. 5. Similar to Fig.2 but for the following parameter¢a) pressure(b) tangent height, anft) temperature sensitivity of §absorption
cross section (T-ozone). The viewing geometry is taken from SCIAMACHY orbit 33566 (1 August 2008) at geolocatidoN @fricD165 E,
with SAA of 2%° and SZA of 52.
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Fig. 6. Average error profiles from 10 to 60 km for three different latitude bands (Northern Hemisphere) —i.e. tropics (red line), mid-latitudes
(black line), and polar region (blue line) — and for the paramétraerosol(b) albedo, andc) temperature.

retrieval Fussen and Bingeri999. The reference value for tering angle) of the SCIAMACHY limb-scatter observations
stratospheric aerosol optical depth is set.®010-2. Real-  are shown as a function of latitude for four days in different
istic values for uncertainties in stratospheric aerosol opticalseasons (22 March, 21 June, 23 September, and 21 Decem-
depth are thought to be of the order of 16—60 % with respecber 2007 in Fig.4. The scattering angle depends on SZA and
to stratospheric background conditiof&efmer et al.2002). SAA in the following way: cos(SA) =sin(SZA)Xo0s(SAA).

For this work, in agreement with the comparison of SCIA- Small SAs lead to higher impact of aerosol on the ozone
MACHY and SAGE aerosol profile€fnst et al. 2012, we retrieval and hence to larger errors.

selected a mean value of 40 % uncertainty for the aerosol ex-

tinction. It should be kept in mind that the errors in aerosol 3.3 Temperature

profile can be minimized in the future by incorporating the ) , .
results from aerosol retrieval in the ozone retrieval. In ourSiNCe temperature profiles are not retrieved directly from

case the errors presented here are the upper boundary for p(7§-CI'°"V|AC,|_|Y observ'ations, ECMWF analysis ter.np.erat.ures
sible realistic aerosol uncertainties. An example is shown ind'€ used in the retrieval. Temperature uncertainties in the
Fig. 2b, where the aerosol optical depth is reduced by 40 %xECMWF data are assumed to be of the order of 1-2K from

(solid line) and increased by 100 % (dashed line) from theComparisons between IASI, NCEP, and ECMWF for alti-
reference value. Ozone is overestimated for low aerosol optiltdes below 35kmNowlan 2006 Masiello et al, 2011

cal depth. At 10 km the overestimation is of the order of 15, Boccara et a).2008. In order to evaluate the possible n-
and decreases fast for higher altitudes, and can be neglectdfyence of temperature on ozone, temperature has been in-
for altitudes above 30 km. creased and decreased by a value of 2 K. The relative errors in

The ozone retrieval errors associated with errors in the'€trieved ozone due to uncertainties in temperaturé 2K
stratospheric aerosol data exhibit a different latitudinal de-2€ Shown in Fig2c. Higher (lower) temperature leads to un-

pendence as compared to the errors due to uncertainties gerestimation (overestimati_on) of ozone values. The errors
surface albedo. The aerosol-induced error depends on thd'® lower than 1% for all altitudes.

scattering phase function and hence on the scattering angle.

For this reason the three angles SZA, SAA, and SA (scat-

www.atmos-meas-tech.net/6/2825/2013/ Atmos. Meas. Tech., 6, 28837, 2013
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Table 1. SCIAMACHY retrieval wavelengths and their corresponding signal-to-noise ratio (SNR).
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Fig. 7. Average error profiles from 10 to 60 km for three different latitude bands (Northern Hemisphere) —i.e. tropics (red line), mid-latitudes

(black line), and polar region (blue line) — and for the paramg@rpressure(b) tangent height, an(t) temperature dependence of the
0zone absorption cross section.
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Fig. 8. Average error profiles from 10 to 60 km for three different latitude bands (Southern Hemisphere) —i.e. tropics (red line), mid-latitudes
(black line), and polar region (blue line) — and for the paramé®raerosol(b) albedo, andc) temperature.
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Fig. 9. Average error profiles from 10 to 60 km for three different latitude bands (Southern Hemisphere) —i.e. tropics (red line), mid-latitudes

(black line) and polar region (blue line) — and for the parame@ypressure(b) tangent height, an¢t) temperature dependence of the
ozone absorption cross section.
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Table 2. Average errors in percent in retrieved ozone for each parameter for the trofies3(B]. The uncertainties for each parameter are

+0.1 for albedo;—40 % for aerosol extinction coefficient scaling, +2 % for pressure, +2 K for temperature, +200 m for tangent height, +2 %
for air density. Comparison between gpp (GOME) — V2 (SCIA) experimental cross-section values, clouds, and predefined SNR vector from
Tablel.

Parameter Hem. 10km 15km 20km 25km 30km 35km 40km 45km 50km 55km 60km
Albedo NH -74 -66 -50 -19 -08 -05 -04 -01 -01 -01 -01
Albedo SH -73 -67 -52 -21 -08 -06 -04 -01 -01 -01 -01
Aerosol NH 4.9 317 -01 -08 -11 -12 -0.2 1.6 1.5 1.9 25
Aerosol SH 3.3 19 -08 -13 -10 -11 -04 1.2 1.3 1.4 1.9
Pressure NH 2.2 1.6 1.0 1.4 1.8 1.9 1.9 2.1 2.1 2.0 2.0
Pressure SH 2.2 1.6 1.0 1.3 1.8 1.9 1.9 2.1 2.1 2.0 2.0
Temperature NH -10 -07 -05 -07 -09 -08 -07 -07 -07 -09 -10
Temperature SH -09 -07 -05 -07 -09 -08 -07 -07 -07 -09 -10

Tangent Height NH 1.8 34 5.8 6.2 1.1 -12 -29 -42 -42 -45 -50
Tangent Height SH 1.7 3.5 6.3 7.1 13-13 -30 —-43 —-42 -45 —-49

T-ozone NH -02 -02 -02 -02 0.1 0.2 0.2 0.3 0.4 0.3 0.1
T-ozone SH -02 -02 -02 -02 0.1 0.2 0.2 0.3 0.4 0.3 0.1
Cross Section NH -02 -01 -0.1 0.1 0.2 0.5 04 -0.1 0.4 0.1 0.2
Cross Section SH -02 -01 -01 0.1 0.2 0.4 05 -0.1 0.4 0.1 0.2
Clouds - -30 -28 -2 -24 -20 -15 -10 -05 -01 -01 -01
APSD NH 43 30 19 14 14 14 12 11 9.8 11 10
APSD SH 47 34 19 14 14 14 12 10 11 12 10
3.4 Pressure retrieval. The corresponding error values can increase up to

6% for the stratosphere and mesosphere.
In order to evaluate the possible influence of uncertainties
in pressure on the ozone profile retrieval, the pressure pro3.6 A posteriori standard deviation (APSD)
file is multiplied by a scaling factor. An uncertainty of 2%
in the ECMWEF data is assumed, which is in agreement withRadiance measurement errors which lead to random errors in
2-5% difference for altitudes below 60 km between MAE- the retrieval are also discussed in this part of the work. The
STRO, NCEP, and ECMWH\owlan, 2006 Masiello et al, square roots of the diagonal elements of the a posteriori co-
2011). An example of the pressure error profile is shown in variance matrixs* denoted as the a posteriori standard devia-
Fig. 5a for two different scaling factors. A decrease of 1% tions (APSD) are presented here. The a priori covariance ma-
(solid line) and increase of 1% (dashed line) is shown rel-trix S,, with diagonal elementss{,, = 4) and exponentially
ative to the reference case aD1 scaling factor. The main decaying off-diagonal elements with a correlation radius of
effect of an increase in pressure on the retrieval is the over3.3km, is set in the retrieval with the corresponding mea-
estimation of ozone concentration. In this example an uncersurement covariance matr$;. Smoothing is done using the
tainty in pressure of the order &f1 % contributes a 1 % error  Tikhonov regularization scheme. The diagonal elements of

to the retrieved ozone for most of the atmosphere. the S, are constructed using the SNR (signal-to-noise ratio)
vector (Tablel). For a given wavelength and different tangent
3.5 Tangent height heights the same SNR value is used. This assumption is jus-

tified because the SNR of the normalized limb radiance pro-
In order to investigate the effect of possible errors in the tan-files at a given wavelength is mainly determined by the SNR
gent height registration, the forward model is run with a dif- of the radiance at the reference tangent height. For exam-
ferent tangent height grid. Positive tangent height errors corple, at the wavelength = 283 nm the corresponding diago-
respond to the case when the assumed tangent heights anal elements 0§, have the values,,, (1;) = 02 =1/900.
larger than the actual ones, which implies that the altitude
grid is shifted upwards relative to the prior reference tan-3.7 Temperature sensitivity of G; absorption cross
gent height position. The uncertainty in the tangent height section
registration is about 200 nvgn Savigny et a).2009. Fig-
ure 5b shows the errors in retrieved ozone concentration forBy changing the temperature or pressure it was possible to
a tangent height error at200 m. For altitudes above 20km evaluate the impact of air density changes on ozone (see
the retrieved ozone concentrations are underestimated if th8ects. 3.3 and 3.4). In order to evaluate the impact of temper-
actual tangent heights are larger than the ones used for thature on the ozone absorption cross section, the temperature
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Table 3. Average errors in percent for the mid-latitudes,9360°], for the same parameters as in TaBle

Parameter Hem. 10km 15km 20km 25km 30km 35km 40km 45km 50km 55km 60km
Albedo NH -32 -23 -15 -08 -05 -04 -0.2 0.1 0.1 -0.1 0.1
Albedo SH -28 -24 -17 -09 -07 -05 -04 0.1 0.1 -0.1 0.1
Aerosol NH 7.6 5.4 29 -04 -16 -0.2 0.2 0.1 0.1 0.1 0.1
Aerosol SH -03 -15 -17 -03 -04 0.1 0.1 0.1 0.1 0.1 0.1
Pressure NH 2.0 1.5 1.3 1.6 1.8 1.9 1.9 2.1 2.1 2.1 2.0
Pressure SH 2.3 1.6 1.1 1.6 1.8 1.9 1.9 2.1 2.1 2.1 2.0
Temperature NH -09 -07 -07 -09 -09 -07 -07 -07 -07 -09 -10
Temperature SH -i10 -08 -06 -08 -08 -07 -07 -07 -07 -09 -10

Tangent Height NH 3.7 4.0 3.6 10 -15 -16 -22 -35 -39 -49 -54
Tangent Height SH 1.1 2.8 4.8 3.8 01-14 -25 -40 -38 -46 -50

T-ozone NH -01 -02 -02 -0.2 0.1 0.2 0.2 0.3 0.4 0.3 0.1
T-ozone SH -01 -02 -02 -0.2 0.1 0.2 0.2 0.3 0.4 0.3 0.1
Cross Section NH -0.1 -0.1 0.1 0.1 0.3 0.5 0.4 -01 0.4 0.1 0.2
Cross Section SH -0.1 -0.1 0.1 0.1 0.3 0.5 05 -0.1 0.4 0.1 0.2
Clouds - -30 -28 -2 -24 -20 -15 -10 -05 -01 -01 -01
APSD NH 26 18 16 13 15 15 12 11 9.8 11 10
APSD SH 33 23 17 14 14 14 12 10 11 12 10

and pressure are changed in such a way that the air densityigher sensitivity towards larger SZAs for a constant SAA.
does not change. Since thg @bsorption cross section de- For summer conditions at 10 km the error is of the order of 3
pends only on temperature, and not on pressure, this is a suiftropics) and 5.5 % (polar latitudes), and decreases for higher
able way to investigate the effect of the temperature sensitivaltitudes.

ity of the absorption cross section on the ozone profile re-

trievals (T-ozone). Any deviation in the ozone concentration

is then a consequence of the temperature sensitivity of thé Total

ozone cross section alone. The error profile due to a varia- S o

tion of p andT is shown in Fig5c. The temperature change Based on.the error estimation for each individual parameter
of ~ 2K at constant air density leads to very small errors of @S @ function of SCIAMACHY observation geometry, a total

up to 0.4 %, compared to the direct temperature effect (1 %07 budget can be established for the SCIAMACHY limb

as shown in Fig. 2c. ozone profile retrieval.
The following latitude bands with different SZAs have
3.8 Ozone cross section been selected for the error estimation: tropics [04:3®id-

latitudes [30—60], and polar latitudes [60—8}% The results
Different laboratory measurements of the ozone absorptiorPf these calculations are summarized in Tat@le& In Figs.
cross sections are available. The Global Ozone Monitor-6-9 the corresponding average error profiles are shown for
ing Experiment (GOME) absorption cross sectidBerfows  the following parameters: aerosol, albedo, temperature, pres-
et al, 1998 and the SCIAMACHY absorption cross-section Sure, tangent height, and a posteriori standard deviation for
databaseRogumil et al, 2003 are used to estimate the un- both hemispheres. The calculation has been performed for 5
certainties. The ozone cross-section error is here defined adfferent days of the year 2008 consisting of 10 orbits, with
the percentage difference in the retrieved profiles using thes@04 profiles for the Northern Hemisphere and 137 profiles
two ozone cross sections. The differences are lower thaifor the Southern Hemisphere. The numbers in the Tebiés

0.5 % for the entire atmosphere. are mean uncertainties/errarg in percent for each param-
eter (rows) and selected altitudes from 10 to 60 km averaged
3.9 Impact of tropospheric clouds over 5km altitude intervals (columns). The tables indicate

that the ozone retrievals errors caused by most of the error
Sonkaew et al2009 investigated the impact of tropospheric sources do not exhibit strong interhemispheric differences.
clouds on the ozone profile retrievals assuming clouds in thélhe only exception is stratospheric aerosols, whose effect
forward model and performing the retrieval in a cloud-free on the ozone retrievals is significantly larger in the Northern
atmosphere. One example of their simulation, the error in theHemisphere at mid-latitudes. This is related to the latitudinal
presence of clouds with a vertical extent of 4 to 7 km andvariation of the SCIAMACHY limb observation geometry,
optical thickness ot = 10, is included in our error budget which is associated with scattering angles lower than about
analysis. TheSonkaew et al(2009 result shows a slightly  90° in the Northern Hemisphere, and scattering angles larger
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Fig. 10. (a) Total systematic and random error profiles for three latitude bands of the studylfaSgstematic error components for the
tropics in the Northern Hemisphere.

Table 4. Average errors in [%)] for the polar latitudes, [B85> N], for the same parameters as in TaBle

Parameter Hem. 10km 15km 20km 25km 30km 35km 40km 45km 50km 55km 60km
Albedo NH -16 -11 -06 -02 -01 -01 -0.1 0.1 01 -01 -01
Albedo SH -0.3 -0.3 —-0.2 -0.2 -0.2 -0.1 -0.1 0.1 0.1 -0.1 -0.1
Aerosol NH 13.5 7.6 21 -33 -0.8 0.3 0.4 0.1 0.1 0.1 0.1
Aerosol SH -0.8 -0.7 0.1 0.1 0.1 0.5 0.4 0.1 0.1 -01 -01
Pressure NH 2.1 1.5 1.4 1.6 1.8 1.9 1.9 2.1 2.1 2.1 2.1
Pressure SH 0.9 0.8 0.6 0.7 0.8 0.8 0.8 0.9 0.9 0.9 0.9
Temperature NH -0O9 -08 -08 -09 -09 -08 -08 -07v -07 -09 -09
Temperature SH -04 -0.4 -0.3 -0.4 -0.4 —-0.3 —-0.3 -0.3 —-0.3 -0.4 -0.4
Tangent Height NH 4.0 4.3 3.5 0.1 -29 -2.1 -2.5 -3.4 -3.7 —-4.6 —-4.6
Tangent Height SH 0.8 1.4 1.6 0.7 —-0.6 -0.6 -0.7 -1.6 -1.7 —2.2 —2.2
T-ozone NH -0.1 —-0.2 —-0.3 -0.2 0.1 0.2 0.2 0.3 0.5 0.3 0.3
T-ozone SH -0.1 -0.1 -0.1 -0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1
Cross Section NH -0.1 0.1 0.1 0.1 0.1 0.2 0.2 -0.1 0.4 0.1 0.1
Clouds - =55 —4.5 -3.5 -15 0.5 0.5 0.5 0.1 0.1 0.1 0.1
APSD NH 25 18 16 13 15 15 12 11 9.9 11 10
APSD SH 24 19 17 15 13 15 14 11 9 11 8

than about 90in the Southern Hemisphere (F@). Thiscan  be used as the upper limit:

be observed for the northern polar mid-latitude region. For

the Southern Hemisphere the SA is lowest in the tropics andtet = 1sys + lomdl, )

mid-latitudes, which leads to larger observed errors in thewe assume that the ozone retrieval errors due to errors in
tropical part of the Southern Hemisphere in comparison totemperature, pressure, tangent height, and cross sections are
polar regions (Figs6a and8a). systematic, since uncertainties are inherent in every measure-
The distinction between systematic and random errors isnent. On the other hand the APSD error is random. Total
valuable for validation and intercomparison of ozone profilessystematic(fsys) and randomdng) errors are calculated for
with other instruments. In this case the total systematic errothe three latitude bands and different altitudes (T&pland
could explain the bias, and the total random error determineaire shown as profiles in Fig.0a. The total systematic er-
precision Rodgers199Q von Clarmann2006 Cortesietal.  ror is calculated using the square root of the sums of the
2007). The total errobio; can be calculated as follows if the variances from each parameter. The total random error is the
two error components are independent: APSD in this case. The contributions to the total systematic
error come from the aerosol(3 %), albedo £8 %), tan-
gent height £8 %), clouds 5 %), cross section#1 %),
pressure £2 %), and temperatureHl %). An example of
with aszysandorznd being the total systematic and total random each systematic error component for the tropics in the North-
variances. For dependent error components this formula caarn Hemisphere [0-3is shown in Fig.10b. The maximum

©)

2 2 2
Otot = Osys T Ornh»
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Table 5. Total error+otot in [%] for the three different latitude bands for both hemispheres (NH/SH) separated into total systematic and total
random uncertainties for tropics;-830°; mid-latitudes, 30-60°; and polar region, 63-85".

Lat. Band 10km 15km 20km 25km 30km 35km 40km 45km 50km 55km 60km

Total Systematic

NH: Tropics 9 8 8 7 3 3 3 5 5 5 6
NH: Midlat. 9 7 5 3 3 3 3 4 4 5 5
NH: Polar 15 10 6 5 3 2 3 4 4 5 5
SH: Tropics 9 8 8 8 3 3 3 4 4 5 5
SH: Midlat. 4 5 6 4 2 2 3 4 4 5 5
SH: Polar 5 5 4 3 1 1 1 1 2 2 2
Total Random

NH: Tropics 43 30 19 13 14 14 12 10 11 12 10
NH: Midlat. 26 18 16 13 15 15 12 10 11 11 10
NH: Polar 25 18 16 13 15 15 12 11 10 11 10
SH: Tropics 47 34 19 14 14 14 12 10 10 12 10
SH: Midlat. 33 23 17 14 14 14 12 10 11 12 10
SH: Polar 42 26 21 19 20 21 21 15 20 19 18

random error is of the order @34 % in the tropics at 15km, temperature induced error is of the order of 2% and is con-
and decreases down to 12 % for higher altitudes in the Northsistent with our results. In the same study the impact of ra-
ern Hemisphere. The values of the random error componendiometric knowledge and spectroscopy have been evaluated
are systematically higher for the Southern Hemisphere. as of the order of 2% in the stratosphere. Stray light and po-
larization effects can add up to the total error budget as well.
_ _ Neglecting these additional parameters can lead to underes-
5 Discussion timation of the total error budget. Polarization is altitude de-
o o pendent, and due to the normalization scheme used for ozone
The sensitivity study presented here shows similar resultgeeya|, the altitude dependence of polarization and the dif-
compared to sensitivity studies performed for SAGE Il trential structure of polarization can influence the scattering
(Rault and Taha2007 and MLS Eroidevaux et &.2008.  hrocess. The differential structure in polarization is of the or-

In both studies, precision and accuracy have been estimategy, o 0.1, which leads to a 1-2 % effect on single scattering.
using a similar method. For SAGE Il limb-scatter measure-

ments, the instrument error in stratospheric ozone caused by

albedo errors (surface reflectance) has been estimated to lg2  Conclusions

of the order of 3% for the altitude range of 20-30km. In

the study byRault and Tahg2007 a surface reflectance The SCIATRAN radiation transfer code has been used in or-
change of 0.45 has been used, which can lead to a 13% eder to determine the sensitivity of ozone profile retrievals
ror at 15km. In our study the error is of the order of 6% from SCIAMACHY limb-scatter measurements to eight pa-
for an albedo perturbation of 0.1 in the tropics at 15km. rameters known to provide a potentially major contribution
The same study reveals a 6 % error around 20 km when théo SCIAMACHY limb ozone profile retrieval errors. The rel-
stratospheric aerosol are neglected. Our calculation of 40 %tive deviations have been estimated for realistic uncertain-
aerosol perturbation relative to the background state leads tties for individual parameters. The results of the sensitivity
a 2.9 % error at 20 km in northern mid-latitudes, decreasingstudy indicate that the total systematic error is dominated
fast with increasing altitude (see Talde The third common by aerosol and albedo for altitudes below 20km, i.e. up to
parameter used for the study is the tangent height. In SAGE:13 % for aerosol at the northern polar latitudes arnt%

Il an offset of 350 m has been used, which leads to errordor albedo in the tropics at 10km altitude. The ozone re-
of the order of 5% and a peak error value of 12 % at 15 km.trieval errors associated with errors in tangent height, clouds,
Our study reveals an error of 4% above 30 km with a peakand pressure dominate the total systematic error for altitudes
around 20 km of the order of 6 % for an offset of 200 m. For above 20km and can lead to total systematic errors of the
temperature the sensitivity study of MLS V 2.2 performed by order of+£5 % at these altitudes. The contribution of uncer-
Froidevaux et al(2008 can be used. The effect of temper- tainties in temperature, the choice of ozone absorption cross
ature uncertainties on ozone retrievals in the microwave andection, and the temperature dependence of the ozone ab-
UV-visible range may be entirely different, and as such oursorption cross section (T-ozone) to the total systematic er-
results cannot be directly compared to the MLS values. Theror can be neglected. The random error is the a posteriori
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covariance standard deviation (APSD) for a defined SNR inBovensmann, H., Burrows, J. P., Buchwitz, M., Frerick, J., Noél, S.,
our case. The total random error in the Northern Hemisphere Rozanov, V. V., Chance, K. V., and Goede, A. P. H.. SCIA-
ranges betweer-34 (15km, tropics) and:12 % (40 km, MACHY: mission objectives and measurement modes, J. Atmos.
The total systematic and total random errors have beefovensmann, H., Ahlers, B., Buchwitz, M. Frerick, J.,
defined and calculated for the tropics, mid-latitudes, and G(.’ttwald’ M., Hoogeveen, R., Kaiser, J. W., K!.e'pom’ Q-
polar latitudes. The total systematic error for the altitudes Krieg, E., Lichtenberg, G., Mager, R, Meyer, J., Nogl, S., Schie-

. . . . sier, A., Sioris, C., Skupin, J., von Savigny, C., Wuttke, M. W.,
above 15km is below 5, 5, and 8 % in the polar region, mid- and Burrows, J. P.: SCIAMACHY in-flight instrument perfor-

latitudes, and tropics, respectively. mance, Proceedings of the Envisat Calibration Review (SP-520),

The total error budget is underestimated by neglecting ESA Publications Division, Frascati, Italy, 913 December,
the radiometric, spectroscopic, stray-light, and polarization 2002.
effects on the ozone retrieval. Bracher, A., Bovensmann, H., Bramstedt, K., Burrows, J. P., von

Our results indicate that incorrect knowledge of aerosol Clarmann, T., Eichmann, K.-U., Fischer, H., Funke, B., Gil-
loading and surface albedo can affect the ozone profile re- Lopez, S., Glatthor, N., Grabowski, U., Hopfner, M., Kauf-
trievals dramatically for altitudes below 20 km. Determina- ~Mann, M., Kellmann, S., Kiefer, M., Koukouli, M. E, Linden, A.,
tion of exact tangent height is crucial, since any small uncer- -0Pez-Puertas, M., Mengistu Tsidu, G., Milz, M., Noél, S., Ro-
tainty in the knowledge of tangent height can lead to fairly Egp’ '\(/BI . gsjai':]ovj Aétsglfa_?ov'sti/l'lg/r" éonpsawg:y' %’_3'”3\2{'
large systematic ozone deviations. The effects of pressure ber’ M'.’ ande\}utt.I;e M. ’W_':’ Cross’ co.mp.)‘arison% o§ @jr’]d
and temperature have to be Consi('dered Wit_h care for long- NOlg méasured by th;e atmospheric ENVISAT instruments GO-
term ozone trends, where systematic trends in the thermody- \ 05, MIPAS, and SCIAMACHY, Adv. Space Res., 36, 855—
namic parameters can impact the derived long-term trends. 867, doi10.1016/j.asr.2005.04.008005.

The results of our analysis can be used as total error limit®Burrows, J. P., Richter, A., Dehn, A., Deters, B., Himmelmann, S.,
(systematic = bias; random = precision) for validation and in-  Voigt, S., and Orphal, J.: Atmospheric remote-sensing reference
tercomparison tasks of SCIAMACHY ozone data with other data from GOME: 2. temperature-dependent absorption cross
concurrent instruments. The use of total error budget is im- sections of @ in the 231-794 nm range, J. Quant. Spectrosc. Ra-
portant, especially for long-term investigations of ozone be-  diat. Transfer, 61, 509-517, 1998.

haviour in a changing climate or validation between different Butz: A., Bosch, H., Camy-Peyret, C., Chipperfield, M., Dorf, M.,
instruments. Dufour, G., Grunow, K., Jeseck, P., Kihl, S., Payan, S., Pepin, I.,

Pukite, J., Rozanov, A., von Savigny, C., Sioris, C., Wagner, T.,
Weidner, F., and Pfeilsticker, K.: Inter-comparison of strato-
spheric @ and NG abundances retrieved from balloon borne di-
rect sun observations and Envisat/SCIAMACHY limb measure-
ments, Atmos. Chem. Phys., 6, 1293-1314, dhb194/acp-6-
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