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Abstract. Ozone vertical profiles derived from nadir mea- 1 Introduction
surements of the GOME instrument on board the ERS-2
satellite, by means of the FURM algorithm of the Univer-
sity of Bremen, are validated against measurements with th&Vith the launch of the Global Ozone Monitoring Experiment
stratospheric ozone lidar at the ALOMAR facility in North- (GOME) onboard the ERS-2 satellite in 1995, the European
Norway. A set of 43 measurements, taken in the period Au-research community started a series of independent measure-
gust 1996 to September 1999 with a maximum distance bements of key atmospheric trace gases on a global scale (e.g.
tween the ground-based site and the GOME pixel centre oBurrows, 1991; ESA, 1995). The use of the DOAS (Differen-
650 km, is used. The comparison shows a satisfactory agredial Optical Absorption Spectrometry) algorithm (e.g. Platt,
ment within less thar-7% in the altitude range 15 to 30km, 1994, Burrows et al., 1999) allowed the derivation of several
independent of the season of the year. At lower altitudes, aveonstituents from the same data set but it also required a care-
erage deviations of the GOME profiles from lidar measure-ful and comprehensive validation. This was done extensively
ments of up to—15% occur in spring, the reason for which with respect to the GOME standard products, i.e. ozone and
has to be found in the FURM algorithm, while the agreementnitrous oxide (NQ) total columns, both during the commis-
is within £5% in both winter and summer/autumn months. sioning phase in 1995/1996 and throughout the lifetime of
At altitudes above 30 km, significant seasonally varying dis-GOME so far (e.g. ESA, 1996; Lambert et al., 1999; Hansen
crepancies occur, being largest in winterd0% on average et al., 1999).
at 40 km altitude) and smallest in summer (less thd9%). L , .
The source of these deviations is most likely related to a ra- The derivation of ozone profiles was of a more experi-
diance and irradiance calibration problem in the GOME datamem"’l,I characte.r; severa! paralle! attempts havg been made
below 300 nm, which are used to derive ozone at the highesrtq d?“"? an optimum of mformapon on the \{ertlcal ozone
altitudes. The validation also shows that it is very important(]I'Str'bu“on from the GOME nadir atmospheric backscatter
to choose the right ozone climatology for initialisation. Sat- spectra (van der A et al., 1998, Munro et al., 1998, Hoogen
isfactory results in spring 1997, when the polar stratospheric:et al., 1998, 1999a, 1999b; Hasekamp and Landgraf, 2001).
vortex was very stable, are only achieved, if a winter (vortex) |n this paper, we present the results of a validation ex-
profile is used. ercise for the profile algorithm, as described in Hoogen et
al. (1999a,b), which was termed the Full Retrieval Method
(FURM). A first validation of this profile algorithm was per-
Key words. Atmospheric composition and structure (mid- formed using a large set of ozonesondes, which give reli-
dle atmosphere-composition and chemistry; instruments andple results below altitudes of about 28 km (Hoogen et al.,
techniques; general or miscellaneous) 1999a, b). In the framework of the European project GO-
DIVA (GOME Data Interpretation, Validation and Appli-
cation), ozone profiles derived from GOME measurements
were validated by means of ozone profiles measured with
the ALOMAR ozone lidar. With the lidar technique, reli-
able ozone profiles are obtained from about 10 km up to al-
titudes of 40 to 50 km, depending on observation conditions.
These results are compared with past validation results using
Correspondence tds. Hansen (ghh@nilu.no) ozonesondes and other satellite instruments.
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Since the inversion is under-constrained, an optimal es-
timation approach is used, combining the measurement in-
formation with statistical a priori information from an ozone
1 climatology. This retrieval uses the statistics (zonal means
E and standard deviations) from Fortuin and Kelder (1999) as
] additional constraints. The present version also contains cor-
rections of the instrument calibration. Additional retrieval
parameters allow the algorithm to effectively improve the
calibration. A detailed description of the FURM algorithm
is given by Hoogen et al. (1999b).

The ground pixel area covered by the GOME ozone profile
is approximately 960 km (across-track) times 100 km (along-
track). This area is larger than the footprint of GOME to-
tal ozone, derived using the DOAS method (320 km times
40km). The reason for the large ground pixel size of the

Ozone density [10 em™] GOME profiles is the fact that the integration time below
_ _ _ _ 307nmis 12s, while itis 1.5 s for all other GOME channels
Fig. 1. Ozone profile measured with the ALOMAR ozone lidar on (Burrows et al., 1999: Hoogen et al., 1999b). The continu-

QApnI 1997, 21:37-23:21 UT. Uncerta|nt|e_s derived from the slope ous wavelength region of 290-345 nm was selected for the
fit procedure (see text) are marked as horizontal bars. Dashed line;

altitude range used for the slope fit, e.g. 1.5km (5 vertical rangemversmn' . . . . .
gates) in the altitude range 723 km). The vertical resolution of the GOME profiles is, typi-

cally, 7-8km, estimated from the full width at half maxi-
mum (FWHM) of the averaging kernels and increases above
and below the region of the ozone number density maximum
near 20-23 km altitude (Hoogen et al., 1999b).
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2 Instruments and techniques

2.1 The Global Ozone Monitoring Experiment (GOME)

sensor and the FURM algorithm 2.2 The ALOMAR ozone lidar

. . The Norwegian ozone Differential Absorption Lidar (DIAL)
The GO.ME SENsoris a grating sp_ectrometer aboard the ERSs'ystem is located at the Arctic Lidar Observatory for Middle
2 satellite, which was launched in April 1995 (Burrows et

Atmosphere Research (ALOMAR) on the North-Norwegian
al., 1999a). GOME covers a spectral range from 240 nm to P ( ) g

. . island of Andgya (69.3N, 16.0E, 379 m a.s.l.). The system
792 r(;rr;f with g_st)ﬁ)ectrl?l' resolugp n .Of petvyeetn 0.2 n{n (V) is of standard design, using 308 nm as the “on” wavelength
and .2 nm (V_'S'_ €). Itis a nadir viewing instrument, mea- ozone extinction) and 353 nm as “off” wavelength (refer-
suring the radiation scattered back or reflected from the Eart

dits at h The short ) { GOME nce atmospheric backscatter without ozone extinction). In
and fts atmosphere. The snort-wave region o COVEIShe routine mode, backscatter profiles with a vertical resolu-

thbe Htatrrtlley-HtL.Jgglms ozor(ljg kt)atr;dts » which contain mformanontion of about 100 m and a time resolution of, typically, five

about the ver |c.a ozone distribution. . » _minutes are gathered. In order to calculate ozone profiles
~ The Full Retrieval Method (FURM) algorithm utilizes this  fom 10 to 45 km altitude, about one hour of measurements
information to derive ozone profiles. FURM is an advancedp 55 tg be integrated. In addition, the backscatter profiles

Optimal Estimation inversion scheme, based on the radiagre summed up over 3 altitude channels, respectively, which
tive transfer code GOMETRAN as forward model to derive yje|ds an altitude resolution of about 300 m at best. However,

ozone profiles from the GOME UV spectra (Hoogen et al., 5ince the DIAL method is based on the ratio of the slopes
1999a, b). GOMETRAN was specifically designed for the ¢ the 308- and the 353-nm signal to calculate the density
evaluation of GOME data without, however, being restricted o¢ 5 certain altitude, the ratios of the neighbouring altitudes
to this particular application (Rozanov et al., 1997). have also to be used. The number of points to be included
FURM consists of two major parts: in the slope fit depends upon the signal-to-noise ratio of the
backscatter profiles. In the case of the ALOMAR ozone li-
— the forward model GOMETRAN, a pseudo-spherical dar, in the lowest part of the profile, five points are used to
multiple scattering radiative transfer model, calculating calculate the slope; from an altitude of 25 km below the up-
the top-of-atmosphere (TOA) radiance for a given statepermost altitude and upwards the number of points is gradu-
of the atmosphere; ally increased from five to 33 points at the uppermost levels.
Figure 1 shows a typical ozone profile as well as the altitude
— an iterative inversion scheme that adjusts the above statélter width used in the respective altitude. This method com-
to match that calculated with the measured TOA radi- plicates the comparison with the GOME profile somewhat,
ance, utilizing the so-called weighting functions also since the altitude resolutions are comparable in the upper part
provided by GOMETRAN. of the profile, but not in the lower part.
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Fig. 2. Single ozone profile comparisons between ALOMAR ozone lidar and GOME: 5 August 1996 (upper left), 9 April 1997 (upper right),
28 February 1998 (lower left), 3 March 1998 (lower right). Thin solid line with error bars: full resolution lidar profile; dashed line: convolved
lidar profile; bold solid line: GOME FURM profile; dotted line: a priori profile used in FURM. Value plot titles: distance between lidar

site and GOME pixel centre.

3 Results excludes measurements in the period 10 May — 30 July
at the instrument site (midnight sun).

In total, 43 single profiles from the period August 1996—

September 1999 were compared. The distance between thBespite this strong limitation in the exploitable time win-

lidar site and the centre point of the GOME pixel is 650 km dows, the data set used is of great value and is also repre-

or less. Seasonally, comparisons are limited to the periodgentative because the measurements included cover periods

late February to early May and late July to end of Septemberwhen characteristic features of the ozone layer at sub-arctic

This is caused by two limiting factors: latitudes occur:

— Currently, GOME profiles can only be derived with the
FURM algorithm at solar zenith angles less thar® 75
due to changes in integration times. At latitudes of 65 to
70, this excludes measurements in the period October—
February.

— Arelatively stable layer with minimum total ozone con-
tent (high tropopause level) in late summer and autumn.

— A highly variable ozone layer depending on the loca-
tion of the site relative to the stratospheric polar vortex
— The lidar in its basic technical configuration can be op- in late winter/spring. The used winter/spring profiles
erated only at solar zenith angles of more thah 93is cover conditions with the site being outside and inside
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Fig. 3. Relative deviation [%)] between GOME and convolved lidar profi{€&3¥ME-lidan/lidar) of all profiles within a 650 km radius around
ALOMAR (left panel) and within a 300 km radius (right panel). Solid bold line: average deviation; thin solid lines: standard deviations;
dots: single profile deviations. Dashed line: average deviation using original (unconvolved) lidar profiles.

the polar stratospheric vortex; this has a profound im-than 10% from about 9 to 34 km; from 18 to 30 km they are
pact on the ozone profile shape . even less than about 2%. Below 15km, the average devia-
tion remains practically constant a6%, while it increases

As already pointed out above, GOME and lidar mea- monotonously above 30 km and reaches a maximum of about
surements require contrary illumination conditions; GOME —25% at 44 km altitude. The standard deviation is also fairly
needs daylight, while the lidar requires darkness. This necessonstant (around 8%) in the 18-to-30 km range. It increases
sarily leads to a temporal offset of up to 12 h between ozonéo about double that value at lower altitudes while it increases
profiles to be compared. However, except in extreme situ-continuously above 30 km to reach a maximum of about 20%
ations during vortex-edge episodes, the temporal variabilityat altitudes above 40 km.
of the ozone layer is very limited and hardly noticeable after Using the original instead of the convolved lidar profiles
the convolution of the lidar profile with the GOME averaging does not change the results substantially. The average devi-
kernel functions. ation profile based on the original lidar profiles is depicted

Figure 2 shows four examples of single-profile compar-as a dashed line in Fig. 3; it lies withi#t5% of the aver-
isons. The thin solid lines with horizontal bars represent theage ratio based on convolved lidar profiles between 15 and
lidar measurement (with its measurement uncertainty), while40 km. The discrepancy only increases at the uppermost al-
the bold solid line is the derived GOME profile. The dotted titudes, where the uncertainties of the lidar profiles become
line shows the a priori (climatological) ozone profile used in very large while, at the lowermost levels, there is a slight
the GOME algorithm. As already pointed out, the true verti- offset towards the zero deviation line.
cal resolution of the two data sets is very different. In order The choice of a more restrictive maximum distance be-
to allow a more realistic comparison, the lidar profiles were tween the ground station and the GOME pixel centre does
convolved with the average kernel functions from the GOME not have a strong impact on the comparison result, as the
profile retrieval; the resulting profiles are shown as dashedight panel of Fig. 3 demonstrates. There, only cases with a
lines in Fig. 2. As expected, this operation removes moredistance less than 300 km are included, a total of 24 out of
or less all structures with vertical scales less than 5km. Athe 43 cases. Both the average discrepancies and the stan-
prominent example is the profile from 3 March 1998, with a dard deviation values of the discrepancies are practically the
strongly depleted layer from 13 to 18 km (lower right panel). same as for the 650-km distance criterion. This is, at least
This feature vanishes completely in the convolved lidar pro-partially, due to the fact that the across-orbit extension of the
file. ground pixel of the GOME observations is larger than the

Figure 3, left panel, gives the relative deviations of the distance criterion chosen. An even more restrictive maxi-
GOME profile from the convolved lidar profile of all 43 cases mum distance was not investigated because of the resulting
included in this analysis. The single-profile deviations aresmall number of remaining cases.
marked with dots, while the bold solid line gives the average As illumination conditions and a priori information from
deviation and the thin solid lines the standard deviation ofa climatology are important parameters in the analysis al-
the single relative deviations. The average deviations are lesgorithm, seasonal sub-sets of the data were investigated
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Fig. 4. As Fig. 3, with 650 km radius, but only for the months of Fig. 5. As Fig. 3, with 650 km radius, but only for winter/spring
August and September. (end of February to early May).

separately. This analysis revealed a pronounced differenc1® ate phase of the polar vortex (April and May 1997 and

in the deviations at higher altitudes. Figure 4 shows the rela—1998)' o ) )
tive deviations for the 15 cases of the summer/autumn period, A further splitting of the winter/spring data set shows

The average deviation between the GOME and the lidar prothat the deviations for February/March (upper panel) and

files is obviously much better than for the entire data set; it"Pri/May (lower panel) differ widely (Fig. 6). In February

remains within the10% range throughout the whole alti- 2nd March the deviations are constantly smal6) from

tude range covered, i.e. from 10 to 45km. The average relal0 t© 30km, but increase rapidly at higher altitudes, reach-

tive deviation based on the original lidar profiles, on the otheriNd & maximum 0f—40% at 40km altitude. In April and
hand, oscillates much stronger around the deviation based )@ the large negative deviation at high altitudes observed
the convolved profiles. This is probably due to the very lim- IN the preceding months reduces to about half of that value,
ited number of profiles included. The good agreement ove@though the relative deviations mcgeaseﬂe% in the 20-

the whole altitude range is particularly surprising, becausd®-30 km altitude range and up t20% below 20 km.

the lidar measurement accuracy in late summer/early fall is

Ipwer than_in winter due to the adverse background illumina-4  piscussion

tion conditions.

The results of an equivalent analysis for the winter/springThe above results allow us to divide the altitude range cov-
period is shown in Fig. 5. The deviations in this season areered by both methods (9—45 km) into three regimes. Below
significantly larger than for the summer/autumn cases ovefl7 km, GOME on average underestimates the lidar measure-
most of the altitude range, especially below 15 and abovements and the standard deviation of the relative differences
30km altitude, where values 6f10% and+30%, respec- is larger than in the altitude range above. At the lowest al-
tively, are reached. The altitude dependence of the relativaitudes, this is not surprising, as they cover the tropopause
deviations is similar to the all-season case. The standardegion where large vertical gradients and also significant hor-
deviation of the relative deviations is comparable to that ofizontal gradients can occur. Large vertical gradients on vary-
the summer data comparison. The single profile deviationsng altitudes (because of changing tropopause heights) are
(dots) indicate that the larger deviations below 15 km altitudesmeared out in a climatology. In addition, the inversion re-
are mainly caused by few profiles with very large deviations,sults in a smoothed difference profile with respect to the ref-
while most profiles remain in th&10% range. A survey of erence a priori profile. Therefore, GOME can not repro-
the single profiles showed that these cases are characterisédce rapid changes in the vertical gradient causing a sys-
by significant ozone deficiencies (low-ozone laminae) in thetematic bias even in the mean difference. Comparisons be-
GOME profiles, while such laminae are almost completelytween the ALOMAR lidar and ozonesonde profiles from So-
removed from the lidar profiles after convolution with the dankyk (about 400 km SE of Andgya), launched almost si-
GOME average kernel functions. All of these occur during multaneously, have at times revealed large differences in the
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the break-up of the polar stratospheric vortex at this time of
the year with filaments and fragments of the vortex passing
frequently over a station like ALOMAR. Such structures can
cause a marked vertical variation of the ozone layer max-
imum over ranges less than the distance between ground-
based and GOME measurement or times scales less than the
mismatch between GOME and the lidar.

In fact, an extreme event of this type is covered by
this study: In 1997, the polar vortex existed until early
May which, compared to other recent cold winters, such
as 1995/96 and 1999/2000, corresponded to a delay of vor-
tex break-up by about a month (Coy et al., 1997; Hansen
and Chipperfield, 1999; Weber et al., 2002). Therefore, the
monthly ozone climatology used in FURM is not represen-
tative for April 1997. One should also keep in mind that the
Fortuin-Kelder climatology was derived from data available
before 1991 (Fortuin and Kelder, 1998). In this specific case
the March climatology was used as a priori information in the
0L L 7‘20‘ . : 2‘0 e 4‘0 s FURM retrieval. The current GOME ozone profile retrieval

% deviotion contains an effective calibration correction introducing addi-
April/May, d < 650 km tional fit parameters. To separate properly the ozone informa-
L B B tion contained in the spectra from the calibration errors, the
a priori information has to be carefully selected to stabilize
the retrieval solution. The upper right panel of Fig. 2 shows
an example from April 1997 with reasonable agreement with
the collocated lidar profile.

The deviations in the two lower altitude regimes dis-
cussed so far can be compared with results of Hoogen et
al. (1999), who validated GOME profiles with ozonesonde
profiles from, among others, SodankylFinland, which is
almost at the same latitude as Andgya. The Sodankyl data
set covers a period of one year, but consists of only 19 single
comparisons. As at Andgya, the illumination conditions ex-
clude GOME profiles in late autumn and winter, while they
may contain midsummer comparisons. Although the devia-
tions found by Hoogen et al. are within a standard deviation
of the present study, the vertical variation of the deviations
is quite different. Firstly, they are generally shifted towards
ob . v positive deviations and, secondly, they reveal two deviation
maxima, at 12 and 25 km altitude, which are much less pro-
nounced in the lidar GOME comparison. One should also
Fig. 6. As Fig. 3 with 650 km radius, but only for the months of note that there are substantial differences between the aver-
February/March (upper panel) and April/May (lower panel). age deviation profiles from the various ozonesonde stations,

especially in the 20-to-30-km altitude range which are not
explained by Hoogen et al. (1999).
tropopause altitude with a severe impact on the ozone con- In the uppermost altitude regime (above 30km), which
centration in upper troposphere/lower stratosphere (UTLS)s not covered by the ozonesonde analysis of Hoogen et
region (Hansen and Kgr private communication, 2002). al., there is a marked change in the deviations from win-

The best agreement is found in the medium altitude regimeer to summer/autumn, being (negatively) largest in winter,
extending from about 17 to 30 km, with average relative de-reduced in spring and smallest during summer. This indi-
viations of —5 to +8%, depending on the season. This is cates that the problem is linked to solar elevation or illumi-
the region from slightly below the ozone maximum to about nation conditions. Although a contribution of the increased
the upper half maximum of the ozone layer. Except in yearsuncertainty of the lidar profiles at the uppermost levels can-
of strong ozone depletion, this region in the ozone layernot be ruled out, the problem is most probably inherent to
shows moderate or little short-time variability. The largestthe GOME data. Figure 7 shows the ratios between the a
change with altitude of the deviations is found in the transi- priori and the fitted GOME profiles for the whole data set.
tion months April and May. This could be a consequence ofWith three exceptions, all a priori profiles were changed by
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70 5 Conclusions and outlook

*0 Although this validation study is based on a very limited
data set (43 profiles), it allows some important conclusions
on the quality of GOME vertical ozone profiles. The com-
parison with lidar measurements at a sub-Arctic station re-
vealed a satisfactory agreement in the 15-to-30 km altitude
range. This is important with respect to the quantification
of stratospheric ozone loss, which occurs almost completely
in this altitude range (Eichmann et al., 1999, 2002; Weber
et al. 2000). At lower altitudes, the agreement is less good,
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W mainly due to the increased natural variability of the ozone
. N layer there combined with the horizontal resolution of the
0 05 1.0 15 0 GOME instrument. It is, therefore, doubtful whether this

GOME modelled profile /' inital profil situation can be improved. At high altitudes30km), the

Fig. 7. Profiles of the ratio between the GOME profile calculated G.‘O.ME data set reveals significant seasonally varying de-
with FURM and the respective a priori profile used in the calcula- viations from the ground-ba_sed measurem?nts'_ These are
tion for all cases analysed. probably due to a problem with (level-1) UV irradiance data
from GOME, which has prevented the use of short wave-
lengths below 290 nm containing most information on ozone
FURM towards smaller values above 33 km with a maximumat higher altitudes. Work on this problem is underway, aim-
change of up te-50% at about 40 km. At other altitudes, the ing at improving the straylight and dark current characterisa-
modification is mainly negative but here numerous positivetions. A successful completion of these efforts will improve
modifications of the same size also occur. The reason fothe radiometric calibration below 300 nm and eventually per-
this behaviour is most probably found in calibration prob- mit the use of wavelengths below 290 nm in the profile re-
lems in the wavelength region below 300 nm of the GOME trieval.
sensor. As the intensity of the signal is decreasing rapidly

below 300 nm, the signal-to-noise ratio is much worse. InacknowledgementsThis study was partially funded by the Euro-
addition, the degradation of the instrument increases withhean Commission through the project GODIVA (project no. ENV4-
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with the results of a validation study with HALOE measure-

ments by Bramstedt et al. (2002). In the°80-8C° N lat-

itud_e l_)and, d_uring the summe_r_months this study reveale_}q%eferences
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surements, such as those from GOME, are closer to highgichmann, K.-U., Bramstedt, K., Weber, M., Rozanov, V. V.,
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