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Abstract. Ozone profiles retrieved from limb scattering It is also necessary to validate and compare remote sounders
measurements of the SCIAMACHY instrument based on theon a continuous basis in order to enhance the quality of the
satellite ENVISAT are compared to ground-based low alti- measurements and to assess the stability of the combination
tude resolution remote sensors. All profiles are retrieved usinstrument/retrievalRodgers and Connp2003.

ing optimal estimation. Following the work &todgers and

Connor(2003 the retrievals of the ground-based instruments

are simulated using the SCIAMACHY retrieval. The SCIA- 2 The instruments

MACHY results and the results of the ground-based mi-

crowave radiometer in Bremen and Wiesund agree within 2.1 O3 profiles from SCIAMACHY on Envisat
the expected covariance of the intercomparison.

SCIAMACHY, the Scanning Imaging Absorption spectrom-
eter for Atmospheric CHartographYBgvensmann et al.
1999 is a novel satellite-borne scientific instrument capable
of performing spectroscopic measurements of the chemical

The ozone profile is of interest because ozone is one of th§oMPosition of the Earth’s atmosphere in three different ob-

most important trace gases in the atmosphere. Ozone is sgrvation geometries: nadir, solar/lunar occultation and limb

greenhouse gas and provides shielding from UV radiation Sc@ltering. SCIAMACHY covers the spectral range from

Following the discovery of the ozone holEarman et al. 220 nm to 2380 nm with a spectral resolution varying from

1985 a large effort has been put into understanding the rea®-2 1M t0 1.5nm depending on wavelength. In limb scat-

son for it and to establish a network for monitoring the fur- {€iNg geometry the instrument line of sight follows a slant

ther development of the ozone layer. Although the emissiorP@th tangentially through the atmosphere. Detected are so-
of human made chemicals (CFCs) has been curbed, the rig@" Photons that are both (a) scattered along the line of sight
in the water vapor content of and the decrease of the tempefD't© the instrument's field of view, and (b) transmitted from
ature in the stratosphere still give reasons of concern abouf'® Scattering point to the instrument. The geometrical field
the ozone layer (e.dRex et al, 2004). of view of SCIAMACHY in limb scattering mode is about
Remote sounding instruments are used to monitor variou§'8 km vertically and 110 km horizontally. The Earth’s limb

atmospheric properties like trace gases from ground or satef® viewed in flight direction apd scanned from tangent heights
lite. In the upper stratosphere and above very few if any in—Of about Okm up to 100km in steps of 3.3km. Furthermore,

situ measurements are available. All remote sounders an@t every tangent height step an azimuthal (horizontal) scan

indirect instruments in the sense that they measure a more ar performed covering about 960km at the tangent point.

less complicated function of the quantity of interd@b@igers Th_erefore the limb measurement mpde amounts to an aver-
and Connor2003. In order to understand and interpret the aging over about 1000 km perpendicular to the orbit track.

data taken it is necessary to understand the relationship béé_\long the flight track, the averaging occurs over a distance

tween the true atmospheric state and the quantity measure8?c about 400 km.

1 Introduction

The stratospheric © profiles used here are derived
Correspondence tavl. Palm from SCIAMACHY limb scattering measurements in the
(mathias@iup.physik.uni-bremen.de) Chappuis-bands of £ The retrieval algorithm employed

© 2005 Author(s). This work is licensed under a Creative Commons License.
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Fig. 1. An example of a set of averaging kernels of the inversion of Fig. 2. An example of a set of averaging kernels for the inversion of

SCIAMACHY limb spectra. a RAM-spectrum. Both, BreRAM and RAM are very similar and
use the same retrieval routines. The avaraging kernels of a BreRAM
retrieval are similar.

is similar to the one described Hlittner et al.(2000 and

McPeters et al(2000, and has also been used for opera-

tional data processing of limb scattering observations pernoise ratio. Millimeter-wave radiometers are insensitive to

formed with the Optical Spectrograph and InfraRed Imagermeteorological conditions and clouds and do not depend on

System (OSIRIS)Jon Savigny et al.2003 on the Swedish-  sun light. Therefore, they provide the most complete time

led Odin satellite. The retrieval exploits the differential struc- series of the ozone profile.

ture of the Q cross section between the center (600nm) and  The Q; profile information is retrieved from the spectra

the wings (525nm and 675nm) of the Chappuis absorption,sing Optimal Estimation Methods (see S@&andRodgers

bands of Q. Alinearized version of optimal estimation (OE) 2000). Information about the vertical ozone distribution be-

is used together with the radiative transfer model SCIARAYS yween 15 km and 55 km with an altitude resolution of 15 km

(Kaiser et a.l,. 2003 to itera.tively retrieve StratOSpheriC3O at its best can be obtained (See mgor examp|es of aver-

concentration profiles. The altitude range from about 15 kmaging kernels).

up to 40km can be covered with this technique (see Fig.

. The RAM measurements at Nflesund are routinel
for a set of averaging kernels). N y

compared to sonde measurements taken atANgsund.
Hence the RAM is validated up to 25km. Comparisons
to LIDAR and satellite measurements have been undertaken
(Langer 1999 with good results:

2.2 The millimeter-wave radiometers BreRAM and RAM

The millimeter-wave radiometers RAM (Radiometer for At-
mospheric Measurements at lyesund, 78 N, 11° E) and

BreRAM (Bremen Radiometer for Atmospheric Measure- — Intercomparison with MLS profiles (20-50 km): RAM
ments at Bremen, 33, 8 E) are very similar. Unless underestimates £vmr. The deviation is smaller than
specifically noted the following description applies to both. 10%.

The instruments are heterodyne millimeter-wave radiome-
ters tuned to frequency of Qines at 142 GHz (RAM) and
110.836 GHz (BreRAM). Both instruments are operated in
total power mode. In order to resolve the spectra the instru-
ments AOS spectrometers with a bandwidth of about 1 GHz
and an effective resolution of 1.3 MHz are used. The receiver

— Intercomparison with sonde profiles (18-24 km): RAM
overestimates below 20 km and underestimatesr
above. Deviation smaller than 10%.

noise temperature is about 3000 K. This enables both instru- — Intercomparison with LIDAR (16—34 km): RAM over-
ments to measure spectra of thg lDe every half hour. Us- estimates the @profile below 20 km and above 30 km.
ing a special schem&\(ohltmann 2002 the integration time The Gs-profile is underestimated in between. The max-

can be prolonged up to a day in order to enhance signal-to-  imum deviation is 11%.

Atmos. Chem. Phys., 5, 2092698 2005 www.atmos-chem-phys.org/acp/5/2091/
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3 The Optimal Estimation Retrieval

For a detailed discussion of the Optimal Estimation Retrieval
(OE) seeRodgerg2000. In this work a brief overview will

be given and certain aspects crucial to the understanding of

the comparison are discussed. If not noted otherwise the fol
lowing is based ofRRodgerg2000 andRodgers and Connor
(2003.

The retrieval of information about the vertical ozone dis-
tribution is mathematically an inverse problem. The relation

between a given distribution of ozone in the atmosphere and
a spectrum measured on the ground or in space is provided

by the forward modelF. Letx be a given ozone distribu-
tion andy a spectrum. A Gaussian distributed ereowith
covarianceS, will be assumed on the spectrum. Hences
obtained by

y:F(x)+e:F(x0)+§(x—xo)+0(x )+e (1)

which is called the forward problem with the weighting func-
tion matrixkK =2£. Using Bayes’ law the following relation-

ox
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Fig. 3. Expected standard deviations of the direct intercomparison

of the BreRAM-SCIAMACHY profiles, the intercomparison of the
BreRAM profile with a simulated profile (using the SCIAMACHY

ship for the inverse model (for the detailed discussion pleasgyqfile asx, (Eq. 10). For comparison the expected standard devi-

seeRodgers 2000 is found. Letx, be the a priori profile
of O3 and S, the covariance matrix of,. Let P(x|y) de-
note the probability of getting an ozone distributiergiven
a spectrumy. The probability distributionP (x|y) can be
written as:

P(x|y) = exp(—(F(x) — )" Sc(F(x) — y))

x eXp(—(xa — )" Su(xq — X)) @
In OE the solution, the optimal profilg, is found by
£ = x4+ SKT(KSKT +8)7Hy - Kxy). 3

In the case of a weakly non-linear forward model the solution
can be found by an iterative algorithm like the Levenberg-
Marquardt-Algorithm. By defining

D = S,KT(KSKT +5)71 (4)
Eqg. 3) can be written as
*=xq+D(y —Kxg) ®)

and noting thay=Kx7,,. (the errore has been omitted), the
so called instrument model is

X = xqs +DKx7/40 — (6)

Equation 6) relates the unknown true profiley,,. to the
profile retrieved. The matriA is called the resolution kernel
matrix and can also be written by

9%
A=
0XTrue

Kxa) = x4 + AXTrue — Xa).

(7)
The resolution kernel matriA contains information about

the sensitivity of the instrument/retrieval to changes in the
true profile.

www.atmos-chem-phys.org/acp/5/2091/

ation of the BreRAM profile has been plotted. The results are com-
parable for all ground-based instruments considered in this work.

3.1 Intercomparison of indirect measurements

Assume two retrievals 1 and 2 with respect to the a pxigri
andx., respectively. The direct differendg of two profiles
x1andxz is

8 =%1—X2=x4+A1(XTrue — Xa)
— (xc +A2(XTrue — X)) +€1— €2
= (A1 —A)(XTrue — X¢)
— (A1 —D(xg —xc) + €1 — €2

©)

The term(l—A)(x,—x.) contains the difference of the a pri-
ori profiles of the retrievals. For simplicity, all profiles have
been transformed to be with respect to the a priori prafile
This has been done by adding the tett—1)(x,—x.) to

the retrieved profile in question. L&, S,, be the error
covariances of retrieval 1 and 2, respectively. The expected
error covariancé&; of the difference of the profiles (E§) is

Ss = (A1 — A2)S.(A1 — Ax)T +S,, +S,,. 9)

The expected variance of the profile difference may be quite
large (Fig.3 for an example). FollowingRodgers and Con-
nor (2003 another comparison method, retrieval simulation,
leads to much smaller expected variances in the profile dif-
ferences.

Atmos. Chem. Phys., 5, 20982005
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Fig. 4. The distribution of the coincidences from March to August
2003. ENVISAT covers the earth every 3 days. Due to a failure in
a ground station not all data could be retrieved from the satellite.
There are gaps in the time series of the ground based instruments
due to maintenance or bad meteorological conditions.

3.2 Simulating one retrieval with another

Again it is assumed that both profilés andx, are with re-
spect to the same a priori profilg. Retrieval 1 is simulated
using retrieval 2 by:

X12 =xc +A1(X2 — x,). (10)
The difference of the profiles is

d12=x1—x12= (A1 = A1A)(XTrue — Xc) + €1 — €2 (11)
and the covariance of the difference is found by

Stz = (A1~ A1A2)S(AL — A1AY) | + S +AISAT].  (12)

The expected variances of the ground-based retrievals simu-
lated by the SCIAMACHY retrieval are shown in Fig. For

the intercomparison using simulated retrievals the expected
standard deviation is smaller than for direct intercomparison.
In fact it is only a little larger than the expected standard de-
viation for the BreRAM profile. The cause for this effect is
the much better altitude resolution of the SCIAMACHY in-
strument. This means the gradients and hence the variations
in the SCIAMACHY-profile can be larger than those in the

M. Palm et al.: Intercomparison o @rofiles

4 Results
4.1 Assumptions and procedure of the comparison

The most important difference of the SCIAMACHY instru-
ment on the one hand and all other, ground-based, instru-
ments on the other hand is the measuring geometry. While
SCIAMACHY measurements are integrated over a large area
(the SCIAMACHY pixel is about 1000 kw400 km) the
ground-based instruments integrate over an area of less than
100 kmx 100 km depending on the viewing angle.
Measurements are compared if the location of the ground-
based instrument is within the SCIAMACHY pixel plus
500km. The overflights of the ENVISAT satellite are at
10 o’clock local time. Because {starts to exhibit a day-
night change above an altitude of approximately 40 km, the
time difference is required to be less than 2 h. Care has been
taken in order to measure comparable air masses. There are

several constraints to consider:

1. The mean of the total ozone columns within the
SCIAMACHY pixel is compared to the total ozone col-
umn above the location of the radiometey;. Let the
difference of the meamg be defined by:

ms —mgag

(13)

mo =
mg

A publication byLamsal et al(2003 indicates that the
ozone profile for a given latitude and season approxi-
mately scales with the total &column. Lamsal et al.
(2003 used a binning of 30 DU which corresponds to
ca 8-10% of the ozone column typically observed. The
profiles shown by Lamsal et.al. vary less than ca. 5%
per bin. Because this is less than the error expected by
the standard deviation of the comparison (see green line
in Fig. 3) a value of 5% foing is a reasonable compro-
mise between the number of coincidences and quality of
the comparison. The variation of the total ozone column
has also been checked. There were no matches, how-
ever, where the variance of the total ozone column was
larger than a few percent. The total ozone columns were
measured by the TOMS instrument on the EP satellite
but will be provided by SCIAMACHY itself in future.

2. The potential vorticity (PV) on the 475K isentrope is

calculated in order to ensure that the measurements are
completely either inside or outside the polar vortex. The
same PV of either larger than 40 PVU (potential vor-
ticity units; inside the vortex) or smaller than 30 PVU
(outside the vortex) is required for both measurement
areas. All coincident measurements in 2003 above Ny
Alesund were outside the vortéx.

BreRAM- and RAM-profiles without changing the “mean”-
profile. The expected error of the direct comparison @g.
has to account for this.

Atmos. Chem. Phys., 5, 2092698 2005

INo match has been excluded or was near the vortex boundary

because of this criterion. Therefore, no other criterion for the vortex
has been used.

www.atmos-chem-phys.org/acp/5/2091/
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Fig. 5. Example profiles retrieved by SCIAMACHY (black), the Fig. 6. Relative mean differenca, (see Formuld5) BreRAM to
BreRAM retrieval simulated using the same SCIAMACHY profile gc|AMACHY. The shaded area is the standard deviation pind

(red) and the BreRAM vmr profile (blue) of Ozone the thin grey ihe gashed line denotes the standard deviation of the comparison
line is the a priori profiler, on the 8th of August 2003. The SCIA-

MACHY a priori is a zonal and montly mean. The retrievals of the
BreRAM are therefore expected to be close to the a priori.
In a second comparison it has been examined if the retrieved

All coincidences took place between March and August 2003Maximum of the @-vmr is at the same altitude in the com-

(see Fig4). pared retrievals. This test is very sensitive to shifts in the
The retrieved ozone profiles have been processed as fofetrieved profile which may occur in the SCIAMACHY re-
lows: trieval (see sectiod.2for further explanation).

1. vmrs are calculated from the concentration profiles pro-4 2 comparison results SCIAMACHY — BreRAM
vided by SCIAMACHY using ECMWF ERA-40 tem-

perature and pressure profiles, Between March 2003 and August 2003 64 collocations were

2. the profiles are transformed to a common a priori (takenfound. After checking for the total £columns 19 coinci-
from the climatology used by the SCIAMACHY re- dent measurements were discardet@he profiles in Fig5
trieval) x. and show a very good agreement of the shapes of the retrieved

O3 profiles. The relative mean of the difference (F&).

3. the retrievals of the ground-based instruments are simualso shows a good agreement between the BreRAM and
lated using the SCIAMACHY retrieved profiles by the SCIAMACHY profile. The relative mean deviation is
smaller than 10% and is within the expected standard devi-
ation S12 of the comparison. The altitude of the maximum

where the indexG denotes a quantity derived from the vmr is found in 75% o.f the retrievals (see FRj_. However,
measurements of one of the ground-based instrumentte SCIAMACHY retrieval tends to underestimate the vmr
BreRAM and RAM. The indexS denotes a quantity compared with the BreRAM apart from the range 15-20 km.
derived from the SCIAMACHY measurement. Note: |t must be mentioned that the SCIAMACHY limb obser-
Simulating the SCIAMACHY retrieval using RAM- vations suﬁgred from inaccurate poin.ting for all the measure-
profiles will not lead to a significant reduction 6f,. ~ MeNts used in this study. Tangent height offsets of up to 3km
The reason is similar to the one given at the end of sec\Were detected. The limb pointing is very accurate immedi-
tion 3.2 can be invoked. ately after the daily updates of the on-board orbit model. Af-
ter these updates, the pointing slowly deviates from nominal

Xsim = Xxc+Ag(Xs —xc), (14)

In this work profiles are compared on a profile by profile

basis. The relative mean deviatian of N profiles is 2Increasing the number of coincident measurements by trajec-
N o, ();i gy ) tory hunting mt_athods (e.@a_milin et al, 2002 is not possible be-
A, = Z G SIMZ (15) cause of the altitude resolution of the ground-based instruments (see

SORE Ry alsoLanger 1999.

www.atmos-chem-phys.org/acp/5/2091/ Atmos. Chem. Phys., 5, 20982005
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Fig. 7. Altitudes of the maximum of the retrieved volume mixing
ratio. Fig. 9. Relative mean differencé, (see Formulal5) RAM to
SCIAMACHY. The shaded area is the standard deviatioA pfind
the dashed line denotes the standard deviation of the comparison

— Original SCIAMACHY ]
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Fig. 8. Example profiles retrieved by SCIAMACHY (black), the 0 10 Zgr of I\/?gasure‘rlr?ent 50 60
RAM-retrieval simulated using the same SCIMACHY profile (red)

and the RAM vmr profile (blue) of Ozone, the thin grey line is the
a priori profilex., on the 9th of August 2003. The SCIAMACHY

a priori is a zonal and montly mean. The retrievals of the RAM are
therefore expected to be close to the a priori.

Fig. 10. Altitudes of the maximum of the retrieved volume mixing
ratio.

4.3 Comparison results SCIAMACHY-RAM

pointing until the next update occurs. As a first order pointing Between March 2003 and August 2003 95 collocations have
correction a constant tangent height offset of 1.5 km was subbeen found. By applying the selection criteria for the total
tracted from the tangent heights prior to the inversion proce-O3 column 30 coincident measurements were discarded.
dure. This implies, that tangent height offsets of upto 1.5km The profiles in Fig.8 show very good agreement in
have to be expected. These offsets basically lead to a rethe shape of the profiles and the vmr retrieved. The rel-
trieved G profile that is shifted by the tangent height error ative mean deviation is smaller than 15% (see Hj.
(von Savigny et a).2004. i.e. somewhat larger than for the SCIAMACHY-BreRAM

Atmos. Chem. Phys., 5, 2092698 2005 www.atmos-chem-phys.org/acp/5/2091/
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comparison. Above 35 km SCIAMACHY retrieves vmr val-
ues higher than the RAM. The altitude of the maximum vmr
is found in most of the cases (see Fi@).

5 Conclusions
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October-November 1996, J. Geophys. Res., 107(D20), 4420,
doi:10.1029/2001JD002012, 2002.

Farman, J., Gardiner, B., and Shanklin, J.: Large losses of total
ozone in Antarctica reveal seasonal CIOx/NOx interaction, Na-
ture, 315, 207-210, 1985.

Flittner, D. E., Bhartia, P. K., and Herman, B. M.;3@rofiles re-
trieved from limb scatter measurements, Geophys. Res. Lett., 27,

Comparisons of the high altitude resolution remote sounder 2601-2604, doi:10.1029/1999GL011343, 2000.

SCIAMACHY with two ground-based millimeter-wave
sounders and a ground-based FTIR sounder are shown.
The comparability is ensured by constraints on the SCIA-
MACHY pixel in terms of the total ozone column and the
potential vorticity. The profiles retrieved from the SCIA-
MACHY measurements and the millimeter wave measure-

Golchert, S., Buschmann, N., Kleindienst, A., Palm, Mijn¥i,
K., Notholt, J., de la Me, J., Schneider, N., Sorensen, H.,
Gross, A., and Chipperfield, M.: Comissioning of the new
Ground-Based Microwave Radiometer RAMAS at Summit,
Greenland, Poster presentation at the Microrad04 conference
in Rom, Italy, http://www.ram.uni-bremen.de/pgifoster/poster
rome-microradO4amas.pdf2004.

ments agree in shape as well as in altitude of the maximunKaiser, J. W. and Burrows, J. P.: Fast weighting functions for re-

vmr. The differences in the retrieved vmr are in the range

trievals from limb scattering measurements, JQSRT, 77, 273—

of the expected standard deviation of the comparison except 283, 2003.

above 35 km altitude in case of the RAM.

The statistical basis for the intercomparison of this study is
still quite small. However, the statistical basis is expected to
improve with the lifetime of the SCIAMACHY instrument.
Newer millimeter wave instruments like RAMAS on Green-
land (Golchert et al.2004 will contribute more coincident

Lamsal, L., Weber, M., Tellmann, S., and Burrows, J.: Ozone col-
umn classified climatology of ozone and temperature profiles
based on ozonesonde and satellite data, J. Geophys. Res., 109,
D20304, doi:10.1029/2004JD004680, 2004.

Langer, J.: Measurements of Arctic stratospheric ozone: Compari-
son of ozone-measurements at f!llpsund, Spitsbergen, in 1997
and 1998, PhD thesis, University of Bremen, in German, 1999.

measurements and improve the quality of the comparison beycpeters, R. D., Janz, S. J., Hilsenrath, E., Brown, T. L., Flit-
cause of their better altitude resolution (expected 10 km over tner, D., and Heath, D.: The retrieval o@rofiles from limb

arange of 20 to 45 km).
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