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A study on depletion of the upper stratospheric ozone

in the Antarctic from Umkehr ozone profile
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Long-term measurements of the total ozone by ground-based and satellite instruments
show a large decrease from the 1980s to the middle of 1990s over fnid—high latitude. A
record-breaking depletion of the ozone layer over the Antarctic region was observed during
the springtirﬁe in 2006. The principal causes of ozone destruction are attributed to the
ozone-depleting substances (ODS) including chlorofluorocarbon compounds (CFCs). Inside
the polar vortex the ozone destruction rate is accelerated through complicated
heterogeneous chemical reactions under the atmospheric condition with extremely low
stratospheric temperature. Ozone observatio.n in the upper stratosphere has been globally
(about 60N-60S latitude) made by various satellites (SAGE: Stratospheric Aerosol and Gas
Experiment, SBUV: Solar Backscatter Ultraviolet, HALOE: Halogen Occultation
Experiment) since 1979. The long-term trend of ozone decrease is enhanced at higher
latitude, and that decrease is larger in the Southern Hemisphere than the Northern
Hemisphere. '

The Dobson ozone spectrophotometer is the primary ground-based instrument making
measurements of stratospheric ozone. The Umkehr observations made prior to the satellite
measurements gave highly valuable information on the past vertical distribution of ozone in
the atmosphere that guided the current understanding of changes in stratospheric ozone. The
Umkehr observations made now provide a baseline to augment the various satellite
measurements. However, the problem of the shift error related to replacement of the
instrument at a station is known from the long-term Umkehr N-value (intensity ratio)
measurement record archived in the World Ozone and Ultraviolet Data Centre (WOUDC) in
Toronto, Canada. With regards to the issue of uncertainty of the long-term Umkehr ozone
profile dataset, we investigate various measurement errors such as the N-value shift, and
discuss a long-term record of ozone depletion over Antarctica. Multiple shifts in the
Japanese network Umkehr data record have been associated with instrument replacements.
Therefore, N-value data were reevaluated based on instrument intercomparisons. The
newest UMKO04 (Umkehr Retrieval Algorithm 2004) ozone profile retrieval algorithm is
applied in the processing of all reevaluated N-value time-series. The UMKO04 provides a
profile Averaging Kernel that is applied to other independent observational data for vertical
smoothing, and helps to minimize vertical-resolution related differences in data
comparisons. The reprocessed Umkehr profile dataset is analyzed for the long-term trend
change in troposphere and through the entire stratosphere. It is found that the upper
stratospheric ozone level over the Antarctic station Syowa (69.0S, 39.6E) stayed
consistently low since 1990s. Extremely low values can be seen in the record over the last
few years. On the other hand the international automation observation system was
developed, which is dedicated to the long-term observation, while making reliable
measurements at many atmospheric conditions with high quality of operational Umkehr data

acquisition in the springtime. The outline of the paper in each chapter is shown as the
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following. _

In Chapter 1, the issue of ambiguity in the Umkehr calibration process that affects
retrieved ozone vertical profiles is investigated for each station. Although well-maintained
Umkehr data record is considered a valuable source of information of long-term changes in
the ozone vertical profile, the Umkehr record at Japanese stations has obvious shifts.
Majority of the shifts are related to the exchange of instruments for calibration (for total
ozone measurements) and the replacement of Shimatzu instruments by Dobson ozone
spect;ophotometers. N-value data were recently reevaluated based on the results of
instrument intercomparisons. The data analysis revealed systematic errors that depend on
solar zenith angle, total ozone, and other instrumental factors. The quality and error of
ozone profile retrieved with the newest algorithm (UMKO04) is investigated. The difference
in the results depends on the deployed retrieval algorithm (UMK92 vs. UMKO04), where
UMKO04 uses non-varying monthly averaged ozone profile for a priori, while the UMK92
algorithm uses the a priori ozone profile that has total ozone dependency. The Umkehr
Averaging Kernel (AK) is applied to other independent observational data to vertically
smooth highly resolved ozone profiles such as available from balloon borne instruments
(Ozonesonde soundings) or lidar measurements. The results show that the revised Umkehr
ozone profiles show improved consistency with both types of ozone observations as
compared to the old datasets, especially with regards to ozonesonde observations
(difference of less than 5%). The reprocessed Umkehr profile data set is used for trend
analysis. This analysis shows decrease of upper stratospheric ozone layer derived from the
Antarctic Umkehr observation taken over Syowa‘station for the last 30 years, since 1977.

In Chapter 2, we present vertical ozone profiles from Dobson Umkehr measurements
conducted at Syowa station in Antarctica since 1977. Introduction of highly automated
measuring system to the Dobson instrument in 1994 at Syowa resulted in high quality data
acquisition of Umkehr measurements. Short Umkehr measurement (A, C, and D pairs) has
been routinely conducted at Syowa, with the exception of the polar summer when solar
zenith angle is too small. In thlis study we discuss features of reevaluated N-value record at
Syowa and the UMKO4 retrieved ozone profiles. In the ozone record analysis, seasonal
variation, effects of solar activity, QBO and aerosol, etc. signals are removed from the data.
From 1977 to 2007, the springtime ozone values in layers 8 and 9 showed decrease of
9.6%/decade, and the layer 4 ozone shows decrease at 16.6%/decade. The ozone hole in
2006 developed to the largest size ever observed, and at Syowa total ozone of 114 DU was
recorded. This is the lowest total ozone value since the beginning of observation in 1977.
The Umkehr measurements also show eitremely low ozone amount in all layers above
Syowa. Especially, the record low ozone (close to complete ozone destruction) is found in
layer 4 on September 27, 2006 and in layer 3 on October 15.

In Chapter 3, we discuss a long-term ozone trend determined from the newly -
re-processed Umkehr ozone profiles at Japanese stations. The long-term trend in upper

stratospheric ozone from 1977 to 2008 is assessed, whereas the seasonal variation, effects
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of solar activity, QBO and aerosol, etc. are accounted for. Long-term variations of UMKO04
retrieved ozone in the combined layer 8+ (8, 9 and 10) are shown for Sapporo, Tsukuba,
Naha and Syowa stations. Linear trends for two time periods, prior to 1996 (from 1970 or
1977 till 1996) and after (1996-2008), are also shown for each station. Trend analyses
suggest a significant decrease in the upper stratosphere over Japan during the 1980s. The
upper stratospheric ozone levels at Tsukuba Station have shown a steady increase at
5%/decade rate after 1996. At the same time, a 7.7%/decade decrease in ozone is found in
Umkehr data taken at Sapéoro Station, which indicates an even stronger ozone depleting
rate as compared to ozone depletion rates prior to 1996. Over the Antarctic Syowa station,
upper stratospheric ozone has been at the lowest level since 1990s. Especially low values
can’ be seen in the last few years. Observed difference in the upper stratospheric ozone
changes among several stations may be exhibiting the latitude dependence of ozone
depletion. In order to assess the linear long-term trend in ozone over the Antarctic Syowa
station, we conducted analysis of data collected during the first half (from 1977 to 1996)
and the second half (from 1996 to 2008) of the record, and also separated data in austral
springtime (from September to November) and summer (from December to March) seasons.
The years 1988 and 2002 that had episodes of large-scale stratospheric sudden warming
were removed prior to analysis. The result of the upper stratosphere analysis is the
following. The long-term trend of annual average (springtime and summer), during the first
half is -7.9%/decade, while during the second half the Syowa record shows decrease at
-5.2%. When the long-term trends of stratospheric ozone are compared between the
springtime and summer seasons, the decrease in the first half of the record is found to be
slightly larger in the summer than in the springtime, while in the second half of the record
the springtime trend decreases even further, whereas the summer trend is leveled out. As
one of the characteristics of the Syowa record, a linear trend tends to flatten out in the
1996-2005 time period after a significant decrease in 1977-1996, although recent data show
a decreasing trend again. The result of lower stratosphere is the following. The long-term
trend in the annual averaged ozone data appears to decrease rapidly in the first half
(-31.9%/decade) of the record, while it shows much smaller decrease in the second half
(-5.1%/decade). The seasonally separated long-term trends show the strongest decrease in
low stratospheric ozone in the springtime of the first half (-35.3%/decade) and still
significant decrease in the second half (-17.5%/decade), whereas the summer time ozone
does not show any long-term changes in both the first and second halves of the record.

In this paper, we considered the ozone and temperature changes in the upper
stratosphere using the re-analysis station data of NCEP/NCAR (National Centers for
Environmental Prediction / National Center for Atmospheric Research) and JRA-25
(Japanese Re-Analysis 25 years). The main characteristics from 1992 to 2008 are as follows.

(1) In the late spring (October and November) when the solar elevation angle in the
Antarctic region is higher, the clear negative correlation between ozone and the monthly

mean temperature variability at 100 hPa and 5 hPa is shown.
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(2) The monthly averages of the ozone (layer 8) and temperature (at 5 hPa atmospheric
pressure level) for the month of November show high correlation (correlation coefficient is
0.9) between a decline of temperature, and the increase in ozone.

(3) This suggests the relation of temperature dependence (about 2%/1 degree C) to the
ozone change in the upper stratosphere (about 40 km in height).

The impact of the Montreal protocol is already seen in mid-latitude ozone, whereas
the ozone change relevant to ODS in the upper stratosphere has not been observed due to the

ODS still in transport to the Antarctic region.
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