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Preface

Stratospheric ozone plays an important role in the life cycle on Earth due to its ability to

absorb UV radiation fromthesunn t he mid 1970’ s scientists d
containing chlorine and bromine (CF&sd halons) were capable of destroying the ozone

layer (Molina and Rowland, 1974)he attention and debate about the ozone destruction was
further intensified when the Antarctic ozone

The release of CRGases started@und 1950 and increased drastically up to the 1980s. In
1987 a number of countries signEide Montreal Protocolvith the aim of phasing out and
finally stop the release of ozone depleting substar@Bs} In the wake of this treaty it is
important to follow the development of the ozone layer in order to wehisther he

Montreal Protocol and its amendments work as expected. For this, we need daily ground
based measurements at a large number of sites distributed gl@ibaltiie duty devery
industrialised nation to follow up with national monitoring programmes.

In 1990 heNorwegian Environment Agendyhe formerClimate and Pollution Agengy
established the programme *“ Mo nOrigiralytheg of t he
progammeonly includedmeasurements @btal ozone, but in 1998V measurements were

also included in the programme.

NILU - The Norwegian Institute for Air Research is responsible for the operation and
maintenance of the monitoring programme. The purposeegirogramme is to:

71 Provide continuous measurements of total ozone and natural ultraviolet radiation
reachingthe ground

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

1 Provide information on thaatus and the development of the ozone layer and natural
ultraviolet radiation

1 Notify the Norwegian Environment Agenayhen low ozonkigh UV episodes occur.

Personnel and institutions

Several persons and institutions are involved in the operatiomaimenance of the
monitoring programmandprovided valuable contributions to this repoRrof. Arne
Dahlback at th®epartment of Physic&lniversity of Oslg is performingtotal ozoneand UV
measurements Osla Dr. Kare Edvardsen (NILUis responsilg for theUV measurements
and Brewer data at AndayDr. Kerstin Stebel (NILU)s involved inSAOZ analysesn
Ny-Alesund whereas Dr. Cathrine Lund Myhre is involved in measurements of Ozone
Depleting SubstanceBr. Tove Svendbys responsible for the mdtoring programme and
the overall data analys
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1. Summary

In 1987 a number of countries sigrielde Montreal Protocelvith the aim of phasing out and
stop the release of ozone depleting substar@BS) This internationatreatyhas later been
revised several times. Currently,7lf9artieshave ratified the protocalnd effective
regulationshave reduced the use and emissions of ODS significditgtotal amount of
ODS in thestratosphereeached a maximuimn the late 1990andsince tlen the
concentratiors have declined slowly for most compound&Vith a continuing decrease in
stratospheri©DS loadingthe Community Climate Model (CCM) projections suggest that
the dobal annual averaged total ozone columithreturn topre 1980 levelaroundthe

middle of the 2 century

Even if we can see signs of ozone recovery tpidlasy still crucial to follow the development
of the ozone layer in order to verify that the Montreal Protocol @rehiendments work as
expectedlt is also important tdetectpossiblechanges in the ozone layer related to factors
otherthan ODSJike climate change.

The national monitoring programme

In 1990 heNorwegian Environment Ageneyst abl i shed the programme

at mos pher i cFiveyeasherthe grogmmnie was extended'tiMMo ni t or i ng

atmospheric ozone layand natural ultraviolet radiatiGn NILU - Norwegian Institute for
Air Researcthasbeen esponsible for the operation and maintenance of the monitoring
programmesince 1990NILU haslong experience in ozone monitorirend hadeen
carrying out differenstratospheric ozonesearch projecsnce 1979

Due to economiconstraintsthe monitoring program has been varyowgrthe years with
respect to the number of locations and instrumentalrdptated Until 2012,three sites were
included in the programme: Oslo (80, Andgya (69N) and NyAlesund(79 N). In 2013
Andgyawasexcludedrom the programmeébut due to financial support from The Ministry of
Climate and Environment it has been possible to contimegerationand analysis of ozone
and UVmeasurementat AndgyaThis report summarises the activities and results of the
monitoring programmae 2013. In addition,it includestotal ozondrend analyses for the
period 19792013 and UVmeasurements i@slo,at Andgya andn Ny-Alesundfrom 1995 to
2013

Total ozone

In 2013 the total ozone column over Norway was relatively high all year. In Oslo the ozone

level was 7% belovhe longterm meann October, but the November average value was
corresponding highn total, he 2013 annuazonemeanin Oslowas close to the longerm

average. At Andgya all monthly mean values in 2013 were within £6% compared to the long

term mean. The largest negative deviation was seen in Octbl#], whereas the largest
postive deviation occurred in March (+6.0%). In Myesund the ozone level was high all

year. In July and August the monthly mean values were as much as 12% above than-the 1979

1989 average. The high Myjesund values can partly be assigned the fact that Gitdvie
values in general are higher than the satellite retrieved ozone valuegtbased for
calculating the ozone loAgrm mean for the 1979989 periodThe annuainean ozone
values atAndgya andn Ny-Alesundwere aroun®% and6% above‘normal, respectively.

Our monitoring programmand trend analysasdicate thathe minimum ozone levels over
Norwaywerereached in the mid990s During the period9731997,the annual average

of
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ozone layer above Osénd Andgyalecreased byb.8%/decadeandas much as8.4%/decade
during spring. FoNy-Alesundthe decrese waseven larger:6.4%/decade annually
and-11.4%/decade during the spring monthasr the period 9982013, the ozonesituation
seems to have stabilizagid no significant trends have besbservedtany of the three
locations However, large inteannual ozone variations are observed, mainly related to
stratospheric winds and temperatu@snsequently, the calculated trend must be relatively
large to be classified as significant.

Recentstudiesndicate signs of ozone recovarnymostpartsof the world. Howeverthere is
still uncertaintyrelated to tis recovery particularlyin Arctic regions The uncertainty is
caused by the high natu@onefluctuationsin this region(varying ozone transport from
lower latitudes)plusthe influence otlimatefactors e.g.decreasingtratospheric
temperaturegelated to thencrease ofropospherigreenhouse gasoncentrationDuring
winters with very low stratospheric temperatutbs formationof ozone depletingolar
Stratospheric Cloud$E8C3$ will increase and result in low ozone values

UV measurements

The highest UV dose rate in OsI&7ImW/n?, occurred25 June This is equivalent to a UV
index(UVI) of 6.3. At Andgya thénighest UV index in 203 was 4.7 (observe80 June),
whereas the highest UVI My-Alesund 2.7, wasobservedl June These maximum values
are close to normaln Oslo and at Andgya the integrated annuatd#ges in 2013 were
close to the 1992013average. HowevermiNy-Alesundthe 20B integrated UVdosewas
the lowest value ever recorded during the 12 years of observattankbw UVIwasmainly
caused byhe high frequency afloud coverduringthe summerln addition, the total ozone
in Ny-Alesund was high all summesnder clear sky conditions an 1% ozone increase will
give a corresponding 1% reduction of thedd¥se. Neverthelessa thick cloud covewill
have & evenlargereffect on UV.

Satellite ozone observations

Observing ozon#uctuations over just one spot is not sufficient to give a precise description
of the ozone situation in a larger region. Satellite observations are filling these gaps.
However, satellite observations rely on proper ground based monitoring as satelges h
varying and unpredictable life times, and calibration and validation rely upon high quality
ground based observations. Thsestellite observations are complementary to ground based
observations, and both are highly necessary.

Comparisos of ground baedmeasuremeni@ndsatellite datan Osloshowgood agreement
during the summer, veteaghe dfferences e larger in the autumn and winter montis.
Andgya and in NsAlesund the satellite measurements seem to be underestimated by a few
percentAlso, the monthly mean ozone values retrieved from two different satellites can differ
significantly (up to 15%)This demonstrates the importancevalidation againshigh quality
ground based observations

For Norway and the Norwegian Arctic region the ateatellite data providevaluable
information on spatial distribution of ozone and UV radiatatellites also make it possible

to investigate the geographical extent of low ozone episodes during spring and summer and
thereby discover enhanced UV insély on a regional level.
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Satellite observations are carried out in the context of different research projects and
continuation of this useful supplement to ground based monitoring is dependent on funding
from other sources than the National monitogmggramme of ozone and UV radiation.

Coupling of stratospheric ozone and climate

For several decadghe ozone layer has been threatened bydlease omanmade ozone
depleting substanc€é®DSs) Now the expected future recovery of stratospheric ozoigt
bemodified by the effect of climate chang®¥h i | e t he Earth’'s surface
warming in respose to the net positive radiative forcing from greenhouse gas increase, the
stratosphere is expected to cool. Adeslstratosphermight extend the time period over

which PSCsare present in winter and early spring and, as a result, might increase polar ozone
depletion. Furthermore, climate change may alter the strength of the stratospheric circulation
and with it the distribution of oz in the stratospherAdditionally, the catalytic cycles

producing ozone in the stratosphere are temperature depemd more efficient at lower
temperatures.

The atmospheric concentrations of the threedloregl greenhouse gases, &£QHs, and

N20, have increased significantly due to human activities since 1750 and are expected
continue increasing in the 21st centuFfiese continuing increases have consequences for
0zone amountsAn increase igreenhouse gaseas previously discussedill lower
stratospheric temperatures ahdsinfluence PSC formation and stratospheric circulation.
addition, ncreasd concentrations dfl2O will enhancehe catalytic lossnechanisnfor

ozone in the stratosphersso, the oxidation of CHlin the stratospherwill increasevater
vapourand ozone losses in th#Ox catalytic cycle in the stratosphekowever, there is a

very complex coupling between straftheric ozone and climate drivers, and the net effect of
increasedN20 andCHs on total ozonés uncertain

M AIN CONCLUSIONS FROM THE MONITORING PROGR AMME 2013

1 In2013the ozone valuesbove Norwaywere higher or close to the longerm mean all
year.

The annual integrated UMoses in Oslo and at Andya in 2013 were close to the 1994
2013 averageHowever, in NyAlesund the 2013 UMose was the lowest value ever
recorded. The low UMose was caused by cloudy conditions and high ozone values
during the summer.

The decrease in annual values of total ozone during the period 12997 was
5.8%/decaden both Oslo andat Andgya, with the strongest decrease, as large a4 8
%/decade during the spring months.

In Ny-Alesund the annuatotal ozonedecreaseduring the period 19791997 was
6.4%/decade For the spring months the ozone decline was as high ad%ldecade.

Since 1998 there lenot been significantrendsin the ozone layer above Norway.

Meteorological variability has large impact on ozone and can give considerable-iegar
year variations in total ozone.
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2. Ozone measurements in 2B

Total ozonds measuredn a daily basign Oslo (60N), atAndgya (69N) and in
Ny-Alesund 79 N). The daily ground basedzone measuremerits Oslo started in 1978,
whereasnodernground basedzone observations have been perforstedndgydTromsg
and inNy-Alesund sinceéhe mid 1990sThe ozone measurements are retrieved Boawer
spectrophotometers Oslo and at Andgyavhereas £A0Z (Systeme d'Analyse par
Observation Zenita)enstrument is the standard amoinstrument in N3Alesund. Inaddition
GUV (GroundbasedJltraViolet) filter radiometes are located at all thre@esand ca fill in
ozonedatagapson dgs with absent Brewer and SAG@Zeasurement$Ve arealsoanalysing
total ozonedata from various satellites to getmore complete descripti@md understanding
of the ozone situation in Norway and the Arctic region.

Every year he Internatbnal Ozone Services, Canadalibrae Brewerinstrument no42

550
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Daily czone values 2013
Longterm mean 1979-198%
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Figure 1a: Daily total ozone values measured at the
University of Oslo in 208. The red curve shows the

long-term monthlymean values from 197E989.
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Figure 1b: Monthly mean ozone values forl30 The
red curve shows the lortgrm monthly mean values

from 19791989.
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(Oslo) and no104 (Andgya)

against a reference instrumglaist
time inthe summeR013. The
Brewers are alscegularly

calibrated against standard lamps in
order to check the stability of the
instruments. Calibration reports are
available on request.

The GUVinstruments are yearly
calibrated againstBuropean
travelling reference spectro
radiometer QASUME (Quality
Assurance of Spectral Ultraviolet
Measurements in Europe; Grébner
et al, 2010).

In the following sections results
from the gound based ozone

measuremenis Oslo, at Andagya
andin Ny-Alesundare described
and in Chapte4 satellitemeasure
ments from the sites apgesnted.

2.1  Total ozonein Oslo

Figurelaillustratesthe dhily total
ozone valuefrom Oslo in 2A.3.
The black curve shows the bHai
measurementsvhereas the red
curve shows the lonterm monthly
mean values for thgeriod
19791989 (frequently denoted as
“nor mal ” i n tThe
total ozone valuem 2013 are
based omBrewerdirectsun (DS)

curr e
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meaurementsvhen available. In 2IB direct sutmeasurements were performigp out of

365 days.During overcast daysr dayswherethe minimum solar zenith angle wiasger than
72 , the ozone values weoalculated fronthe global irradiancéGl) method (Stamnes et al.,
1991).The Brewer GI method was us&88days.Underheavy cloucconditions(low CLT;

cloud transmittangethe Brewer Gl retrieva give too high ozone values. Thus, a CLT
dependent correctiomasapplied to all Gl data before inclusion in the Oslo datées In

2013 thereweretotally 8 days witlout Brewer DS or Gl measuremerdl,relatedoy bad
weathercondiions. On days withabsenBrewer measurements, ozone canmallybe

retrieved from the GUVb11 instrument, which is located next to the Brewer instrument at the
University of OsloHowever,heavy clouds and bad weatlenditionswill also introduce
largeuncertaintyto the GUV data. Thusit was decided talsoexcludeGUV measurements
theseB days.A summary ofinstrumentsand frequency of inclusion in tf#913 Osloozone
seriesare summarized ifablel. Even if total ozone was retrieved from the GUV instrument
349 out of 36 days, none of the measurements were used in tH&tid@d series sincthe
Brewer measurements were considered a® moccurate.

Tablel: Overview ototal ozonanstrumentsn Oslo and theumber of days where the various
instruments were used in the 3dime series

Total days with

Priority  Method observations

1 Brewer instrument, direct sun measurements 169

2 Brewer instrument, global irradiance method 188

3 GUV-511 instrument 0
Missing days (due to bad weather) 8

As seen fronFigure 1a}here are largdayto-day fluctuationsn total ozoneparticularly

during winter andpring Thelowest ozone values normally occur in October and November,
and theminimumozone valuén 2013 was240 DU*, measure® October This isabout18%
below the longerm mean foOctober On the 27Februarythe ozone valugn Osloreached a
relative mininum of 290 DU, which isaround22% belownormal However, there were no
dramatic long lasting periods of low ozone values in 20h8 apid ozonevariations

observed in the wint&spring ardypically caused bgtratospherievinds and changes in
tropopausédeight

The monthly mean total ozone value013 areshown inFigurelb) and comparetb the
long-term monthly mean values for the j@el 19791989 As seen from the figure the 281
ozone values Oslowereclose tonormalall months Section3.5givesa broader discussion
and interpretation of the ozone situation in Norway ih320

! The Dobson unit (DU) is a unit of measurement of totdlimn ozone in the Earth's atmosphere. One Dobson
unit refers to a layer of gas that would be 10 um thick under standard temperature and.fressuzendayer

in Norwaynormally variedbetween 20 and 50 DU, depending on the seas@m ozone vale of less than 220
DU defines an “ozone hol e”.

9
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2.2 Total ozone at Andgya

The Andgya ozone measurements are no longer a part of the national monitagnagnpe,
but financial support frorthe Ministry of Climate and Environmehés made it possible to
continue the measurementis has been of great importance since the Tromsg/Andgya
ozone time series started back in 388d is the second longest iretvorld.

At Andgyathe total ozone valuege based oBrewerdirectsun(DS) measurements when
available as in OsloForovercast days and days where the solar zenith angle is larger than
80 (sun lower than 10above the horizon), the ozone values are based d@rémeerglobal
irradiance(Gl) method.The Brewer instrument at Andgya (B104aidouble monochromator
MK 111, which allow ozoneneasurements at higher solar zenith angles than the Oslo
instrumentA GUV instrumentwill also provide ozone datéhen the Brewer instrumeist

out of orderor Brewer measuremerase prevented blgad weatheconditions

550

Daily czone values 2013

In May 2013 it was discovered a

0 1 Longterm mean 1573-1383 problem with the 380 nm channel
= 450 on the GUV 9276 instrument at
C] Andgya. The instrument was sent
g 0 to Biospherical Instruments, USA,
80 for repair. Meanwhile a spare
g . instrument, GUV 9280, from The

[E5]
L]
[=]

200

| G
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Figure 2a: Daily total ozone values measured at
ALOMAR, Andgya, in 2@lby the Breweand GUV

instruments (black curveJhe red linds the longterm

monthly mean valudsom 19731989.
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Andgya
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Norwegian Radiation Protection
Authority (NRPA) was installed.
This instrumenhadnot previously
been used fonzone measurements
and the data had to be
homogenized with respect to the
BrewerGl data before inclusion in
the Andgya ozone time series.

Table2 gives an overview of the
different instruments and methods
that were used at Andgya in 2013.
The ozone lidar at Andgya is no
longer in operation, and cee
qguently none ozone measurements
were performed duringinter.

Figure2a) shows daily ozone
values from Andgya in 2BLThe
black curvallustratesthe daily
ozone valueswhereas the red
curve shows the lonterm monthly
mean values for the years 1979

1989. Total ozon&om early
November tanid Februarywasnot
achievablaedue to weak solar
radiation The lowest ozone values
at Andgya normally occun

Figure 2b: Monthly meartotal ozone values for 231
(black curve)compared to the lorterm monthly mea
values for the period 1979989(red curve)

10
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October and November, and tm&nimumozone valuen 2013 was 23 DU, measured

4 October Thiswasabout22% below the longerm mean foOctober.Monthly mean ozone
valuesat Andgya for 203 are shown irFigure2b). For January, November, aDeécember
(polar night) thereverenot sufficient data to calculate monthly meabsmparison between
the longterm mean and monthly mean ozadues in 2013hows that the ozonayerwas
close tonormalall months.Thelargest deviations were found in March and October, where
the monthly averages deviated by +6% &bfb from thelong-term meas, respectively.

Table2: Overview of insuments and methods applied for retrieval of the total ozone at
Andgya in 203.

Total days with

Priority  Method observations

1 Brewer instrument, direct sun measurements 73

2 Brewer instrument, global irradiance method 144

3 GUV instrument 34
Missing days (except polar night period) 0

2.3 Total ozone in NyAlesund

Ny-Alesund is located at a high northern latitude?§Owhich makes it more challenging to
obtain reliable ozone measurements due to weak solar radiation, especially during spring and
fall. Whereas most ozone instruments are based on UV absorption techniques, e.g. the Brewer
and GUV instruments, thi®AOZ instrument in NyAlesundis based omadiation from the

visible part of the solar spectrum. This requires a long pathway through the atmosphere.

N1 L Unstsumentin NyAlesund is located at the observation platform of the Sverdrup

Station of the NorwegiaRolar Institute Measurements started up in 1990 aaglecontinued

until the present time with a few exceptions, one of whichrepair and maintenance of the
instrument during winter 2012011 at LATMOS/CNRAIso, in early October 2013 it was
discovered a temperature failure in the SAOZ instrument, caused by a broken electronic card.
The instrument was sent to LATMOS, France, for re@aidthis resulted irroughly 20days

without SAOZ ozone measurementstime fall 2013.

The SAOZ instrument is a zenith sk -visible spectrometerhereozone is retrieved in the
Chappuis bands (48860 nm)twice per day (sun rise /sun set). Data from the instrument
contribute to the Network of Detection of Atmospheric Cosifpon Change (NDACCHAN
ozone intercomparison shows that different SAOZ instruments are consistent within 3%.

In addition to SAOZ, a GUM41 multi-filter radiometelis used for ozone measurements

when thelUV-radiationis getting stronger in the late spring, summer and early fall. These
measurements have been included in th&2@bne time series from Nilesund.

Comparisons between SAOZ and GUV data during overlapping measuring periods indicate
that the GUVozone datanight be too high during summésoth the GUV and SAOZ
instrument should ideally be compared to a walibrated and accurate ozone
spectrophotometde.g. a Brewer instrument). Due to the SAOZ breakdown in the fall 2013,
more GUV measurements than nolaug included in the 2013 ozone time seriéswever,

the GUV instrument at NyAlesund also experienced a temperature failure in October 2013.
The instrument was sent to NILU/Kjeller for repair. Consequently, there are neither SAOZ

11
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norreliableGUV ozonemeasurements available after 14. October 204Ble3 givesan
overview of the different instrumengsmd methodsised for the 203 0zone serieg Ny-
Alesund No ozone measurements were performed during periods with polar night.

Table3: Overview of instruments and methods applied for retrieval of the total azdhe
Alesund2013.

550

Priority  Method
1 SAOZ instrument
2 GUV instrument

Missing days (~10 days in October)
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lan Feb Mar Apr May lJun Jul Aug Sep Oct Nov Dec

Figure 3a: Daily total ozone values measured\y-
Alesundn 2013 by theSAOZ and5UV instruments
(black curve)The red linas the longterm monthly
mean values from 19732989.
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Figure 3b: Monthly meartotal ozone values for 23
(black curve)compared to the lonrterm monthly mear percentsee Sectiod.?2).

values

for the period 1978989(red curve)

12

Total days with
observations

68
181

11

Figure3a shows daily ozone
values from NyAlesund in 203.
The black curvdlustrates the
daily ozone valugsvhereas the
red curve shows the lortigrm
monthly mean values for the years
19791989 calculatedrom

TOMS (Total ozone Mapping
Spectrometeryatellite dataTotal
ozone values duringinter
(November tamid February)are
not achievablelue to absence of
sunlight Similar to Oslo and
Andgya, the lowest ozone values
in Ny-Alesund normally occur in
October and November, and the
minimumozone valuen 2013 was
242DU, measure@8 September
This is aboutLl4% below the long
term mean foSeptember

Monthly mean ozone valués
Ny-Alesundfor 2013 are shown in
Figure2b). Comparison between
the longterm mean and monthly
mean ozone values for 2Bshows
that the ozone values weabove
the longterm mearall months It
should be kept in mind thatlarge
fraction of theozone
measuremenis based on the
GUV instrument, which might
overestimate ozone by a few
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3. Ozone measurements anttends 1979 2013

3.1 Background

3.1.1 Statusof the ozone layer

Since the beginning of the 1990s Wverld Metrological Organisation (WMO) andhited
Nations Environment ProgramnidNEP) have regularlyublished assessmentepors of
ozonedepletion The lasteport,” Scientific Assessment of Ozone Depletion1@Q was
published in March 2011 (WMO, 20118 new report will available in spring 201%hese
repors summarizehe currenknowledgeand statusf the ozondayer, ozone recoveryV
changesdevelopnent of relevant trace gasesd.halocarbonschlorineandbromine) in the
atmosphereThe most relevant conclusiomsthe 2011 reporre briefly summariseith this
section

Recovery of the ozone layer is a process beginning witgteeasén the rate of decline,
followed by a levelling off andinally anincrease in ozone driven by the changes in the
concentrations of ozorgepleting substances.
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Figure 4: Total ozoneat latitudes60°Nto 60°Sfor the periodl960to 2100 (the »axis is
not to scale). The thick red line is a representation of the ozone amounts observed tc
and projected for the future. The retladed region represents the model results predict
for the future. The 1980 ozone level benchmsishown as the horizontal line. The dash
thick greyline represents the 1960 level$e threestagesof decline, onset of ozone
increase, and recovemre shown by dashegteenellipses(Figure from WMO, 201).

Figure4 is taken from th€01lassessmemeport and shows a schematic diagram of the
temporal evolution oflobal 0zone amounts beginning with {i1@80 values. This represents
a time before significant ozone depletion occurred due to emissantlobpogenic ozone
depleting substances (OPShe thin blackcurverepresents ground based observations
averaged oveBOXS-60xN, whereas th#hin coloured curves represent various satellite
observationsThe thick red line is a representation of the @zamounts observed to date and
projections for the future, whetkree stages aizonedecline levelling off,andrecoveryare
marked by the green dashed ellipses. Theshedled region represents the model predictions

13



Monitoring of the atmospheric ozone layer and natural ultraviolet radidimmial report 2013 (M201/2014)

for the future. It is worth notopthat the range is rather large and that both an tnedevery

and a-r‘exwperry” are possible. Because of fact
the future could easily go above the valuesweae present in the 1980s or even the 1960s
("super-recovery"). This is not recovery from the influence of ODSs but due to other factors,
primarily changes in COTherefore, the term "supeecovery" differs from references to

recovery from ODSorced ozone depletion.

The 2006 Assessment (WMO, 2007) showed that the globally averaged total ozone column
stopped declining around 1996, meeting the first criteria in the stage of recovery. The next
decades the ozone layer is expected to increase as a result of continugsedadddSs.
According to the lashssessment report (WMO, 201the total global ozone amount has not
started to increase yet, but has been fairly stable the last yeaes/éfage total ozone for the
period 20062009 remain at the same levelfasthe 19962005period i.e. roughly 3.5% and
2.5% below the 1964980 averages for 90280°N and 60°S60°N, respectively.

The most dramatic ozone depletion basurredn the Polar Regionghese regionalso

exhibit the highest level of natural variabtyliwhich makes the predictions of recovery more
uncertain. In Antarctig the ozone layer continues to reach very low levels from September to
November. In the Arctic and at high northern latitudes the situation is more irregular as severe
springtime ozoneepletion usually occurs in years where the stratospheric temperatures are
low, exemplified with the different situations apring 202 (high ozone values) and the

record minimum levels ispring2011 (not a part of the WMO report).

In the Arcticregion the rate of recovery will partially depend on possible dynamical and
temperature changes the coming decades, both in the stratosphere as well as the troposphere
The Arctic winter and springtime ozone loss between 2007 ariiz&lbeen variable, bu

has remained in a range comparable to the values prevailing since the earlyitgi0s.
predictions indicate that the evolution of ozone in the Arctic is more sensitive to climate
change than in the Antarcti€he projected strengthening of the stratwsyc circulation in

Arctic is expected to increase lower stratospheric ozone transport and speed up the return to
1980 levels.

The ozone levels in the Arctic and high northern latitudight alsobe influenced by

changes in stratospheric winter temperes during the next yeansower stratospheric
temperatures wilpossibly result in delayed recovery or record low ozone observations due to
formation of PSCsConsiderably longer data series and improved understanding of
atmospheric processes and théfiee on ozone are needed to estimate future ozone levels
with higher confidence.

Studies of longerm ozone trend, presented in the next sections, are essential in the
assessment of possible ozone recoaeidfor gainng more information about atmospheric
processes.

3.2 Trends for Oslo 19791 2013

Total ozone measurements using the Dobson spectrophotometer (N@répgmormed on

a regular basis in Oslo from 1978 to 1998. The complete set of Dobson total ozone values
from Oslo is available at The World Ozone Data Centv®UDC (http://www.mse
smc.ec.gc.ca/woudc/Since the summer 19%Yewer instrumento. 42has been in
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operation at the Univeityi of Osla The entire sedf Brewer DS measurements from Okks
also beersubmitted torhe World Ozone Data Centre

Overlapping measurements of Dobson and Brewer total ozone in Oslo from 1990 to 1998
have shown that the two instruments agree,well therds asystematicseasonal variation in
the difference between the two instrumeiiitsus, a seasonal correction functloas been
applied to the entire Dobson ozone time series from 1978 to 1998. The homogenized Oslo
time seriedias beemised in all ozone analyses preseritettis report

500

Figure5a shows the variations in
a0 monthly mean ozone valuasOslo

= for the periodl979 to 2Q3. The
8 %00 1 large seasonal variations are typical
. for stations at high latitudes. This is
8 a dynamic phenonm®n andcan be
8 200 - explained by the springtime
250 transport of ozone from the source
Oslo regions in the stratosphere above

200 T
1978 1982 1986 1990 1994 19593 2002 2006 2010 2014
Year

the equator.

In order to make@zonetrend
Figure 5a: Time series of monthly mean total ozone analyses for thperiod1979-2013

Oslo 19792013. we have removed the seasonal
variations by subtracting the long
100 term monthly meanzone value
e | — Manthly mean after s=asonal variations are removed from the data serieshown in
Linear trend 1879-1957 and 1598-2013 FigureSb_ Next’ we have divided
5 2 the time series into two periods: 1)
2 =1 ! 19781997, and 2) 198-2013. For
RER Ty L | Vs ALNAR AL W the first time period thezone
52 TR 1 L '1 measurementsereentirely derived
. ‘ from the Dobson instrument and
) reflect a time period where a
= gradual decline in stratospheric
-100

1978 1982 1536 1990 1994 1993 2002 2006 2010 2014 Ozone_ was Qbserved_at most mld
and high latitude stations. The

Year .
i L second periothasbeenbased on
Figure 5b: Variation in total ozone over Oslo for the Brewer measurements, with

period 19792013 after the seasonal variations have jnclusion ofsomeGUV measure
been removedrend lines aranarkedin red. ments. For the two time periods

simple linear regressidmes have
been fitted to the data describdrendsin the ozone layer above Oslo. The results are
summarized imable4. The number#n the tablerepresent seasonal and annual percentage
changes in total ozor{per decadgfor the two time periods. The numbers in parentheses g
the uncertainty (4) in percenfdecadeA trend larger than22is consideredignificant.In
winter and spring the ozone variability is relatively large and the corresponding ozone trend
must be large in order to be classified as statistical significan

The second column ihable4 indicates that &arge ozone decrease occurred during the 1980s
and first half of the 1990&or the period 1972997 there was a significant decline in total
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ozone for all seasons. For theter and spring the decrease was as largé.a%%/decade
and-8.4 %/decade, respectiveljhe negative ozone trend was less evident for the summer,
but nevertheless it was significanta2s level.

For the period 1992013 the picture is different. Tére are substantial annual fluctuati@msl

one should be cautious to draw any definite conclusions about trends. Nevertheless, the
regression analysis gives a good indication of the status of the ozone layer for recent years. As
seen from the last colunn Table4 none of the trend results are significant tsdeel. For
thesummerperiodthereis an ozone decline e1.1% /decade during the lash Years,

whereas the trend is 226/decade for the falllhe annual ozone trend from 1998 to 2GL

close to zero.

Table4: Percentage changes in total ozone gecadeor Oslo for the period 1.1.1979 to
31.12.203. The numberms parenthesis gives the uncertaintys}in percent. Data from the
Dobson and Brewanstruments have been used in this study. A trend larger thas 2
considered to be significant.

Season Trend (% /decade) Trend (% /decade) 1998-
1979-1997 2013

Winter (Dec i Feb) -6.2 (2.4) -0.5 (2.6)
Spring (Mar i May) -8.4 (1.4) 0.0 (2.2)
Summer (Jun'i Aug) -3.4 (1.1) -1.1 (1.2)
Fall (Sep i Nov) -4.3 (1.0) 2.2 (1.4)
Annual (Jani Dec): -5.8 (1.0) 0.2 (1.3)

3.3 Trends for Andgya 1979 2013

The Brewer instrument has been in operation at Andgya since 2000. In the period 1994 to
1999 the instrument was locatedTromsg, approximately 130 km North of Andgya. Studies
have shown that the ozone climatology is very similar at the two locationsk@t @it al.,

2001), and the two datasets are considered equally representative for the ozone values at
Andgya. For the time period 1978994 total ozone values from the satellite instrument
TOMS (onboard Nimbus 7 satellitbave been usddr the trend stdies

Figure6a shows variation in the monthly mean ozone values at Andgya from 19783to 20
The extreme February 2010 valgeseen as high peakin the plot.The variations in total

ozone at Andgya for the period 192913, after removing the seasonal variations, are shown
in Figure6b togethemwith the annual trersl October— February months are not included in
the trend analysis due to lack of data and uncertain aetmevalsduring seasons with low
sun. $mple linear regressiolneshave been fitted to the data Figure6b. Similar to the

Oslo site we have chosen to divide the ozone time series into two periods: 1987 and

2) 19982013. The resuls of the trend analys aresummarized ifTable5. Comparisorof
Figure5b andFigure6b shows thatitetrend patternat Andgya have many similarities to the
Oslo trend pattern.
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550 As for Oslo, the ozone layer above
500 | | Andeyal Andgya declined significantly from
5 1979 to 1997. This decline is
g 4501 evident for all seasons. The
g 400 - negative trend for the spig season
N was as large a8.4%/decade,
g 3501 whereas the negative trend for the
F 300 - summer months wa.8%/
250 - decade. The yearly trend in total
- ozone wasb5.8%/decade. In

contrast, no significant trends were
observed for the second period
from 1998 to 203. Forthelatter
period & ozoneincreaseof
0.5%/decade wasbservediuring
spring whereas &rend 0f-0.4%/

1978 1982 1986 1990 1994 1998 2002 2006 2010 2014
Year

Figure 6a: Timeseries of monthly mean total ozone &
Andgya/Tromsg 19792013.

0 —— Maonthly mean after seasonal variations are remaoved decadevasfound for the summer
75 Linear trend 1979-1997 and 1998-2013 months The annual trend for the

- 50 - period 1998013 was
2 | 0.5%/decadeNone of thesérends
. aresignificant at eithells or
8 . 2s significance level.
'E 53 -

=75 Andgya

-100 t t t t t t t t

1578 1982 1935 1990 19594 1993 2002 2006 2010 2014
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Figure 6b: Variationsin total ozone at Andgya for the
period 19792013 after the seasonal variatiorsse
removed. Only data for the months Mar8eptember
are included.

Table5: Percentage chages in total ozone per decadefatdgya for the periods 479
1997, and 2) 1998013. The numbers in parenthesis gives the uncertairgy. @ trend
larger than % is considered significant. Data from the Brevaed GUVinstruments have
been used in this study.

Trend (% /decade) Trend (% /decade) 1998-
s 1979-1997 2013

Spring (Mar i May): -8.4 (1.5) 0.5 (2.2)
Summer (Juni Aug): -2.8 (0.9) -0.4 (1.3)
Annual (Mar i Sep): -5.8 (1.0) 0.5(1.4)
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3.4 Trends for Ny-Alesund 1979i 2013

The first Arctic ozone measurements started in Svalbard more than 60 years ago. In 1950 a
recalibrated and upgraded Dobson instrument (D8) was sent to Longyearbyen, and Sgren
H.H. Larsen was the first person who performed ozone measurements in polar regions
(Henriksen and Svendby, 1997).

550 Larsen studied the annual ozone
00 | | Ny-Alesund cycle, and his measurements were
5 of great importance when Gordon
%0 M.B. Dobson and his eworkers
§400 went toAntarctica(Halley Bay)
S350 \ some years later.
©
=300 A Regular Dobson ozone
250 1 measurements were performed at
1978 1982 1986 1990 1994 1998 2002 2006 2010 2014 pheen reana|yzed and pub“s[’md
Year Vogler et al. (2006)After 1962
Figure 7a: Time series of monthly mean total ozone only sporadic measurements were
Ny-Alesund1979 2013. performed in Longyearbyebut
after the instrument was moved to
100 Ny-Alesund in 1994 more
- I".-_h:urlthh,' mean after ssasona) variations are removed systematic measuremenntmk
Linear treng 1878-1%57 and 355 8-2013
- place HowevertheDobson

instrumens require manual
operation and it soon became more
convenient to replace the manual
instrument with the more automatic
SAOZ and GUVinstruments.

Total ozone (DU)
=]

Ny-Alesund

The ozone measurements presented

=100 t t t t . . .
1978 19m 1sss 190 194 1sss 20m 2006 2010 2014 IN Figure7a andrigure7b are

Year based on a combination of Dobson,
SAOZ, GUV and satellite
measureents. br the yeard979
to 199 the monthly mean ozone
values are entirely based on TOMS
Nimbus 7and Meteoi3 overpass
data.For the latest 2yearsonly ground based measuremeatsused: Dobson data are
includedwhen availableSAOZ data are the next priority, whereas GUV data are used when
no other ground based measurements are available.

Figure 7b: Variations in total ozone aNy-Alesund ér
the period 19762013. Only data for the months Marict
September are included.

As seen fronfFigure7b andTable6 the trend patterin Ny-Alesund has many similarities to

the Oslo and Andgya trend series. A massive ozone decline was observed from 1979 to 1997,
espeially during winter and spring. Theegative trend for the spring season was as large
as-11.4%/decade, whereas the negative trend for the summer months wds@lgecade.

The annual trend in total ozone wésA%/decade during these years. In cohtras

significant trends were observed for the second period from 1998 30 20fing this period

an ozone decrease ®1%/decade was observed for the spring mgnilereas a trend of
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+2.3%/decade was found for the summer months. The annual trer fpetiod 1992013
was 06% /decade. None of these results are significant at disher 2s significance level.

Table6: Percentage changes in total ozone per decade iAlNsund for the periods
a) 19791997, and 2) 1998013. The numbers in parenthesis gives the uncertairgy @
trend larger than 2 is considered significant.

Season Trend (% /decade) Trend (% /decade) 1998- '
o 1979-1997

Spring (Mar i May): -11.4 (1.8) -0.1 (3.0)
Summer (Juni Aug): -1.0 (1.3) 2.3(1.5)
Annual (Mar i Sep): -6.4 (1.1) 0.6 (1.9)

3.5 The overall ozone situationfor Norway 2013

No long lasting periods of low ozone values were observed at the three Norwegian sites in
2013. In Oslo andt Andgya the monthly measzonevalues wereclose to nanal all montls,
whereas the monthly mean ozone values irANgsund were above the lotgrm mean

Figure8, Figure9 andFigure10 show thepercentage difference between yearly mean total
ozone and the longermyearly mearfor all years froml979 to 20B. The low values in 1983
and19921993aremost likelyrelated to the eruption of the EI Chichdn volcano in Mexico in
1982 and the Mount Pinatubo volcano at the Philippines in 484, the lowozonevalues

in 2011canclearlybeseen

=
=]

COslo

Difference, %
- T R A

-10 -
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Figure 8: Percentage difference between yearly mean total ozone in Oslo anddterion
yearly mean for 1979989.

Table7 gives the percentage difference between the monthly mean total ozone values for
2013 and the longerm monthlymeanvaluesfor thethree Norwegian sitegor Oslo the

ozone level waabout7%b e | ow “ nQ@ctolmeg but the Novembarerage valuaas
correspondindpigh. As seen fronFigure8 the 2013 yearly mean was very close to zero in
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2013.At Andgya allmonthly mean values in 201@re within 6% compared to the lorg

term meanThe largest negative deviation was see@atoker (-5.3%), whereas the largest
positive deviation occurred iarch (+6.0%). In Ny-Alesund the ozonkevel washigh all

year. InJuly andAugust the monthly mean valsieereas much ad42% abovethan the 1979
1989 average. As noted in SectiBthe high NyAlesund values can partly be assigned the
fact that GUV ozone values in general are higher than the satellite retrieved ozon¢hatlues
have been used for calculatitige 0zonelong-term mearfor the 19791989 period.

=
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Andgya

Difference, %
I R N T SR - "

-10
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Figure 9: Percentage difference between yearly mean total caohedgya and the long
term yearly mean for 1979989 for the months MareBctober

Again, omparison ofigure8, Figure9 andFigure10 shows that the ozone patterns at the

three Norwegian sites have several similarities. At all sites high ozone values were measured
in the end of the 1970s and in 204ifd 2013 Also, all sites had record low o0zone values in

1998 (around 9% below the lortgrm mean) and in 2011 (roughly 6% below the ttergn

mean).

10

Ny-,alesund

Difference, %
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Figure 10: Percentage difference between yearly mean total arodg-Alesundand the
long-term yearly meanalue (9791989average) Ozone valuesdm March toOctober
areincludedin the calculations
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Table7: Percentage difference between the monthly mean total ozone veRMS8 and the
long-term mean for OsloAndgya and NyAlesund

Oslo (%) Andgya (%) Ny-Alesund (%)

January 8.0

February -2.6 4.1 8.7
March -0.9 6.0 4.9
April -1.1 2.6 1.8
May -4.3 0.3 7.0
June 3.7 -0.7 8.3
July -2.3 4.1 11.5
August -0.6 2.5 12.7
September -3.0 -1.1 3.1
October -7.1 -5.3 5.2
November 6.9

December -3.6

The annual mean ozoralues weralso high in 2013, and the valuesfatdgya andn Ny-
Alesundwere aroun®% and6% above longterm meanrespectively.
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4. Satellite observations of ozone above Norway and the

Norwegian Arctic region

Satellites camever replace our ground based ozone monitoring network, but they give a very
important contribution to the global ozone mapping. For Norway and the Norwegian Arctic
region the use of satellite data will provide valuable information on spatial distrimftio

ozone and UV radiatiorBatellites also make it possible to investigate the geographical extent
of low ozone episodes during spring and summer and thereby discover enhanced UV intensity
on a regional level. Based amproject SatMonAirll, jointly financed by The Norwegian

Space Centre (NRS, Norsk Romsenter) and NILUweeein a good position to explore and

utilize ozone satellite observations in the National monitoring of the ozone and UV radiation

in 2013 Some results from the activities withiretBatMonAirll projectare included in this

report.

4.1 Short introduction to ozone observations from space

Nimbus-4 BUV
Nimbus-7 SBU\——
Nimbus-7 TOMS

NOAA-9 SBUV-2
NOAATT mmm—
Meteor-3 TOMS s
NOAA-14
GOME
Earth Probe TOMS

NOAA-16 =

SCIAMACH Yo
EOS Aura OM| =
GOME-2 =p
L 1 1 1 1 1 1

1977 Amendment of Clean Air Act

QMPS —»

1970 1980 1990 2000

Discovery of Polar O; Depletion
Year

The amount and distribution of
ozone in the stratosphere varies
greatly over the globand is

mainly controlled by two factors:
the fact that the maximum
production of ozone takes place at
40 km height in the tropal region,
and secondly the large scale
stratospheric transpdiom the
tropicstowards the midand high
latitudes. In addition there are
small scale transport and
circulation patterns in the
stratosphere determining the daily

Figure 11: An overview of the various satellites anc ©Z0ne levels. Thusbserng

their instruments measuring ozone from space sinc 0Z0ne fluctuations over just one
thebegi nning of 19706s ( spot is not sufficient to give a
precise description of the ozone

situation in a larger region.
Satellite observations are filling these gapewever, satellite observations rely on proper
ground based monitoring adaidites have varying and unpredictable life times, and
calibration and validation rely upon high quality ground based observations.sakeltite
observations are complementary to ground based observations, and both are highly necessary.

Observations of seasonal, latitudinal, and longitudinal ozone distribution from space have
been performed i n c e t usiag ava&@iéty0of satellite instruments. The American
institutionsNASA (National Aeronautics and Space Administratiand NOAA (National
Oceanic and Atmospheric Administration) started these observaiwhsateESA (The
European Space Agenayitiated their ozone programmedsgurell gives an overview of

the various ozone measuring satellites and the& of operation
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4.2 Satellite ozone observations above the Norwegian sites 992013

In the course of the last 35 years several satellites have provided ozone Natavéy. The
mostwidely usednstrumentdave beeTOMS (onboard Nimbug satellitg, TOMS
(onboardVieteor3), TOMS pn Earth Probe), GOME lbh ESR2), GOME2 (on MetOp),
SCIAMACHY (on Envisat), and OMIgnboardAura). In the 19809 OMS Nimbus 7 washe
only reliablesatellite bore ozone instrumernh space but the last decades overlapping ESA
and NASA satellite products have been available. Also, diffeamteretrievalalgorithms
have been usealver the yearswvhichhavegraduallyimproved thequdity and confidence in
the ozone dat&orrections for instrumental drift anddreased knowledgef ozone
absorption cross sections datltude dependeratmospheric profiles havmproved thedata
quality, especially in the Polar region

There might be relative large differences betwgreund basedtheasurementand satellite
retrieveddataon a dayto-day basisIn addition there are often differendestween the
various satellit@zone productfor overlapping time period3.he differenes have regional,
seasonal and systematiature.

The monthly mean ozone values from ground based (GB) measurements and satellites are
analysed for the full period 1978D13. Figure12 showsthe percentage GBatellite

deviation in Oslo (upper panel), at Andgya (middle panel) and iAlssund (lower panel)

for different satellite products. Monthly mean ozone values are calculated from days where
simultaneous ground based and satellite data@waailable. The most surprising finding is that
the monthly mean ozone deviation between two different satellites can be up to 15%, e.qg. in
December 2004 where OMI measured 328 DU and SCIAMACHY measured 380 DU, a
difference of 52 DU. The ground base@®er observation was 329 DU this month, which
was close to the OMI ozone value.

Table 8 gives an overview of the average deviations betwgemundbased ozone
measurements andarious satellite data productstogether with standard deviations and
variance for OslpAndgya and NyAlesund For Oslo,ozone values fronTOMS, OMI and
GOME Il seem to be slightly underestimated, whereas GOME | and SCIAMA@HY to
overstimatehe ozone. For Andgya all mean satellite values are lower than the ground based
observations. The same is the case inRf\gsund, except from SCIAMACHY which has a
large negative bias during early spring and late fall whichsgimeverall annual average ozone
value higher than the ground basedanvalue. For NyAlesund, all satellite retrieved ozone
values are lower than the ground based measurehatiig summer. As seen from

Figurel2 (lower panel), the GB measurements are typica®p« higher during the summer
months. This might be caused by overestimated GUV ozone values, but canatsibited

to uncertain satelkt retrievals at high latitudes. Comparisons to other ground based
instruments, preferably Dobson or Brewer measurements, will give a better insight to this
problem.
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Figure 12 Difference between ground based (GB) and satellite retrieved monthly mean ozon
values fronl979to 2013 (Oslo) and 19952013 (Andgyaand NyAlesund. Deviations(GB minus

satellite valuesare given in %. Upper panel: Oslmiddlepanel: Andgyalower parel:
Ny-Alesund
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Table8: Average deviations in % between ground basstisatelliteretrievedmonthly mean
ozone valuegsdm Oslo and Andgy&aStandard deviation and variance are also included.

Oslo

Instrument ” i ” St. Dev ~Variance
TOMS (Nimbus 7) Nov-78 May-93 1.35 1.88 3.53
TOMS (Earth probe) Jul-96 Dec-05 0.96 1.60 2.56

oMl Oct-04 Dec-13 0.96 1.35 1.82
GOME | Mar-96 Jul-11 -0.85 2.42 5.84
GOME I Jan-07 Dec-13 0.80 1.80 3.24
SCIAMACHY Jul-02 Apr-12 -2.07 4.43 - 19.63
Andgya

Instrument Period Mean St. Dev Variance
TOMS (Earth probe) Jul-96 Dec-05 1.71 2.86 8.18

oMl Oct-04 Oct-13 2.59 2.02 4.06
GOME 1 Mar-96 Jul-11 1.42 2.78 7.74
GOME 2 Jan-07 Dec-13 2.02 2.00 4.00
SCIAMACHY Jul-02 Apr-12 0.30 2.37 5.61
Ny-Alesund

Instrument Period St. Dev Variance
TOMS (Earth probe) Jul-96 Dec-05 3.26 2.57 6.60

oMl Oct-04 Dec-13 2.55 4.22 17.81
GOME 1 Mar-96 Jul-11 1.18 3.78 14.30
GOME 2 Jan-07 Dec-13 3.15 3.47 12.05
SCIAMACHY Jul-02 Apr-12 -0.67 4.86 23.61

Therearealso clear seasonal variations in the deviatimtsreen GB ozone and satellite
retrieved ozone values, especially in Oslo andigsund. For example, SCIAMACH
systematically overestimat®zone values during periods with low sun. This gives a very

high standard deviation and variance for the &BAMACHY deviationfor Oslo and Ny
Alesund. The high SCIAMACHY winter values are visualized by the light blue columns/lines
in Figure12. In contrast the OMI ozone values are close to the Brewer measurements in Oslo
all year, giving a variance of only8 (seeTable8). The GBROMI variance in NyAlesund is

as high as 18, whereasGB-GOME Il hasa variance of 2.1. This might indicate that GOME

Il is more accurate at high latitudes. It can also be notedhib&B-SCIAMACHY variance

is muchsmaller at Andgyé#han in Oslo. This is probably caused by the fact thafraond
basedneasurements are performed in December, January and most of November and
February. Thus, the months with largest uncertainty aridnae are omitted from the
comparison.
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5. The 5" IPCC report: Climate and Ozone interactions

Changes to the ozone layer will affect climate through the influence on the radiative balance
and the stratospheric temperature gradiéntgirn, dimate change W influencethe

evolution of the ozone through changes in transport, chemical composition, and temperature
(IPCC, 2013)Climate change and the evolution of the ozone layecoupled and

understanding of the processes involved is very complex as ohdmy interactions are nen
linear.

Radiative forcing (RF)is a useful tool to estimate the relative climate impacts due to
radiative changes. The influence of external factors on climateedamwadly compared using
this concept. Revised globalerage radiative forcing estimates from $#dPCC report
(ARDS) are shown ifrigure13 (IPCC, 2@.3). The estimaterepresent changes in energy
fluxes, caused by various drivens,2011 relative to 1750 his figure is slightly more
complex than the corresponding representatinrprevious IPPC reports (el§CC, 2007),
since it shows howmitted compounds affect the atmospheric concentration of other
substances

The totalradiative forcing stimated from ozone changes is 0.35W/ with RF due to
tropospheric ozone changefs0.40 Wm?, and due to stratospheric 0zone change€df5
W/m?. TheoverallRF best estimates for ozoisadentical with the range in ARgprevious
IPCC report)Ozone is not emitted directly into thémosphere but is formed by
photochemicateactions. Tropospherazone RF is largely attributed to anthropogenic
emissions of methar(€Ha), nitrogen oxides (NOx), carbon monoxide (CO) and-non
methanevolatile organic compounds (NMVOCSs), while stratospheric ozones RBminated
by ozone depletio from halocarbons.

In total, OzoneDepletingSubstances@DS; Halocarborjscause ozone RF eD.15 Wm?2,
On the other handdpospheric ozone precursors caosene RF of 0.50V/m?, someof
which is in thestratosphere. This is slightlgrger tharcomparingvalue fromARA4. There is
alsorobust evidencéhat tropospheric ozone has a detrimental impact on vegetation
physiology, and therefore on its @Qptake, but there is a low confiderme quantitative
estimates of the RF owing to this indirect effect.

Stratospheric ozone is indirectly affected by climate change through changes in dynamics and
in the chemical composition of the troposphere and stratosphere (Denman et al., 2007). An
increase in the greenhouse gases, especiallyv@Dwarm the troposphere armabol the
stratosphere. In general a decrease in stratospheric temperature reduces ozone depletion
leading to higher ozone columidowever, there is a possible exception in the Polar Regions
where lower stratospheric temperaifead to more favourable conditions for the formation

of more PSCs. These ice clouds are formed when the stratospheric temperature gets below
78°C. Chemical reactions occurring on the PSC surfaces can transform passive halogen
compounds into active chioe and bromine and cause massive ozone destruction. This is of
particular importance in the Arctic region (WM@011). It should also be mentioned that

ozone absorbs UV radiation and provides lileating responsible for the observed

2 Radiative forcing is a measure of the influence a factor has in altering the balance of incoming and outgoing energy in the
Earth-atmosphere. It is an index of the importance of the factor as a potential climate change mechanism. It is expressed in
Wm2 and positive radiative forcing tends to warm the surface. A negative forcing tends to cool the surface.
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temperature profilel@ove the tropopause. Changes in stratospheric temperatures, induced by
changes in ozone or greenhouse gas concentrations will alter dynamic processes.
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Figure 13 Radiative forcing estimates in 2011 relative to 1750 and unceraifor the main
drivers of climate change. Values ajiebal average radiative forcing, partitioned accordin
to the emitted compounds or processes that result in a combination of drivers. The best
estimate®f the netradiative forcing are shown as black diamonds with corresponding
uncertaintyintervals; the mmerical values are provided on the rigiftthe figure, together
with the confidence level in the net forcing (WMery high, Hi high, M1 medium, i low,
VLT very low)

A long-term increase in stratospheric water contexst been observed since the second half of
the 2" century Thiswill influence on the total ozone colunas stratospheric water vapour is
among the main sources of OH in the stratospl@keis one of the key species in the

chemical cycles regulating the ozone levels. There are several sources for stratospheric water
where CH is the most important. Otherater vapousources are volcanoasd aircrafts, as

well asnatural and anthropogi biomass burninghich indirectly can influence on

stratospheric moisture through cloud mechanisms (Andreae et al., ROO®B5" IPCC

reportit is estimated thahe increase in stratospheric water vapour resulting from
anthropogenic emissions ofethane (Ch) has a positiveadiativeforcing of 0.07 W/m(see
Figurel3). This is consistent with the results from AR4. The impact of methane on ozone is
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very complex, but according to AR5 increased ozone concentragisuising from increased
methane emissiorttabutes to a radiative forcing of 0.24 W/m

The evolution of stratospheric ozone over the next decades will to a large extent depend on the
stratospheric halogen loading. Halocarbons play a double role in the-dizoate system.

They aregreenhousgasesand contribute to a stronpsitive radiative forcingf 0.36 W/n#

(IPCC, 2013)In addition chlorine and bromine containing compoupttsy a key role in ozone
destruction processes. Since ozone itself is an important climate forcer, less ozon@ means
negative radiativdorcing. In total, thepositive RFfrom halocarbonsas outweighed the
negative RF from the ozone depletion that they have induleel.positive RF from all
halocarbons is similar to the value in AR4, with a reduced Bf f£FCs but increases from
manyof their substitutes.

Finally, nitrous oxide (MO) is considered as a key species that regulates the ozone levels. The
photochemical degradation ob® in the middle stratosphere leads to ozdapleting NOX,

but wnlike in AR4 (IPCC, 2007 the NO influence on RF of ozone has been set to irero

ARS. Thisis dueto insufficient quantification afhe NO influenceand particularly the

vertical profileof the ozone changdéPCC, 2013, Supplementary Material)
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6. UV measurementsand levels

The Norwegian UV network was established in 1994/95 and consists of-oirenbel GUV
instruments located from 58 to 79 N, illustrated inFigure14. NILU is responsible for the
daily operation of three of the instruments, located at OsldN)g@ndaya (69N) and Ny
Alesund (79N). The Norwegian Radiation Protection Authority (NRPA)dsponsible for

the operation of the measurements performed at Trondheim, Bergen, Kise, Landvik, Finse and

@sterds. Oiline data from the UV network is shownrdtp://uv.nilu.no/and at

http://www.nrpa.no/uvnett/

® OKise, Mjosa
inse ® Blindern, Oslo
¥~ @steras, Baerum

Bergen ()

(O Landvik, Grimstad

Figure 14: Map of the stations included in
the Norwegian UV network. The stations
marked with blue are operated by NILU,
whereas the Norwegian Radiation Protecti
Authority operates the stations marked witl
green.

This annal report includes results from
Oslo, Andgyaand NyAlesund Due to lack
of funding, the GUVnstrument in Ny
Alesund wamitted fran the monitoring
programme in the peria2D062009, but
was included again in 201m 2013 Andgya
wasexcludedfrom the programme, but the
measurements have continued due to
financial support from th#inistry of
Climate and Environment.

The Norwegian GUV instrumentsane
included in acalibration and inter
comparison campaign in 2005 as a part of
the projectFARIN (Factors Controlling UV
in Norway). The project, which was
financed by The Norwegian Research
Council, aimed to quantify the various
factors controlling UV radiation in Norway.
This includes e.g. clouds, ozone, surface
albedo, aerosols, latitude,chgeometry of
exposed surface. One part of the proyeas
comparison and evaluation of all the UV
instruments in the Norwegian monitoring
network. In total 43JV instruments were
compared during theampaign. The three

GUV instruments from NILU were sepatNRPA, @steras, during the campaign and the

calibration results were satisfactory.

The GUV instruments are normally easy to maintain and have few interruptions due to
technical problemsdowever, the instrument at Andgya andNy-Alesund hadothaserious
breakdown in 2013 and needed repair (see Chapterdescriptio). Fortunately, a spare
instrument was availablt Andgya The GUV breakdowin Ny-Alesurd occurred late in the

seasorand the missing GUV data add insignificant uncertainty to the calculated annual UV

dose The number of missing days due to technical problems i @liting the measuring

season)aregivenin Table9.

3 http://www.nilu.no/farir
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6.1 UV measurements in2013

The UV dose rate is a measure of th&lt biological effect of UVA and UB radiation (UV
irradiance weighted by th@IE action spectrd. Theunit for dose rate is mW/mbut is often
given as a UV indetalso named UVI)A UV

Table9: Number of days with more than ~ index of Lis equal to 25 mW/mTheconcept

2 hours of missing GUV data R013and of UV index is widely used for public
2012 Days where the sun is below the informationconcerning sunburn potential of
horizon (polar nightiare not included. solar UV radiation. At Northern latitudelset

UV indicestypically vary between G- 7 at

Station Technical problems sea level, but can range up to 20 in Equatorial
2013 2012 regions and high altitu_des (WHO, 29?0
Table10 shows he UV-index scale with the
Oslo 6 1 recommended protections at the different
Andoya 1 1 levels. Theecommendations are based on a
moderate light skin type, typical for the
Ny-Alesund |5 1 Nordic population.

Table10: UV-index together with the recommengedtection.

Category Recommended protection

11+ Extreme  Extra protection is definitively necessary. Avoid the sun and seek shade.

Extra protection is necessary. Avoid the sun between 12 PM and 3 PM and
Very high seek shade. Use clothes, a hat, and sunglasses and apply sunscreen with high
factor (15-30) regularly.

Protection is necessary. Take breaks from the sun between 12 PM and 3 PM.

High Use clothes, a hat, and sunglasses and apply sunscreen with high factor (15+).
> Protection may be necessary. Clothes, a hat and sunglasses give good
4 Moderate . . |
3 protection. Don't forget the sunscreen!

Low No protection is necessary.

Figurel5shows the UV dose rates measured at noon (averaged between 10:30 and
11:30UTC) for Oslg Andgyaand NyAlesund The highest UV dose rate in Oslo,
157.1mW/n?, was observed June 25 at 11:26GJand & equivalent to a UV index of 6.3.
The black curves represent the measurements wheeeesd curves are model calculations
employing the measured ozone values and clear sky. At Andgya the highest U\hiad2g
was 4.7, equivalent to a doseeraf 117.4mW/n?, observed June 30 at 10:40 UTRbe

highest UVI value in NyAlesund wa.7 or 66.9mW/n?, and was measured 1 June at 10:58
UTC. Themaximum UVI in Oslo was observed during scattered clooditions andlightly
highertotal ozonevalue han normal, i.e. 35DU (normal ~ 340 DU)At Andgya the ozone
column was exactly the same as in Oslo (350 &jdial to normavalue) and was also
measured during scattered sky conditiondNy-Alesund the maximum UVI was observed
during clear cloud contions and a total ozone column of 341 DU, slightly under the normal
of ~360 DU. FoiJV-levelscorresponding to the maximum UValue of 6.9 in Oslo, people

4 CIE (Commission Internationale de I'Eclairage) action spectsuaneference spectrum fafV induced
erythema in human skin
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with a typical Nordic skin type get sunbuafterapproximately20 minutesif no sun
protection isused

T T T T T T T T T T T
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Figure16 shows the atmospheric
conditions during the days of Z B i R i
ma)(|mum UVI |n OsloatAndeya Model UV doserate in Oslo with clear sky and real ozone

andin Ny-Alesund.A cloud

transmissiorof 100%(red curve) ;

represents clear sky conditioms. N
Ny-Alesund it was a few scattered

clouds in the morning and about S
1.5hoursbefore noon the sky got
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transmission. As seen from Ny

Alesund inFigure16 (right panel) a

cloud transmission above 100%
represents the high albedo from snov
and ice in the vicinity of the
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solar radiation detected by the GUV
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had scattered clouds all day. This wil
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between the clouds, and the ground
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radiation at ground
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Many peopé from Norway visit
Mediterranean countries during
holidays, and UMndices may easily
become twice as high as in Oslo
under conditions with clear sky and
low ozone.
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In Norway the highest UV dose rates

generally occur in thiate spring and I

eaty summetin alpine locationsvith ol e L T L
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fresh snowsuch as Finse May and T

early JuneHere the UV indiceat

noon can reach 8.

Figure 15: Hourly averaged UV dose rate
The seasonaariation inobserved measured atoon (between 10:30 and 11:30 U)I'C

UV dose rate is closely related to thein 2013 Upper panel: OsloMid panel: Andaya

solar elevationConsequentlythe Lower panel: NyAlesund

highest UV levels normally occu

during the summer months when the solar elevation is highestentioned above the
appearance of fresh snow in late May and early June can enhance-tieeUahd give
exceptional high UV value#n addition tothe solarzenith angleUV radiation isalso
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influenced by clouds, total ozone and ground reflection (alb&aig}to-day fluctuation in
cloud cover is the main explanation for large daily variationg\irradiation. However, rapid
changes in the total ozone column, as egurduring the sprig, may also give rise to large
fluctuations in the U\tadiation In generalthe UV-radiation in NyAlesund is largely
enhanced during spring due to the high albedo from snow and ice that surrounds the
measurement site.

Blindern, June 25, 2013 Andenes, June 30, 2013 Ny-Alesund, June 1, 2013
T y T T T T T T
N "

1 L L L L L L L L |
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Figure 16: UV dose rates (left axis, black curves) and cloud transmission (right axis, red
curves) during the days of maximum UVI in Oslo (left panel), Andgya (middle panel) and
Ny-Alesund (right panel)A cloudtransmissiorof 100%represents clear sky cofions,
whereas cloud transmissions of-20% represent heavy clouds

Monthly integratedJV dosedor Osla Andgya(Andenesynd NyAlesund in 2013%re
compared irFigurel?. As expected, the monthly Udbsesn Oslo were significantly higher
than the values observedfaidaya(andNy-Alesund), except for May at Amya when a
longer period of good weather in therth contributed significantly to the Utfose If the
cloud and ozone conditions at both sites veamglar during the summethe U\tradiation
would be highesn Oslodue tohigher solar elevatiomost of the dayin July 2013 the
weather was very goad Oslo, which is seen by the high July kd\dse inFigurel7.
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Figure 17: MonthlyintegratedUV dosegin kJ/n?) in 2013measured with the GUV
instruments located in Oslat Andgya andn Ny-Alesund
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6.2 Annual UV doses 1995 2013

Annual UV doses for the period 192913 are shown irmable11 for theGUV instruments

in Oslo, atAndgya ard in Ny-Alesund Annual UV doses for 2005 are not included in the
Table as there &re large gaps in the data satised by a calibration campaigneTh
uncertainty in the daily UV doses is estimated5%®b at a 2 level (Johnsen et al., 2002). For
periodswith missing data we have estimated the daily UV dé®es a radiative transfer
model (FastRthttp://nadir.nilu.no/~olaeng/fastrt/fastrt.hfmiNormally thisgives an

additional uncertainty in the annual UV dose$ b6 % for all stations and years, except for
Andgya where the uncertaing/® 2 % for 2000 ° 5 % for 2001 and° 5 % for 20L1 where

12 days of measuremenigeremissing

Table11: Annual integrated UV doses kJ/n?) for Oslo, Andgya and N&lesund for the
period 1995 2013.

Oslo Andgya Tromsg Ny-Alesund (kJ/m?)
(kJ/m?) (kJ/m?) (kJ/m?2)*
1995 387.6
1996 387.4 253.6 218.5
1997 415.0 267.0 206.5
1998 321.5 248.4 217.7
1999 370.5 228.0 186.1
2000 363.0 239.7 231.0
2001 371.0 237.0 208.6
2002 382.5 260.0 201.8
2003 373.2 243.4 Excluded from the program
2004 373.2 243.7 190.5
2005 No annual UV doses due to gaps in the data caused by a calibration campaign
2006 372.4 219.4 Excluded from the program
2007 351.8 253.3 Excluded from the program
2008 375.3 266.5 Excluded from the program
2009 378.6 254.1 Excluded from the program
2010 360.5 225.6 201.6
2011 365.2 254.8 200.8
2012 352.6 227.5 211.6
2013 362.4 247.0 178.9

*The GUV instrument at Andgya was operating romsgduringthe period 1996- 1999

In 2013 the U\Vtdoses irDsloduring summer were quite varyingate June and August were
fairly overcast withnoonUV indicesbelow4 most days. Howeveduly was less cloudyith
UV indicesaround 4and 5 July had the highest monthly UV dose of 2013. As shown in
Figurel5 (upper pael) there were also some days in July wherettemn UV index in Oslo
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wasas low a®. For Andgya, the less cloudy periods were in May and July. The less cloudy
period in NyAlesund usuallyppearsowards the end of May, givingremonUV index up to
3.0,butlater in the seasdweralbedo and cloudier conditions keep the UV index under 3.0.
It should be noted that the lowest yearly integrat&ddosein Ny-Alesundfor the period
19952013was detected this year.

A graphicalpresentatiorof the yearly mtegrated Uvdoses is shown inFigurel18to illustrate
yearly fluctuations No significant UV trends can be detected at any of the sites.
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Figure 18: Annual integrated UV dosein kJ/nT) in Oslo, at AndgyadTromsgandin Ny-
Alesund for the period 1993013
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Sammendrag summary

Rapporten presenterer maledata for totalozon ogsts&lingover norske malestasjoner i13 For Oslg Andgya
og Ny-Alesunder trenden i totalozoberegnet for perioden 197813. Ozonverdiene over Norge véinsermet
normale2013. Den klare rduksjonen av ozonlaget over Norge i perioden 18997 stoppet opp i 1998 og
ozonlaget over Norge ser na ut til & ha stabilisert seg.

This is an annual report describing the acti vi{
theat mospheric ozone | ayer aniB Im2818theroaoche valles abaves Nowhy
were close to the lonterm mearat all sitesA clear decrease in the ozone layer above Norway during the p
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