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Abstract. This paper summarises the validation of GOME 1 Introduction

total ozone retrieved using the Weighting Function Differen-

tial Optical Absorption Spectroscopy (WFDOAS) algorithm the GOME (Global Ozone Monitoring Experiment) on
Version 10 This algorithm has been described in detail inyq 4 the ERS-2 satellite is the first European experiment
a companion paper boldewey-Egbers et 82003. Com-  egicated to global 0zone measuremerBarfows et al,
pared to the operational GDP (GOME Data Processor) V39994 |t measures the back scattered radiances from 240—

several improvements to the total ozone retrieval have beehgg nmin the nadir-viewing geometry. In the relevant region

introduced that account for the varying ozone dependent cong, yota| ozone retrieval (320-340 nm) the spectral resolution
tribution to rotational Raman scattering, includes anew cloudg 4pout 0.17 nm. The maximum scan width in the nadir is

scheme, and uses the GOME measured effective albedo i§g0 km across track on the ground and global coverage is
the retrieval. In this paper the WFDOAS results have been, -hieved within three days.

compared with selected ground-based measurements from : )

the WOUDC (World Ozone and UV Radiation Data Cen- For the major parts of the Ol’blt.S one across track scan se-
tre) that collects total ozone measurements from a global netduence cons;]sts ((;f four g(:ound pixel _types \I’(V'thbls lentegrs-

work of stations covering all seasons. From the global vali-on time each and ground coverage is 320 km by 40km. The

dation excellent agreement between WFDOAS and grounaGOME instrument aboard ERS-2 provides regular solar irra-

data was observed. The agreement lies withit%, and diance and backscatter spectra starting in July 1995. In June

very little seasonal variations in the differences are found. 2003 the tape recorder for intermediate data storage failed,

In the polar regions and at high solar zenith angles, how-S° that only data are transmitted to the ground when ERS-2
is in direct contact with ground stations. This limits GOME

ever, a positive bias varying between 5 and 8% is found neal® X :
the polar night period. As a function of solar zenith angle coverage to the Euro-Atlantic sector stretching from Canada
as well as of the retrieved total ozone, the WFDOAS dif- to Russia. _

ferences to ground polar data, however, show a much weaker In a companion papeiCpldewey-Egbers et al2009 a
dependence as compared to the operational GOME Data Préew total ozone retrieval algorithm has been introduced that
cessor Version 3 of GOME that represents a significant im-uses the Weighting Function Differential Optical Absorption
provement. Very few stations carry out simultaneous mea-Spectroscopy (WFDOAS) approach. It introduces several
surements by Brewer and Dobson spectrometers over an exew features that have not bgen used in prior total ozone re-
tended period (three years or more). Simultaneous Brewelfievals from GOME. The variable ozone dependent contri-
and Dobson measurements from Hradec Kralove, Czech Rédution to the Raman scattering responsible for the filling-in
public (50.2 N, 15.8 E) and Hohenpeissenberg, Germany of molecular absorption is properly accounted for. The use
(47.8 N, 11.0° E) covering the period 1996-1999 have been of a new cloud scheme in combination with an estimation of
compared with our GOME results. Agreement with Brew- effective scene height lead to higher sensitivity to clouds in
ers are generally better than with the simultaneous DobsoNVFDOAS. In addition, the GOME retrieved scene albedo is
measurements and this may be explained by the neglect dhcluded in the retrieval. It was already shown in the com-
stratospheric (o0zone) temperature correction in the standarganion paper that these new features have improved the to-

ozone retrieval from the ground. tal ozone retrieved from GOME compared to earlier retrieval
versions. This paper describes the validation of WFDOAS

Correspondence tavl. Weber with ground based data on a global scale. Comparison of op-

(weber@uni-bremen.de) erational GDP (GOME Data Processor) V3 to ground data
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are also presented to document the significant improvementlimatology accounts for seasonal variation and also contains
achieved by WFDOAS over prior data versions. typical ozone hole profiles. Solar zenith angle varies from
In Sect.2 the WFDOAS algorithm is briefly summarised. 15°—-92, line-of-sight varies from-34.5 to +34.5, and the
In Sect.3 comparisons with simultaneous Brewer and Dob- range for the relative azimuth angle is defined by a given
son measurements at Hohenpeissenberg {(#,.81.0 E) combination of both parameters. Altitude of the boundary
and Hradec Kralove (50°, 15.8 E) are presented and dis- in the lower atmosphere varies from 0 to 12 km, and surface
cussed. This is a very important comparison since many staalbedo from 0.02 to 0.98. Both parameters are considered ef-
tions have changed or plan to change from regular Dobsoffiective parameters that take into account partial cloud cover
to Brewer observations and a good characterisation of sateih the GOME scene.
lite data with respect to both spectrophotometer types is crit- For ozone retrieval with WFDOAS, calibrated GOME
ical for long-term trend assessment from both satellite andevel 1 radiance and solar spectrum from the same day,
ground time seriesStaehelin et al.2003. The next sec- a-priori values for total ozone (initial guess), effective al-
tion shows comparisons with individual WOUDC stations titude, and effective albedo are used. Effective altitude is
(Sect .4) followed by Sect5 summarising the statistical anal- obtained from FRESCO (Fast Retrieval Scheme for Clouds
ysis involving all stations selected from low to mid latitudes. from the oxygen A-BandKoelemeijer et al.2001). Cloud
Most of the validation statistics at mid latitudes and in trop- top pressure and cloud fraction are derived from the oxygen
ics rely on ground-based data between 1996 and 1999, butansmittance assuming a high reflecting boundary represent-
for selected stations the validation has been extended up timg the cloud top. Surface albedo is taken from minimum
2003 (Lauder and Hohenpeissenberg) for demonstrating thepectral reflectances derived from a five year GOME data
long-term stability of the GOME data. In a separate sectionrecord Koelemeijer et al.2003. The effective height is
(Sect.6) the validation results from comparison with polar the sum of the ground altitude and the retrieved cloud top
station measurements in both hemispheres from 1996 to 2008eight weighted by the fractional cloud coveldldewey-
are presented. Egbers et a).20095.
The Lambertian Equivalent Reflectivity LERIérman and
Celarier 1997 defines the effective albedo and is obtained
2 WFDOAS algorithm from GOME sun-normalised radiances at 377.6 nm, where
variations with respect to the Ring effect are small and can
In the WFDOAS algorithm the measured atmospheric opticalpe easily corrected for. A look-up-table of radiances as
depth (logarithm of the sun-normalised radiances) is approxa function of solar zenith angle, line-of-sight, relative az-
imated by a Taylor expansion around a reference intensitymuth angle, ground altitude, and surface albedo has been
plus a low-order polynomial, here a cubic polynomial. The pre-calculated using SCIATRAN and the LER are retrieved
total column information is obtained only from differential by finding the best match between calculated and measured
trace gas structures as in case of standard DOAS and tHEOA reflectance by inverse search in the multidimensional
polynomial accounts for all broadband contributions from table.
surface albedo and aerosols. As described irColdewey-Egbers et g2005, the Raman
Additional fit parameters are the Ring effect, the under-correction to scattered intensity, the so-called Ring spectra
sampling correction, both treated as effective absorbers simiSolomon et a].1987 Vountas et al.1998, were calculated
ilar to the approach used in standard DOAS, and a (ozonejor the same atmospheric conditions including ozone vari-
temperature shift. Slant column fitting is also applied to theability as provided by the profile shape climatology as for the
minor absorbers N@and BrO. All fitting parameters are de- weighting functions, they are stored in look-up tables (LUT).
rived using a linear least squares minimisation. A large set ofThe spectral window 326.8-335.0 nm is used in the ozone
reference spectra has been constructed that includes neaffigting procedure. After the iteration stops, the ghost vertical
all possible atmospheric conditions. The radiance spectrgolumn (GVC), that is hidden below the (partial) cloud, is
and weighting functions were calculated as a function of to-determined from an ozone climatology and then added to the
tal ozone including profile shape, solar zenith angle, line-retrieved column to obtain the final total ozone amount. The
of-sight, relative azimuth angle, and bottom-of-atmospheretropospheric climatological ozone is taken from the monthly
altitude and albedo using the multiple scattering SCIATRAN and zonal mean TOMS V8 profile climatology (G. Labow,
radiative transfer model in the pseudo-spherical approximaNASA GSFC, personal communication, 2001).
tion (Rozanov et a).1998. The following settings apply to Version 1.0 WFDOAS:
Ozone and temperature profiles are taken from TOMS (To-

tal Ozone Mapping Spectrometer) V7 climatologi/elle- — spectral fitting window: 326.8-335.0nm

meyer et al. 1997) which contains different profile shapes  — fitting terms:

for three latitude belts (low, middle and high) as a function ) o )

of total ozone column varying from 125-575 DU in mid and e ozone vertical column (weighting function)
high latitudes and from 225-475 DU in low latitudes. This e temperature shift (weighting function)

Atmos. Chem. Phys., 5, 1341355 2005 www.atmos-chem-phys.org/acp/5/1341/
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e under-sampling correction due to systematic errors, for instance coming from uncertain-
« Ring (including ozone filling-in) ti(_as in cross-sections (Bass.—!:’aur are used_in the stapdard re-
trieval). Under cloudy conditions the error in the zenith-sky
e NO; results can rise from 3% up to 7% (low clouds) in zenith sky
e BrO measurements (R. D. Evans, NOAA, personal communica-
tion). First measurements with the Dobson instruments have
— a-priori ozone profile shape from total ozone dependentyeen reported in the twentieBgbson 1931) and some of the
TOMS V7 ozone and temperature climatolo§yelle-  |ongest time series are provided by the Dobson instruments
meyer et al. 1997) (Staehelin1999.
Since the early eighties Brewer grating spectrometers have
been installed at several statioriée(r et al, 1985 and at
many stations Dobson instruments have been replaced by

— Fraunhofer fitting (wavelength calibration of daily solar Brewer spectrophotometers or are planned to be replaced.
GOME reference to Kitt Peak Fourier transform solar The Brewer is a modified Ebert type grating spectrometer
atlas fromKurucz et al, 1984 which can be operated in single (“single Brewer”) or dou-

ble monochromator (“double Brewer”) configuration. This

— shift and squeeze of wavelength axis only for nadir ra-instrument uses five wavelengths in the spectral range 306.3
diance spectrum and 320.1 nm to form several wavelength pairs for the stan-

dard ozone retrieval. Besides ozone, NGO, and UV-B

radiation can be measured. Particularly,S@erferes in the

— Lambertian equivalent reflectivities (377.6 nm) taken as©Z0ne retrieval and has to be corrected for in an urban en-
effective albedo of the scene vironment. Particular advantage of the Brewer is its fully

automated operation. Both direct-sun and zenith-sky mea-

— cloud-top-height and cloud cover fraction derived us- surements are possible.
ing FRESCOKoelemeijer et al.200]). Effective scene In the standard retrieval, for both Brewer and Dobson in-
height is determined from the cloud-information struments, the dependence of ozone cross-section on temper-

. ) ature is not accounted for unlike in the satellite retrieval. As

— ghost vertical column correction from TOMS V8 zonal giscussed by Kerr (2002) atmospheric temperature correc-
monthly mean climatology tions can be applied to Brewer retrievals, but most of the sta-

tions participating in the ground based network still rely on

the standard retrieval. Based upon Bass-Paur ozone cross-
section spectraBass and Payrl985 convolved to match

— Burrows et al.(1999H ozone cross-section shifted by
+0.017 nm

— cubic polynomial subtracted in the fit

The Fraunhofer fitting and the spectral shift of the ozone
cross-section used in the radiative transfer calculation per
mits the limitation of wavelength adjustments (shift and . 0
squeeze) to the GOME nadir radiances. This leads to afasté%rewer spectral resolution, he found a 0.7%/10K tempera-

- : ; ; ture dependence for Brewer standard retrievar( et al
retrieval on the order of five minutes per GOME orbit (about . ; ’
1550\;“5) Ve minutes p it (abou 1988. This number was revised to 0.94%/10Kefr, 2002).

Using a different approach based upon Brewer measure-

ments at Toronto that included ozone temperature retrieval,
3 GOME, Brewer, and Dobson triple comparison he found that the temperature dependence is rather negligible

(-0.05% / 10K) at standard Brewer wavelengths. For Dob-
The majority of the total ozone data obtained from the son instruments the temperature dependence is 1.3%/ 10K
ground are Dobson spectrophotometer measurements. TH&omhyr et al, 1993. The temperature sensitivities cited
Dobson spectrophotometer is a double monochromator withhere apply mainly to direct-sun measurements.
the first prism acting as a dispersing element and the sec- Only very few stations provide simultaneous measure-
ond recombining the wavelength pair on to a photomulti- ments from Brewer and Dobson spectrometers covering an
plier. A chopper allows the alternating measurements ofextended period. Two such stations are Hohenpeissenberg
the wavelength pair with a single detect@opson 193] (MOHp), Germany, 478N, and Hradec Kralove, Czech Re-
1968. For the standard analysis (World Meteorological public, 50.2 N. Both stations in collaboration act as the Re-
Organisation — Global Atmospheric Watch (WMO-GAW), gional Dobson Calibration Centre for Europe. They have
the A (305.5/325.5nm) and D (317.6/339.8 nm) wavelengthbeen operating a single Brewer and Dobson throughout the
pairs are used to derive total ozori&tdehelin et a).2003. GOME period 1995-2003 and this data set is very valuable
At low solar elevation the D-pair can be combined with the in evaluating the new GOME algorithm. Because of different
C-pair 311.5/332.4nm. This instrument can be operated invavelengths used in all three instruments GOME, Brewer,
direct-sun and zenith sky viewing geometry. Most reliable and Dobson results may differ.
results are obtained in direct-sun (AD pairs) with a preci- For both stations a maximum collocation radius of 160 km
sion of 1% using a diffuser plate. Accuracy may be lower between the centre of the GOME pixel and station location

www.atmos-chem-phys.org/acp/5/1341/ Atmos. Chem. Phys., 5, 13552005
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Fig. 2. Same as Figl but shown for collocated WFDOAS and Dobson measurements at Hohenpeissenberg. Only direct-sun measurements
from the Dobson are shown here.

was allowed and measurements had to take place the sanué total ozone with maximum ozone in spring and mini-
day. At a given day only the closest match within that radiusmum in fall, the bottom panel the difference in percent. The
was taken. Brewer and Dobson data were provided as dailyWFDOAS results have a bias of 0.4% and@.5% variabil-
averages. All Dobson measurements and the Hradec Kraloviéy over the annual cycle with slightly higher values in winter
Brewer are limited to direct sun measurements that are con(JFM) than in summer/fall.

sidered most reliable. Hohenpeissenberg Brewer data also
contain zenith-sky measurements.

The comparison of the GOME WFDOAS V1.0 with the
Dobson measurements is shown in F2g.The RMS scat-

Figure 1 shows the comparison between WFDOAS V1.0 ter in the differences are similar for both Brewer and Dob-
and Hohenpeissenberg Brewer as a function of the day in theon data (2.3%). WFDOAS exhibits a somewhat stronger
year (1996-1999). The top panels shows the annual cyclseasonal cycle of1% when compared to Dobson with a

Atmos. Chem. Phys., 5, 1341355 2005
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maximum of +1.5% during winter and 0% difference in sum- not adopted at MOHp (U. &hler, DWD, personal communi-
mer. WFDOAS results appear to exhibit only a very small cation, see als&taehelin et a].2003 and that may explain
seasonal variation with respect to the Brewer. this bias. The change in the calibration settings is also notice-
Similar conclusions can be derived from the comparisonable from the longterm times series in the Dobson-Brewer
with the ground-based data from Hradec Kralove. In Big. differences at Hradec Kralove that showed less variability in
different combinations of differences between satellite and1996 and earlier§taehelin et al2003 see their Fig. 5).
ground-based data are shown. The top two panels show dif- A gistinct seasonal cycle in the Dobson-Brewer differ-
ferences of WFDOAS with respect to Brewer and Dobson,ences is noticed with maxima in winter and minima (near
while the lowermost panel depicts the differences betweeryerg) in summer. The major contribution to this seasonal
average Dobson and Brewer results from the same day.  ¢ycle in Dobson-Brewer differences is due to the use of
The WFDOAS bias with respect to Brewer is less than different wavelength pairs in both instruments to retrieve
0.2% and a very weak seasonal cycle 00.5% like in ozone. Particularly, the D pair ratio of the;@ross-sections
the Meteorological Observatory Hohenpeissenberg (MOHp)317.6/339.8 nm) as used by the Dobson shows the largest
data is evident here. A somewhat larger seasonal variatiofemperature dependence of all ratios used in the standard re-
is observed if compared to Dobsoi#t1%). This isin line  trieval by both instrumentsStaehelin et a).2003. How-
with the earlier comparison to MOHp. Note that the per- ever, a fixed temperature (226.9 K) ozone cross-section is ap-
centage scale is finer (smaller) in these plots as compared tglied in the standard retrieval so that stratospheric tempera-
the MOHp plots; the RMS scatter of the differences remainsture variation with season is not accounted for. During winter
about the same. stratospheric temperatures are well below 226.9K that may
When comparing data from both stations it is noticeableexplain the larger differences between Dobson and Brewer.
that the Hradec Kralove Dobson is 0.5% lower on averageThe observed differences between GOME and Dobson are
than the same instrument at MOHp. A new set of calibrationtherefore consistent with the expectation from the neglect of
settings were introduced in Hradec Kralove in 1997 that weretemperature corrections in the standard retrieval. Due to the

www.atmos-chem-phys.org/acp/5/1341/ Atmos. Chem. Phys., 5, 13552005
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reduced temperature sensitivity of the Brewer wavelengthSyape 1 | ist of WOUDC station data used in the WFDOAS vali-
it is also not unexpected that GOME WFDOAS agrees bet-gation and division into climate zones. The type of instruments are

ter with Brewer. It should be also noted that the temperatureyiven in the second column: D stands for Dobson, B for Brewer,
sensitivity is also larger with direct sun than with zenith sky and F for the M-124 filter instruments.
ground-based observationgaficek 1998.

) o ) Station  Type Latitude Longitude  Height  Location
4 Comparison with individual WOUDC stations No. [m]

NH polar region
Forty-two stations have been selected from the WOUDC ~— ,,

3 ’ B 7472N 94.98 W 65  Resolute
data baseHare and Fioletoy1998 Fioletov et al, 1999 182 g gi-ggm 1}13652 w léé Earrgwk
for global validation of WFDOAS V1.0. The stations are o051 D o413N arew 75 Reykavik
summarised in Table 1. Only those stations have been se- 123 B 6208N  129.75E 98  Yakutsk

043 D 60.13N 118w 95  Lerwick

lected that show no larger gaps in time and should not suffer
from unreasonable short time jumps and do not have an aver- _NH mid latitude region

age bias clearly exceeding 5%. Those excluded were mainly 077 B 58.73 N 94.07; w 35  Churchill )
H : . . . 143 F 56.00N 92.88 E 137 Krasnoyars
a few Indian stations and Hanoi, Vietnam. Particularly at 021 B 5358N 11410 W 766 Edmonton
northern hemispheric mid latitudes, many more stations were Ogg B 53-35 N 60é38°5)W 43 Goose leay )
available but a fairly even distribution in longitudes were en- 17, B 23N  413E 117 Lidenber
sured by selecting 19 stations out of this data set. The major- 822 g gg.gg“ 54.332? WE 133 cl:JCdi
. . . . amporne
ity of data are from Dobson measurements. The maximum g9 D 4780N  11.02E 975 Hepeissenberg
collocation radius was here set to 300 km (between centre of 277 F 47.7; N 42.221? E 64 Cimltj)anSk
GOME footprint and station) and only the nearest GOME 02 D gosTN  Gnosw 192 Carbou
overpass was used at a given day. The same data set has been 8&33 B gggm Zfi?@WE 123 ;oromo
R : : . . apporo
used in a recent paper validating the GOME V2.7 data ver- 57 D  4002N 10528W 1390 Boulder
sion Bramstedt et a]2003. A change of collocation radius 208 D 39-7; N 117-0g E 80 Xie;nghe
to 300 km rather than 160 km as in the case of the triple com- s D 37esN  7easw 13 Walemsisiand
parison presented earlier does not alter the statistics signifi- 158 B 3357N 7.67W 55  Casablanca
cantly. For each climate zone (in 36teps) a representative Tropics
stathn has t_>een selected and the dilffer_ences are shown asa o5 D 1953N 1555PW 3420 MaunaLoa
function of time from 1996 to 1999 in Figt. The stations 187 D 18.5§N 73.8§E 559 Poonla
. 218 D 14.63 N 121.83 E 61 Manila
are from north to south; Resolute (Canadd; M} Boulder 214 D 133N  10388E 14 Singapore
(USA, 40 N), Singapore (1N), Comodoro Rivadavia (Ar- 175 D  127S 36.8E 1745 Nainlabi
: . : 219 D 5.84S 35.2FW 32 Natal
gentma, 48S), and Syowa, the Japanese station in Anta_rc- 084 D 12495  13088E 31 Darwin
tica (69 S). Also shown are the three month mean time series 191 D 14.28S 17056 W 82  Samoa
(in orange) in order to visualise possible seasonal variability _ 2% D 2268S 4500w 578 C.Paulsta
and a longterm drift in the data. The orange bars indicate  SH mid latitude
the % scatter in the three month mean differences. As with 027 D 2742s  153.12E 18  Brisbane
: : 343 D 31.38S 57.97 W 31  Salto
earlier versions of GOME. total ozone and as showp Iate.r for 091 D 34585  58A8W 25 Buenos Aires
WFDOAS in Sect5, the time series of GOME-station dif- 253 D 37.80S  144.97E 125  Melbourne
; e P 256 D 45.08 S 169.70 E 370 Lauder
ferences show no significant long-term dri@@P V3 VAL- 342 D 45785 67.8 W 43 C Rivadavia
REPORT, 2002Bramstedt et a] 2003. 339 D 5483S  68.3FPW 7 Ushuaia
Both mid latitude stations in both hemispheres as well as  Antarctica
the data _from Sin_gapore have an average b_ias over the four ™ 533 D 64235 5672 W 196  Marambio
year period that is well belowt-0.5%. Outside the polar 101 D 69.00S 39.58 E 21 Syowa
. . ifi | si . he diff 057 D 73.52S 26.73W 31 Halley Bay
regions no significant seasonal signature in the differences g D  7783S  166.68E 250 Arrival Heights

is detectable with the exception of Boulder. The Boulder
difference series, however, has a distinct seasonal cycle of
up to +1.5% starting in 1997 that is not apparent in 1996.
As discussed in the previous section it could be related to In Comodoro Rivadavia, Argentina, a seasonal signature
the change in calibration settings that many stations intro4s not clearly discernible, except for occasional larger devia-
duced to their Dobson spectrophotometers in 1997. The sedions that are not repeated in other years. This is most likely
sonal signature in Boulder is quite similar to that observedrelated to interruptions in measurements in southern hemi-
with Hradec Kralove and MOHp Dobsons with maximum in spheric summer (January, February, March), so that only few
northern hemispheric winter (January, February, March) anddata contributed to the three month average as in 1997 and
minimum in summer (July, August, September). 1999.
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Fig. 5. Average of WFDOAS V1.0 and GDP V3.0 differences to
* Mean=1.08% nineteen NH mid latitude WOUDC stations: 1996-1999. Top: an-
20 s 811% nual course, bottom: all years. The dotted lines show th&®S
1996 1997 1998 1999 in the WFDOAS differences to the ground data from averaging.

year
WOUDC Station 101, Syowa, ANTARCTICA

n
o
5]
o

20F 3
g wf_ oty . o, B o pattern is symmetric about the polar night period, although
g 0;_ | _ﬁ(_.; ‘f}i' “?:_:'ws‘i__s.?'_._- total ozone under ozone hole conditions in spring is much
g f ; '“ o ke ?;s ) “3'2 ] lower than in fall. The large gradients in 0zone observed near
g -0f . .t * oo 125 1 the polar vortex edge is responsible for the larger scatter in
20k rms= 4.35% 3 the southern hemispheric (SH) spring, because both GOME

1996 1997 1998 1999 2000 and surface instrument do not look at the same airmass. In
fall 1997 the scatter in the differences to the Resolute Brewer
data is quite large as expressed by the huge vertical bar in
Fig. 4. Daily differences between collocated GOME WFDOAS Fig. 4. This is due to some outliers and due to the fact that

V1.0 and various ground stations distributed from north to southclose to the polar night period only few data are contributing

between 1996 and 1999. Orange points mark three month averagée the three month mean. In Se6tthe validation in polar

and error bars the2RMS in the observed differences. All station regions and under ozone hole condition is discussed in more
data are from Dobsons except for Resolute that are Brewer meadetail.
surements.

5 Validation at low to middle latitudes
The two stations in the south and north polar regions,
Syowa and Resolute, show a distinct annual cycle in theFor a statistical analysis WFDOAS total ozone has been com-
GOME-ground station differences. Average differences inpared with ground based data from 42 stations as listed in
spring/summer are quite low (below 1%) but can increase tdTable 1. The comparisons have been separated according
+5% close to the polar night terminator. It is noted that thisto climate zones: high latitudes (6€0°) and mid latitudes

www.atmos-chem-phys.org/acp/5/1341/ Atmos. Chem. Phys., 5, 13552005
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(30°—60) in each hemisphere and tropics {Z%-25 N) ac-
cording to the grouping of stations as shown in Table 1. Fig-
ures5 to 7 show the summary of the comparisons between
WFDOAS and ground based data in each climate zone ex-
cept for the high latitude results that are presented in the
next section. The dotted lines in those figures show the 2
spread from averaging over all differences between collo-
cated satellite and ground data. For documenting the im-
provement achieved with WFDOAS, the same comparison
has been made with the operational GOME Data Processor
Version 3.0 (short: GDP V3) that are shown inred in Figs.
7. A detailed description of GDP V3 can be found3bP V3
VALREPORT, 2002

A plot summarising the comparison between different
satellite analyses, WFDOAS and GDP V3 with nineteen mid

Fig. 6. Same as Fig5, but for eight European stations (Arosa, latitude stations is shown in Fich. The average annual

Lindenberg, Potsdam, Hohenpeissenberg, Hradec Kralove, Ucclehias is—0.4% for WFDOAS. A small seasonal variation of
Camborne, and Oslo), see text for further details.

GOME-station [%]

GOME-station [%]

Fig. 7. Annual course of differences between GOME and ground
stations for tropics (top) and SH mid latitudes (bottom). The dotted

Low latitude stations
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about+-0.5% can be seen, with maximum differences in win-
ter and minimum difference in summer statistically confirm-
ing the results from the individual station comparison. The
GDP V3.0 shows an annual variability #f1% with a bias of
around—1% with respect to the station data. However, the
maximum and minimum in GDP V3 differences are shifted
towards spring and fall, respectively.

By looking at individual mid latitude stations, it can be
noted that for some stations the seasonal variation in the
differences is absent (e.g. Dobsons in Uccle, Belgium, and
Lauder, New Zealand), while for other stations a weak sea-
sonal cycle is observed with WFDOAS. In order to see the ef-
fect on the statistics by selecting different stations, the com-
parison has been limited to eight European stations (Arosa,
Lindenberg, Potsdam, Hohenpeissenberg, Hradec Kralove,
Uccle, Camborne, and Oslo) and Russian stations that mainly
operate the so-called M-124 filter spectrometers to measure
ozone Gushchin et a).1985 have been excluded. Almost
no seasonal variation is observed in the WFDOAS mean dif-
ferences to the European stations, while the seasonal cycle in
the GDP V3 differences still remains as shown in feg.

The annual course of the GOME differences to the ground-
based data for tropical and SH mid latitude stations (see Ta-
ble 1) is shown in Fig7. The SH mid latitude differences
show a similar pattern (now shifted by six months) as ob-
served in the northern hemisphere (NH, see Big. The
WFDOAS differences like in the NH mid latitudes show no
significant annual cycle. The mean bias in low and mid lati-
tudes is less than 0.5% for WFDOAS V1.0.

The insignificant seasonal variation observed in the WF-
DOAS differences at mid latitudes is in contrast to the con-
clusion from the triple intercomparison involving collocated
Brewer and Dobson data, where a distinct seasonal cycle sig-

lines show the @ RMS in the WFDOAS differences to the ground Nature is expected from the lack of ozone temperature correc-
data from averaging.

Atmos. Chem. Phys., 5, 1341355 2005

tion in the ground based data retrieval. One should keep in
mind that other factors influence Dobson results such as stray
light errors (reduces retrieved total ozone) and environmen-
tal settings (affecting stray light levels) that may differ from
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station to station. As pointed out earlier, the ozone tempera- Lauder (45 S,170 E)
ture correction is more important in direct sun measurements
than for zenith sky measurements that are also included in
the WOUDC data. An important result from this validation 44
is, nevertheless, that the seasonal dependence in the GOME-
ground based data differences is quite small and gets smeared 3
out when averaged over many stations. This is a large im-
provement compared to GDP V3 that shows a distinct sea-
sonal signatures at mid latitudes that does not average out. '
Both retrievals, WFDOAS and GDP V3, use the TOMS V7 ¢
profile shape climatology (GDP V3 uses the climatology for
airmass factor calculation). The big improvement in WF-
DOAS retrieval is that the TOMS V7 ozone profile shape
climatology is also used to determine the varying ozone de
pendent contribution to the rotational Raman correction that 1998 2000 2002
is neglected in GDP V3. year

A long-term comparison has been carried out with Dob-
son data from Lauder, 4%, and Brewer data from Hohen- Lauder (45 S,170 E)
peissenberg, 48\. The WFDOAS time series along with 20
the Lauder Dobson data is shown in Fgg.The Hohenpeis-
senberg time series has been shown in Fig. Caflewey-
Egbers et al(2005. All Lauder measurements from zenith-
sky and direct-sun ground based data have been include
Apart from a bias of +0.4% for the entire time period (iden-
tical to the bias observed in Hohenpeissenberg), no signifi- 1098 2000 2008
cant seasonal variation, like in the comparison with Hohen- year
peissenberg, is seen in the comparison with WFDOAS V1.0.
Lower stratospheric temperature seasonal variation is quit&ig. 8. Longterm comparison between GOME and Lauder Dob-
small in this region (below 5 K over the course of the year), son from 1996 to 2003. Top: daily collocated GOME WFDOAS
such that the lack of seasonal variation in the differences be(black) and Dobson data (red) time series. Middle panel: monthly
tween WFDOAS and Lauder Dobson is not surprising. Themean differences betwee_n WFDOAS and Lauder Dobson in per-
bottom panel in Fig8 shows the same comparison but with genlt. Bottom: samehas middle p?n;]el, bu_tlfor_(f?OME GDP V3. Ver-
GDP V3.0, where a distinct seasonal cycle is evident for allt'ca bars indicate thed RMS of the dally differences. Orange

Th litude f fitti . lid lines in bottom two panels show the cosine fit to the data to deter-
years. e amplitude from fitting a cosine curve (solid or- mine the amplitude of the seasonal variation. The amplitude of the

ange line) is 1.7%. For Hohenpeissenberg the amplitude wagggine term is 0% and 1.7% for GOME WFDOAS and GDP V3.0,
found to be 1.4% for GDP V3 (not shown). From this limited yegpectively.

comparison (two stations) up to 2003, it can be concluded
that the DOAS retrieval in low to middle latitudes does not

suffer from the optical degradation that have altered the ra- ) . o
diometric accuracy of the GOME instrument particularly in NU9€ scatter in the RMS which can reactraalue of 40%

later yearsTanzi et al, 2001). depending on_individual stations. Over_ the annual cycle th_e
average bias is about 0.5%. Comparing these results with
GDP V3, one notes that the behaviour near the polar night
period is similar for both data versions and, on first sight an
improvement by WFDOAS seems only marginal. It is evi-
Six stations in the north polar region and four stations ondent that the RMS scatter in the differences is smaller with
Antarctica have been selected for validating polar ozone fromVFDOAS during austral summer than with GDP V3 and the
GOME (see Table 1). Figur@ shows the results from the bias to the station data is lower. Overall, the GDP V3 data
southern hemispheric polar region. The southern polar dat§€€m to be lower than WFDOAS by about 2% throughout the
show on average a difference of four percent with respect t¢/¢ar- From this view point an improvement with WFDOAS
ground-based data near the polar night period, in some year§ evident, but the larger discrepancy to ground data near the
it can reach on average 10% like in Antarctic spring 1998.Polar night region (and at high solar zenith angle) remains.
This comparison is difficult since solar elevation angles are Similar arguments apply to NH polar stations but not as
low and large ozone gradients near the polar vortex edge, thaxtreme as in the SH (see Fitj0) due to the absence of
delineate a cold region where the ozone hole resides, lead tthe ozone hole regularly observed in the SH. The seasonal
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Fig. 10. WFDOAS minus Dobson (top) and GDP V3 minus Dobson (bottom) from 1996 to 2003 for NH polar stations as listed in Table 1.
Individual collocations (grey dots) as well as monthly mean differences (solid line) are shown.
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Fig. 11. WFDOAS V1 minus Dobson (top) and GDP V3 minus Dobson (bottom) as a function of solar zenith angle for four SH polar
stations: Arrival Heights (78S), Halley Bay (74 S), Syowa (69 S), and Marambio (64S).

variation in the differences for both WFDOAS and GDP V3 reduction may be lower than for the ground instruments. It
is very similar to the one observed at mid latitudes with is, however, generally difficult for UV/vis instruments to op-
minium differences in summer and maximum differences inerate in near twilight condition. To reach a better understand-
winter, but enlarged. Like at mid latitudes the minimum dif- ing of differences between satellite (TOMS) and ground-
ferences are shifted from summer to fall for GDP V3. It is based instruments at high-latitudes a measurement campaign
known that the NH polar ozone shows large interannual vari-involving two Dobson and three Brewer instruments, includ-
ability inside and outside of the polar vortex (see for instanceing single and double Brewers, were carried out in Fairbanks,
Weber et al. 2002 2003. The Arctic winter 1997/1998, Alaska, in March/April 2001. Against the travel world stan-
1998/1999, 2000/2001 to 2002/03 have been rather warndard (Instrument D83, AD pair, direct sun), all Brewer in-
stratospheric winters with high ozone well beyond 500 DU, struments as well as integrated sonde profiles have shown a
while 1996/1997 and 1999/2000 were cold stratospheric Arcpercent difference of +3 to +4% with respect to the world
tic winters with lower winter total ozone levelgeber et al. standard $taehelin et a].2003 after careful straylight cor-
2002. The differences to the station data during Arctic win- rections and ozone temperature corrections applied. The
ter/spring are highly variable, exceeding +10% on average irFairbanks direct-sun Dobson results showed a difference of
early 1996 and can be as low as +2% in 1997. A clear trend-1.3% using the AD pair and, when using proper ozone tem-
with time is not observed. It appears that at low solar ele-perature and the CD Pair, a +3.5% difference with respect to
vation and higher total ozone the winter differences are onD83 was found. From FiglO it can be seen that in March
average closer to 5% (1998/1999 and 2000/2001) and othei2001 the average difference between WFDOAS for all Arctic
wise in most cases closer to +2 to +3%. stations was on the order of +2 to +4%, that is comparable
to the differences observed in the modified Brewer/Dobson

At low solar elevation Dobson instruments suffer from for- retrievals during the TOMS3-F campaign. From a tempera-
ward scattered stray light and therefore may underestimateure sensitivity of 1.3% /10K in the Dobson retrieval and a
the total column. For UV observing satellites like GOME seasonal variation of about 30 K in the lower stratosphere a
the intensity of the observed scattered light and the signal-to3-4% differences could be expected between WFDOAS and
noise decreases and, therefore, satellite retrieval errors alsbobsons and also, possibly, between Brewers and Dobsons at
get larger. Since GOME generally uses larger wavelengthsigh latitudes. This suggests the missing ozone temperature
in its retrieval compared to Brewer/Dobsons, the intensity
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Fig. 12. Same as Figl1 but as a function of retrieved total ozone.
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Fig. 13. WFDOAS V1 minus ground based data (top) and GDP V3 — ground based data (bottom) as a function of solar zenith angle for three
NH polar stations: Resolute (78l), Barrow (7T S), and Reykjavik (624N).
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Fig. 14. Same as Figl3 but as a function of retrieved total ozone.

correction and stray light issues as a possible explanatiopolar night period that may only to some extent be explained
for the observed positive bias in WFDOAS differences un-by the problems associated with the standard retrieval ap-
der low solar elevation condition. plied to ground data.

Of particular interest in total ozone monitoring is the de-
velopment of the Antarctic ozone hole from year-to-year. In7 Conclusions
the WOUDC statistics four stations from Antarctica have
been included for the SH polar stations. It was found thatThe new WFDOAS algorithm for GOME has been exten-
close to the polar night period GOME WFDOAS V1 as well sively compared with globally distributed ground-based data,
as GDP V3.0 can be up to 10% higher on average tharpredominantly Dobson spectrophotometer data. In mid lat-
ground based Dobson. However the variability of the differ- itudes it agrees on average to within half a percent with
ences is also very large, so that the differences observed may¢OUDC data. A small negligible seasonal variation of less
be also to a large extent depend on the station. In Hiys. than+0.5% is noted, with a maximum in the differences
and12the results from GOME WFDOAS and Dobson com- in fall/winter and a minimum in spring/summer. At sev-
parison for each of the four Antarctic stations, Syowa, Halleyeral mid latitude stations, e.g. Lauder and Uccle, no sea-
Bay, Marambio, and Arrival Heights, are shown as a functionsonal variation is observed. GDP V3 clearly shows a larger
of solar zenith angle and GOME total ozone, respectively.and persistent annual variatiof:1%) but the maximum in
Also depicted are the results for GDP V3 in the bottom pan-the differences is shifted towards spring (minimum in fall).
els of each figure. Compared to GDP V3 the WFDOAS No major changes are observed with the new WFDOAS in
differences show a fairly weak dependence to solar zenithihe tropics, a constant bias between WFDOAS (below +1%)
angle and total ozone. Looking at the solar zenith angle andind GDP (about1%) with respect to the ground-based data
total ozone dependence in the NH polar regions as shown ithroughout all years are observed.
Figs. 13 and 14, respectively, the improvement achieved by In polar regions (both hemispheres) larger positive differ-
WFDOAS becomes even more striking. The reduced depenences are observed with WFDOAS close to the polar night
dence on total ozone and solar zenith angle also confirms thperiod (on average about +4%). If comparisons are made
observation of weaker seasonal variation in WFDOAS dif- near the polar vortex edge errors can get quite large (up to
ferences to ground data. Nevertheless, both WFDOAS and0% above Antarctica). If both GOME and the station are
GDP V3 retrievals are higher than ground based data near theell inside the ozone hole it appears that the differences are
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below 5%. Compared to GDP V3, WFDOAS shows large Institute, kindly provided Brewer and Dobson data from Hradec
improvements as evident in weaker solar zenith angle andkralove. We also thank him for giving us valuable information

total ozone dependence in the differences to the ground dat@n the ground based data. This project was supported in parts by
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