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Preface

In 1999 the Norwegian Pollution Control Authority (SFT) and Norwegian Institute for Air
research (NILU) signed a contract commissigniiLU to run a programme for monitoring
greenhouse gases at the Zeppelin station, close-fl@dyind at Svalbard. At the same time
NILU started to coordinate a project funded by the European Commission called SOGE
(System for Observation of halogenate@&house gases in Europe). The funding from SFT
enabled NILU to broadly extend the monitoring programme and associated activities, making
the Zeppelin observatory a considerable contributor of data on a global as well as a regional
scale.

The unique loddon of the Zeppelin observatory at Svalbard together with the infrastructure
of the scientific research community at¥jesund makes it ideal for monitoring the global
changes of the atmosphere. There are few local sources of emissions, and thecAtmit lo

is also important as the Arctic is a particularly vulnerable region.

The satellite picture to the
left shows the location of
the Zeppelin Mountain at
Svalbard, and the picture
above is the Zeppelin
observatory close to
Ny-Alesund.

In 1987 the Montreal Protocol was signed and entered into force in 1989 in order to reduce

the production and use of the ozatepleting substaes (ODS). The amount of most ODS in

the troposphere is now declining slowly and one expects to be back18gfidevels around

year 2050. It is crucial to follow the development of the concentration of these ozone

depleting gases in order to verify thlaé Montreal Protocol and its amendments work as

expected. Further these gases and their replacement gases are strong greenhouse gases making
it even more important to follow the development of their concentrations.

In December 1997 the Kyoto protocol wadopted. The target set by the Kyoto protocol is to
reduce the total emissions of greenhouse gases from the industrialized countries during the
period 2008 to 2012. The six most important groups of greenhouse gases includeg,are: CO
CHgy, N2O, fluorinatedhydrocarbons (HFKs and PFKs) and sulphur hexsafluoridg.(SF
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This collaborative SFT/NILU programme includes monitoring of 23 greenhouse gases at the
Zeppelin observatory in the Arctic. The following are regulated through the Montreal

protocol: chloroflorocarbons (CFC), hydrochlorofluorocarbons (HCFC), and halones as well

as other halogenated organic gases. Further the following gases included in the Kyoto

protocol are monitored; methane (§Hhydrofluorocarbons (HFC), sulphurhexafluoride

(SK). Additionally carbon monoxide (CO) and tropospheric ozong & a part of the

programme. The amount of particles in the air above the stations is also measured. The station
IS hosting measurements of carbon dioxide f)g@rformed by ITM, University of

Stockhoim as well. This activity is funded by the Swedish Environmental Protection Agency
and the results are included briefly in the report.

The Norwegian Institute for Air Research (NILU) is responsible for the operation and
maintenance of the monitoring prograe. The purpose of the programme is to:

e Provide continuous measurements of greenhouse gases in the Arctic region resulting in
high quality data that can be used in trend analysis

e Provide trend analysis and interpretations

e Provide information on the statand the development of the greenhouse gases with a
particular focus on the gases included in the international conventions the Montreal and
Kyoto protocol.

Observations and results from the monitoring programme are processed and used to assess the
progess towards compliance with international agreements like the Kyoto and the Montreal
Protocols. This report summarises the activities and results of the greenhouse gas monitoring
programme for the year 280andcomprises a trendnalysis for the periodd®1-2008.

Kjeller, December 2010

Cathrine Lund Myhre
Senior scientisand project manager
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1. Summary

This annual report describes t heGreedusevi t i
gas monitoring at the Zeppelin statiahSvalbardn the Norwegian Arctic  f o r Thi2 i@ 0 8
a part of the Gvernmental programme for monitoring pollution in Norway. The report
comprises all natural well mixed greenhouse gases (with the excepbhib@)fthe most
important anthropogenic greenhouse gases as well as the amount of particles in the air. Many
of the gases aldmavestrong ozone depleting effect

es

Tablel summariseshe main resultandlists all measured gases, their annual mean values
the first and the last yeaand the trends for the period 20@D08

Table 1: Key findings; Greenhouse gases measured atiisund their trends, lifetimes,
globalwarming potential (GWPand relevance to the Montreal and Kyoto Protocals.
concentrationSare in ppt, except for methane and carbon monoxide {pgibd carbon dioxide

(Ppm).
Life- Trend | Montreal or | Comments on use for the

Compound Formula time |GWP?| 2001 2008 / Kyoto halocarbons

(years) Year Protocol
Methane CH, 12.0° | 25 | 1858 1884 | +4.1 K
Carbon monoxide CO Months 125.9* 1229 | -1.70
Carbondioxide®  CO, 1 | 3709 384.1°| +2.3 K
Chlorofluorocarbons
CFC-11 CCleF 45 4750 | 263 244 -2.8 | M phased out | foam blowing, aerosol propellant
CFC-12 CCl,F, 100 |10900| 549 537 -2.1 | M phased out | temperature control
CFC-113 CCLFCCIF, 640 6130 82 77 -0.8 | M phased out | solvent, electronics industry
CFC-115 C, FCl 1700 | 7370 8.3 8.4 | +0.01 | M phased out | temperature control, aerosol propellant
Hydrochlorofluorocarbons
HCFC-22 CHCIF, 12 1810 | 161 208 | +6.2 | M freeze temperature control, foam blowing
HCFC-141b C,H3FCI, 9.3 725 16.6 21.1 | +0.55 | M freeze foam blowing, solvent
HCFC-142b CH;CF.CI 179 | 2310 | 149 21.1 | +0.84 | M freeze foam blowing
Hydrofluorocarbons
HFC-125 C,HFs 29 3500 | 2.0 6.9 | +0.69 |K temperature control
HFC-134a CH,FCF5 14 | 1430 | 20.7 538 |+4.62 |K ;%Rgi;?g’erfogg?ggbzgtb'o"”'”g'
HFC-152a CoH4F 1.4 124 2.9 8.7 | +0.83 |K foam blowing
Halons
H-1211 CBrCIF, 16 1890 | 4.4 4.4 | +0.00 | M phased out | fire extinguishing
H-1301 CBrF; 65 7140 3.0 3.3 | +0.04 | M phased out | fire extinguishing
Halogenated compounds
Methylchloride CHsCI 1.0 13 507 523 | +0.86 natural emissions (algae)
Methylbromide CHs;Br 0.7 5 9.3 8.15 | -0.10 | M freeze agriculture, natural emissions (algae)
Dichloromethane CH.Cl, 0.38 8.7 31.0 37.8 |+0.84 solvent
Chloroform CHCl; 0.5 30 10.8 104 | -0.04 solvent
Methylchloroform CH3CCI3 5 146 37.6 11.0 | -3.83 | M phased out | solvent
Trichloromethane  C,HCl; 0.6 0.4 | -0.04 solvent
Perchloroethylene  C,Cl, 4.4 2.74 | -0.24 solvent
Sulphurhexafluoride SFs 3200 |22800| 5.0 6.6 | +0.24 |K Mg-production, electronics industry

The term"ixing ratio is commonly used instead@fncentrations in atmospheric scieriEee mixing ratiois the ratio of the
number of moles of a constituent in a given volume to the total number of moles of all constituents in that volume.
2GWP (Global warming potential) 100 years time period, €Q

3The lifetimes for CHare adjustment times including feedbacks of indirect effects on the lifetime.

4 CO measurements started late in 2001, thus the first year is the value for 2002.

®Measurements of CQs performed by Stockholm University. Their uéts were not available in time for the report, thus the
value 384.1 ppm is for 2007.
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The lifetimes and GWPis Tablel areupdated in accordance with th8 Assessment Report
of the IPCCTrends are calculatedrfthe period 20012008 and are given in mixing ratio per
year.Further details and interpretations are presented in sectibth8 report

Greenhouse gases regulated through the Kyoto protocol
— Key findings from the Zeppelin observatory

Thereport includeshe 6 greenhouse gases or groups of gases regulated through the Kyoto
protocol. The key findings are:

o Methanei CH,: In 2008 themixing ratios of methane reached new record levels

with an amual mean value of 1884 ppb. This is an increase of 0.34% since 2007, a
continuation of the increase during the last years at Zeppelin. Also the global mean methane
level reached a new record level in 2008, in average there was a global increase of 0.39%
from 2007 (WMO, 2009).

The increase at the Zeppelin observatory since 2004 is around 1.4%. We consider this as a
relatively large change compared to the development of the methane levels in the period from
19982005; the change was close to zero for pleisod both at our observatory and globally,
according to IPCC (Forster et al, 2007).

Currently there is no clear explanation for the increase in methane after 2004. A probable
explanation could be increased methane fluxes from wetlands, both in tles &epvell as in
the Arctic region. Melting permafrost but also methane clathrates (also called methane
hydrates) in the Arctic Ocean might be new and significant methane emission sources
initiated by the observed temperature increase the last yednis. ¢hbuld be the case

would be an alarming development.

An immediate extension of the monitoring of methane, focusing in particular on identification

of possible sources, is needed to improve our current understanding of the ongoing processes.
Isotopc measurements of methane at Zeppelin combined with transport modling a

highly powerful tool to distinguish between methane fr@rious sources as gas figlds

wetland and clathrates.

Methane is measured from space by satellieslysis donavith the measurements of GH

from the Zeppelin observatory shows that the current satellite data are not capable of
providing the temporal and spatial resolution needed in order to quantify and understand near
surface variations in CHSince there is gréaincertainty and also potentially large emissions
possible from thawing of the Arctic permafrogpriority of future satellitebased

measurements of GHdf this region would be very valuable.

o Carbon dioxidel CO,: In 2008 the mixing ratios of C{eaclednew record levels

both globally and at Zeppeliithe global mean value for 2008 was 385.2 ppb (WMO, 2008),
after an increase of 2.0 ppm from 2007. Tean annual increase during the last 10 yisars
1.93 ppm.The observations of C{are performed by thUniversity of StockholmAs their

final 2008analysis is noyet completedonly preliminary results arghownin this report.

o Hydrofluorocarbons:These gases have replaced ozone depleting substances, and are
relatively new gases emitted to the atmasphThey are all of solely anthropogenic origin.
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The mixing ratios of HF€125, HFG134a, HFC152a havencreased by as much as 249%,
159% and 207% respectivelysince 2001at the Zeppelin observatotgowever, their
concentrations are still very low, scettotal radiative forcing of these gases since the start of
their emissions and up to 2008 is only about 0.01 Y Thus the contribution from these
manmade gases to the global warming is currently considered small. Given the observed
extremely rapid in@ase in the concentrationss still crucial to follow the development of
these gases in the future.

o The perfluorinated compound SFs: The only perfluorinated compound measured at
Zeppelin is Sulphurhexacloride, §Hhis is arextremely potent greenhase gashut the
concentration is still very low. However, measurements show that the concentration has
increased by as much as 33% since 2001.

Greenhouse gases regulated through the Montreal protocol
— Key findings

All gases regulated trough the Montreal protocol are substances depleting the ozone layer. In
additionthey areall greenhouse gases. The amount of most of the edepleting substances
(ODS) in the troposphere is now declining slowly glgband is expected to be back to pre

1980 levels around the year 2050. The gases included in the monitoring programme at
Zeppelin are the mamade greenhouse gases called chlorofluorocarbons (CFCs), the
hydrogen chlorofluorocarbons (HCFCs), which are GEBstitutes, and halons:

o CFCs: In total thedevelopment of the CFC gases measured at the global background
site Zeppelin give reason for optimism. The concentrations of the observed G4 1,
CFC-12, CFG113 and CFG115 are all declining The mixing atios of three of the four

gases are now at a lower level than in 2001 when we started the measureanghés.
compound CF€E115 the increase has slowed down and we expect the trend 61220010

be negative. The climate forcing of this compound isatieg from 2004.

o HCFCs: The CFC substitutes HCFZ2, HCFG141b and HCF&42b all had a

relatively strong increase in the levels measured at Zeppelin from28@&BL HCFC22 used

for temperature control and foam blowing had the largest growthTiateis the most
abundansubstance of the HCFCs and is currently increasing at a rate of 6.2 ppt/year which is
more than 3% per yeddCFC-142b hal the strongest relative increase with more than

8% since 2007 and more than 40% since 2001.

o Halons: The levels bthe two gases monitored have been quite stable over the
observation period at Zeppelin. However, based on the recent results it seems like there was a
maximum in 2004 for halet211 at Zeppelin, and a decrease since 2005. According to the

last Ozone Asssment (WMO, 2007j is currently unclear whether the atmospheric mixing

ratios of haloAl301 is increasing, but our last observations now indicate that the decline has
started in 2006. However this is uncertain, and longer time serieg@ssary
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Greenhouse gases not regulated through the protocols — Key findings

The monitoring programmalsoincludesfive greenhouse gases not regulated through any of
the two protocols

o Chlorinated greenhouse gaseshese are the following chlorinated gaddsthyl-
chloride CHsCl), Dichloromethane@H,Cl,), Chlordorm (CHCI3), Trichloromethane
(C2HCl3), Perchloroethylened;Cl,). The levels of all these gases have decreased the last
years except for DichloromethaneDichloromethaneshowan increase of more than 20%
since 2001, ands much a8% the last yeaiThemain use of this compound is that it is an
active ingredient ipaint removers

Long range transport of pollutions; aerosols and reactive gases — Key findings

o Aerosols:Aerosols are atmospheric small particles. Observations of the total amount
of aerosols above Nlesund and Zeppelin showcreased aerosol levels during spring time
compared to the rest of the year. This is expected and is éatied haze which is due to
transport of pollution from lower latitudes (mainly Europe and Russia) during winter/spring in
combination with inversion. In 2008 this aerosol pollution was at approximmatsaime level

as previous years.hEre were shorter egpdes with elevated levels of aerodalker,

particularly in May. Aerosols are shdited climate forcing agents and an extension of the
aerosol observations at Zeppelin by including measurements of the aerosol absorption
properties will be very usefto improve the knowledge of the aerosol type and their effects

in the Arcticatmosphere.

o Reactive gasestropospheric ozone and Gtave elevated levels in polluted regions
like central EuropeThey aresuitableindicabrs for long range transport of potion from the
continentgo SvalbardandCO is also a proper tracer for transport of emissions bimmass
burning eventsThere are several episodes with elevated levels of ozone and CG8in 200
indicating long range transpplut noneepisodeas extrere asthe onen 2006.In general
there has beea reduction in the CO concentrationthe last years at Zeppelin, but an
increase from 20072008 The explanation to this is not yet understodae &nnual mean
value for 208 was123ppbwhich is ~1.5% highethanfor 2007.

o Episodes of long range transporin 2008 there were several episodes with polluted
air transported to Zeppelin, and strong episodes particularly in January and May resulted in
elevated levels of CHICO, and CQ Howeverijt is important to emphasise the high
frequency of days in 2008 with air arriving at Zeppelin that has only been circulating

within the Arctic region . Particularly the last 2 years there has been fewer episodes with
long range transport from Europe and Russia reachingiervatory. This means that the
observations at Zeppelmightseem to be less influenced by long range transport of pollution
from central Europe in 2007 and 2008, than the years 2004 and 2005.

10
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2. Introduction

The greenhouse effect is a naturally occgrpnocess in the atmosphere caused by trace
gases, especially water vapour(@), carbon dioxide (C¢), methane (Chj and nitrous oxide
(N2O) that naturally occur in the atmosphere. Without these gases the global mean-tempera
ture would have been much low@hese gases absorb infrared radiation and thereby trap
energy emitted by the Earth. Due to this energy trapping the global mean tempsrature
approximately 13.7C,, more than 30 degreésgher than it would have been without these
gases presefffiPCC,2007). This is the natural greenhouse effect. The enhanced greenhouse
effect refers to the additional effect of the greenhouse gases from human activities. In the
industrial era, after 1750, the concentration of greenhouse gases in the atmosphere has
increased significantly. The global atmospheric mean mixing ratios eh@®increased by

38% (from 280 ppm as a piedustrial concentration to 385.2 ppm in 2008) and methane has
increased by as much as 157% from 700 ppb to 1789 ppb in 2008) according to WMO
(WMO, 2009). 2008 showed new record levelbath theseases. The overall changes in the
concentrations ahe greenhousgases are the main cause of the global mean temperature rise
of 0.74C over the last centungported by IPCC (2007Pepending otthe various emission
scenarios used the temperature will continue to increase with4°C approaching the year
2100, according to IPCC (2007).

Radiative forcingis a useful tool to estimate the relative climate impacts of various
components inducingtmospheric radiative changes. The influence of external factors on the
climate can be broadly compared using this concept. Regisbdlaverage radiative forcing
estimates from the"yIPCC assessment report are showRigurel (IPCC, 2007). The
estimates represent radiative forcing caused by changes in anthropogenic factors-since pre
industrial time and up to the year 2005.
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Figure 1: Global-average radiative forcing (RF) estimaties important anthropogenic
agents and mechanisms together with the typical spatial scale of the forcing and the a
level of scientific understanding (LOSU).

2

! Radiative forcing is a measure of the influence a factor has imajtiére 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
Wm and positive radiative forcing tends to warm the surface. A negatisiadoiends to cool the surface.
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The most important greenhouse gas emitted from anthropogenic activitiesvatG@
radative forcing of 1.66 W migiven in the4™ IPCC report (IPCC, 2007Yhis is an increase
of 0.2 W m? since the IPCC report from 2001. ¢ahd NO are other components with
strong forcings of 0.48 W thand 0.16 W rif respectively. It is worth noting #t even the
change in C@radiative forcing since 2001 is stronger than the forcing of @, N
emphasising the importance of €0

The joint group of halocarbons is also a significant contributor to the radiative forcing.
Halocarbons include a wide @& of components. The most important ones are the ozone
depleting gases regulated through the Montreal protocol. This includes the CFCs, the HCFCs,
chlorocarbons, bromocarbons and halons. Other gases are the HFC (fluorinated halocarbons),
PFCs (per fluoriated halocarbons), and SFhese fluorinated gases are regulated through

the Kyoto protocol. The total forcing of the halocarbons is 0.3374\amd the single

component CFE2 is presently stronger than® but the concentration of CFI2 seems to
havereached its peak value. The trend for CEC seemingly to lower concentrations, gives
reason for optimism for this substance. Observations of the halocarbons and methane are
central activities at the Zeppelin observatory. Most of the halocarbons hae megyative

trend in the development of the atmospheric mixing ratios.

The diagram below shows the relative contribution (in percent) of thelil@wgreenhouse

gases and ozone to the anthropogenic greenhouse warming sinéysteial times (1750).

The numbers are based on the radiative forcing estimates in the last IPCC report. The diagram
shows that C@has contributed to 55% of the changes in the radiative balance while methane
has contributed 16% since prelustrial times. The halocarbons havetdtnited 11% to the

direct radiative forcing of all lonfived greenhouse gases.

5% L 0% ® Carbondioxide (CO2)

u ethane

“Halocarbons (KFK, HKFK, HFC)

H Ozone (includes both stratospheric
and tropospheric changes)

m Nitrous oxide (N20)

u Stratospheric water vapour

Figure 2: The relative contribution in percent of the leliged greenhouse gases and ozone
to the anthropogenic warming since prelustrial times (1750). The numbers are based on
the radiative forcing estimates in the last IPCC report.

The main objective of NIL& monitoring programme on Svalbard is to observe, analyse and
interpret the changes in the gases includgte Montreal protocol andh¢ Kyoto protocol.

An overview of all gases observed together with their trends, lifetime and GWP is given in
Tablel in the Summary.

The international collaboration regarding the protection of the ozone lagardda the
Montreal protocol started with the Vienna convention in 1985. Two years later the Montreal

12
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protocol was signed and for the first time there was an international agreement forcing the
participating countries to reduce and phase out anthropogigstances. Halocarbons and
their relation to the Montreal protocol are indicated able1l. Today more than

190countries have ratified the protocol and many countries have also ratified the later
additions tohe protocol. The Montreal protocol has goals and strategies for all of the ozone
reducing substances and the protocol is a part of the UN environmental program UNEP.
According to the last ozone assessment report from WMO (WMO, 2001)tal combined
aburdance of anthropogenic ozedepleting gases in the troposphere had decrease®%y 8
from the peak value observed in the 199®4 time period. This was related to 2005 mixing
ratios, and the gases have continued to decrease since.

The target set by thi€yoto protocol is to reduce the total emissions of greenhouse gases from
the industrialized countries during the period 2008 to 2012. The four most important
greenhouse gases and two groups of gases are includgdCi&ON,O, Sk (sulphur
hexafluoride),hydrofluorocarbons (HFCsnd pgerfluorocarbons (PFCsYhe emissions are
calculated as annual mean values during the period2008. The gases are considered

jointly and weighted in accordance with their global warming potentials as given by IPCC
(2007)and shown imablel.

A Norwegian introduction to the Montreal and
N o r ghé&p//wyw.miljostatus.np The English link to the Matreal protocol is
http://ozone.unep.org/Ratification_status/montreal_protocol.shbrateas th&yoto

protocol can be found at

http://unfccc.int/essential_background/kyoto_protocol/items/1678.php

13


http://www.miljostatus.no/
http://ozone.unep.org/Ratification_status/montreal_protocol.shtml
http://unfccc.int/essential_background/kyoto_protocol/items/1678.php

Greenhouse gas monitoring at the Zeppelin station, Svalbard, Noruayual report 2008 (TA6332010)

3. Observations and trends of greenhouse gases observed at the
Zeppelin stationin the Norwegian Arctic

NILU measures 23 greenhouse gases at the Zapgedervatory at Svalbard. The results
from the measurements, analysis and interpretations are presented in this chapter. Also
observations of C&which are performed by the Stockholm UniversiBepartment of
Applied Environmental Science (ITM), arecloded in the report.

Table2 presents the main results with annual mean values since the beginning of the
observation period in 2001. Also trend per year and change (acceleration) in the trend for each
components given. The acceleration in the trend indicates how the growth rate is expected to
change in the coming yedrsissuming the same development in the emissions.

Table2: Yearly average concentration levels of greenhouse gasesuneel at the Zeppelin
station for the years 2002008. All concentrations are in ppexcept for methane and

carbon monoxide (pppand CQ (ppm). The trends are calculated from observations for the
period 20012008.

Compound Formula 2001 2002 2003 2004 2005 2006 2007 2008 /T;Zr;? iiht"’r‘gﬁg
Methane CH,4 1858 1853 1870 1859 1863 1865 1877 1884 +4.1 +1.64
Carbon monoxide co 1259 1415 1329 1326 1256 1209 1229 -17 0.75
Carbon dioxide’ CO; 371 373 376 378 381 382 384 NA +2.3* -0.29*
Chlorofluorocarbons

CFC-11 CFCl, 263 264 263 260 259 256 249 244 -2.8 -1.15
CFC-12 CF,Cl, 549 561 563 562 560 558 546 538 -2.1 -3.2
CFC-113 CF.CICFCl, | 816 826 826 8.9 8.1 796 781 767 | -0.79 -0.40
CFC-115 CF;CF.Cl 8.3 8.5 8.5 8.6 8.6 8.5 8.5 8.4 +0.01 -0.000
Hydrochlorofluorocarbons

HCFC-22 CHF,CI 161 171 180 183 188 195 200 208 +6.23 -0.31
HCFC-141b CH;CFCl, 16.6 18.1 19.0 195 19.6 19.9 20.3 21.1 +0.55 -0.137
HCFC-142b CHsCF,Cl 149 157 164 170 177 188 196 21.1 | +0.84 | +0.01
Hydrofluorocarbons

HFC-125 CHF,CF; 2.0 2.6 3.2 3.8 4.4 5.1 5.9 6.9 +0.69 +0.06
HFC-134a CH,FCF; 20.7 26.1 31.0 35.7 40.1 44.3 48.6 53.8 +4.62 -0.11
HFC-152a CH3CHF, 2.9 35 4.1 4.9 5.6 6.7 7.7 8.8 +0.83 | +0.08
Halons

H-1301 CF3Br 3.0 31 3.2 3.2 3.3 34 3.3 3.3 +0.04 -0.03
H-1211 CF,CIBr 4.4 45 46 47 4.7 4.6 4.5 44 | +0.00 | -0.05
Halogenated compounds

Methyl Chloride CH3ClI 507 525 530 525 521 521 520 523 +0.9 -1.7
Methyl Bromide CH3Br 9.3 9.1 8.8 8.9 8.7 89 8.7 8.2 -0.10 -0.01
Dichloromethane CH,Cl, 31.0 315 32.9 32.7 321 33.5 35.3 37.8 +0.84 +0.28
Chloroform CHCl, 10.9 10.7 10.8 10.5 10.5 10.5 10.6 10.4 -0.04 +0.02
Trichloromethane CH3CCl, 37.6 324 27.6 23.0 19.2 16.0 13.3 11.0 -3.83 +0.53
TriChloroethylene CHcCICCl, 0.6 0.6 0.5 0.5 0.3 0.4 0.3 0.4 -0.03 0.04
Perchloroethylene CCI,CCl, 4.1 4.0 4.0 3.9 3.1 2.7 2.9 2.7 -0.24 +0.06
Sulphurhexafluoride SFs 5.0 5.1 5.3 5.6 5.7 6.1 6.3 6.6 +0.2 +0.02

"Measurements of Carbon dioxide are performed byk&tim University, Department of Applied Environmental Science
(ITM). The results for 2008 are not availalfléA) yet, the trend and change in trend is for the period 22007.

2 . . . ..
As the time series still are short and the seasonal and annual variations are large for many of the components,

there are considerable uncertainties connected with the results.
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Greenhouse gases have numerous sources both anthropogenic and naturand@rieridee
changes in concentrations are determined by their sources and the sinks, and i.4exton
observations and trends of the monitored greenhouse gases with both natural and
anthropogenic sourcesgsented in more detail. In sectidr2 are the detailed results of the
gases with purely anthropogenic sources presented. These gases are not only greenhouse
gases but also a considerable source of chlorine and brominesinatfosphere, and are thus
responsible for the ozone depletion and the ozone hole discovered in 1984. The ozone
depleting gases are controlled and regulated through the successful Montreal protocol. Section
3.3describes the fmelin observatory at Svalbard where the measurements take place and
the importance of the unique location. Zeppelin observatory is a unique site for observations
of changes in the background level of atmospheric components. All peak concentrations of
themeasured gases are significantly lower atMgsund than at other sites, due to the

stations remote locatioA description of the instrumental and theoretical methods applied is
included in Appendix .

3.1 Greenhouse gases with natural and anthropogenic smes

All gases presented in this section (Methane, Carbon Dioxide, Methyl Chloride, Methyl
Bromide, Carbon Monoxide and tropospheric ozone) have both natural and anthropogenic
sources. This makes it complex to interpret the observed changes as theaulisieks are
numerous. Moreover, several of these gases are produced in the atmosphere from chemical
precursor gases and often also dependant on the solar intensity.

3.1.1 Observations of methane in the period 2062008

Methane (CH)) is the second most imgant greenhouse gas after £S@th a radiative

forcing of 0.48 W nf since 1750 and up to 2005. In addition to be a dominating greenhouse
gas, methane also plays a significant role in the atmospheric chemistry. In the atmosphere
methane is destroyed by theaction with the hydroxyl radical (OH) giving water vapour. The
OH radical has a crucial role in the tropospheric chemistry by reactions with many emitted
componentsnd isresponsibldor the cleaning of the atmosphere. Increased levels of
methane mighliower the concentration of OH, influencing the levels of other compounds as
well. Furthermore methane is important for the ozone layer chemistry by being an important
source of bringing water vapour to the stratosplieoester et al.2007.

The atmospéric methanenixing ratiohas been relatively stabdeer the period 1998005

The global average change was close to zero for this period according to IPCC (Forster et al,
2007), and also at our sifier the short period 2002004 2003 was an exceptighobally and

at Zeppelina maximum annual mean of 1870 ppb at Zeppelin was obtained, considerable
higher that the other years. Recently an increase in the methane levels is evident from our
observations, and also observations at other sites (Righy2€0&8 WMO, 2009).Figure3

presents the observations of methane at Zeppelin since the start in 2001.

15



Greenhouse gas monitoring at the Zeppelin station, Svalbard, Noruayual report 2008 (TA6332010)

1950 .

. . '-: ".. d
1900 |- A §5 L 2L e ié
MR- Bk
A AN W) JE ave BE L1
] @on o 4 v'g\!f “\g 'y
185043.‘:. f[‘ B RS 1. \‘4 i; H
] . y: .
L 'Y e e f 1] o
L

1800

T T T T T T T
2001 2002 2003 2004 2005 2006 2007 2008 2009
Year

Figure 3: Observations oflaily averagednethaneconcentrationgor the period 2002008
at the Zeppelin observatory. Blue dots: observations, orange solid line: modelled
background methane mixing ratio.

As can be seeinom Figure3 there is an increase in the concentrations of methane oblssrve
Zeppelin the last years. The pronounced increase started in November/December 2006 and
continues throughout the year 2007 and 2008, and is particularly evident in the late-summer
winter 2007.A maximum methane mixing ratas high as 1956 ppb wabsrved10"

December 2007This was 2.9% above the background value, and the highest value ever
recorded at Zeppelin. There were valoearlyas high as this in 2008. The strongest episodes
in 2008 were on the 16th January afidS@ptember with methane sdrvations 2.4% and 2%
above the background values, respectively. Analyses of source regions for the episodes are
included insection5 on 44.

To retrieve the annual trends in the methane Ideelthe entire period the observations have

been fitted by an empirical equation as described in Appendix I. The modelled methane
values are included as the orange solid lin€igure3. Only the observations relsng from

clean air arriving at Zeppelin are used in the model, thus the model represents the background
level of methane at the site.

The average annual growth rate is +Hdph, per year for the period 202008 this

corresponds to an increase of 0.1@é6 year. Comparably the annual trend for the period
2001-2007 was +2.pph, thus the last year increase has changed this substantially. The
acceleration in the trend is positive, 1i642008 even more positive than last year (+1.2) (see
Table2). This indicates that the trend per yean beexpected to continue to increase in the
coming years, if the same processes continue to regulate the methane level. Although, this
assumptions connected with large uncertainty as the redsothe observed increase is not
clear and additionally, the seasonal and annual variations are large and the time series still
short.

The increase in the methane levels the last years is better visuallzgdned showing the
CH,4 annual mean mixing ratio for the period 268108. The annual means are based on a
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combination of the observed methane values and the modelled background values; during
periods with lacking observations we have used the modelledtmagid mixing ratios in the
calculation of the annual mean.
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Figure 4: Development of the annual mean mixing ratio of methane measured at the
Zeppelin Observatory for the period 202Q08.

This diagram clearly illustratebe large increase in the concentrations of methane the last
years, with 2008 as a new record year. The annual mean mixing ratio for 2008 was 1,884 ppb
while the level was 1877 ppm 2007. This is an increase of 0.34%, the last year which is
weaker thanrbm 20062007when the increase was as high as 12(p#4%). The increase

since 2004 is more than 1.3 % which is considered as relatively large compared to the
development of the methane mixing ratio in the period from -22@%. (All annual means

are ircluded inTable2 on pagel4).

Also stations at other locations show a significant increase in methane for the year 2007 and
2008, at both hemisphere&ccording to WMO (WMO, 2009) #re has been a global

increase in the methane concentration by 0.34% from 2006 to 20@&tantinuation of the
increase up to a new record level in 2008, 0.39% above the 2007 level. Thus the global
increase islightly higher than what we observed at geln for 2008 This might be due to a
delay in the mixing between northern and southern hemisphere after the large increase from
20062007 at the northern latitudes.

For 2007, Rigby and his emorkers report a global increase of methane (Rigby et @8)20

They have analyzed methane observations from 12 sites worldwide, and found an increase of
around 10 pppat all sitessince 2006 The largest increase was observed at Mace Head in
Ireland and Alert. Alert is a site north in Canadaq8® and the sé closest to the Zeppelin
observatory at Svalbard, but interestingly they also found a large increase at sites at low
latitudes e.qg. in California arfflagged Point, Barbados.
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The average Cktoncentration in the atmosphere is determined by a balancecetwe
emission from the various sources ateéha r suhatesandeaction and removaly free
hydroxyl radicals (OH) in the troposphere. In the stratosphergasatestroyed by short wave
radiation. The atmospheric lifetime of methane is 12 years (Fotsagr2007).

The main sources of methane today inelbdreal and tropical wetlands, rice paddies

emissiors from ruminant animals, biomass burnjagd fossil fuels combustion. Further,

methane is the prifgal component of natural gas and e.g. leakag®a pipelines, ofishore

and onshore installations are known source of atmospheric metfhaeaistribution

between natural and anthropogenic sources is approximately 40% natural sources, and 60% of
the sources are direct a result of anthropogenic emnissOf natural sources there is a large
unknown amount of methane in methane clathrates (so called methane hydthtestean

floors. Other sources include mud volcanoes which are connected with deep geological faults,
and also emissions from plantge @uggested (Kepplet al, 2006). Further a large unknown
amount of methane is bounded in the permafrost layer in Siberia and North America and this
might be released if the permafrost layer melts as a feedback to climate change. According to
the last PCC report (Alley et al. 2007) the temperature of the top of the permafrost layer has
generally increased by up t6Gsince 1980s.

Currently the observed increase the last years is not explained or understood. According to
Rigby et al. (2008) there migbe signs of a reduction in the hydroxyl radical OH, which is
essential in the destruction of methane, but this is not in agreement with other observations.
Furthermore the OH concentration is low in the Arctic particularly during autumn and winter.
Theremight also be new sources. High effort should be put on the issue to explain the
increase in the Citoncentrations as the consequence might be severe. The high level
observed in 2003 ia global feature, and is still nfatlly understood. It is essential find out

if the increase is due to large point emissions or if it is newly initiated processes releasing
methane to the atmosphdile e.g. the melting of the permafrost layer. Recent and ongoing
scientific discussions point in the direction of ireged emissions from wetlands located both
in the tropical region (in 2006) and in the Arctic region.

We have performed an analysis asgessmermf the source regions of the air arriving at

Zeppelin in the period 2002008 as described in sectibmat paget4. The most striking result

of this analysis is that in 2007 and 2008 the fraction of air arriving at Zeppelin categorized as
clean marine and Arctic awvas clearlyhigher than the previous ysaThis can point in the

direction of an Arctic source or accumulation of methane in the Arctic, particularly during late
summer and autumn. Also the year 2003 with the second highest methane concentration had a
large fraction of clean air arriving at Zagin.

3.1.2 Observations of Carbon Dioxide (CQ) in the period 19882007

CO; is the most important greenhouse gases with a radiative forcing of 1.66 8vice 1750
and an increase in the forcing of as much as 0.2 ¥g¢inte the IPCC report from 2001
(Forser et al., 2007)CO; is the end produch the atmospheref theoxidationof all main
organic compounds and has shown an increbas much as 38 % since the pre industrial
time (WMO, 2009).

The atmospheric C&roncentration measured at Zeppelin Obatmy for the period 2001

208 is presented ifrigureb. This data are provided byM University of Stockholm and we
acknowledge the effort they are doing in monitoring.@Cthe site.
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The results show a continues increaseesthe start of the observations andrigure6 is the
development of the annual mean concentrations measured at Zeppelin observatory for the
period 1988008 shown.
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Figure 5: TheCQO, concentration masured at Zeppelin Observatory for the period 2001
2008.

ppm,

Figure 6: Development of the annual mean mixing ratio ob @@asured at Zeppelin
observatory for the period 198808The light grey bar is the preliminary results 2008,
thered bar showthe global annual mean for 2008 (WMO, 2009).
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The results show that 2008 is a new record year for the annual mixing ratie af CO
Zeppelin. Unfortunately ITM University of Stockholm have not completed their analysis of
the obserations yet, thus the mean value for 2008 is preliminary, and not published in this
report.It is shown as a light grey bar in the Figufee preliminary results indicate that there
is an increase of 0.6% since 2007. The global mean value for 2008 250R85(WMO,

2009). This is an increase of 0.52% (2.1 ppb) since 26d@/he mean global annual increase
is 1.93 ppb the last 10 yeaihe main reason why the G(@vel is higher at Zeppelin than
globally is that in general the G@missionsarelowerin the Southern hemisphe=nd the
global mixing takes a certain time.

A more detailed analysis tiie CQ resuls with comparison to other sites is considered as
central and valuable. However, as this component is not included in the national monitoring
programme, we are not in a position where we can analyse the data further.

3.1.3 Observations of Methyl Chloride in the period 20032008

Methyl chloride (CHCI) is the most abundant halocarbon in the atmosphere. The main
sources of Methyl Chloride in the atmogpé are natural and dominating source is thought to
be the algae in the ocean, with biomass burning as the second largest source. But also
emissions from warm coastal land, particularly from tropical islands are shown to be a
significant source. Due toe¢hdominating natural sources, this compoistibt regulated

trough any of the Montreal or Kyoto protocdbsit is an important natural source of Chlorine
to the stratosphere.

The results of the observation of this substance for the periodZZ@Blareshown in
Figure?.
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Figure 7: Observations of methyl chloride, GEl, for the period 2002008 at the
Zeppelin observatory. Dots: daily averaged concentrations from the observatdids,
line: modelled background mixing ratio.

The lifetime of the compound is only 1.3 year resulting in large seasonal fluctuations as
shown in the Figure. Thus the degradation of the compound is dependent on solar intensity.
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To reach the stratosphetbe lifetime in general needs to be in the order-éfy2ars to have
significant chorine contribution. However, Methyl Chlorine has relatively high mixing ratios,
and contributes to the stratospheric Chlorine burden. With respect to the warming potential
this substance is 16 times stronger than &€ kg gas emitted.

By use of the model described in Appendix | we have calculated the annual tretite and
change irthetrendis also given inTable2. The trend for the period 202D08 is 0.9 ppt per
year, and the change in the trendli§, indicating a slowdown in the annual change.

535 The development of the annual means of

530 methyl chloride for the period 2001

525 2008 is presented irigure8. The last

520 years there has been a stabilisation of the
2 515 level of this gas, but from 2062008
¢ 510 there is annicrease of 0.5%. As one of

505 the main sources of this compound is

500 algae from the ocean, it is interesting to

495 note the development the last years as
20012002 2003 2004 2005 2006 2007 2008 the sources migtiieindirectly related to
sea ice cover in the Arctic region, and
thus also to the temperaggrin the

region.

Figure 8: Development of the annual means
methyl chloride measured at the Zeppelin
Observatory for the period 20€2008.

3.1.4 Observations of Methyl Bromide in the period 20012008

The sources of Methyl Bromide (GBF) are both from natural and anthropogenic activities.

The natural sources such as the ocean, plants, and soil, can also be a sink fortaimsesubs
Additionally there are also significant anthropogenic sources; it is used in a broad spectrum of
pesticides in the control of pest insects, nematodes, weeds, pathogens, and rodents. It is also
used in agriculture primarily for soil fumigation, aslwaes for commodity and quarantine
treatment, and structural fumigation. The results of the daily averaged observations of this
compound for the period 202008 are shown iRigure9.
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Figure 9: Observations of methyl bromide, gBt, for the period 200:2008 at the
Zeppelin observatory. Dots: daily averages mixing ratios from the observations, solid
modelled background mixing ratio.

Methyl bromide is a greenhouse gas with a lifetime of 0.7 years and it is 5 times stronger than
CO,, if the amount emitted of both gases were equiak short life time explains the large

annual and seasonal variations of this
compound. While methyl bromide is a
natural substance, the additional methyl|  9-5
bromide added to the atmosphere by

humans contributes to the man made 9.0 +— —

thinning of the ozone layerotal

organic bromine from halons and 2gs & & B = & B I
=14

methyl bromide peaked in 1998 and has
declined since (WMO, 2007This so- M B B B B BB B
observed decrease was solely a result 0 I I I I I I I
declines observed for methyl bromide.

Bromine (Br) from halons continues to 75

years, see sectid2.4on page31l.

Figure 10: Developrent of the annual means of

We have calculated the annual trend byMethyl Bromide measured at the Zeppelin

use of the model described in Observatory for the period 202008

AppendixIl. The trend and change in

the trend is given ifable2. For the period 2002008 there is a reduction in the mixing ratio
of -0.1 ppt per year, with a very small acceleration in the trer@.01 indicating that the
trend is expected to be similar, or slightly lowfer the next year (if there are no abrupt
changes in sources and sinks). Howenmete thathe observed changes are small and the
daily, seasonal and annual variatiafishe trends are uncertain.

The development of the annual means for the period-2008 is presented faigurel0,

clearly illustrating the decrease the last years. In geagradspheric amounts of methyl
bromide have declined since the beginning in 1999 when industrial production was reduced.
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By mid-2004, mixing ratios had declined 1.3 ppt (14%) from the peak of 9.2 ppt measured
before 1999 (WMO, 2007). Our observations are higher than the global mean values, and the
trend is somewhat smaller.

3.1.5 Observations of tropospheric ozone in the period490 to summer 2008

Tropospheric ozone (which is the ozone in the lower part of the atmosphere) is a natural
constituent of the atmosphere and plays a vital role in many atmospheric processes. It also a
greenhouse gas with a radiative forcing of +0.35 W(HRCC, 2007) due to changes in the
concentrations since 1750. This is 10% of the overall global radiative forcing since 1750.
There are no direct anthropogenic sources for ozone; thus the component is not regulated by
the Kyoto protocol. Ozone is not etei directly to the atmosphere, but it is rather produced
from precursor gases; the formation of ozone is due to a large number of photochemical
reactions taking place in the atmosphere and depends on the temperature, humidity and solar
radiation as well sithe primary emissions of nitrogen oxides and volatile organic compounds.
Anthropogenic emissions of VOC and nitrogen oxides have increased the photochemical
formation of ozone in the troposphere. Until the end of the 1960s the problem was basically
believed to be one of the big cities and their immediate surroundings. In the 1970s, however,
it was found that the problem of photochemical oxidant formation is much more widespread.
The ongoing monitoring of ozone at rural sites throughout Europe showgitades of high
concentrations of grouAiével ozone occur over most parts of the continent every summer.

The 1999 Gothenburg Protocol is designed for a joint abatement of acidification,

eutrophication and grouddvel ozone. The critical levels definbgt ECE for protection of
vegetation are 150 e€g/ m3 fhorurhoneralny amaarb,0 &Q
sevenhour mean (9 a.m4 p.m.) averaged over the growing season (Apeibtember).

The observed ozone mixing ratios for the period 220 are shown in the next Figure.
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Figure 11: Observations of ozone in the troposphere for the period 2001 to 31.07.200
the Zeppelin observatory. Red ddisurly average concentrations.
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Monthly mean concentrations show largeasonal variations. In 2006 there was an extreme
episode with transport of pollution into the Arctic region and ozone levels as high as
~160pg m*. This was above all critical levels 208 there have been few strong episodes,
and the maximum ozone level observed was@en* at 21" of May 2008.

3.1.6 Observations of CO in the period 20022008

Carbon monoxide (CO) is not considered as a dges#nhouse gas, mostly because it does

not absorb terrestrial thermal IR energy strongly enough. However, CO is able to modulate
the level of methane and production tropospheric ozone which are both very important

climate components. The CO sources angsions have influence on the increasing

tropospheric ozone and methane concentrations. CO is closely linked to the cycles of methane
and ozone and, like methane; CO plays a key role in the control of the OH radical.

The observed CO mixing ratio for thberiodSeptembe2001-2008 are shown iRigureb.
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Figure 12 Observations of carbon monoxide (CO) for the September 2001 to July 20!
the Zeppelin observatory. Red dots: daily averaged observedgmatios. The solid: line
is the modelled background mixing ratio.

Monthly mean concentrations of CO show a seasonal variation with large amplitudes in the
Northern Hemisphere and small ones in the Southern Hemisphere. This seasonal cycle is
driven by \ariations in OH concentration as a sink, emission by industries and biomass
burning, and transportation on a large scale.
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The maximum daily average value in
145 2008 was observed on the"16f

140 January and was 206.6 ppb. This is the
135 third highesttoncentratiorever
130 observed at Zeppslin; the highest is
.5125 217.2ppbonthe 2" of May 2006.
j= 5

These peak values are due to transpor
of polluted air from lower latitudes,

and for CO it is often caused by
transport of smoke from agricultural
fires or forest fires In general the CO
concentrations measured at Zeppelin
show a decrease during the period and
2007 is the minimum for the pged
investigatedThe decrease in the
background mixing ratio of CO is as
much as 13% from 2003 to 2007.
However, in 2008 there is amcreaseof 1.6% since 20Q7This is important tanonitor, as the
sourcef COarebothseveral and compleand the levieof this compound is important for
theozone and metharevels Atmospheric CO sources are oxidation of various organic gases
(volatile organic compounds, VOC) from sources as fossil fuel, biomass burning, and also
oxidation of methane is important. Adéidnally emissions from plants and ocean are
important sources.
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Figure 13. Development of the annual means of
CO measured at the Zeppelin Observatory for tr
period 20032008

The global levels of CO were increasing before-&880s, and the averaged global growth

rate was0.9 ppb/year for the period from 1992 to 2001. The variability of the growth rates is
large High positive growth rates and subsequent high negative growth rates were observed in
northern latitudes and southern low latitudes from 1997 to 1999. We calculated a trend of

1.7 ppb per year for the period 2BQ008 The development of the annual medaor the

period 20@-2008 is presented figurel3, clearly illustrating a maximum in the year of

2003, and a decrease from ZPA007, with an increase the last year.

3.2 Greenhouse gases with solely anthropogeniclsoes

All the gases presented in this chapter have solely anthropogenic sources. These are the man
made greenhouse gases and are called CFCs, HCFCs, HFCs Pf&| B&lons and the

gases did not exist in the atmosphere before tRe@btury. All thesgjases except for $F

are halogenated hydrocarbons. Although the gases have much lower concentration levels than
most of the natural gases mentioned in the previous section, they are strong infrared
absorbers, many of them with extremely long atmosphi&tmhes resulting in high global

warming potentials; seEablel on page/. Together as a group the gases contribute 11% to

the overall global radiative forcing since 1750.

Some of hese gases are ozone depleting, and consequently regulated through the Montreal
protocol. Additional chlorine and bromine from CFCs, HCFCs and halons added to the
atmosphere contributes to the thinning of the ozone layer, allowing increased UV radiation to
reach the earth's surface, with potential impact not only to human health and the environment,
but to agricultural crops as well. In 1987 the Montreal Protocol was signed in order to reduce
the production and use of these ozdepleting substances (OD&)d the amount of ODS in

the troposphere reached a maximum around 1995. The amount of most of the ODS in the
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troposphere is now declining slowly and one expects to be back-1®géelevels around

year 2050. In the stratosphere the peak is reached sotlatehaaround the year 2000, and
observations until 2004 confirm that the level of stratospheric chorine has not continued to
increase (WMO, 2007).

The CFCs, consisting primarily of CF1,-12, and-113, accounted for ~62% of total
tropospheric Chloria in 2004 and accounted for a decline of 9 ppt Chlorine from-2003
(or nearly half of the total Chlorine decline in the troposphere over this period) (WMO, 2007).

There aréwo generations of substitutes for the CFCs, the main group of the ozoagmdgepl
substances. The first generation substitutes is now included in the Montreal protocol as they
also influence the ozone laydihis comprises the components cal#@FCslistedin Tablel
andTable2. The secondjeneration substitutes, the HFCs, are included in the Kyoto protocol.
The situation now is that the CFCs have started to decline, while their substitutes are
increasing, and many of them have a steep increase.

3.2.1 Observations of Chlorofluorocarbons (CFCs) in the period 2002008

This section include the results of the observations of the CFCs1CFCFCG12, CFG113,

CFC115. These are the main ozone depleting gases, and the anthropogenic emissions started
around1930s and were restricted in the first Montreal protdeigiure14 shows the daily

averaged observed mixing ratios of these four CFCs.

Figure 14: Daily averaged mixing ratios of theamitored CFCs: CFEL1 (dark blue),
CFC-12 (red), CFCG13 (green) and CFa15 (light blue) for the period 2002008 at the
Zeppelin observatory. The solid lines are modelled background mixing ratio.

The main sources of these compounds were foam blowirag@eropellanttemperature
control (refrigerators), solvent, and electronics industry. The highest production of the
observed CFCs was around 138 maximum emissions was around 198 life times of
the compounds is long as givenTiablel, and also the GWP due to the life time and strong
infrared absorption properties is very high.
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