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OZONE M EASU R EM ENTS 

SCI ENTIFIC S U M M A RY 

The quality of the total ozone measurements made by ground-based and satellite systems has been assessed and 

trends calculated where appropriate. 

Trends in total ozone since 1979 have been updated through early 1 994: 

- Northern Hemisphere middle latitude trends are significantly negative in all seasons, but are much larger in 

winter/spring (about 6%/decade) ,  than in summer/fall (about 3 %/decade) . 

- Tropical (approx. 20°S- 20°N) trends are slightly negative, but not statistically significant when suspected drift 

in the satellite data is incorporated into the uncertainty. 

- Southern midlatitude trends are significantly negative in all seasons, and increase in magnitude for high latitudes. 

Representative trends (annual averages, in % per decade) for north and south midlatitudes and the tropics are as 

follows .  

Latitude 

Mid South Equatorial Mid North 

Recent: 

1 /79 to 5/94 SBUV+SBUV/2 -4.9 ± 1 .5 - 1 .8 ± 1 .4 -4.6 ± 1 . 8  

1 /79 to 2/94 Dobson network -3.2 ± 1 .3 - 1 . 1  ± 0.6 -4.8 ± 0 .8 

1 /79 to 2/94 Ozonometer (former USSR) na na -4.9 ± 0 .8 

Pre-Pinatubo :  

1 /79 to  5/9 1 SBUV+SBUV/2 -4.9 ± 2 .3 -0.8 ± 2. 1 -3.3 ± 2.4 

1 /79 to 5/9 1 TOMS -4.5 ± 2. 1  +0.4 ± 2. 1 -4.0 ± 2. 1 

1 /79 to 5/9 1 Dobson network -3.8 ± 1 .3 +0.2 ± 1 .2 -3.9 ± 0.7 

1 /79 to 5/9 1 Ozonometer (former USSR) na na -3 .8  ± 1 .0 

Note : Uncertainties (±) are expressed at the 95% confidence limits (2 standard errors) .  

The corresponding ozone loss (in %) accumulated over 1 5 .3 years for trends calculated through 1 994 

are : 

Latitude 

Mid South Equatorial Mid North 

SBUV+SBUV/2 -7.4 ± 2.3 -2.7 ± 2 .2 -7 .0 ± 2.7 

Dobson network -4.8 ± 2. 1  - 1 .7 ± 0.9 -7.3 ± 1 .3 

Ozonometer (former USSR) na na -7.5 ± 1 .3 

1 . 1  



OZONE M EASUREM ENTS 

• There was a statistically significant increase (about 2%/decade) in the average rate of ozone depletion at the 

Dobson stations north of 25°N in the period 198 1- 1991 compared to the period 1970- 1980. 

We have confidence in the trends deduced from the ground-based network, particularly in the Northern Hemi

sphere. The record is longer than for the satellite instruments, although the geographic coverage is patchy, with 

most stations situated in the Northern Hemisphere midlatitudes. The absolute calibration of the International 

Standard Dobson spectrophotometer has been maintained at ± 1 %/decade. The quality of the data from the 

ground-based network has improved since the last assessment, partly as a result of improvements to the existing 

records and partly as a result of the improving quality control in the ground-based network. 

An extensive revision and reanalysis of the measurements made using the filter ozonometer data from the vast 

area of the former USSR has recently been performed. Trend estimates from these revised data substantiate those 

made at similar latitudes by Dobson and satellite instruments. 

During the 1980s, the Total Ozone Mapping Spectrometer (TOMS) total ozone calibration drifted by 1-2% rela

tive to the Dobson instruments, depending on latitude. In addition, a systematic bias of 1-2%/decade may be 

present in measurements made at high solar zenith angles (and so is most important at high latitudes in winter) . 

Our confidence in the trends presented in the 1991 Ozone Assessment, which covered the period through March 

199 1 ,  is unchanged. 

However after this time, a problem developed in the TOMS instrument that lasted until the instrument became 

inoperative in May 1 993 .  This problem resulted in systematic errors dependent on both season and latitude, and 

caused, on average, a drift of 1 -2% between 199 1  and 1 993. TOMS satellite measurements made after May 1 99 1  

were, therefore, not used for trend analyses. A TOMS instrument was launched on the Meteor-3 satellite in 

August 1 99 1 .  The satellite orbit is not ideal and the measurements from this instrument have not yet been suffi

ciently assessed to allow use in trend analyses. 

The drift in the calibration of total ozone by the Solar Backscatter Ultraviolet (SBUV) instrument from January 

1979 to June 1990 was 1 %  or less relative to Dobson instruments, and any seasonal differences in the Northern 

Hemisphere were less than 1 %. The SBUV/2 instrument on board the NOAA- 1 1 satellite has measurements 

available from January 1 989. The drift relative to Dobson instruments in the Northern Hemisphere has been less 

than 1 %. However, there is an apparent seasonal cycle in the differences of about 1-2% (minimum to maximum). 

Nearly all ground-based instruments are now on the calibration scale of the World Standard Dobson Instrument 

#83. The quality of the measurements made at individual stations is tested using satellite data; any revision of the 

data is based on available instrumental records. Satellite measurements are independently calibrated by checking 

the internal consistency. However, the satellite record is tested for possible drift by comparison with the collec

tion of station data. Thus, the ground-based and satellite records are not completely independent from one 

another. 

Trends i n  the Vertical Distribution of Ozone 

The state of knowledge about the trends in the vertical distribution of ozone is not as good as that about the total 

ozone trends. The quality of the available data varies considerably with altitude. 

1 .2  
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At altitudes of 35-45 km, there is reasonable agreement between the Stratospheric Aerosol and Gas Experiment II 
II (SAGE I/11), SBUV, and Urnkehr, that during 1 979- 199 1 ,  ozone declined 5- 10% per decade at 30-50°N and 

slightly more at southern midlatitudes. In the tropics, SAGE IIII gives larger trends (ca. - 1 0% per decade) than 

SBUV (ca. -5% per decade) at these altitudes. 

At altitudes between 25 and 30 km, there is reasonable agreement between SAGE 1111, SBUV, Urnkehr, and 

ozonesondes that, during the 1 979- 1991  period, there was no significant ozone depletion at any latitude. The 

agreement continues down to about 20 km, where statistically significant reductions of 7 ± 4% per decade were 

observed between 30 and 50°N by both ozonesondes and SAGE 1111. Over the longer period from 1968- 199 1 ,  the 

ozonesonde record indicates a trend of -4 ± 2% per decade at 20 km at northern midlatitudes. 

There appear to have been sizeable ozone reductions during the 1 979- 199 1  period in the 15-20 km region in 

midlatitudes. There is disagreement on the magnitude of the reduction, with SAGE indicating trends as large as 

-20 ± 8% per decade at 1 6- 17  km and the ozonesondes indicating an average trend of -7 ± 3% per decade in the 

Northern Hemisphere. The trend in the integrated ozone column for SAGE is larger than those found from SBUV, 

TOMS, and the ground-based network, but the uncertainties are too large to evaluate the consistency between the 

data sets properly. For 1 968- 1 99 1  the ozonesonde record indicates a trend of -7 ± 3% per decade at 1 6  km at 

northern midlatitudes . 

In the tropics, trend determination at altitudes between 15  and 20 km is made difficult by the small ozone 

amounts. In addition, the large vertical ozone gradients make the trends very sensitive to small vertical displace

ments of the profile. The SAGE IIII record indicates large (-20 to -30% (± 1 8%) per decade) trends in the 1 6- 1 7  

km region (- 10% (± 8 % )  at 2 0  km). Limited tropical ozonesonde data sets at Natal, 6°S and Hilo, 20°N d o  not 

indicate significant trends between 1 6  and 17 km or at any other altitude for this time period. With currently 

available information it is difficult to evaluate the trends below 20 km in the tropics, as the related uncertainties 

are large. The effect on the trend in the total column from any changes at these altitudes would be small . 

In the free troposphere, only limited data (all from ozonesondes) are available for trend determination. In the 

Northern Hemisphere, trends are highly variable between regions. Upward trends in the 1970s over Europe have 

declined significantly in the 1 980s, have been small or non-existent over North America, and continue upward 

over Japan. The determination of the size of the change over North America requires a proper treatment of the 

relative tropospheric sensitivities for the type of sondes used during different time periods. 

Surface measurements indicate that ozone levels at the surface in Europe have doubled since the 1 950s. Over the 

last two decades there has been a downward trend at the South Pole, and positive trends are observed at high 

altitude sites in the Northern Hemisphere. When considering the latter conclusion, the regional nature of trends in 

the Northern Hemisphere must be borne in mind. 

Observations of Ozone and Aerosols in 1 991 -1 994 

• Global total ozone values in 1992/93 were 3-4% lower than the 1980s average. If the trend, solar cycle, and quasi

biennial oscillation (QBO) effects inferred from the 1980s record are extrapolated, an additional global anomaly 

of between - 1  and -2% remains. 

The most negative anomalies were observed in the Northern Hemisphere springs in 1992 and 1 993, with peak 

deviations of 6- 10% in February-April l993. 
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OZONE M EASUREM ENTS 

• A reduction of 3-4% occurred in the tropics in the six months following the eruption of Mt. Pinatubo.  

• Overall the smallest effects were observed in the extra-tropical Southern Hemisphere, where total ozone amounts 

were at the low end of the range observed in the 1980s, as would be expected from the long-term downward trend 

observed in that region. 

• In 1 994, global ozone levels are also at the low end of the 1980s range, again in line with expectations of a 

continuation of the observed long-term trend. 

Following the June 1 99 1  eruption of Mt. Pinatubo, stratospheric aerosol levels increased globally, with northern 

midlatitude peak particle surface areas increasing by factors of 30-40 above pre-eruption values about one year 

after the eruption. Since that time, they have been decreasing. 

Several mechanisms have been suggested as causes Qf the total ozone anomalies, though the relative importance 

is not yet clear. The possible influences include: radiative, dynamical, and chemical perturbations resulting from 

the Mt. Pinatubo volcanic aerosol ; and global and regional dynamical perturbations, including the El Nino-South

em Oscillation. 

Antarctic Ozone Depletio n  

• Record low mean values for October were observed at three Antarctic ground-based stations with continuous 

records since the late 1 950s and early 1 960s. There is no evidence of major springtime ozone depletion in 

Antarctica at any of the four Dobson stations prior to 1 980. 

In early October 1 993, a record low daily value of total ozone of 91 ± 5 Dobson units was observed with an 

ozonesonde at the South Pole. During this flight (and in several others) ,  no detectable ozone (less than 1 %) was 

found over a 5 km range from 14 to 19 km, implying that complete chemical destruction of ozone had occurred. 

The geographical extents of the ozone holes in 1992 and 1 993 were the two largest on record. 

A comparison of ozonesonde measurements made at the South Pole from 1967- 1 97 1  with those made between 

1986 and 1 99 1  reaffirms that the Antarctic depletion that has developed since the early period occurs at altitudes 

between 14 and 20 km, and that the largest changes occur in September, October, and November. 

1 .4 



1 .1 INTRO D U CTION 

Ozone in the atmosphere is easy to detect. Several 

techniques have been successfully used: most are opti

cal, using absorption or emission of light in many 

regions of the spectrum; others are chemical; and some 

are a mixture of the two. However, while it is relatively 

easy to detect ozone in the atmosphere, it has proved dif

ficult to make sufficiently precise and numerous 

measurements to determine credible changes of a few 

percent on a decadal time scale. Difficulties include: 

knowing what the absolute calibrations of the instru

ments are and how they change with time; assessing how 

much variability in any set of measurements is caused by 

the instrument and how much by the natural variability 

in the atmosphere; and making meaningful comparisons 

of measurements made by different instruments, espe

cially when different techniques are used. Detailed 

descriptions of the major techniques and instruments 

were given in the report of the International Ozone 

Trends Panel (IOTP) (WMO, 1 990a) and are not repeat

ed here. 

We first consider the quality of total ozone mea

surements, particularly those made by the ground-based 

observing network, the Total Ozone Mapping Spectrom

eter (TOMS), and the Solar Backscatter Ultraviolet 

spectrometers (SBUV) . The ground-based and satellite 

instruments have proven invaluable in assessing each 

others' data quality. Nearly all ground-based instru

ments are now on the calibration scale of the World 

Standard Dobson Instrument #83. The quality of the 

measurements made at individual stations is tested using 

satellite data; any revision of the data is based on avail

able instrumental records. Satellite measurements are 

independently calibrated by checking the internal con

sistency. However, the satellite record is tested for 

possible drift by comparison with the collection of sta

tion data. Thus, the ground-based and satellite records 

are not completely independent from one another. 

Given this perspective, we next present the trends 

in total ozone calculated to May 1994. Special attention 

is paid to how the trends are affected by the record low 

ozone values that were observed in 1992 and 1993.  This 

theme is taken up again later, in Section 1 .4, where we 

describe the ozone changes seen in this period. The evo

lution of stratospheric aerosol following the eruptions of 

Mt. Pinatubo in June 199 1  and Volcan Hudson in August 
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199 1 ,  and possible links with the low ozone values, are 

briefly discussed, along with other potentially important 

influences on ozone at this time. 

In Section 1 .3 we discuss the quality of the various 

techniques (remote and in situ) that measure the vertical 

distribution of ozone in the atmosphere. Although 

progress has been made, a good deal of work remains 

before a clear picture can emerge, especially in the re

gion near the tropopause, which is so important in 

determining the impact of ozone changes on climate. 

Last, the development of the Antarctic ozone hole 

in 1992 and 1993 is described in Section 1 .5 ,  together 

with some new analyses of some old measurements. 

1 .2 TOTAL OZO N E  

1 .2.1  Total Ozone Data Qual ity 

Total column ozone has been measured using 

Dobson instruments since the 1 920s. The number of 

monitoring stations has increased through the years, and 

since the 1960s a large enough network has existed to 

monitor ozone over most of the world with particularly 

good coverage in the northern midlatitudes and in Ant

arctica. Truly global monitoring has been possible only 

since the introduction of satellite-based instruments. 

The 1988 IOTP (WMO, 1990a) examined the quality of 

ozone measurements from both ground-based systems 

(Dobson, M83, M l 24) and satellite systems. They re

ported great variability in the quality of the data from 

ground-based instruments and found large calibration 

drifts in the SBUV and TOMS instruments caused by 

imperfectly corrected degradation of the on-board dif

fuser plates. When the 199 1  assessment of ozone trends 

was made (WMO, 1992a) ,  improvements in the quality 

of ozone data were noted. The re-evaluation of historical 

Dobson data records initiated by Bojkov et al. ( 1990) 

had been carried out at a small number of stations. Sim

ilarly, the quality of the satellite data had improved, 

though unresolved problems were still apparent. The 

entire TOMS ozone data record had been reprocessed 

using the version 6 algorithm, which improved the in

strument calibration through the requirement that ozone 

amounts measured by different wavelength pairs main

tain relative stability (Herman et al., 199 1) .  Comparison 

with the World Standard Dobson instrument number 83 
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(I83) at Mauna Loa indicated that good, long-term preci

sion had been achieved (McPeters and Komhyr, 199 1 ) . 

1.2.1.1 GROUND-BASED OBSERVATIONS 

Since January 1992, all ground-based measure

ments have been reported using the Bass and Paur ( 1985) 

ozone cross sections. This change should increase the 

accuracy of the ozone record for direct comparison with 

other measurement systems, but should have no effect on 

the core time series of observations made with the AD 

wavelength pairs since the conversion from the old Vi

groux ( 1953) scale is defined (Komhyr et al., 1993). 

Since the last assessment the number of Dobson stations 

at which the historical records have been reanalyzed by 

the responsible personnel has increased to over 25, with 

many more in the process of reanalysis. 

In a full re-evaluation, the station log books and 

lamp calibration records are carefully examined and cor

rections are made where appropriate (WMO, 1 992b) . 

Measurements are treated on an individual basis, in con

trast to the "provisionally revised" data described and 

used in IOTP and subsequent assessments where month

ly averages are treated . Comparisons with external data 

sets (total ozone records in the same synoptic region, 

meteorological data and, since 1 978,  satellite overpass 

data) are made to identify periods where special atten

tion should be paid. The data are only corrected if a 

cause is found based on the station records. The goal of 

re-evaluation is to produce a high quality, long-term total 

ozone record. Increasingly frequent international inter

comparisons of ground-based instruments bring more 

consistency to the global network. Recent intercompari

sons were made at Arosa (Switzerland) in 1 990, at 

Hradec Kralove (Czech Republic) in 1993, and at Izana 

(Canary Islands) in 1994. In addition, the practice of 

using traveling standard lamps to check the calibration 

of individual instruments has become more frequent in 

recent years, with a consequent reduction in the ob

served scatter (Grass and Komhyr, 1 989; WMO, l 994a) . 

Several important concerns about the quality of 

the ground-based data remain - in particular, how reli

able are trends determined from Dobson data in the 

1960- 1 980 period? While the program to reanalyze 

Dobson records is important, there are limits to what can 

be achieved. Not only is sufficient information not avail

able in many cases, particularly in the early years, but, 
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even in recent TOMS overpass comparisons, apparent 

calibration shifts are identified for which no cause has 

been found. Another issue of concern is whether uni

form data quality can be maintained when a Dobson 

instrument is replaced by a Brewer. Brewer instruments 

replaced Dobsons at 4 Canadian sites (Churchill, Ed

monton, Goose Bay, and Resolute) in the mid- 1980s. 

During the changeover at each site, both instruments 

were operated for a period of at least 3 years in order to 

quantify possible biases and differences in seasonal re

sponse. In order to ensure continuity, a simulated 

Dobson AD direct sun measurement is reported for these 

sites (Kerr et al., 1 988) .  The data records for these sites 

must be monitored for possible biases and differences in 

seasonal response that might affect trend analyses. 

In Section 1 .2 .2, trend analyses of the measure

ments from 43 stations are reported. The records from 

many more were examined for possible inclusion, but 

were not used for a variety of reasons. First, only 

records starting before 1980 were considered sufficient

ly long for meaningful analyses to be made. Second, a 

minimum of 12 days of observation were required for a 

monthly mean to be included. In the case of three high 

latitude stations, all midwinter monthly means were 

missing, a situation that cannot be handled by the cur

rent, well-documented statistical technique, at least as 

far as computation of seasonal average trends is con

cerned. For this assessment, no analysis of data from 

such stations is made. Third, some station records show 

large variations against nearby stations or satellite over

passes that cannot be explained in terms of any natural 

phenomena. These records are few and were not used. A 

number of points requiring corrections have been identi

fied in the measurements submitted to the World Ozone 

Data Center. The re-evaluations used in the records used 

here for trend analysis will be documented in WMO Re

port No. 35 (appendix by Bojkov) . About half of these 

corrections result from the WMO intercomparison pro

gram and individual instrument's calibration procedures, 

and most of the remainder are made from information 

made available from the instrument log books by the op

erating agency (Bojkov, private communication) . A few 

obvious calibration shifts for which no instrumentally 

derived correction can be found are treated in the statisti

cal analysis (see Section 1 .2.2). An empirical technique 

has been used to correct the air mass dependencies at a 

few stations, as insufficient instrumental information 



exists in these cases (see appendix by Bojkov in WMO, 

1994b). 

The chief instrument used in the former USSR was 

a filter ozonometer. Various improvements have been 

made over the years, and the record of the M-83 and 

M - 1 24 versions since 1973 has been assessed by Bojkov 

et al. ( 1 994) using recently available information on the 

individual instruments ' performance and calibration his

tories. The errors associated with these instruments are 

larger than those of Dobson or Brewer instruments, and 

Bojkov et al. combine the individual station data into re

gional averages. 

Sulfur dioxide (S02) absorbs ultraviolet at the 

wavelengths used by Dobson and Brewer instruments to 

measure total ozone. The presence of S02 causes a false 

increase of total ozone measured by Dobson instruments 

for both the AD and CD wavelengths. As part of a de

tailed revision of the total ozone record at Uccle, 

Belgium, De Muer and De Backer ( 1992) considered the 

effect of the locally measured reduction in surface so2 

on the total ozone record from 1972 to 199 1 .  Over this 

period, surface so2 levels dropped by a factor of about 

5. The size of the downward correction to the observed 

total ozone was found to be 3-4% in 1972 and just under 

1 %  in 1990, a change of similar size to the trend calcu

lated in IOTP (WMO, 1990a) . The trends calculated 

using the revised data for 1978- 1 99 1  are in reasonable 

agreement with TOMS version 6 overpass measure

ments (WMO, 1992). 

This analysis clearly raises the question as to how 

many records might be similarly affected (De Muer and 

De Backer, 1993). Most North American stations are in 

unpolluted areas and measurements made there will not 

have been influenced by tropospheric S02. In Canada, 

surface S02 measurements made since 1974 are report

ed by Environment Canada in the National Air Pollution 

Surveillance Series for sites in Toronto, the worst affect

ed station in Canada. In 197 4 the average surface S02 

concentration in Toronto was 42 !lg m-3, about 40% that 

measured near Uccle in the same year. A review of these 

data indicates that about 1 %  (3-4 Dobson units, DU) 

false total ozone may have occurred at Toronto in the 

early part of the record. This dropped to 0.3% ( 1 .2 DU 

false ozone) in the early to mid- 1 980s and has remained 

level since then, in good agreement with Kerr et al. 
( 1 985, 1988) .  There is greater uncertainty in the earlier 

data made by wet chemical instruments (which may be 
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sensitive to other pollutants besides S02) than there is in 

the later data made by pulse fluorescence techniques. 

Similar measurements made at Edmonton indicate that 

interference due to so2 is less than 0.2% throughout the 

record (in good agreement with Kerr et al., 1989) . The 

effects of S02 on the three other non-urban sites in Can

ada are thought to be negligible. In the United States, 

anthropogenic emissions of so2 decreased by 27-29% 

from 1 970 to 1988 (Placet, 1 99 1 ) . None of the U.S .  sta

tions is in as heavily populated a region as Uccle and so 

should not have been as affected. 

A model study of S02 concentrations in Europe, 

based on emission estimates, indicated that the largest 

changes in so2 concentrations since 1970 have occurred 

over Belgium, Holland, and Northern France, and that in 

1 960 the S02 concentrations calculated for Belgium 

were among the highest in Europe (Mylona, 1 993) .  De

creases by a factor of 50-75% were calculated for this 

region, while elsewhere in Europe and Scandinavia the 

reductions since 1970 seem to have been 50% at most 

and are often less. Thus while some Dobson measure

ments in Europe were affected by the decreasing S02 

concentrations, it is likely that Uccle is one of the most 

heavily influenced. 

Elsewhere, stations are in polluted regions where 

the S02 trends are different from those in Europe and 

parts of North America. Work still needs to be done to 

assess the impact of S02 on 03 measurements at many 

individual stations. 

In June of 1 99 1  the eruption of Mt. Pinatubo re

sulted in the injection of large amounts of material into 

the stratosphere. The plume included large amounts of 

S02, but this had decreased to low levels by the end of 

July (Bluth et al., 1992). Of greater concern is the high 

level of stratospheric aerosol that spread over the globe 

and produced large aerosol optical depths for more than 

a year. But Kornhyr (private communication) notes that 

the data record from the World Standard Dobson instru

ment I-83 shows little apparent disturbance when the 

initial, dense aerosol cloud passed over Mauna Loa Ob

servatory in early July. The initial error appeared to be 

only a tenth of a percent or so. A small change ( < 1 %) in 

the calibration of I-83 was seen in June 1992. In June 

1 993, when the stratosphere over Mauna Loa was much 

cleaner, the calibration ofl-83 was the same as in 199 1 .  

Thus ozone measurement errors due to Mt. Pinatubo 

aerosols most likely did not exceed ± 1 %, for direct sun 
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observations made by a well-maintained Dobson instru

ment using the fundamental AD wavelength pairs. This 

result should be expected, as the wavelength pairs were 

originally chosen to minimize the effect of aerosol on the 

measurement (Dobson, 1 957). 

1.2.1.2 SATELLITE-BASED OBSERVATIONS 

Total ozone data are now available from a number 

of satellite systems. The Nimbus 7 TOMS produced glo

bal ozone maps (except in polar night) on nearly every 

day from November 1 978 until May 6, 1993, when the 

instrument failed. Another TOMS instrument was 

launched on the Russian Meteor 3 spacecraft in August 

of 199 1  and continues to operate, so a continuous TOMS 

data record has been maintained, although, because of its 

drifting orbit, the geographic coverage of the Meteor 3 

TOMS is not as extensive as that of Nimbus 7 TOMS. 

TOMS has been used as the "most reliable" satel

lite-based monitor of total ozone because it gives daily 

global coverage and has a 14.5-year record of observa

tions. The version 6 TOMS data were produced using a 

calibration based on data up through May 1 990, and 

there is concern that its calibration may have drifted 

since then. This issue will be addressed through compar

isons with other instruments. There is a known error at 

large solar zenith angles (> 70°) demonstrated by com

parison with Systeme d' Analyse par Observation 

Zenithale (SAOZ) spectrometers (Pommereau and Gou

tail, 1 988), which make zenith sky measurements of 

ozone at sunset and sunrise and thus avoid the concerns 

about airmass or temperature dependencies that arise 

with the shorter wavelengths used in the Dobson, Brew

er, TOMS, and SBUV instruments. This error in TOMS 

is caused by a dependence on the shape of the ozone pro

file when the ultraviolet light, used to measure the 

ozone, no longer penetrates well to the ground. For the 

Nimbus 7 TOMS, this problem is only important at high 

latitudes in the winter hemisphere. Wellemeyer et al. 

( 1 993) estimate that the 60° latitude winter trend will be 

in error by less than 1-2% per decade; errors at lower 

latitudes should be insignificant. 

The sensitivity of TOMS to volcanic aerosol has 

been analyzed in detail (Bhartia et al. , 1993). There are 

systematic errors depending on scan angle, but on a zon

al mean basis the errors largely cancel. Aerosol-related 

effects on the TOMS observation were only observed in 
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the tropics for a few months, so there should not be a 

significant effect on trends. 

Data from Meteor 3 TOMS have been available 

since its launch in August 1 99 1 ,  but the consistency of 

the data from the two TOMS instruments (Nimbus 7 

TOMS and Meteor 3 TOMS) has not been properly as

sessed yet. The comparison is complicated by the orbit 

of Meteor 3, which drifts from near-noon observations to 

near-terminator observations every 53 days. Periodical

ly, all data from Meteor 3 TOMS are collected at very 

large solar zenith angles, so that the problems connected 

with high latitude measurements occur at all latitudes . 

In the light of these problems and the lack of a more de

tailed assessment of the data quality, no use is made of 

the Meteor 3 TOMS measurements for the trends pre

sented in this assessment. 

The SBUV instruments also measure total ozone 

viewing directly below the orbital track of the space� 
craft. The SBUV instrument on Nimbus 7 operated from 

November 1978 to June 1990. While SBUV and TOMS 

were separate instruments, they shared the diffuser plate 

measuring the extraterrestrial solar flux and so did not 

have completely independent calibrations. The same 

basic algorithm is used to calculate both the TOMS and 

the SBUV total ozone measurements. Data are also 

available from the NOAA- 1 1 SBUV/2 beginning in Jan

uary 1 989 through May 1 994. The SBUV/2, which has 

suffered much less degradation than SBUV, maintains 

calibration using on-board calibration lamps and com

parison with periodic flights of the Shuttle SBUV 

instrument (Hilsenrath et al. , 1 994 ) ,  and so its data 

record is truly independent of the other systems. There 

is a concern that, as the NOAA- 1 1  orbit has drifted from 

an initial 1 : 30 PM equator crossing time to a 4 :30 PM 

equator crossing time in 1 994, zenith angle dependent 

errors could be aliased into the ozone trend from SBUV/2. 

The TOYS (TIROS Operational Vertical Sounder) 

instruments (flown on a number of platforms) monitor 

total ozone using the 9.6 11m channel, which makes them 

most sensitive to ozone near the ozone maximum. This 

fact and the unresolved problem of possible calibration 

differences between the series ofTOVS instruments lim

it the current usefulness of TOYS for trend analysis. 
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Figure 1 -1 .  Time series of weekly average TOMS ozone overpasses at Hohenpeissenberg (top) and of t�e 
percent difference between TOMS and Hohenpeissenberg total ozone amounts (bottom): (The �?henpels
senberg data were taken from the World Ozone Data Center in December 1 993; some mmor rev1s1ons have 
since been made . )  

1.2.1.3 DATA QUALITY EVALUATION 

The large natural variations in ozone complicate 

the evaluation of the quality of total ozone measure

ments. The comparison of simultaneous measurements 

of the same quantity by independent instruments is an 

effective means of checking the quality of the individual 

instruments. For the early Dobson record there are no 

independent, simultaneous measurements of total ozone 

except during rare intercomparisons. (An exception oc

curred at Arosa, where two instruments have been 

operated simultaneously since 1 968). The quality of the 

early record thus depends on how well the individual in

struments and their calibrations were maintained. 

Evaluations of the early Dobson records are based on 

comparisons with data from other stations in the same 

synoptic region, with meteorological data such as the 

100 hPa temperature series, and critical examination of 

available log books. Such methods were discussed at 

length in the IOTP (WMO, 1 990a) and have been de-
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scribed further i n  WMO Report No. 29  ( 1992b) . Details 

of the calibration histories at individual stations will be 

published in WMO Report No. 35 ( 1994b). 

Since the launch of TOMS in 1 978 ,  a total ozone 

measurement has been made almost daily from space 

within 1 o of every Dobson station. Figure 1 - 1  shows an 

example of a TOMS-Dobson comparison for Hohen

peissenberg, Germany. Similar comparisons have been 

made for each of 142 ground-based stations (Dobson, 

Brewer, and M- 124) with relatively complete records 

over the life of TOMS (Ozone Data for the World, 1993). 

A single such comparison shows the relative differences 

between the two measurement systems; examination of 

many such plots can reveal the cause for differences be

tween the systems. Changes relative to TOMS that 

occur at one station but not at other nearby stations can 

be presumed to be caused by that one station, but a 

change that is seen at most stations can be presumed to 

be caused by TOMS . Two simple indicators of data 
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quality that can be derived from these plots are the aver

age bias and drift relative to TOMS. Figure 1 -2 shows 

the first-year bias and trend relative to TOMS of 1 8  Dob

son stations, including 183 in its measurements at Mauna 

Loa each summer. The average offset of TOMS relative 

to Dobson of 3-4% is almost certainly due to small pre

launch calibration errors in TOMS . The scatter in this 

diagram is noticeably less now that revised total ozone 

records are used, indicating an improvement in the qual

ity of these measurements. The average drift of TOMS 

relative to the Dobson network of about -2% per decade 

is discussed below. 
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Figure 1 -2.  The average bias relative
_ 
to TO�S in  

the fi rst year (usually 1 979) and the  dnft relat1ve to 
TOMS over 1 4  years for a sample of 1 8  Dobson 
stations. The Dobson station data were taken from 
the World Ozone Data Center in  December 1 993. 
183 at Mauna Loa and the regular Mauna Loa 
record are shown separately. 

Despite the variability of individual Dobson sta

tions, random errors should largely cancel in a network 

of Dobson stations, so that conclusions can be made 

about the performance of TOMS. Figure 1 -3 shows 

comparisons of TOMS with ground-based measure

ments, including 183 both at Mauna Loa and at Boulder, 

a network of 30 Northern Hemisphere (25-60°N) Dob

son stations that have complete data records through 

May 6, 1993, and summer-only averages for the same 

stations. TOMS is stable relative to 183 over its life. The 

error bars shown for the 183 comparisons are statistical 

uncertainties (95% confidence limits) for each summer's 

TOMS - ground stations 
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Figure 1 -3.  Percent difference between TOMS and 
World Standard Dobson #83, at both Mauna Loa 
(sol id c ircles) and at Boulder (empty circles) ;  
monthly average differences for an average of 30 
Northern Hemisphere Dobson stations; and sum
mer only (JJA) differences for the same station� 
(squares)- The uncertainties shown are 95% confi
dence l im its for the mean value .  

set of match-ups; the ±0.5% or so year-to-year variation 

represents the limit of accuracy for a single site compar

ison, since many errors are systematic and not random as 

the statistical error calculation assumes. A preliminary 

comparison of 183 observations made in Boulder, where 

fewer measurements were made with 183, shows a drift 

relative to TOMS that is very similar to that seen in the 

30-stations average, which implies a TOMS latitude (or 

zenith angle) dependent drift. The comparison with the 

ensemble of 30 Northern Hemisphere Dobson stations 

was made using monthly averages. There is a seasonal 

cycle in the TOMS-Dobson difference of about 1 %  am

plitude in 1 985 and increasing thereafter. 

An initial decline of TOMS ozone relative to Dob

son (or increase in Dobson ozone relative to TOMS) 

between 1979 and 1984 is followed by a period of appar

ent lesser drift between 1 984 and 1 990 and, after 1 990, a 

significant decline of about 21/2%.  Evidence of this de

cline beginning in about 1989 can also be seen in Figure 

1 - 1 ,  the comparison with Hohenpeissenberg. The initial 

decline of TOMS relative to Dobson could be caused by 

an error in TOMS not resolved by the internal calibration 

method or, possibly, it could be partly due to a change in 

the average calibration of the Dobson network in the 
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Figure 1 -4. Weekly average d ifferences between TOMS and SBUVI NOAA- 1 1 SBUV/2, and Meteor 3 
TOMS, and monthly average differences between TOMS and TOVS.  

early 1 980s before the strong program of intercompari

son was extended. Figure 1 -3 shows that such a decline 

is common to the Dobson records for most stations. Pos

sible solar zenith angle dependent errors (in either 

Dobson or TOMS) can be minimized by comparing 

summer average values (where summer is defined as 

June-July-August) . There is a similar time dependence, 

though of lesser magnitude ( 1 - 1 .5% ). Most of the sea

sonal cycle must then be due to TOMS.  The decline of 

TOMS relative to 183 at Boulder, coupled with the stabil

ity relative to 183 at Mauna Loa, indicates a TOMS error 

that depends on the signal level, because UY signal lev

els are generally lower at Boulder (more ozone) than at 

Hilo . It is most likely that the TOMS photomultiplier 

has developed a small nonlinearity in its response that 

has increased with time. If true, the equatorial and sum

mer midlatitude trends from TOMS should be accurate, 

but the high and winter midlatitude trends could be too 

large by 1 -2% per decade. 
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Comparisons with TOMS have been done with an 

average of 9 Brewer stations (not shown). The data 

record is simply not long enough for definitive compari

sons, but the seasonal dependence is larger, probably 

because the Brewers tend to be at high latitude sites. 

There is a decline between 1990 and 1 992 that is consis

tent with the Dobson results. 

Figure 1 -4 is a comparison of Nimbus 7 TOMS 

with other satellite instruments :  Nimbus-7 SBUY, 

NOAA- 1 1 SBUY /2, TOYS, and Meteor 3 TOMS. Com

parisons have been done of weekly zonal mean ozone, 

except for TOYS,  where monthly means are used. The 

comparisons for the 30°-50°N, 30°-50°S , and 20°S-20°N 

zones are shown. Although 3% higher than SBUY, 

TOMS is quite stable relative to SBUY, not surprising 

since both were recalibrated using similar techniques 

and the two instruments use the same diffuser plate, al

beit with different viewing geometries. There is a 

seasonal variation of about 1 %  magnitude that again is 
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likely caused by nonlinearity in the TOMS photomulti

plier. There is no evidence for nonlinearity in the SBUY 

photomultiplier. The NOAA- l l  SBUY/2 calibration is 

completely independent and is maintained through use 

of on-board calibration lamps. There is a decline of 

TOMS relative to SBUY/2 of l %  or so between 1989 

and 1993. A comparison of SBUY/2 with an ensemble 

of ground-based stations between 20° and 60°N indicates 

that there has been little drift and that there is an apparent 

seasonal cycle of about l -2% (minimum to maximum). 

Finally, comparisons with monthly average TOYS 

zonal means for 30°-50°N are shown (Figure 1 -4). The 

TOYS data show significant variance, presumably re

sulting from the sensitivity to stratospheric tempera

tures, and cannot currently be used for trend analysis. 

1.2.2 Tren ds in Total Ozone 

Trends in total ozone were reported in the last as

sessment (WMO, 1 992a; see also Stolarski et at. , 1992),  

using TOMS satellite data from November 1 978 through 

March 199 1 ,  and ground-based data through March 

1 99 1  where available. A number of recent studies have 

examined the available records, either on large scales 

(Krzyscin, 1 992, 1994a; Reinsel et al. , 1 994a) or at indi

vidual stations (Deg6rska et al. , 1992; Henriksen et al. , 

1 992, 1993;  Kundu and Jain, 1 993 ; Lehmann, 1994). In 

addition, a number of studies investigated the effects of 

interannual variability, and its various causes, on total 

ozone trends (Hood and McCormack, 1 992; Shiotani, 

1 992; Marko and Fissel, 1 993;  Krzyscin, 1 994b, c; Ran

del and Cobb, 1994; Zerefos et al. , 1 992, 1 994). In 

general, the conclusions of these studies agree well with 

those presented in WMO ( 1 992a) and here. One excep

tion is the analysis by Henriksen et al. ( 1 992, 1 993) of 

the total ozone record from Troms0 (70°N). Measure

ments have been made there using a Dobson 

spectrophotometer that show no long-term change from 

1 939 to 1989. Two difficulties arise in the interpretation 

of this record. First, there is a gap between 1 969 and 

1 984 during which the instrument was overhauled. Un

fortunately the amount of adjustment caused by this 

overhaul cannot be given (Henriksen et al. , 1 992). Sec

ond, the natural variability of ozone is such that there are 

geographic differences in the trends (WMO, 1992a), so 

that one would expect the trends measured at some indi

vidual stations to be zero. 
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For this assessment, trends have been updated 

through the most recent available data. The trend update 

is complicated by the failure of the Nimbus 7 TOMS in

strument on May 6, 1993, and concerns about the 

correction of its calibration after 1990 (see Section 

1 .2. 1.3). However, SBUY data have been re-evaluated 

since the 199 1  assessment, and are now suitable for trend 

analysis when combined with the SBUY/2 data from the 

NOAA- 1 1  satellite. In the following section, trend anal

yses of SBUY data extended with SBUY/2 after 1988,  

abbreviated SBUY(/2), are updated through May 1994. 

Trends from the Dobson network are updated 

through February 1994 at the majority of stations, and 

several new stations have been added. In addition, since 

the 199 1  assessment, a number of Dobson stations have 

revised data for part or all of their historical records 

based on detailed re-evaluations. These data have been 

used if submitted to the World Ozone Data Center or di

rectly to the chapter authors. In addition, at some 

stations, revisions were made by R. Bojkov (private 

communication) from the WMO intercomparison pro

gram results or from information in the station log books 

(see Section 1.2. 1 . 1 ). Furthermore, data from 45 filter 

ozonometer stations in the former USSR have been 

thoroughly assessed and revised by Bojkov et al. ( 1 994 ). 

Regional average data for the four regions discussed in 

that paper have been obtained from the authors and 

trends calculated using the same statistical fit as for the 

Dobson stations ; the trends calculated for this report are 

close to those tabulated by the authors. 

As discussed in detail in Section 1 .4, ozone levels 

declined a few months after the eruption of Mt. Pinatubo 

in June 1 99 1 ,  and at northern midlatitudes they remained 

abnormally low through the fall of 1 993 (Gleason et al. , 

1 993;  Herman and Larko, 1 994; Bojkov et al. , 1993;  

Kerr et al. , 1 993;  Komhyr et al. ,  1 994a). Whatever the 

cause of these low values, the calculation of trends with 

abnormally low data at the end of the time period may 

lead to substantially more negative values for the calcu

lated trend. This presents difficulties in interpretation of 

the results, since the use of the word "trend" implies a 

generally consistent, continuing change over a given 

period. By the inclusion of very recent data in late 1993 

and the first half of 1994, this effect is lessened, except in 

the Jun-Jul-Aug season where the very low 1993 data are 

at the end of the series. Section 1 .2.2.3 compares 

SBUY(/2) trends through May 199 1  versus trends 



through May 1994 as an analysis of the effect of includ

ing this period of anomalous ozone. 

1.2.2.1 STATISTICAL MODELS FOR TRENDS 

As discussed in previous reports (WMO 1990a; 

WMO 1 990b; WMO 1 992a), proper trend analysis of 

ozone series uses a statistical regression model that fits 

terms for seasonal variation in mean ozone, seasonal 

variation in ozone trends, and the effects of other identi

fiable variables such as the 1 1 -year solar cycle, 

quasi-biennial oscillation (QBO), and atmospheric nu

clear tests (if data from the early 1960s are used). The 

residuals from the model are autocorrelated, and this 

autocorrelation should be fitted as part of the statistical 

estimation procedure to ensure reliable standard errors 

for the calculated trends (see, for example, Reinsel et al. , 

1 987;  1 994a; Bojkov et al. , 1990). Also, proper error 

analysis requires a weighted regression technique, since 

ozone levels are much more variable in winter months 

than in summer. For the long-term Dobson analyses, the 

trend fitted for each month was a "hockey stick," with a 

level baseline prior to December 1 969 and a linear trend 

after 1 970. For series beginning after 1 970, including all 

satellite data, the trend is a simple linear monthly trend. 

As in previous reports, the other explanatory variables 

used are: 10.7cm radio flux for the effect of the solar 

cycle; and 50 mbar winds in the tropics (average of As

cension, Balboa, and Singapore) for the QBO with an 

appropriate latitude-dependent lag. For a given monthly 

ozone series, individual monthly means in Dobson units 

(DU) are calculated from the model for the beginning of 

the time period, and monthly trends are calculated in 

DU/year. For compactness in presentation, these are av

eraged over four seasons, DJF, MAM, JJA, SON 

(December-January-February, etc.), together with a 

summary year-round trend. The trends are expressed in 

% per decade, with the average DU/decade trends given 

as a percent of the seasonal mean ozone in DU. Note 

that the seasonal definitions are slightly different from 

those used in previous assessments (DJFM, MJJA, SON, 

with April not reported). 

Mean level shifts ("intervention terms") can be 

used in the statistical model to account for instrument 

calibrations or changes, and other sudden shifts in ob

served mean ozone, for which the calibration 

information necessary for direct adjustment is not avail

able. Reinsel et al. ( 1 994a) describe the methodology 
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and give the dates at each station where intervention 

terms are necessary if the publicly available data from 

the World Ozone Data Center are used. In most cases in 

this report, direct adjustment using known calibration in

formation was used, except in the sensitivity analysis 

presented in Section 1 .2.2. An additional intervention 

term not used in Reinsel et al. was calculated in the anal

ysis here for Mauna Loa at June 1976 to adjust for an 

unexplained but clear drop in mean ozone of several per

cent. 

It is necessary to ensure correct intercalibration 

between the SBUV and SBUV/2 satellite records, and 

the following procedure was used to estimate a possible 

shift between records for each latitude zone. The stan

dard statistical model was fit to the combined records 

beginning 1 179, and ending in 5/9 1 to avoid the anoma

lous ozone period after that time. There is an overlap of 

eighteen months in the SBUV and SBUV/2 satellite 

records ( 1 189 to 6/90), and each series was given one

half weight in the overlap period. Intervention terms 

were fit to estimate any difference in calibration between 

the satellites, and these were typically found to be less 

than 1 %  (in two zones, 1 112%). These same shifts were 

used to adjust SBUV/2 data to the level of SBUV for 

analyses through 1 994, the fit then being done giving 

each series one-half weight in the overlap period, but 

without further intervention terms. 

1.2.2.2 TOTAL OzoNE TRENDS UPDATED THROUGH 1994 
This section presents a comparison of trends from 

ground-based data through February 1994 and SBUV(/2) 

satellite data through May 1 994. The analysis of 

ground-based data gives both long-term (using data from 

1164) and short-term ( 1 179 to 2/94) trends for direct com

parison to SBUV(/2) results. As noted in the 1 99 1  

assessment, the short-term, more recent trends are more 

negative than the long-term trends;  an analysis of this 

apparent trend acceleration is presented in Section 

1 .2.2.4. 

The ground-based trend analysis uses a set of 43 

Dobson stations, the majority of which are in Northern 

Hemisphere mid- to high latitudes. The station set is a 

subset (see Section 1 .2. 1 . 1 )  of the 56 stations used in 

Reinsel et al. ( 1994a), together with the addition of Lis

bon, now with revised data. The trends at individual 

stations are tabulated only in one case (Table l - 1 ) ;  other

wise the individual station trends have been averaged 
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Table 1-1 . Set of 43 Dobson stations used for the trend analyses, with dates of usable data 
(although the earl i est analysis i n  th is report beg ins at 1 /64) . Stat ions are grouped by the lat itude 
zones used i n  F igures 1 -5 through 1 -9 .  Seasonal trend est imates by station are shown for the period 
1 /79 through 2/94; these are p lotted i n  Figure 1 -5 (zonal averages in Figure 1 -6) . The columns labeled 
"2se" give 95% u ncertainty l im its (two standard errors) . The "Src" column ind icates the source of the 
data used here, with codes: WODC = data from World Ozone Data Center, Sta = data supp l ied by the 
station authorities, Rev = revised as d iscussed i n  Sect ion 1 .2 . 1 . 1 . 

Dec-Feb Mar-May Jun-Aug Sep-Nov Year 
Station Latitude First Last est 2se est 2se est 2se est 2se est 2se Src 
St. Petersburg 60.0 N 68-08 94-02 -7.4 5 .5  -7 .4  4 .2 -4 .7 2 .7 -3 .8  3 . 1  -6.0 2 .3 Sta 
Churchill 58 . 8  N 65-0 1 93- 10 -5 .7 4.2 -6.9 3 .4 -4.5 2.3 -2.4 3 .2 -5 .0 1 . 8  Sta 
Edmonton 53 .6  N 58-03 94-02 -5 .6 4.7 -7 .6 3 . 3  -5.5 2.2 -3.4 3 .2 -5 .6 1 .9 Sta 
Goose 53 .3  N 62-0 1 94-02 -2.8 5 .4 -5 .7 4.4 -7.6 3 .0 -3.4 2.8 -4.9 2.4 Sta 
Belsk 5 1 .8 N 63-04 93- 1 2  -9 . 1  5 .4 -6.7 4.0 -4.0 2.4 - 1 .4 3 .2  -5 .5 2 .3 Rev 
Uccle 50.8 N 7 1 -07 94-02 -5.9 5 .4 -7.4 3 . 8  - 1 . 3 2.4 -0.3 3.4 -4.0 2.2 WODC 
Hradec Kralove 50.2 N 62-03 94-02 -7.3 5 . 3  -6.4 3 . 8  -4.4 2.4 -0.8 2.9 -4.9 2 .2 WODC 
Hohenpeissenberg 47. 8  N 68-05 94-02 -8 .4 4.7 -6. 1 4 .6 -3 .6  2.6 -2.0 3 . 1 -5 .2  2.4 Sta 
Caribou 46.9 N 62-09 94-02 -5 .3 4.4 -6.5 2 .7 -2.6 2 .2 -3 . 1 3 .3  -4 .5  1 . 8 Sta 
Arosa 46.8 N 57-07 94-02 -5.9 4.7 -4.5 3 . 8  -2.2 2.0 - 1 . 1  2.6 -3.6 2. 1 Sta 
Bismarck 46.8 N 62- 1 2  94-02 - 1 .9 3 .5  -6 .8 2 .9 -2. 1 2 .3  - 1 . 8 2. 1 -3 .3  1 .5 Sta 
Sestola 44.2 N 76- 1 1 94-02 -5.4 4.7 -6 .8  4.0 -4.3 2.2 -0.9 3.0 -4.6 2.0 Rev 
Toronto 43 . 8  N 60-01 94-02 -4 .5 3 .7  -5 .9  2 .8  -2 .7  1 .8 -0.5 3 . 1 -3 .6  1 .6 Sta 
Sapporo 43 . 1  N 58-02 94-02 -6 .8 3 .7  -5 .6 3 . 1  -4.0 2.6 -2.2 2.6 -4.8 1 . 8 WODC 
Vigna Di Valle 42. 1 N 57-07 94-02 -8 .0 4 .3 -5 .5 5 . 1  -3 .8  2.4 -4.8 2.7 -5.6 2.4 Rev 
Boulder 40.0 N 76-09 94-02 -2.5 3 .2  -7 .5  3 .2  - 1 .7 1 .6 - 1 .7 2.6 -3.6 1 .6 Sta 
Shiangher 39 .8  N 79-0 1 93-08 -5 . 1  3 .2  -3 . 8  3 .6  -0.4 2.7 - 1 .0 2.8 -2.7 1 . 8  WODC 
Lisbon 38 . 8  N 67-08 94-02 - 1 .3 3 .4  -6 .7  2 .8  -4. 1 1 .7 - 1 .5 2.7 -3 .6  1 .4 Sta 
Wallops Island 37 .9 N 57-07 94-02 -6.5 3 .5  -5 .4 3 .5  -4.4 2 .2  -3 .0  3 .3  -4 .9 1 .9 Sta 
Nashville 36.3 N 62-08 94-02 -5.0 3 . 3  -4.4 3 .9  -2 .9  2 .6  - 1 .3 3 . 1  -3 .5 1 .9 Sta 
Tate no 36. 1 N 57-07 94-02 -3 .6  3 .7  - 1 .2 3 . 3  -0.8 2 .2  0 .5  2.3 - 1 .3 1 .7 Sta 
Kagoshima 3 1 .6 N 63-02 94-02 -2.6 3 . 1  - 1 . 8 3 . 1 -0.6 1 .9 0.3 2.0 - 1 .2 1 .6 Sta 
Quetta 30.2 N 69-08 93-02 -5 .3 4 .3 - 1 .6 4 .2 0.7 2 .7 -0 .2 2 .5 - 1 .6 2.5 Rev 
Cairo 30. 1 N 74- 1 1 94-02 - 1 .7 4.0 -3 . 1  3 .0 -0.2 1 .6 -0.9 1 .6 - 1 .5 1 .7 Sta 
New Delhi 28 .7 N 75-0 1 94-02 -2.2 3 . 3  -2.0 3 .2  0 .3  2.9 -0.4 1 .5 - 1 . 1  1 .9 WODC 
Naha 26.2 N 74-04 94-02 -2.3 3 .0 -2 .0 2.9 -0.3 1 .7 - 1 .0 2.0 - 1 .4 1 .5 WODC 
Varanasi 25.3 N 75-0 1 94-02 -2.2 2.4 - 1 .4 2 .5 -0.2 2.5 - 1 .2 1 .9 - 1 .2 1 .5 Rev 
Kunrning 25 .0 N 80-01 94-02 -0.5 2 .6 - 1 . 8 3 .5 0.2 1 . 8 - 1 .2 1 .7 -0 .8  1 .6 Rev 
Ahmedabad 23.0 N 59-0 1 92- 1 2  - 1 . 1  2.7 - 1 .6 3.4 -4.3 1 .7 1 .2 2.5 - 1 .5 1 .7 Rev 
Mauna Loa 1 9 .5 N 64-0 1 94-02 -0.6 3 .4 0 .2 3 . 1  -0. 1 2.3 -0.4 1 .9 -0.2 1 . 8  Sta 
Kodaikanal 1 0.2 N 76-08 94-02 1 . 1  2 .6 0 .2 2 .6 -0 .8  2 .8 - 1 .0 2 .9 -0.2 2. 1 WODC 
Singa12ore 1 .3 N 79-02 93- 10 1 .0 3 . 1  -0.4 4.0 - 1 . 1  3 .0 - 1 . 1  3 .3  -0 .4 2.9 Rev 
Mahe 4.7 s 75- 1 1  93- 10  -0.7 1 . 8 - 1 .0 2.4 -2.0 2.5 - 1 .7 2.3 - 1 .4 1 .6 Rev 
Natal 5 . 8  s 78- 1 2  94-02 -0.3 2.5 1 .6 2.0 - 1 .6 2.4 - 1 . 1  2.4 -0.4 1 .6 Rev 
Huancayo 1 2. 1  s 64-02 92- 1 2  -0.7 1 .7 - 1 .4 2.0 -3 .4 2 .8 -0 .5 2. 1 - 1 .5 1 .5 Rev 
Samoa 14 .3  s 75- 1 2  94-02 - 1 .6 1 .9 -2.5 1 . 8 - 1 . 3 3 . 1  - 1 .9 2.5 - 1 . 8 1 .7 Sta 
Brisbane 27.4 s 57-07 93-07 -2.2 1 . 8 -2. 1 1 .7 - 1 . 8 3 .6 - 1 .9 2.4 -2.0 1 .5 Rev 
Perth 3 1 .9 s 69-03 94-02 -0.4 1 .4 - 1 .7 2.0 - 1 .4 3 .4 -0.9 2.0 - 1 . 1  1 .3 Rev 
Buenos Aires 34.6 s 65- 10  94-02 -2. 1 1 .5 - 1 .4 2.4 -4.2 3.3 -2.0 3.4 -2.5 1 .6 Sta 
Aspen dale 38 .0 s 57-07 93-07 -2.9 1 .6 -3 .5 1 .6 -3 .2 2 .8 -2. 1 2 .4 -2.9 1 .2 Rev 
Hobart 42.8 s 67-07 92-04 -4.4 2 . 1 -5 .2  2.7 -5.2 3 .4 -2.7 2.7 -4.3 1 .6 Rev 
Invercargill 46.4 s 70-07 94-02 -5 .2 1 .6 -2.0 2 . 1 - 1 .2 2.6 -3 .2 2.6 -2.9 1 .2 Rev 
MacQuarie Island 54.5 s 63-03 93-06 -6.8 2.6 -3 .4 3 .0 -6.5 4 .8  -6 .0 3 .2  -5 .7 1 .9 Rev 
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OZO N E  M EASU REM ENTS 

I ndividual Dobson Station Trends 1 /79 to 2/94 
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Figure 1 -5.  Ind ividual Dobson station seasonal trends in total ozone in %/decade against latitude, over the 
period 1 /79 through 2/94 (where data are avai lable) .  The gray curves are the averages of the individual 
stations' trends i n  the fol lowing latitudinal zones: 55-30°8, 30°S-O , 0-20°N ,  20-30°N,  30-40°N ,  40-50°N ,  and 
50-60°N .  These averages (plus standard errors) are tabulated in  Table 1 -3. 

within the following latitudinal zones : 55°S-30°S , 

30°S-O, 0-20°N, 20-30°N, 30°N-40°N, 40°N-50°N, and 

50°N-65°N. Figure 1 -5 shows the individual station 

trends together with the zonal averages for the period 

1179 through 2/94. Although there is substantial scatter 

among individual stations, the latitudinal pattern is clear

ly represented by the zonal averages, which will be used 
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in  the following analyses for comparison to satellite 

trends. Seasonal trends from the reassessed filter ozo

nometer in four large regions of the former USSR are 

plotted as separate points in Figure 1 -6; they are consis

tent with and support the Dobson data analysis. 

SBUV(/2) trends through May 1 994 are given by 

season and latitudinal zone in Table 1 -2. Ground-based 
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T a b l e  1 -2.  S B UV(/2) trends i n  %/decade by season and latitud i n a l  zone over the period 
1 /79 to 5/94, with 95% uncertainty l im its (two standard errors , labeled 2se) . 

Zone Dec-Feb 2se Mar-May 2se  Jun-Aug 2se Sep-Nov 2se Year 

65N -5.6 4.2 -6.3 2.9 -3.5 1 .4 -4.3 1 .6 -5.0 
55N -6.0 3.4 -6. 1 2.6 -3.0 1 .6 -3.7 1 .5 -4.8 
45N -6.4 2.9 -5.7 2.3 -2.8 1 .5 -3. 1 1 .5 -4.6 

35N -4.9 2.4 -4.5 2.5 -3. 1  1 .5 -2.9 1 .5 -3.9 
25N -3.2 2.0 -2.7 2.5 -2.7 1 .6 -3.0 1 .3 -2.9 
1 5N -2.0 1 .6 - 1 .8 1 . 8  -2.0 1 .9 -2.6 1 .4 -2. 1  
5N - 1 .3 1 .8 - 1 .7 2.2 - 1 .8 1 .5 - 1 .6 1 .8 - 1 .6 

5 S  - 1 .5 1 .3 - 1 .8 1 .7 -2.5 1 .3 -2. 1 1 .5 -2.0 
1 5S -0.7 1 . 1  -0.3 1 . 1  - 1 .5 1 .8 - 1 .0 1 .5 -0.9 

25S  -3. 1 0.9 -2.7 1 .3 -3.6 2.6 -2.7 1 .8 -3.0 
35S  -4.4 1 .0 -5.3 1 .8 -6.5 2.6 -3.9 2.0 -5.0 
45S -4.4 1 .4 -5.0 1 .7 -6.6 2.5 -3.5 2.2 -4.9 

55S  -4.6 1 .6 -6.3 1 .9 - 10.7 3.0 -6.3 3.3 -7.0 
65S -5.8 1 .4 -7.6 2. 1 - 14.3 3.8 - 1 3 .6 5.2 - 10.4 

Tab l e  1 -3 .  S h o rt-term Dobson trends in %/decade u s i n g  data from 1 /79 to 2/94. Tabled 
numbers are averages of ind iv idual  trends with i n  lat itude zones, with 95% uncertainty l im its (two 
standard errors , labeled 2se) . 

Zone N Dec-Feb 2se Mar-May 2se Jun-Aug 2se Sep-Nov 2se Year 

50-65 N 7 -6.2 1 .5 -6.9 0.5 -4.6 1 .4 -2.2 1 . 1  -5 .2 
40-50 N 9 -5.4 1 .5 -6 . 1 0.6 -3.0 0.6 -2.0 0.9 -4.3 
30-40 N 8 -3 .9 1 .3 -3 .5 1 .4 - 1 .6 1 .4 -0.9 0 .8 -2 .5 
20-30 N 5 - 1 .7 0.7 - 1 . 8 0.2 -0.9 1 .7 -0.5 0.9 - 1 .2 
0-20 N 3 0.5 1 . 1  -0.0 0.4 -0.7 0.6 -0.8 0.4 -0.3 
30- 0 s 5 - 1 . 1  0.7 - 1 . 1  1 .4 -2 .0 0.7 - 1 .4 0.5 - 1 .4 

55-30 s 6 -3 .6 1 .9 -2 .9 1 .2 -3 .6 1 .7 -2 .8  1 .4 -3 .2 

T a b l e  1 -4 .  Lon g-term Dobson tre n d s  i n  %/decade using d ata from 1 /6 4  to 2/94 (trends 

from 1 /70). Tabled numbers are averages of i ndiv idual  trends with i n  lat itude zones, with 95% 
u ncertai nty l im its (two standard errors , labeled 2se) . 

Zone N Dec-Feb 2se Mar-May 2se Jun-Aug 2se Sep-Nov 2se Year 2se 

50-65 N 7 -4.0 1 .0 -3 .4 0 .5  - 1 .4 0 .4 - 1 .2 0 .5 -2 .6 0.4 

40-50 N 9 -3 .7 0.8 -3 .6  0 .9  - 1 .8 0 .6  - 1 .3 0 .4 -2.7 0.5 

30-40 N 8 -2.4 1 .0 - 1 . 8 0 .7  -0.6 0 .5  -0.7 0 .5  - 1 .4 0 .6 

20-30 N 5 - 1 .5 0 .8  - 1 . 1  0 .5  0.0 0 .3  -0.4 0 .7 -0.7 0.4 

0-20 N 3 0.4 0 .8  -0.0 0 .4 -0.8 0.7 -0.7 0.9 -0.3 0 .3  

30- 0 s 5 - 1 .2 0.7 - 1 .2 1 .5 - 1 .7 0 .3  - 1 .4 0 .7 - 1 .4 0.7 

55-30 s 6 - 1 .8 1 .0 - 1 .9 0 . 8  -2.5 0 .6 - 1 .6 0 .8  -2.0 0.7 

1 . 1 7  

2se 

2.0 

1 .9 

1 .8 

1 .8 

1 .6 

1 .4 

1 .6 

1 .2 

1 . 1  

1 .4 

1 .5 

1 .5 

2. 1 

2.4 

2se 

0.5 

0.5 

1 .0 

0.2 

0.2 

0.6 

1 .3 
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-7%/decade. In the Southern Hemisphere, extremely 

large ozone depletion is seen in the southern winter (Jun

Aug) and spring (Sep-Nov). 

The agreement between SBUV(/2) satellite and 

Dobson ground-based trends is not as good as seen in the 

199 1  assessment between TOMS satellite and ground

based trends. In the 199 1  assessment, TOMS trends 

averaged slightly more negative than the Dobson trends, 

but only by 1 %/decade or less. As seen in Figure 1 -6, the 

SBUV(/2) trends average 1 to 2%/decade more negative 

than the short-term Dobson trends in all seasons and at 

all latitudes except mid- to high northern latitudes. In 

the case of the mid- to high northern latitudes, the agree

ment is much better. In the equatorial regions, while the 

Dobson network shows essentially no trend in total 

ozone in concurrence with previous assessments, the 

SBUV(/2) analysis indicates a seasonally independent 

trend of about -2%/decade; these are just statistically 

significant in many cases, since two standard errors of 

the trend estimates are about 2%/decade in low latitudes. 

This is particularly so in the Jun-Jul-Aug period; how

ever, due to the timing of this assessment, we cannot 

update trends in that period beyond the extremely low 

1993 values discussed in Section 1 .2.2.4. 

In order to check the consistency of the SBUV(/2) 

trends versus both Dobson and TOMS, Figure 1 -7 shows 

seasonal trends in total ozone using data through May 

199 1  for all three. The TOMS trends through May 1 99 1  

are similar to those reported i n  the 199 1  assessment 

(only an additional two months of data are used), al

though the seasonal definitions were different in the 

199 1  assessment (Dec-Jan-Feb-Mar, May-Jun-Jul-Aug, 

Sep-Oct-Nov, with April not reported) .  The Dobson and 

TOMS curves in Figure 1 -7 are close to those given in 

Reinsel et al. ( 1994a) for the period 1 1/78 through 

12/9 1 ;  slight differences in the recent Dobson results are 

primarily due to use of Dobson station revisions. 

Over the same time period, SBUV(/2) trends tend 

to be consistently more negative than both TOMS and 

Dobson at low latitudes, say 30°S to 30°N. TOMS trends 

are also slightly more negative than Dobson trends on 

the average, as noted above and in the previous assess

ment. SBUV(/2) trends average close to -2%/decade in 

the tropics, even when data from the low 1992- 1 993 

period are excluded. 

Reinsel et al. ( 1994a) used a set of 56 Dobson sta

tion records, publicly available from the World Ozone 
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Data Center, to  analyze trends through 199 1 .  Figure 1 -8  

shows the year-round trends calculated for this report as 

discussed above compared to the year-round trends from 

the 56 Reinsel et al. stations records, updated with pub

licly available data. The data used for the comparison 

analysis were obtained from the World Ozone Data Cen

ter, except that newly revised data for the U.S. stations 

and Arosa were used as obtained directly from the sta

tions. The same statistical interventions as used in 

Reinsel et al. were also used in the comparison analysis, 

with an additional one at Mauna Loa as discussed above. 

The results from the larger Reinsel et al. set of stations, 

using in many cases data that have not yet been pro

cessed using current quality control procedures (WMO, 

1992b), show much more variation in the trends ;  howev

er the average across stations within each latitude zone is 

close to the analogous average for the 43-station analysis 

discussed here. 

1.2.2.3 THE EFFECT OF THE 1992-1994 DATA 

As discussed in the preamble to Section 1 .2.2, it is 

desirable to update trend estimates through the most re

cently available data. However, interpretation of these 

trends that include the recent period must be made with 

caution, since global total ozone was low over the period 

late 1 99 1  through late 1 993. 

Figure 1 -9 shows the effect of using data over the 

period 1 992- 1 994, compared to stopping the trend anal

yses at December 1 99 1 ,  for SBUV(/2) and Dobson data. 

The comparison is not made for TOMS, because of the 

concerns about the TOMS calibration in the last couple 

of years of the instrument's life, and because of difficul

ties in extending the TOMS data beyond May 1993.  

The effect of excluding the 1 992- 1994 data from 

the trend calculations is less than one might expect, giv

en the size of the 1 992- 1 993 anomaly, although certainly 

on the average the updated trends are slightly more neg

ative. The largest consistent effects are in the Jun-Jul

Aug period in the tropics (note the latest Jun-Jul-Aug 

data in this analysis are from 1 993) seen in both SBUV 

and Dobson analyses; the effect is to make the trends 

about 1 %/decade more negative. The Dobson data show 

about a 2%/decade effect in winter and spring in the mid

to high north latitudes, which is not so clear from SBUV 

except in the high northern latitudes. In other seasons/ 

latitudes, the effects are typically less than about 1 %/ 

decade. 
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SBUV(/2 ) ,  Dobso n ,  and TOM S  Trends 1 /79 to 5/9 1 
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Figure 1-7. SBUV(/2) ,  Dobson, and TOMS seasonal total ozone trends in percent per decade by latitude 
through 5/9 1 . Open circles are SBUV(/2) trends over 1 /79 to 5/9 1 ; open triangles are Dobson trends over 
1 /79 to 5/9 1 ; open squares are TOMS trends over 1 /79 through 5/91 . The Dobson trends are averages 
with in  latitudinal zones of i ndividual trends at 59 Dobson stations. 
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Year Round Trend f rom Cu rre nt  Stat ion Set  vs . Set f rom R e i n s e l  et a l . 
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Figure 1 -8.  Comparison of year-round trends 1 /79 through 2/94 from the 43-station set of revised data used 
in this report (plot (a)) with trends from the station set of Reinsel et at. ( 1 994a) using data from the World 
Ozone Data Center together with updates for the U .S .A. stations and Arosa obtained from the stations (plot 
(b) ) .  The gray curves are averages withi n  latitudinal zones as in Figure 1 -5 .  

1.2.2.4 AccELERATION oF OzoNE TRENDS 

It was commented upon in the 199 1  assessment 

(WMO, 1992a) that trends in the 1 979- 1 99 1  period from 

the Dobson network tended to be larger (more negative) 

than trends calculated over the longer period 1 970- 199 1 .  

This is also seen in  Figure 1 -6, comparing the short -term 

( 1 /79 to 2/94) trends with the long-term ( 1 /70 to 2/94) 

trends. This phenomenon has led to speculation that 

ozone trends have accelerated in recent years compared 

to the trends in the 1970s. 

To test this, a double trends model was used to an

alyze data from 34 Dobson stations whose records begin 

by January 1 975, but utilizing data from January 1964 

where available, as for the long-term trend analysis in 

Table 1 -4. The time trend fitted was a "double jointed 

hockey stick," with a level base before 1 970, a trend be

ginning in January 1970, and a possibly different trend 

from January 198 1 through December 1991 (the date of 

the trend change was chosen for convenience to divide 

the 22-year period 1 970- 1991  into two equal 1 1 -year 

segments). Interest focuses on the difference in the 

trends over 198 1 - 199 1  vs. 1970- 1980. This model was 

fitted to the 34 Dobson stations, and the trend difference 

1 .20 

calculated at  each station for each season. The year

round average differences are shown in Figure 1 - 10. 

There is an indication of an acceleration in the an

nual trends in northern mid- to high latitudes and in all 

seasons except Sep-Oct-Nov (seasonal results not shown 

in plot). The largest number of Dobson stations are in 

mid- to high north latitudes where trends, especially in 

winter and spring, are large. Table 1 -5 shows the mean 

trend difference for the 24 Dobson stations in this analy

sis north of 25° north latitude, together with the standard 

error of the mean. The largest trend acceleration appears 

in the spring, followed by the winter and summer sea

sons. The average trend differences are statistically 

significant in the spring, summer, and year-round aver

age, and very nearly so in winter. 

1 .2.3 Discussion 

As a result of efforts to reanalyze the historical 

ground-based data record and of a continuing program 

of instrument intercomparisons relative to the World 

Standard Instrument, the quality of the Dobson (and 

M - 124) record has improved since the last report 

(WMO, 1992a). We can thus have greater confidence in 

the derived trends. There is still a great deal of station-
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Effect of Using 1 992- 1 994 Data 
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Figure 1 -9. Effect on trends of us ing 1 992- 1 994 data. Triangles denote the difference in the trends calculat
ed from Dobson data ( 1 /79 to 2/94 minus 1 /79 to 5/91 ) . Circles denote the difference in the trends ( 1 /79 to 5/ 
94 m inus 1 /79 to 5/9 1 ) calcu lated from SBUV(/2) data. 
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Table 1 -5.  Difference in trends 1 981 -1 991 vs. 1 970-1 980 from the double trends model ,  
averaged over 24 Dobson stati ons north of 25° N .  The col umn  labeled 2se represents 95% 
u ncertainty l im its (two standard errors) for  the d ifference in  t rend . 

Average Trend 

Season Difference 2se 

Dec-Jan-Feb -2.0 

Mar-Apr-May -2.8 

Jun-Jul-Aug - 1 .9 

Sep-Oct-Nov -0.4 

Year round - 1 .8 

-2 

-4 

-6 

-8 

Differences between Year Rou nd Trends 8 1 - 9 1  and 70-80 
From Double Trends Analysis of 34 Dobson Stations 
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Figure 1 -1 0. Differences between trends 1 98 1 -
1 99 1  and 1 970- 1 980 at 34 Dobson stations from 
double trends analysis. 

to-station variability as determined when TOMS is used 

as a transfer standard to look for short-term shifts. It is 

important that stations ' records continue to be main

tained and improved. 

When the TOMS trends through May 1990 were 

evaluated (Stolarski et al. , 1 99 1 )  the trend error was esti

mated to be 1 .3% per decade (two sigma error) . As a 

result of a recent evaluation it appears that the Nimbus 7 

TOMS calibration has drifted by 1 -2% since 1990. The 

changing seasonal cycle in the TOMS-Dobson and 

TOMS-SBUV differences appears to be caused by 

changing nonlinearity in the TOMS photomultiplier re

sponse. While the previous error estimate may be 

appropriate for equatorial and midlatitude summer data, 

the photomultiplier nonlinearity may be introducing as 
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1 .5 
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1 .5 

1 .2 

0.7 

much as 2% per decade error into midlatitude winter 

trends. 

The SBUV record has benefited greatly from the 

work done on the TOMS measurements (the same basic 

algorithm is used; the diffuser plate correction is the 

same). The drift in the calibration of total ozone by the 

SBUV instrument from January 1979 to June 1990 was 

1 %  or less, and any seasonal differences relative to Dob

son instruments in the Northern Hemisphere were less 

than 1 % .  The SBUV2 instrument has the on-board cali

bration lamps and has been compared with the Shuttle 

Solar Backscatter Ultraviolet (SSBUV) flights since 

1 989. There was good agreement during the 18 months 

that both SBUV and SBUV2 made measurements. The 

main problems with the combined SBUV/SBUV2 

record are the possible aliasing of trends resulting from 

the changing orbit of the NOAA- 1 1 satellite and the pos

sibly linked seasonal difference of 1 -2% (minimum to 

maximum) relative to the ground-based network in the 

Northern Hemisphere. The TOMS non-winter measure

ments agree well with those from SBUV and SBUV/2. 

Given these factors, and the extra year of data in the 

combined SBUV(/2) record, it is best at this time to fo

cus on trends derived from the SBUV(/2) measurements . 

The most obvious features of the total ozone 

trends have been commented upon in previous assess

ments. Statistically significant negative trends are seen 

at mid- and high latitudes in all seasons. The largest neg

ative ozone trends at mid- and high latitudes in the 

northern Hemisphere are seen in winter (Dec-Feb) and 

spring (Mar-May) ; these trends are about -4 to -7%/de

cade. In the Southern Hemisphere, the annual variation 

in the trends at midlatitudes is smaller, though the aver

age trend is similar to the Northern Hemisphere average. 



The effect of including the 1992- 1994 data in the 

trend calculations is less than one might expect, given 

the size of the 1992- 1993 anomaly, although certainly on 

the average the updated trends are slightly more nega

tive. The largest consistent effects are in the Jun-Jul

Aug period in the tropics (note the latest Jun-Jul-Aug 

data in this analysis are from 1993) seen in both SBUV 

and Dobson analyses; the effect is to make the trends 

about 1 %/decade more negative. The Dobson data show 

about a 2%/decade effect in winter and spring in the mid

to high north latitudes, which is not so clear from SBUV 

except in the high north. In other seasons/latitudes, the 

effects are typically less than about I %/decade. 

Analysis of TOMS, SBUV(/2), Dobson, and ozo

nometer data through 5/9 1 reconfirms the results in the 

1 99 1  assessment (WMO, 1992), which were based on 

TOMS and Dobson analyses through 3/9 1 .  The SBUV(/2) 

trends tend to be slightly more negative than either 

TOMS or Dobson trends, particularly in the tropics, 

while as pointed out in the 1991 report, TOMS trends are 

also slightly more negative than Dobson. However, the 

differences between the instrument systems are within 

the 95% confidence limits. 

SBUV(/2) trends in the tropics over the period 

1 /79 through 5/94 are estimated to be about -2%/decade 

in all seasons, with formal 95% confidence limits in the 

tropics of 1 .5 to 2%/decade. This appears to be due to a 

combination of two effects: ( 1 )  SBUV/2 trends are about 

1 %/decade more negative than TOMS and Dobson in the 

tropics, raising suspicions of an instrumental drift; and 

(2) the inclusion of the low 1 992- 1 994 data makes the 

trends an additional 1 %/decade more negative in the 

tropics. 

There was a statistically significant increase 

(about 2%/decade) at the Dobson stations north of 25°N 

in the average rate of ozone depletion in the period 198 1 -

1 99 1  compared to the period 1 970- 1 980. 

1 .3 OZONE PROFILES 

1 .3.1  Ozone Profile Data Qual ity 

Various techniques have been used to measure 

ozone profiles. However only a few of these have pro

duced data sets that are long enough, and of sufficient 

quality, to be considered for trends. In this section we 

consider two ground-based methods that have been in 
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use since the 1 960s (Urnkehr and ozonesondes) and two 

satellite instruments (SBUV and the Stratospheric Aero

sol and Gas Experiment, SAGE). 

1.3.1.1 UMKEHR 

The long -term records of U mkehr observations are 

made using Dobson spectrophotometers at high solar 

zenith angles using zenith sky observations (e.g. , Gotz, 

1 93 1 ;  Dobson, 1968). A new inversion algorithm has 

been developed (Mateer and DeLuisi, 1992), and all the 

Urnkehr records submitted to the World Data Center 

have been recalculated. The new algorithm uses new 

temperature-dependent ozone absorption coefficients 

(Bass and Paur, 1985) and revised initial estimates of the 

ozone profiles. The correction for the presence of aero

sols is still calculated after the ozone retrieval (DeLuisi 

et al., 1 989), and the aerosol corrections needed for the 

new and old retrievals are similar (Reinsel et al., 1994b). 

Mateer and DeLuisi concluded that reliable ozone trends 

can only be found for Urnkehr layers 4-8 ( 1 9-43 km). 
Lacoste et al. ( 1 992) compared the lidar and Urnkehr 

measurements made at Observatoire de Haute-Provence 

from 1 985- 1988 .  They found good agreement between 

these two measurements systems from layers 4-7 (the li

dar was not sensitive below layer 4) and attributed the 

poor agreement in layer 8 to the low return signals in the 

lidar system from this high altitude at that time. 

Some information is available below layer 4 be

cause total ozone must be balanced within the complete 

profile. DeLuisi et al. ( 1 994) have compared Urnkehr 

observations (calculated using the old algorithms) with 

SBUV ozone profile data in the 30-50°N latitude band 

for 1 979- 1 990 and showed that there is good agreement 

in layer 4 and above. The agreement in the SBUV and 

Urnkehr profiles is not so good lower down, but useful 

trend information may be present, a situation that could 

improve when the new algorithm is used. For now, as in 

recent assessments, only the trends in layers 4 and above 

will be considered. 

1.3.1.2 OzoNESONDES 

Ozonesondes are electrochemical cells sensitive to 

the presence of ozone that are carried on small balloons 

to altitudes above 30 km. Several versions have been 

used, and the important ones for ozone trend determina

tion are the Brewer-Mast (BM), the electrochemical 



OZON E  M EASU R E M ENTS 

concentration cell (ECC), and the OSE (used principally 

in Eastern Europe) . The principle on which they work is 

that the current produced in the cell from the reaction of 

ozone with potassium iodide solution is proportional to 

the amount of ozone passing through the cell. This is not 

true if other sources of current exist. Two such cases are 

discussed here: the zero-ozone current output possibly 

caused by chemicals other than 03 ; and the interfering 

gas, S02. Changes in operational procedures can also 

strongly influence the ozonesonde data quality. Two 

ways by which the quality of the ozonesondes can be 

assessed are also discussed: intercomparisons and cor

rection factors . 

The ozonesonde network is geographically un

even, with the large majority of stations in Europe and 

North America. The highest density of stations is in Eu

rope, where they are all located between 44 and 52°N 

and between 5 and 2 1 °E. The long-term records in Eu

rope all involve BM sondes or OSE sondes.  With the 

exception of Wallops Island, the North American sta

tions do not have continuous records longer than 1 5  

years, as Brewer Mast sondes were used at Canadian sta

tions until about 1 980, when there was a switch to ECC 

sondes. The frequency of launches at the Japanese sta

tions has been quite low at times, which has the effect of 

increasing the uncertainties associated with the long

term trends .  However, the most obvious shortage of data 

is in the Southern Hemisphere, where the only long

term, non-Antarctic records are at Natal (6°S) and 

Melbourne (38°S : Aspendale/Laverton) . Unfortunately, 

the launch frequency at these sites has been irregular as 

well . Last, it should be noted that many stations have 

ongoing programs to assess and improve the quality of 

the measurements. 

1.3.1.2a Background Current 

The presence of a background (zero ozone) cur

rent has long been recognized in the ECC sonde and the 

standard operating procedures include a method for cor

rection (Kornhyr, 1 969) . For most ECC sondes that have 

been flown, a correction has been applied that assumes 

that the background current decreases with altitude 

(Kornhyr and Harris, 197 1 ) .  Measurements are sensitive 

to errors in the correction for the background current in 

regions where the ozone concentration is low, i. e. , at or 

near the tropopause. Such errors have the potential to be 

large as the background current can become similar in 
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magnitude to the ozone-generated current, for example, 

in the tropical upper troposphere. In the stratosphere, 

where ozone concentrations are much higher, the errors 

associated with background current corrections are 

small. 

The response time of the ECC sonde to ozone is 

about 20 seconds. Laboratory studies indicate that there 

is an additional component of the background current 

with a response time of 20-30 minutes (Hofmann, Smit, 

private communications). For this component there is a 

memory effect as the balloon rises and the background 

current would vary through the flight. Earlier studies 

(Thornton and Niazy, 1 983 ;  Barnes et al. , 1 985) con

cluded that the background current remained constant in 

the troposphere. No correction is made for the zero cur

rent in BM sondes, although some stations measure it 

before launch. For BM sondes, the procedure is to re

duce this zero current to a very low value by adjusting 

the sonde output, possibly at the expense of the sonde 

sensitivity. Any changes in the magnitude of the back

ground current over the last 20-30 years will most 

strongly affect the trends calculated for the free tropo

sphere. More work is needed to assess the size and 

impact of any changes in the background current in the 

different ozonesondes. 

I.3.I.2b so2 
The presence of S02 lowers the ozonesonde read

ings (one so2 molecule roughly offsets one 03 
molecule) ,  an effect that can linger in the BM sonde be

cause the S02 can accumulate in the bubbler (Schenkel 

and Broder, 1 982). The S02 contamination is a problem 

at Uccle, where the measured S02 concentrations were 

high in the 1 970s and have dropped by a factor of about 5 

over the last 20 years. A procedure has been developed 

to correct for the S02 effect at Uccle, and the influence is 

found to be greatest in the lower troposphere (De Muer 

and De Backer, 1 994) . Logan ( 1 994) argues that the 

Hohenpeissenberg, Tateno, and Sapporo ozonesonde 

measurements in the lower troposphere may have been 

affected by S02. This interference is worst in winter 

when the highest concentrations of S02 occur. Staehelin 

et al. ( 1 994; personal communication) have found that 

S02 levels in Switzerland were too low to have a notice

able effect at Payerne. Other stations are also likely to 

have been less affected. 



1.3.1.2c Operational Changes 

Changes in operational procedures at an ozone

sonde station can have dramatic effects on the ozone 

measurements, particularly in the troposphere. Two 

clear examples are: (a) the change from BM to ECC 

sondes at the Canadian stations that took place in the ear

ly 1980s, when there was an apparent jump in the 

amount of tropospheric ozone measured at most of these 

stations; and (b) the change in launch time at Payeme in 

1982, which affected the measurements in the lowest 

layer of the troposphere (Staehelin and Schmid, 199 1 ) .  

Logan ( 1994) argues that there i s  a jump in lower and 

mid-tropospheric ozone values in the combined Berlin/ 

Lindenberg record, corresponding to the change in 

ozonesonde launch site from Berlin to Lindenberg and to 

the simultaneous change in sonde type from BM to OSE. 

Alterations in the manufacture of the sensors and in the 

pre-launch procedures can also have an effect. 

Another possible cause of error is a change in the 

efficiency of the pump. The air flow through the ozone 

sensor is not measured, but is calculated from laboratory 

tests performed at a number of pressures (Gorsdorf et al. , 

1994; Kornhyr et al. , 1 994b, and references therein) . It 

is possible that there have been some changes in the de

sign of the pump that may have changed its efficiency 

over time and that primarily affect measurements made 

at altitudes above 25-28 km. 

1.3.1.2d Intercomparisons 

A series of campaigns have been mounted in 

which different ozonesondes have been compared to see 

whether the quality of any type of ozonesonde has 

changed over time and to find out what systematic differ

ences exist between different types of sonde and 

between the sondes and other instruments (lidar, UV 

photometer) . In each campaign good agreement was 

found between the various ECC sondes flown simulta

neously. However in the most recent WMO campaign 

held at Vanscoy, Canada, in May 199 1 ,  the BM gave re

sults 1 5% higher than the ECC in the troposphere, 

whereas in the previous campaigns ( 1 970, 1 978, 1984) 

the BM was reported as measuring 1 2% less tropospher

ic ozone than the ECC (Kerr et al. , 1 994, and references 

therein) . This result may indicate a change in the sensi

tivity of the BM to ozone. This conclusion is supported 

to some extent by the findings of a study at Observatoire 
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de Haute Provence, where comparisons involving BM 

and ECC sondes, lidars, and UV photometers made in 

1989 and 199 1  showed a change in the BM sensitivity 

relative to ECC in the troposphere. However, operation

al practices maintained during campaigns can be 

different from those used at home, and it is hard to assess 

how representative the measurements made under cam

paign conditions are. The implications of such findings 

on trends in tropospheric ozone are discussed in Section 

1 .3 .2 .3 .  The measurements in the stratosphere show 

good agreement in all the comparisons. 

Although one must be careful in the comparison of 

the regular Brewer-Mast sondes with the GDR sondes 

manufactured in the former East Germany, results of two 

intercomparison campaigns in Germany (Attmann

spacher and Diitsch, 1970, 198 1 )  showed similar 

differences between BM and OSE of 3 and 5 nbar, re

spectively, in the free troposphere (a difference of about 

5% of the measured ozone concentration) and no differ

ences in the stratosphere. This may be a good indication 

that OSE sonde quality remained the same, at least over 

the time period 1 970- 1 978 ;  and therefore differences be

tween trend estimates obtained at various stations need 

not be strongly dependent on the type of sondes used, 

unless changes in sonde type occurred. 

1.3.1.2e Correction Factors 
Ozonesonde readings are normalized so that the 

integrated ozone of the sonde (corrected for the residual 

ozone at altitudes above the balloon burst level) agrees 

with the total ozone amount given by a nearby Dobson 

(or other ground-based) instrument. This is a good way 

to assess the overall sounding quality - an unusually 

high or low correction factor indicates that something 

might be wrong with a particular sounding. A correction 

factor of 1 is not a guarantee that the profile is correct. 

However, care is needed in using correction fac

tors, as new errors can be generated. First, the process 

relies on the quality of the local total ozone measure

ment. For instance, errors can be introduced either by a 

single, erroneous reading or through changes in the cali

bration of the ground-based instrument. It is important 

to ensure that the ozonesonde records are updated in line 

with the ground-based revisions. Second, errors in the 

pressure and ozone reading at the burst level will affect 

the value of the residual ozone, which in tum influences 

the rest of the profile through an inaccurate correction 
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factor. Third, any variation of the sonde sensitivity to 

ozone changes with altitude leads to an incorrectly 

shaped profile, which the use of a correction factor 

(based only on total column amounts) cannot adjust. 

ECC sondes are thought to have a more constant re

sponse with altitude than the BM sondes which tend to 

underestimate tropospheric ozone amounts. 

No significant long-term trend in the correction 

factor has been seen at Hohenpeissenberg, Pay erne, and 

Uccle, a fact which suggests that there has not been a 

change in sensitivity of the BM sonde, possibly indicat

ing that the result of the intercomparisons arose from the 

different operational conditions used in the intercompar

isons. Changes in correction factor over shorter times 

have occurred, e.g. ,  at Payerne in the early 1 970s and 

since 1 990 (Logan, 1994) . Logan ( 1994) has compared 

the trends estimated using measurements calculated with 

and without correction factors and found only small 

changes in the ozone trends in all but 3 of the 1 5  ozone

sonde records. 

1.3.1.3 SATELLITE MEASUREMENTS OF THE OzONE 

PROFILE 

The SAGE I and SAGE II instruments were de

scribed in detail in the IOTP (WMO, 1990a) . SAGE I 

operated from February 1 979 to November 1 98 1  and 

SAGE II from October 1 984 to the present day. They are 

solar occultation instruments measuring ozone absorp

tion at 600 nm. Correction is made for attenuation by 

molecular and aerosol scattering and N02 absorption 

along the line of sight by using the observations made at 

other wavelengths. Comparisons of SAGE II number 

density profiles with near-coincident balloon and rocket 

measurements have shown agreement on average to 

within ± 5- 1 0% (Attmannspacher et al. , 1989; Chu et al. , 

1 989; Cunnold et al. , 1989; De Muer et al. 1 990; Barnes 

et al. , 199 1 ) . 

The SAGE I and SAGE II instruments are different 

in some respects, but, in principle, there are few reasons 

for calibration differences between the two instruments. 

One reason is the altitude measurements of the two in

struments, which are now thought to be offset by 300 m. 

The effects of such an offset would be felt most at alti

tudes between 1 5  and 20 km, where the ozone concen

trations vary rapidly with altitude. Two independent 

investigations have found a potential error in the altitude 

registration of the SAGE I data set. From a detailed in-
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tercomparison with sondes and lidars, Cunnold (private 

communication) has found that agreement between 

SAGE I and these other measurements can be signifi

cantly improved if the SAGE I profiles are shifted up in 

altitude by approximately 300 meters. The prelaunch 

calibration archives for SAGE I have been reexamined, 

and together these data show that the spectral location of 

the shortest wavelength channel may be in error by 3 nm 

(382 nm instead of 385 nm). Since this channel is used 

to correct the altitude registration via the slant path Ray

leigh optical depth, a shift of 3 nm to shorter wave

lengths would result in an upward altitude shift of about 

300 ± 100 m. The full impact of this wavelength error is 

being studied and a preliminary version of the shifted 

SAGE I ozone data set is used in this assessment. 

The presence of aerosols increases the errors asso

ciated with the measurement, as the aerosols are 

effective scatterers of light at 600 nm. Comparisons of 

SAGE II ozone measurements with those made by Mi

crowave Limb Sounder (MLS) (which should be 

unaffected by aerosol) indicate that errors become ap

preciable when the aerosol extinction at 600 nm is larger 

than 0.003 km-1, which corresponds to about 8 times the 

background aerosol at 1 8  km. Only measurements made 

with an aerosol extinction less than 0.001 km-1 are used 

in the trend analyses presented in the next section. Using 

the 0.00 1 per km extinction value as a screening criteri

on, the following general observations follow. The 

SAGE II ozone measurements were interrupted for a pe

riod of one year following the eruption of Mt. Pinatubo 

at 22 km near 40°N and 40°S. At the equator the gap in 

the series was two years at the same altitude. Extratrop

ical measurements were uninterrupted at altitudes of 26 

km and above (30 km and above at the equator) . By ear

ly 1994, SAGE II was making measurements at all 

latitudes down to the tropopause. 

SBUV operated from November 1 978  to June 

1990. The total ozone measurements are described in 

Section 1 .2 . 1 .  Ozone profiles are found by measuring 

the backscatter from the atmosphere at wavelengths be

tween 252 and 306 nm. The wavelengths most strongly 

absorbed by ozone give information about the higher al

titudes. There is little sensitivity to the shape of the 

profile at or below the ozone maximum. As with the 

Urnkehr measurements, some information is available 

below the ozone maximum because the complete profile 

must be balanced with the total ozone. Hood et at. 



( 1 993) considered the partial column from the ground to 

32 mbar (26 km) as the most useful quantity in this re

gion. 

Corrections have been made for the diffuser plate 

degradation using the pair justification method (Herman 

et al. ,  199 1 ;  Taylor et al. , 1 994), so the quality of the 

SBUV profile measurements has improved since the 

IOTP (WMO, 1990) . The shorter wavelengths were cor

rected using a form of the Langley technique: near the 

summer pole, ozone measurements are made at each lat

itude with two solar zenith angles. If the zonal mean 

ozone values are constrained to be the same, the wave

length dependence of the correction to the diffuser plate 

degradation can be determined. The accuracy of any de

rived trend in the ozone profile is no better than 2-3% per 

decade. Above 25 km, the vertical resolution of SBUV 

is about 8 km, and this increases below 25 km to about 

1 5  km. A limit on the independence of the SBUV ozone 

profile data in trend determination is that the retrieval 

algorithm requires further information on the shape of 

the ozone profile within these layers. It is thus possible 

that a trend in the shape of the profile within a given lay

er could induce a trend in the retrieved layer amount, 

even though the actual layer amount remains unchanged. 

A problem with the synchronization of the chop

per in the SBUV instrument occurred after February 

1 987. After corrections are made, there is no evidence of 

bias at the 1 -2% level between the data collected before 

and after this date, although the latter data are somewhat 

noisier (Gleason et al. , 1993;  Hood et al. , 1 993) .  

McPeters et al. ( 1 994) have compared the SAGE II 

and SBUV measurements from 1984 to 1 990, the period 

when both instruments were in operation. Co-located 

data were sorted into 3 latitude bands (20°S-20°N, 30-

500N, and 30-50°S) .  Agreement is usually better than 

5 %  (Figure 1 - 1 1 ,  20°S-20°N not shown) . The main ex

ceptions are near and below 20 km, where SBUV has 

reduced vertical resolution, and above 50 km, where the 

sampling of the diurnal variation of ozone is not ac

counted for in the comparison. A discrepancy between 

the SAGE sunrise and sunset data was found in the upper 

stratosphere near the equator. This may be related to the 

SAGE measurements made at sun angles, which causes 

the measurements to be of long duration so that the 

spacecraft motion during the event can be on the order of 

1 0  great circle degrees. 
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The drift from 1984- 1 990 between the two mea

surements above 32 mb is less than 5% and is statistically 

insignificant (Figure 1 - 1 2) .  Below this, the drift is 10% 

per decade in the tropics and becomes smaller ( 4-6%) at 

midlatitudes. These are roughly consistent with the dif

ference in the ozone trends from the two instruments. 

Some, or all, of this apparent drift may be caused by the 

requirement of information about the shape of the ozone 

profile in the SBUV retrievals (McPeters et al. , 1 994) . 

In contrast, the relative drift between SBUV and the 

Umkehr measurements (all between 30 and 50°N) is less 

than 2%. However, below the ozone maximum the aver

age ozone amounts from SBUV and Umkehr differ by as 

much as 20% (DeLuisi et al. , 1994). 
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Figure 1 -1 1 .  Ozone prof i le bias of SBUV relative to 
SAG E sunset data in northern midlatitudes (o) and 
southern midlatitudes (0) for 1 984- 1 990. The sol id 
symbols are for layers 3+4 combined to represent 
the low SBUV resolution in the lower stratosphere. 
Standard deviations of the appropriate daily values 
used in calculating the average biases are also 
plotted.  (McPeters et a!. , 1 994.) 

1 .3.2 Trends i n  the Ozone Profi le 

Ozone trends in three altitude ranges received 

special attention in the 1 99 1  report. In the upper strato

sphere (35 km and above) the ozone losses reported from 

two observational systems (Umkehr and SAGE) were 
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Figure 1 -1 2. Linear drift of SBUV relative to SAG E 
I I  over the 1 984- 1 990 t ime interval for layers 5- 1  0 
and for layer 3+4 combined, derived from a l inear fit 
appl ied to percent difference data. (SBUV-S�G�)/ 
SAG E in percent is p lotted. Symbols on X ax1s g 1ve 
drift of layer 3- 1 0 i ntegrated ozone amounts. �or 
comparison, drift relative to an average of f1ve 
Umkehr stations ( 1 984- 1 990} is also shown . The 
1 a errors from the standard regression analysis are 
given .  (McPeters et a/. , 1 994} . 

qualitatively similar but quantitatively different. These 

high altitude decreases have long been calculated in at

mospheric models and are caused by gas phase 

chlorine-catalyzed ozone loss. Ozone losses were also 

reported below 25 km, though there were discrepancies 

between the values inferred from ozonesonde and SAGE 

measurements, especially below 20 km. In the free tro

posphere, long-term ozone increases were reported at 

three European ozonesondes sites. Ozone is an impor

tant radiative component of the free troposphere and a 

better understanding of ozone changes on a global scale 

is important. No significant ozone losses were reported 

around 30 km altitude or near the tropopause, where the 

lower stratospheric decrease switched to an upper tropo

spheric increase. 

In this assessment the same altitude ranges are ex

amined (starting in the upper stratosphere and working 

down) in the light of some new analyses of both the data 

quality (see Section 1 .3 . 1 )  and of the data themselves. In 

addition, there is discussion of some ground-level mea-
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surements from which inferences can be drawn regard

ing changes in free tropospheric ozone. 

McCormick et al. ( 1 992) calculated trends using 

the combined SAGE IIII data set. The SAGE data used 

here are slightly different, as the altitude correction has 

been applied to the SAGE I data. Also, the base year 

used to calculate percentage changes is 1979 here (not 

1 988 ,  used by McCormick et al. ), so that the percentage 

changes in the lower stratosphere, where SAGE reports 

the largest decreases, are smaller. Hood et al. ( 1 993) 

used the Nimbus 7 SBUV data from 1978 to 1990 to es

timate trends. In this assessment we use the combined 

SBUV/SBUV2 data to extend the record, but the calcu

lated trends are similar. 

1.3.2.1 TRENDS IN THE UPPER STRATOSPHERE 

In Section 1 .3 . 1 ,  we described an intercomparison 

of the various ozone data sets over a limited time inter

val. Upper stratospheric trends in ozone have been 

estimated from Umkehr, SAGE, and SBUV measure

ments using the full data sets. While the periods of time 

represented by each differ, they all represent, to first or

der, the changes observed from 1 980 through 1 990. 

Figure 1 - 1 3  shows the observed decadal trends as a func

tion of altitude and latitude from the SBUV and SAGE II 
II data sets. The two are now in reasonable agreement in 

the upper stratosphere. The altitude of the maximum 

percentage ozone loss is around 45 km and relatively in

dependent of latitude. The magnitude of this peak 

decrease is smallest at the equator (about 5%/decade) 

and increases towards the poles in both hemispheres, 

reaching values in excess of 10% per decade poleward of 

55 degrees latitude. 

Figure 1 - 1 4  shows the ozone trend profile as a 

function of altitude in the latitude band from 30 to 50°N 

from SBUV and SAGE, along with the average Umkehr 

and ozonesonde trend profiles. SBUV, SAGE, and 

Umkehr all show a statistically significant loss of 5 - 10% 

per decade at 40-45 km, although there is some uncer

tainty as to its exact magnitude. Below 40 km the trends 

become smaller and are indistinguishable from zero near 

25 km. 

The seasonal dependence of the trends in the upper 

stratosphere has been investigated using the SBUV and 

Umkehr data (Hood et al. , 1993; DeLuisi et al. , 1 994; 

Miller et al. , 1994) . The Umkehr records between 1 9°N 



and 54°N have been examined and their combined data 

do not show a significant seasonal variation in the trend. 

This is slightly at odds with the analysis of the SBUV 

measurements, which shows that the largest ozone de

creases have occurred in winter at high latitudes in both 

hemispheres, though this difference may not be signifi

cant given the problems associated with measurements 

made at high solar zenith angles . 

1.3.2.2 TRENDS IN THE LOWER STRATOSPHERE 

As discussed in Section 1 .3 . 1 ,  we rely on SAGE 

and ozonesondes for information on ozone trends in the 

lower stratosphere, as the SBUV and Urnkehr capabili

ties are limited at these altitudes . SAGE measures ozone 

from high altitudes to below 20 krn. Ozonesondes oper

ate from the ground up to about 30 km. 
In the 1 99 1  assessment, the SAGE I/II midlatitude 

trends below 20 km were reported as greater than 20% 

per decade, twice as large as were measured at two 

ozonesonde stations or than found from an average of 

five Urnkehr records in the Northern Hemisphere. The 

size of the SAGE trends at these altitudes has provoked a 

great amount of discussion, partly because of the sensi

tivity of climate to changes in ozone in this region. As 

mentioned earlier, the SAGE I/II trends shown here dif

fer in two respects from those reported previously. First, 

an altitude correction of 300 m has been applied to the 

SAGE I measurements. Second, the year used to calcu

late the percentage change is now 1 979, not 1 988 .  

Below 20 krn the effect of both these changes is to re

duce the SAGE IJII trends because ozone changes 

rapidly with altitude and because the largest losses are 

observed at these altitudes so that the change in the base 

value is greatest. Two other factors complicate the 

SAGE measurement below 20 km: (i) ozone concentra

tions are smaller than at the maximum, so that the signal 

is lower; and (ii) the amount of aerosol is greater, which 

attenuates the signal and acts as an additional interfer

ence. These are well-recognized difficulties for which 

allowance is made in the calculation of the ozone 

amount and which contribute to the size of the uncertain

ties in SAGE ozone trends in the lower stratosphere. 

Figures 1 - 1 3  and 1 - 14 show the lower stratospher

ic ozone trends in the 1980s from SBUV, SAGE, and the 

non-satellite systems. At altitudes between 25 and 30 

km, there is reasonable agreement between SAGE IJII 

SBUV, Urnkehr, and ozonesondes that there was no sig� 
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nificant ozone depletion at any latitude. The agreement 

continues down to about 20 km, where statistically sig

nificant reductions of 7 ± 4% per decade were observed 

between 30 and 50oN by both ozonesondes and SAGE II 
II. In the equatorial region, the combined SAGE IJII 

record ( 1979- 1 99 1 )  shows decreases of more than 20% 

per decade in a region just above the tropopause between 

about 30oN and 30°S, although in absolute terms this loss 

in the tropics is quite small as there is not much ozone at 

these altitudes. The height of the peak decrease in ozone 

is about 1 6  km, and the region of decrease becomes 

broader away from the equator. At northern midlatitudes 

(Figure 1 - 1 4) the SAGE I/II trend at 1 6- 1 7  km is -20 ± 

8% per decade, compared with an average trend from the 

ozonesondes of -7 ± 3% per decade. 

The SAGE I/II trends in the column above 15 km 

have been compared with the total ozone trends found 

from TOMS, SBUV(/2), and the ground-based network 

for 1979- 1 99 1 .  This comparison implicitly assumes little 

or no change in the ozone amount below 15 km. The 

SAGE IIII trends are larger than those found with the 

other data sets, peaking at -6% per decade in the northern 

midlatitudes, but the associated uncertainties are too 

large for firmer conclusions to be drawn. Hood et al. 

( 1 993) compared the tropical trend from SBUV for the 

partial column from the ground to 26 km with the SAGE 

IIII trends reported by McCormick et al. ( 1 992). They 

decided that no conclusive comparison could be made, 

although they found trends of about + 3 ± 4% per decade 

for SBUV for 1 979- 1990 (see Figure 1 - 13 (a) for an up

dated version), while McCormick et al. found trends 

similar to the ones shown in Figure 1 - 1 3(b) for 1979-

199 1 .  While not shown here, comparisons of SBUV 

with SAGE II have recently been completed (McPeters 

et al. , 1994) . Comparisons of the sum of ozone in 

Urnkehr layers 3- 10  ( 1 5  km-55 km) show that SBUV in

creased relative to SAGE (or SAGE decreased relative to 

SBUV) by 1 . 1 %  between 1 984 and 1990. 

Logan ( 1994 ) ,  London and Liu ( 1 992), and Miller 

et al. ( 1994) have reviewed the global long-term ozone

sonde data records. Furrer et al. ( 1 992, 1993) and 

Litynska (private communication) have analyzed the 

records at Lindenberg, Germany, and Legionowo, Po

land, respectively. These studies handled data quality 

issues differently and used different statistical models 

but they gave broadly similar results in the lower strato� 
sphere. The large natural variability of ozone concen-
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Figure 1 -1 3. (a) Trends calculated for the combined SBUV/SBUV2 data set for 1 /79 to 6/9 1 . Hatched areas 
in the upper panel i ndicate that the trends are not sign ificant (95% confidence l im its) . The lower panel  shows 
the trends i n  the partial column between the ground and 32 mbar. Error bars i n  the lower panel rep resent 
95% confidence levels. 

trations is compounded at some stations by a low sam

pling frequency. It is hard to draw firm conclusions 

about seasonal effects. The following results are thus 

general and not true for all stations. 

Figure 1 - 1 5  shows the ozone trends calculated 

from the ozonesonde records for the period 1970- 199 1 .  

In the northern midlatitudes, a maximum trend o f  - 8  to 

- 1 2%/decade was found near 90 mbar from the early 

1 970s to 199 1 .  Decreases extend from about 30 mbar 

down to near the troposphere. Significant ozone loss 

1 .30 

certainly appears to have occurred between 90 and 250 

mbar. Few conclusions about the seasonal nature of the 

trends are statistically significant. A possible difference 

exists between the Canadian ozonesonde records where 

the summer trends are similar to, and possibly even 

greater than, the winter trends . At Wallops Island, U.S. ,  

and at the European stations, the winter loss is greater 

than the summer loss. These features are also seen in the 

total ozone record from 1978- 1991  observed at these sta

tions. 
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Figure 1 -1 3. (b )  Trends calcu lated for SAGE 1/1 1 for 1 979-9 1 . Hatched areas i ndicate trends calculated to  be 
insign if icant at the  95% confidence leve l .  The dashed l ine ind icates the tropopause. The altitudes of  the 
SAG E I measurements have been adjusted by 300 meters. 

In the tropics, only Natal (6°S) has an ozonesonde 

record longer than 10 years. The trend found by Logan 

at 70-90 mbar is - 1 0  ( ± 15 )%/decade. At Hilo, Hawaii 

(20°N), ozonesondes from 1 982 to 1 994 indicate insig

nificant trends of - 1 2  ± 15% per decade near the 

tropopause ( 17  - 1 8  km) and -0.7 ± 6% per decade in the 

lower stratosphere at 20 km (Oltmans and Hofmann, 

1994) . Trends from both ozonesonde records are small

er than the calculated SAGE tropical trends, but the large 

uncertainties mean that the two trends are not inconsis

tent. In the Southern Hemisphere, the only long-running 

station outside Antarctica is at Melbourne, Australia, 
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where a trend of about - 1 0% per decade is observed in 

the lower stratosphere. 

1.3.2.3 TRENDS IN THE FREE TROPOSPHERE 

Only ozonesonde data are available for ozone 

trend analyses in the free troposphere. As discussed in 

Section 1 .3 . 1 ,  the quality of the ozonesonde data in the 

troposphere is worse than in the stratosphere. The strong 

likelihood of regional differences in trends further con

fuses attempts to assess the consistency of a limited 

number of ozonesonde records. In the last report, ozone 

in the free troposphere at Payerne was shown to have 
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Figure 1 -1 4. Comparison of trends in the vertical distribut ion of ozone during the 1 980s. Ozonesonde and 
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increased by 30-50% since 1 969. An assessment of data 

from several stations through 1986 was made (WMO, 

1 990b) that showed regional effects with increases at 

the European and Japanese stations. A tropospheric in

crease was also reported at Resolute (75°N), but 

decreases were found at the three rnidlatitude Canadian 

sites. 

Since then, Logan ( 1 994) and Miller et al. ( 1 994) 

have analyzed the global ozonesonde record, paying 

particular attention to inhomogeneities in the data. A 

similar study by London and Liu ( 1 992) did not account 

for instrumental changes at some sites. There is now 

evidence that the upward trend over Europe is smaller 

since about 1980 than before. The Hohenpeissenberg 

ozone measurements show no increase since the early to 

mid- 1980s. The Payeme record shows a somewhat sim

ilar behavior until 1990. This conclusion is supported by 

the recent analyses of the Berlin/Lindenberg record 
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(Furrer et al. , 1 992, 1 993) and of the Legionowo record 

(Lityfiska and Kois, private communication) . Furrer et 

al. found a large tropospheric trend from 1 967- 1988 of 

about + 1 5%/decade, but this seems to have been at least 

partly caused by a jump in the measured ozone levels at 

the change of station in the early 1 970s. Logan ( 1994) 

finds no significant trend at 500 mbar for 1 980- 1 99 1  and 

points out that this trend is sensitive to changes in the 

correction factor over this period and could be negative. 

At Legionowo, an upper tropospheric trend of - 1 0  

( ±  4 .4)%/decade i s  reported for 1 979- 1 993, a trend that 

is dominated by changes in spring. 

Some of the trends, particularly those in Europe, 

might be influenced by changes in S02 levels. De Muer 

and De Backer ( 1 994) have corrected the Uccle data set 

allowing for all known instrumental effects, including 

S02. The ozone trend in the upper troposphere was only 

slightly reduced ( 1 0- 1 5%/decade, 1 969- 199 1 )  and re-
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mained statistically significant. However, below 5 km, 
the trend was reduced and became statistically insignifi

cant, going from around +20%/decade to + 10%/decade. 

Logan ( 1 994) argues, using S02 emission figures and 

nearby surface measurements of ozone and SOz, that 

measurements made at Hohenpeissenberg, Lindenberg, 

and possibly other European stations might be influ

enced by S02 and points out that any such effect would 

be largest in winter. In polluted areas, local titration of 

ozone by NOx can also influence measurements of 

ozone at low altitude. However neither of these effects 

should have much influence except in the lower tropo

sphere ( <4 km). 
Tropospheric ozone over Canada decreased be

tween 1 980 and 1993 at about - 1  ± 0.5 %/year (Tarasick 

et al. , 1 994) . The positive trend observed at Wallops Is

land has diminished and from 1980- 1 99 1  was close to 

zero (Logan, 1994) . Prior to 1980 the situation is more 

confused. Wallops Island is the only station in North 

America with a homogeneous record from 1 970 to 1 99 1 ,  

and a trend of just under + 10% per decade was observed 

(Figure 1 - 1 5) .  In two cases, the critical factor needed to 

deduce the long-term tropospheric ozone changes over 

North America is the ratio of the tropospheric ozone 

measured by BM and ECC sondes. First, the Canadian 

stations changed from BM to ECC sondes around 1 980, 

and a conversion factor is needed if the two parts of the 

record are to be combined into one. Second, BM ozone

sonde measurements were made at Boulder in 

1963- 1 966 (Diitsch et al. , 1970), while ECC sondes have 

been used in the soundings made since 1985 (Oltmans et 

al. , 1 989).  Logan ( 1 994) has compared the Boulder data 

by multiplying the BM data at 500 and 700 mbar by 1 . 15 

and concluded that (a) no increase has occurred in the 

middle or upper troposphere, and (b) a 1 0- 1 5 %  increase 

occurred in the lower troposphere caused by local pollu

tion. The factor of 1 . 1 5 was based on a reanalysis of the 

intercomparisons in 1970, 1978, and 1984 (see Section 

1 .3 . 1 .2d) . Bojkov ( 1 988 ;  private communication) com

pared the concurrent measurements made by several 

hundred ECC sondes at Garrnisch-Partenkirchen and 

BM sondes at Hohenpeissenberg, and concluded that the 

ratio should be between 1 .04 and 1 . 1 2 depending on alti

tude. This approach would produce a larger change at 

Boulder in the lower troposphere and would indicate a 

small increase at 500 mbar. However, it is possible that 

the differences depend on the pre-launch procedures in 
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use at the different sites, in which case no single factor 

can be used: this possibility is supported by the apparent

ly different jumps seen at the changeovers at the four 

Canadian stations. Anyway, there is no sign that ozone 

concentrations over Boulder rose by the 50% observed at 

Hohenpeissenberg or Payerne since 1967 ; at most a 

1 0- 15% increase has occurred, similar to the increase 

observed at Wallops Island. 

A reanalysis of the ozonesonde records from the 

three Japanese stations from 1969- 1990 (Akimoto et al. , 

1994) found annual trends of 25 ± 5%/decade and 12  ± 

3%/decade for the 0-2 km and 2-5 km layers, respective

ly. Between 5- 10  km the trend is 5 ± 6%/year. There is 

no evidence for a slowing of trends in the 1980s. 

In the tropics, Logan ( 1994) reports that Natal 

shows an increase between 400 and 700 mbar, but which 

is only significant at 600 mbar. The Melbourne record 

shows a decrease in tropospheric ozone that is just sig

nificant between 600 and 800 mbar and is largest in 

summer. 

1.3.2.4 TRENDS INFERRED FROM SURFACE OBSERVATIONS 

Some information about free tropospheric ozone is 

contained in measurements of ozone at the Earth's sur

face, although care has to be taken in the interpretation 

of these data as they are not directly representative of 

free tropospheric levels. 

Ground-based measurements were made during 

the last century, mostly with the Schoenbein method 

(e.g. Anfossi et al. ,  1 99 1 ;  Sandroni et al. , 1992; Marenco 

et al. , 1994 ), which is subject to interferences from wind 

speed (Fox, 1 873) and humidity (Linvill et al. , 1 980) .  

Kley et  al. ( 1 988) concluded that these data are only 

semi-quantitative in nature and should not be used for 

trend estimates. Recent improvements in the analysis 

are still insufficient to allow simple interpretation of 

such data. A quantitative method was used continuously 

from 1 876 until l 9 1 1 at the Observatoire de Montsouris, 

Paris (Albert-Levy, 1 878 ;  Bojkov, 1986; Volz and Kley, 

1 988) .  The average ozone concentration was around 1 0  

ppbv, about a factor o f  3-4 smaller than i s  found today in 

many areas of Europe and North America. However, the 

measurements at Montsouris were made close to the 

ground and, hence, are not representative of free tropo

spheric ozone concentrations during the last century. 

Staehelin et al. ( 1994) reviewed occasional mea

surements by optical and chemical techniques at a num-



ber of European locations in the 1930s and measure

ments made at Arosa in the 1950s (Gotz and Volz, 195 1 ;  

Perl, 1965). Figure 1 - 1 6  shows a comparison of the 

ozone concentrations found in the 1930s and 1 950s with 

measurements made at Arosa and other European loca

tions in the late 1980s. On average, ozone concentra

tions in the troposphere over Europe (0-4 km) today 

seem to be a factor of two larger than in the earlier peri

od. The Arosa data also suggest that the relative trends 

are largest in winter. The measurements in the 1950s 

were made by iodometry and are potentially biased low 

from so2 interferences caused by local sources, al

though Staehelin et al. ( 1994) argue that S02 at Arosa 

was probably less than a few ppbv. 

Figure 1 - 1 6  also shows that, because of the vari

ance between the different sites, little can be inferred 

about a possible increase in tropospheric ozone before 

1 950. In this context, it is interesting to note that the data 

from Montsouris ( 1 876- 1 9 1 1 ;  40 m ASL) and those 

from Arosa ( 1 950- 1956; 1 860 m ASL) do not show a 

single day with ozone concentrations above 40 ppb 

(Volz-Thomas, 1993;  Staehelin et al. , 1 994). 

"Modem" ozone measurements, e.g. , using UV

absorption, were started in the 1 970s at several remote 

coastal and high altitude sites (Scheel et al. , 1 990, 1 993;  

Kley et al. , 1 994; Oltmans and Levy, 1 994; Wege et al. , 

1 989). The records for Mauna Loa, Hawaii, and Zug

spitze, Southern Germany, are shown in Figure 1 - 17 .  A 

summary of the trends observed at the remote sites is 

presented in Figure 1 - 1 8 . All stations north of about 

20°N exhibit a positive trend in ozone that is statistically 

significant. On the other hand, a statistically significant 

negative trend of about -7%/decade is observed at the 

South Pole. For the most part, the trends increase from 

-7%/decade at 90°S to + 7%/decade at 70°N. Somewhat 

anomalous are the large positive trends observed at the 

high elevation sites in Southern Germany ( 10-20%/de

cade); these large trends presumably reflect a regional 

influence (Vo1z-Thomas, 1993) .  It must be noted, how

ever, that the average positive trends observed at the high 

altitude sites of the Northern Hemisphere are largely due 

to the relatively rapid ozone increase that occurred in the 

seventies. If the measurements had started in the 1980s 

when the ozone concentrations tended to be at their peak 

(Figure 1 - 1 7) ,  no significant ozone increase would have 

been found. 
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Figure 1 -1 6. Measurements of su rface ozone con
centrations from different locations in Europe 
performed before the end of the 1 950s (ci rcles) and 
in  recent years ( 1 990- 1 99 1 ; triangles) during Au
gust and September, as function of altitude. 
(Reprinted from Atmospheric Environment, 28, 
Staehel in et at. , Trends in  su rface ozone concen
trations at Arosa [Switzerland] ,  75-87, 1 994, with 
kind permission from Elsevier  Science Ltd. ,  The 
Boulevard , Langford Lane, Kidl ington OX5 1 GB,  
UK. )  

Unlike ozonesondes, and sites such as  Mauna Loa 

and Zugspitze, where data are specifically identified as 

free tropospheric or otherwise (Oltmans and Levy, 1994; 

Sladkovic et al. ,  1 994), the ground-based instruments do 

not often sample free tropospheric air. However, the 

marine boundary layer sites like Samoa, Cape Point, and 

Barrow are representative of large geographical regions, 

and although the absolute concentrations may be differ

ent from those in the free troposphere, this fact should 

exhibit only a second-order influence on the trends. 
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Figure 1 -1 7. Surface ozone concentrations observed during the past two decades at Mauna Loa (Hawai i ,  
20°N ,  3400m) (adapted from Oltmans and Levy, 1 994) and Zugspitze (Germany, 47°N ,  3000 m)  (Siadkovic 
et a/. , 1 994) . 

Whether this is the case for Barrow is open to some 

question, as Jaffe ( 1 99 1 )  has suggested it may be influ

enced by local ozone production associated with the 

nearby oil fields. 

1 .3.3 Discussion 

The state of knowledge about the trends in the ver

tical distribution of ozone is not as good as that about the 

total ozone trends. The quality of the available data var

ies considerably with altitude. 

The global decreases in total ozone are mainly due 

to decreases in the lower stratosphere, where the uncer

tainties in the available data sets are largest. SBUV and 

Umkehr measurements are most reliable around and 

above the ozone maximum. Information at lower alti

tudes is available from these techniques, but it is not 

clear at the present time whether much can be learned 

about trends in these regions. Ozonesondes make reli

able measurements in the lower stratosphere, but the 

natural variability is such that the uncertainties associat

ed with trends calculated for individual stations are 

large. Only in the northern rnidlatitudes do enough 

ozonesonde records exist for trends to be calculated with 

uncertainties smaller than 5%/decade. SAGE can mea

sure ozone down to 15 km altitude. Two factors 

complicate the SAGE measurement below 20 km: (i) 

ozone concentrations are smaller than at the maximum, 
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Figure 1 -1 8. Trends in tropospheric ozone ob
served at different latitudes, including only coastal 
and high-altitude sites (after Volz-Thomas, 1 993) . 
CP: Cape Point, 34°8 (Scheel et a/. ,  1 990) ; SP:  
South Pole ,  90°S,  2800m ASL; AS:  American Sa
moa, 1 4°S; M LO: Mauna Loa, 20°N ,  3400m; 8: 
Barrow, 70°N (Oitmans and Levy, 1 994) ; WFM: 
Whiteface Mountain ,  43°N ,  1 600m (Kiey et a/. , 
1 994) ; ZS: Zugspitze , 47°N ,  3000m; HPB:  Hohen
peissenberg, 48°N ,  1 OOOm (Wege et a/. , 1 989) . 

so that the signal is lower; and (ii) the amount of aerosol 

is greater, so that there is an additional interference. 

These are well recognized difficulties for which allow

ance is made in the calculation of the ozone amount. 

At altitudes of 35-45 km, there is reasonable 

agreement between SAGE I/II, SBUV(/2), and Umkehr 



that, during 1 979- 1 99 1 ,  ozone declined 5 - 10% per 

decade at 30-50°N and slightly more at southern midlat

itudes. In the tropics, SAGE IIII gives larger trends (ca. 

- 1 0% per decade) than SBUV (ca. -5% per decade) at 

these altitudes. 

At altitudes between 25 and 30 km, there is rea

sonable agreement between SAGE IIII, SBUV(/2), 

U mkehr, and ozonesondes that, during the 1979- 199 1  

period, there was n o  significant ozone depletion at any 

latitude. The agreement continues down to about 20 km, 

where statistically significant reductions of 7 ± 4% per 

decade were observed between 30 and 50°N by both 

ozonesondes and SAGE IIII. Over the longer period 

from 1 968 to 199 1 ,  the ozonesonde record indicates a 

trend of -4 ± 2% per decade at 20 km at northern midlat

itudes . 

There appear to have been sizeable ozone reduc

tions during the 1 979- 1 99 1  period in the 15-20 km 
region in midlatitudes. There is disagreement on the 

magnitude of the reduction, with SAGE indicating 

trends as large as -20 ± 8% per decade at 1 6- 17  km and 

the ozonesondes indicating an average trend of -7 ± 3% 

per decade in  the Northern Hemisphere. The trend in  the 

integrated ozone column for SAGE is larger than those 

found from SBUV, TOMS, and the ground-based net

work, but the uncertainties are too large to evaluate the 

consistency between the data sets properly. Over the 

longer period from 1 968 to 1 99 1 ,  the ozonesonde record 

indicates a trend of -7 ± 3% per decade at 1 6  km at north

em midlatitudes. 

In the tropics, trend determination at altitudes be

tween 15 and 20 km is made difficult by the small ozone 

amounts. In addition, the large vertical ozone gradients 

make the trends very sensitive to small vertical displace

ments of the profile. The SAGE IIII record indicates 

large (-20 to -30% (±1 8%) per decade) trends in the 1 6-

1 7  km region (- 1 0% ±8% at 20 km). Limited tropical 

ozonesonde data sets at Natal, 6°S and Hilo, 20°N do not 

indicate significant trends between 1 6  and 1 7  km or at 

any other altitude for this time period. With currently 

available information it is difficult to evaluate the trends 

below 20 km in the tropics, as the related uncertainties 

are large. The effect on the trend in the total column 

from any changes at these altitudes would be small. 

In the free troposphere, only limited data (all from 

ozonesondes) are available for trend determination. In 

the Northern Hemisphere, trends are highly variable be-
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tween regions. Upward trends in the 1970s over Europe 

have declined significantly in the 1980s, have been small 

or non-existent over North America, and continue up

ward over Japan. The determination of the size of the 

change over North America requires a proper treatment 

of the relative tropospheric sensitivities for the type of 

sondes used during different time periods .  

Surface measurements indicate that ozone levels 

at the surface in Europe have doubled since the 1950s. 

Over the last two decades there has been a downward 

trend at the South Pole and positive trends are observed 

at high altitude sites in the Northern Hemisphere. When 

considering the latter conclusion, the regional nature of 

trends in the Northern Hemisphere must be borne in 

mind. 

1 .4 OZO N E  AND AEROSOL SINCE 1 991 

Since the last report, record low ozone values have 

been observed. This section describes the ozone mea

surements in this period to allow the updated trends 

given in Section 1 .2.2 to be put into perspective. There is 

also a brief discussion of a variety of possible causes, 

including the aftermath of the eruption of Mt. Pinatubo, 

aspects of which will be discussed at greater length in 

later chapters. 

1 .4.1  Total Ozone Anomal ies 

Figure l - 19(a) shows the daily global average 

(50°N-50°S) ozone amount during 1992- 1 994, together 

with the envelope of 1979- 1 990 observations. Persistent 

low ozone levels are observed beginning in late 199 1  

(not shown), with values completely below the 1979-

1 990 envelope from March 1 992-January 1 994. During 

1 993 total ozone was about 10-20 DU (3-6%) below the 

1 980s average. Total ozone in early 1 994 recovered 

somewhat and was at the bottom end of the range ob

served in the 1980s. 

Figure l - 19(b)-(d) shows similar plots for the lati

tude bands 30-50°S, 20°S-20°N, and 30-50°N. The 

largest and longest-lived anomalies are seen at the north

em midlatitudes ( 1 5-50 DU lower in 1993), with 1980s 

values reached again in January 1994. Ground-based 

measurements made at sites with long records show that 

the anomalies in the northern midlatitudes were the larg

est since measurements began, and that values in early 
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Figure 1 -1 9. Total ozone measured by SBUV and SBUV(/2) since January 1 992 compared with the 1 980s 
range and average:  (a) 50°N-50°S, Global ozone; (b) 30°-50°8; (c) 20°N -20°S; (d) 30°-50°N.  

1 993 were about 15% lower than the average values 

observed before 1970 (Bojkov et al. , 1993 ; Kerr et al. , 

1 993;  Komhyr et al. , 1 994a) . The largest ozone 1osses 

occurred at higher latitudes in early 1993; deviations 

were in excess of 60 DU ( 1 5% lower than the 1980s 

mean) . Total ozone values over North America in 1994 

were in line with the long-term decline, but no longer 

below it (Hofmann, 1994) . 

In southern midlatitudes, total ozone values during 

1 993 were about 1 5-20 DU below the 1980s mean and 

were close to the low end of the 1980s range. In the 

tropics, the maximum negative anomaly was about 10 

DU, and from late 1992 to early 1993 total ozone was 
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slightly higher than the 1980s average. Locally, larger 

anomalies were seen, with negative ozone anomalies of 

about 15  DU (6%) occurring near the equator in Septem

ber-November 1 99 1  and in the southern tropics in 

mid- 1 992. 

The solar cycle and the quasi-biennial oscillation 

(QBO) affect total ozone levels by a few percent and it is 

thus useful to remove these influences. Figure 1 -20(a) 

shows the 60°S-60°N average total ozone from SBUV(/2) 

after these effects (and the annual cycle) have been re

moved by the statistical analysis described in Section 

1 .2.2. The most obvious remaining feature is the long

term decrease in total ozone, which has been fitted with a 



c "' 
<D 
::;; 
>E c 0 

::;; 
E g 
c _Q <ii -;;: 
<D 

2 

0 

0 -2 

-4 

60 

30 

0 

·30 

-60 

60 

30 

0 

-30 

-60 

Total Ozone Deviations over 60S - 60N from 1 /79 to 5/94 
Deseasonalized and Adjusted for Solar and QBO Components 

Solid line is least squares fit to 

deviations 1 !79 to 5/9 1 , then extended 

{dotted line) to 5/94. 

1 980 1 982 1 984 1 986 1 988 1 990 1 992 1 994 

Yea r 

OZO N E  M EASU REM ENTS 

Figure 1 -20. (a) Total ozone (60°N-
600S) from 1 /79 to 5/94 measured by 
SBUV(/2) .  The annual cycle and the 
effects of the solar cycle and QBO 
have been removed. The solid l ine 
shown is a s imple least squares fit to 
the data through 5/9 1 . The dashed l ine 
is an extrapolat ion through 5/94. 

Deviations ( i n %) from SBUV(/2) Model 1 /79 through 5/9 1 , Extended to 5/94 
Shaded regions represent negative departures more than 2"/o 
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Figure 1 -20. (b)  Contour  p lots of total ozone residuals as a function of latitude and t ime from the statistical 
fit to the SBUV(/2) satel l ite data over the period 1 /79 to 5/9 1 . The fitted model was extrapolated through 5/94 
to calculate the residuals over the extended period 1 /79-5/94. The total ozone data have the seasonal , trend, 
solar, and QBO components removed, and the resu lt ing deviations are expressed as percentages of the 
mean ozone level at the beg inn ing of the series. Shown are contours of constant deviations at i ntervals of 
3%, and the shaded areas i nd icate negative departu res of at least 2%. The 1 992- 1 993 1ow ozone values are 
p rominent, as wel l  as other periods of very low values i n  1 982- 1 983 and 1 985. 
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linear trend (-2.9% per decade) from January 1979 to 

May 1991  (pre-Pinatubo) . The recent ( 1992- 1993) glo

bal anomaly is about 2% below the trend line and about 

1 %  less than previous negative anomalies. The 1992-

1 993 anomaly also stands out as the most persistent, 

spanning nearly 2 years. The only other negative anom

aly lasting more than one year followed the El Chich6n 

eruption in 1 982. Figure l -20(b) shows the time evolu

tion at all latitudes (60°S-60°N) of the total ozone 

deviations found after the removal of the trend found for 

1/79 to 5/9 1 (extrapolated to 5/94), the annual cycle, and 

the effects of the solar cycle and the QBO. The strong 

regional nature of the deviations is again obvious, with 

the largest ( 6- 10%) occurring in northern midlatitudes in 

January to April 1993. The Southern Hemisphere, by 

contrast, was hardly affected. 

1 .4.2 Vertical Profile I nformation 

Figure l -2 1 (a) shows the ozonesonde measure

ments at Edmonton made in January-April in 1 980/ 

1 982, 1988/ 199 1 ,  and 1 993 (Kerr et al. , 1 993) .  Similar 

results were found at Resolute, Goose Bay, and 

Churchill. These indicate that the decrease in early 1 993 

occurred in the same altitude region as the decline during 

the 1980s. The standard deviations are ±8 nbar ( 1 980-

1 982 and 1 988- 199 1  profiles) and ±9 nbar ( 1 993 

profiles) where the maximum ozone difference is found 

( 100 mbar). The differences between the 1 993 and 

1 980- 1982 profiles are statistically significant (2 stan

dard deviations) between 200 and 40 mbar. Ozone levels 

were depleted by about 25% over approximately 14-23 

km (at and below the profile maximum), spatially coin

cident with the observed aerosol maximum, as shown in 

Figure l -2 l (b) (Hofmann et al. , 1994a). Notably, there 

is substantial ozone increase above the profile maximum 

(above 25 km) at Boulder, of about 15% of background 

levels, which is also seen at Hilo, Hawaii (Hofmann et 

al. , 1 993). 

1 .4.3 Stratospheric Aerosol after the E ru ption 

of Mt. Pi natubo 

The eruption in the Philippines of Mt. Pinatubo 

( 1 5°N, l 20°E) in June 199 1  injected approximately 20 

Tg of sulfur dioxide (S02) directly into the lower strato

sphere at altitudes as high as 30 km. Within a month or 

so, this so2 was oxidized to sulfuric acid, which rapidly 
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condensed as aerosol. In August 199 1 ,  Volcan Hudson 

(46°S , 73°W) erupted and deposited about 2 Tg of S02 

into the lower stratosphere, mostly below 14 km. Sever

al studies of the so2 and aerosol observations have been 

published (e.g. , Bluth et al. , 1 992; Lambert et al. , 1993 ; 

Read et al. , 1 993;  Trepte et al. , 1993; Deshler et al. , 

1993; Hofmann et al. , 1994b), which are now briefly dis

cussed. The latitudinal variation of optical depth from 

199 1  to 1994 is shown in Figure 1 -22 as measured by 

SAGE II and the Stratospheric Aerosol Measurement 

(SAM II) instrument. 

The initial aerosol cloud from Mt. Pinatubo dis

persed zonally but was confined mostly within the 

tropics below 30 km for the first several months. By 

September 1991  the Mt.  Pinatubo aerosol had moved 

into the midlatitude Southern Hemisphere at altitudes 

between 15 and 30 km. It did not enter into the Antarctic 

vortex in 1 99 1 ,  unlike the aerosol from Volcan Hudson, 

which was observed at altitudes of 10- 1 3  km over Mc

Murdo station, 78°S (Deshler et al. , 1992) . In the tropics 

the Mt. Pinatubo plume rose to altitudes of 30 km during 

December 1 99 1 -March 1 992. Strong dispersal from the 

tropics into northern middle-high latitudes was observed 

during the 1 99 1 - 1 992 winter, and enhanced aerosol lev

els have been detected over 15-25 km in the Northern 

Hemisphere since that time. 

The total mass of the stratospheric aerosol maxi

mized several months after the eruption at about 30 Tg 

and thereafter remained fairly constant until mid- 1 992, 

since when it has been declining with an approximate e

folding time of one year. The total aerosol loading in 

January 1994 was about 5 Tg, still 5 - 10  times higher 

than the background levels observed before the Mt. Pi

natubo eruption. 

The size distribution of the aerosol particles 

evolved significantly over time, increasing in effective 

radius from approximately 0.2 J.!mjust after the eruption 

to a peak of some 0.6-0 .8  Jlm a year or so later, since 

when it has slowly decreased (Deshler et al. , 1993) .  At 

northern midlatitudes, the aerosol surface area peaked at 

about 40 J.!m
2 

cm-3 (Figure 1 -23). The altitude of the 

maximum surface area has episodically decreased since 

early 1992. 

Negative total ozone anomalies of about 15 DU, 

6%, occurred near the equator in September-November 

199 1  (Schoeberl et al. , 1 993 ; Chandra, 1993), at the 

same time that the maximum temperature increase, 
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Figure 1 -21 . (a) Average ozone profi les fou n d  from ozonesonde measurements at Edmonton in spring 
(January to Apri l)  for 1 980- 1 982 (46 sondes} , 1 988- 1 991  (42 sondes) , and 1 993 ( 1 3 sondes) . Adapted from 
Kerr et a/., 1 993. (b) Percentage differences (bottom axis) in the ozonesonde measurements at Boulder in  
1 992- 1 993 relative to 1 985- 1 989. Also shown are  the  aerosol data from the Fritz Peak l idar (bottom axis: 
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about 2-3K at 30-50 mbar, was observed (Labitske and 

McCormick, 1992). These early tropical ozone anoma

lies are probably related to enhanced vertical motions 

induced by the aerosol heating (Brasseur and Granier, 

1 992; Young et al. , 1 994), but gas phase perturbations to 

the gas phase photochemistry by the initially high con

centrations of S02 may also have played a part (Bekki et 

al. , 1 993) .  

In addition to radiative and dynamical influences, 

the Mt. Pinatubo aerosol provides a surface on which 

chemical reactions can occur, possibly leading to chemi

cal ozone loss, as discussed in Chapters 3 and 4. These 

reactions tend to proceed faster at lower temperatures 

and the ozone depletion process is more effective at low 

light levels.  In this context it is worth noting that both 

the 1 99 11 1992 and 1 992/ 1993 northern winters were 
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cold with later-than-average final warmings (e.g., Nau

jokat et al. , 1993), and that the cold temperatures 

occurred both within and on the edge of the Arctic vor

tex, so that there was the opportunity for large areas to be 

affected. 

For comparison, the maximum aerosol surface 

area and its peak altitude following the eruption of El 

Chich6n in early 1 982 are shown in Figure 1 -23.  The 

Mt. Pinatubo eruption provided twice the aerosol surface 

area as that from El Chich6n. The total ozone anomalies 

in 1 982/1983 (as compared with 1 980, 198 1 ,  1 985,  1986 

TOMS values) are now thought to have been smaller 

than the earlier initial estimates, about 3-4% in the 1 982/ 

1 983  winter rather than 10% (Stolarski and Krueger, 

1 988) .  
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1 .4.4 Dynamical Infl uences 

Natural variations in ozone are induced by meteo

rological phenomena such as the El Nino-Southern 

Oscillation (ENSO), in addition to the QBO (e.g. ,  Zere

fos, 1983 ;  Bojkov, 1987; Komhyr et a!. , 1 99 1 ;  Zerefos et 

al. , 1992) . Thus the observed ozone anomalies since 

199 1  will have been affected to some degree by the pro

longed El Nino event that lasted throughout 199211993. 

The amplitude of the El Nino effect in total ozone is 

1 .42 

2-6%, but such anomalies are highly localized. While 

ENSO effects for zonal or large-area means were about 

1 %, ozone in specific areas may have been reduced by an 

additional 2-3% in 1 992- 1993 (Zerefos et at. , 1 992; 

Shiotani, 1992; Zerefos et at. , 1994; Randel and Cobb, 

1994) . Other dynamical influences can strongly affect 

total ozone on a regional basis; one clear example was 

the persistent blocking anti-cyclone in the northeast At

lantic from December 1 99 1  to February 1992 (Farman et 

at. , 1 994). 
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1 .5 ANTARCTIC OZO N E  D EPLETION 

1 .5.1  I ntrod uction and H i storical Data 

Total ozone records obtained with Dobson spec

trophotometers with a traceable calibration are available 

for Antarctica from 1957 at the British stations Halley 

(76°S, formerly Halley Bay) and Faraday (65°S, former

ly Argentine Islands) . They are available from the 

American station at the South Pole (Amundsen-Scott, 

90°S) since 1 962 and at the Japanese station Syowa 

(69°S) since 1 966, although measurements had been ob

tained at Syowa in 196 1 .  Figure 1 -24 shows October 

monthly means for these four stations. In the case of the 

South Pole station, the average is for October 15-3 1 

1 .43 

since inadequate sunlight precludes accurate total ozone 

measurements from the surface before about October 12 .  

Halley and Amundsen-Scott show similar long

term total ozone declines in October, presumably 

reflecting the fact that the region of most severe ozone 

depletion is generally shifted off the pole towards east 

Antarctica. The decline in ozone above these stations 

began in the late 1 960s, accelerated around 1980, and 

after 1985 remained relatively constant at a total ozone 

value of about 1 60 DU. In 1 993, record low values 

(about 1 1 6 DU) were recorded at Halley and Amundsen

Scott. 

The decline in total ozone at Faraday and Syowa in 

October was more subtle, if existent at all, prior to 1980. 

The major decline occurred between 1980 and 1985, lev-
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South Pole .  (Data courtesy J .  Shankl in ,  T. Ito, and 
D. Hofmann . )  

elling off with a value of total ozone of  about 260 DU 

thereafter. An unusually low value of about 1 60 DU was 

observed at Syowa in 1992, a feature not seen at Faraday. 

Although the earliest ozone vertical profiles show

ing the 1 980 rapid ozone hole onset were obtained at 

Syowa in 1 983 (Chubachi, 1 984), the most extensive set 

of ozone profile data for trend studies has been obtained 

at the South Pole using ECC ozonesondes throughout 

(Oltmans et al. , 1994) . This data set includes the ap

proximately 500 year-round profiles measured between 

1 986 and 1 993, and a series of about 85 profiles made 

between 1 967 and 197 1 .  Winter data for the earlier peri

od do not extend to as high an altitude because rubber 

balloons were used. Figure 1 -25 shows a comparison of 

smoothed monthly average ozone mixing ratio values at 

pressure levels 400 hPa ( -6.5 krn), 200 hPa ( - 10.5 krn), 
1 00 hPa (- 14.5 krn), 70 hPa (- 1 6.5 km), 40 hPa (- 19.5 

km) and 25 hPa ( -22.5 km) for these two periods. The 

major springtime ozone depletion has occurred in the 

14-22 km region at the South Pole between the 1967-

1 97 1  and 1 986- 199 1  periods, and it has worsened since 

1 992. The 1967- 1 97 1  data indicate a weak minimum in 
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the spring in the 40- 100 hPa ( 14- 1 9  km) region. This 

feature might result from heterogeneous ozone loss re

lated to considerably lower stratospheric chlorine levels, 

consistent with the weak downward trend in total ozone 

at South Pole for this period shown in Figure 1 -24. In 

1 992 and 1 993, ozone was almost completely destroyed 

in the 70- 1 00 hPa range ( 14- 1 7  krn). 
Summer (December to February) ozone levels in 

1 986- 199 1  are lower in the 70-200 hPa ( 1 0- 1 7  krn) re

gion than they were in 1967- 197 1 .  The ozone that is 

transported to the South Pole following vortex break

down at these altitudes now replenishes the ozone lost 

during the previous spring, rather than causing the 

marked late spring maximum which existed in 1967-

1 97 1 .  At all altitudes, ozone values from March to 

August are similar (to within about 10%) in the two 

periods. 

Rigaud and Leroy ( 1990) reanalyzed measure

ments taken at Dumont d'Urville (67°S) in 1 958  using a 

double monochromator with spectrographic plates 

(Fabry and Buisson, 1930; Chalonge and Vassey, 1 934). 

They calculated some very low total ozone values (as 

low as 1 10 DU) that are only observed nowadays in the 

ozone hole. De Muer ( 1990) and Newman ( 1994) have 

examined the available 1 958  meteorological and total 

ozone data. They find that the early Dumont d 'Urville 

data are inconsistent with any other source of data from 

1 958 :  (a) the variability was greater throughout the year 

than that measured with any Dobson spectrophotometer 

in Antarctica that year (Figure 1 -24) ; (b) Dumont 

d'Urville was not under the vortex that year (see also Alt 

et a!. ,  1 959), but under the warm belt where ozone values 

are high; and (c) while the climatologies of measure

ments taken by Dobson instruments that year are fully 

consistent with those derived from TOMS measure

ments in the last decade, there is little or no consistency 

between the TOMS climatologies and that from Dumont 

d 'Urville in 1 958 .  Some doubts concerning a number of 

experimental aspects of the spectrographic plate instru

ment are also raised. These reported values thus appear 

to be a good example of being able to detect ozone with

out necessarily being able to measure it well. 

1 .5.2 Recent Observations 

Figure 1 -26 shows monthly average total column 

ozone measured at the South Pole by balloon-borne 
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ozonesondes since 1986 (Hofmann et a!. , 1 994b). (Total 

ozone is obtained by assuming that the ozone mixing ra

tio is constant above the highest altitude attained, a 

procedure that has an estimated uncertainty of about 2-3 

D U.) These data are independent of the Dobson spectro

photometer data shown in Figure 1 -24 and corroborate 

the fact that the major springtime depletion started be

tween the 1967- 1971 and 1 986- 1 99 1  periods. 

On 12 October 1993, total ozone at the South Pole 

fell to a new low of 91 D U, well below the previous low 

of 105 DU measured there in October 1992. Sub- 100 

DU readings were observed on 4 occasions and readings 

in the 90- 105 D U range were measured on 8 consecutive 

soundings from 25 September to 1 8  October 1 993. 

Ozone levels in austral winter prior to the deple

tion period show no systematic variation, with values of 
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250 ± 30 DU. Similarly, coming out of the depletion 5 
period, January values show no systematic variation 

since 1 986, but are lower than the 1967- 1 97 1  values. 

At the South Pole, both Dobson spectrophotome

ter and Meteor TOMS measurements showed record low 

total ozone levels after the return of adequate sunlight in 

mid-October. Similarly, NOAA- 1 1  SBUV2 measure-

ments indicate new record lows for the 70°S-80°S region 

in 1 993 (NOAA, 1993). Thus, since 1 99 1 ,  the Septem

ber total ozone decline has continued/worsened. 
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Figure 1 -26. Monthly averaged total colu m n  ozone 
by month measured in  bal loon fl ights at South Pole 
for the 1 967- 1 971 and 1 986- 1 993 periods, and for 
1 992 and 1 993 (straight and dashed l ines, respec
tively) . (Adapted from Oltmans et a/. , 1 994. )  
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Figure 1 -27. Comparison of the South Pole pre
depletion ozone profi le in 1 993 (average of 4 
soundings) with the profi le  observed when total 
ozone reached a min imum in 1 992 and 1 993. 
(Adapted from Hofmann et a/. , 1 994b. )  

In  Figure 1 -27 the average of  four ozone profiles 

before depletion began in August 1 993 is compared with 

the profiles at the time of minimum ozone in 1 992 and 

1 993 (Hofmann et al. , 1994b). Total destruction (>99%) 

of ozone was observed from 14 to 19 km in 1 993, a 1 km 
upward extension of the zero-ozone region from the 

previously most severe year, 1 992. Unusually cold tem

peratures in the 20 km region are believed to be the main 

cause of lower-than-normal ozone in the 1 8-23 km 

range. These lower temperatures prolong the presence 

of polar stratospheric clouds (PSCs), in particular nitric 

acid trihydrate (NAT), thought to be the dominant com

ponent of PSCs.  This tends to enhance the production 

and lifetime of reactive chlorine and concomitant ozone 

depletion at the upper boundary of the ozone hole, be

cause chlorine in this region is not totally activated in 

years with normal temperatures.  Temperatures at 20 km 
in September 1 993 were similar to those of 1 987 and 
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1 989, other very cold years a t  this altitude. Cold sulfate 

aerosol from Mt. Pinatubo, present at altitudes between 

1 0  and 1 6  km, probably contributed to the low ozone 

through heterogeneous conversion of chlorine species 

(see Chapters 3 and 4). 

Figure 1 -28 shows the horizontal extent of the 

Antarctic ozone hole in terms of the area contained with

in the 220 DU total ozone contour from Nimbus TOMS 

( 1 978- 1 99 1  shaded region and 1992 curve) and from 

Meteor TOMS ( 1993 points) .  These data indicate that 

the 1992 and 1993 ozone hole areas were the largest on 

record and that the development of the depleted region 

began about 1 -2 weeks earlier, a fact also apparent in the 

total ozone data in Figure 1 -26. 

Since 1 99 1 ,  springtime ozone depletion at the 

South Pole has worsened in the 12- 1 6  km region, with 

total ozone destruction at 1 5- 1 6  km in 1992 and 1993 . 

1 .47 

Similar observations were made in 1992 at McMurdo, 

78°S (Johnson et al. , 1994 ), Syowa, 69°S (T. Ito, private 

communication), and Georg Forster stations (7 1 °S) 

(H. Gernandt, private communication), indicating that 

this depletion at lower altitudes was widespread. In addi

tion, the 1 993 springtime ozone loss was very severe in 

the 1 8-22 km region, effectively extending the ozone de

pletion region upward by about 1 -2 km (Figure 1 -27) .  

This occurred in spite of ozone being considerably high

er than normal during the preceding winter (Figure 

1 -26) . Complete ozone destruction from 14 to 19 km 
was peculiar to 1 993 and, combined with lower-than

normal ozone at 20-22 km, resulted in the record low 

total ozone recorded in early October 1993.  

The decrease in summer ozone levels at 10- 1 7  km 
since the late 1 960s is not apparent in the 1986- 1993 

data, possibly because the record is too short. 
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