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SUMMARY

The Global Ozone Monitoring Experiment aboard the European Remote Sensing Satellite ERS-2 was the
only satellite instrument measuring total ozone on a near-global scale during the extremely cold Arctic winter
1995/96. Extremely low total ozone was observed within the Arctic vortex during February and March. The
lowest value in this winter was 178 DU (Dobson units) over Greenland on 19 February, which was about 160 DU
below the February Arctic vortex mean of total ozone. Although severe chemical ozone destruction occurred in
late winter 1995/96, the extremely low values in total ozone observed after the middle of February were, in all
cases, related to mini-hole events, where large horizontal divergent transport of ozone from the lower-stratospheric
layer above a high tropopause rapidly reduced the total column in a localized region. The observed total-ozone
minima were located near the vortex edge and in the region of minimum lower-stratospheric temperatures that
were, in selected cases, sufficiently low for the formation of polar stratospheric ice clouds (PSC type II) below
188 K at the isentropic level of 475 K. Coincident ozone profile observations in early March from the Halogen
Occultation Experiment on the Upper Atmosphere Research Satellite indicate that the strong chemical ozone loss
was mainly confined to the polar vortex region, and that the extremely low total-ozone values below 250 DU were
mainly caused by short-term reversible dynamical reductions superimposed upon chemical ozone loss occurring
on longer timescales. Enhanced OCIO and chlorine activation, due to strong tropospheric wave activity associated
with an ozone mini-hole event, was only observed in early March following a stratospheric temperature drop
below the ice frost point. In general, however, the observation of very low total ozone in mini-hole events does
not necessarily point to significant additional chemical depletion.
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1. INTRODUCTION

Heterogeneous reactions on polar stratospheric cloud (PSC) surfaces that form
at low temperatures in the polar winter regions of the stratosphere convert chlorine
containing reservoir compounds into photochemically active species. The latter cause
rapid catalytic chemical destruction of stratospheric ozone when sunlight returns to the
polar regions during spring (Solomon et al. 1986; Solomon 1999). Since the middle
of the 1980s large springtime ozone depletion has been regularly observed in the polar
vortex above Antarctica (e.g. Cubashi 1984; Farman et al. 1985; Herman et al. 1993;
Manney et al. 1993; Waters et al. 1993). Despite the hemispheric difference in ozone
distribution, i.e. greater winter/spring ozone maxima, larger natural variability in ozone,
and higher stratospheric temperatures in the northern hemispheric winters, substantial
chemical ozone losses, mainly confined to the lower stratosphere, were unequivocally
identified in the Arctic vortex from recent ground-based and ozone-sondedata (Braathen
et al. 1994; Larsen et al. 1994; Donovan et al. 1995, 1996, 1997; von der Gathen et al.
1995; Rex et al. 1997, 1998; Knudsen et al. 1998; Sinnhuber et al. 1998), airborne
observations (Proffitt et al. 1990), and satellite measurements (Manney et al. 1994, 1995,
1996a, 1996b, 1997; Miiller et al. 1996, 1997a, 1997b, 1999). The first observational
evidence for chemical ozone depletion in the Arctic was obtained in 1988/89 and
subsequent winters (Hofmann et al. 1989; Proffitt et al. 1990; Schoeberl et al. 1990).
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The Arctic winter/spring season 1995/1996 was one of the coldest winters on record;
temperatures were sufficiently low for the existence of PSCs on a maximum number of
days, based upon the 30-year record of stratospheric temperatures at 30 hPa and 50 hPa
from the Free University of Berlin data (Naujokat and Pawson 1996) (see also Fig. 6
in the paper by Pawson and Naujokat (1997) and Fig. 2 in the paper by Pawson and
Naujokat (1999)). The Arctic winter of 1995/96 has attracted much attention because
it was a winter with severe accumulated chemical ozone depletion observed inside the
vortex (Manney et al. 1996a; Donovan et al. 1996). From ozone-sonde measurements,
a chemical loss of 64% was deduced by Rex et al. (1997) in the stratospheric layer
bounded by the 470 K isentropic surface (a height of 19-20 km) by the end of March
and, from the Halogen Occultation Experiment (HALOE), an accumulated chemical
loss of about one third was found (Miiller ez al. 1997a) in the column amount between
the 350 and 550 K isentropic surfaces (12-21 km) by early April. It is well known that
variations in total ozone are also caused by transport related to wave activity (Petzoldt
et al. 1994; Orsolini et al. 1998; Chipperfield and Jones 1999). The important role of
tropospheric wave activity, in addition to strong chemical depletion, on observed Arctic
ozone evolution during the winter of 1995/96 is investigated here in greater detail, based
on observations from the Global Ozone Monitoring Experiment (GOME) and HALOE
in combination with meteorological data.

GOME aboard the ERS*-2 was the only total-ozone measuring satellite instrument
with high spatial resolution and near-global coverage operating during the winter/spring
of 1995/96. It provides, therefore, a unique opportunity to obtain a synoptic view of this
period. 1995/96 was also the first complete northern hemisphere (NH) winter/spring
season to be covered by GOME following its launch in April 1995 (Burrows et al.
1999). This paper provides an overview of the Arctic winter 1995/96 based upon trace-
gas observations from GOME and HALOE, together with analyses from the ECMWF+
and MO{f meteorological datasets. The focus in this paper is on the strong tropospheric
wave activity near the polar vortex edge during February and early March, which led to
a record number of so-called days of possible PSC II occurrences (temperatures below
188 K at the 475 K isentropic level), particularly in late winter. A question that arises
is: what might the contribution of enhanced tropospheric wave activity have been to the
accumulated chemical ozone observed inside the vortex over the course of the winter?
After a brief description of the GOME and HALOE data analyses (sections 2 and 3), the
meteorology and the evolution of the Arctic vortex monthly-mean total ozone between
November 1995 and April 1996 are presented. In order to highlight the peculiarity
of that winter, a brief comparison is made with observations by GOME during the
subsequent winters between 1996/97 and 1999/2000 (section 4). The development of
ozone mini-hole events in association with upper-tropospheric wave activity near the
Arctic vortex edge are investigated by comparing GOME observations with potential-
vorticity (PV) maps derived from the MO meteorological dataset. Clear indication of
enhanced dynamically induced PSC formation and subsequent chlorine activation are
supported by GOME OCIO observations after the ozone mini-hole event in early March
(section 5). On the other hand, when the available active chlorine (Cly) was already
fully activated, as was apparently the case in mid February, no additional enhancement
of active chlorine and OCIO was observed following a strong stratospheric cooling due
to subtropical-air intrusion. From collocated GOME and HALOE observations in early
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March 1996 (Miiller et al. 1997a, 1999), the chemical ozone losses inside the vortex
have been quantified, while in the region of lowest total ozone the contribution of
chemical depletion was either small or negligible at the vortex edge and outside the
vortex, respectively (section 6).

2. INSTRUMENTS AND DATA ANALYSIS

(a) GOME

The GOME ultraviolet/visible spectrometer aboard ERS-2 has a double monochro-
mator design and covers the entire spectrum from 240 to 790 nm at a spectral resolution
varying between 0.2 and 0.3 nm in four separate spectral channels (Weber et al. 1998;
Burrows et al. 1999). ERS-2 was launched into a sun-synchronous near-polar orbit at a
mean altitude of 795 km. The equator crossing time in the descending node is at 1030 h
local time. GOME is a nadir-viewing instrument and its measurement sequence consists
of an across-track scan cycle lasting 4.5 s, three radiance measurements in the forward
direction each covering a maximum surface area of 40 km along-track by 320 km across-
track, and a back scan. Employing the maximum scan width of 960 km across-track,
global coverage is achieved after 42 orbits, or approximately three days. At latitudes
higher than 65° complete coverage, except for the polar night region, is provided each
day.

The total-ozone data presented here are contained in Version 2.70 of the GOME Data
Processor (GDP). By comparing GDP Version 2.40 data with collocated ground-based
measurements from the Network for the Detection of Stratospheric Change (NDSC) a
global agreement to within +4% was found (Lambert ef al. 1999a). At high solar zenith
angles (>75°) larger differences of up to +=10% have been found. In the polar region,
GOME overestimates the lowest columns (<260 DU*) and underestimates the highest
columns by an average of 4%. The best agreement is observed around 300 DU (Lambert
et al. 1999a). A similar conclusion can be drawn from the comparison with the Version
2.70 data, implying that the accuracy of total ozone derived from GOME did not change
significantly between Versions 2.40 and 2.70 (Lambert et al. 1999b). The agreement
between TOMS and GOME inside the polar region (63°-90°N) is better than 1.5%.
The GOME March 1996 value of 369 DU north of 63°N is about 2% smaller than the
377 DU derived from the Solar Backscatter Experiment (SBUV/2) aboard the NOAA-9
satellite (Newman et al. 1997).

GOME level-1 spectra have been analysed using the differential optical absorption
(DOAYS) algorithm to derive slant columns of NO; and OCIO (Wittrock et al. 1999;
Richter et al. 1998; Burrows et al. 1999). For the NO, data presented below, the
fitting has been restricted to the spectral region 425-450 nm, similar to that used for
ground-based measurements. In the case of OCIO, the fitting region 357.0-381.5 nm
has been selected. An extraterrestrial solar spectrum measured by GOME was taken
as a background spectrum in the DOAS retrieval. Assuming that OCIO is completely
photolysed under sunlit conditions, the residual slant column retrieved near the equator
(most likely due to some instrumental artefact) has been subtracted from all results
within a GOME orbit. Slant columns have been converted to vertical columns using
air-mass factors (AMFs) computed with a multiple-scattering radiative-transfer model
GOMETRAN (Rozanov et al. 1997) assuming simple standard profiles for NO, and
OCIO. Chemical enhancement of AMFs, as well as the seasonal variation of the

* Dobson Units.
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atmospheric constituents, have been neglected. The absolute errors in the NO, and
OCIO vertical columns are conservatively estimated at 20% and 50%, respectively. The
largest uncertainty stems from the AMF calculation. This is particularly true for OCIO
because of its rapid photolysis after sunrise.

(b) HALOE

The HALOE instrument aboard the Upper Atmosphere Research Satellite (UARS)
measures O3z, H,O, NO,, NO, HCI, HF, and CH4 by solar occultation (Russell et al.
1993). Fifteen sunrise and sunset measurements are normally performed each day along
two approximately constant latitude belts that move between 80°S and 80°N in about
45 days. Arctic vortex observations were possible in January, March and April 1996.
Early polar vortex air was observed in November 1995, which made it possible to derive
a relation between ozone and methane that yields a proxy for the ozone expected in
absence of chemical depletion (Miiller et al. 1996, 1997a, 1999).

The vertical resolution of the HALOE observations is approximately 2 km for ozone
and 4 km for CH4. For ozone data below 25 km the root-mean-squares error is about
15% for low stratospheric aerosol loadings (as it was the case in winter 1995/96) and
above (up to 60 km) of the order of 5%; the error bars for methane are about £10%
below 50 km. Agreement with correlative measurements is within 5-10% and about
15% throughout the stratosphere for O3 and CHy, respectively, based upon Version-
17 HALOE data (Briihl et al. 1996; Park et al. 1996). Here, as in earlier studies on
this winter (Miiller et al. 1997a, 1999), we use Version-18 HALOE data, with an
improved data quality. For ozone, this improved quality of Version-18 ozone data has
been demonstrated through intercomparison of HALOE measurements with those from
SAGE* II and from ozone sondes (Liu et al. 1997).

3. POLAR METEOROLOGY AND GOME TOTAL OZONE IN 1995/96

(a) Polarvortex evolution and PSC formation

PSC particles form in the lower stratosphere at sufficiently low temperatures. Solid
(PSC type Ia) and liquid (PSC type Ib) particles, consisting of HNO3 and H;O, occur
at temperatures below approximately 195 K, and ice particles (PSC type II) form if
temperatures fall below approximately 188 K. The last type is the most efficient for
heterogenous chlorine activation. The exact temperatures for these phase transitions
depend on altitude and on the HNO3 and H,O partial pressures (Peter 1997). The
number of days with temperatures below those needed for PSC type I and II existence
at 50 hPa during the four most recent winters are summarized in Table 1. It can be
concluded that the Arctic winter 1995/96 was an extremely cold winter with a record
number of days below the PSC I existence temperature (98 days below 195 K) and
below the PSC II frost point (24 days below 188 K). This record still holds if one
includes the 30-year statistics (1966-1996), as shown in Fig. 6 of Pawson and Naujokat
(1997). Particularly striking is the fact that, for none of the recent cold winter/spring
seasons (e.g. 1996/97 and 1999/2000), temperatures below 188 K were observed in
February according to the Free University of Berlin analyses (see Table 1). Combined
dehydration (ice-particle sedimentation) and denitrification in well defined layers have
been observed in January and February 1996 (Vomel ef al. 1997; Hintsa et al. 1998).
Dehydration is normally a rather rare eventin the NH, as opposed to the Antarctic where
the lower-stratospheric temperatures are persistently lower than in the NH.

* Stratospheric Aerosol and Gas Experiment.
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TABLE 1. NUMBER OF DAYS WHEN THE MINIMUM TEMPERATURE AT 50 hPa
WAS BELOW THE TEMPERATURE FOR POSSIBLE PSC TYPE I (195 K) AND
TYPE II (188 K—FIGURES IN BRACKETS) EQUILIBRIUM EXISTENCE

Year Total November  December  January  February = March
1995/96  98(24) 1 31 31(9) 28(13) 7(2)
1996/97  84(0) 26 28 30
1997/98  51(0) 1 21 13 15 1
1998/99  18(0) 1 9 8
1999/00  94(7) 24 31(7) 29 10

Data obtained from the Free University of Berlin analyses (Pawson and Naujokat
1999; B. Naujokat, personal communication).
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Figure 1. Time series of weekly GOME total ozone in the northern hemisphere during the winter/spring of
1995/96. Solid circles show the weekly-mean values in the inner part of the Arctic vortex (potential vorticity
greater than 38 PVU at the 475 K isentropic level in the European Centre for Medium-Range Forecasts analyses),
and open circles show the weekly-mean total ozone north of 55°N outside the polar vortex (potential vorticity
less than 31 PVU at the 475 K isentropic level). In the second half of January, and for a few days in March, no
data were available from GOME. The diamonds indicate the daily minimum total ozone observed in the northern
hemisphere (the black diamonds indicate the minimum values observed inside the polar vortex). The record low
value of 178 DU was observed at the southern tip of Greenland on 19 February 1996.

(b) GOME Arctic total-ozone observations

Figure 1 shows a time series of weekly-averaged total ozone inside the vortex,
as observed by GOME during the winter/spring 1995/96, in comparison with mean
values outside the vortex. The vortex area is defined by the region with PV values
higher than 38 PVU™ at the 475 K isentropic level (38 PVU@475K). The vortex edge
region is located between 31 and 44 PVU (see the appendix for the vortex boundary
definition). One should note here, that the Arctic vortex-mean values in early winter

* Potential vorticity unit: 1 PVU = 1x107% K m?*kg~'s~!.
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Feb. 1996

Figure 2. GOME northern hemisphere total-ozone distribution. The monthly-mean position of the polar vortex
edge is indicated by the 38 PVU potential-vorticity contour at the 475 K isentropic level (heavy dotted line) and
the thick solid line shows the area where the temperature at the same altitude was, on average, below the PSC I
formation temperature of 195 K (according to the European Centre for Medium-Range Forecasts analyses). The
maps are stereographic projections with the Greenwich meridian at the bottom and the outer circle at 35°N.
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TABLE 2. MEAN TOTAL OZONE
(DU) IN THE ARCTIC VORTEX

Year  February = March  April

1996 332 337 358
1997 362 351 361
1998 365 393 438
1999 422 481 *

2000 364 361 389

* Sample too small or zero.

The Arctic vortex is defined as the re-
gion with potential vorticity larger than
38 PVU at the 475 K isentropic level.

are not considered reliable because extended regions of the Arctic were inside the polar
night, and so the sampling of the vortex by GOME was limited. The third curve indicates
the daily total-ozone minimum values at 55°N and higher. Starting in early February the
NH ozone minimum dropped significantly by about 50 DU. These events were located at
the vortex edge. In February and March the vortex-mean values were about40 DU below
the mean value outside the polar vortex. Until the middle of March this difference did
not seem to increase significantly despite the onset of the enhanced tropospheric wave
activity and the decrease of observed daily ozone minima (see Fig. 1).

Figure 2 shows the monthly-mean NH total-ozone distribution in February and
March. Monthly-mean vortex ozone amounts of 332 DU and 337 DU were observed
by GOME in February and March 1996, respectively (Table 2). Typical long-term
climatological values for March from the Dobson station at Tromsg (69.4°N) are
440 + 50 DU (Hansen et al. 1997) and the March average over the polar region (from
63°N to 90°N) from SBUV™ radiation and Nimbus 7 total-ozone measurements from
late 1970s and the 1980s was about 445 DU (Newman et al. 1997), which is about
110 DU higher than observed in March 1996. Again, extremely low ozone is observed
near or just inside the vortex edge in the North Atlantic sector as a consequence of the
strong mini-hole formation associated with tropospheric wave activity.

(¢) Comparison of GOME observations with later winter/spring seasons

To put the winter/spring season of 1995/96 into a better perspective we examine
the GOME observations of the subsequent winters between 1996/97 and 1999/2000. In
1996/97, the Arctic vortex started to form comparatively late in December and record
low temperatures in the lower stratosphere were observed at the end of March (Coy
et al. 1997). The vortex break-up, in terms of maximum westerly wind speeds reducing
to below 15 m s~!, was also delayed towards the second half of April, about a month
later than in the season before. The subsequent winters, 1997/98 and 1998/99, exhibited
minimum lower-stratospheric temperatures in the Arctic that were higher than in the
two seasons before. The winter 1997/1998 minimum lower-stratospheric temperatures
were close to the long-term mean, while the winter 1998/99 exhibited minimum lower-
stratospheric temperatures that were well above the long-term means in December and
early January, and were associated with the first major stratospheric warming observed
in nearly eight years (Manney ef al. 1999).In 1998 and 1999 the March values increased
to 403 DU and 490 DU, respectively (see Table 2). The most recent winter/spring season,
1999/2000, matched again the series of cold Arctic winters in the 1990s, with 94 days
with temperatures below possible PSC I formation (<195 K at the 475 K isentropic

* Solar Back-scattered UltraViolet.



1300 M. WEBER et al.

level). However, no days with temperatures below the frost point of PSC II type clouds
were observed after the end of January in 2000.

The vortex-mean total-ozone amounts inside the Arctic vortex in March 1996,
1997, and 2000 (337 DU, 351 DU, and 364 DU, respectively) were at a record low
in comparison with satellite measurements available since 1979 (Newman et al. 1997).
A major distinction between the cold winters in 1995/96 and 1996/97, apart from the
long persistence of the polar vortex in spring 1997, was the difference in the level of
tropospheric wave activity, which was intense in late winter 1995/96 (see section 4) but
weak in 1996/97 (Coy et al. 1997). This might be the reason why both the February and
March monthly vortex-mean ozone amounts in 1996 were the lowest in the GOME data
record. The last five Arctic winters clearly document the large interannual variability of
the meteorology and total ozone in the Arctic.

(d) Sequences of daily total-ozone distribution in February and March 1996

Figures 3 and 4 show daily total-ozone maps of the NH on selected days in February
and March 1996, respectively. On 10 February 1996 (Fig. 3(a)) the total-ozone values
were reduced to between 275 and 350 DU inside the Arctic vortex, which was elongated
from the North Atlantic to eastern Siberia. Five days later, a cold region with lower-
stratospheric temperatures below 188 K and observed total-ozone amounts well below
250 DU developed just outside the vortex (Fig. 3(b)). The lowest total ozone at polar
latitudes in late winter 1995/96, with a value of 178 DU, was observed on 19 February
above Greenland (Fig. 3(c)). The omega-shaped vortex boundary in the vicinity of the
ozone minimum is related to polar intrusion of upper-tropospheric subtropical air raising
the tropopause below the base of the polar vortex (Manney et al. 1996a; O’Neill et al.
1994). This event reduced the lower-stratospheric temperatures to allow possible PSC
type II occurrence at the 475 K isentropic level. This mini-hole moved eastward along
with the cold centre crossing the North Atlantic and reaching Scandinavia two days later
(21 February, Fig. 3(e)). On 22 February the mini-hole appeared to have moved inside
the polar vortex near the Barents Sea (Fig. 3(f)). As is shown in section 4, the mini-
hole coincided with a cut-off anticyclone stemming from the tropospheric ridge formed
earlier.

Another mini-hole sequence is observed during the first days of March (see Fig. 4).
On 6 March 1996 the stratospheric temperatures at the 475 K isentropic level were below
the possible PSC equilibrium existence temperature (195 K) for the last time during that
winter/spring season, according to the ECMWF meteorological analysis (Fig. 4(d)). On
8 March 1996 the vortex boundary on the 475 K isentropic surface is strongly distorted,
reaching 80°N north of Scandinavia, forcing a northward excursion of the polar jet
stream along the PV isolines (Fig. 4(e)). Low total ozone inside the vortex was still
observed throughout March when the final warming continued (Fig. 4(f)).

The ozone distribution on 3 March 1996 depicted in Fig. 4(b) shows that low total-
ozone values occur within the confines of the polar vortex, but it clearly extends outside
the vortex region as well. This finding is consistent with Microwave Limb Sounder
(MLS) observations which show that, although the region of low ozone mixing ratios
in the lower stratosphere (approximately at the height of the 465 K isentropic surface)
in early March 1996 is well situated inside the polar vortex, the column amounts above
100 hPa correlate more closely with the minimum-temperature region that also extrudes
outside of the vortex region (Manney et al. 1996a). Both Figs. 2 and 3 clearly show that
the region of minimum total ozone correlates better with the region of minimum lower-
stratospheric temperature than with the polar vortex area, showing the strong linkage
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between tropospheric wave activity, the lower-stratospheric temperatures, and the total
ozone (Petzoldt et al. 1994).

HALOE measurements of vertical ozone profiles show very low mixing ratios inside
the polar vortex in March and early April 1996 (Miiller et al. 1997a, 1999). These
observations are in accordance with the notion that substantial chemical ozone loss
occurred inside the Arctic vortex. Combining the HALOE and GOME observations,
the contribution of chemical loss to the overall reduction in total-ozone column is
investigated in more detail in section 5.

4. METEOROLOGY AND CHEMISTRY OF THE LATE-WINTER OZONE MINI-HOLES

(a) Tropospheric wave activity

The development of the mini-hole sequence as shown in Figs. 3 and 4 is examined
more closely by looking at the PV on the 325 K isentropic surface, which is near the
tropopause region. The analysis presented here is based upon the MO meteorological
dataset available in a 3.75° x 2.5° (longitude-latitude) grid resolution (Swinbank and
O’Neill 1994). In Fig. 5 the evolution of the tropopause with time during the period
from 18 to 22 February is visualized by the shaded contour representing the 3—4 PVU
range. A value of 3.5 PVU provides a good estimate of the dynamical tropopause
outside the tropics (Hoerling et al. 1991). This PV contour separates subtropical air
from the polar air masses i.e. polewards of the shaded area the PV increases and the
tropopause height decreases to lower isentropic levels, while equatorwards the opposite
takes place. In a frictionless and adiabatic air-mass flow, PV is conserved (Hoskins ef al.
1985) and, therefore, the evolution of the PV contour with time permits the study of
the upper-tropospheric and lower-stratospheric Rossby wave propagation (Peters and
Waugh 1996).

Poleward advection of subtropical air masses occurred above the southern tip of
Greenland on 18 February (Fig. 5(a)). The tongue of low PV air then propagated
eastward and reached almost 80°N (south of Spitsbergen) during the following two
days. Its tip extended well into the polar vortex region, as indicated by the 475 K
vortex boundary overlaying the PV contour on the 325 K isentropic surface. Just
inside the vortex a cold centre, with temperatures below 188 K at the 475 K isentropic
level, formed and followed the tropospheric ridge for about four days, after which the
temperature started to increase to values above 195 K (Figs. 5(a)—(d)). After the ridge
and the cold centre crossed Scandinavia, the anticyclone became cut off from the tongue
when it reached the Siberian Sea on 22 February (Fig. 5(e)). On that day the 3.5 PVU
surface inside the anticyclone peaked at a geopotential height of more than 14 km, which
corresponds to a tropopause lifting in the range of 4 to 6 km at polar latitudes. The
poleward shifting of the stratospheric jet stream around the tropospheric ridge is also
clearly seen in the PV contour sequence shown in Fig. 5. Minimum total-ozone values
inside the anticyclone remained below 250 DU for about six days and followed the
motion of the tropospheric ridge (Fig. 2).

(b) Trace-gas observations: Ozone, NO 2, OCIO, and methane

Figure 6 depicts the NO, vertical-column distribution in the NH, as measured by
GOME on 19 February 1996. Very low NO, levels (below 2 x 10'> molecules cm™2)
are detected inside the vortex above Greenland and north of Iceland. In this region
depleted gas-phase nitric acid (HNO3) was observed by the MLS in the lowermost
stratosphere, which confirms the phase transitions of HNO3 into solid or liquid particles
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Figure 6. GOME vertical-column distributions of (a) NO,, and (b) OCIO in the northern hemisphere on 19
February. The thick dashed contour shows the 38 PVU isoline and the solid contours depict the 195 K (outer) and
188 K (inner) isotherms at the 475 K isentropic level, respectively.
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Figure 7. Time series of the vortex-averaged daily OCIO total column from GOME between 86" and 90°

solar zenith angle (grey circles) and minimum northern hemisphere temperature (square symbols) at the 475 K

isentropic level (according to the European Centre for Medium-Range Weather Forecasts analyses). Error bars are
standard deviations of the scattering around the daily OC1O mean.

during PSC formation (Santee et al. 1996), and which explains the strong denoxification
observed by GOME.

The OCIO total-column distribution for the same day is also shown in Fig. 6.
High OCIO columns are observed throughout the polar vortex. The variability in
the OCIO columns is mainly due to variations of solar zenith angle (SZA) during
GOME observations, which make interpretation of the OCIO results difficult. In the
troughs, where the PV contours extend further to the south (above eastern Canada
and Europe), non-negligible OCIO column amounts are observed at lower solar zenith
angles, meaning that the region of large-scale chlorine activation almost encompasses
the entire polar vortex. This is in agreement with elevated OCIO amounts observed
by a ground-based zenith-sky spectrometer in Bremen (Richter 1997). The question
that arises is whether some additional chlorine activation has resulted from the strong
stratospheric cooling at the tropospheric ridge. Figure 7 shows a time series of vortex-
averaged daily OCIO total columns observed in a SZA range of between 86° and 90°, an
SZA range for which OCIO columns are a maximum but still correlate linearly with the
maximum daytime ClO and BrO (Sessler ef al. 1995; Schiller and Wahner 1996). As the
stratospheric temperature decreased below 188 K at the 475 K isentropic level after the
middle of February, mean OCIO columns exhibited a small increase of about 1 x 10'2
molecules cm~2, which is within the error of the GOME observations and, therefore,
represents an insignificant change. A more significant OCIO increase is, however, seen
during the next mini-hole event in the first week of March after the OCIO daily columns
started to decrease from the February high values (see Fig. 7). This seems to suggest
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Figure 9. Zonal transects of HALOE observations of the (a) methane and (b) ozone mixing ratios at 52N on
3 March 1996. The tangent points of the HALOE measurements contributing to the zonal transect are shown as
dots in Fig. 4(b).

that, when the chlorine activation has reached its maximum level (full activation), as was
apparently the case in February, additional increases in OCIO columns are not observed
despite a strong short-term reduction in lower-stratospheric temperatures during strong
tropospheric ridging, whereas later in the year reactivation of chlorine can be observed.

Tropospheric wave activity related to the early March mini-hole sequence shown in
Fig. 4 is displayed in Fig. 8. A region of very low stratospheric temperatures formed
near the vortex edge above a tropospheric ridge centred north of Scotland (Figs. 8(a)
and (b)). HALOE observations of strong aerosol extinction at 5 um at 52°N confirm
the existence of an extended PSC cloud centred at the Greenwich meridian during the



SATELLITE OBSERVATIONS OF THE COLD ARCTIC WINTER 1995/96 1309

period between 2 March and 4 March (Miiller et al. 1999). The zonal transect of HALOE
measurements at 52°N on 3 March (Fig. 9) shows enhanced methane mixing ratios, with
peak values of greater than about 1.8 ppmv™* at 100 hPa inside the mini-hole, which is
characteristic of lowermost stratospheric air masses being lifted by a high tropopause.
The polar vortex is characterized by subsided air masses, i.e. by low methane mixing
ratios of less than about 1 ppmv near 50 hPa. The dynamics of the tropospheric ridge
moving beneath the vortex boundary region is illustrated by the large negative gradient
of CH4 mixing ratios between 100 and 20 hPa (vertically) and between 0°E and 30°W
(horizontally). Low ozone mixing ratios in the lower stratosphere are indeed observed
above the tropospheric ridge at 0°E.

In early March, low total-ozone values of below 250 DU were observed by GOME
in this region between the British Isles, Iceland, and northern Scandinavia. From the
MLS observations aboard UARS a reduced stratospheric ozone column (above 100 hPa)
of 180-190 DU was reported (Manney et al. 1996a). The region of extremely low
total ozone partly overlaps with the polar vortex, but also clearly extends outside the
vortex edge, e.g., total ozone of less than 275 DU is observed south of Iceland at
PV a20-25 PVU (Fig. 4). Under such circumstances, the relative effects of chemistry
and dynamics on ozone are difficult to quantify.

5. CHEMICAL OZONE LOSS

Measurements of the vertical profile of the ozone mixing ratio on 3 March 1996 by
HALOE allow further investigation of the cause of the observed low total-ozone values
(see dots near the 50°N latitude circle in the corresponding GOME ozone plot of the
same day in Fig. 4(b)). At 52°N comparable total-ozone values are observed at 24°W
and 24°E; the observed ozone profiles, however, are very different (compare the solid
triangle and solid diamond symbols in Fig. 10). Also shown in Fig. 10 are profiles of the
proxy ozone, O3, expected in the absence of chemical removal of ozone.

The proxy-ozone volume mixing ratio was determined by expressing early vortex
ozone concentrations in November as an empirical third-order polynomial function of
the methane concentration for methane volume mixing ratios of between 0.5 ppmv and
1.6 ppmv (Miiller et al. 1999). For a confined vortex air mass, this reference relationship
is conserved over the course of the winter, if no chemical depletion occurs.

Chemical ozone loss will lead to a decrease of ozone values relative to the tracer
values and thus leads to a modification of the reference relations. Mixing between
different air masses may also lead to changes of the reference relation. Michelsen et al.
(1998a, 1998b) and Plumb et al. (2000) suggested that mixing across the vortex edge
of different air masses that lie on a nonlinear reference relationship leads to a change
in ozone/tracer relationship which might be misinterpreted as chemical ozone loss. In
contrast, Miiller et al. (2002) argue that air outside the polar vortex is characterized
by larger ozone values than the air inside, so that any mixing across the vortex edge
should lead to an increase of ozone relative to a given tracer mixing ratio and, thus, to
an underestimation of chemical ozone loss.

For the 1995/96 winter, however, it was shown that the correlation between long-
lived tracers, here CH4 and HF, remained constant throughout the vortex existence
(Miiller et al. 1999) and that the ozone/CHy4 relation did not change substantially
between November and January (Miiller et al. 1997a). It thus seems unlikely that mixing
across the vortex edge did alter the ozone/methane correlation significantly over the

* Parts per million by volume.
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Figure 10. Vertical profiles of ozone mixing ratio measured by HALOE on 3 March 1996 at 52N (solid
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TABLE 3. HALOE AND GOME OBSERVATIONS OF

THE POTENTIAL VORTICITY AT THE 475 K ISENTROPIC

LEVEL, THE TOTAL O3, AND THE CALCULATED O3
LOSS AT 52°N ON 3 MARCH 1996

Longitude  Potential vorticity 03 O3 loss
(PVU) (DbU) (DbU)

—24° 27.8 281.0 3+25
0° 324 263.3 60 + 25

24° 48.4 3487 136 £25

course of that winter. The deficit of ozone relative to the proxy ozone was thus assumed
to be entirely due to accumulated chemical loss processes over the course of the winter.
As the air masses outside the vortex in November are characterized by somewhat larger
ozone mixing ratios than inside (Miiller et al. 1999), the application of an early vortex
relation as a reference for the profile at 24°W could lead to some underestimation of
chemical ozone loss.

Integrating the deficit in ozone vertically yields the loss in column resulting from
chemical depletion between November and early March (Table 3). Large chemical
ozone loss is deduced at 24 °E (inside the polar vortex) and practically no loss is detected
at 24°W (outside the polar vortex), although the total-ozone columns are comparable in
magnitude. It is concluded that the low total ozone at 24°W is caused by transport related
to tropospheric subtropical-air intrusion (Fig. 8), while the low value at 24°E is mostly
due to chemical loss. The ozone profile observed at 0 °E at the edge of the polar vortex
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shows a combination of both effects: chemical loss accumulated over the course of the
winter and, at the same time, a dynamical reduction of the ozone column.

6. DISCUSSION

Ozone mini-hole events are regular features in the polar region during the win-
ter/spring season (Newman et al. 1988; McKenna et al. 1989; Petzoldt et al. 1994;
Rabbe and Larsen 1992; James et al. 1997; James 1997, 1998; McCormack and Hood
1997). In February and March 1996 the mean positions of the vortex and, in particu-
lar, the cold centre were shifted towards the North Atlantic region (Fig. 2). The North
Atlantic storm-track region, as defined by the maximum variability in the 500 mb geopo-
tential height, is also the region where the largest variability in total ozone is generally
observed (Orsolini et al. 1998). The extension of tropospheric ridges below the vor-
tex edge region in late winter 1995/96 led to the particularly low lower-stratospheric
temperatures above a high tropopause, and to extremely low Arctic total ozone. Such
conditions were met because GOME made observations of minimum total-ozone values
of 178 DU south of Greenland and close to the vortex edge on 19 February 1996 (see
Fig. 3(c)). This was the lowest Arctic vortex ozone observed by GOME in any of the
winters up to 1999/2000.

The low NO, and ozone total columns observed by GOME above the high
tropopause region on 19 February confirm that the reduction in trace-gas concentrations
in the lower stratosphere are mostly due to strong horizontal advection away from that
region (Fig. 6(a)). The minimum NO; column region extended over a somewhat larger
area than the ozone one did, which may be explained by the fact that the NO, concen-
tration peaks at about 35 km. This means that advection in the lowermost stratosphere
has a weaker influence on the column changes in NO, than on ozone which has its
peak abundance in the lower stratosphere. The perturbation in the air-mass flow due to
the tropospheric ridge, however, extends well into the middle stratosphere close to the
600 K isentropic level (about 24 km altitude), as seen in the negative relative PV (RPV)
near 30°W in Fig. 11 (RPV is here defined as the modified PV (Lait 1994) referenced to
475 K potential temperature minus 38 PVU; therefore, positive values of RPV identify
polar vortex air while large negative RPV values at the 325 K and 350 K isentropic levels
indicate a high tropopause). This is also in accordance with the perturbation seen in the
HALOE methane zonal transect in Fig. 9 reaching altitudes of about 30 km (10 hPa).
The change in the NO; column because of horizontal advection at higher altitudes is,
thus, plausible, but the denoxification as seen in Fig. 6(a) is not limited to the mini-hole
region.

According to the Free University of Berlin meteorological analyses, temperatures
above Greenland at the 30 hPa level were more than 15 K lower than the long-
term values in February and 5 K lower in March 1996 (Naujokat et al., personal
communication). Despite the PSC I and II formation potential during these mini-hole
events, the contribution to the chemical depletion over the timescale discussed here (a
few days) is expected to be small because substantial ozone reduction through halogen-
catalysed chemistry requires longer timescales (several weeks). During the early March
mini-hole event, as shown in Figs. 4 and 8, an increase in the vortex-averaged OCl1O
column correlates well with the drop in daily minimum lower-stratospheric temperature
(Fig. 7). A secondary OCIO maximum was reached the last day of that winter/spring
season when stratospheric temperatures were below 195 K at the 475 K isentropic level
on 6 March. The GOME data seem to suggest that dynamically induced additional
chlorine activation is possible, but only if the active chlorine has decreased from its
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Figure 11.  Zonal section (60°N) of relative potential vorticity (RPV) at isentropic levels 325, 350, 375, 400, 450,

500, 550, 600, and 650 K on 19 February 1996. The RPV is defined as the modified potential vorticity referenced

to 475 K potential temperature minus 38 PVU (derived from the Met Office analyses). Positive RPVs indicate

regions inside the vortex and the positions of the zero line of RPV are drawn at the corresponding levels. Large

negative RPVs at the 325 K and 350 K isentropic levels are indicative of a high tropopause (30°W and 120°W).

The perturbation of the polar vortex shape related to the tropospheric wave activity is visible up to 600 K (about
24 km altitude).

maximum concentration. Even though temperatures started to increase rapidly after 6
March, OCIO levels showed a rather slow decrease in accordance with the continued
chemical ozone losses observed until two weeks after the rise above the PSC formation
temperature (Rex et al. 1997). Large-scale denitrification (due to sedimentation of PSC
particles) removed the sources of NO,, considerably slowing down the deactivation of
active chlorine into CIONO».

Depending on the frequency and the duration of such mini-hole events (James 1998)
additional chemical depletion, and subsequent enhanced chlorine activation induced by
upper-tropospheric wave activity, may become significant (Grewe and Dameris 1997).
It is possible that, in addition, mountain-induced gravity waves that are responsible
for mesoscale PSC formation (generally not captured by the synoptic meteorological
analyses as used in this study), also have a non-negligible contribution to the overall
chemical ozone depletion owing to the fact that several high mountain ranges are
distributed around the Arctic circle (Greenland, Scandinavia, and Ural mountains)
(Carslaw et al. 1998). Nevertheless, it is more likely that, in warmer winters with rather
sporadic PSC formation, the contribution of synoptic events in chemical ozone losses
may become more significant.

From observations of total ozone alone it is difficult to distinguish unambiguously
between chemically induced O3 losses due to the presence of chlorine activation, and
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dynamical decreases related to the meteorology, as shown in the comparison of chemical
losses deduced from HALOE and the total-ozone observations by GOME (summarized
in section 5 and Table 3).

7. CONCLUSION

The winter/spring 1995/96 was the first NH winter to be observed by GOME.
Monthly-average total ozone amounts of about 335 DU inside the polar vortex were
observed in February and March. These values are at a record low in the five-year
GOME data record and lie about 110 DU below the long-term climatological mean.
Indeed, severe chemical ozone loss in the polar vortex has been deduced by various
methods (Manney et al. 1996a; Donovanet al. 1996; Rex et al. 1997 Miiller et al.
1997a). In this study it was shown that, during the late winter period, upper-tropospheric
wave activity below the polar vortex was intense and large excursions of subtropical air
masses to very high latitudes (up to 80°N) were observed to have a strong impact on
the shape of the lower-stratospheric polar vortex. Extremely low total-ozone columns,
with values well below 250 DU, were observed by GOME at the vortex edge in
localized regions above the North Atlantic and northern Europe during late February
and March. These events have been shown to be ozone mini-hole events, which are
associated with short-term and reversible dynamical reduction in ozone in a region of
tropospheric ridging (high tropopause). In addition to extremely low ozone, very low
lower-stratospheric temperatures, particularly over Greenland in late February and early
March, were observed. These were sufficiently low for the occurrence of PSC II; indeed,
some additional dynamically induced chlorine activation was observed in early March.
The lifetime of an ozone mini-hole and the accompanying very cold region is of the order
of a few days, and indicates that the major cause for the reduction of the ozone column
to below 250 DU must be reversible transport processes. Depending on the frequency of
occurrence of such events, the dynamically induced chlorine activation and subsequent
chemical ozone loss may, however, become more significant. Enhanced OCIO column
amounts were, however, only observed in early March during that winter after the
OCIO column amounts observed by GOME started to decrease from the maximum level
reached during the winter. In conclusion, the extremely low Arctic total-ozone values
observed by GOME in late winter 1995/96 were caused by a superposition of chemical
ozone loss accumulated over timescales of weeks and extreme short-term reversible
dynamical reductions.
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APPENDIX

Vortex boundary definition during the winter of 1995/96

The polar vortex boundary is characterized by maximum PV gradients and maxi-
mum westerly wind speeds (Nash et al. 1996; Rummukainen et al. 1994). The maximum
PV gradient was determined by fitting a Gaussian to the first derivative of the PV as a
function of equivalent latitude, as obtained from the ECMWF 2.5° x 2.5° meteorologi-
cal data. Between January and March 1996 the vortex edge at the 475 K isentropic level
was, on average, at 37.7 £ 1.3 PVU. The average extent of the vortex edge region, as
determined by the 1o Gaussian width, was between 31.1 & 2.3 PVU (outer edge) and
44.2 + 2.1 PVU (inner edge). The error bounds calculated are 1o deviations from the
average of daily values over the course of the winter. In this paper, vortex boundary
values of 31, 38, and 44 PVU at the 475 K isentropic level are adopted to describe the
vortex boundary region during winter 1995/96. In other winters the vortex edge values
may vary by 1-2 PVU from the 1996 values. This would only marginally affect the
mean vortex total ozone as calculated in Table 1, where a vortex edge value of 38 PVU
was assumed for all winters.
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