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[1] During the SOLVE/THESEO 2000 campaign the Global Ozone Monitoring
Experiment (GOME) sampled the Arctic region from January to April 2000. Results from
the GOME total ozone measurements are presented to highlight the peculiarity of the 1999/
2000 Arctic winter/spring season in relation to earlier years. Chemical ozone loss
calculations have been derived from daily vortex-averaged ozone profile measurements
from GOME. Between 12 February and 13 March 2000, an accumulated chemical ozone
loss of 1.3 £ 0.3 ppmv at 475 K isentropic height was derived within the polar vortex. This
amounts to a daily chemical depletion rate of 43 ppbv per day (42%). Using 25 January
2000 as a reference date, where six GOME ozone profile measurements were available, an
ozone loss of 1.8 + 0.4 ppmv (49%, 37 ppbv/day) can be derived. The GOME vortex
average ozone volume mixing ratios at 475 K agrees well with results from the three-
dimensional chemical transport model SLIMCAT and weekly mean values derived from
higher-resolution ozone sonde measurements. The low vertical resolution of the GOME
measurements leads to an overestimation of ozone after the vortex was split into parts in the
middle of March. The accumulated chemical column loss (400—600 K) corrected for
diabatic effects is 114 £ 10 DU between 25 January and 13 March. By comparing
midlatitude ozone volume mixing ratios from GOME to passive ozone tracer data from
SLIMCAT, an ozone loss of about 12% is estimated at 475 K isentropic level within the
potential vorticity range between 20 and 30 PVU. This value is statistically insignificant
because of uncertainties in model transport.  INDEX TERMS: 1640 Global Change: Remote
sensing; 0340 Atmospheric Composition and Structure: Middle atmosphere—composition and chemistry; 0341

Atmospheric Composition and Structure: Middle atmosphere—constituent transport and chemistry (3334);
KEYWORDS: GOME, THESEO, lower stratosphere, polar vortex, ozone profile, chemical ozone loss

Citation:

Eichmann, K.-U., M. Weber, K. Bramstedt, and J. P. Burrows, Ozone depletion in Northern Hemisphere winter/spring 1999/

2000 as measured by the Global Ozone Monitoring Experiment on ERS-2, J. Geophys. Res., 107(D20), 8280,

doi:10.1029/2001JD001148, 2002.

1. Introduction

[2] Other methods: Substantial chemical ozone losses,
confined to the lower stratosphere, were identified in the
Arctic polar vortex from ground based and ozone sonde
[see, e.g., Braathen et al., 1994; von der Gathen et al.,
1995; Rex et al., 1997; Knudsen et al., 1998a; Sinnhuber et
al., 1998], airborne [see, e.g., Proffitt et al., 1993], and
satellite measurements [see, e.g., Manney et al., 1996;
Miiller et al., 1997] during the 1990s. Lower stratospheric
winter temperatures are generally higher and more variable
in the Arctic than in the Antarctic polar vortex. Thus the
formation of polar stratospheric clouds (PSCs) that requires
low temperatures, a prerequisite for subsequent chlorine
activation and rapid catalytic ozone destruction, becomes
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more sporadic. Therefore greater variability in derived
Arctic chemical ozone loss rates are observed from year
to year. The Arctic winter/spring 1999/2000 falls into the
category of cold winter seasons, which were unusually
frequent in the middle of the 1990s [Pawson and Naujokat,
1999]. A high number of days where lower stratospheric
temperatures were below 195 K, that are required for
extensive PSC formation, were observed in 1999/2000
[Manney and Sabutis, 2000]. Difference of the Global
Ozone Monitoring Experiment (GOME) total ozone data
with modeled passive ozone tracer at the end of March
yielded an estimated Arctic vortex chemical ozone loss of
about 120 to 140 DU in the total column [Sinnhuber et al.,
2000] which was expected as a consequence of observed
high chlorine activation [Wagner et al., 2002].

[3] During the SAGE III Ozone Loss and Validation
Experiment (SOLVE) and the Third European Stratospheric
Experiment on Ozone (THESEO 2000) campaigns between
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November 1999 and April 2000, the largest set of satellites,
research aircraft, balloons, ozone sondes, and ground-based
instruments were combined to study the Arctic stratosphere
[Newman et al., 2002]. Different approaches ranging from
vortex averaging, tracer methods, and in situ measurements
[e.g., Harris et al., 2002; Rex et al., 2002; Hoppel et al.,
2002; Bremer et al., 2002; Klein et al., 2002] provides a
more coherent picture on the quality of chemical ozone loss
estimates. This paper presents chemical ozone loss esti-
mates derived from the height resolved GOME ozone data
using a vortex averaging approach. Profile data are retrieved
from GOME spectra using a larger wavelength region and a
different retrieval scheme as compared to total ozone
[Burrows et al., 1999a; Hoogen et al., 1999a]. Chemical
ozone loss estimates presented here are based on daily
vortex averages centered at the 475 K isentropic level.
Diabatic heating rate calculations are included in order to
separate dynamical and chemical contribution to the
observed ozone change over the course of this winter. The
vortex average method is based upon the assumption that
dynamical contributions to inner vortex ozone changes are
mainly driven by diabatic descent. To show that mixing of
extravortex air into the vortex can be neglected, reverse
domain filling calculations with an isentropic trajectory
model were made. Very little intrusion of midlatitude air
into the polar vortex was found. The observed reductions in
ozone were thus mainly due to chemistry.

[4] Since GOME is a nadir viewing instrument flying in a
near polar sun-synchronous orbit good coverage of the
sunlit portion of the polar vortex is achieved. The UV/vis
spectrometer GOME measures the backscattered and
reflected sun light and therefore polar night observations
are not possible. The strength of the GOME observations
lies in the late winter and spring period.

[s] Section 2 describes briefly the GOME instrument
followed by a summary on ozone retrieval from GOME
(section 3). An overview of the total ozone observations in
the Arctic between 1995/1996 and 2000/2001 is also
presented in this section in order to highlight the THESEO
2000 winter/spring season. Diabatic Ozone change esti-
mates based on radiative transfer calculations are summar-
ized in section 4. The chemical ozone depletion results from
GOME in winter/spring 1999/2000 are discussed in section
5. Chemical ozone loss calculations have been carried out
using ozone vmr at 475 K isentrope and, alternatively,
subcolumns between 400 K and 600 K

[6] Ozone profile data have been compared with ozone
sonde data and results from the SLIMCAT three-dimen-
sional chemical transport model (CTM) showing overall
good agreement between the various data sets (section 6)
despite the different vertical resolution. Comparisons with
results from other SOLVE/THESEO 2000 campaign meas-
urements will also be given. Combining ozone profile data
from outside the polar vortex with SLIMCAT passive tracer
data an estimate for chemical ozone loss in midlatitudes is
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presented (section 7). Concluding remarks are given in
section 8.

2. The Gome Instrument

[7] The GOME spectrometer was launched on 21 April
1995 on board the ERS-2 spacecraft. ERS-2 flies in a sun
synchronous near polar orbit at a mean altitude of 795 km.
The equator crossing time in the descending node is at
10:30am local time. GOME is a nadir viewing UV/visible
spectrometer that covers the entire spectrum from 240 nm to
790 nm at a spectral resolution varying between 0.2 and 0.3
nm in four separate spectral channels [Burrows et al.,
1999a, and references therein]. The measurement sequence
consists of an across-track scan cycle lasting 6 sec, three
radiance measurements 1.5 s each in the forward direction
covering a maximum surface area of 40 km along track x
960 km across track and the final back scan. Global cover-
age is achieved after 42 orbits or approximately three days.
At latitudes higher than 65° complete coverage is provided
daily except for the polar night region. In the short wave
channel of GOME (channel 1a: 240—307 nm before June
1998, currently 240—-283 nm) integration time is 12 s
leading to a surface area coverage of approximately 100
km x 960 km for a single radiance measurement. Total
ozone derived from channel 2 spectra (1.5 s integration
time, surface coverage of 40 x 320 km?) have therefore
higher spatial resolution than ozone profile data which use
part of the spectra in channel la in their retrieval.

3. Gome Data and Analysis
3.1 Gome Total Ozone 1996-2001

[8] Total columns of trace gases like O3, NO,, ClO, BrO,
and SO, can be retrieved using the differential optical
absorption spectroscopy (DOAS) technique [Platt and
Perner, 1994; Burrows et al., 1999a; Wagner et al., 2001,
2002]. The total ozone collumn amount is retrieved in a
spectral window between 325 and 335 nm (GOME channel 2)
utilizing the measurement of the up-welling radiance and the
extraterrestrial irradiance, the latter recorded once a day by
directly viewing the sun via a diffuser plate [Weber et al.,
1998]. The division of the retrieved slant column by an air
mass factor (AMF) determined by radiative transfer calcu-
lation yields the total vertical column density [Burrows et al.,
1999a]. A correction for the missing column amount below
the clouds is applied using the fractional cloud cover infor-
mation derived from the missing oxygen A band absorption
below the cloud top measured at 760 nm [Burrows et al.,
1999a].

[v] Total ozone data presented here are from version 2.70
of the GOME Data Processor (GDP). By comparing GDP
version 2.00 data with collocated ground based measure-
ments from the Network for the Detection of Stratospheric
Change (NDSC) a global agreement to within +4% was

Figure 1.

(opposite) Northern Hemisphere March total column ozone [DU] observed by GOME between 1996 and 2001.

The polar stereographic projection extends from 34°N to the pole with 0°E at the bottom. A latitude circle is shown for
60°N. Contour interval is 25 DU. Darker shading indicates larger ozone values. A monthly mean 42 PVU contour line
based upon ECMWF potential vorticity (thick dashed line) indicates the average size of the polar vortex at 475 K isentropic
level. One potential vorticity unit (PVU) equals 1 x 107¢ K m?%kg - sec.
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Figure 2. Annual cycle of monthly and zonally averaged
column ozone [DU] north of 50°N. The thick black lines
mark GOME results for the years 1996—-2000. The solid
line shows the result for 2000, indicating that 1999/2000
Arctic winter belongs to the series of cold winters (see text).
The crosses and error bars mark Nimbus-7 TOMS averages
for the pre-Pinatubo period (1979-1991) and the 20
confidence level, respectively. TOMS data were taken from
the TOMS website (http://jwocky.gsfc. NASA.gov/).

found [Lambert et al., 1999]. At high solar zenith angles
(>75°) larger differences of up to + 10% have been found.
In the polar region GOME overestimates the lowest col-
umns (<260 DU, 1 DU = 2.687 x 10'® molecules cm™?%)
and underestimates highest columns by an average of 4%.
Best agreement is observed around 300 DU [Lambert et al.,
1999]. Major changes from GDP version 2.00 and 2.70
were related to the NO, total column retrieval with only
minor modifications to total ozone data processing.

[10] To give an overview of the total ozone field in
winter/spring 1999/2000 with respect to the other winters
measured by GOME, Northern Hemispheric maps of
March total ozone are plotted in Figure 1 for the years
1996-2001. The mean vortex position at the isentropic
surface of 475 K (about 19 km altitude) is indicated by the
42 PVU contour (dashed line) from ECMWF analyses.
The March ozone distribution shows strong interannual
variability. March 1996, 1997, and 2000 show an extended
region with low total ozone in the polar region coinciding
with the mean polar vortex position. For these years
extended periods of extreme cold stratospheric temper-
atures were observed in the winter months [Manney and
Sabutis, 2000; Pawson and Naujokat, 1999]. In contrast,
in 1998, 1999, and 2001 no pronounced local minima in
polar total ozone is observed following Arctic winters with
considerably warmer temperatures during the preceding
winter months. In these winters the polar vortex has
weakened considerably by early March as shown by
missing or very small vortex areas in Figure 1.

[11] This is further elucidated by looking at the annual
cycle of total 0zone mean north of 50° shown for all GOME
years (1996—2000) in Figure 2. The range of ozone values
and its mean derived from Nimbus 7 TOMS version 7 data
from the pre-Pinatubo period (1978—1991) are also shown
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for comparison. The largest differences to the pre-Pinatubo
period are observed between January and April, while
during the rest of the year the variability is comparatively
small. The Arctic winter 1999/2000 like the other cold Arctic
winters 1995/96 and 1996/97 exhibits monthly mean total
ozone which are markedly lower than the means in winter and
early spring before 1991 (Figure 2) and the GOME data in
1998 and 1999. All summer and early fall GOME monthly
means are lower than the pre-Pinatubo data. This can partly
be attributed to increased gas phase halogen-catalyzed
destruction of ozone throughout the year [Chipperfield and
Jones, 1999]. Furthermore midlatitude aerosols as well as
changes in dynamics play a substantial role in the midlatitude
ozone trends [Hauchecorne and Peter, 2001].

[12] Table 1 summarizes the February and March total
ozone north of 50°N, divided up in means calculated inside
and outside the polar vortex using 38 PVU at 475 K
isentropic level as boundary value. Total ozone is always
lower inside the vortex except for the stratospheric warm year
of 1999. The chemical ozone depletion can not be discerned
from total ozone measurements alone as dynamics plays an
important role in the interannual variability of total ozone in
the entire Northern Hemisphere as evident in the correlation
of the interannual variability of midlatitude and polar vortex
total ozone as shown by the data in Table 1.

[13] InMarch 2000 the total ozone mean of 356 DU inside
the polar vortex are close to the March 1996 (335 DU) and
1997 values (351 DU). The particularly low vortex values
observed in 1996 (333 DU and 335 DU in February and
March, respectively) are associated with quite frequent and
extreme ozone mini-hole events at the vortex edge leading to
short-term reduction of minimum values below 200 DU in
the Arctic [Manney et al., 1996; Weber et al., 2001]. One
should note here that March 1997 mean total ozone north of
63° were at a record low in comparison to satellite measure-
ments available since 1979 [Newman et al., 1997]. As in
1995/96 and 1996/97, more than 80 days of minimum lower
stratospheric temperatures below 195 K at 50 hPa were
observed during the 1999/2000 season [Coy et al., 1997,
Pawson and Naujokat, 1999; Weber et al., 2001] (see also
Figure 3). In early January polar vortex area reached record
levels (circa 23 x 10°km?). A rather fast breakup of the polar
vortex was observed after mid to late March.

3.2. Ozone Profile

[14] The short-wave region of the GOME measurements
covers the Hartley-Huggins ozone bands and contains

Table 1. GOME Total Ozone Monthly Means [DU] for the Area
North of 50°N (All), the Area Between 50°N and the Contour Line
of 38 PVU at the Isentropic Height of 475 K (Out), and the Vortex
Area Defined by >38 PVU @ 475 K (In)

February March
Year All Out In All Out In
1996 360 369 333 380 391 335
1997 379 382 360 380 395 351
1998 398 403 363 421 426 394
1999 399 396 425 437 436 462
2000 376 381 364 391 401 356
2001 409 414 383 434 434 -2

#Sample too small or zero.
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Figure 3. Time series of the vortex area size and the area
of potential PSC occurrence as defined by the area of
UKMO potential vorticity >38 PVU (thick black line) and
temperature <195K (grey shading) at 475 K, respectively.
Also plotted as dotted grey lines are the minimum and
maximum vortex area for the GOME years 1996—2000.
The daily GOME vortex coverage between February and
April 2000 are indicated by black circles.

information about the vertical ozone distribution due to the
variation of atmospheric optical depth over several magni-
tudes of order between 250 nm and 350 nm [Singer and
Wentworth, 1957; Chance et al., 1997; de Beek et al., 1997].
The use of an inversion scheme to derive height resolved
ozone information from radiances measured by a nadir
viewing space instrument has been demonstrated with the
SBUV family of sensors [Bhartia et al., 1996]. An
advanced technique, here called the Full Retrieval Method
(FURM), is applied to GOME.

[15] The retrieval model FURM consists of two parts: (1)
the pseudo-spherical, multiple-scattering radiative transfer
model GOMETRAN as forward model [Rozanov et al.,
1997] and (2) an optimal estimation scheme [Rodgers,
2000] including a priori ozone profiles from a climatolog-
ical database [Fortuin and Kelder, 1998] and an information
matrix approach [Kozlov, 1983; Hoogen et al., 1999a,
1999b] for the iterative inversion scheme.

[16]] GOMETRAN is a radiative transfer model optimized
for the GOME spectral range. The scalar radiative equation
is solved using the finite difference method [Rozanov et al.,
1997]. Besides top-of-atmosphere sun-normalized radian-
ces, corresponding weighting functions [Rozanov et al.,
1998] are calculated for a given atmospheric state as defined
by the vertical number density distribution of trace gases
(e.g., ozone, NO,, and acrosol) and other geophysical
parameters, for instance, surface albedo. Absorption cross-
sections of ozone and NO, are taken from spectroscopic
laboratory measurements with the GOME flight model
[Burrows et al., 1998, 1999b]. Aerosol profiles and optical
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properties are taken from the LOWTRAN-7 aerosol model
[Kneizys et al., 1988]. The earth surface and cloud top are
treated as Lambertian equivalent reflecting surfaces. By
developing the difference between the iterative solution of
the atmospheric state vector (including the ozone profile) to
the a priori state vector into an series of eigenvectors with
truncation of higher-order terms, the information content
contained in the GOME measurements can be reduced to a
minimum number of parameters (here the expansion coef-
ficients) to be fitted resulting in a numerically stable
retrieval scheme. The latter step is called the information-
matrix method. Further details on the FURM retrieval are
given in Hoogen et al. [1999a, 1999b].

[17] Extraterrestrial and nadir radiance spectra from
GOME (GDP version 2.0) in the wavelength range from
290 to 345 nm are used in the profile retrieval. Strong UV
degradation at the shortest wavelengths limits the fit at
wavelengths above 290 nm, meaning that the retrieved
profile approaches the a priori profile for altitudes above
35 km. This, however, does not affect the lower strato-
spheric profiles investigated here. Temperature and pressure
profiles from the United Kingdom Meteorological Office
assimilated data set (UKMO-UARS data set) are part of the
retrieval [Swinbank and O Neill, 1994]. Main fitting param-
eters are ozone number densities at 71 levels between 0 and
70 km and scaling factors for the surface albedo, the
aerosol, and NO, number density profile, and the neutral
density (here surface pressure), and a constant offset for the
temperature profile.

[18] The result from the optimal estimation approach, i.e.
the ozone number density vector x, can be described using
the averaging kernel matrix A:

x = Ax¢+ (1 — A)x, (1)

where x; is the true atmospheric profile and x, is the a priori
profile needed to stabilize the inversion [Hoogen et al.,
1999a]. The full width at half maximum (FWHM) of the
averaging kernels (which shows the contribution from other
altitudes to a given altitude) can be regarded as a good
estimate for the vertical resolution attained. Between 17 and
35 km the FWHM lies between 7 and 9 km. It is higher
above and below this altitude range [see Hoogen et al.,
1999a, Figure 3].

[19] FURM results have been intercompared with ozone
sondes profiles, which were convoluted with the GOME
averaging kernels to degrade the sonde vertical resolution to
that of GOME [Hoogen et al., 1999b]. For five northern
midlatitude to high-latitude sonde stations the GOME ozone
number density has a positive bias of about 5% with a root-
mean-square (RMS) error of about 10% at 20 km altitude.
Dynamical variability in the lower stratosphere over the
annual cycle is well reproduced by the GOME measure-
ments as compared with annual sonde measurements [Hoo-
gen et al., 1999a; Eichmann et al., 1999; Hoogen et al.,
1999b]. Comparison with global data from HALOE (Hal-
ogen Occultation Experiment) aboard UARS show an
agreement to within 10% for collocated GOME measure-
ments at 20 km altitude [Bramstedt et al., 2001, 2002].

[20] As already mentioned the GOME measurement
technique depends on backscattered solar radiation, and
no data are obtained in polar night. The FURM retrieval
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is further restricted with regard to the solar zenith angle
(SZA). Since June 1998 the upper boundary of the long
integration channel has been moved to 283 nm. However,
since the signal-to-noise ratio is now rather poor between
283 nm and 300 nm, coadding of subsequent GOME pixels
to 12 s is still required for profile retrieval. At SZA larger
than 76° the integration time increases to 60 s in GOME
channel 1A. Longer integration time at larger solar zenith
angle, however, leads to large variation in solar zenith
angles across the covered surface area, so that average
geometric information for the viewing geometry as used
in the current retrieval is not sufficient.

4. Diabatic Descent

[21] Mixing ratios from GOME ozone profiles were
calculated prominently on the 475 K isentrope for this
paper. The 475 K isentrope lies in the lower stratosphere
well below the peak of the ozone mixing ratio. Thus
diabatic descent generally tends to dynamically increase
the ozone vmr at a constant potential temperature surface.
To derive chemical ozone loss rates on isentropes from
observed trends, the diabatic descent or ascent of air
masses and ozone into the considered isentropic level has
therefore to be accounted for. The ozone change on an
isentropic surface & 0%/0t due to diabatic ascent or
descent is given by

00§ Po\" 003
K (;) N @

where Q is the diabatic heating rate, p and p, are pressure
at the isentropic level and surface pressure, respectively,
Kk = 2/7 the ratio of the dry air gas constant to the specific
heat at constant pressure, and % is the vertical ozone
gradient with respect to potential temperature 0 in units of
ppmv/K [Braathen et al., 1994; Sinnhuber et al., 1998].
For the diabatic descent correction in the column amount
between 400 K and 600 K diabatic ozone change at 600 K
minus the corresponding value at 400 K yields the net
diabatic change for the column.

[22] For each GOME ground pixel heating rates calcu-
lations have been performed using the MIDRAD radiative
transfer model [Shine, 1991] with temperature and pressure
profiles from the UKMO analyses and stratospheric water
vapor profiles from the UARS HALOE climatology [Ran-
del et al., 1998]. Assuming a relative humidity of 60% from
the surface up to 400 hPa and a linear decrease to 10% at
200 hPa, tropospheric water vapor profiles are derived from
the UKMO temperature data. A constant CO, volume
mixing ratio of 370 ppmv is assumed throughout the
atmosphere and GOME ozone profiles are included in the
radiative transfer calculation. The ground albedo is taken to
be 0.9, as the Arctic vortex remains mainly over ice, snow

EICHMANN ET AL.: ARCTIC OZONE DEPLETION FROM GOME IN WINTER/SPRING 2000

and/or clouds during winter and spring. The influence of
clouds is neglected.

[23] After averaging the diabatic ozone change (equation
(2)) over the vortex area (>42 PVU at 475 K), the accumu-
lated dynamical contribution to the ozone change can be
subtracted from the observed trend to yield the accumulated
chemical ozone change with time. The results are presented
in section 5. This vortex averaging method has been used in
the Antarctic vortex using POAM I1I satellite data by
Bevilacqua et al. [1997] and for ozone sondes by Braathen
et al. [1994] and Knudsen et al. [1998al].

[24] Vortex-averaged cooling rates from the microwave
radiometer RAM at Ny-Alesund were compared by Klein et
al. [2002] with GOME and SLIMCAT model cooling rates
showing good agreement between the three data sets.

5. Chemical Ozone Depletion During Arctic
Winter 1999/2000

[25] Northern Hemispheric (>°N) ozone profiles from end
of January until middle of April were derived from GOME
observations in 2000. Maps of gridded ozone subcolumn
amounts in the 15-23 km altitude range are shown in
Figure 4 for selected days. Minimum subcolumn amounts
of below 100 DU are observed within the vortex region by
early March. After middle of March the polar vortex
weakened considerably (Figure 3) and became strongly
distorted before splitting into three parts (March 19). By
early April still low subcolumn amounts of 100 DU are
observed within the remnants of the lower stratospheric
cyclone. For chemical loss determination ozone volume
mixing ratios were interpolated to the 475 K isentropic
level. Only GOME ground pixels (100 x 960 km?) lying
entirely inside the polar vortex are averaged to form the
daily vortex mean. The inner vortex (excluding major part
of the vortex edge region) was here defined by the region
where potential vorticity was more than 42 PVU at 475 K
isentropic level.

[26] Figure 3 shows the fraction of the vortex area (solid
points) for which GOME ozone profiles are available. In
general, observation of polar vortex ozone profiles with
GOME are possible starting around middle of February. The
exact time depends on the actual size of the polar vortex and
on how far the vortex is shifted southwards. Because of
cyclonic flow of polar air masses a larger part of the polar
vortex is, however, actually probed by GOME as indicated
in the figure. As the sun returns to the Arctic region in
spring, polar coverage steadily improves.

5.1. Ozone Loss at 475 K

[27] In Figure 5 mean vortex ozone mixing ratios at 475 K
inside the polar vortex (>42 PVU) are shown as a time
series. Error bars indicate the 1o standard deviation from
taking the mean. The isentropic exchange of air from and

Figure 4.

(opposite) GOME subcolumn ozone amounts [DU] for the 15—-23 km altitude range for selected days during the

period January to April 2000. The stereographic projections start at 45°N with 0°E at the bottom. Contour interval is 20
DU. Darker shading indicates larger ozone values. The dashed line is the 42 PVU contour of ECMWF PV defining the
extent of the polar vortex interior region. The thick grey line is the 195 K ECMWF temperature contour (approximate PSC
type 1 existence threshold). From top left to bottom right following dates are shown: 25 January, 12 February, 1 March, 13

March, 19 March, and 1 April 2000.
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Figure 5. (a) Vortex area [107 km?] (light grey shaded

area) and area of possible PSCs (T < 195 K, dark shaded
area) at 475 K. The cross-isentropic exchange of vortex air
across the vortex edge using reverse domain filling trajectory
calculations with UKMO wind and potential vorticity fields
at 475K is shown by the two lines. The percentage of vortex
air that is eroded off the vortex as defined by a change from
values higher than 42 PVU to less than 30 PVU over the
course of 10 days (black/white line). The amount of air
entering the polar vortex (change from values below 30 PVU
to values larger than 42 PVU) expressed as percentage of the
total polar vortex area is shown by the black line. The
backward trajectories for the calculations started ona 1° x 1°
grid from 35°N to 89°N. (b) Time series of FURM vortex
ozone averages [ppmv] (solid circles) and standard devia-
tions at 475 K isentropic height for the winter/spring period
1999/2000. The light grey solid line is a cubic spline
interpolation through the five-point running mean. The inner
vortex is defined to be inside of the potential vorticity
contour line of 42 PVU. Accumulated ozone from diabatic
descent is shown by the dark grey solid line starting on 25
January and increasing to the right. (c) Daily ozone increase
[ppbv/d] due to diabatic descent averaged over all GOME
pixels inside the vortex are displayed. A cubic spline
interpolation through the five-point running mean yields the
solid and dashed line.
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into the vortex at the 475 K isentropic level is shown in the
top part of Figure 5. Reverse domain filling (RDF) isen-
tropic trajectory calculations using UKMO data were per-
formed to determine the amount of air leaving the vortex as
defined by the 42 PVU contour into middle- to high-
latitudes defined by less than 30 PVU and vice versa. Air
masses have been exchanged if the actual PV value located
at the end of the trajectory differs from its initial PV value
[Sobel et al., 1997]. The percentage of vortex area accu-
mulated over 10 days of trajectory lifetime is shown as a
time series.

[28] Generally very little amounts of air enters the vortex
after the build-up in November/December (not shown here).
During dynamically active periods like after the break up of
the vortex into three parts as observed in the second half of
March small amounts of midlatitude air masses can be
injected into the polar vortex. Extrusion of chemically
activated vortex air into midlatitudes becomes, however,
stronger towards the end of the winter. The relative isolation
of the vortex air was also shown by Rex et al. [2002] by
comparing accumulated ozone loss from Match analysis and
from a vortex-averaged approach.

[20] Between 12 February (day 43) and 13 March (day
73) ozone vmr decreased from 3.08 ppmv to 1.85 ppmv.
Adding the accumulated diabatic ozone change of about 0.1
ppmv to these results, a polar vortex ozone loss of 1.3 0.3
ppmv (42%) can be derived. This corresponds to an overall
loss rate of about 43 ppbv per day. Highest loss rates of
more than 45 ppbv/d were reached at the end of February
and beginning of March.

[30] Over 1100 ozone profiles were measured inside the
vortex for 45 days in the winter/spring period 1999/2000.
Before 12 February GOME ozone profile data within the
confines of the polar vortex are rather sparse. Two additional
days were found with at least six ozone profile measurements
fulfilling the criteria of being entirely inside the polar vortex
(>42 PVU). These were the days 25 January (see Figure 4),
and February, 5, that are also shown in Figure 5.

[31] Selecting 25 January (day 25) as a starting point
(mean ozone vmr of 3.530.3 ppmv) a net change of 1.68
ppmv until 13 March is derived. Adding the accumulated
diabatic ozone change (0.15 ppmv) a total chemical ozone
loss of about 1.8 + 0.4 ppmv at the 475 K isentropic level
can be found from GOME for this period. Because this
calculation relies on only six measurement points for one
GOME orbit over Russia (Figure 4), larger uncertainties
have to be assigned to this value. Inhomogeneities in the
ozone amount inside the vortex can cause this high value
[Harris et al., 2002]. As shown in section 6, the 3.53 ppmv
ozone vmr observed by GOME on 25 January is, however,
at the upper limit of individual sonde observations and other
measurements from that period.

[32] Between 25 January and 13 March an average
depletion rate of 37 ppbv/d is derived from GOME obser-
vations. In the second half of March, no O; profile data with
the above criteria were available. During this period the
polar vortex started to erodequickly and lost size as shown
in Figures 3 and 4. After early April the polar vortex ozone
vmr shows a small increase which is larger than expected
from diabatic descent.

[33] Although agreement between GOME and sonde
vortex average vmr at475 K is good, one has to be reminded
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Figure 6. Time series of the 400-600 K GOME
subcolumn ozone amounts [DU] inside the polar vortex
(>42 PVU @ 475 K) for the period January to April. The
grey solid line marks the increase of ozone in the subcolumn
due to diabatic descent.

that the vertical resolution is only about 7—9 km for GOME.
The vertical resolution at 475 K is about 8 km correspond-
ing to a layer of £100 K potential temperature around the
475 K level [Hoogen et al., 1999a]. For this reason, loss
estimates for subcolumn amounts between 400 K and 600 K
will be presented and discussed in the next section.

5.2. Column Ozone Loss at 400-600 K

[34] A different approach to estimate the overall ozone
loss is to calculate the subcolumn ozone [DU] within a
certain range of isentropes. Here we have chosen the range
from 400 to 600 K, as this is the layer where nearly all
ozone loss occurred during the Arctic winter 1999/2000
[Rex et al., 2002; Harris et al., 2002]. The results are shown
in Figure 6. A strong decrease in column ozone was found
for February and the first half of March down to 90 DU on
13 March. After the vortex split up in three parts in the
middle of March, the column amount increases to values
around 115 DU in the first half of April. Corrected for the
diabatic vertical movement of air into and out of the column
and the resulting change of ozone vmr, an accumulated
maximum chemical loss of ozone of 114 + 10 DU for the
period from 25 January to 13 March 2000 was found.
Compared with GOME total ozone (see Table 1), this is
about one third of the total column for March. Again, it
should be noted, that the value of 181 DU on 25 January
might be over estimated due to a sampling bias in the vortex
edge region. The accumulated chemical column loss (400—
600 K) corrected for diabatic effects is 73 + 11 DU between
12 February and 13 March.

[35] Initial comparisons with Match analyses from ozone
sonde data show general agreement within the error ranges.
Rex et al. [2002] found a chemical column ozone loss
between the limits of 14 and 24 km of 117 + 14 DU
between early January and late March. SAOZ/REPROBUS
measurements show a loss of 105 DU for the whole column
between 2 January and 25 March 2000 and POAM profile
datawith REPROBUS passive ozone show a loss of 80 DU
for the partialcolumn 380-700 K [Harris et al., 2002].
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These latter value is somewhat lower than the subcolumn
ozone observed by GOME.

6. Comparison With Ozone Sondes and the
SLIMCAT CTM

[36] A comparison of the GOME results with 7-day
running mean of 475 K ozone sonde vmr is shown in
Figure 7. The 20 standard deviations of the GOME meas-
urements are also shown as error bars. The scatter of the
individual sonde measurements are of the same order as the
standard deviation observed with GOME, so that we can
conclude that expect for the second half of March, the
agreement between sonde and GOME averages is very
good. After day 75, during the second half of March 2000
the vmr of the sonde measurements are systematically lower
than GOME. During hisperiod the polar vortex started to
erode and split into three parts. A possible explanation for
the higher GOME values is the lower vertical resolution of
about 8 km of the GOME profiles, meaning that contribu-
tion of higher or lower altitude levels not necessary belong-
ing to the polar vortex because of horizontal shearing in the
vertical vortex structure may lead to higher observed
GOME vmr. Furthermore, the vertical extent of the ozone
loss was limited to a small region in the lower stratosphere
around 450 K [Rex et al., 2002] and can thus not fully be
resolved by GOME.

[37] The vortex ozone measurement result from 25 Jan-
uary is again plotted in Figure 7. GOME tends to over-
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Figure 7. Comparison of the 475 K ozone vmr with
ozone sondes measurements inside the polar vortex as
defined by 42 PVU at the 475 K isentropic level. The solid
black dots mark the daily GOME means and the error bars
the 20 standard deviation. The diamonds mark individual
ozone sonde measurements, while the solid grey line gives
the 7-day running mean of ozone sonde results.
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estimate the 7-day running mean of the sondes by about 0.3
ppmv. Other measurements also show slightly lower vmr of
about 3.2 ppmv (RAM, 475 K) [Klein et al., 2002], 3.3 ppmv
(AROTEL/DIAL, 450 K) [Lait et al., 2002], and 3.4 ppmv
(POAM 111, 500 K) [Hoppel et al., 2002]. The overestimation
of the vortex average by GOME is due to the fact, that only
the outer parts of the inner vortex are probed at the beginning
of the measurements. Using the sonde running mean as a
starting point for the observed GOME ozone loss calculation,
the accumulated chemical ozone loss at 475 K isentropic
level would be reduced by 0.3 ppmv to 1.5 ppmv for the
period 25 January to 13 March. On the other hand, by mid-
March sonde values were also lower than GOME so that
accumulated chemical ozone loss with sonde and GOME
measurements should be comparable. Because there were
only six GOME measurements on one orbit available in late
January an uncertainty in the accumulated chemical ozone
loss for the January—March period should be conservatively
estimated to be 0.4 ppmv, which includes uncertainties from
diabatic change calculations.

[38] Comparisons with other measurements from the
SOLVE/THESEO 2000 campaign show good agreement
as well in total ozone loss as in ozone loss rates. Most loss
estimates are in general agreement with losses of about 1.5
to 2.0 ppmv at 475 K by the middle of March [Newman et
al., 2002]. A strong decrease in ozone vmr at the beginning
of February was also found by POAM III [Hoppel et al.,
2002], as the rather sparse GOME data at this time indi-
cates. Klein et al., [2002] have calculated vortex averaged
ozone loss rates using RAM measurements from Ny-Ale-
sund. This analysis leads to a maximum ozone loss rate for
February and March of 35 ppbv/d, which is also found from
GOME measurements. An average ozone loss rate from
mid-January to mid-March of 30 ppbv/day was found by
Lait et al., [2002] from ozone observation of the AROTEL
and DIAL lidars and ozone sondes near 450 K, which was
also found by GOME at this height.

[39] The SLIMCAT chemical transport model [Guirlet et
al., 2000; Sinnhuber et al., 2000] has a resolution of 2.5°
latitude x 3.75° longitude (approximately 275 km x 170
km). It is run on 24 isentropic levels from 330 K to 3000 K
(approximately 10 to 55 km) with a resulting vertical
spacing of one km in the lower stratosphere. The seasonal
run used here has been initialized on 1 November using the
output of the low-resolution multi-annual integration of the
same model, which has been started in October 1991
[Chipperfield, 1999]. Horizontal winds and temperatures
are specified from UKMO analyses. The vertical (diabatic)
motion is calculated using the same radiation scheme
MIDRAD [Shine, 1991] as described earlier. SLIMCAT
includes a heterogenous chemical reaction scheme simulat-
ing chemistry on the surface of PSC particles and a simple
parameterization to account for sedimentation of PSC
particles, which are responsible for strong denitrification
processes [Chipperfield and Pyle, 1998; Waibel et al.,
1999]. Passive ozone, which is ozone without chemical
change advected with the model is initialized on 1 Decem-
ber. Differences between the passive ozone tracer and the
CTM ozone provides an estimate of the modeled chemical
ozone loss [Sinnhuber et al., 2000].

[40] In Figure 8 the evolution of daily mean ozone vmr
inside the Arctic vortex as observed by GOME and by the
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Figure 8. (top) Comparison of GOME vortex average

ozone [ppmv] with SLIMCAT model data at 475 K in late
winter/spring 2000. GOME observations are the solid
points with 1o error bars, while SLIMCAT ozone averages
and the 1o scatter are shown by thick and thin solid lines,
respectively. (bottom) Accumulated chemical ozone loss at
475 K isentropic height from GOME (solid circles) and
SLIMCAT (solid line). The GOME chemical ozone change
was derived by subtracting diabatic increases from the
ozone vmr means shown in top. Reference date for both
GOME and SLIMCAT data is January, 25. SLIMCAT
results have been obtained by subtracting averaged passive
tracer ozone changes from the vortex averages.

SLIMCAT model is shown. In general excellent agreement
between the model and GOME observations is found,
except for the 25 January GOME ozone mean that is about
0.3 ppmv larger than the SLIMCAT value and the early
April period, where GOME is about 0.5 ppmv higher than
SLIMCAT. The evolution of accumulated chemical ozone
loss is shown in the bottom of Figure 8, showing that up to
mid-March just before the splitting of the polar vortex into
several parts both modeled and observed chemical ozone
losses are in good agreement. An accumulated chemical loss
of 1.7 ppmv is estimated from model calculation during the
period from 1 December to 19 March. This compares well
to the 1.8 ppmv chemical ozone loss observed by GOME,
that was, however, derived from the shorter period starting
25 January. Setting the accumulated chemical ozone loss
from SLIMCAT to zero on 25 January leads to a 1.4 ppmv
modeled accumulated loss until mid-March. While the
January value is too high, the vmr on 5 February was too
low. This leads to an unrealistically high ozone loss in
January/February. Another effect could be the sampling bias
due to solar illumination changes in the vortex edge region.
This was observed by Schoeberl et al. [2002] by comparing
POAM and ozone sonde data. Instruments that require
sunlight like GOME and POAM do not measure the polar
night region of the vortex and thus tend to overestimate the
ozone loss early in the year, where a large part of the vortex
can not be seen.

[41] Similar to the comparison with ozone sondes, devia-
tions between GOME and SLIMCAT in vmr and accumu-
lated ozone loss are observed after middle of March. This is
again most likely due to the vertical resolution in the GOME
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Figure 9. Time series of FURM ozone means and
standard deviation for the potential vorticity range from
20 to 30 PVU. The solid line is the cubic spline interpolated
five-point running mean. The SLIMCAT passive ozone for
the same PV range is shown by the dashed line. The time
series covers the period 4 January (day 4) to 10 April (day
100). On 10 April 2000 the difference between GOME and
SLIMCAT (0.3 ppmv) can be interpreted as chemical ozone
loss in the 20—30 PVU range.

measurements being lower than that of the model, while the
ozone loss is restricted to a small vertical region. One
should note here that in prior cold winters SLIMCAT tended
to underestimate observed chemical ozone losses [Weber et
al., 2000; Sinnhuber et al., 2000]. It is believed that
denitrification in the model is generally underestimated
[Guirlet et al, 2000; Sinnhuber et al., 2000]. However,
during this winter UKMO analysis temperatures were low
enough to permit large scale denitrification to occur in the
model. Large scale denitrification allows chlorine activation
to persist longer into early spring [Wagner et al., 2001,
2002] leading to continued chemical ozone loss well into
March [Sinnhuber et al., 2000].

7. Midlatitude Ozone Loss

[42] Usually a small fraction of vortex air is eroded off
the vortex before the final breakup [Norton et al., 1995].
This air can be depleted in ozone and can contribute to the
observed midlatitude ozone trend [see, e.g., Randel et al.,
1999; Bodeker et al., 2001]. Most of the ozone dilution in
midlatitudes occurs around the time of the vortex breakup
[Knudsen et al., 1998b]. In the Arctic the vortex is much
less stable and the breakup happens earlier than in the
Antarctic. Strong dynamical wave forcing in the Northern
Hemisphere can lead to significant mixing of polar air into
midlatitudes [Hood et al.,, 1999]. The photochemical
replacement time in the extratropical lower stratosphere is
sufficiently long that it plays no role in the recovery of
ozone [Knudsen et al.,1998b]. Dilution thus may have a
substantial impact on year-round trends (see Figure 2).

[43] Figure 9 shows the mean ozone vmr at 475 K
isentropic level for the 20-30 PVU range, which is the
region just outside the vortex edge region. There appears a
small decrease in outer vortex ozone vmr averaged over the
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20-30 PVU range after day 60. Comparison with passive
ozone tracer data from SLIMCAT shows a net chemical loss
of 0.3 ppmv between day 4 (4 January) and day 100 (10
April) as shown by the difference between passive ozone
and GOME on day 100. While the passive ozone remains
constant between day 4 and day 47 (17 February) a small
increase of about 0.3 ppmv is observed by GOME. In late
February GOME ozone decreases again to its initial value
on day 100. This coincides with the period of increased
outflow of polar vortex air in midlatitudes as shown in top
of Figure 5. However, passive ozone increases until day 100
(Figure 6) by about 0.2 ppmv. Adding both numbers, one
arrives at a chemical ozone loss contribution of 0.5 ppmv
between day 45 and day 100. The latter number should be
only considered as an upper limit. A chemical ozone loss of
0.3 ppmv for the longer period amounts to a chemical ozone
loss of about 12% in the 20—-30 PVU range at 475 K. The
uncertainty is of the same order since the standard devia-
tions for the daily ozone mean value ranges between 0.3 and
0.5 ppmv (Figure 9). CTMs show differences in transport
and residual circulation, such that the error in passive ozone
adds another uncertainty to our estimate [Bregman et al.,
2001; Hall et al., 1999]. The loss estimate stated here is
therefore not statistically significant.

8. Conclusions

[44] In this paper, we presented vortex-averaged chemical
ozone loss calculations derived from height resolved ozone
measurements from GOME. The method to include diabatic
correction to separate dynamical and chemical contribution
to ozone change has been aapplied to the GOME satellite
data for the first time. For the period 25 January to 13 March
a mean chemical ozone depletion rate of 43 ppbv/d at 475 K
isentropic level was derived amounting to a total chemical
loss of 1.8 + 0.4 ppmv (49%) during this period. The largest
uncertainty comes from the accuracy of the GOME ozone
vmr at the starting date since only few measurements were
available inside the polar vortex. The agreement between
GOME and sonde measurements and, on the other hand,
with the SLIMCAT 3-D chemical transport model is very
good except for the period after mid-March when the vortex
became strongly distorted causing a positive bias in the
GOME data. Apparently the low vertical resolution in the
GOME measurements leads to contributions of nonvortex
air at other altitudes to contribute to the observed isentropic
ozone vmr after mid-March. Furthermore GOME generally
underestimates the loss confined to a small vertical region.
The amount of chemically destroyed ozone in the column
400-600 K was 73 = 11 DU for the period 12 February and
13 March 2000 and 114 £+ 11 DU for the 25 January to 13
March period. These results are consistent with other meas-
urements in that winter. The GOME data are well suited for
investigating the contribution of polar losses to midlatitude
ozone. Within the potential vorticity range of 20-30 PVU a
contribution of 12% to midlatitude chemical ozone loss at
475 K isentropic level until day 100 was found from differ-
ences to passive ozone from SLIMCAT. These losses were
most likely due to dilution effects during the breakup of the
polar vortex. Since the uncertainties in residual circulation
and transport in models can be quite significant, this mid-
latitude ozone loss is not statistically significant. Further
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studies are under way to extend this type of studies to other
Arctic winters.
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