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Preface

In 1985, an English scientist (Farman et al., 1985) discovered the Antarctic ozone hole. It
soon became apparent that ramade halogegontaining substances (CFCs and halons) were
responsible for the dramatic ozone loss during the austral spring.

In 1987 the Montreal Protocol was put into effect in order to reduce the production and use of
these ozonelepleting substances (ODS). This international agreement has later been revised
several times and the amount of ODS in the troposphere reached a maximum around 1995.
The amount of most of the ODS in the troposphere is now declining slowly and one expects
to be back to pr&980 levels around year 2050. In the stratosphere the pesdcised

somewhat later.

It is now important to follow the development of the ozone layer in order to verify that the
Montreal Protocol and its amendments work as expected. For this, we neeagtalailg
basedneasurements at a large number of sites digatbglobally in combination with
satellite observations. It is the duty of every industrialised nation to follow up with national
monitoring programmes.

The Norwegian Pollution Control Authority es
atmosphericpnone | ayer o in 1990, which at that tim
only. In 1995 UV measurements were also included in the programme.

The Norwegian Institute for Air Research (NILU) is responsible for the operation and
maintenance of the monitag progranme The purpose of the programeis to:

1. Provide continuous measurements of total ozone and natural ultraviolet radiation that
reach the ground.

2. Provide data that can be used for trend analysis of both total ozone and natural
ultraviolet radiaton.

3. Provide information on the status and the development of the ozone layer and natural
ultraviolet radiation

4. Notify the Norwegian Pollution Control Authority when low ozone/high UV episodes
occur.

In 2007 the monitoring programme included measureméritgad ozone and UV at two
locations, Oslo (60N) and Andgya (69N) and ozone profiles measurements at one location,
Andgya. This repogummarieshe activities and results of the monitoring programme during
the year 2007. The report includes trend asegyof total ozone for the period 192®07 for

both sites and comments on the expected ozone recovery at northern latitudes. Further the
total yearly UV dose for 2007 at Oslo and Andgya is included.

Kjeller, June 2008

Cathrine Lund Myhre
Senior Scienst
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1. Summary

This annual report describes the activitiesaadimn r esul t s of the progr e
the atmospheric ozone | ayer #@whihinaparuoftiel ul tr
governmental programme for monitoring pollution in Norway.

Measurements of total ozone

The Brewer instrument at @shas been in operation at the University of Oslo since the
summer of 1990Total ozone data from a Dobsspectrophotometer are availabbe the
periodfrom 1979 to 1998

By combining the two data series, we have been able to study the changeszontnéayer
aboveOslo for the period 1972007.During this period the ozone layer has a total yearly
decrease of 3.4 %, and as much as 5.9 % decrease is observed during the spring months since
1979.No significant trendareobservedor thewinter, sumnrer, and autummonthsin Oslo.

For Andgya a similar trend analyssyperformed for the period 1972007. The total ozone
values for the period 1978994 are based on measurements from the satellite instrument
TOMS (Total Ozone Mapping Spectrometer), vezer for the period 1992007 total ozone
values from the Brewer instrument are used. The results from the trend analysis show no
significant trends in total ozone for Andgya.

The stratospheric winter 2006/07 can be classified as a cold winter, giving ciseditions
were chemicabzone destruction might occur. Accorditaggthe observation this was also the
case. Significant ozone loss was observed during winter and spring 2007. In April the
monthly mean ozone value was more than 12% below the longrieam ozone level both
over Oslo and Andgya.

There are several satellite dataset with ozone data available for the region. A great benefit
of using these daia the annual analysis of the Norwegian oztayer isthe increased
knowledge of the spatial eerage A first comparison of the ground based data with

satellite data for selected years show good agreement during the summer, while the
deviations are larger in the winter montRarther these first resulisdicate that the ozone
satellite data undestimate slightly the ozone layer in our region

Recent global ozone data indicate that there might be signs of ozone recovery from mid 1990s
in most of the world. However this is uncertain, particularly at high latitudes and in the Arctic
region. The ugertainty iscausedy the high natural variability in this regigand the

influenceof factors likedecreasing temperatures in the stratosphere, which is partly thee to
increase of greenhouse gases in the troposphere.

Considerably longer data ser@sd improved understanding of atmospheric processes and
dynamics are needed to predioeé development dhe ozone layer with acceptable
confidenceExtension of the monitoring programme to the Arctic atmosphere would also
contribute significantly to tisi The Zeppelin research station at-Biesund on Svalbard
would be an excellent site for observations of the ozone development in this particular
important region.
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Measurements of ozone profiles

The ozone lidar at Andgya provides measurements of tee@amcentration at altitudes

from approximately 8 km to 50 kiwon days with clear sky. The measurements from the ozone
lidar are very useful for studying rapid variations in the ozone profiles and are important for
detection otchemicalozone loss duringossing and for theinderstandingf the processes that
leads to changes in the ozone layer. déeelopment of the stratospheric ozone layer in 2007
showsozonedestruction in springtime, but not as muchraethe year 2005The latest

measured raw data giles and the latest analysed ozone data are available at
http://alomar.rocketrange.no/alordatar.html.

UV measurements

The Norwegian UV network was established in 1994/95 and consistseofohannels GUV
instruments located from 38 to 79N. From 2006 the instrument at Myesund has been
excluded from the network. As a part of the 2007 monitoring pragealRiLU has been
responsible for the daily operation of two of the instrumentsiddcat Oslo (6TN) and
Andgya (69N). After the exclusion of the instrument in Myesund, the site closest to Arctic
is Andgya.

The highest UV dose rate in Osle}1.3mW/n¥, was observed 10 June and is equivalent to a
UV index of5.7. At Andgya the higast UV index, 4, was observed cthe2 June

Personnel and institutions

Several persons and institutions are involved in the operation and maintenance of the
monitoring programme and have given valuable contributions to this report. Prof. Arne
Dahlbackat the University of Oslo (UiO) is responsible for ozone and UV measurements in
Oslo. Kare Edvardsen (NILU) is responsible for ozone and UV measurements at Andgya. Dr.
Tove Svendby, (NILU) ensures the data submission to The World Ozone Data Centre
(http://www.msesmc.ec.gc.ca/woudc/The ozone lidar at ALOMAR is owned and operated

by NILU (Georg Hansen and Kerstin Stebel) and the Andgya Rocket Range.
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2. Ozone measurements in 2007

Daily measurements of totablumnozone, which means the total amount of ozone from the
earth surfaceotthe top of the atmosphere, are performed in OsliN)Band at Andgya

(69°N). Total ozone is measured by Brewer spectrophotometers at both locatidmsigya
also the ozone profile from45 km i measuregroviding information about the ozone height
distributionat clear weather conditions. We have also included analysis of cabelétedata

to have a more complete description of the ozone situation in Norway and the European
Arctic region.

The International Ozone Services, Canada, has calibratedBbewer instruments against a
reference instrument on a yearly basis, last time in June 2007. In addition, the instruments are
regularly calibrated against standard lamps in order to check the stability of the instruments.
The calibrations indicate thhbth instruments have been stable during the years of operation.
Calibration reports are available on request.

In the following sections the results of i(@und basedzone measurements atl®and
Andgyaarepresentegand in sectiod.3on page22 are satellite data of ozone presented.

2.1 Total column ozone inOslo

Daily ozone values for Oslo in 2007, based on measurements with the Brewer spectrometer
no. 42, are shown iRigurel. The black curve shows the daily ozone values measured in
2007, whereas the red curve shows the-@mg monthly mean values for the years
19791989.The total ozone values are based on disect measurements, whawailable.In

2007 thisis thecase for 147 days. For overcast days and days where the solar zenith angle is
larger than 72(sun lower than 18above the horizon), the ozone values are based on the
global irradiance method (Stamnes et al., 1991). ishige case fiv193 days in 2007. In 2007
there are missing data for 25 days (4.9%jis isdue to technical problems (2 days) or not
suitable weather and cloud conditions. This is nearly a doubling since 2006 and is caused by
cloudy weather conditions in 2007. At 9tbe cloudydays ozone valuesreretrieved from

the GUV measurements.

Figure 1a) displays the daily total ozone values for Oslo together with théglongnean
values. Large dato-day fluctuations are observed particularly in the spring, and énere
periods during spring with ozone values significantly below the-tengp mean, awas also
registered in e.g. 2005. Furthermore, there is a period from 24 May to 13 June with values
considerable below the losigrm mean. The most extreme day was 9 Jutieezione values
16% below the long term mean and a UV Indek.@f(see sectioB.1).

The monthly mean total ozone values for 2007 are shoWwigurelb) and compared it
the longterm monthly mean values for the period 19889. As seen from the Figure the
2007 ozone values were close to the mean values in all months, except for April.

Section3.4includes a broader discussion and intetgtion of the ozone situation in Norway
in 2007.
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Figure 1a): Daily total ozone values Figure 1b): Monthly mean ozone values for
measured at the University of Oslo in 20072007. The red curve shows the lotgym
The red curve shows the lotgrm monthly monthly mean values from 197989.

mean values from 197B989.

2.2 Total column ozone atAndgya

The total ozone values are based on disect measurements when available, as in Gslp.
overcast days and days where thilarspenith angle is larger thang@un lower than 10

above the horizon), the ozone values are based on the global irradiance method. The GUV
instrument has been used for ozone retrieval when the Brewer instrument has been out of
order or Brewer measuremts have been prevented by bad weather. There are 103 days
without ozone observations at Andgya, and all of them are a direct result of the polar night
Tablel gives an overview of the different instruments arethnds that were used at Andgya
in 2007.

Table1: Overview of instruments and methods applied in the observation of the total ozone
above Andgya.

|
Priority =~ Method Total days with observations
1 Brewer instrument, direct sun measurements 176
2 Brewer instrument, global irradiance method 96
3 Measurement by the GUV instrument, and calculation 8

of total ozone

4 Lidar (measurements in the Polar night) 13
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Figure 2a): Daily total ozone values Figure 2b): Monthly mean ozone vads for
measired at ALOMAR, Andgya 2007 by 2007 compared to the lostgrm monthly
the Brewer, GUV and LIDAR instruments. mean values for the period from 197989
The use of the different instruments is shown as the red curve.

shown in the lower part of Figure 2a). The

red line shows the loatgrm monthly mean

values from 1979.989.

Daily ozone values for Andgya in 2007, based on measurements with the Brewer spectro
meter, are shown iRigure2a). The black curve shows the daily ozone values from 2007,
whereas the red curve shows the loaign monthly mean values for the years 19989.

The total ozone values shown during the polar night (November to February) are based on the
ozme profiles measured by the ozdigar at ALOMAR and indicated by blue stars. These

data give a good picture of the ozone variation during the winter months when Brewer and
GUV measurements are not achievable. The green marks in the lower part of Bjgure 2

shows the frequency and distribution of the various instruments applied.

Monthly mean ozone values based on the daily ozone measurements from the Brewer
instrument are shown fRigure2b). For January, Novemheand December (polar night)

there are not sufficient data to calculate monthly means. The comparison between-the long
term mean and the monthly mean ozone values for 2007 shows that the ozone values are
considerably below the long term mean during wiated spring months. This was not the
case in Oslo.

During 2006 automatic procedures have been establish to repeitreazone data from
Andgya to the international community through the World Ozone and Ultraviolet Radiation
Data Centrel{ttp://www.woudc.orgd/. In addition the Andgya ozone series from 2000 to 2007
has been submitted to the international database.

2.3 Ozoneprofile measurements with the ozone lidar at ALOMAR,
Andgya in 2007

By use of data &im the ozone lidar we have analyzed teeallopment of stratospheric ozone
during winter 2006/07 and in 2007, above ALOMARe ozone lidar located at the Arctic

Lidar Observatory for Middle Atmosphere Research (ALOMAR) at Andgya is run on a
routine basisluring clear sky conditions providing ozone profiles in the height range 8 to
45km. In 2007 measurements have been made during 26 days (27 occasions, of wiéch 3 we
during daylight conditions)sgeTable2). The® observations have resulted in quality

10
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controlled ozone profiles for 25 days (25 measurements). The most recatdteaprofiles as
well as the latesinalysedzone data are availablehdtp://alomar.rocketrange.no/alomar
lidar.html

Table?2: List of ozone lidar measurements at ALOMAR in 28@ialysed and quality

controlled ozone data sets are available for those days formatted with bold numbers.
Measurements performed during night are marked in blue, and daytime measu@®ments
marked in red. Day numbers which are crossed out, mark days where data of lower quality
are available. No PSC have been detected in 2007.

Month ‘ Ozone profile

January 2,4,18
February 5,6,12,13, 14, 15, 19, 20, 21, 24, 26
March 6,7,9
April 49,19, 23
May -

June -

July -

August -
September -
October 29
November 8, 13, 29
December 4,14, 31

In 2007 only 25 quality controlled ozone profiles have been retrieved. This number is
extremely low compared to previous years, in which wesvabite tcanalyseup to four times
more profiles (101 profilegereobtained in 2002). This is a direct result of effective budget
cuts during the last yearBad weathefovercast, fog, etcgaused an additional period with
missing data in autumn 2007.

The development of the ozone layer above Northern Scandinavia throughout the whole 2007
is illustrated inFigure3 (upper panel). For comparison the 1$§96filesfollowing a cold

winter 1996/96, anthe 2004 profiles, following a warm winter 2003/04, are shown in the

lower panel. The contrabetweer2007 with relative little ozone destruction in springtjime

the year 1996 where significant ozone depletion occuisedisy to recognize.

During summegrandautumm we observe low ozone density above the tropesp inversion
layer (~16 km), shown in the upper paneFigure3. The explanation to this phenomenon is
described by Wimer and his cavorkers (Werner et al., 280 The authors havenalysedhe
inter-annual ozone variation based on data sets from ALOMAR, Sodankyla (67.4°N, 26.6°E)
and NyAlesund (78.9°N, 11.9°E) from 1994 and up to 2004. They fimtnmr ozone
maximum near 1-35 km,just above théropopausgeard theabsolute ozone maximum near
17-20 km The maxinais built up by air mass transpoHowever, above laydrom 1315

km chemical ozone destruction, mainly caused by the ¢dalytic cycles dominating This
depleting cycle begins after the polarhtignd intensifies with the increasing day length.
Combined with stratospheric warming during the summer season, the vertical air mass
transport is reduced. Thus, the descent of ozone from higher to lower altitudes weakens
compared to the winter period. @lkemperature inversion is stronger during the summer
period and inhibits the verticatixing of the air The horizontal advection in the upper

11
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troposphere and lower stratospheralsenforced during the summer. The combination of
these mechanisms prazis a layer with a very low ozone density above the troposphere
inversion layer from June/July up to the late autumn (Werner et al., 2008).

At the end of the year, the vortex build up agdnt not before late December 200hen
we cansee typical pravinter ozone values.
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Figure 3: Ozone profiles measured by the ALOMAR ozone lidar and ozone sondes laul
in Sodankyla, Finland, in 2007 (upper panel), 1996 (lower left panel), and in 2004 (lowe
right panel). The black ds at the bottom of the plot mark the times when lidar measuren
were performed, while the red dots mark days where data from ozone sondes launche
Sodankyla were used. Between the individual measurements the data were linearly
interpolated and smaithed with a oneveek median filter.
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3. 0Ozone measurements and trends for 1972007

3.1 Background

In 2007 World Metrological Organisation (WMQO) and UNEP published the Scientific
Assessment of Ozone Depletion: 2006 (WMO, 2007). This report summarizestéhefshe
art with respect to ozone, ozone recovery and UV chaiipesmost relevant conclusions are
briefly summarised below.
Recovery of the ozone layer is a

i, process beginning with a

sl lessening in the rate of decline,
followed by a levelling off and an
eventual increase in ozone driven
by the changes in the
1 concentrations of ozorgepletng

o
Range of projecti

Expected
turn of

Ozone change from pre-1980

g stagoiirun s ] substancedg:igure4 is taken from

3 o 00%s 1 the report and shows a schematic

F ofceons docine 1 diagram of the temporal evolution

b orene ncresses E of global ozone amounts

g ] beginning with prel980 values.

10 om0 Te ————— Endof 21 This represents a time before
Figure 4: A schematic diagram of the temporal significantozonedepletian
evolution of global 0zone amounts beginning wits pr - 0ccurred due to emission of
1980 valuesBodeker and Waug007). anthropogenic ozone depleting

substances (ODS) emissions, and
stopping at the end of the 21st century. Observed and expected ozone amounts is illustrated
by the solid red line and show depletion from-p880 values and thertte stages of recovery
from this depletion. The reshaded region represents the range of observations and model
results for both neaterm and longerm ozone changes. The bisizaded region represents
the time period when declining global ODS concendregiare expected to reach 1980 values.
The full recovery of ozone from ODSs may be delayeddiyralfactors (e.g., a volcanic
eruption that could change the sensitivity of ozone to ODSs.

According to the report the total ozone abundances have noadedrthe last years for most

of the world, and there might be signs of recovery from the mid 1990s. However, it is still
uncertain whether this improvement is actually attributable to the observed decline in ozone
depleting substances. Both data and moslebsv increases in ozone, but the observed

increase at high northern latitude is considerable larger than the model predictions. This
region also exhibits the highest level of natural variability, which again makes the predictions
most uncertain. In the Aarctic the ozone layer continues to reach very low levels in the
spring. In the Arctic and high northern latitudes the situation is more irregular as severe ozone
depletion occurs during springtime in years with low stratospheric temperatures, exemplified
with the different situations in 2005 and 2006. The yearly and seasonal trends are strongly
linked to the spring ozone levels.

The most dramatic ozone depletion has been observed in the Polar Regions, but the detection
of recovery near the poles is difillt. Increase in total column ozone in the Arctic and high
northern latitudes will partially depend on the possible dynamical and temperature changes in
the coming decades, both in the stratosphere as well as the troposphere. Further, the ozone
trendandyses for the high northern latitudes at#l affected by the unusually low ozone

13



Monitoring of the atmospheric ozone layer and natural ultraviolet radiafiéx2433/2008

levels in the mid 1990s following the Mt. Pinatubo eruption. Thus, any upward trend from
this point might be misleading, as the ozone levels were particularly low doein®90s
(illustrated inFigure7 andFigure8). The solar cycle and its peak in 262002 also

contributeto the uncertainty of ozone recovery in our region. These tworfaate often

omitted from the models and can explain the underestimation of the modelled ozone levels
compared to the measurements in this region.

The ozone levels in the Arctic and high northern latitudes will be strongly influenced by
changes irstratopheric temperatures during the next years, and possibly result in delayed
recovery or record low ozone observations. Considerably longer data series and improved
understanding of atmospheric processes and their effect on ozone are needed to estimate
futureozone levels with confidence. Further, anthropogenic changes of the atmdskéere
change in temperature profile, emission of greenhouse gases@kehd increase of
stratospheric water vapour asesultof increase of atmospheric GHnight affectthe ozone
recovery. Whether ozone stabilizes at a higher or lower level than #i8®bdevel is
uncertain. However, the vertical distribution of ozone in the future is almost certain to be
differentfrom the predepleting period.

According to WMO stuis of longtem trends of ozone, as presented inniéve sections3.2
and3.3, are essential in the assessment of the ozone recovery.

3.2 Trends for Oslo 19797 2007

Total ozone measurements using Erason spectrophotometer (No. 56) was performed on a
regular basis in Oslo from 1978 to 1998. The data from this instrument has ‘ex@ucted

and published (Svendby and Dahlback, 2002). The complete set of revised Dobson total
ozone values from Oslg available at The World Ozone Data Cenlttép(//www.mse
smc.ec.gc.ca/woudc/

The Brewer instrument has been in operation at the University of Oslo since the summer
1990. The International Ozone Sengc€anada, calibrated the Brewer instrument in Oslo in
June 2007. In addition, the Brewer instrument is regularly calibrated against standard lamps
in order to check the stability of the instrument. The calibrations show that the Brewer
instrument has beestable during the 17 years of observations. The total 0zone measurements
from the Brewer instrument agree well with the Dobson measurements. However, there is a
seasonal variation in the difference between the Brewer and Dobson instrument that has not
been accounted for in the trend analysis presented here.

Figure5a) shows the variations in the monthly mean ozone values in Oslo from 120@7to

The total ozone values from 1979 to 1998 are from the Dobsouormestt, whereas for the

period 19992007 the Brewer measurements have been used. The large seasonal variations are
typical for stations at high latitudes. This is a dynamic phenomenon and is explained by the
springtime transport of ozone from the souragaes in the stratosphere above the equator.

14
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Figure 5a: Time series of monthly mean toti Figure 5b: Variation in total ozone over
ozone in Oslo 1979007. Oslo for the period 979 2007 after the
seasonal variations have been removed

In order to look at possible ozone reduction for the period 1979 to 2007 we have removed the
seasonal variations by subtracting the loeign monthly means and adding the ldagn

yearly mearvalue, presented iRigure5b). A simple linear regression has been fitted to the

data to obtain a lonterm trend of the ozone layer. The results of the trend analysis are
summarized irmmable3. For spring months a significant negative trend@21% per year is
observed. The comparable value for 12096 wag 0.22%. Thus, the last winter has

changed the annual downward trend slightly. For the winter, summer and fatismant

significant trend areobserved. When all months arensidered significant negative trend

of 10.12% per year is observed above Oslo.

Table 3: Percentage changes in total ozone per year for Oslo for the period 1.1.1979 to
31.12.2007. The numbers in parenthesis gives the uncertaiajy Dhata from the Dobson
and Brewefinstruments have been used in this study. A trend larger thacnsidered to
be significant.

Time period Trend in % per year
Winter: December i February -0.13 (0.11)
Spring: March i May -0.21 (0.10)
Summer: June - August -0.02 (0.05)
Fall: September - November -0.07 (0.05)
Annual -0.12 (0.04)

3.3 Trends for Andgya 1979 2007

The Brewer instrument has been in operation at Andgya since 2000. brithek 1994 to

1999 the instrument was located at Tromsg, approximately 130 km North of Andgya. Studies
have shown that the ozone climatology is very similar at the two locations (Hgiskar et al.,
2001), and the two datasets are considered equally reptesefdathe ozone values at
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Andgya. For the time period 1978994 total ozone values from the satellite instrument
TOMS (Total ozone Mapping Spectrometer) have been used.

Figure6a) shows the variations in theonthly mean ozone values at Andgya from 1979 to
2007. The variations in total ozone at Andgya for the period 120@, after removing the
seasonal variations, are showrFigure6b).

—— Monthly means after seasonal variations are removed
—— Linear trend: -0.02 % +/- 0.05 % per year
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Figure 6 a): Time series of monthly mean  Figure 6 b): Variation in total ozone at

total ozone at Andgya/Tromsg 192007 Andgya for the period 1972007 after the
seasonal variations are removed. Only d
for the months MardtSeptember are
included.

A simple linear regression has been fitted to the dafgure6b) to obtain the trend in the
data set. The result of the trend analysis is summariZgahle4. No significant trends were
observed for Andgya for this time period, and this is the first year that the &engksrdor

all seasons.

Table4: Percentage changes in total ozone per yeaindgya for the period 1979 to 2007.
The numbers in parenthesis gives the uncertaingy. Qata from the Dobson and Brewer
instruments have been used in this study. A trend larger th@@nsidered to be
significant.

Time period ‘ Trend (% per year)
Spring: March i May -0.05% (0.10)
Summer: June i August -0.02% (0.10)
Annual: March i September -0.02% (0.05)
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3.4 The ozone situation in Norway 2007

Table5 gives the percentage difference between the monthly mean total ozone values for
2007 and the longerm monthly valuesBoth Oslo and Andgyare listed in the table

Table5: Percentage difference between the monthly mean total ozone values for 2007 and the

long-term mean for Oslo and Andgya.

Month ‘ Oslo ‘ Andgya
January 2.8 -
February -1.01 7.4
March -0.2 -6.1
April -12.7 -12.8
May <+/- 0.5 1.4
June -2.8 -3.5
July 1.5 -3.0
August -1.7 <+/-0.5
September 3.7 3.9
October -7.2 -8.6
November 0.2 -
December -4.8 -

In 2007 the ozone valu@s Oslo were close to the losigrm mean values for most of the
months with exception®f April and OctoberThese months the monthly mean ozone value
was considerably below the lotgrm mean;12.7 and7.2% respectively. Additionally there
were a period during spring and summer with ozone vahees more than 15% beloweh
long-term meanThis is evident fronfigurel and inFigure13whichincludes GOMEI data
as well. Tkese episodes occurrgdthe end of May and beginning of June.

The percentage difference between yearly mean total ozone and thetomgearly mean is
shown inFigure?. The low values in 1983, 1992 and 1993 are related to the eruption of the
El Chichdén volcano in Mexico in 198hd the Mount Pinatubo volcano at the Philippines in
1991.

Figure7s hows that the | ow ozone values in the 1
negative trends in total ozongote alsahat the yearly meaozone value for 2005 was as

much as 7% lower than the lotgrm yearly mearfor 2007 the annual mean w&s Below

the longterm mean.
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Figure 7: Percentage difference between yearly mean total
ozone in Oslo and the long termayly mean for 19794989

The ozone situation at Andgya was similar to Oslo in 2007. Also here April and October were
the months with the lowest ozone val@d2% and8 . 6 % b el o w dditoraltymal 0) .
there were only two months with ozone levels abbeddng term mean. The episode with
low ozone values during the summer was also evident at Andgya.

The percentage difference between yearly mean total ozone and theriongearly meaat
Andgyais shown inFigure8. For 2007 the yearly mean ozone value vila&% lower than
the longterm yearly mean value for the period 197989 in contradiction to the last yea
were the annual value was %@bove the long term mean.

uilernce /vo

'10 T T T T T
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Figure 8: Percentage difference between yearly mean total
ozone at Andgya and the loteym yearly mean for 1972989
for the months MardtSeptember at Andgya.
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The low ozone values commonly observed in the spring the last decades areragiitect
the stratospheric conditions, and the chloand bromineeompounds emitted by
anthropogenic sources. The polar stratospheric Videaels to chemical ozone destruction
when air masses, quasblated in the polar vortex, are illuminated bylgght. Sunlight
initiates the formation of active chlorine and bromine compoads HCI and HBrpy
heterogeneous chemistry on polar stratospheric clouds (PSC). The active chlorine and
bromine reacts with ozone and results in severe ozone deplet®RSTs are a basis for the
chemical ozone destructions observed in the Antarctica and the Ailogie are two main
types of PSCs, called PSC | and PSC Il. The approximate threshold formation temperature for
type | is 195 K {78°C) and for type II, 188 K-85 °C) and the first observation of PSC type
[l 'in the Arctic was in 2005.

A colder upper stratosphere is a suggested feedback to the increased level of greenhouse gases
in the troposphere.hus, it is important to detesigns of climate changes frattme increased
occurrence of PSCs and particularly the abundance of PSC type Il. Howewdrséneations

of thelatest years clearly manifest the great variability of the ozone layer typical for the

Northern region (WMO, 20Q®Weatherhead and Andersen(B).

To analyzehe variabilityand better explain the observed ozone valweshave assessed the
stratospheric temperature development in 2007 and compared it to previous years.

3.4.1 Stratospheric temperatures (from ECMWF data) and ozone development during
winter 2006/07 and in 2007

Since 1995 vertical profiling of stratospheric temperature, PSCs and stratospheric ozone has

been performed by means of the ozone lidar at ALOMM&Yy different stratospheric

winters have occurred in recent years: warm wintetts very low PSC formation potential

and without noticeable ozone depletion (1998/99, 2001/02, and 200B/@4yinters

1995/96, 1999/00, and 2004/05 were cold winters with high PSC formation potential and with

significant ozone depletion, and a wintdathna very cold early phase and a warm later phase

(2005/06).

The winter 2006/07 can be classified as a cold winter. Low temperaturesessstgnt for a

long time period, butiigher than winter 2004/05, especially in early January. A comparison

of the temperature development above ALOMAR between 1995/96 and 2006/07 at around 20
km altitude is shown ifrigure9. The temperatures during winter 2006/07 are shown as a

green line, and for comparison a typical warmter (2003/04) and a cold winter (1995/96)

are drawn with red and blwslours respectively.

! During the winter there is no sunlight in the Arctic andtsolower stratosphere becomes very cold. Thermal
gradients around the Arctic cold pool give rise to an enormous cyclone that is referred to as the polar
stratospheric vortex. It is in the core of the polar vortices that wiaktel springtime ozone defilen occur.
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Figure 9: Stratospheric tengratures at ca. 20 km altituddove

ALOMAR during the winters 1995/96 and 2006/0tgdeom ECMWF).

The temperature development during the winter 2006/07(green), the cold
winter 1995/96 (blue) and a warm winter (red) are highlighted.

During winter 2006/07 the polar vortex formed already dfi8cember andentredaround

the pole untithe end of January. After that it was displaced toward sunlit areas allowing
catalytic ozone destruction to occur. Temperatures below 194 K were measured from
December 2006 to the end of February 2007. Minor warmings occurred in early January and
in February; a final warming was seen on 10 March 2007. The vortex was split and weakened,
but a bulb of the vortex still persisted in the Arctic in March 31 (Goutail,e2@07).

Significant ozone loss was observed in spring 2007. According to the SAOZ network
measurements, the loss occurred during 2 periods: betwkenand20 Jan. and.0 Feb. and

10 Mar. at a rate of 0.5% per day leading to a cumulative loss of 26%. After that date the loss
stopped. A cumulative ozone loss2@% issmaller than the 30% oérved in 1994/95 and
1995/96 values but larger than thd®%6 observed in winter 1998/99, 2000/01, 2001/02, and
2005/06 (Goutail et gl2007).

Although PSC could have been expected form the ECMWF temperature development above

ALOMAR during winter 2006/@, as shown ifrigure9 (see chapte2.3) none have been
measured by the ozone lidar, which has its main reason in the low observational coverage.
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4. Satellite observations of ozone above Keay and the
Norwegian Arctic region

4.1 Short introduction to ozone observations from space

Nimbus-4 BUV The amount and distribution of

Nimbus-7 SBUV ozone in the stratosphere varies
Nimbus-7 TOMS greatly over the globe mainly
NOAA-9 SBUV-2 controlled by two factors: the fact

NOAA-T1

Meteor-3 TOMS s that the maximum production of

ozonetake place a#40 km height

NOAA-14 _ . i
[cYo] || A — in the tropical region, and
Earth Probe TOMS secondly the large slea
l\écc’:m\;l?w_ stratospheric transport patterns
1977 Amend t of Cl Air Act i i
endmentortiean AlrAC EOS Aura OMI tov_vards the mldg_nd high
GOME-2 =p latitudes. In addition there are

19|70 I 19;30 I 19|90 I 2c;00 qmpsz-o,:o sm all s_cale transport and
vear circulation patterns in the
Discovery of Polar O; Depletion stratosphere determining the daily
ozone levels. Thus, observing

Figure 10: An overview of the various satellites and ~ 0zone fluctuations over just one
their instruments measuring ozone from space since SPotis not sufficient to give a

beginning ofromRABA)O6s ( Fi precise description of the ozone
situation inalarger region.

Satellte observations are filling thegaps. However, satellite observations rely on proper
ground based monitoring as satellites have varying and unpredictabimésedand need
calibration and validation relying on high quality ground based observations. Thus satellite
observations are complementary to ground based observatiwhisoth are highly necessary.

Observations of seasonal, latitudinal, and longitudizahe distribution from space have

been performed over more than 40 years using a variety of satellite instruments. The

American institutions NASA and NOAA (National Oceanic and Atmospheric Administration)
started these observations and later The Europpace Agency also initiated their ozone

programmes. Figure10 givesabrief overview of the various ozone satellite missions
measuring total column ozone since the begin

It is of high interest toxglore the available ozone measurements from satellites
Scandinavian and Arctic region, and compare the results with our gbased observations.
A great benefit of using the satellite data in the annual analysis of the Norwegianayzsne
is theincreased knowledge of the spatial coverddpes will improve the national monitoring
of the ozone layer and the UV radiation as it allows for a better investigation of point
observationse.g.in Oslo and at Andgya. Satellites also make it possiblevistigate the
geographical extent of low ozone episodes during spring and summtieasioly discover
enhancedlV intensity on a regional level. Based on a project jointly financed by The
European Space Agen¢ySA) (http://www.esa.int) and The Norwegian Space Centre
(NRS) (Norsk Romsentenhttp://www.romsenter.npive are now in a position where we can
explore and utilize ozone satellite observations in a better way in the Nationgoring of
the ozone and UV radiation in the future. The project started in October 2007 and the first
results from this work are includedtims report
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4.2 Satellite ozone observations above the Norwegian sitesm 1978 2007

.
600 4 ) Meteor TOMS
Nimbus TOMS -

5504

500 4 .

4504 % L

400 4

350 i3
Y,

Total ozone/DU

It 3
3004 4
2504 3 ¥ &

200 -

150

100

T T T T T T
1980 1985 1990 1995 2000 2005 2010
Year

Figure 11: Ozone observations from satellite overpasses above [@#lpgnel) and Andgy
(right panel). The coloured arrows indicate the various satellites and instruments.

Figurellshows selected oreobservationgrom satelliteoverpasseabove the two
Norwegian ozone sitaa the period from 1972007 Observations above Oslo are shown
in theleft panel, anabservations above Andgya atewn in theight panel. The clors

and the arrowmdicatethevariousdatasources. Data from treatellitesNimbus, Meteor,
Earth Probe, ERZ, Envisat and AURA is includednd heobservationgre based on
measurementgerformed bytheinstrumentsTOMS, GOME, OMI and SCIAMACHY.
More data will be downloaded f@slo in the near future.

4.3 Satellite and ground based ozone observatiosr Oslo and Andgya in
2007

Figure 12 Comparison of ground based total ozone observatiatissatellite ozone
observations. The left panel shosservations fronfOslocompared tazone data frorthe
instrument OMI. The right panel show observations from Andgya compaoedrie data from
OMI and SCHIAMACHYThe lower panel shows the percent difference.

We have compared the ground based oroeasurementsom Oslo and Andgya, as
described in sectiol, with available satellite data for these simsthe year 2007
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