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Introduction
The year 1997 was notable for the record low ozone
column densities observed throughout the southern
hemisphere mid-latitude region (Cordero and
Grainger (2002), this issue, herein denoted as
CG2002). While variability in the large-scale circula-
tion is at least partially responsible for inter-annual
anomalies (Connor et al. 1999), variations on the
time-scale of a week are also of interest, since ozone
affects the amount of UV radiation received at the
Earth’s surface (WMO 1999).

Macquarie Island (55°S, 159°E) is in a latitude
band where the atmosphere is highly variable, espe-

cially in the troposphere (Hurrell et al. 1998). In addi-
tion, there may be passages of low ozone air from the
polar vortex or Antarctic ozone hole in the spring and
early summer (Atkinson 1997). This makes it an ideal
location for studies of short-term ozone changes. In
the companion paper CG2002, the origins of air
parcels from three low ozone events at Macquarie
Island were investigated using trajectory methods. In
this paper, the large-scale ozone distribution is studied
using the analysis of satellite ozone data.

The Ozone Analysis System (OASYS) interpo-
lates satellite ozone data onto a three-dimensional
grid to obtain the global ozone mixing ratio distribu-
tion every six hours. OASYS consists of an analysis
step and a forecast step, which are described further in
the next section. Next a brief description of the satel-
lite data used is given; OASYS is then validated using
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data from the Macquarie Island ozonesonde program
(Lehmann 2002) and then studies of three low ozone
events at Macquarie Island in 1997 are presented, fol-
lowed by a summary.

The ozone analysis system
There are two components of OASYS. The analysis
component combines all available satellite data with a
first-guess field on a global grid. The forecast step is
then used to generate the first-guess field for the next
analysis.

The analysis component uses Statistical
Interpolation (SI), which fits a set of observations to a
gridded first-guess field such that the expected analy-
sis error is minimised. The OASYS SI algorithm is
based on the moisture analysis scheme for the Global
Assimilation and Predication system (GASP)
described in Seaman et al. (1995). The methodology
used follows that of Lorenc (1981). Since ozone mix-
ing ratio can be vertically integrated to obtain total
ozone, both fields are analysed simultaneously. The
horizontal resolution of OASYS is 2.5x2.5 degrees.
Ozone mixing ratio is analysed at 19 pressure levels
between 1000 and 0.3 hPa. This includes eight levels
in the lower stratosphere between 100 and 10 hPa.
Analyses are six-hourly, using data from three hours
either side of the analysis time. However, most results
shown here use daily mean ozone mixing ratio, as this
is smoother than the six-hourly analyses.

The forecast step uses Reverse Domain Filling
(RDF) with analysed winds to advect the analysed
ozone mixing ratio. RDF, described by Sutton et al.
(1994), finds grid-point tracer values at the current
time by finding the location of the grid-point air parcel
at the previous time step. The wind fields are reversed
to advect the air parcel upwind, and the tracer value at
the previous location is found by horizontal linear
interpolation between grid points. For OASYS, ozone
mixing ratio is treated as the passive tracer, and the
previous time step is the current analysis.

Air parcels are advected using horizontal winds on

17 isentropic surfaces between 340K and 850K.
Persistence, that is, the previous analysis, is used
below 340K and above 850K. Chemical and diabatic
processes, and vertical motion, are assumed to be
negligible over six hours in the lower stratosphere.
The total ozone first-guess field is found by vertical-
ly integrating the ozone mixing ratio.

Winds are obtained from GASP operational analy-
ses. They are smoothed to T21 spectral resolution and
interpolated vertically onto the isentropic surfaces.
340K is used as the lower surface because it is approx-
imately at the tropopause. In the troposphere, diabatic
heating becomes important, and isentropes intersect-
ing with the surface of the earth need to be accounted
for. The 850K surface is generally around 10 hPa,
which is near the top level of the GASP analyses.

Satellite ozone data
The SI algorithm in OASYS uses all available satel-
lite ozone mixing ratio data for input. Data is avail-
able from the Solar Backscatter Ultraviolet (SBUV/2)
instrument (Frederick et al. 1986), the Stratospheric
Aerosol and Gas Experiment (SAGE II) (Maudlin et
al. 1985), the Halogen Occultation Experiment
(HALOE) (Russell et al. 1993) and the Microwave
Limb Sounder (MLS) (Barath et al. 1993). The SI
algorithm also uses total ozone data from the TIROS
Operational Vertical Sounder (TOVS) (Smith et al.
1979). Table 1 provides a summary of the properties
of the instruments used. Although total ozone is also
available from the Total Ozone Mapping
Spectrometer (TOMS) (e.g. McPeters et al. 1996) it is
not used by OASYS. This is because TOMS data are
only publicly available as daily gridded data, which is
not suitable for the SI algorithm, which requires the
location and time of individual observations.

Because they provide the most observations, the
ozone mixing ratio analysis is dominated by SBUV/2
and total ozone by TOVS. The coverage from MLS is
intermittent in the first half of 1997, and there are no
MLS data after 15 June.
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Table 1. Summary of satellite data used by OASYS. References for each instrument are given in the text. The number
of observations per day and resolution are approximate.

Instrument Type No. obs. per day Horizontal Vertical Accuracy Version
resolution resolution

TOVS IR Nadir 6000 250km N/A ~10% N/A
SBUV/2 UV Nadir 2700 200km 5km 5-15% 6.0
SAGE II Solar Occultation 30 24° lon 1km 6% 5.96
HALOE Solar Occultation 30 24° lon 300m 4.5-16% 19
MLS Limb Scanner 1320 400km 5.4km 0.3ppmv 4



Validation at Macquarie Island
In order to check that the OASYS analyses are correct
it is necessary to validate them against an independent
set of observations. Surface-based measurements of
total ozone and in situ ozonesonde data are used for
this, since the relatively sparse network means that
such observations are not used by OASYS.

Daily total ozone differences relative to the
Dobson instrument at Macquarie Island for 1997 are
shown in Fig. 1 for OASYS (solid squares) and Earth
Probe (EP) TOMS (open squares). Comparison with
the Dobson record (CG2002, Fig. 2) indicates that the
differences are independent of the total ozone
amount, indicating that OASYS is able to reproduce
the day to day variability throughout the year. While
EP TOMS data are consistently around three per cent
higher than the Dobson instrument throughout the
year, the difference between OASYS and the Dobson
data is more variable. In particular, OASYS total
ozone is much lower than both EP TOMS and Dobson
during late March and early November. This is caused
by a lack of TOVS data during those times.

A comparison between the OASYS ozone mixing
ratio profiles and Macquarie Island ozonesondes is
shown in Fig. 2. Also shown are differences from
Hohenpeissenberg (48°N, 11°E) as an example of the
performance of OASYS at a similar northern hemi-
sphere latitude. The ozonesonde profiles are compared
with the closest OASYS analysis in time, and have
been grouped into four seasons. In the lower stratos-
phere, OASYS is around 10-15 per cent lower than the
ozonesonde data at Macquarie Island, and 5-10 per
cent lower at Hohenpeissenberg. These differences are
consistent with differences between SBUV/2 and
ozonesonde data in McPeters et al. (1994). The
ozonesonde profiles are lower than OASYS above 10
hPa. As the ozonesonde rises, the efficiency of the
pump decreases, reducing the amount ozone that is
measured. This is accounted for by a pressure-depen-
dent correction to the retrieved profile (Kerr et al.
1994). However, it is not clear that there is enough
ozone being reported in the final profile. Below 100
hPa, there are large differences as a result of the lack
of satellite data below the tropopause.

Of importance are the differences at Macquarie
Island for October-December 1997 in Fig. 2(d), where
OASYS is over 40 per cent lower than the
ozonesonde at 30 and 40 hPa. This appears to be
because the amount of satellite data is limited. Not
only are there no observations from MLS, but there is
data from only one SBUV/2 instrument instead of two
as earlier in 1997. While this does not affect the
analysis in the Northern Hemisphere, the large hori-
zontal ozone gradients resulting from the Antarctic
ozone hole appear to result in large errors in the

OASYS analyses.
In summary, differences between OASYS and

independent data shown here are generally consistent
with other studies directly between satellite data (e.g.
McPeters et al. 1994; Cunnold et al. 1996;
Neuendorffer 1996). However, OASYS does not per-
form well when the amount of data is limited. The
lack of data appears to be particularly important when
analysing regions of high ozone variability.

Low ozone events over Macquarie
Island
Three low events at Macquarie Island from the sec-
ond half of 1997 are examined in more detail. The
events were chosen from examination of the total
ozone record from the Macquarie Island Dobson
instrument shown in Fig. 2 of CG2002. The events
include one from winter, one springtime event and
one from early summer. Ozone mixing ratio analyses
from OASYS are used to show the large-scale evolu-
tion of each event.

Winter event
The largest change in total ozone observed at
Macquarie Island in 1997 occurred in early August.
Total ozone observed by the Dobson instrument
decreased from 280 Dobson Units (DU) on August
2nd to 232DU on 8 August followed by an increase to
355DU on 11 August. Figure 3 shows the ozone mix-
ing ratio at 40 hPa (approximately 22 km) for six days
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Fig. 1 Differences in daily mean total ozone at
Macquarie Island for 1997 relative to the
Dobson instrument for OASYS (��) and EP
TOMS (��), expressed as a percentage of the
Dobson data. Mean and standard deviation
are given in the bottom left corner.
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Fig. 2 Mean OASYS minus ozonesonde difference at Macquarie Island (��) and Hohenpeissenberg (∆∆) for (a) January-
March, (b) April-June, (c) July-September and (d) October-December 1997. Differences are shown as a per-
centage of ozonesonde data. Bars indicate one standard deviation.
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Fig. 3 OASYS ozone mixing ratio (ppmv) for the southern hemisphere at 40 hPa for 2, 4, 6, 8, 10 and 12 August 1997.
The contour interval is 0.5 ppmv. The ‘X’ symbol indicates the location of Macquarie Island.
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Fig. 4 GASP isentropic potential vorticity, IPV (in potential vorticity units (PVU)), for the southern hemisphere on 6,
8 and 10 August  1997 at (a) 550K, with the -80 PVU contour highlighted, and (b) 450K, with the -20 PVU con-
tour highlighted. The ‘X’ symbol indicates the location of Macquarie Island.
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in early August 1997. On 2 August the polar vortex,
indicated by the 3 ppmv contour, is nearly circular,
and Macquarie Island is underneath mid-latitude air.
Over the next four days, an outbreak of low ozone air
from the polar vortex covers Macquarie Island. By 8
August, when the total ozone column was lowest, the
low-ozone air also covers New Zealand. Afterwards
the vortex moves off Macquarie Island, and is
replaced by high-ozone air associated with a stratos-
pheric anticyclone.

The synoptic situation can also be examined using
Isentropic Potential Vorticity (IPV, measured in  poten-
tial vorticity units (PVU)), which is anti-correlated
with ozone mixing ratio in the lower stratosphere. IPV
for the 550K potential temperature surface from GASP
for 6, 8 and 10 August is shown in Fig. 4(a). The large-
scale distribution of IPV generally agrees with the dis-
tribution seen in Fig. 3. There is almost no change in
the IPV over Macquarie Island between 6 August and
8 August, suggesting there is little difference in ozone
mixing ratio at 40 hPa between those dates. However,
on the 450K surface, which is approximately 70 hPa
(18 km), there is a bulge of high-IPV over Macquarie
Island on 8 August. This can be clearly seen in the -
15PVU contour over New Zealand. On August 10th the
transition from high-IPV to low IPV-air can be seen at
both 550K and 450K.

The behaviour of the ozone distribution at differ-
ent heights can be clearly seen in the time series in
Fig. 5, which shows the ozone partial pressure at 100,
70, 40 and 20 hPa. At Macquarie Island (Fig. 5(a)),
there is a steady decrease in ozone at 100 and 70 hPa
over 2 to 8 August, with a sharper decline from 6
August. The minimum at 40 hPa is on 7 August, and
there is little difference between 6 August and 8
August. There is little change in ozone at 20 hPa over
2 to 8 August. All levels show a sharp increase over 8
to 11 August. The decrease in total ozone is greatest
in the lower stratosphere, with the 60-125 hPa slab,
represented by the 70 and 100 hPa levels, contribut-
ing 22DU to the overall loss. In contrast, the 25-45
hPa slab, represented by the 30 and 40 hPa levels,
contributes a maximum loss of 7DU over 2 to 7
August.

The fact that the ozone loss is largely confined to
the lowermost stratosphere suggests that it is caused
by changes in the vertical structure. This is also indi-
cated by the IPV anomaly over Macquarie Island on 8
August at 450K (Fig. 4(b)) and by an increase in
tropopause height (not shown). However, in the
recovery phase, horizontal transport plays a much
larger role. The 60-125 hPa slab contributes 36DU to
the increase over 8 to 11 August, and 25-45 hPa slab
contributes 22DU over 7 to 11 August.

This event was also studied at Lauder, New
Zealand (45°S, 170°E) by Brinksma et al. (1998).
They found that a combination of the polar vortex at
upper levels and mixing of subtropical air in the lower
stratosphere caused the record low ozone observed
there. Figure 5(b) shows the ozone partial pressure at
Lauder from OASYS. OASYS shows a substantial
loss of ozone throughout the lower stratosphere, but it
is not possible in this study to indicate the source of
these losses.

Spring event
The Antarctic ozone hole develops each year from
early September, reaching a peak around the end of
the month. As the polar vortex weakens from October
onwards, the outer edge of the Antarctic ozone hole
may be drawn off into the middle latitudes.

An example of this occurred in October 1997,
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Fig. 6 OASYS ozone mixing ratio (ppmv) at 30 hPa for 19 to 24 October 1997. The ‘X’ symbol indicates the location
of Macquarie Island.



where the total ozone at Macquarie Island measured
by the Dobson instrument declined from 399DU on
19 October to 281DU on 23 October, followed by a
steady recovery. Figure 6 shows the OASYS ozone
mixing ratio at 30 hPa for 19 to 24 October 1997. On
19 October, Macquarie Island is outside the ozone
hole, indicated by the 3ppmv contour. From 21
October, the ozone hole is elongated and two tongues
of low ozone air, south of Australia and over the
South Atlantic ocean, are stripped off the edge of the
polar vortex and into the mid-latitude regions.
Macquarie Island is well inside the ozone hole on 22
and 23 October, before the ozone hole moves east-
ward on 24 October.

The ozone partial pressure at 100, 70, 40 and 20
hPa at Macquarie Island for 19 to 24 October 1997 is
shown in Fig. 7. All levels show a decline between 19
and 22 October, followed by a smaller recovery. The
overall change at different levels is similar – the 60-
125 hPa slab contributes 22DU over 19 to 22 October
and the 25-45 hPa contributes 33DU.

That the change in ozone is relatively constant
throughout the stratosphere suggests that this event is
caused by horizontal transport of low-ozone air. The
source of the low-ozone air is most likely to be from
the edge of the polar vortex. The process is similar to
the spring event studied in CG2002.

Early summer event
The final break up of the Antarctic ozone hole typi-
cally occurs in late November and early December.
During this period, remnants of the ozone hole may
be transported into the middle latitudes (Atkinson
1997). The low ozone event at Macquarie Island in

early December 1997 is an example of this. This
event was studied in CG2002. There the colocation of
low EP TOMS total ozone and high values of modi-
fied potential vorticity indicated that the cause of this
event was the breakup of the polar vortex. Here the
performance of OASYS is examined.

Figure 8 shows the total ozone for 3 December
1997. Both OASYS (Fig. 8(a)) and EP TOMS (Fig.
8(b)) show the remnant of the ozone hole to the south-
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east of Macquarie Island, with the OASYS analysis
indicating slightly lower values than EP TOMS.
However, OASYS underestimates the size and depth
of the other remnant, centred on 0° longitude, and
includes a region of high total ozone.

The ozone mixing ratio for 2300 UTC 3 December

1997 at 70, 50, 30 and 20 hPa is shown in Fig. 9. Also
plotted are the locations of the satellite ozone mixing
ratio observations for that time. The ozone hole rem-
nants can be seen in the same locations in Fig. 8, but
the dominant feature is the very low ozone between
45°S and 60°S south of Australia at 50 and 30 hPa
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Fig. 9 OASYS ozone mixing ratio (ppmv) for 2300 UTC 3 December 1997 at (a) 70 hPa, (b) 50 hPa, (c) 30 hPa and (d)
20 hPa. Also shown are the locations of observations used by OASYS from SBUV/2 (+), HALOE (∆∆) and SAGE
II (��). The ‘X’ symbol indicates the location of Macquarie Island.
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(Figs 9(b) and 9(c)). This feature is less prominent at
70 and 20hPa (Figs 9(a) and 9(d)).

One of the causes of this appears to be systematic
differences between the satellite instruments. By
examining the contours near the observation loca-
tions, SBUV/2 (pluses) act to increase the ozone mix-
ing ratio at 70 and 50 hPa, and decrease it at 30 and
20 hPa. SAGE II data (squares) has the opposite
impact. HALOE observations (triangles) generally
increase the ozone mixing ratio. An example can be
seen at 30 hPa (Fig. 9(c)) between 0° and 60°E at
60°S, where it corrects the very low ozone, at least in
a small region. Systematic differences alone cannot
explain the problem, however, since it does not occur
in the northern hemisphere (not shown), or earlier in
the year (e.g. Fig. 2). Two factors that may accentuate
the problem are the low ozone values and large hori-
zontal gradients associated with the Antarctic ozone
hole, and the limited amount of satellite data available
compared with earlier in 1997.

To check that the feature in Fig. 9 is caused by

OASYS rather than the satellite data, the Macquarie
Island ozonesonde profile from 2300 UTC 3
December 1997 is compared with the OASYS profile
and those from the closest HALOE and SBUV/2
observations in Fig. 10. Given the limited resolution of
HALOE, it agrees well with the ozonesonde profile.
HALOE may be lower than the ozonesonde around 40
hPa because it is southeast of Macquarie Island, near
the ozone hole remnant in Fig. 8. The SBUV/2 profile
does not agree as well with the ozonesonde, with more
ozone below the partial pressure maximum at 50 hPa,
and less between 40 and 20 hPa. OASYS bears little
resemblance to either the ozonesonde or the satellite
data in the lower stratosphere, with a large deficit
between 50 and 15 hPa. It is interesting to note the
large ozone partial pressure in OASYS at 300 hPa.
When integrating the column to find total ozone, this
anomaly almost cancels out the ozone deficit in the
lower stratosphere. The cause of this is not known,
however it is clear that further investigation is required
in circumstances where OASYS has limited satellite
data available for analysis.

Summary
To examine the record low total ozone observed
between 20°S and 60°S in 1997, several low ozone
events at Macquarie Island have been studied.
Macquarie Island is an important location for moni-
toring such events, as they can be caused by transport
between polar and middle latitude regions, or by
changes in the vertical structure of the stratosphere
caused by synoptic-scale tropospheric systems.

The study has been done in two parts. In the first
part, CG2002, trajectory methods were used to deter-
mine the origin of air parcels over Macquarie Island.
In this paper, analyses of satellite data by OASYS
were used to examine the large-scale ozone distribu-
tion. OASYS is suitable for this purpose, as compar-
isons showed agreement with Macquarie Island
ozonesonde data, within known instrument differ-
ences. However, this is provided that there was suffi-
cient data to analyse, otherwise OASYS tended to
drift to unrealistically low values.

Three low ozone events from the second half of
1997 were studied. The first case looked at a winter
event in early August. The large ozone decrease main-
ly in the lowermost stratosphere (60-125 hPa) sug-
gested a change in the vertical structure. However, the
ozone recovery in this case was more strongly influ-
enced by horizontal advection. The second case
examined a spring event from late October. This was
caused by large-scale horizontal advection of low
ozone air from the edge of the Antarctic ozone hole.
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The third case was an early summer event in the first
week of December. The total ozone analysis was in
agreement with EP TOMS, which suggests that
OASYS was analysing the ozone hole remnants indi-
cated by CG2002. However, the limited data resulted
in a large belt of unrealistically low ozone south of
Australia between 50 and 30 hPa.

The results presented here are in broad agreement
with the trajectory methods used in the companion
paper. Together they enable the construction of a com-
plementary picture of the short-term evolution of the
global ozone distribution.
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