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Preface

In 1999 The Climate and Pollution Agency (KIif, the former SFT) and Norwegian Institute
for Air research (NILU) signed a contract commissioning NILU to run a programme for
monitoring greenhouse gases at the Zeppelin station, close to Ny-Alesund at Svalbard. This
collaborative KIif/NILU programme includes monitoring of 23 greenhouse gases at the
Zeppelin observatory in the Arctic. In 2009 NILU upgraded and extended the observational
activity at the Birkenes Observatory in Aust-Agder. In 2010 the KIif/NILU monitoring
programme was extended to also include the new observations from Birkenes of the
greenhouse gases CO, and CH, and selected aerosol observations particularly relevant for the
understanding of climate change.

The following greenhouse gases are regulated through the Montreal protocol and measured at
the Zeppelin Observatory: chlorofluorocarbons (CFC), hydrochlorofluorocarbons (HCFC),
and halones as well as other halogenated organic gases. Further the following gases included
in the Kyoto protocol are monitored; methane (CHy,), nitrous oxide (N.O) from 2010,
hydrofluorocarbons (HFC), sulphurhexafluoride (SFs). Additionally carbon monoxide (CO)
and tropospheric ozone (Os) are 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
(COy) performed by ITM, University of Stockholm as well, but the availability of data is
limited. This activity is funded by the Swedish Environmental Protection Agency.

The unique location of the Zeppelin observatory at Svalbard together with the infrastructure
of the scientific research community at Ny-Alesund makes it ideal for monitoring the global
changes of the atmosphere. There are few local sources of emissions, and the Arctic location
is also important as the Arctic is a particularly vulnerable region. The observations at the
Birkenes Observatory complement the Arctic site. Birkenes Observatory is located in a forest
area with few local sources. However, the observatory often receives long range transported
pollution from Europe and the site is ideal to analyse the contribution of long range
transported greenhouse gases and aerosol properties.

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 ozone-depleting substances (ODS). The amount of most ODS in
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the troposphere is now declining slowly and one expects to be back to pre-1980 levels around
year 2050. It is crucial to follow the development of the concentration of these ozone
depleting gases in order to verify that the 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 was adopted. 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 included are: CO,, CH4, N,O,
fluorinated hydrocarbons (HFKs and PFKSs) and sulphurhexafluoride (SFg).

The Norwegian Institute for Air Research (NILU) is responsible for the operation and
maintenance of the monitoring programme. 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 continuous measurements of the greenhouse gases CO, and CHj, at the Birkenes
Observatory resulting in high quality data that can be used in trend analysis

e Provide trend analysis and interpretations of the observations from Zeppelin assess the
influence regional anthropogenic emissions of greenhouse gases has on the radiative
balance

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

e Provide results of aerosol observations of relevance to the understanding of climate
change

¢ Indicate sources regions with high influence on the measurements.

Observations and results from the monitoring programme are processed and used to assess the
progress towards compliance with international agreements like the Kyoto and the Montreal
Protocols. This report summarises the activities and results of the greenhouse gas and aerosol
monitoring programme for the year 2010, and comprises a trend analysis for the period 2001-
2010 including interpretation of the results.

Kjeller, March 2012

Cathrine Lund Myhre
Senior scientist and project manager
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1. Executive summary

This annual report describes the activities and main results of the programme “Monitoring of
greenhouse gases and aerosols at the Zeppelin Observatory, Svalbard, and Birkenes
Observatory, Aust-Agder, Norway ” for 2010. This is a part of the Governmental programme
for monitoring pollution in Norway. The report comprises all natural well mixed greenhouse
gases, the most important anthropogenic greenhouse gases as well as various particle’s
properties with relevance to climate. Many of the gases also have strong ozone depleting
effect.

Table 1: Key findings; Greenhouse gases measured at Ny-Alesund; lifetimes in years®, global
warming potential (GWP), absolute change in concentrations since 2009, concentrations in
2010, their trends per year over the period 2001-2010, and relevance to the Montreal and
Kyoto Protocols. All concentrations are mixing ratios in pptv, except for methane and carbon
monoxide (ppbv) and carbon dioxide (ppmv).

Compouna Formuia | e we?| SIn0e | qoyo | Tend  Montesar - Comments n sources for

Methane CH, 12° 25 >1 1892 | +45 |K

Carbon monoxide CO Months 14.7 133 -0.26

Carbondioxide* CO, 1 2.2 390 | +21 [K

Chlorofluorocarbons

CFC-11* CClLF 45 | 4750 | -1.8 | 241 | -2.1 |M phased out ;Orig‘eﬁfn"t"'”g' aerosol

CFC-12* CF.Cl, 100 |10900 -3.7 534 -1.4  |M phased out |temperature control

CFC-113* CF,CICFCl,| 640 6130 -0.7 76 -0.7  |M phased out |solvent, electronics industry

CFC-115* CF:CF.Cl | 1020 | 7370 | 00 | 8.4 | +0.02 |M phased out :)erg‘[fjlr:rt]‘t"e control, aerosol

Hydrochlorofluorocarbons

HCFC-22 CHCIF, 11.9 | 1810 | 7.8 |2203| +6.8 |Mfreeze Lelmﬁgat”re control, foam

HCFC-141b C,H3FCl, 9.2 725 0.6 221 +0.5 |M freeze foam blowing, solvent

HCFC-142b* CH3CF.CI 17.2 | 2310 0.8 22.2 +0.9 |M freeze foam blowing

Hydrofluorocarbons

HFC-125 CHF,CF; 28.2 | 3500 1.3 9.2 +0.8 |K temperature control
temperature control, foam

HFC-134a CH,FCF; 13.4 | 1430 5.7 63.4 +4.6 |K blowing, solvent, aerosol
propellant

HFC-152a CH3CHF, 1.5 124 0.5 9.6 +0.8 |[K foam blowing

Halons

H-1211* CBrCIF, 16 1890 -0.1 4.3 -0.02 [M phased out |fire extinguishing

H-1301 CBrF; 65 7140 0.0 3.3 +0.03 |M phased out |fire extinguishing

Halogenated compounds

Methylchloride CHsCI 1.0 13 -6.0 520 +0.9 natural emissions (algae)

Methylbromide CH3Br 058 5 04 | 73 | 016 |Mireeze ?Eﬂgg‘é')t“re’ natural emissions

Dichloromethane CH.Cl, 0.38 8.7 3.3 41.7 +1.1 solvent

Chloroform CHCl; 0.5 30 0.6 11.3 | +0.01 Solvent, natural emissions

Methylchloroform CH3CCls 5 146 -1.5 7.8 -3.31 |M phased out |solvent

Trichloroethylene CHCICCI, 0.1 0.6 -0.00 solvent

Perchloroethylene  CCI,CCl, 0.2 3.1 -0.19 solvent

Sulphurhexafluoride* SFg 3200 |22800 0.3 7.2 +0.25 [K Mg-production, electronics

“The measurements of these components have higher uncertainty. See Appendix | for more details.

! From Scientific Assessment of Ozone Depletion: 2010 (WMO, 2011b)

2GWP (Global warming potential) 100 years time period, CO, = 1

% The lifetime for CH, are adjustment times including feedbacks of indirect effects on the lifetime. The lifetime is close to 9 year without
adjustments.

* Measurements of CO; is performed by Stockholm University. This is preliminary data and there is no trend calculation.
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The lifetimes and GWPs in Table 1 are updated in accordance with the 4™ Assessment Report
of the IPCC and the last ozone Assessment report published in 2011 (WMO, 2011b). Trends
are calculated for the period 2001-2010 and are given in mixing ratio (concentration) per
year. Further details and interpretations are presented in section 3 of the report, and our
observations are compared to updated results from the from the Assessment report (WMO,
2011Db).

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

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

o Methane — CHa: In 2010 the mixing ratios of methane increased to new record levels
both globally and at Zeppelin where an annual mean value of 1892 ppb was reached. The
increase in 2010 was however very small at Zeppelin; ca 1 ppb compared to the 29 ppb
increase from 2005 to 2010. The methane increase at the Zeppelin observatory from 2005 to
2010 was 29 ppb or around 1.5%, whilst there was a 1,4 % increase globally. Both values
seem to constitute a relatively large change compared to the evolution of the methane levels
in the period from 1998-2005; the change was close to zero for this period both at Zeppelin
and globally after a strong increase during the 20" Century according to IPCC (Forster et al.,
2007).

There is yet no clear explanation for the global increase in methane that started in 2005, but a
probable explanation could be increased methane emissions from wetlands, both in the tropics
as well as in the Arctic region. This hypothesis is supported in recent studies published in
2011. Melting permafrost, both in terrestrial regions and at the sea floor, might introduce new
possible methane emission sources initiated by the temperature increase the last years.
According to recent studies in 2011, this does not seem to influence the observations at
Zeppelin (Fisher et al. 2011). If this should be the case, it would be an alarming development,
given the extensive stocks of methane in the permafrost.

To improve our understanding of the ongoing processes an immediate extension of the
monitoring of methane is needed, in particular to identify possible sources in the Arctic.
Methane from various sources has different isotopic ratios of **C/*2C. Isotopic measurements
of methane at Zeppelin combined with transport modeling would be a very powerful tool to
distinguish between methane from various sources as wetlands, oceans and exploitation of gas
fields included gas transportation.

o Nitrous Oxide —N,O: The global mean level of N,O has increased from around

270 ppb prior to industrialization and up to an average global mean of 323.2 ppb in 2010
(WMO, 2011a) which is new record level. In 2009 NILU installed a new instrument at
Zeppelin measuring N,O to follow the evolution of this compound in the future in the Arctic.
The instrument has been in full operation since April 2010 and the observations are presented
in this report.

o CO; reached new record level in 2010 both globally and at the Zeppelin
Observatory in the Arctic. The global abundance was 389.0 according to WMO (2011a) and
the preliminary analysis of the Zeppelin measurements indicates a mixing ratio of 390 ppm.
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The annual growth rates were slightly higher than to the last years, above 2 ppm per year both
globally and at Zeppelin.

o Hydrofluorocarbons: These gases replace the strongly ozone depleting substances
CFC’s, and are relatively new gases emitted to the atmosphere. They are all of solely
anthropogenic origin. The mixing ratios of HFC-125, HFC-134a, HFC-152a have increased
by as much as 360%, 206% and 237% respectively since 2001 at the Zeppelin observatory.
However, their concentrations are still very low, thus the total radiative forcing of these gases
since the start of their emissions around 1970 and up to 2010 is only about 0.013 W m™. For
comparison: The forcing of a typical 2 ppm annual increase in CO, is around 0.03 W m™ and
the forcing of these HFCs is less than 1 % of the radiative forcing from the change in CO;
since pre-industrial time. Thus the contribution from these manmade gases to the global
warming is small today, but given the observed extremely rapid increase in the use and
atmospheric concentrations, it is crucial to follow the development of these gases in the
future.

o The perfluorinated compound — SFg: The only perfluorinated compound measured at
Zeppelin is Sulphurhexafluoride, SFs. This is an extremely potent greenhouse gas, but the
concentration is still very low. However, measurements show that the concentration has
increased more than 45% 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
addition they are all greenhouse gases. The amount of most of the ozone-depleting substances
(ODS) in the troposphere is now declining slowly globally and is expected to be back to pre-
1980 levels around the year 2050. The gases included in the monitoring programme at
Zeppelin are the man-made greenhouse gases called chlorofluorocarbons (CFCs), the
hydrogen chlorofluorocarbons (HCFCs), which are CFC substitutes, and halons.

o CFCs: In total the development of the CFC gases measured at the global background
site Zeppelin give reason for optimism. The concentrations of the observed CFCs, CFC-11,
CFC-12 and CFC-113 are declining, whilst CFC-115 is at the same level as in 2009. The
mixing ratios of three of the gases are now at a lower level than in 2001 when measurements
started at Zeppelin.

o HCFCs: The CFC substitutes HCFC-22, HCFC-141b and HCFC-142b all had a
relatively strong increase in the levels measured at Zeppelin from 2001-2010. HCFC-22
used for temperature control and foam blowing had the largest growth rate. This is the most
abundant substance of the HCFCs and is currently increasing at a rate of 6.8 ppt/year which is
almost 4% per year, and as much as 38% increase since 2001. HCFC-142b had the strongest
relative increase with more than 21% since 2007 and more than 50% since 2001.

o Halons: Halons are the Bromine containing halocarbons. The levels of the two gases
monitored have been relatively stable over the observation period at Zeppelin. The recent
results indicate that there was a maximum in 2004 for halon-1211 at Zeppelin, and a small
decline after that. According to the last Ozone Assessment (WMO, 2011b) the total
stratospheric Bromine concentration is no longer increasing, and Bromine from halons



Monitoring of greenhouse gases and aerosols at Svalbard and Birkenes: Annual report 2010 (TA-2902/2012)

stopped increasing during the period 2005-2008. Also our last observations indicate that the
growth has stopped.

Greenhouse gases not regulated through the protocols — Key findings

The monitoring programme also includes five greenhouse gases not regulated through any of
the two protocols.

e Chlorinated greenhouse gases: These are the following 5 chlorinated gases: methyl-
chloride (CH3Cl), dichloromethane (CH.Cl,), chloroform (CHCIs), trichloromethane
(CHCICCIs), perchloroethylene (CCI,CCl,). The concentrations of these gases show small
variations from year to year and four of them have increased the last years. A considerable
increase in chloroform is evident at Zeppelin from 2009-2010, and since 2009 the component
has increased with ca 10%. The reason for this is not yet clear. Dichloromethane shows an
increase of almost 34% since 2001, and as much as 8.5 % the last year. The main use of this
compound is as an active ingredient in paint removers.

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

o Aerosols: Aerosols are small particles in the atmosphere. Major sources of
anthropogenic aerosols are burning of fossil fuel, coal and biomass including waste from
agriculture and forest fires. Aerosols can have a cooling or warming effect depending on the
chemical compositing. Globally the cooling effect dominates and has offset the warming of
the greenhouse gases since the year 1750 by around 1/3. However, this is connected with
considerable uncertainty and the uncertainty with respect to the effects of aerosols on the
radiative balance and climate is one of the reasons for the large uncertainty in IPCC’s
projected range of the increase in global temperature. Measuring a wide range of aerosol
variables is therefore crucial for improved understanding of global warming and its
mitigation.

Observations of the total amount of aerosol particles above Ny-Alesund show increased
concentration levels during spring time compared to the rest of the year. This is called Arctic
haze which is due to transport of pollution from lower latitudes (mainly Europe and Russia)
during winter/spring. In 2010 this aerosol pollution was at approximate the same level as
previous years. There were also shorter episodes with elevated levels of particles later than
springtime. Aerosol particles are short-lived climate forcing agents, some with cooling, and
some with warming effects. Their concentrations and combined effects can change relatively
fast. An extension of the aerosol observations at Zeppelin by including measurements of the
aerosol absorption properties will be very useful to improve the knowledge about the different
types of aerosols and their effects in the Arctic atmosphere.

Starting in 2010 aerosol observations from the Birkenes observatory are included in the
program. The aerosols observed at Birkenes are characterized by long-range transport from
Great Britain, Central Europe, and the Arctic, with occasional long-range transport episodes
also from North America including forest fire aerosol. In addition to the long range
transported aerosols, also aerosols from local or regional emissions, either natural or
anthropogenic are observed. With respect to local or regional influence on the forming of
aerosol particles, it seems like natural emissions from vegetation dominate in summer,
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whereas anthropogenic emissions dominate in winter at Birkenes. The climate effect of
aerosols observed at Birkenes seems in average for the whole year to be cooling , but the
strength reveals seasonal variations. The chemical composition of aerosols in Norway is more
thoroughly discussed in Aas et al. (2011).

o Reactive gases: Tropospheric ozone and CO have elevated levels in polluted regions
like central Europe. They are suitable indicators for long range transport of pollution from the
continents to Svalbard, and CO is also a proper tracer for transport of emissions from biomass
burning and other fire events. There were several episodes with elevated levels of ozone and
CO in 2010 at Zeppelin indicating long range transport. No episode was as extreme as the one
in 2006. In general there has been a reduction in the CO concentration at Zeppelin from
2003-2009, but a considerable increase from 2009 to 2010. The reason for this is not yet
understood. The annual mean value for 2010 was 133 ppb compared 118 ppb in 2009. The
results for ozone is more thoroughly discussed in Aas et al. (2011).
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2. Introduction

The greenhouse effect is a naturally occurring process in the atmosphere caused by trace
gases, especially water vapour (H,0O), carbon dioxide (CO;), methane (CH,4) and nitrous oxide
(N0O) that naturally occur in the atmosphere. The content of the last three gases in the
atmosphere are closely related to emissions from main sources, whilst the water content varies
mainly with temperature. Without these gases the global mean temperature would have been
much lower. These gases absorb infrared radiation and thereby trap energy emitted by the
Earth. Due to this energy trapping the global mean temperature is approximately 13.7°C, more
than 30 degrees higher than it would have been without these gases present (IPCC, 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 of CO; has increased by 39% (from 280 ppm as a pre-
industrial concentration to 389 ppm in 2010) and methane has increased by as much as 158%
from 700 ppb to 1808 ppb in 2010) according to WMO (WMO, 2011a). 2011 showed new
record levels of both these gases. The overall changes in the concentrations of the greenhouse
gases are the main cause of the global mean temperature rise of 0.74°C over the last century
reported by IPCC (2007). Depending on the various emission scenarios used and natural feed-
back mechanisms the temperature is predicted to increase with 1.1-6.4°C approaching the year
2100, according to IPCC (2007).

Radiative forcing® is a useful tool to estimate the relative climate impacts of various
components inducing atmospheric radiative changes. The influence of external factors on the
climate can be broadly compared using this concept. Revised global-average radiative forcing
estimates from the 4™ IPCC assessment report are shown in Figure 1 (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) estimates for important anthropogenic
agents and mechanisms together with the typical spatial scale of the forcing and the assessed
level of scientific understanding (LOSU).
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® 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
Wm and positive radiative forcing tends to warm the surface. A negative forcing tends to cool the surface.
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The most important greenhouse gas emitted from anthropogenic activities is CO, with a
radiative forcing of 1.66 W mgiven in the 4" IPCC report (IPCC, 2007). This is an increase
of 0.2 W m™ since the IPCC report from 2001. CH, and N,O are other components with
strong forcings of 0.48 W m™ and 0.16 W m respectively. It is worth noting that even the
change in CO, radiative forcing since 2001 is stronger than the total forcing of e.g. N,O since
1750, emphasising the importance of CO,.

The joint group of halocarbons is also a significant contributor to the radiative forcing.
Halocarbons include a wide range 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 fluorinated halocarbons), and SFe. These fluorinated gases are regulated through
the Kyoto protocol. The total forcing of the halocarbons is 0.337 Wm™, and the single
component CFC-12 is presently stronger than N,O, but the concentration of CFC-12 seems to
have reached its peak value. The trend for CFC-12, 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 have now a negative
trend in the development of the atmospheric mixing ratios.

The diagram below shows the relative contribution (in percent) of the long-lived greenhouse
gases and ozone to the anthropogenic greenhouse warming sine pre-industrial times (1750).
The numbers are based on the radiative forcing estimates in the last IPCC report. The diagram
shows that CO; has contributed to 55% of the changes in the radiative balance while methane
has contributed 16% since pre-industrial times. The halocarbons have contributed 11% to the
direct radiative forcing of all long-lived greenhouse gases.

5 % 3%

10 % % Carbondioxide (CO2)

H Methane

& Halocarbons (KFK, HKFK, HFC)

B Ozone (includes both stratospheric
and tropospheric changes)

= Nitrous oxide (N20)

u Stratospheric water vapour

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

According to the last IPCC report (IPCC, 2007), a large source of uncertainty in climate
predictions is caused by insufficient understanding of the atmospheric aerosol processes and
historic evolution.

There are two dominant pathways for atmospheric aerosols to influence climate, both exerting
a cooling effect in most cases. On one hand, aerosol scatter incoming solar radiation back into

11



Monitoring of greenhouse gases and aerosols at Svalbard and Birkenes: Annual report 2010 (TA-2902/2012)

space, preventing it from reaching the ground and warm the surface. This is the so-called
direct aerosol climate effect. Additionally, aerosols are activated to cloud particles. Increasing
the number of aerosols will in turn increase the cloud particles and also the reflectivity and
lifetime of the cloud, again with a cooling effect. This is called indirect aerosol climate effect.
Both effects are quantified by negative aerosol radiative forcing in Figure 1 leading to cooling
of the surface. The negative aerosol radiative forcing partially offsets the positive, warming
radiative forcing by greenhouse gases. In this way the aerosols mask the warming of the
greenhouse gases, the magnitude is still uncertain.

The main objective of NILU’s monitoring programme is to observe, analyse and interpret
the changes in the atmospheric concentrations of the gases included in the Montreal protocol
and the Kyoto protocol. An overview of all gases observed together with their trends, lifetime
and GWP is given in Table 1 in the Summary. Furthermore the programme shall provide
relevant information about aerosols observations important for increased understanding of
climate change.

The international collaboration regarding the protection of the ozone layer leading to the
Montreal protocol started with the Vienna convention in 1985. Two years later the Montreal
protocol was signed and for the first time there was an international agreement forcing the
participating countries to reduce and phase out anthropogenic substances. Halocarbons and
their relation to the Montreal protocol are indicated in Table 1. Today more than

190 countries have ratified the protocol and many countries have also ratified the later
additions to the 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, 2011b) the total combined
abundance of anthropogenic ozone-depleting gases in the troposphere has continued to
decrease from the peak value observed in the 1992-1994 time period. However, the decrease
is slower than previous projected due to slower decrease in CFC-11 and CFC12, and also
larger increase in HCFC than anticipated. The reduction is around 28% relative to the peak
value. In the stratosphere the peak is later, around 200-2002, and the reduction since then is
close to 10% (WMO, 2011b).

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 four most important
greenhouse gases and two groups of gases are included: CO,, CH,, N,O, SF¢ (sulphur-
hexafluoride), hydrofluorocarbons (HFCs) and perfluorocarbons (PFCs). The emissions are
calculated as annual mean values during the period 2008-2012. The gases are considered
jointly and weighted in accordance with their global warming potentials as given by IPCC
(2007) and shown in Table 1.

A Norwegian introduction to the Montreal and Kyoto protocol can be found at “Miljestatus
Norge” (http://www.miljostatus.no). The English link to the Montreal protocol is
http://ozone.unep.org/Ratification_status/montreal_protocol.shtml whereas the Kyoto
protocol can be found at
http://unfccc.int/essential_background/kyoto_protocol/items/1678.php.
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3. The Zeppelin and Birkenes Observatories; Norwegian Atmospheric
supersites

3.1 Atmospheric supersites

There are considerable future challenges connected with the understanding of atmospheric
change, and the effects of this. This includes the evolution and assessments of long-lived
greenhouse gases (LLGHG) as well as the understanding of short-lived climate forces
(SLCF). SLCF includes aerosols and tropospheric ozone in particular, and related gases as
CO, NOy, methane and volatile organic compounds (VOC). Furthermore also the interaction
between aerosols and clouds is largely unknown. A key point in the analysis and
understanding of these variables are quality assured and harmonised measurements within
Europe, as well as on larger geographical scale. NILU acts as the Chemical Coordinating
Centre for EMEP® and coordinates the atmospheric monitoring work under the Convention on
Long-Range Transboundary Air Pollution (under United Nations Economic Commission for
Europe). This is a scientifically based and policy driven programme with high relevance for
the institute’s involvement in, and relation to, international research infrastructure projects
and ESFRI (European Strategy Forum on Research Infrastructures) research infrastructures.
There are mutual benefits and close links between selected infrastructure programs in EU and
EMEP. In particular NILU has been highly involved in EUSAAR (European Supersites for
Atmospheric Aerosol Research, ended this year), and now ACTRIS (Aerosols, Clouds, and
Trace gases Research InfraStructure Network, www.actris.net) but also the new infrastructure
project INGOS (Integrated non-CO, greenhouse gases observing system). The importance of
these projects is high for the development of optimised observational infrastructures (both
with respect to equipments, analysis and cost) to meet the future needs for studying
atmospheric compositional change. The projects are focusing on both long-lived and short-
lived climate forcers. International collaboration and harmonisation of these types of
observations are crucial for
processes understating and
satisfactory quality to
assess trends. NILU is also
involved in ICOS
(Integrated Carbon
Observation System) and
has two atmospheric sites
that will become ICOS sites
) ; if national funding is
| WAcrosolprofiig 7 s - established (At Birkenes
@ Aerosol in-situ A A
¥ Trace gases ' and Zeppelin). The map in
Figure 3 shows the sites
include in the research
s infrastructure project
ACTRIS (www.actris.net).
& _A,ers 4 : This project started 1. April
-2ID -1I5 -WID . 5 1] 5 10 15 25/135 3ID 2011
Figure 3: The map shows sites in ACTRIS and the distribution
of various types atmospheric measurements.
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® EMEP: European Monitoring and Evaluation Programme: http://www.emep.int/
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Figure 4: Location of NILU's the
atmospheric sites measuring long
lived greenhouse gases.

Trough different monitoring programmes, NILU
operates many measurements sites, and three of these are
comprehensive observatories measuring various long
lived greenhouse gases illustrated in Figure 4. The
national monitoring programme of greenhouse gases has
only included measurements from Zeppelin from 2001,
but in 2010 measurements of CO, and CH, at Birkenes
was also included. Additionally, NILU performs
measurements of CO and CO, at Andgya from 2010
through the Marine Pollution Monitoring Programme.

Norway has a national interest and particular
responsibility to develop harmonized and high quality
GHG observation infrastructures in the northern region
including the Sub-arctic and Arctic areas. Long range
transport of air pollution from the central-European
continent is occurring, and of high relevance. There is
also transport from the North-American continent, China
and other Asian regions (Stohl, 2006) detected at
Zeppelin. Furthermore, the industrial development in the
Acrctic regions, particularly the increase in oil, gas, and
ship activities, will influence the GHG levels in this
vulnerable region. Moreover, possible emission from the

huge reservoirs of methane in the Arctic region is crucial to follow over long time. These are
typical emissions from regions with thawing of permafrost, changes in wetlands and thaw
lakes, and methane hydrates at the sea floor. All are sensitive to global warming, with strong

positive feedbacks.

The measurement activities at the Zeppelin and Birkenes Observatories contribute to a
number of global, regional and national monitoring networks:

e EMEP (European Monitoring and Evaluation Programme under "UN Economic

Commission for Europe™)

AGAGE (Advanced Global Atmospheric Gases Experiment)

Global Atmospheric Watch (GAW under WMO)

Network for detection of atmospheric change (NDAC under UNEP and WMO)
Arctic Monitoring and Assessment Programme (AMAP)

Most data are public available through the international data base hosted at NILU:

http://ebas.nilu.no.

3.2 The Zeppelin observatory

The monitoring observatory is located in the Arctic on the Zeppelin Mountain, close to
Ny-Alesund at Svalbard. At 79° north the station is placed in an undisturbed arctic
environment, away from major pollution sources. Situated 474 meters a.s.l and most of the
time above the inversion layer, there is minimal influence from local pollution sources in the
nearby small community of Ny-Alesund.
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The unique location of the station makes it an ideal platform for the monitoring of global
atmospheric change and long-range transport of pollution. The main goals of NILU’s research
activities at the Zeppelin station are:

e Studies of climate related matters and stratospheric ozone

e Exploration of atmospheric long-range transport of pollutants. This includes greenhouse
gases, 0zone, persistent organic pollutants, aerosols and others.

e Characterization of the arctic atmosphere and studies of atmospheric processes and

changes
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Figure 5: The monitoring station is located at the Bt | | o L=
Zeppelin Mountain at Spitsbergen close to the § | S
village Ny-Alesund. o : 3

The Zeppelin station is owned and maintained by the Norwegian Polar Institute. NILU is
co-ordinating the scientific activities at the station. The station was built in 1989-1990. After
10 years of use, the old building was removed to give place to a new modern station that was
opened in May 2000. The building contains several separate laboratories, some for permanent
use by NILU and Stockholm University, others intended for short-term use like measurement
campaigns and visiting scientists. A permanent data communication line permits on-line
contact with the station for data reading and instrument control.

NILU performs measurements of more than 20 greenhouse gases including halogenated
greenhouse gases, methane and carbon monoxide. In Appendix | there are more details about
sampling techniques and frequency of observations. Methane and CO are sampled 3 times per
hour. This high sampling frequency gives valuable data for the examination of episodes
caused by long-range transport of pollutants as well as a good basis for the study of trends and
global atmospheric change. Close cooperation with AGAGE-partners on the halocarbon
instrument and audits on the methane and CO-instruments (performed by EMPA on the
behalf of GAW/WMO) results in show data of high quality.

The amount of particles in the air is monitored by a Precision-Filter-Radiometer (PFR) sun

photometer. This instrument gives the aerosol optical depth (AOD). AOD is a measure of the
aerosols attenuation of solar radiation in the total atmospheric column.
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The station at Zeppelin Mountain is also used for a wide range of other measurements, which
are not directly related to climate gas monitoring, including daily measurements of sulphur
and nitrogen compounds (SO», SO,%, (NOs + HNO3) and (NH4* + NH3), main compounds in
precipitation (performed in Ny-Alesund), total gaseous mercury, particulate heavy metals,
persistent organic pollutants (HCB, HCH, PCB, DDT, PAH etc.) in air, as well as
tropospheric ozone. Zeppelin observatory is also widely used in campaigns as during the
International Polar Year.

At the Zeppelin station carbon dioxide (CO,) is measured by Stockholm University (SU)
(Institute of Applied Environmental Research, ITM). SU maintain an infrared CO; instrument
measuring CO, continuously. The instrument has been in operations since 1989. The
continuous data are enhanced by the weekly flask sampling programme in co-operation with
NOAA CMDL. Analysis of the flask samples provide CH,4, CO, Hz, N,O and SF¢ data for the
Zeppelin station in addition to COx.

3.3 The Birkenes observatory

Birkenes is located in Southern-Norway at 58° 23'N, 8° 15'E, 190 m a.s.l. Birkenes
atmospheric observatory in Aust-Agder fills a central position in the Norwegian climate
monitoring programme since it represents Norway’s South also downwind from Europe
receiving long range transported air pollution. The observatory has been in operation since
1971 and is one of the longest-running sites in Europe, and it is one of the core EMEP sites.

In 2009, the aerosol observation programme at Birkenes Atmospheric Observatory received a
major upgrade along with the upgrade of the general station infrastructure. The observatory
was moved a few hundred meters and considerably upgraded in 2009 now measuring CO; and
CH, with a Picarro instrument and a comprehensive aerosol program. The old station was
situated in a hollow with limited line of sight to the oncoming flow. Since summer 2009, the
observations are housed in a container assembly on the top of a hill a, with free line of sight to
the oncoming flow in all directions (see Figure 6). The land use in the close vicinity of the site
is characterized by 65% forest, 10% meadow, 15% freshwater lakes, and 10% agricultural
areas (low intensity). This relocation improved the regional representativeness of the station
significantly. The observation programme concerning atmospheric aerosol parameters was
augmented by measurements of coarse mode particle size distribution, spectral particle
scattering coefficient, and aerosol optical depth. It meets now EUSAAR’ and GAW
standards, and comprises now almost all observations considered by the GAW aerosol
scientific advisory group as relevant for aerosol climate effect assessments. This upgrade is
also an important improvement of the Norwegian observation programme of climate forcing
agents, which so far was more focussed on the polar regions. Accurate observations of climate
relevant aerosol properties are a prerequisite for better climate predictions for this region.

All electrical and data infrastructure is new and upgrade with Near-Real-Time measurements
controlled at NILU. Data from Birkenes (e.g. daily measurements SO,, SO,*, NO3” + HNO;
and NH;" + NH3, main compounds in precipitation, mercury and other heavy metals,
persistent organic pollutants, tropospheric ozone) have been essential for the study of long-
range transport and deposition of air pollution to Scandinavia. The monitoring at this site,
together with other central European regional sites, has provided the necessary background
for establishing international binding agreements for targeting emission reductions, c.f. the
convention for long-range transboundary air pollutions (CLTRAP) and the protocols

" EUSAAR: European Supersites for Atmospheric Aerosol Research http://www.eusaar.net
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hereunder. Personnel is visiting the observatory on a daily basis, and engineers from NILU
are present at the station regularly (approximately once per month).

Figure 6: The Birkenes Observatory located
in Aust-Aghder, Norway.
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4, Observations and trends of greenhouse gases at the Zeppelin
Observatory in the Norwegian Arctic

NILU measures 23 greenhouse gases at the Zeppelin observatory at Svalbard. The results
from the measurements, analysis and interpretations are presented in this chapter. Also
observations of CO,, which are performed by the Stockholm University - Department of
Applied Environmental Science (ITM), are included in the report.

Table 2 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
component is given. The acceleration in the trend show how the growth rate has changed the
last few years, and indicates the expected change in the coming years®, assuming the same
development in the emissions.

Table 2: Yearly average concentration levels of greenhouse gases measured at the Zeppelin
station for the years 2001-2010. All concentrations are in ppt,, except for methane and
carbon monoxide (ppb,) and CO, (ppm,). The trends are calculated from observations for the
period 2001-2010.

Compound Formula 2001 2005 2010 /T;eer;? Cht"’r‘zgj in
Methane CH,4 1858 1863 1892 +4.5 +0.75
Carbon monoxide CO 132.6 133 -0.26 -0.72
Carbon dioxide** CO; 371 380 390 2.1%* -0.15**
Chlorofluorocarbons

CFC-11* CFCls; 259 251 241 -2.1 -0.05
CFC-12* CF,Cl, 547 547 534 -1.4 -0.6
CFC-113* CF,CICFCl, 82 79 76 -0.7 0.1
CFC-115* CF;CF.ClI 8.3 8.6 8.4 +0.02 -0.00
Hydrochlorofluorocarbons

HCFC-22 CHF.CI 159 181 220 +6.8 -0.5
HCFC-141b CH3CFCl, 16.5 19.6 221 +05 -0.06
HCFC-142b* CH3CF.Cl 145 17.1 22.2 +0.90 +0.06
Hydrofluorocarbons

HFC-125 CHF,CF; 2.0 45 9.5 +0.8 +0.08
HFC-134a CH,FCF; 20.7 40.0 63.4 +4.60 -0.01
HFC-152a CH3CHF; 2.8 5.6 9.6 +0.80 -0.01
Halons

H-1211* CF.CIBr 4.4 45 4.3 -0.02 -0.02
H-1301 CF3Br 3.0 3.2 3.3 +0.03 -0.01
Halogenated compounds

Methyl Chloride CHgCI 505 521 520 +0.87 -1.00
Methyl Bromide CH3Br 9.1 8.7 7.3 -0.16 -0.07
Dichloromethane CH.Cl, 31.0 32.1 41.7 +1.1 +0.28
Chloroform CHCls 10.8 10.5 11.3 +0.01 +0.05
Methylchloroform CH;CCls 38.3 19.1 7.8 -3.31 +0.55
Trichloroethylene CHCICCI, 0.7 0.4 0.6 -0.00 +0.03
Perchloroethylene CCI,CCl, 4.4 3.1 3.1 -0.19 +0.09
Sulphurhexafluoride* SFs 4.9 5.8 7.2 +0.25 +0.01

The measurements of these components are not within the required precision of AGAGE. See Appendix | for more details.
“"Measurements of Carbon dioxide are performed by Stockholm University, Department of Applied Environmental Science
(ITM).

8 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 natural. Trends and future
changes in concentrations are determined by their sources and the sinks, and in section 4.1 are
observations and trends of the monitored greenhouse gases with both natural and
anthropogenic sources presented in more detail. In section 4.2 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 bromine in the stratosphere, 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 describes the Zeppelin 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 the measured gases are significantly lower at Ny-Alesund than at other sites,
due to the stations remote location. A description of the instrumental and theoretical methods
applied is included in Appendix 1.

4.1 Greenhouse gases with natural and anthropogenic sources

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 the sources and sinks are
numerous. Moreover, several of these gases are produced in the atmosphere from chemical
precursor gases and often also dependant on the solar intensity.

4.1.1 Observations of methane in the period 2001-2010

Methane (CHa) is the second most important greenhouse gas from human activity after CO,
with a radiative forcing of 0.48 W m™ since 1750 and up to 2005. The average CH,
concentration in the atmosphere is determined by a balance between emission from the
various sources at the earth’s surface and reaction and removal by free hydroxyl radicals (OH)
in the troposphere. In addition to be a dominating greenhouse gas, methane also plays a
significant role in the atmospheric chemistry. The atmospheric lifetime of methane is ca 9
years and about 12 years when indirect effects are included (Forster et al., 2007).

In the atmosphere methane is destroyed by the reaction with the hydroxyl radical (OH)
giving water vapour and CO,. A small fraction is also removed by surface deposition. The
stratospheric impact of CHy is due to the fact that CH,4 contributes to water vapor buildup in
this region of the atmosphere influencing the ozone layer. Since the reaction with OH also
represents a significant loss path for the oxidant OH, additional CH, emission will suppress
OH and thereby increase the CH4 lifetime, implying further increases in atmospheric CH,4
concentrations (Isaksen and Hov, 1987; Prather et al., 2001). This positive chemical feedback
is estimated to be significant in the current atmosphere with a feedback factor of about 1.4°
(Prather et al., 2001). The OH radical has a crucial role in the tropospheric chemistry by
reactions with many emitted components and is responsible for the cleaning of the
atmosphere (like removal of CO, hydrocarbons, HFCs, and others).

The atmospheric mixing ratio of methane has, after a strong increase during the 20" century,
been relatively stable over the period 1998-2005. The global average change was close to zero
for this period according to IPCC (Forster et al, 2007), and also at our site for the short
observation period 2001-2004. 2003 was an exception globally and at Zeppelin; a maximum

® This means that with current atmospheric chemical distribution a 10 % increase in emission of methane, the atmospheric
composition increases will reach 14 %.
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annual mean of 1870 ppb at Zeppelin was obtained, considerable higher than the other years.
This was probably caused by increased precipitation in the tropical regions leading to
increased methane emissions from wetland areas and a global rise in the concentration.
Recently an increase in the methane levels is evident from both our observations, and
observations at other sites (Rigby et al., 2008; WMO, 2009). The year 2010 showed new
record globally, but same level at Zeppelin as in 2009. Figure 7 presents the observations of
methane at Zeppelin since the start in 2001.
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Figure 7: Observations of daily averaged methane concentrations for the period 2001-2010
at the Zeppelin observatory. Blue dots: observations, orange solid line: modelled back-
ground methane mixing ratio.

As can be seen from Figure 7 there has been an increase in the concentrations of methane
observed at Zeppelin the last years. The pronounced increase started in November/December
2006 and continued throughout the years 2007 - 2009, and is particularly evident in the late
summer-winter 2007, and late autumn 2009. A maximum methane mixing ratio as high as
1975 ppb was observed 26™ December 2009. This was 2.9% above the modelled background
value, and the highest value ever recorded at Zeppelin. There were no values nearly as high as
this in 2010. Note that for 2010 there are lower values during summer than for 2009.

To retrieve the annual trends in the methane levels for the 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 line in Figure 7. Only the observations during periods
with clean air arriving at Zeppelin are used in the model, thus the model represents the
background level of methane at the site.

During 1980s when the methane concentration showed a large increase, the annual change
was around 15 ppb ppb, per year. At Zeppelin the average annual growth rate was +4.5 ppb,
per year for the period 2001-2010. This corresponds to an increase of 0.18% per year. In 2009
there has been an acceleration of 0.75 in the trend (see Table 2), a slowdown in the change
compared to 2001-2009. The development in the future is connected with large uncertainty as
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the reason for the observed increase since 2005 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 visualized in Figure 8 showing the CH,4
annual mean mixing ratio for the period 2001-2010. The annual means are based on a
combination of the observed methane values and the modelled background values; during
periods with lacking observations we have used the modelled background mixing ratios in the
calculation of the annual mean.
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Figure 8: Development of the annual mean mixing ratio of methane measured at the
Zeppelin Observatory for the period 2001-2010.

This diagram clearly illustrates the increase in the concentrations of methane during 2004-
2008, with 2010 at the same level as for 2009. Unfortunately more data had to be rejected in
October-December 2010 than previous years due to a problem with ventilation at the station.
This has led to high uncertainty in the calculated annual mean, particularly because there are
strong seasonal variations in methane. This might have resulted in slightly too low annual
mean for 2010. The annual mean mixing ratio for 2010 was 1892 ppb while the level was
1891 ppby in 2009. The increase since 2005 at Zeppelin is 29 ppb (ca. 1.5 %) which is
considered as relatively large compared to the development of the methane mixing ratio in the
period from 1999-2005 both at Svalbard and globally. It is also larger than the global mean
increase since 2005 which is 25 ppb (WMO, 2009; 2011a).

Also stations at other locations show a significant increase in methane for the year 2007,
2008, and 2009 at both hemispheres. According to WMO (WMO, 2010) there has been a
global increase in the methane concentration by 7 ppb from 2006 to 2007 and a continuation
of the increase up to a new record level in 2010. The global mean absolute increase from
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2009-2010 was 5 ppb. Thus the global increase is higher than what we observed at Zeppelin
for 2010.

The main sources of methane include boreal and tropical wetlands, rice paddies, emissions
from ruminant animals, biomass burning, and fossil fuels combustion. Further, methane is the
principal component of natural gas and e.g. leakage from pipelines, off-shore and on-shore
installations are known source of atmospheric methane. The distribution between natural and
anthropogenic sources is approximately 40% natural sources, and 60% of the sources are
direct a result of anthropogenic emissions. Of natural sources there is a large unknown
potential methane source at the ocean floor, so called methane hydrates. Other sources include
mud volcanoes which are connected with deep geological faults, and also emissions from
plants are suggested (Keppler et 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 a recent paper in
Nature (Schuur and Abbot, 2011), there is a high risk of permafrost thaw and substantial
realise of both CO, and CH,. They estimated a release of 30-63 billion tonnes carbon from
Acrctic soil before the year 2040 as response to a a predicted Arctic temperature increase of
7.5°C by the year 2100. This is 1.7-5.2 times larger than previous estimates. They assume that
most of the carbon release will be as CO,, and less than 3% will be emitted as CH4. However,
because CH4 has much higher global warming potential (25 compared to CO,), almost half of
the climate effect will be caused by CH,4. According to the last IPCC report (Alley et al.,
2007) the temperature of the top of the permafrost layer has generally increased by up to 3°C
since 1980s.

The recent observed increase in the atmospheric methane concentrations has led to enhanced
focus and intensified research to improve the understanding of the methane sources and
changes particularly in responses to global and regional temperature increase. Currently the
observed increase the last years is not explained or understood. The high level observed in
2003 was a global feature, and is still not fully understood. It is essential to find out if the
increase since 2005 is due to large point emissions or if it is caused by newly initiated
processes releasing methane to the atmosphere like e.g. the thawing of the permafrost layer.
Recent and ongoing scientific discussions point in the direction of increased emissions from
wetlands located both in the tropical region and in the Arctic region.

One valuable method to study various methane sources is to exzploit isotopic measurements.
Many arctic methane sources have different isotopic ratios of 2C ca BCeha. Combined with
model studies of air transport to Zeppelin it is possible to improve the quantification of
emission from wetlands, gas from fossil fuel, and emission from methane hydrates at the sea
floor. This has been done in selected periods during 2008 and 2009 at Zeppelin and the results
are described in Fischer et al. (2011). The study shows that the dominant Arctic summer CHy,4
source in 2008 and 2009 was from wetlands. During winter time fossil gas emissions
dominated the CH, input. Submarine emissions along the West Spitsbergen slope was found
to have negligible CH,4 input to the atmosphere in summer, despite the fact that it was possible
to identify methane bubbles in the sea from the sea floor. Gas hydrates at the sea floor are
widespread in thick sediments in this aerea between Spitsbergen and Greenland. If the sea
bottom warms, this might initiate further emissions from this source. Our results presented in
Fisher et al. (2011) are in agreements with the findings of Bousquet et al. (2011). They have
used models to study global source attribution to the changes in atmospheric methane for
2006-2008. Their conclusions were that in 2007 tropical wetland contributed 2/3 to the global
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increase, but with a significant contribution also from wetlands at high latitudes boreal
regions.

Wetland CH,4 emissions respond rapidly to warming. In particular, Arctic and boreal wetlands
are likely to respond immediately to sustained heatwaves and increases in precipitation. Fire
CHy, is also more likely with elevated temperatures. There is a strong need for more regular
CHy, isotopic measurements in the high Arctic. Isotopic data can then be used to constrain
emissions in both regional and global inversion models. Continuous monitoring of carbon
isotopes of methane at several of Arctic sites will be important for the understanding and
quantification of future changes in Arctic methane sources. High effort should be put on the
issue to understand the increase in the CH,4 concentrations as the consequence might be
severe. Currently NILU has two research projects™® financed by Norwegian Research Council
where the objectives are to understand greenhouse gas budgets and establish isotopic methane
measurements at Zeppelin.

4.1.2 Observations of Nitrous Oxide at the Zeppelin Observatory

Nitrous Oxide (N,O) is a greenhouse gas
with both natural and anthropogenic
sources. The sources include oceans,
tropical forests, soil, biomass burning,
cultivated soil and use of fertilizer, and
various industrial processes. There are
large uncertainties in the major soil,
agricultural, combustion and oceanic
sources of N,O and also frozen peat soils
295 | in Arctic tundra is reports as a potential

1978 1982 1986 1990 1994 1998 2002 2006 2010 significant source (Repo et al., 2009).

. _ . N0 has a lifetime of ca 114 years and
Figure 9: Global average abundances of, nitrous the GWP is 310 (Forster et al, 2007).

oxide from the NOAA global air sampling
network are plotted since the beginning of 1979.
http://www.esrl.noaa.gov/gmd/aggi/ 9
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Thus N,O is an important greenhouse
as with a radiative forcing of 0.16 W m"
since 1750 contributing around 5-6 %
to the overall long lived greenhouse gas
forcing over the industrial era. The gas is regulated trough the Kyoto protocol. Additionally,
N.O is also the major source of the ozone-depleting nitric oxide (NO) and nitrogen dioxide
(NO,) in the stratosphere thus the component is also influencing the stratospheric ozone layer.
The recent Assessment of the ozone depletion (WMO, 2011b) suggests that current emissions
of N,O are presently the most significant substance that depletes ozone.

N-O has increased from around 270 ppb prior to industrialization and up to an average global
mean of 323.2 in 2010 (WMO, 2011a). The acreage growth rate from 2005-2008 was 0.8
ppn/year (WMO, 2011b). Figure 9 is taken from NOAA and shows the average global
development of N,O since 1978. The mean growth rate has been 0.77 ppb/yr the last 10
according to WMO. The NOAA observations are based on flask samples with mostly weekly
or lower time resolution. There are few continuous observations of N,O, and particularly in
the Arctic region. In 2009 NILU installed a new instrument at Zeppelin to measure N,O with

10 GAME: Causes and effects of Global and Arctic changes in the MEthane budget: http://game.nilu.no
GHG-Nor: Greenhouse gases in the North: from local to regional scale
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high time resolution; 15 mins. The instrument was in full operation in April 2010 and the
results for 2010 are presented in Figure 10.

324 — N,O from the Zeppelin Observatory,
preliminary non-calibrated results
Qo
2 323 -
322 . . . . . .
01.04.2010 01.08.2010 01.12.2010

Date
Figure 10: Measurements of N,O at the Zeppelin Observatory for 2010.

4.1.3 Observations of Carbon Dioxide (COy) in the period 1988-2010

CO;, is the most important greenhouse gases with a radiative forcing of 1.66 W m™ since 1750
and an increase in the forcing of as much as 0.2 W m™ since the IPCC report from 2001
(Forster et al., 2007). CO is the end product in the atmosphere of the oxidation of all main
organic compounds and has shown an increase of as much as 39 % since the pre industrial
time (WMO, 2011a).

Norway do not perform own measurements of CO, at the Zeppelin Observatory. The
atmospheric CO; concentration measured at Zeppelin Observatory for the period 2001-2010
is presented in Figure 11. These data are provided by ITM University of Stockholm and we
acknowledge the effort they are doing in monitoring CO at the site. Note that the data are
preliminary and have not undergone full quality assurance.

The results show a continues increase since the start of the observations and in Figure 12 is

the development of the annual mean concentrations measured at Zeppelin observatory for the
period 1988-2010 shown.
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Figure 11: The CO, concentration measured at Zeppelin Observatory for the period 2001-
2010.
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Figure 12: Development of the annual mean mixing ratio of CO, measured at Zeppelin
observatory for the period 1988-2010.The light grey bars are the preliminary results, and
the red bars show the global annual mean for 2007-2010 (WMO, 2011a).

The preliminary results show that 2010 is a new record year for the annual mixing ratio of
CO; at Zeppelin, and the increase is considerable larger than the global mean increase with an
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increase at Zeppelin of 3.0 ppb and a global mean increase of 2.3 ppb (WMO 2011a). This is
the largest yearly increase at Zeppelin since 2003. The preliminary results indicated an
increase of only 0.6 ppb from 2008 to 2009. ITM University of Stockholm have not
completed their analysis of the observations, thus the mean values for the last years are
preliminary. It is shown as a light grey bars in the Figure. The global mean value for 2010 is
389.0 ppb (WMO, 2011a). This is an increase of 2.3 ppb since 2009, and considerable higher
than the increase from 2008-2009 (1.6 ppb). The main reason why the CO, level is higher at
Zeppelin than globally is that in general the CO, emissions is lower in the Southern
hemisphere, and the global mixing takes a certain time.

4.1.4 Observations of Methyl Chloride in the period 2001-2010

Methyl chloride (CH3Cl) is the most abundant chlorine containing organic gas in the
atmosphere, and it contributes 16% to the total Chlorine from the long lived gases in the
troposphere (WMO, 2011b). The main sources of Methyl Chloride in the atmosphere are
natural and dominating source is thought to be emissions from warm coastal land, particularly
from tropical islands are shown to be a significant source but also algae in the ocean, and
biomass burning. Several of these sources are vary with global temperature change (WMO,
2011b). Due to the dominating natural sources, this compound is not regulated trough any of
the Montreal or Kyoto protocols, but is an important natural source of Chlorine to the
stratosphere.

The results of the observation of this substance for the period 2001-2011 are shown in
Figure 13.
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Figure 13: Observations of methyl chloride, CH3Cl, for the period 2001-2011 at the
Zeppelin observatory. Dots: daily averaged concentrations from the observations, solid
line: modelled background mixing ratio.

There is a remarkable decrease the last year. The lifetime of the compound is only 1 year
resulting in large seasonal fluctuations as shown in the Figure and rapid response to changes
in sources. The degradation of the compound is dependent on solar intensity. To reach the
stratosphere, the lifetime in general needs to be in the order of 2-4 years to have significant
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chorine contribution, but this is also dependant on the source strength and their regional
distribution. Methyl Chloride 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 CO,, per kg gas emitted.

By use of the model described in Appendix
| we have calculated the annual trend, and
the change in the trend is also given in
Table 2. The trend for the period 2001-
2010 is 0.87 ppt per year, and the change in
the trend is -1, last year show an apparent
change in the development.

= . . . . . . . . The developr_nent of the an_nual means of

methyl chloride for the period 2001-2011
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 |S presented |n Flgure 14 The IaSt years
there has been a stabilisation of the level of
this gas globally, but from 2006 there is an
increase of 1.4%, but from 2009-2010
there was a decrease of as much as 6 ppt,
back to the 2006 level. The reason for this is not understood, and a closer study of sources
variation for this compound is recommended, also by WMO (WMO 2011b) as sources are
also related to atmospheric temperature change.

PPt

Figure 14: Development of the annual means
methyl chloride measured at the Zeppelin
Observatory for the period 2001-2010.

4.1.5 Observations of Methyl Bromide in the period 2001-2010

The sources of Methyl Bromide (CH3Br) are both from natural and anthropogenic activities.
The natural sources such as the ocean, plants, and soil, can also be a sink for this substance.
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. Biomass
burning is also a source and it is also used in agriculture primarily for soil fumigation, as well
as for commodity and quarantine treatment, and structural fumigation. While methyl bromide
is a natural substance, the additional methyl bromide added to the atmosphere by humans
contributes to the man made thinning of the ozone layer. Total organic bromine from halons
and methyl bromide peaked in 1998 and has declined since. The tropospheric abundance of
bromine is decreasing, and the stratospheric abundance is no longer increasing (WMO,
2011b). This observed decrease was solely a result of declines observed for methyl bromide.
Bromine (Br) from halons continues to increase, but at slower rates in recent years, see
section 4.2.4 on page 39.

The results of the daily averaged observations of this compound for the period 2001-2010 are
shown in Figure 15.
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Figure 15: Observations of methyl bromide, CH3Br, for the period 2001-2010 at the
Zeppelin observatory. Dots: daily averages mixing ratios from the observations, solid line:
modelled background mixing ratio.

A relatively large change is evident after the year 2007, a reduction of more than 17.5% since
that year in our observations. Methyl bromide is a greenhouse gas with a lifetime of 0.8 years
and it is 5 times stronger than CO,, if the amount emitted of both gases were equal. The short
life time explains the large annual and seasonal variations of this compound.

We have calculated the annual trend by use of the model described in Appendix I. The trend
and change in the trend is given in Table 2. For the period 2001-2010 there is a reduction in
the mixing ratio of -0.16 ppt per year,

with acceleration in the trend of -0.07. 9.5

However, note that the observed

changes are small (ca 1.5 ppt since 9.0 I —

2007) and the time period relatively

short thus the seasonal and annual gs 1M B B N N N

variations of the trends are uncertain. H

The development of the annual means >

for the period 2001-2010 is presented in 5 H
Figure 16, clearly illustrating the

decrease the last years. In general o

atmospheric amounts of methyl
bromide have declined since the
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Figure 16: Development of the annual means of
Methyl Bromide measured at the Zeppelin
Observatory for the period 2001-2010.

beginning in 1999 when industrial
production was reduced as a result of
the Montreal protocol. The global mean
mixing ratio was 7.3-7.5 ppt in 2008,
slightly lower than at Zeppelin and also the annual mean reduction is slower than at Zeppelin,
0.14 ppt/year (WMO, 2011b). The differences are explained by slower inter hemispheric
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mixing. The recent reduction is explained by considerable reduction in the use of this
coumpound; in 2008 the use was 73% lower than the peak year late 1990s (WMO, 2011b).

4.1.6 Observations of tropospheric ozone in the period 1990-2010

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 atmosi)heric processes. It also a
short-lived greenhouse gas with a radiative forcing of +0.35 W m™ (IPCC, 2007) due to man
made changes in the concentrations since 1750. This is 10% of the overall global radiative
forcing since 1750 making this component as the third most influencing greenhouse gas (see
Figure 1 on page 10). Tropospheric ozone is a central short-lived climate forcer (SLCF)
receiving enhanced focus the last years in both research and monitoring internationally. In a
recent report UNEP*! advocates for SLCF mitigation strategies to complement CO
reductions. In addition to ozone, SLCF includes aerosols, black carbon (in aerosols) and
sometime also direct or indirect effects of methane. Ozone is not emitted 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 as the primary emissions of nitrogen oxides,
CO 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 shows that episodes of high concentrations of ground-level ozone occur
over most parts of the continent every summer. Future observations and understanding of
precursors gases is targeted both by EMEP and the EU infrastructure project ACTRIS (see
section 3.1). As there are no direct anthropogenic sources for ozone; the component is not
regulated by the Kyoto protocol.

The 1999 Gothenburg Protocol is designed for a joint abatement of acidification,
eutrophication and ground-level ozone. The critical levels defined by ECE for protection of
vegetation are 150 ug/m3 for hourly mean, 60 pg/m3 for eight-hour mean and 50 ug/m3 for
seven-hour mean (9 a.m. - 4 p.m.) averaged over the growing season (April-September).

The observed ozone mixing ratios at the Zeppelin Observatory for the period 1990-2010 are
shown in Figure 16.

Y http://www.unep.org/dewa/Portals/67/pdf/Black_Carbon.pdf
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Figure 17: Observations of ozone in the troposphere for the period 1990-2010 at the
Zeppelin observatory. Red dots: hourly average concentrations.

There are large seasonal variations due to relatively short lifetime and the dependency on
solar radiation and interactions with precursors gases. In 2006 there was an extreme episode
with transport of pollution into the Arctic region and ozone levels as high as ~160 ug m>.
This was above all critical levels. In 2010 there have been few strong episodes, and the
maximum ozone level observed was 106 pg m™ at 1" of April 2010 in the evening. Analysis
of the air transport to the Zeppelin Observatory this day shows that the air arrived from
Central-Russia. The ozone variations at several sites in Norway is more thoroughly discussed
in Aas et al. (2011).

4.1.7 Observations of CO in the period 2001-2010

Carbon monoxide (CO) is not considered as a direct greenhouse 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. 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 the period September 2001-2010 is shown in Figure 11.

30



Monitoring of greenhouse gases and aerosols at Svalbard and Birkenes: Annual report 2010 (TA-2902/2012)

250

225 | . i 03 Feb 2010 _u? Zeppelin
. - A

12:00 «1000 m
w1500 m

200 . N . o H

175

ppb,

150 |- [&
] =

125 F ¢

100 r,

Height (m asl) . |
|
L 500 _ 1500 2500 3500 4500 5500 8500 7300 NILU

75

50 T T T T T T T T T
2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Year

Figure 18: Observations of carbon monoxide (CO) from the September 2001 to 31.12.2010
at the Zeppelin observatory. Red dots: daily averaged observed mixing ratios. The solid
line is the modelled background mixing ratio. The maximum value in 2010 is caused by
transport of pollution from Europe as illustrated to the right.

The concentrations of CO show characteristic seasonal variations with large amplitudes in the
Northern Hemisphere and small ones in the Southern Hemisphere. This seasonal cycle is
driven by variations in OH concentration as a sink, emission by industries and biomass
burning, and transportation on a large scale.

s The maximum daily average value in 2010

i was observed on the 3" of February and
was 204 ppb. The maximum value is

135 caused by transport of pollution from

, B0 Europe as illustrated to the right in the

g s Figure. The highest mixing ratio ever
120 observed at Zeppelin; is 217.2 ppb on the
115 2" of May 2006. These peak values were
110 due to transport of polluted air from lower
105 latitudes; urban pollution (e.g. combustion
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of fossil fuel). CO is an excellent tracer for
transport of smoke from fires (biomass
burning, agricultural- or forest fires). In
general the CO concentrations measured at
Zeppelin show a decrease during the period
2003 to 2009, and 2009 has the lowest for
the period investigated. For 2010 a small
increase is evident as shown in Figure 19. The difference in the mixing ratio of CO between
the peak year 2003 and 2009 is 16%. CO is central to monitor as the sources of CO are
numerous and complex, and the level of this compound is important for the ozone and
methane levels. The compound is very valuable in the interpretation of other variables at
Zeppelin. 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. Additionally emissions from plants and ocean are important sources.

Figure 19: Development of the annual means
of CO measured at the Zeppelin Observatory
for the period 2001-2010.

The global levels of CO were increasing until the mid-1980s. Thereafter the levels have
declined with an averaged global growth rate -0.9 ppb/year for the period from 1992 to 2001.
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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 at Zeppelin of -0.25 ppb per year for the period 2002-
2009. The development of the annual means for the period 2002-2010 is presented in

Figure 19, clearly illustrating a maximum in the year of 2003, and a decrease from 2003-2009
with an new increase the last year.

4.2 Greenhouse gases with solely anthropogenic sources

All the gases presented in this chapter have solely anthropogenic sources. These are the man-
made greenhouse gases and are called CFCs, HCFCs, HFCs PFCs, SFs and halons and most
of the gases did not exist in the atmosphere before the 20" century. All these gases except for
SFg 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 atmospheric lifetimes resulting in high global
warming potentials; see Table 1 on page 5. Together as a group the gases contribute 11% to
the overall global radiative forcing since 1750.

Some of these 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 ozone-depleting substances (ODS) and the amount of ODS in
the troposphere reached a maximum around 1995. The amount of most of the ODS in the
troposphere is now declining slowly and one expects to be back to pre-1980 levels around
year 2050. In the stratosphere the peak is reached somewhat later, around 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 CFC-11, -12, and -113, accounted for ~62% of total
tropospheric Chlorine in 2004 and accounted for a decline of 9 ppt Chlorine from 2003-2004
(or nearly half of the total Chlorine decline in the troposphere over this period) (WMO, 2007).

There are two generations of substitutes for the CFCs, the main group of the ozone depleting
substances. The first generation substitutes is now included in the Montreal protocol as they
also influence the ozone layer. This comprises the components called HCFCs listed in Table 1
and Table 2. The second-generation 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.

4.2.1 Observations of Chlorofluorocarbons (CFCs) in the period 2001-2010

This section includes the results of the observations of the CFCs: CFC-11, CFC-12, CFC-113,
CFC-115. These are the main ozone depleting gases, and the anthropogenic emissions started
around 1930s and were restricted in the first Montreal protocol. Figure 20 shows the daily
averaged observed mixing ratios of these four CFCs. The current instrumentation is not in
accordance with recommendations and criteria of AGAGE for measurements of CFCs and
there are larger uncertainties in the observations of these compounds, see also Appendix I. As
a result also the trends are connected with larger uncertainties. From September 2009 we have
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new and improved instrumentation installed at Zeppelin providing better observations of these
compounds.
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Figure 20: Daily averaged mixing ratios of the monitored CFCs: CFC-11 (dark blue),
CFC-12 (red), CFC-113 (green) and CFC-115 (light blue) for the period 2001-2010 at the
Zeppelin observatory. The solid lines are modelled background mixing ratio.
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The main sources of these compounds were foam blowing, aerosol propellant, temperature
control (refrigerators), solvent, and electronics industry. The highest production of the
observed CFCs was around 1985 and maximum emissions were around 1987. The life times
of the compounds is long as given in Table 1, and also the GWP due to the life time and
strong infrared absorption properties is very high.

We have used the model described in Appendix | in the calculation of the annual trends, and
changes in the trends. The trends per year for the substances CFC-11, CFC12 and CFC-113
are now all negative given in Table 2, and the changes in the trends are also negative
indicating acceleration in the decline?. For the compound CFC-115 the trend is still slightly
positive, +0.03 ppt/year, but the change in trend is negative and thus we expect the trend for
to be negative in few years. In total the development of the CFC levels at the global
background site Zeppelin is now very promising.

According to WMO (WMO, 2011b) the global mean mixing ratios of CFC-11 are decreasing
with approximately 2.0 ppt +/-0.01 ppt and CFC-113 are decreasing by approximately 0.7 ppt
from 2007-2008. This is relatively close to our results at Zeppelin for CFC-113 for the period
2001-2010 (-0.7 ppt/yr for 2001-2010), and also for CFC-11 (2.1 ppt/year). The global mean

reduction for CFC-12 was -2.2 ppt/year for 2007-2008. For Zeppelin the reduction was

1.3 ppt/year over the period 2001-2010, and 1.8 ppt from 2007-2008.

12 The current instrumentation is not in accordance with recommendations and criteria of AGAGE for
measurements of the CFCs and there are larger uncertainties in the observations of this compound, see also
Appendix .
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Figure 21: Development of the annual means all the observed CFCs at the Zeppelin
Observatory for the period 2001-2010. Upper left panel: CFC-11, upper right panel:
CFC-12, lower left panel: CFC-113, lower right panel: CFC-115. See Appendix | for data
quality and uncertainty.

The development of the annual means for all the observed CFCs is shown in Figure 21, and it
shows a similar tendency for all the compounds; a weak increase in the beginning of the
period and a decrease the recent years. The results of CFC-11 show an increase from 2009-
2010, which is not expected. This reflects the uncertainty and too low precision of the
observations. As described in Appendix | there is now a new instrument at Zeppelin giving
better and more accurate observations of CFCs. The old and new observations are harmonised
and as described in the appendix. CFC-12 (the red diagram) is the gas with the highest GWP
of the CFCs, 10600, and the second highest of all gases observed at Zeppelin. This means that
the warming potential of 1 kg emitted CFC-12 gas has 10600 times stronger warming effect
than 1 kg emitted CO, gas. The global averaged atmospheric mixing ratio of CFC-12 has been
decreasing at a rate of 0.5% over the year 2004-2008 (WMO, 2011b). This fits well with our
observations as illustrated in Figure 21 as CFC-12 has the maximum in 2003-2004, but the
variations since 2001 is larger than the global average variation, and there seem to be a clear
reduction the last years.

4.2.2 Observations of Hydrochlorofluorocarbons (HCFCs) in the period 2001-2010
This chapter includes the observations of the following components: HCFC-22, HCFC-141b
and HCFC-142b. These are all first generation replacement gases for the CFCs and their
lifetimes are rather long. This means that they have potentially strong warming effects,
depending on their concentrations and absorption properties; their GWPs are high (see

Table 1). The compound HCFC-142b is the strongest of these gases, and the warming
potential is 2400 times stronger than CO,, per kg gas emitted. These gases do also contain
chlorine, and thus are contributing to the depletion of the ozone layer. The HCFCs accounted
for 7.5% of the total tropospheric chlorine in 2004 versus 6% of the total in 2004 (WMO,
2011b).
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The daily averaged observations of these gases are shown in Figure 22 for the period
2001-2010". As a result also the trends are connected with larger uncertainties. From
September 2009 we have new and improved instrumentation installed at Zeppelin providing
better observations of these compounds.
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Figure 22: Daily average mixing ratios of the monitored HCFCs: HCFC-22 (red),
HCFC-141b (dark blue) HCFC-142b° (green) for the period 2001-2010 at the Zeppelin
observatory. The solid lines are modelled background mixing ratio.

The trends per year for the compounds HCFC-22, HCFC-141b and HCFC-142b are all
positive, and HCFC-22 has the largest change as given in Table 2. HCFC-22 is the most
abundant of the HCFCs and is currently increasing at a rate of 6.8 ppt/year over the period
2001-2010. In comparison, the global mean increase for 2007-2008 was +ca 8 ppt according
to WMO, (WMO, 2011b). Our result for Zeppelin showed an increase of 8.4 ppt for 2007-
2008, in close agreement with the annual mean. The mixing ratios of HCFC-141b and HCFC-
142b have increased by 0.5 ppt/yr and 0.8 ppt/year, respectively over the same period.

It is worth mentioning that the changes in trends close to zero for HCFC-22 and HCFC-141b,
indicating that the yearly increases in the concentrations is stable. The rates of increase for
three of these HCFC substances are stronger than or comparable to the scenarios projected in
the Ozone Assessment 2006 (WMO, 2011b).

'3 The current instrumentation is not in accordance with recommendations and criteria of AGAGE for
measurements of the HCFC-142b and there are larger uncertainties in the observations of this compound, see
also Appendix I.

35



Monitoring of greenhouse gases and aerosols at Svalbard and Birkenes: Annual report 2010 (TA-2902/2012)

240

220

200

180

pptv

160

140

120

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

24.0

22.0

20.0

pptv

18.0

16.0

14.0

12.0

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

24.0

22.0

20.0

18.0

pptv

16.0

14.0

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Figure 23: Development of the annual
means the observed HCFCs at the Zeppelin
Observatory for the period 2001-2010.
Red: HCFC-22, Blue: HCFC-141b, and
green: HCFC-142h.

Figure 23 shows the annual means for the full
period for the three compounds, clearly
illustrating the development; an considerable
increase. The main sources of these gases are
temperature control (refrigerants), foam
blowing and solvents, as for the CFCs, which
they suppose to replace. All these gases are
regulated through the Montreal protocol as they
all contain Chlorine. The use of the gases is
now frozen, but they are not completely phased
out. With lifetimes in the order of 10-20 years it
is central to monitor the levels in the future as
they have an influence both on the ozone layer,
and are strong climate gases.

4.2.3 Observations of hydrofluorocarbons
(HFCs) in the period 2001-2010

The substances called HFCs are the so called
second generation replacements of CFCs, which
means that they are considered as better
alternatives to the CFCs with respect to the
ozone layer than HCFCs. This sub-section
includes the following components: HFC-125,
HFC-134a, HFC-152a with lifetimes in the
order of 1.5-29 years. These substances do not
contain chlorine thus they do not have a direct
influence on the ozone layer, but they are
infrared absorbers and contribute to the global
warming.
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Figure 24: Daily average concentrations of the monitored HFCs: HFC-125 (red), HFC-
134a (dark blue), HFC-152a (green) for the period 2001-2010 at the Zeppelin observatory.
The solid lines are modelled background mixing ratio.

HFC-152a has the shortest life time and is mainly destroyed in the lowest part of the
atmosphere by photolysis and reactions with OH. The seasonal cycle in the observed mixing
ratios of these substances is caused by the variation in the incoming solar radiation and is
clearly visible in the time series shown in Figure 24 for HFC-152a.

Even if these compounds are better alternatives for the protection of the ozone layer as they
do not contain chlorine or bromine, they are still problematic as they are highly potent
greenhouse gases. 1 kg of the gas HFC-125 is as much as 3400 times more powerful
greenhouse gas than CO,. However, still their mixing ratios are rather low, but the
background mixing ratios are increasing steeply as our results show. This is also clearly
illustrated in Figure 25 showing the development of the annual means. The gases are
continuously increasing at a constant rate per year as earlier.

The three main HFCs are HFC-23 (measured at Zeppelin from 2010, not a part of the national
monitoring program), HFC-134a and HFC152a. HFC-134a is the most widely used
refrigerant (temperature control), and also in air conditioners in cars. Since 1990, when it was
almost undetectable in the atmosphere, concentrations of HFC-134a have risen massively. For
the period 2001-2010 we find an annual increase per year of 4.6 ppt, which leaves this
compound as the one with the second highest change per year of the all the halocarbons
measured at Zeppelin. The mixing ratios of HFC-125, HFC-134a and HFC-152a have
increased by as much as 360%, 206% and 2037% respectively since 2001. This is a rapid
average increase in the interval from ~20-36 % per year. The last ozone Assessment report
(WMO, 2011b) does not include these compounds as they are not affecting the ozone layer
directly.
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Figure 25: Development of the annual means
of the observed HFCs at the Zeppelin
Observatory for the period 2001-2010. Red:
HFC-125, Blue: HFC-134a, and green: HFC-
152a.

Due to the large increase in these compounds it is relevant to calculate the radiative forcing of
these observed changes. Based on the assumption that these changes are homogeneous
distributed and the same at all locations (constant geographical distribution) we find that the
total radiative forcing for these three gases since the start of the emissions is 0.013 W m™.
Thus the contribution from the recent man made emissions of these gases is still considered as
small. This is explained by the (still) low mixing ratios of the compounds. It is important to
follow the development of these gases in the future due to the rapid annual growth.

38



Monitoring of greenhouse gases and aerosols at Svalbard and Birkenes: Annual report 2010 (TA-2902/2012)

4.2.4 Observations of halons in the period 2001-2010

Halons include the following components: H-1301, H-1211. These climate gases contain
bromine, also contributing to the depletion of the ozone layer. Actually, bromine is even more
effective in destroying ozone than chlorine. The halons are regulated trough the Montreal
protocol, and are now phased out. The main source of these substances was fire extinguishers.
Figure 26 presents the daily average concentrations of the monitored halons at Zeppelin“.
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Figure 26: Daily average concentrations of the monitored halons: H-1301 (blue in the
upper panel) and H-1211° (Red in the lower panel) for the period 2001-2010 at the
Zeppelin observatory. The solid lines are modelled background mixing ratio.

By use of the model described in Appendix | we have calculated the annual trends, and
changes in trends, given in Table 2. The trends for the period 2001-2010 shows a small
increase for both substances in total, with a very small reduction in the rates indicating that
the trend is expected to be lower the next years (if there are no abrupt changes in sources and
sinks).

% The current instrumentation is not in accordance with recommendations and criteria of AGAGE for
measurements of the Halon-1211 and there are larger uncertainties in the observations of this compound, see also
Appendix .
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The development of the annual means
5.0 are shown in the Figure to the left, and
the mixing ratios are quite stable over
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a0 | the measured period explained by low
' emissions and relatively long lifetimes
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Figure 27: Development of the annual means the decreased for the first time in this
observed Halons at the Zeppelin Observatory for period, and H-1301 continued to
the period 2001-2010. Red: Halon-1211, Blue: H- increase, but at a slower rate than
1301. observed in 2003-2004. The global

atmospheric decrease in H-1211 was ~0.04 ppt in average in 2007-2008 and for H-1301 the
increase was around ~1.2 ppt . Our observations in the Arctic region showed approximately
no change from 2007-2008.

4.2.5 Observations of other chlorinated hydrocarbons in the period 2001-2010

This section includes observations of the components: trichloromethane (also called methyl
chloroform, CH3CCls), dichloromethane (CH,CI,), chloroform (CHCIs), trichloroethylen
(CHCICCIy), perchloroethylene (CCI,CCl,). The main sources of all these substances are
solvents. Note that Chloroform also has natural sources and the largest single source being in
offshore sea water. The daily averaged concentrations are shown in Figure 28.
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Figure 28: Daily average concentrations chlorinated hydrocarbons: From the upper panel:
perchloroethylene (dark blue) methylchloroform (red), trichloroethylen (green), chloroform
(light blue) and dichloromethane (pink) for the period 2001-2010 at the Zeppelin
observatory. The solid lines are the modelled background mixing ratio.
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Figure 29: Annual means of the chlorinated
hydrocarbons. From upper panel:
perchloroethylene (grey), trichloromethane
(red), trichloroethylen (green), chloroform
(blue) and dichloromethane (violet) for the

period 2001-2010

Methylchloroform (CH3CCls3) has continued to
decrease and accounted only for 1% of the
total tropospheric Chlorine in 2008, down
from a mean contribution of 10% in the 1980s
(WMO, 2011b). Globally averaged surface
mixing ratios were around 10.5 ppt in 2008
(WMO, 2011b) versus 22 ppt in 2004 (WMO,
2007). Our measurements at Zeppelin show
now that the component has further decreased
to low levels, 8 ppt, a reduction of 80% since
2001.

It is worth noting the recent increase in
trichloroethylene (green), chloroform (blue). A
considerable increase in chloroform is evident
at Zeppelin, and also at other sites (e.g. Mauna
Loa at Hawaii and Barrow in Alaska). This is
not expected and the reason for this is not yet
clear. Large seasonal variations are observed
for this component as the lifetime is only 1
year (see Figure 28).

The concentration of trichloroethylene is very
low, and uncertainties and missing data might
explain at least part of the variations.

4.2.6 Perfluorinated compounds

The only perfluorinated compound measured
at Zeppelin is sulphurhexacloride, SFs. This is
an extremely strong greenhouse gas emitted to
the atmosphere mainly from the production of
magnesium and electronics industry. The
atmospheric lifetime of this compound is as
much as 3200 years, and the global warming
potential is 22200, which means that the
emission of 1 kg of this gas has a warming
potential which is 22200 times stronger than

1 kg emitted CO,.

The other perfluorinated compounds are also
very powerful greenhouse gases thus NILU
has extended the monitoring with Carbon
tetrafluoride (CF,) and hexafluoroethane
(C,F6) from 2010, as we have new and
improved instrumentation installed at
Zeppelin. However, these compounds are not a
part of the national monitoring programme.
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The current instrumentation is not well suited for measurements of SF¢ thus there are larger
uncertainties for this compounds mixing ratios than for most of the other compounds
reported™. The daily averaged concentration of SFg is presented in Figure 30. The compound
Is increasing with a rate of 0.3 ppt/year, and has increased by ca 45% since the start in
2001.Note that the variations through the year is not due to seasonal variations, but rather to
instrumental adjustments®.,
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Figure 30: Daily average concentrations of SFg for the period 2001-2010° to the left, and
the development of the annual mean concentrations in the right panel.

'3 The current instrumentation is not in accordance with recommendations and criteria of AGAGE for
measurements of the SF¢ and there are larger uncertainties in the observations of this compound, see also
Appendix .
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5. Observations of greenhouse gases at the Birkenes Observatory in
Aust-Agder

In 2009 NILU upgraded and extended the observational activity at the Birkenes Observatory
in Aust-Agder. Until 2009 the only Norwegian site measuring LLGHG greenhouse gases was
Zeppelin, but from mid May 2009 there are also continues measurements of CO, and CH, at
Birkenes. The results from the start and to 2010 are presented below.

The upper panel shows the daily (black line) and hourly (grey line) variations in CO,. It is
clear that the variations are largest during the summer months. In this period there is a clear
diurnal variation with high values during the night and lower values during daytime. This is
mainly due to the plant respiration, but also the meteorological situation during summer
contributes to larger variations in the compound. In the lower panel is the CH4 measurements
shown. The diurnal variation for this compound is smaller, but the variations are still largest
during summer and early autumn. In addition to the diurnal variations, there are also episodes
with higher levels of both components due to transport of pollution from various regions. In
general there are high levels when the meteorological situation results in transport from
Central Europe.
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Figure 31: Greenhouse gas measurements at Birkenes Observatory from 19. May to 31.

December 2010. Upper panel: CO, measurements, grey line: hourly mean, black line:

daily mean. Lower panel: CH, from Birkenes, orange line: hourly mean, black line: daily
mean.
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Figure 32: CO, measurements at Birkenes
Observatory for July-September. Red line:
hourly mean, black line: daily mean.
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Figure 33: Transport pattern of air to Birkenes

at 17. - 22. December 2010.

44

The highest CO, measurements are during
summer and particularly warm periods.
Figure 32 shows variations during summer
with a mixture of episodes due to transport
and strong diurnal variations due to
photosynthesis.

The maximum value of CH, is on 22™
December. This strong episode is
explained by long range transport of air
from northern Russia and Scandinavia.
The change in air mass transport to the
Observations in this period is shown in
Figure 33. During episodes with long
range transport, both components are
elevated, but particularly CH,4 in this
episode.
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Figure 34: Monthly mean variations for CO, (upper panel)
and CH, (lower panel) at Birkenes Observatory

Figure 34 show the monthly mean variations for both CO, and CH, at Birkenes. There is a
clear minimum in the summer months and a maximum in the fall/winter as expected.
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6.  Aerosols and climate: Observations from Zeppelin and Birkenes
Observatory

In the investigations of climate change, aerosols are of vital interest, as they cause significant
effects on the radiative balance of the Earth, both directly, through scattering and absorption
radiation, and indirectly, by acting as condensation nuclei. Calculations of the effects of
aerosols still have a high level of uncertainty despite the huge scientific focus during the last
decades (IPCC, 2007). For atmospheric aerosol, the longest continuous time series date back
not more than around 4 decades. The total direct aerosol climate effect is cooling, but if the
aerosols itself absorb solar radiation, e.qg. if it consists partly of light absorbing carbon or light
absorbing minerals, the aerosols have local or regional heating effect. The aerosol radiative
effect depends on a number of aerosol properties, e.g. particle size distribution, chemical
composition, optical properties, morphology in addition to the concentration and evolution in
time. The ratio between aerosol and surface reflectivity in turn determines the aerosol’s direct
radiative forcing. Especially over bright surfaces such as snow, absorbing aerosols may have
a net warming effect, even though the direct aerosol climate effect is cooling on a global
average.

Aerosols are short-lived climate forcers that vary considerably by regions and respond quickly
to changes in emissions as their lifetime is short, in the order of days-weeks. Major sources of
anthropogenic aerosols are fossil fuel and biomass burning. Aerosols like sulphate, biomass
burning aerosols and fossil fuel organic carbon result in negative radiative forcing (cooling),
while black carbon from fossil fuel and fires has a positive forcing (warming effect). Natural
aerosol loads like sea salt, dust and sulphate and carbon aerosols from natural emissions
might increase as a feedback to climate change.

Atmospheric aerosols also affect the reflectivity and lifetime of clouds, which is termed the
indirect aerosol climate effect. Also here, the effect can be cooling as well as warming of the
atmosphere and climate, but in most cases, the cloud reflectivity and lifetime are increased,
leading to a cooling effect. The indirect effect is much less understood than the direct effect.
In the current scientific debate, it is discussed whether the indirect effect is determined only
by the concentration of particles larger than a threshold diameter, or whether the particle
chemical composition is also important (Dusek et al, 2006; McFiggans et al., 2006). If particle
chemical composition affects the indirect effect, it will be most pronounced in stratiform
cloud cover with low updraft velocities, i.e. at boreal and polar latitudes where cloud cover is
larger than at lower latitudes (Kreidenweis et al., 2009).

When discussing the aerosol climate effects, there are a few aspects to keep in mind:

e Better understanding and more exact quantification of the aerosol climate effects
are a prerequisite for more accurate climate predictions and thus targeted
mitigation and adaption strategies.

The low understanding of the atmospheric aerosols influence on climate is one of the
reasons for the large uncertainty range of the global average surface temperature increase
predicted in the IPCC 4™ assessment report, e.g. a range of 1.4 — 6.4°C by 2100 in the
rapid economic growth scenario Al. Aerosols mask the observed warming from
greenhouse gases with an unknown strength over the industrial era resulting in high
uncertainty in the climate sensitivity (e.g. the temperature effect of a doubling of CO»).
Climate models with strong aerosol climate forcing predict temperature increases on the
upper end of the uncertainty range, and vice versa (Andreae et al., 2005; Kiehl, 2007).
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Thus, a better quantification of the aerosol climate effects translates directly into more
accurate and reliable climate predictions. Comprehensive aerosol measurements at
selected supersites are necessary for improving the knowledge of aerosol composition
and change to be used in modelling of aerosol climate interaction. These types of
observations are included in the national monitoring program from 2009 at the Birkenes
Observatory.

e Climate predictions are best improved by utilising sites with sufficient and
statistically representative observations.
To calibrate models for predicting climate, long and statistically significant time series of
climate parameter observations, as well as corresponding time series of properties of
climate forcing agents (greenhouse gases, atmospheric aerosol) are needed. These
observations will be most efficient in improving prediction accuracy in the geographical
vicinity of the observation. Relevant observations therefore need to have a sufficient and
carefully selected geographical distribution both on continental as well as global scale.

e Polar Regions are highly affected by both direct and indirect aerosol climate effects,
but the indirect aerosol climate effect may potentially be large in boreal regions with
high population density as well.

It has been stressed that the Arctic is more exposed to climate change due to the
combined effects of greenhouse gas warming and direct effect warming due to absorbing
aerosol over bright snow surfaces (Law and Stohl, 2007). However, it needs to be pointed
out that the climate forcing contribution of the indirect aerosol effect is poorly understood
and potentially large as well (IPCC, 2007). This has significant implications for boreal
and polar latitudes due to high cloud cover. For boreal latitudes, it is the poorly
understood influence of emissions of precursors for secondary organic aerosol (SOA),
both biogenic and anthropogenic, on the indirect aerosol effect in stratiform cloud decks
that causes the main uncertainty. Thus, better quantification of the indirect aerosol effect
is mandated in boreal as well as polar regions.

6.1 Observations of climate relevant aerosol properties: recent
developments in Norway and internationally

NILU contributes to the international effort of improving climate predictions by better
representation of aerosol climate effects in several ways. Both Zeppelin and Birkenes are
EMEP sites following EMEP monitoring strategy for aerosols'® in accordance with UNECE
(United Nation Economic Commission for Europe) and the “Convention on Long-range
Transboundary Air Pollution”. The EMEP program is harmonised with WMO Global
Atmosphere Watch (GAW) and this strengthen global harmonisation of aerosol observations
and the link with the climate modelling community. The three sites Birkenes, Zeppelin (see
section 3) and Troll in the Antarctica are each covering all EMEP and GAW aerosol core
parameters and most of the recommended parameters. The observations at Birkenes and
Zeppelin will be further developed in the EU-project ACTRIS described in section 3.1. The
chemical composition of aerosols at various sites in Norway is more thoroughly discussed in
Aas et al. (2011).

16 The monitoring strategy for the Cooperative Programme for Monitoring and Evaluation of the Long-range
Transmission of Air Pollutants in Europe (EMEP) for 2010- 2019
http://www.unece.org/env/documents/2009/EB/gel/ece.eb.air.ge.1.2009.15.e.pdf
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Table 3: Aerosol observations at the Zeppelin, Birkenes and Troll Observatory following the
EMEP and GAW recommendations.

Distribution

Particle Number Size

Zeppelin/Ny-Alesund
fine mode (0.01 pm < Dp <
0.8 um) in collaboration
with Stockholm University

Birkenes

fine and coarse mode
(0.01 um < Dp < 10 pm)

Troll

fine mode (0.03 um < Dy <
0.8 pm)

Aerosol Scattering
Coefficient

spectral at 450, 550, 700
nm, in collaboration with
Stockholm University

spectral at 450, 550,
700 nm

spectral at 450, 550, 700
nm

Aerosol Absorption
Coefficient

single wavelength at 525
nm, in collaboration with
Stockholm University

single wavelength at
525 nm, to be upgraded to
3 wavelengths in 2012

single wavelength at 525
nm

Aerosol Optical Depth

spectral at 368, 412, 500,
862 nm in collaboration
with WORCC

spectral at 340, 380, 440,
500, 675, 870, 1020,
1640 nm, in collaboration
with Univ. Valladolid

spectral at 368, 412, 500,
862 nm

Aerosol Chemical
Composition

main components (ion
chromatography), heavy
metals (inductively-
coupled-plasma mass-
spectrometry)

main components (ion
chromatography), heavy
metals (inductively-
coupled-plasma mass-
spectrometry)

main components (ion
chromatography),
discontinued from 2011
due to local
contamination.

Particle Mass
Concentration

Cloud Condensation
Nuclei

size integrated number
concentration at variable
supersaturation in
collaboration with Korean
Polar Research Institute

PMz.s, PM1o

number size distribution at
variable supersaturation,
to be installed in 2012

PMjio, discontinued from
2011 due to local
contamination

The locations of the atmospheric observatories Zeppelin, Birkenes, Troll as well as their
aerosol measurement programme, are chosen based on the EMEP and GAW
recommendations, see also section 3.

In addition to operating aerosol supersites, NILU also operates the GAW World Data Centre
for Aerosol (WDCA). Work in the context of the GAW-WDCA has recently focussed on the

following tasks:

Improving the local and temporal coverage of the data holdings: In the last year before
the WDCA was moved to NILU, 22 annual instrument datasets (data of one instrument at
one station) were collected. This number increased 112 annual instrument datasets in 20009.
Improving the local coverage of the GAW aerosol near-real-time (NRT) network: The
NRT is targeted towards applications in air quality forecast and improvement of numerical
weather forecast, e.g. quantitative precipitation forecast. The number of participating
instrument datasets was increased from 11 in 2009 to 36 in 2010. A gateway to the
European Centre for Medium Range Weather Forecast (ECMWF) was established.
Improving the service for both, data providers and data users: a website with detailed
instructions on how to process and format data to be submitted to WDCA has been set up.
The web-interface for browsing and downloading the data holdings has been improved in
response time and work flow.

This report covers the observations marked in green in Table 3 as the analysis (but not the

measurements and maintenance) of these variables are funded by KLIF.
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6.2 Optical aerosol properties measured at Birkenes in 2010

Figure 35 summarises the optical properties of the dry PM1o aerosols measured at Birkenes in
2010. The top panel shows the time series of the aerosol scattering coefficient asp, which is
the fraction of an incident light beam that is scattered by the particles in a unit volume of
aerosol. It depends on the particle size distribution and particle chemical composition, and is a
function of the incident radiation’s wavelength. The integrating nephelometer measurlng Osp
provides three wavelengths across the visible spectrum. Values of osp around 8 Mm™ are
common in remote locations, whereas averages around 40 Mm™ and peaks above 100 Mm™
can be found in the continental background (see Delene & Ogren, 2002) for a comprehensive
climatology of aerosol optical properties). The second panel depicts the time series of the
aerosol absorption coefficient aap, Which is, analogously, the fraction of an incident light
beam that is absorbed by the particles in a unit volume of aerosol. While the filter absorption
photometer that measures o, operates at 525 nm wavelength, the wavelength has been shifted
to 550 nm for consistent comparison with the nephelometer assuming an absorption Angstrém
coefficient of -1. This adds a systematlc uncertainty of 2% to Oap. The o5, values span a
common range between 0.1 Mm™ in remote locations and 8 Mm™ in the continental
background. Both, o5, and a2, scale with the particle concentration in the aerosol (extensive
property). The third and forth panels show properties commonly derived from the measured
optical aerosol properties that don’t scale with the particle concentration (intensive property),
but rather describe “the average” particle and allow for an easier and more intuitive
assessment of the aerosol type observed. In the third panel, we see the time series of the
scattering Angstrom coefficient &. The Angstrém coefficient depends strongest on the particle
size distribution, and decreases if the average optically active particle size increases. Values
of & around 2 are common for continental background aerosol, which is dominated by sub-
micron aerosol particles, whereas aerosol with a marine component and thus a significant
fraction of larger particles exhibit values of & smaller than 1. In the fourth panel, the 2010
time series of the single scattering albedo ax at 550 nm wavelength is displayed. The single
scattering albedo states the fraction of incident radiation interacting with the aerosol particle
phase that is scattered rather than absorbed by the particles, i.e. it decreases if the average
aerosol particle becomes more absorbing. Values for zx of close to 1 can be observed in
pristine polar regions, whereas values around 0.92 are normal for continental background
conditions, and even values below 0.8 can be found closer to sources of light-absorbing
carbon such as fossil fuel or wood burning.
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Figure 35: Time series of aerosol optical properties daily means measured in 2010 at
Birkenes. The top panel shows the aerosol scattering coefficient os, at 450, 550, and 700 nm
wavelength measured by integrating nephelometer. The second panel depicts the aerosol
absorption coefficient o4 at 550 nm wavelength measured by filter absorption photometer,
shifted from the instrument wavelength at 525 nm to 550 nm for consistent comparison
assuming an absorption Angstrém coefficient of -1. The third and forth panels show the
scattering Angstrom coefficient & and the single scattering albedo @ as derived properties,
respectively.

When interpreting the upper 3 panels of Figure 35, no obvious annual cycle is apparent.
Aerosol scattering and absorption coefficients as well as scattering Angstrom coefficient vary
within their ranges expected at a continental background location with shifts in the
predominant air mass origin, with low values for o5, and o4, and high values for & in air
masses of Northern Atlantic or Arctic origin. High values for o5, and a4, can be found in air
masses of continental European origin or influenced by marine sources. Aerosol of marine
origin shows lower values of & in addition due to a higher fraction of super-micron particles.
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When interpreting the annual time series of @ however, a clear annual cycle can be detected.
Only in summer, @y values around 0.92 are found which would be expected in a remote
continental location like Birkenes. In winter however, zxp values around 0.78 are common,
which are expected only closer to sources of absorbing aerosols. Autumn and spring represent
transition periods between the extremes in summer and winter.

6.3 Estimating the local, instantaneous direct aerosol radiative effect

The direct aerosol climate effect is normally quantified by the corresponding radiative forcing
AF 5 when there is a change over time in a climate forcer (e.g. the effect of change in aerosol
concentration from preindustrial time and present aerosol concentration), see Figure 2 and
footnote on page 11. A full scale calculation of this parameter requires the use of climate and
radiative transfer models, which is far beyond the scope of this report. However, there exist
methods for estimating the local radiative effect of aerosols 4F,¢/d. This is the radiative effect
per unit aerosol optical depth. Since the spectral aerosol optical depth (AOD), (see section
6.5) is also measured at Birkenes, there are methods for estimating 4F available. Here, the
formula of Haywood and Shine (1995, eq. 3) as applied in Sheridan and Ogren (1999) is used,
which implies the following assumptions:

e aconstant fractional day length of 0.5

e aconstant atmospheric transmissivity of 0.76 above the aerosol layer assumed to be
located in the boundary layer.

e aconstant fractional cloud cover of 0.6

e aconstant surface albedo of 0.15

e an integration of 4F, across the solar spectrum by using the aerosol optical property
values at 550 nm wavelength where the spectral intensity of the solar radiation
reaching the earth surface is highest.

¢ neglecting the fact that all ground-based instruments measure the aerosol optical
properties for the dry-state aerosol (relative humidity < 40%), whereas the AOD is
measured for ambient conditions of relative humidity.

The above list of assumptions explains that the estimated direct aerosol radiative forcing is
not suitable for further calculations, e.g. comparison with other radiative forcings such as
those of greenhouse gases (assumes no snow during winter time, homogenous distribution of
aerosols in the column above the site, no effects of relative humidity variations etc.).
However, it is based only on directly measurable parameters, and allowing to study the
radiative effects of the aerosols only varying due to changes of the atmospheric aerosol
properties at a site.

Figure 36 visualises the annual time series measured at Birkenes of: 1) the aerosol optical
depth (AOD) at 550 nm wavelength, dsso nm (Upper panel); 2) the aerosol radiative forcing
efficiency 4F,¢/0, which is calculated from ground-based in situ instruments; 3) the estimated
direct aerosol radiative effect A4F%e, i.e. the product of dsso nm and AF,e/0. The time series of
0550 nm ShOWS gaps in winter since the sun photometer can measure rarely this time of year due
to frequent cloud cover. The gap in the beginning of the year extending into spring is due to
scheduled calibration of the instrument. As with the other measured extensive aerosol
properties, the time series of dsso0 nm doesn’t show any annual cycle, but variations with origin
of air masses. In the time series of AF,./0 and AF, however, the effect of the annual cycle in
@ becomes visible. Due to the higher concentration of light absorbing material in the winter
aerosols, the aerosol radiative forcing at Birkenes is less cooling in winter than in summer.
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Figure 36: Time series of the cloud-screened aerosol optical depth (AOD) at 550 nm wavelength
in the atmospheric column above Birkenes (upper panel), as well as the radiative forcing
efficiency 4F,¢/0 (middle panel) and the estimated local, instantaneous, solar aerosol radiative
forcing AF .

Over a bright, high albedo snow surface in winter, the direct aerosol radiative forcing may
well turn locally into a net warming effect.

6.4 Physical aerosol properties measured at Birkenes in 2010

The physical aerosol properties covered here include the particle number size distribution in
the particle diameter range 30 nm < D, < 550 nm measured by a Differential Mobility Size
Spectrometer (DMPS). The data collected in 2010 by the DMPS is displayed in Figure 37 as
colour contour plot, where the x-axis marks the time of measurement, the logarithmic y-axis
the particle diameter, and the logarithmic colour code the particle number concentration per
logarithmic size interval. This way of plotting time series of particle number size distribution
is commonly used since both particle size and particle concentration span several orders of
magnitude.

The particle number size distribution is not uniquely, but fairly characteristic for the origin
and fate of an air mass, and thus shifts with shifting weather situation. Already in last year’s
report, the most common types of air masses occurring at Birkenes and their particle size
distribution characteristics were discussed, which include (omitting special cases of long-
range transport):
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Figure 37: 2010 time series of particle number size distribution at Birkenes, panel a) winter,
panel b) spring, panel c) summer, panel d) autumn.

e Clean Arctic background aerosol, characterised by a distinct accumulation mode
(size mode peaking in the particle diameter range 100 nm < D, < 1000 nm) peaking at
150 nm particle diameter, with peak particle concentrations of 200 cm™.

e Continental aerosol, characterised by an accumulation mode peaking between 150 —
240 nm particle diameter, depending on how long the aerosol had time to self-process,
and peak particle concentrations between 1000 — 1500 cm, in addition to the
presence of an Aitken-mode (size mode peaking in the particle diameter range
10 nm < D, < 100 nm) .

e Arctic haze, characterised by the absence of an Aitken-mode, and an accumulation
mode peaking at 200 nm particle diameter, with peak particle concentrations of
1500 cm’®,

All these aerosol types can be superimposed by additional modes in the particle size
distribution within the Aitken-size range of 10 nm < D, < 100 nm. Particles in the Aitken-size
range have an atmospheric lifetime of a couple of hours (Seinfeld & Pandis, 1998) before they
either grow larger by mass uptake from the gas-phase, or coagulate with particles in the
accumulation mode size range. Particles in the Aitken-size range are therefore relatively
young, and have to be of local or regional origin, where a locally generated Aitken-mode
peaks around 30 nm particle diameter, a regionally generated around 70 nm particle diameter.

53



Monitoring of greenhouse gases and aerosols at Svalbard and Birkenes: Annual report 2010 (TA-2902/2012)

At least two possible sources for such particles are known for continental background
locations like Birkenes:

e Biogenic aerosol, generated from condensing oxidised precursor gases, e.g. terpenes,
emitted by vegetation. Events of heavy biogenic aerosol formation are characterised
by the formation of new particles. These events show by the appearance of a new
mode in the particle size distribution that first quickly grows from particle diameters
below 10 nm, then with decelerating velocity to particle diameters of about 60 nm.

e Wood combustion aerosol, generated usually by domestic heating with wood burning
stoves.

60 T T T T T

I local / regional
50 4 combustion

I new particle
formation

Fraction of Days with Event Present / %

DJF MAM JIA SON
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Season
Figure 38: Frequency of occurrence of influence by local or regional combustion, as well as
occurrence of new particle formation in Birkenes in 2010 as determined by combined analysis
of particle number size distribution and single scattering albedo.

However, wood combustion aerosol is distinguished by another characteristic. It contains
significant amounts of light absorbing carbon, and therefore has a single scattering albedo of
below 0.85.

In this analysis, these characteristics are used to learn something about the reasons for the
annual cycle of the aerosol single scattering albedo @, which was discussed in the previous
section. To this end, the frequency of occurrence of particle formation events (characterised
by the distinctly growing nucleation mode) and of wood combustion aerosol (characterised by
a distinct Aitken-mode in the particle size distribution and a value of @ below 0.85) have
been determined as a function of season. If the annual cycle of ax is associated with local or
regional emissions of wood combustions aerosol, its frequency of occurrence should exhibit
the same annual cycle.

Figure 38 visualises thus the determined frequency of occurrence of particle formation events
and local or regional combustion events as bar graph. It is obvious that in summer, the Aitken
mode in the aerosol at Birkenes, often present, most likely consists of newly formed particles,
and here likely of biogenic origin. In winter however, no such event occurred in 2010. For
biomass combustion events, the situation is exactly opposite. Here, the likelihood of the
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Aitken-mode being due to biomass combustion is maximised in winter, and minimised in
summer. For both types of events, spring and autumn are transition periods.

With all due caution due to the limited statistical significance of a one-year data series, it can
be stated that the annual cycle of @y observed at Birkenes is very likely due to local and
regional emissions of domestic biomass burning. Further studies on archived filter samples
from Birkenes that use levoglucosan as tracer for biomass burning are currently being
conducted to confirm this finding. It can thus be stated further that emissions of domestic
biomass burning very likely have a significant effect on the direct aerosol radiative forcing in
the Agder region in making it less cooling, in cases of snow covered surface maybe even
positive, i.e. warming, in contrast to the global average.

6.5 Observations of the total aerosol load above Zeppelin and Birkenes
observatories

The aerosol optical depth (AOD) is a quantitative measure of the extinction of solar radiation
by aerosol scattering and absorption between the point of observation and the top of the
atmosphere. It is determined by the total concentration of particulates in the atmosphere. The
wavelength dependence of AOD, described by the Angstrém exponent () is a qualitative
indicator of the particle size and contains information about the aerosol type. The larger the
exponent the smaller the size of the particles measured.

During the last years the number of stations measuring AOD has increased significantly.
Figure 39 shows the development of the networks of sun-photometer in Scandinavia
(Toledano et al., 2012). Photos of the standard instruments used in Ny-Alesund and Birkenes,
and their characteristics are shown in Figure 49 on page 74.

Figure 39: Location of sun photometer sites in the European Arctic sector and Scandinavia:
(@) Until 2003; (b) From 2004 onward. Color symbols denote networks: AERONET sites

(red), GAW-PFR (green), Polar-AOD (blue) [this Figure is equal to Figure 1 from Toledano
etal., 2012].

In Ny-Alesund, aerosol optical depth observations have been performed by the German
Alfred Wegener Institute since 1991 (Herber et al, 2002). In 2002, PMOD/WRC in
collaboration with NILU, started AOD observations, as part of the global network of AOD
observations, which started in 1999 on behalf of the WMO GAW program. Since then, classic
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extinction measurements at the recommended 4 WMO wavelengths 368, 415, 500 and 862
are performed as collaboration between PMOD/WRC and NILU, using a Precision Filter
Radiometer (PFR, Wehrli, 2000 and 2005). Calibration is performed annually at
PMOD/WRC. NRT data are displayed at www.pmodwrc.ch/worcc and can also be
downloaded from the WDCA site (ebas.nilu.no)

In spring 2009 a CIMEL type CE-318 sun-photometer (#513) has been put in operation at the
new Birkenes observatory. The instrument is an automatic sun and sky radiometer, with
spectral interference filters centered at selected wavelengths: 340, 380, 440, 500, 675, 870,
1020, and 1640 nm, which is a standard instrument of the Aerosol Robotic Network
AERONET network (Holben et al., 1998; NASA, 2011). Measurements are made in
collaboration with the University of Valladolid (Spain), who also perform the annual
calibration (RIMA-AERONET sub-network). The data processing is centrally performed by
AERONET. NRT and analyzed data are displayed at AERONET website (see
aeronet.gsfc.nasa.gov).

The associated AOD uncertainty is 0.01-0.02 (larger for shorter wavelengths). The Angstrém
exponent (AE), indicative of size predominance is obtained from the AOD at different
wavelengths. It depends on the spectral range used in the retrieval. The wavelength region for
calculation AE from PFR measurements is 368-862 nm. This is slightly different from the one
used for calculation of Angstrém exponent within AERONET, which uses the range between
440 and 870 nm.

6.5.1 Measurements of the total aerosol load above Ny-Alesund

NILU’s measurements of the aerosol optical depth in Ny-Alesund started in May 2002. Due
to low aerosol load in Polar region, accuracy requirements for AOD measurements are more
stringent than those usually encountered in established sun photometer networks. To jointly
utilize and compare polar measurements, within the international polar year (IPY), the
measurements contributed to the POLAR-AOD network was founded. Measurements from
Ny-Alesund were part of this network. First results can be found in Tomasi et al. (2007).
Additional results from two inter-comparison campaigns, which were held during spring 2006
at Ny-Alesund (Svalbard) and autumn 2008 at Izafia (Tenerife) within the framework of the
IPY POLAR-AQD project, are recently published by Mazzola et al. (2012).

The Ny-Alesund sun-photometer is located on the roof of the Sverdrup station. The
instrument type is a Precision Filter Radiometer (PFR, Wehrli, 2000 and 2005), which
measures the direct solar radiation in four narrow spectral bands at 862, 501, 411, and 368
nm. Samples are recorded with one minute time resolution. Data quality control includes
instrumental control like detector temperature and solar pointing control as well as objective
cloud screening. SCIAMACHY TOSOMI ozone columns and meteorological data from Ny-
Alesund were used in the retrieval of the aerosol optical depth. Angstrém coefficients are
derived for each set of measurements using all four PFR channels Annual calibration is
performed at PMOD/WRC during winter-time.

In Ny-Alesund the polar night lasts from 26™ October to 16" February, leading to a relatively
short observational seasons. In Table 4 and Table 5 monthly mean and sunlight-season
average values of AOD at 500 nm and Angstrém coefficients measured in Ny-Alesund
between 2002 and 2010 are summarized. The data are visualized in Figure 40 and Figure 41.
In 2010 measurements started March 12 and stopped September 9 (only 2 hours, therefore we
do not give a monthly average). Monthly mean data are calculated from hourly averaged
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values with more than 10% of valid observations included. The results show a clear inter-
annual variability. Individual episodes have a large impact on observed monthly averages.
Huge emissions from boreal forest fires in North America are likely to explain the elevated
AOD levels end of July 2004 (Stohl et al. 2006). Agricultural fires in Eastern Europe resulted
in elevated pollution levels in Arctic in spring 2006 (Stohl et al., 2007; Myhre et al., 2007).
The 2010 AOD observations indicate that 2010 was a relative clear year with relative low
aerosol content, especially during spring. This is in agreement with lidar observations made
by Alfred-Wegener Institute (Ritter et al., oral presentation at 10" Ny-Alesund seminar,
2011).

Table 4: Monthly mean and sunlight-season average values of AOD at 500 nm measured in
Ny-Alesund between 2002 and 20010. The values given are mean and standard deviation.

2005 2006 2009 2010 2002-2010

March 0.15+£0.12 |0.06+0.00 |0.08+0.03 |0.12+0.03 0.14+0.07 0.11+0.03 | 0.11+0.05
April 0.06£0.01 |0.11+0.05 |0.12+0.08 |0.12+0.07 |0.16+0.07 |0.10+0.05 |0.15+0.08 0.08+0.03 | 0.11+0.06
May 0.08+0.03 |0.15+0.06 |0.13+0.09 |0.10+0.03 0.10+0.12 |0.15+0.05 |0.11+0.03 | 0.08+0.01 | 0.11+0.06
June 0.06+0.02 |0.10+0.03 ]0.06+0.01 |0.05+0.02 |0.04+0.00 |0.07+0.03 |0.06+0.02 |0.08+0.02 | 0.06+0.01 | 0.06+0.02
July 0.07+0.12 |0.04+0.01 |0.10+0.07 |0.05+0.02 |0.05+0.02 |0.05+0.01 |0.06+0.03 |0.11+0.04 | 0.05+0.01 | 0.06+0.04
August 0.07+£0.08 |0.05+0.02 |0.05+0.02 |0.04+0.03 |0.05+0.04 |0.05+0.02 0.10£0.02 | 0.05+0.01 | 0.06+0.03
September |0.06+0.05 |0.06£0.03 |0.04+0.02 [0.03+0.01 |0.04+0.03 |0.04%0.03 0.0940.01 0.05+0.02
Mar—Sep |0.07+0.05 |0.09+0.06 |0.08+0.07 |0.08+0.05 |0.09+0.07 |0.07+0.06 {0.12+0.07 |0.13+0.05 | 0.08+0.03 | 0.08+0.04

Table 5: Monthly mean and sunlight-season average values of Angstrém coefficient AE
measured in Ny-Alesund in the period between 2002 and 2010. The values given are mean
and standard deviation.

2002-2010
March 0.9+0.5 1.3#0.1 1.1+0.3 0.940.1 1.440.3 1.0£0.03 |1.1+0.3
April 0.9+0.1 |1.3#0.3 1.2+0.3 1.4+0.4 0.9+0.3 1.440.4 1.3£0.3 1.440.02 |1.2#0.3
May 1.440.1 |1.3+0.2 1.4+0.5 1.0£0.2 1.4+0.6 1.4+0.2 1.3+0.4 1.340.02 |1.4+0.3
June 1.2#0.3 |1.5#0.1 1.7£0.2 1.6+0.3 1.740.2 1.740.2 1.5£0.4 1.4+0.2 1.3#0.03 |1.5#0.2
July 1.240.2 |1.5%0.3 1.610.4 1.7£0.2 1.4+0.3 1.6%0.2 1.5£0.3 1.3#0.3 1.440.02 |1.4+0.3
August 1.340.4 |1.4+0.5 1.5+0.3 1.4+0.7 1.3+0.6 1.7+0.3 1.2+0.1 1.0£0.01 |1.4+0.4
September 1.2#0.5 |1.4+0.3 1.3+0.3 1.5£0.4 1.4+0.3 1.5+0.4 1.1+0.1 1.3+0.3
Mar-Sep 1.3%0.3 |1.3x0.4 1.4+0.4 1.310.4 1.2+0.4 1.5+0.4 1.4+0.3 1.310.3 1.2+0.3 1.3+0.3
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Figure 40: Monthly average Angstrém exponent (upper panel) and aerosol optical depth
(AOD at 500 nm) (lower panel) measured in Ny-Alesund during the sunlight time periods in
2002 - 2010. On each box, the central mark is the median, the edges of the box are the 25th
and 75th percentiles, the whiskers extend to the most extreme data points not considered
outliers, and outliers (in terms of monthly averages, although not considered outlier in terms
of pollutions events with high aerosol loads) are plotted individually.

Seasonal variations for AOD and Angstrém coefficient are shown in Figure 41. For
comparison measurements from Hornsund, which is an AERONET site, are shown. The
measurements reveal the expected pattern, larger AOD (about 0.12 at 500 nm wavelength),
equivalent to higher aerosol-load during the Arctic haze period in spring than in summer
(about 0.06), where background conditions were seen with low aerosol column concentration.
According to the analysis of aerosol transport into the Arctic, Stohl et al. (2006) demonstrated
that the region north of 70°N is isolated from mid-latitude sources in summer, whereas in
winter and spring the sources with larger potential impact are located in Eurasia (rather than
North America or East Asia). During summer the aerosol removal processes are likely more
active in Svalbard.

The Angstrom exponent in Svalbard does not show such a clear seasonal pattern as the AOD.
Apparently there is a minimum in May at the end of the haze season, and then the AE
increases slightly during the summer. In any case the multi-annual monthly means were above
1.0, thus indicating dominance of fine particle. The AE standard deviation in March is much
higher than during rest of the months, which is due to the variability of Artic haze transport
events. The AOD differences in March between Ny-Alesund and Hornsund cannot be
considered relevant due to the different temporal periods in each dataset.
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Figure 41: Multi-annual monthly means of (a) aerosol optical depth (500 nm) and (b)
Angstrom exponent at the high Arctic sun photometer sites in Svalbard: Ny-Alesund (2002-
2010); Hornsund (2004-2010). Error bars give standard deviation [this Figure is equal to
Figure 2 from Toledano et al., 2012].

6.5.2 Measurements of the total aerosol load above the Birkenes
observatory

Aerosol optical depth measurements started at the new Birkenes observatory in spring 2009,
utilizing an automatic sun and sky radiometer (CIMEL type CE-318). During the first year of
operations, measurements were made in the time period 30 April to 19 October 2009. The
retrieval method is that of the AERONET version 2 direct sun algorithm (for details, see
http://aeronet.gsfc.nasa.gov). Level 2 data are available for 2009. In 2010 measurements were
made between May and December. The late start was caused due to calibration in Spain and
delays connected with the transport of the instrument back to Norway.

The time-series of the total AOD in 2009 is given in Figure 42'7 (left panel). Besides the total
AOD, the coarse mode AOD is shown. Low coarse mode AOD is observed especially during
the summer months, which can also be expressed as predominance of fine mode fraction. The
yearly averaged fine mode fraction for 2009 was 71 £ 15 %. Values were clear above 80%
during the summer months. The AOD and coarse mode fraction show a clear seasonality, with
higher total AOD and lower coarse mode AOD in summer 2009. On top of stable spring
background conditions with low AOD between 0.05 and 0.01, several episodes with high
aerosol load can be seen. The seasonality seen is similar in 2010*. In summer the fine mode
AOD is higher (monthly average of 76%) than in autumn (65%).

7 The data displayed are from the AERONET-SDA Version 4.1 data set (for a description of the Spectral
Deconvolution Algorithm see O’Neill et al, 2003), which are derived from pre- and post-field calibrated and
manually inspected AOD data

'8 Note that 2010 data are not fully quality assured by AERONET vyet (level 1.5 data),
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Figure 42: Time-series of total and coarse mode AOD measured during the first tow year of
operation, in 2009 (left panel, level 2 data) and 2010 (right panel, level 1.5 data), at the
Birkenes observatory.

Monthly mean averages of AOD at 500 nm, the Angstrom exponent, precipitable water (PW),
the associated standard deviations (sigma), and the number of days (N) in 2009 and 2010 are
given in Table 6. The data are visualized in Figure 43.

Table 6: Aerosol optical depth at 500 nm, Angstrém exponent (alpha440-870), precipitable
water (PW), the associated standard deviations (sigma), the number of days (N) in 2009
(Level 2 data) and 2010 (Level 1.5, no post-calibration, cloud-screened, no AERONET QA).

Averages AOD,s50  alphagsg.szo PW N Averages of AOD.sp0  alphasso.sro PW N
MAY 2009 0.0910.05 1.16+0.31 0.97+0.28 22 MAY 2010 0.10 1.33 1.11 13
JUN 2009 0.0910.05 1.42+0.27 1.26+0.38 25 JUN 2010 0.09 1.38 1.33 16
JUL 2009 0.18+0.06 1.43+0.44 2.02+0.25 11 JUL 2010 0.10 1.43 1.73 18
AUG 2009 0.17+0.07 1.14+0.20 1.57+0.44 13 AUG 2010 0.15 1.37 1.63 16
SEP 2009 0.1040.04 0.9610.24 1.32+0.30 15 SEP 2010 0.05 1.29 1.18 16
OCT 2009 0.08+0.03 1.05+0.18 0.75+0.19 12 OCT 2010 0.08 1.16 0.73 11

NOV 2010 0.07 1.08 0.58 8
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Figure 43: Left panel: Monthly mean values (+ standard deviation) of Angstrém exponent
(upper panel) and Aerosol Optical Depth in 2009 and 2010 (lower panel). Blue: level 2 data
from 2009; Brown: level 1.5 data for 2010. Right panel: seasonal variation for AOD and AE
for selected Scandinavian sites [this figure is equal to Figure 4 in Toledano et al., 2012]

The monthly averaged data show a maximum aerosol load (high AOD) during summer
period, July and August, which is consistent with what is seen in the rest of Southern
Scandinavia. So far, the data set is not large enough to confirm the occurrence of the second
AOD maxima. The larger Angstrom exponent between May and July indicate a predominance
of fine particulates in Southern Norway during early summer June and July. The Angstrém
exponent decreased towards winter-time, indicating larger particles. The annual cycle can be
linked to long-range transport patterns from e.g. the European continent. During the coming
years, the two year dataset will be complemented with more data, esp. during the beginning of
the year. This will enable us to draw more general conclusions about the seasonality of the
aerosol total column, the particle characteristics and origin at Birkenes.
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7. Transport of pollution to the Zeppelin Observatory

We have performed an analysis and assessment of the source regions of the air masses
arriving at Zeppelin in the period 2001-2010. Analyses of the air mass origin are important for
the understanding of the observed levels of the gases and aerosols. We have analysed the
origin of the air arriving at Zeppelin in 2010. Air mass trajectories are calculated using the
FLEXTRA trajectory model (http://www.nilu.no/trajectories/) and using meteorological data
provided from European Centre for Medium Range Weather Forecasts (ECMWF). 7 days
backward trajectories from ECMWEF have been used to investigate the major transport
pathways into the region.'® The origin of the air arriving at Zeppelin is categorised in
following 6 sectors:

e Arctic region: Clean Arctic air: Air mass
trajectories with all trajectory points north
of 65°N

e Atlantic sector: Clean marine air: Air
mass trajectories with all trajectory points
between 10°W and 70°W and from south
of 65°N.

e North American sector: Polluted air: If at
least 50% of the trajectory points are
between 70°W and 180°W, and from south
of 65°N.

e European sector: Polluted air: If at least
50% of the trajectory points were between

10°W and 30°E, and from south of 65°N.

Russian sector: Polluted air: If air mass
trajectories with all points between 30°E
and 180°E and from south of 65°N.

Figure 44: The sectors used to classify the
air arriving at the Zeppelin Observatory. 1
is Arctic sector, 2 is Atlantic sector, 3 is
North American sector, 4 is European

e Undefined sector: 20% the trajectories do ~ Sector and 5 is Russian sector.

not come from a distinct sector.

Air from the Arctic and Atlantic sector is assumed to contain minimal influence of pollution.
There are almost no industrial sources in these areas, and one can say that the air is ‘clean’.
Background values of the greenhouse gases components are defined from those ‘clean air’
areas with 6 out of 8 trajectories (sampling day +/- 12 hours) within the sector, as described
above.

Figure 45 shows the share of polluted and clean air arriving at the Zeppelin observatory for
the years 2001-2010. The most striking result of this analysis is that in particularly 2007 and

19 The spatial resolution is T106, which correspond to a latitude/longitude resolution of 1x1 degrees, the
temporal resolution is 6 hours, and 91 levels (60 levels before February 2006) are available in the vertical
direction. The data sets used are so-called analysis, which is a combination of observations and numerical
calculations. This includes measurements from satellites, radio sondes, buoys, weather stations, etc. which are
assimilated into a meteorological model that produce an estimate of the state of the atmosphere at a given time.
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2008 the fraction of air arriving at Zeppelin categorized as clean marine and Arctic air was
clearly higher than the previous years. As described in section 4.1 the CH,4 concentration has
increased since 2005. This can point in the direction of a possible Arctic source or
accumulation of methane in the Arctic, particularly during late summer and autumn. Also the
year 2003 with high methane concentration had a large fraction of clean air arriving at
Zeppelin. 2009 is a somewhat different. In 2009 there were many episodes with polluted air
transported to Zeppelin but no episodes as extreme as the record one observed in spring 2006
(Stohl et al., 2007; Myhre et al 2007). In contrast to the last years the site experienced higher
influence of polluted air masses from central Europe and from the Russian sector in 2009.
Clean arctic marine air dominated only on 59% of the days which is considerable lower than
previous years. At the same time the category with mixed air from various sectors has
increased slightly, thus the results are connected with uncertainty.2010 show similar results to
several previous years with large fraction of clean air, but fewer episodes from the Russian
sector.

B Undefined sector M Clean Arctic and Atlantic air
B North American sector B Central European sector

B Russiansector

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Figure 45: The percentage of polluted and clean air arriving at Zeppelin in the period
2001-2010 from the various sectors.
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Appendix I: Description of instruments, methods and trend
analysis

In this appendix are the instrumental methods used for the measurements of the various

greenhouse gases presented. Additionally we explain the theoretical methods used in the
calculation of the trends. In the end of the section we show how the annual mean values
presented in Table 2 are calculated.

Details about greenhouse gas measurements and recent improvement and extensions
NILU performs measurements of halogenated greenhouse gases as well as methane and
carbon monoxide using automated gas chromatographs with high sampling frequencies at
Zeppelin. A mass spectrometric detector is used to determine more than 20 halogenated
compounds, automatically sampled 6 times per day. Methane and CO are sampled 3 times per
hour. This high sampling frequency gives valuable data for the examination of episodes
caused by long-range transport of pollutants as well as a good basis for the study of trends and
global atmospheric change. Close cooperation with AGAGE-partners on the halocarbon
instrument and audits on the methane and CO-instruments (performed by EMPA on the
behalf of GAW/WMO) results in data of high quality.

At the Birkenes Observatory a very different approach is used. At this site Picarro Cavity
Ring-Down Spectroscopy (CRDS) is employed. This is a state of the art infrared spectrometer
for field measurements with very high time resolution and precision. The Picarro CRDS are
utilizing a near-infrared laser to measure spectral signatures of the molecule. Gas is
introduced in an optical measurement cavity with an effective path length of up to 20 km
making it possible to measure very low concentrations. The CRDS technology allows
monitoring of CO, and CHy, in moist air. During post-processing concentrations are re-
calculated for dry air. This is required to remove the variability of moisture in the atmosphere,
and to make the monitoring results comparable with traditional FTIR monitoring methods.
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Table 7: Instrumental details for greenhouse gas measurements at Zeppelin and Birkenes.

Methane (Birkenes)  CHq PicarroCRDS 5s Waiting for Measurements started
G1301 calibration 19. May 2009
CO2/CH4/H20 gases from
NOAA.
Currently
only initial
calibration
from Picarro.
Methane (Zeppelin)  CHq4 GC-FID- 15 Hourly, Data coverage 2010:
min working std. 70% (97% for daily
calibrated vs.  values). Low coverage
GAW std. due to a problem with
the ventilation system
in the station building
causing contamination
of samples during last
part of the year.
Nitrous oxide N0 GC--ECD 15 Hourly, Data coverage 2010:
(Zeppelin) min working std. 77%. Measurements
calibrated vs.  started 02.04.2010.
GAW std.
Carbon monoxide CO GC-MgO/UVv 20 Every 2 Data coverage 2010:
min hours, 70%
working std.
calibrated vs.
GAW std.
Carbon dioxide CO2 1h CO, measurements
(Zeppelin) performed by ITM
Stockholm University
(SY)
Carbon dioxide CO2 Picarro CRDS 5s Waiting for Measurements started
(Birkenes) G1301 calibration 19. May 20089.
CO2/CH4/H20 gases from
NOAA.
Currently
only initial
calibration
from Picarro.
CFC-11 CFCl3 ADS-GCMS 4 h Every 4 Data coverage 2010:
CFC-12 CF.Cl; hours, ca 70%
CFC-113 CF,CICFCl» working std.
CFC-115 CF3CF.Cl calibrated vs.
HFC-125 CHF,CF3 AGAGE std. The measurements of
HFC-134a CH2FCF3 the CFCs have higher
HFC-152a CH3CHF2 uncertainty and are
HFC-365mfc CF3CH2CHF,CH3 not within the required
HCFC-22 CHF.CI precision of AGAGE.
HCFC-141b CHs3CFCl; See next section for
HCFC-142b CHs3CFCl details.
H-1301 CF3Br
H-1211 CF,CIBr

68



Monitoring of greenhouse gases and aerosols at Svalbard and Birkenes: Annual report 2010 (TA-2902/2012)

Table 7, cont.

Calibration Comment

procedures

Instrument
and method

Component

Methyl Chloride CHsClI

Methyl Bromide CH3Br

Methylendichloride  CH.Cl,

Chloroform CHCls;

Methylchloroform CH3CCl3

TriChloroethylene CHCICCI,

Perchloroethylene CCI,CCl;

Sulphurhexafluoride SFg

Tetrafluormethane CFa4 Medusa-GCMS 2 h Every 2 Start September
PFC-116 C,Fs No. 19 hours, 2010. The instrument
PFC-218 CsFsg working std. will run in parallel with
PFC-318 c-C4Fs calibrated vs. ADS-GC-MS for one
Sulphurhexafluoride SFg AGAGE std year. The precision is
Sulfuryl fluoride SOzF> improved and more
HFC-23 CHF3 components are
HFC-32 CH2F2 measured compared
HFC-125 CHF2CF3 to the ADS-GC-MS.
HFC-134a CH3FCF3

HFC-143a CHs3CF3

HFC-152a CH3CHF2

HFC-227ea CF3CHFCF3

HFC-236fa CF3CH.CF3

HFC-245fa CF3CH2CHF2

HFC-365mfc CF3CH2CHF2CH3

HCFC-22 CHF,CI

HCFC-124 CHCIFCF;

HCFC-141b CH3CFCl;

HCFC-142b CH3CF.Cl

CFC-11 CFCls

CFC-12 CF.Cl;

CFC-113 CF,CICFCl,

CFC-114 CF,CICFCI

CFC-115 CF3;CF.Cl

H-1211 CF3Br

H-1301 CF,CIBr

H-2402 CF2BrCF,Br

Methyl Chloride CHsClI

Methyl Bromide CH3Br

Methyl lodide CHal

Methylendichloride CHCl,

Chloroform CHCl3

Methylchloroform CHsCCls

Dibromomethane CH3Br;

Bromoform CHBr3

TriChloroethylene TCE

Perchloroethylene PCE

Ethane C2He

Benzene CeHs

Carbonyl Sulfide COSs

Ozone O3 5 min
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CO;, measurements performed by ITM Stockholm University (SU)
At the Zeppelin station carbon dioxide (CO,) and atmospheric particles are measured by
Stockholm University (Institute of Applied Environmental Research, ITM).

SU maintains a continuous infrared CO; instrument, which has been monitoring since 1989.
The continuous data are enhanced by the weekly flask sampling programme in co-operation
with NOAA CMDL. Analysis of the flask samples provides CH,4, CO, H;, N,O and SF¢ data
for the Zeppelin station.

Data quality and uncertainties

In general the ADS-GCMS can measure a wide range of hydrochloroflurocarbons,
hydroflurocarbons (HCFC-141b, HCFC-142b, HFC-134a etc.), methyl halides (CH3Cl,
CH3Br, CHsl) and the halons (e.g. H-1211, H-1301) with a good scientific quality. The
system can also measure other compounds like the chloroflurocarbons, but the quality and the
precision of these measurements are not at the same level. Table 8 shows a list over those
species measured with the ADS-GCMS at Zeppelin Observatory. The species that are in blue
are of acceptable scientific quality and in accordance with recommendations and criteria of
AGAGE for measurements of halogenated greenhouse gases. Those listed in red have higher
uncertainty and are not within the required precision of AGAGE. There are various reasons
for this increased uncertainty; unsolved instrumental problems e.g. possible electron overload
in detector (for the CFC’s), influence from other species, detection limits (CH3zl, CHCICCI,)
and unsolved calibration problems (CHBTr3).

Table 8: ADS-GCMS measured species. Good scientific quality data in Blue; Data with
reduced quality data in Red. The data are available through http://ebas.nilu.no. Please read
and follow the stated data policy upon use.

Typical Typical
Compound precision Compound precision
(%) (%)
SF 15 H1301 15
HFC134a 0,4 H1211 0,4
HFC152a 0,6 CHaCI 0,6
HFC125 0,8 CH;3Br 0,8
HFC365mfc 1,7 CHal 51
HCFC22 0,2 CH,Cl, 0,4
HCFC141b 0,5 CHCl; 0,3
HCFC142b 0,5 CHBr3 15
HCFC124 2,3 CCly 0,5
CFC11 0,3 CH;CCl3 0,6
CFC12 0,3 CHCICCI, 1,2
CFC113 0,2 CCI,CCl, 0,7
CFC115 0,8
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New Medusa instrument installed at Zeppelin and improved air inlet system

To have the suitable and necessary scientific quality of the GHG measurements and fulfill the
requirements of AGAGE, NILU installed a new Medusa at the Zeppelin Observatory Autumn
2010. The instrument is developed to provide more accurate measurements of halocarbon
gases and also extending the range of compounds monitored.

The new Medusa instruments not only extend the number of species measured by original
ADS instruments to 40 species, but also improve the quality and precision in measurements of
most of the species, especially the CFC’s. But even though the improvements, there are still a
few issues related to the measurements of the CFC’s and a few others of the 40 species that
are unresolved. Therefore, the AGAGE network has decided to report their CFC data
measured with their old GC-MD system from the AGAGE stations that both have a GC-MD
and a Medusa.
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Figure 46: Measurements of CFC-115 at Zeppelin Observatory. The measurement precision
improves when using results from the Medusa-GCMS (in blue) compared to the ADS-GCMS
(in yellow).

Table 9 gives an overview over the species measured with the Medusa and GC-MD systems
at the AGAGE stations and the typical precision with the different instruments. After the
installation of the Medusa instrument and implementation of the same calibration scale and
QA/QC routines as the rest of the AGAGE station, the Zeppelin Observatory is considered as
anAGAGE station and the measurements performed meet the same criteria as shown in Table
9.

There has also been improved air inlet for the GHG observations at Zeppelin to reduce
possible influence from the station and visitors at the stations.
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NILU engineer Are Béicklund about to install a new air inlet for the Medusa instrument.
Photo: Ove Hermansen, NILU

Table 9: AGAGE measured species. Medusa in Blue; GC-MD green; Both: Red.

Compound pre-cr:)i/spilgr?l(%) Compound Typlcal(g}or)emsmn
CF4 0.15 H1301 15
CoFe 0.9 H1211 0.5
CsFs 3 H2402 2
SFs 0.4 CHsCl 0.2
SO,F 16 CH3Br 0.5
HFC23 0.7 CHsl 2
HFC32 5 CH:Cl 0.8
HFC134a 0.4 CHCl3 0.6
HFC152a 1.2 CHBrs 0.6
HFC125 1 CCly 1
HFC143a 1.2 CH3CCls 0.7
HFC365mfc 10 CHCICCI2 25
HCFC22 0.3 CCI,CCly 0.5
HCFC141b 0.4 CoH2 0.5
HCFC142b 0.6 CoHy 2
HCFC124 2 CaoHs 0.3
CFC11 0.15 CeHe 0.3
CFC12 0.05 C7Hs 0.6
CFC13 2 GC-MD only*

CFC113 0.2 CHa 0.05
CFC114 0.3 N20 0.05
CFC115 0.8 CO 0.2

Ha 0.6

*CO and H, are measured by GC-MD at Mace Head and Cape Grim only
(ppt = parts per trillion, ppb = parts per billion)
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To improve the quality of the ongoing ADS-GCMS measurements at Zeppelin Observatory,
the two instruments (Medusa and ADS-GCMS) will be run in parallel for at least 6 months.
Results from the comparison between the two will be used to improve the quality of the
species measured with the ADS-GCMS so far.

New instrument for monitoring of methane and nitrous oxide

A new gas chromatograph (GC) for measurements of CH4 and N,O was installed at the
Zeppelin station late 2009. After a period of tuning and verification, methane measurements
with the new instrument were started early 2010. Measurements of N,O were started early
April 2010. The new gas chromatograph is a dual channel system equipped with a Flame
lonization Detector for CH,4 -measurements and an Electron Capture Detector for N,O -
measurements. The new system enables better control of the calibration process and increased
frequency for calibration against reference standards. Precision on methane measurements
calculated from working standards over a 24 hour period of normal measurements is
improved from ~0.2% to ~0.1%. The old and the new instrument show good agreement when
run in parallel.

1950 1 < OldGC
x New GC
—Avg
1900 -
1850 -
1800 T T T T T T T 1
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Figure 47: Comparison of old and new measurements of methane at Zeppelin.
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Figure 48: The new Gas Chromatograph for Methane and Nitrous Oxide measurements (left)
side by side with the old system for Methane measurements.

Details about aerosol optical depth measurements
The amount of particles in the air is monitored by use of a Precision-Filter-Radiometer (PFR)
sun photometer (NILU) in Ny-Alesund and a Cimel instrument at Birkenes, see details below.

AERONET - Cimel C-318 PFR-GAW - Precision Filter Radiometer
Sun (9 channels) and sky radiances Direct sun measurements (4 channels)
Wavelength range:: 340-1640 nm nm Wavelength range: 368-862 nm

15 min sampling Continuous sampling (1 min)

No temperature stabilized Temperature stabilized

AOD uncertainty: 0.01-0.02 AOD uncertainty: 0.01

Figure 49: Photos and typical features of the standard instrument of the AERONET (left
panel) and GAW PFR network instruments (right panel) (adapted from Toledano et al.,
2012).

Aerosol optical depth measurements started at the new Birkenes observatory in spring 2009,
utilizing an automatic sun and sky radiometer (CIMEL type CE-318), with spectral
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interference filters centered at selected wavelengths: 340, 380, 440, 500, 675, 870, 1020, and
1640 nm. The measurement frequency is approximately 15 minutes (depends on the air-mass
and time). Calibration was performed in Izafia in the period 13 May to 24 of July 2008
(RIMA-AERONET sub-network). Between 11 December 2009 and 26 January 2010 and
between 16 September and November 2011, at Autilla del Pino (Palencia, Spain), the
operational calibration platform managed by GOA for RIMA-AERONET sun photometers.
The data analysis is centralized and performed by AERONET. At present, quality assured
data (AERONET level 2.0) are available only for 2009. The 2009 data-set is pre and post field
calibrated, automatically cloud cleared and manually inspected. Due to post-calibration
performed in autumn 2011, for 2010 no quality assured level 2.0 data are available yet. The
data were automatically cloud cleared, but the final calibration has not been applied
(AERONET Level 1.5).

The PFR measurements in Ny-Alesund are part of the global network of aerosol optical depth
(AOD) observations, which started in 1999 on behalf of the WMO GAW program. The
instrument is located on the roof of the Sverdrup station, Ny-Alesund, close to the EMEP
station on the Zeppelin Mountain (78.9°N, 11.9°E, 474 m asl). The PFR has been in operation
since May 2002. In Ny-Alesund the polar night lasts from 26™ October to 16" February,
leading to short observational seasons. However during the summer it is possible to measure
day and night if the weather conditions are satisfactory. The instrument measures direct solar
radiation in four narrow spectral bands centred at 862, 501, 411, and 368 nm. Data quality
control includes instrumental control like detector temperature and solar pointing control as
well as objective cloud screening. Measurements are made at full minutes are averages of 10
samples for each channel made over a total duration of 1.25 seconds. SCIAMACHY TOSOMI
ozone columns and meteorological data from Ny-Alesund were used in the retrieval of the
aerosol optical depth.

Outlook on observations of aerosol properties in Ny-Alesund in and beyond 2011

To better characterize the total aerosol content in Ny-Alesund, especially in the boundary layer, and
distinguish between local and long-range transported contributions, in collaboration with the
Alfred-Wegener Institute, for the first time, a sun-photometer has been operated at Zeppelin mountain
to determine the optical depth above the site, and by comparison with ground-level observations in
Ny-Alesund, to determine the AOD of the first 450 m of the atmosphere. After a successful test-period
in 2011, this collaboration will continue in 2012.

Status and outlook on observations of aerosol properties at Birkenes in 2010 and 2011
Up to 2009, the instrumentation for observing properties of atmospheric aerosol particles at
Birkenes consisted of a Differential Mobilty Particle Sizer (DMPS), a single-wavelength
Particle Soot Absorption Photometer (PSAP), and a PM, s and PMyy filter samplers for
collecting samples for chemical analysis. A DMPS measures the particles number size
distribution, usually in the range of about 0.02 — 0.8 um particle diameter. After putting the
aerosol particle phase into a defined state of charge by exposing them to an ionised
atmosphere in thermal equilibrium, the DMPS uses a cylindrical capacitor to select a narrow
size fraction of the particle phase. The particle size in the selected size fraction is determined
by the voltage applied to the capacitor. The particle number concentration in the selected size
fraction is then counted by a Condensation Particle Counter (CPC). A mathematical inversion
that considers charge probability, transfer function of the capacitor, and counting efficiency of
the CPC is then used to calculate the particle number size distribution. A PSAP measures the
aerosol absorption coefficient by measuring the decrease in optical transmissivity of a filter
while the filter is loaded with the aerosol sample. The transmissivity time series is
subsequently translated into a absorption coefficient time series by using Lamber-Beer’s law,
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the same law also used in optical spectroscopy. The PM,s and PMyy filter samples of the
aerosol particle phase are analysed by ion chromatography to reveal the chemical speciation.

From 2010, all instruments measuring aerosol properties in Birkenes listed in section 6.1 were
in full operation. This now also includes a 3-wavelength integrating nephelometer and an
Optical Particle Counter (OPC). The integrating nephelometer measures the aerosol scattering
coefficient at three wavelength across the visible spectrum by illuminating an aerosol-filled
confined volume with a Lambertian light source, and collecting the light scattered by the
particles in the volume. This observation is complementary to the measurements of the
aerosol absorption coefficient by PSAP, can be used to increase the accuracy of the PSAP
measurements. The OPC measures the particle number size distribution in the size range of
0.25 — 10 pum particle diameter, and is thus complementary to the DMPS measurements.
Togther, DMPS and OPC cover the full particle size range commonly considered by
atmospheric aerosol observations. In the OPC, the particles in the sample pass through a laser
beam. By correlating the amplitude of the peak of scattered light generated while passing the
laser beam with particle size, the particle size distribution is measured.

Moreover, the measurement programme at Birkenes is due to be extended in 2011 with a
multi-wavelength absorption photometer and a cloud condensation nucleus counter (CCNC).
The absorption photometer will measure the aerosol absorption coefficient at three
wavelength across the visible spectrum, and will, after an intercomparison period, replace the
old single wavelength instrument used so far. The information on spectral particle absorption
will allow conclusion about the nature of the absorber, and its distribution with particle size.
The CCNC will measure the number of particles available for acting as cloud condensation
nuclei as a function of particle size and water vapour supersaturation. The instrument achieves
this by exposing the sample to an “artificial cloud” of defined user-selectable supersaturation.
This will ultimately allow statements not only on the direct, but also the indirect aerosol
climate effect.

This full picture will not only allow a better source apportionment of the aerosol observed.
The full set of optical properties will also facilitate an estimate of local, instantaneous direct
aerosol radiative forcing, and a comparison with the radiative forcing of greenhouse gases at
the site.
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Model studies: calculation of trends

To calculate the annual trends the observations have been fitted as described in Simmonds et
al. (2006) by an empirical equation of Legendre polynomials and harmonic functions with
linear, quadratic, and annual and semi-annual harmonic terms:

- N t 1 (NY t -~ . - -~ -
f{ =a+b| — |-P| ——1|+=-d| —| -P,| —=1|+c,-cos@at +5s,Sin€@at +c,cos€nt +s,sin@nrt
Gty )7l -1 5o f3 ] 1] o-cosen 3 ssineat T, cost s, sine

The observed f can be expressed as functions of time measures from the 2N-months interval
of interest. The coefficient a defines the average mole fraction, b defines the trend in the mole
fraction and d defines the acceleration in the trend. The ¢ and s define the annual and inter-
annual cycles in mole fraction. N is the mid-point of the period of investigation. P; are the
Legendre polynomials of order i.

Determination of background data

Based on the daily mean concentrations an algorithm is selected to find the values assumed as
clean background air. If at least 75% of the trajectories within +/- 12 hours of the sampling
day are arriving from a so-called clean sector, defined below, one can assume the air for that
specific day to be non-polluted. The remaining 25% of the trajectories from European,
Russian or North-American sector are removed before calculating the background.
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