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Abstract

An ice core from Berkner Island, Antarctica, a ¢ahsite on the Weddell Sea facing the
Southern Atlantic Ocean, provides a new climateon@cand insights into north-south
teleconnections. Isotopic measuremer®® @nd §'%0) show two distinct peaks during
Marine Isotopic Stage 3 corresponding to the Aniaisotope Maximum 8 and 12 climate
events. A novel extraction method was developeceriable high precision and high
resolution measurements 6f°N of N, in air occluded in bubbles in ice from depths
spanning these two events. Changes of ~ +0.07%s°M were observed. Th&™N data
correlates withD data (f = 0.78) and therefore can be regarded as a clipatey.
Anotherd'N change of +0.18 %aas observed around 33 kyr BP, which does noetzig

to any events in th&D profile but correlates with the period where &saititudinal changes
occurred in the ice sheet at Berkner Island. Anartgnt aspect of this study is the
opportunity it provides to phasé®N with methane, the latter being considered asoaypr
for climate change in the northern hemisphere.ddta indicate that warming in Antarctica
precedes Greenland warming. The time lag estimetigden the onset of AIM 12 and the
onset of DO 12 is 1600 + 350 yrs and between Aldh8 DO 8 is 1100 + 360 yrs.

A 20" century atmospheric record for perfluorocarbonB,(C;Fs, CsFs, c-C4Fg), HFC-23,
Sk and SECF; was reconstructed from firn air from the EPICA Bmang Maud Land
(EDML) site. The study provides the longest atmesjhhistory of the perfluorocarbons.
The natural variability of CFwas also investigated in old air extracted fronnkiBer Island
ice cores, showing that atmospheric,@&ring the glacial period was higher than if"19
century.
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1.1 Introduction

Why study past climates? Palaeoclimatic studiesaaca tool for calibrating climatic

models. If climate models can reproduce the pash tthey can be used more
confidently to project the future. Studies of pashates can improve our understanding
of how the Earth’s climate behaved under diffemmditions and these could be taken
into account in the climate models. Palaeoclimsticlies also provide a climate ‘base
line’ against which future climate changes can bmgared. The ‘base line’ climate
change could be used to assess future climate ekaamyd isolate the natural climate

variability from the human —induced climate change.

Air bubbles trapped in ice cores are valuable aeshiof past atmosphere and climate
change, providing continuous long term profilesrspag hundreds of thousands of
years. Ice cores have been used extensively tosgoat past atmospheric composition
of trace gases and aerosols trapped in the icecdias contain signatures of volcanic
eruptions and other polluting agents such as @&adlff, 2005). Ice core records have,
furthermore, enlightened the scientific communégarding palaeoclimatology through
reconstruction of temperature changes from studiessotopes of the ice and the

entrapped air.

The climate system on Earth is a complex interactietween Sun and the Earth - the
oceans, the atmosphere, the land masses and theasmbice masses. The ice core
record from Dome C (Figure 1.1.1) shows the tentpezachange for the last 800, 000
yrs and suggests that climate change is actuadlijccyy nature, ranging from slow and

gradual to fast and abrupt changes. The transitmm the glacial (colder periods) to

interglacial periods (warm periods like the preseme) is linked to orbital parameters
(that is positioning of the Earth relative to Sas) explained by Milankovitch cycles.

Figure 1.1.1 highlighted the positive correlaticgtvieeen CQ@ and temperature change,
which is compelling in suggesting that increas€ in the current atmosphere due to
man-made emissions could increase the rate of wirtlaange. The ocean circulation
plays an important role in transporting heat betwleemispheres and any disruption to
this process, such as a large influx of freshwiaten ice cap melting, could also impact

the climate system.
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Figure 1.1.2 EPICA Dome C ice core record of the past 800 Rfy, showing the
temperature change (with respect to the last 1@@0sy reconstructed froD (Jouzel
et al, 2007a) and C&concentrations (Fischet al, 1999; Petiet al, 1999; Monniret

al., 2001; Siegenthalet al, 2005; Luthiet al, 2008)

We understand just a few parts about the climastesy, but beyond this we are less
knowledgeable. The understanding of the mechanfsttimate change is very limited.
More research into understanding the patterns ofgsses that occur to produce the
changes we have observed such as the cycle oabébiances and retreats is required.
Such understanding will assist in answering thed&mental question: “What climate

changes will occur as a result of our activities?”

In this thesis, a new climate record is presentednfBerkner Island, Antarctica,
encompassing the last glacial period from 28,0@00®0 years before present (28 — 50
kyr BP). The climate record was reconstructed fthmisotopes of nitrogen gas-{\)
trapped in ice cores that reflect the temperatak accumulation changes at the site.
This is a novel study which involves the applicatif a5*°N technique to characterise

the millennial scale climate variability during ti\arine Isotopic Stage 3 (MIS 3)
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period in Antarctica. Some of the research questibat form the scientific basis of this
work are:
o Was the climate different at the coastal site ofkBer Island during the last
glacial period as compared to more in-land site&ritarctica?
0 Are the temperature reconstructions from the isegopf gases different from
those reconstructed from the water isotopes?
o Is the modern day'®Oi.c — temperature relationship valid during the glacial
period?
o Was the millennial scale climate variability durinthe glacial period
synchronous with the abrupt climate changes in Gagel?
o If the abrupt climate changes were asynchronous;hvhemisphere leads the
abrupt climate changes?
o Can the phase lag difference be determined wittieutuncertainty due to ‘ice
age —gas age’ difference?

In this chapter, | will first present the ice caexord of palaeoclimatology, and then
discuss the classical water isotope palaeo-therremand its limitations. A
comprehensive discussion on the firn layer andptioeesses in the firn that modifies
the isotopic composition of gases will be givemaHy, | will discuss how thé™N
palaeothermometer works and its applications ire@end and in Antarctica ice cores.
After the scientific background, the project raatm and specific objectives of the

project are given.

1.2 The ice core record

There are many different proxies that can be useddonstruct the past climate such as
tree rings, ocean sediments and corals, lake amd sediments, speleothems and
boreholes. In polar regions, ice cores are ond@fost extensively used proxies for
palaeoclimate reconstructions. Ice cores are giyerall dated and continuous ice
core records extend back to 120 kyr BP ( kyr BRO080 years before present) in
Greenland (North Greenland Ice Core Project Memb2@®4) and ~ 800 kyr in
Antarctica (EPICA Community Members, 2004). Aparronfi temperature
reconstructions from the isotopes of water molexineice, that is, the ratio 0f0/*°0



(5"0ice) or H/H (8Dice), the ice cores provide the record of the pasibaphere and
many other environmental variables and forcingdecfor climate such as greenhouse

gases in the same core.
1.2.1 Ice cores from the Holocene

The Holocene is a geological epoch that began 00y@® ago and is characterised by
relatively stable climate. The mostly widely invgated rapid climate event during the
Holocene is the 8.2 kyr cooling event. This clima@vent has been investigated
extensively in Greenland ice cores and is charaeiras a climatic event of rapid
cooling of 6 + 2 °C (Alleyet al, 1997; Thomaet al, 2007). Recently Kobaslet al
(2007) used™N of N, to estimate a cooling of 3.3 + 1.1 °C for the 8y2 &vent. This
climatic event is attributed to a temporary redwctiin the Northern Atlantic
thermohaline circulation due to large flux of fregtter from delayed melting of the
North America ice sheets through Hudson Straithi® Worth Atlantic (Alleyet al,
1997).

Ice core studies have been carried out in a marenteperiod sometimes called the
“Anthropocene”, a period which started during 18" Century when humans began
contributing significantly to global climate chandee core records of greenhouse gases
during the recent centuries highlighted the prestidal concentrations and its trend to
the present day. The greenhouse gas measurememnts itores from Law Dome,
Antarctica highlighted that CQOconcentrations increased from preindustrial valtie o
280 ppmv to 375 ppmv in 1996; similarly ¢ihcreased from a pre-industrial value of
700 ppbv to 1800 ppbv, and.® increased from 276 ppbv to a value of 315 ppbv
(Etheridgeet al, 1996; Etheridgest al, 1998; Macfarling Meureet al, 2006). The
stable carbon isotope measurements in atmosphettame §*°*CHj) from an Antarctic
ice core suggested that during the period 0 — 2000 the major source of atmospheric
methane was biomass burning, which could be infladrby both human activities and

natural climate change (Ferregtial, 2005).



1.2.2 Ice core record of long term climate changes

The deep drilling programs in Greenland and Anteactetrieved ice cores that enabled
climate reconstructions for thousands of years eefwesent. The two deep ice cores
from central Greenland, GRIP and GISP provide denacords back to 105 kyr BP
(North Greenland Ice Core Project Members, 200d)tha third deep ice core retrieved
from the North Greenland Ice Core Project (NGRIB) dated back to 123 kyr BP. The

deep ice cores from Antarctica provide even lormfjerate records.

The ice core from the Vostok station in Antarcficavided data for the last four glacial
— interglacial cycles, dating back to 420 kyr (Petial, 1999). The Dome Fuiji ice core
dated back to 340 kyr (Watanabktal, 2003). More recently the European Project for
Ice Coring in Antarctica (EPICA) has provided tweeg cores, EPICA Dome C (EDC)
and EPICA Dronning Maud Land (EDML). The EDML icere was drilled to provide

a high resolution climatic record for at least talonatic cycles whereas the EDC ice
core was drilled to provide the longest record fribhi Antarctic. The EDC ice core is
dated back to 800 kyr BP (Joumtlal, 2007a; Barbantet al, 2010).

1.2.2.1 Climate records from the last deglaciation

The climate reconstructions from these deep icescoonfirm that the current Holocene
period is ~15 — 20 °C warmer than the last glaciakimum in Greenland (NGRIP,
2004). Similar observations were made in the Ani@nce core, where the present
interglacial (Holocene) is about 8 °C warmer thhe kast glacial maximum (Wolff,
2005; Blunieret al, 2004). There are numerous ice core studiesitiatstigated the
nature and timing of the last glacial terminati@afsgaarcet al, 1989; Blunieret al,
1997; Sowers and Bender, 1995; Stuieeal, 1995; Tayloret al, 1997; Cuffeyet al,
1995; Severinghaus, 2009).

The temperature reconstructions from the centrae@and ice cores show the last
glacial termination began at 14.7 kyr BP. During tteglaciation there was a sudden
change in temperature of +15 °C and then the teatyer decreased to the glacial
values before increasing to early Holocene valites. clear that the last deglaciation

took place in two steps. The initially warming peti called the Bglling/Allerod
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transition began at 14.7 kyr BP and this warmings waversed to almost glacial
temperatures during the Younger Dryas (YD) periSdveringhaus & Brook, 1999).
The YD period began 12.8 kyr BP and ended abrugtiyi1.6 kyr BP when the
temperature jumped back into the warm phase- aoghezommonly known as the
Preboreal (Severinghaesal, 1998). The termination of the YD is a classiamaple of
an abrupt climate change. The YD climate eveneiry wften compared to the 8.2 kyr
event and it has been suggested that the mechdaisthese events is similar. The
proposed mechanism of YD was a large influx of mater from the final deglaciation
of the Laurentide ice sheet (Broecktial, 1988).

The termination of the glacial period in Antarcticeagan around 18 kyr BP (Joust|
al., 2007). The glacial — interglacial warming ocearrin two steps interrupted by a
slightly colder period called the Antarctic Coldweesal (ACR), but the signal is not as
strong or abrupt as the YD (Bluniet al, 1997). The isotopic compositiod{Oice) of

ice cores from GRIP, Vostok and Byrd were synclsedion the same timescales to
study the phase relationship of the deglacial démevents between Greenland and
Antarctica. The data confirmed that the ACR preded® by at least 1.8 kyr (Blunier
et al, 1997). Severinghaus (2009) suggested that tlimwvg in the Antarctic during
the termination began earlier than it did in Graedl When Antarctica was warming
Greenland was in cold phase and when Greenlandweas then Antarctica was
cooling. This phenomenon is called the “bipolar-sa@” which resulted from the
transport of heat through the thermohaline circoiatStockeret al, 1998) and is
explained in details in Chapter 4.

1.2.2.2 Theclimate record from the last glacial period

The last glacial period spans from 18 kyr BP to kOBP. The major finding from the
ice core studies of the last glacial period is tihat glacial climate was very unstable,
unlike the Holocene period. The GRIP ice core sh@#sapid and abrupt warming
events during the last glacial period (Dansgasrdl, 1993). Such climate oscillations
have a consistent pattern of gradual cooling foldwy more abrupt cooling and then
finally an abrupt warming. These rapid climate Watons are called

Dansgaard/Oeschger (DO) events and were commoabedpl,500 yrs apart, although
7



spacing of 3,000 or 4,500 yrs was also observedyéMaki et al, 1997). The
magnitude of temperature changes for these evenges from 8 — 16 °C based on the
temperature reconstructions from the isotopes wbgen gasd™N) in the NGRIP ice
cores (Huberet al, 2006a). Such warmings were very abrupt occurmmg the
centennial timescale (Hubet al, 2006a). The methane profile for the last glacial
period is synchronous with the glacial climate ahgities (Chappellaet al, 1993).

Such rapid climate re-organisation in the glacediqd is also evident in the Antarctic
ice cores (Blunier & Brook, 2001; Bluniest al, 1998). Initially it was not clear
whether the shorter DO events have counterpartheanAntarctic record but seven
major Antarctic warming events (Al — A7) were idéetl during the last glacial
(Blunier and Brook, 2001). In Antarctica, theselemihial scale climate changes during
the last glacial period are subdued and more synwakin nature as compared to their
counterparts in Greenland. However, more recehidy High resolutiors*®O. record
from the EDML ice core revealed a one-to-one cogphetween all Greenland DO
events and Antarctic warm events or Antarctica dget Maximum (AIM) events
(EPICA, 2006), (see Figure 1.2.1 and Figure 1.2.Zhe magnitudes of temperature
changes across the AIM events, which are analogotie DO events, are on the order
of 1 — 3 °C (EPICA, 2006). It was noted that whentakctic was warming then
Greenland was cooling and the amplitude of the A&NMénts is highly correlated?(
0.85) with the duration of the concurrent stad@qling event) in the north. These
observations were explained in terms of bipolar s®g mechanism theory. There are
studies which focussed on estimating the time legveéen the Antarctic warming
events and the corresponding Greenland DO evehigi@8 & Brook, 2001; Blunieet
al., 1998). The phase relationship of climate eveantthe glacial period between

Antarctica and Greenland is discussed in detaiGhapter 4.
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the millenial scale variation results from reducegridional overturning circulation.

1.2.2.3 Climate record from beyond 100 kyrs

The Vostok and Dome Fuji ice core revealed thatdimeate variability across East
Antarctica over the past three glacial cycles wamdgeneous (Watanake al, 2003).
Such long term climate records provide insight® itite glacial termination and its
mechanism. Comparison of Vostok and Dome Fuji coramon timescale showed that
the temperature change across Termination Il (W#$ larger than that observed for Tl
(the last termination). In fact the previous intaojpls were warmer than the present

interglacial, the interglacial during the Marinetigpic Stage (MIS) 9.3 was probably 6
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°C warmer than during the Holocene (Watanabal, 2003). Simeet al. (2009) also
presented a model study that provided evidencewarmer interglacials in East
Antarctic ice cores. The MIS refers to the altéimgawarm and cold phase of the
palaeoclimate derived from the oxygen isotope dake even numbered MIS events
are cold phase and odd numbered MIS events are whase. The only exception is
MIS 3 which was believed to be a warming phaseaiiyt The Vostok climate record
demonstrated that the glacial/interglacial cyclageha periodicity of 100 kyr, which is
related to changes in Earth’s orbit around the aceording to Milankovitch cycles
(Petitet al, 1999).

The high resolution profile for the EPICA Dome @ icore extended the climate record
to MIS 20.2 (~ 800 kyr B.P.) and provided eviderafeclimate instabilities in the
previous glacial periods and varying intensity oferglacial periods (Jouzelt al,
2007). It was noted that the AIM events featuredrduthe past three glacial periods
with similar magnitude and pacing as observed énldist glacial period. The record also
showed that the AIM events only occurred once th&afctic temperature has decreased
by 4 °C (Jouzekt al, 2007). The EDC ice core presented a record giftailacial —
interglacial cycles and it highlighted that befd®0 kyr the climate was characterised
by warmer glacial stages and colder interglaciads campared to the last four
glacial/interglacial cycles (EPICA, 2004). The warg intensities of the
glacial/interglacial cycles were modulated by vémias in the Earth’s orbit such as
obliquity and precession. However, it is uncleaether the termination events began in
the northern or southern hemisphere. Kawanairal (2007) suggested that the last
four deglaciations were triggered by Northern Hgrnese summer insolation. Wokt

al. (2009) and Severinghawt al (2009) suggested that glacial terminations and

millennial scale warmings are led from the southitemisphere.

1.3 880 as a classical palaeo-thermometer

The most conventional tool available to reconstpast temperature changes is from
0/*0 of ice §'%0ie) and?H/*H (5Dice) Or more generally the isotopes of water, as

highlighted in the previous section. The stabtéapic composition of the precipitation
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has been a long standing parameter in reconstgup#at local temperatures. It was first
used in the 1960s by Dansgaard (1964) and Craglj19he Rayleigh Distillation is
the process that actually governs the fractionatbrisotopes from the evaporating
ocean basins until the time of precipitation at ktigher polar latitudes. The lighter
water molecule (D) evaporates much faster thapQ¥ but O is preferentially
removed during precipitation. The initial isotopsegnature of the water vapour is
determined by evaporation conditions (seawateromot composition, sea surface
temperature, relative humidity of the air mass a&band surface wind speed) but as the
air mass moves towards the poles, it cools and legger, becoming more depleted in

heavy isotopes (i.e. moves to more sualue).

Due to progressive air mass distillation, a linealationship is observed between
modern day precipitation isotopic composition anddern day surface temperature
with a slope of 0.67%o / °C f03*%Oicc — T relationship and 6.04%o / °C f6Djce — T
relationship (Masson-Delmottt al, 2006).

1.3.1 Limitations of the water isotope palaeo-thermmeter

Water isotopes in ice core&'{Oi. or 5Dice) are useful temperature proxies because it
was believed that changes in isotopic compositioprecipitation in polar regions are
mainly related to variations of temperatures at glte of precipitation. However the
slope for water isotopes — T relationship, stateolvae, is also influenced by variations
of the seasonal precipitation distribution, changesevaporation conditions and
atmospheric transport or circulation (Jouzmtlal, 1997; Masson-Delmottegt al,
2006). Therefore the present day slope shouldsee with caution to quantitatively
interpret past climate shifts. More sophisticatedthnds resulting from combined
measurements @D and5'®0 of the same samples enable deuterium excessS(H-=
85'°0) calculations. Jouzedt al (2007b) gives an in-depth review of applicatiom a
interpretation of deuterium excess in relation talapoclimate reconstruction in
Antarctica and Greenland. The deuterium excessnpeea is used to correct past
temperature reconstructions for changes in souregaporation conditions (Cuffey and
Vimeux, 2001; Stenret al, 2004, 2010).
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Huberet al (2006a) suggested that the relation between tempe and'®Oi. is not
linear and should be revised. Their findings suppanore complex relationship that is
influenced by varying seasonal precipitation dmgttion and changes in the
precipitation source region. During ice core duijj a thermometer was lowered into
the borehole to record temperatures, which camberted with heat diffusion model to
reconstruct temperature changes (Salaneital., 1998).The inversion of the borehole
temperature profile for Greenland shows that thacigl to Holocene isotope-
temperature slope is 0.33 %o / °C, half that ofrtieern day spatial temperature slope
of 0.67%o / °C (Cuffeyet al, 1992 & Dahl-Jenseet al, 1998). An estimate of 0.37 %o /
°C was explained by a shift in th0 — T relationship for the hydrological cycle limke
to cooler tropical source temperatures (Boyle, J9Moreover, Salamatiat al (1998)
used borehole thermometry in Vostok ice core towshtbat the magnitude of
temperature change during the last glacial — itdergl transition was underestimated
by up to a factor of two. An alternative to borkhpalaeo-thermometry in calibrating
the water isotope — temperature sensitivity is gigime General Circulation Model
(GCM), which has been used mostly in Antarcticss{tiouzekt al, 2003 and Jouzet
al., 2007). Jouzekt al (2003) disputed the claims of Salamaginal (1998) and
suggested that the present — day spatial slopeéeamsed to reconstruct temperature
changes from the past glacial — interglacial ismt@manges in Antarctica at sites like
Vostok and EDC. The temperature changes for theiajla- interglacial transition
obtained with isotopic model studies are within%l@ +30% of the corresponding

temperature changes estimated from the water igstop

Clearly there are limitations for the applicatiohtbe conventional method to infer

temperature changes during the climatic eventlargtacial period and for the glacial —
interglacial transitions. This qualitative temperat proxy is uncertain because factors
other than local mean annual temperature may attéstratio, such as the seasonality
of precipitation at the ice core site and the terapge and proximity of the water

vapour source. These issues have raised questibethev the abrupt increases in
8'®0ie in Greenland and Antarctica represent isotopiefacts rather than local

temperature changes as commonly inferred and heeated uncertainty about the
magnitude of temperature change. Also the validityhe present day water isotope —
temperature relationship in the past especiallyinguthe glacial period has been
guestioned (Dahl-Jensenal, 1998; Cuffeyet al, 1992; Salamatiet al, 1998).
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Recent research shows that the temperature reugotisirs during the glacial times
based on the present day isotope — temperatute@nslip are underestimated (Landais
et al, 2006b; Huberet al, 2006a). Borehole thermometry showed that theeigdn
assumption of adapting a spatial relationship betvéé®0,.. and surface temperature is
not appropriate to calibrate temperature changésegpast. On the basis of this, there is
a need for methods to monitor temporal relatiorsHigtweend 0. and surface
temperatures. However borehole temperatures allewtoudetect past temperature
variations and could be used as a calibrating fmob*°Oi. and surface temperature
relationship but the resolution decreases rapidiy \age. Another drawback of the
borehole palaeo-thermometry is that it does nawaliirect calibration of the isotopic
changes at rapid climatic reorganizations suchhasDtansgaard Oesheger events and
the Younger Dryas event. In addition to uncertamtpertaining to the slope of the
glacial §*%0i — temperature relationship, the temperature groéitonstructed from the
water isotopes cannot be compared directly to dreese gas profiles such as £and

CH,4 on the same time domain due to ice age — gasftagps, dage (explained below).

Due to the associated problems and uncertaintiegeniperature reconstructions from
the water isotopes, an independent palaeo-therneormeds needed to calibrate the
slope of5'®0;c — temperature relationship during the glacial gebriThis was achieved

by the most recent technique of palaeo-thermomethich is based on the thermal
fractionation of isotopes of gases in the firn kaygarticularly the isotopic ratios of

nitrogen 6*°N) and argond*°Ar) gas (Severinghauet al, 1998). Since the temperature
signal is in the gas phase and can be directly eoedpowith other greenhouse gas

profiles without the need for quantifying thage.

Moreover, thed™N palaeo-thermometry is affected only by the terapee and
accumulation rates at the site and the interplayéden these variables and the firn
processes. Thé™N technique is used for reconstructing the mageitofl palaeo-
temperature changes for abrupt and rapid climasngh events, therefore optimally
complementing the borehole temperature techniqualibrating the slope af**Ojce —
temperature relationship during the glacial peridth understand the concept &fN

palaeo-thermometry, it is critical to understand tinn processes and its effect on the

14



fractionation of the isotopes. To reconstruct paiemmperatures, a firn densification
model (Goujonet al, 2003, Schwandegt al, 1997) is used to reconstruct past firn
conditions to simulate th&™N signal. The following section gives an overviefittte

firn layer and typical isotopic fractionation of g in the firn and then follows a
comprehensive review of application &N palaeo-thermometry in the Antarctic and

Greenland ice cores.

1.4 Firn

In order to extract palaeoclimatology informationn isotopic composition of gases
trapped in ice cores it is critical to understahd mechanism of bubble entrapment
process. Prior to bubble enclosure and air bubldssg preserved in the ice, the air
diffuses through théirn, which is the unconsolidated snow that forms thpeu first
layer of the ice sheet. The firn-ice transitionwscat the bottom of the firn layer called
the pore close off depth (COD) where the porosigctcally falls to zero. Above the
pore close off depth the air in the firn layerlstiteracts with the atmosphere through
the open pores and therefore its composition is ifeodd by variations in the
atmosphere, diffusion, convection/advection, gedioh and thermal gradient in the firn

layer.

1.4.1 Firn structure and processes

The firn layer is categorized into three layersw8rs et al, 1992) and is primarily
based on the porosity of the firn structure anddifieision of gases. The three layers
are the convective zone, diffusive zone and thediffusive zone (See Figure 1.4.1).
1.4.1.1 Convective zone

The convective zone is typically confined to thestfifew meters of the firn and is very
porous and well mixed with the overlying atmosphened thus has a similar

composition. The two important processes contrgltile movement of air in this zone

are wind pumping and thermal convection (Kaspedy852.
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Thermal convection is the movement of air in thevgror firn due to the temperature
gradients. Convection due to temperature gradisntsstricted to a few metres of the

firn but is more prominent in highly porous layersh large temperature gradients.

Wind pumping causes the movement of air in the saoa/firn due to movement of air
at the surface (Colbeck, 1989). Wind pumping deiees) the thickness of the
convective zone in response to atmospheric pressanations. The effect of wind
pumping on the thickness of the convective zoneflsenced by wind speed, surface
topography, porosity and grain size. Usually higindvspeed would result in deeper
convective zone but such turbulent airflow in tiva s dampened by layers of snow
with low porosity and small grain size. Shallowengective zones are characteristic of
a high density firn layer owing to its high tortitygSowerset al, 1992). Kawamurat

al. (2006) suggested that there might be a relatiprisbtween low accumulation rate

and deep convection zones.

Usually the convective zone is restricted to a mmaxn of 12 m (Landaist al, 2006a)
but Severinghaust al. (2003) described a 20 m deep convective zoneaimtigadunes
near Vostok with accumulation rate close to zerodbftn firn air isotope measurements
from Dome C, Berkner Island and Northgrip suggeseg shallow convective zone
less than 2.5 — 5 m deep (Landatsal, 2006a). The shallower convective zones at
Dome C was surprising when compared to other sitgh similar surface
characteristics like Vostok and Dome F where cotivezones of approximately 10m
were observed (Bendet al, 1994a).

1.4.2.2 Diffusive zone

In this zone the porosity decreases and the transp@ases is unaffected by surface
turbulence and pressure variations. The movemeatra$ primarily due to molecular
diffusion and movement of gases due to gravity. diffeisive layer constitutes most of
the firn layer (Schwandeet al, 1989). The chemical and the isotopic composition
deviate from the overlying atmosphere duegiwvitational settling that causes
heavier molecules and isotopes to be progressemtiched with depth (Craigt al,
1988; Sowerset al, 1989). The gravitational fractionation of, Motopeswas first
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confirmed by Craiget al (1988), who demonstrated that the gravitatioeplsation of
isotopes is according to the barometric equation:
PPy = exp™RD. (D)

Where Ris the partial pressure of the gas at depth, &5 he partial pressure of the gas
at the top of the diffusive air column; m is thesa@f 1 mole of gas (kg/mol); g is the
gravitational acceleration (9.81 MsR is the universal gas constant (8.314 J#d);

T is temperature (degrees Kelvin).

From equation (1) it can be surmised that ¥¢"“N/**N, ratio of N, increases with
depth. The standard delta notation to record I&N/*N; ratio of Npis:

85N = [(°NYMN/No)sample! (PNMNAND)standara1 1X 10 oo (2)

Combining equations (1) and (2) results in theofwlhg equation relating th&°N of
N2 in the firn to the depth below the surface of difeusive air column and the ambient

temperature:
85N = [expg® M RN_ 1] x 16, (3)

The z parameter in equation (3) can be used tnstawt past diffusive column height
(DCH), which could assist in constraining some alien variables such as the
accumulation rate. The diffusive column height &grom 40 m to 100 m in height.
The 8'°N of the ice core increases with an increase inhisight of the diffusive air
column and decreases in proportion to the thickoésse convective zone (Sowess
al., 1992). Thed™N, §*°Ar and 5Kr/Ar were measured in Siple Dome ice core to
reconstruct the DCH. A 18 m reduction in DCH wasgesded during the 18 and 22 kyr
climatic event suggesting about 20 — 50 % decrgasecumulation rate according to
Herron and Langway (1980) firn densification mod&keveringhauset al, 2003).
Another classical example of the application of DHInderstand past climate change
was a net ablation event at 15.3 kyr BP in SiplenBace core. During this time all of
the firn was removed through an interval of sugidinet ablation and resulting in the

unique result o6*°Ar being zero. However reconstructing past DCH dthbclimatic
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events illustrates the possibility that the iceorddrom Siple Dome has a short hiatus in

deposition during those time intervals.

Thermal diffusion is another process that may foaette isotopes or gases in the
diffusive layer. Thermal fractionation results from the existence of a temperature
gradient in the firn due to atmospheric seasomaptrature variations or abrupt rapid
warming in climates. The atmospheric temperatumatians only penetrate down to
about 5 — 10 m depth and the thermal diffusiorf isignificance only to a depth of 20 -
30 m (Landaist al, 2006a; Hubeet al, 2006b). The thermal fractionation effect was
predicted with the solution of the Boltzmann eqomatand the development of the

kinetic theory of gases which postulate that:
8§ = [RIR—1]1C = ([TJ/T = 1)1C.......ccvveeeer (D)

Wheres is the fractional deviation of the isotope ratidr®m the ratio B, T andT, are
temperature in KB is the thermal diffusion factor. According to etjaa (4) the

heavier gases become enriched in colder regions.

enfiched isotope ratlos SN, "0, and “Ar
I, ———*
| T, | convective zone
1 depth T¢ - Th E
%
E diffusive zone
T,<T, 3
[T}
T, é + lock-in depth (LID)
non-diffusive zone
close-off depth (CO0}
clozed bubbles
inice

Figure 1.4.1: An illustration of three zones of the firn laydnosving the effect of

gravitational and thermal fractionations on isotogdmposition.
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1.4.2.3 Non diffusive zone

This lies between the bottom of the diffusive aluenn and the bubble close off region
or the firn-ice transition zone. Many firn studiemve shown that this zone is generally
less than 10 m at most sites (Schwareteal, 1997, Landai®t al, 2006a). However
the depth of this zone varies from site to siteeteling on the site temperature and
accumulation rates. Larger non-diffusive columrestgpical of high accumulation sites.
The diffusivity in this zone is so low that the gaansport ceases and the trapped gas
and isotopic composition are said to be below thecked In Depth” (LID), which is
few meters above the bubble Close Off Depth (CGiee (Figure 1.4.1). LID has open
porosity and firn air could still be pumped andlectied but at the close-off depth the
open porosity is zero and firn air cannot be sathplepumped any longer. Since the air
in the non diffusive zone cannot equilibrate wikte toverlying diffusive column the
isotopic composition or the mixing ratio of a gaaches a constant value and remains
unchanged throughout this zone. The consiaiX values observed in the firn air acts

as a stratigraphic marker for this zone.

COD is at the bottom of the non diffusive zone veheomplete pore close off occurs
isolating the air from the overlying atmosphereeTdir parcel in the non diffusive
column is being occluded into bubbles during tha fi ice transition and is then
preserved for thousands of years in the ice. Th® @Dcharacterised by the critical
density interval between 0.800g érand 0.830g cif (Schwandeet al, 1997). Usually
sites with higher accumulation rate and colder ®emare will have deeper CODs
whereas shallower CODs are attributed to sites witfher temperatures and lower
accumulation rates (Sowess al., 1992). However during the last glacial maximumra t
accumulation rates and temperatures were lowetten@OD was 15-30 m deeper than
the interglacial period (Soweeg al, 1992). This is explained in terms of predominant
role of temperature effect on snow grain size,dasmg the porosity of the firn that

leads to deeper COD during the glacial periods 3eet al, 1992).

It is now apparent that prior to bubble enclosuréce, the air isotopic composition is
altered due to two prominent processes that andtgtianal and thermal fractionation
in the diffusive column. The movement of gaseshia diffusive zone could also be

driven by the presence of concentration gradientke firn. The concentration gradient
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effect is not relevant in interpreting the isotopiata, such a8"N, but is of great
significance in reconstructing the trace gas hystand is parameterised in the firn
diffusion model (Rommelaem al, 1997) used in the interpretation of trace gasnygi

ratios from firn air measurements.

It was believed that in the non diffusive colume thovement of the gases cease, hence
the air composition is no longer modified pastltie zone and reaches the COD where
it is occluded into air bubbles. However recenteagsh has highlighted another
fractionation process occurring in the non diffes@one that could alter the firn and
bubble air composition. It is calldmlibble close off fractionation.

Gases in bubbles become fractionated during thblbudose-off process. Severinghaus
and Battle (2006) measured noble gas ratiggrd isotopes of Nin firn air from Siple
Dome and South Pole and observed large enrichnre@gN,, Ne/N, and Ar/N, ratios
up to 10 %o, 90 %0 and 3 %o respectively in the COBDisTindicates that Ne, &nd Ar
are preferentially excluded when the bubbles awsimy. The bubble close off
fractionation results from the existence of pressgnadient between the newly formed
ice bubble and the open pore air, which causediffiesion of gases with smaller
molecular diameters into the open pores. The taatgens like Kr and Xe do not show
bubble close off fractionation. The finding revealthreshold atomic diameter of 3.6 A

above which the chance of gas escape from the éubbkegligible.

Similar studies were carried out on Devon Island AGRIP firn air by Hubeet al
(2006b), who also suggested a molecular size deméngbs fractionation near the
COD. A critical threshold diameter of 3.6 A wasaalsited but offers a different
explanation to that of Severinghaus and Battle §208uberet al (2006b) believe that
the plausible mechanism for such size dependedtidreation during bubble close-off
is the diffusion of molecules through the chanmelthe ice lattice. The ice crystal has a
hexagonal passage formed by siOHmMolecules the dimension of which is similar to
critical size of 3.6 A (Hubeet al, 2006b).

Despite different approaches being used in théaegtions, both studies (Severinghaus
and Battle (2006) and Hubet al (2006b) highlighted selective gas permeation scro
the very thin ice film and the effect is size degmt. Fortunately such fractionation
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does not affect the reconstructed profiles fordamolecules like Xe, Kr, N CO;,, CH,
and NO, hence the integrity of polar ice cores as ahiaecof the ancient atmospheric
composition of these gases is still maintained. el\mv it does affect elemental ratios
such as @Nzand Ar/N, profiles from the ice cores. It is still questibi@how to apply
correction for such effects and whether such pmdssrelated to site specific
parameters because Devon Island showed 4 timesaendahment at the bottom of the

firn, which might probably be due to the presenicmelt layers (Hubeet al, 2006b).

1.5 Analysis of trace gases in firn air

Firn air provides an archive of older air whichideal for reconstructing atmospheric
composition over the past century. Because of threys structure of the firn, large

volumes of air can be sampled for a wide rangeaufet gas analyses. Firn air analysis
has increased the scientific knowledge of theseetgases by providing longer term

trends of many important trace gases in the atmeysph

The key aspect of reconstructing the longest athnersp record is to sample the oldest
firn air and Kaspersgt al (2004) demonstrated model calculations that Ganded to
find a site in Antarctica for the oldest air. Cuntlg the longest 80 year record is derived
from the South Pole firn air (Kaspessal, 2004) and could be paralleled by the EDML
firn air record obtained in this study (ChapterH)ere are several studies documenting
atmospheric records of trace gases from firn aitleBet al (1999) obtained records for
CFCs and chlorocarbons at the South Pole (AntactiSiple Dome and Tunu
(Greenland). Sturgest al (2001) presented reconstructed atmospheric tréods
several organobromine gases (CkEEH,Br,, CHBrChL, CHBrCl and CHBrCI) in firn

air sampled at Dronning Maud Land (DML), and Dome Kasperset al (2004)
obtained non-methane hydrocarbons and methyl ddorecords for DML site.
Concentrations of C§ CFCs and chloroform have been reported by Trwetieg al
(1997, 2002 & 2004). Sturget al (2000) presented atmospheric record of &kd
SKCF; from Dome C firn air. Wortoret al. (2007) presented the long term trends of
CF, and GFg in Berkner Island and NGRIP firn air. In this dyuthe longest
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reconstructed atmospheric trends of PFCs(ChHs, CsFg, c-CiFg), HFC-23, Sk and
SKCF; from the EDML firn air are discussed in Chapter&Scomprehensive literature

review of the individual species is also presemedhapter 5.

1.6 Ice age - gas age problem

The permeability and diffusivity of the firn layerot only play the critical role of
altering the isotopic composition of the gas as gared to the overlying atmosphere
but also affect the ice age-gas age differeda®mé€). The bubbles of air are isolated
from the atmosphere at some depth below the sudiadeare therefore younger than the
surrounding ice hence resultingAage. A firm understanding dfage is a necessity in
order to compare the trapped trace gas composéimh isotopic gas composition
profiles with profiles from ice such @&°0 and3D (markers for past temperatures) in
similar time domains. An accurate determinatiomage is critical in determining the

ice chronology and in studying the north — soutbcennections (Bluniegt al, 1998).

The diffusive and the convective mixing of air imetfirn layer tend to smooth the
atmospheric record stored in the firn. Hence, e¢réain depth in the firn layer the age
of air is not expressed as a single number, butagwm a distribution of ages.
Schwander (1993) show calculated age distribution€0O; at different depths and to
obtain the corresponding age distribution for otip@ses, simply divide the age scale by
the diffusion coefficients of the particular tragas. The age difference between a
trapped bubble and the surrounding ice is equ#iidcage of the firn air and ice at the
bottom of the diffusive layer (Sowert al, 1992). It is clear that the depth and the
extent of the bubble close-off region and the ngxwf the air in the firn system
influence the age difference and distribution (Sahderet al, 1988, Schwander,
1993).

In palaeoclimate reconstructions thege is calculated by the diffusion model
(Schwander, 1993). However the model does not itsiiceaccount additional mixing
due to convection or ventilation by turbulent wind pressure variations. It also

assumes that the firn is horizontally homogeneaus l@as no melt layers and that
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diffusivity decreases monotonically with depth (®&emderet al, 1989; Schwander,
1993).

An independent check on the modegje calculation is derived from DCH reconstructed
from the nitrogen and argon isotopic measuremeBitsok et al, 2005). To calculate
Aage from DCH, it was assumed that convection is neblegiso that gravitational
fractionation is expressed throughout the firn ootu Also some assumptions were
incorporated into the Herron and Langway (1980) ehotihe calculation uses the DCH
to find the accumulation rate consistent with tpecsfied firn thickness (DCH), close
off density and temperaturéage is then determined from these parameters. Afe
calculated from the DCH data from Siple Dome (Sengrauset al, 2003) agrees
reasonably well with the Herron and Langway (19&flyulation (Broolet al, 2005).

1.7 8°N as a Palaeothermometer

Measurements of isotopic composition of nitrogerfiin air and ice cores came into
existence approximately two decades ago. It wasigily used to demonstrate the
gravitational enrichment component in ice coresaiet al, 1988), which was later
adopted as an important component in the deterrnmatf Aage (Schwandeet al
1993; Soweret al, 1992). The™N in the firn at Vostok Station was also used ia th
80,/N, measurements, which was used to constrain thetreate of the atmospheric
oxygen decrease (Bendet al, 1994a). More recently it was highlighted thagrthal
signals can be extracted frod°N of nitrogen gas in ice cores making it a palaeo-
thermometer, an alternative to the classical metbfotemperature change estimation
based ond*°0 of ice (Severinghatet al, 1998).

Initially, Severinghauset al (1998) highlighted the validity ofs"N as a
paleothermometer, deriving the protocol from hidieastudies on thermal diffusion of
gases in sand dunes (Severinghatsl, 1996). During an abrupt climate warming
there is a temperature gradient in the firn layausing the heavier species such as
>NYN and*Ar to be preferentially driven downwards towards tolder regions of the

firn. Since gases diffuse 10 times faster than tieatthermally fractionated gas will
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penetrate to the close off depth (COD) and becamked in depth long before the
temperature of the firn column equilibrates. Thagerature change during past abrupt
climate change is approximated from a term cabB&ecess Which is defined as

follows:
PN exces= 0N - 5%°Ar/4

As discussed above gravitational and thermal fraetion are the main processes that
fractionate gases in the firn layer. TB®Ar/4 is the gravitational component in the
above term. The gravitational fractionation is degent on mass difference between the
gas pairs. The unit mass difference betwé&r and “°Ar is 4 and therefore the
gravitational fractionation for argon is four time®re thart°N**N, which has the mass
difference of 1. Unequivocally the gravitationadtionation component for nitrogen is
one quarter 0§*°Ar. HencedNexcessis @ gravitational corrected term and only corgtain

the thermal fractionation signal. The above equat@n be written as follows:
815Nexcess: AT(915 0% 4)

whereQ is thermal diffusion sensitivity which has beeriedmined in the laboratory
(Grachev and Severinghaus, 2003a,b). TAr is less sensitive to thermal
fractionation, in fact it is four times less thaf’N, due to lower thermal diffusivity
(Dreyfus, 2010). Thé™Neycessquantity can be used directly to estimate tempesat
changes during abrupt climate events by using gp@ate thermal diffusion sensitivity
and taking into account the correction for heangfar in the firn (Grachev and
Severinghaus, 2005). This approach is the leasplenas it does not involve a model,
which is uncertain to some extent and uses assonyto estimate changes due to
gravitational settling in response to firn thicke@s convective zone changes.

There are numerous studies that emplog&8l and 5" Nexcess quantity to estimate

temperature changes for the climatic events in agel and Antarctic events (See
Table 1.1)
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Table 1.1:Review of studies utilizing"N in characterising abrupt climate changes in
Greenland and Antarctic ice cores.

Location Climate Event Reference

Greenland Ice Cores

GISP? Termination of the Younger Dryas Severinghaust al, 1998
Kobashiet al, 2008a
Termination of the Pre-borealKobashiet al, 2008b

Oscillation
8.2 Kyr event Kobashiet al,, 2007
GRIP® The Bglling transition Severinghaus & Brook, 1999
8.2 Kyr event Leuenbergeet al, 1999
DO 19 Langet al, 1999
DO 12 Landaiset al, 2004a
DO 19 Landaiset al, 2004b
NorthGRIP DO 18, 19, 20 Landaiset al, 2004c, 2005
DO 23 & 24 Landaiset al, 2006b
DO 9 -17 Huberet al, 2006a

The last glacial termination from aPetrenkcet al, 2006
West Greenland Ice horizontal ice core

margin

Antarctic lIce cores

DSS' LGM' transition Landaiset al, 2006b
EDML °©

Vostok The MIS’ 5d/5c¢ transition Caillonet al, 2001
Siple Dome 2 rapid climatic events during the Severinghaust al, 2003

termination of the LGM

Abrupt climate change around Tayloret al, 2004
22,000

2Greenland Ice Sheet Project 2

®Greenland Ice Core Project

“Dansgaard Oescheger event

4 Dome South Summit ice core from Law Dome
¢ EPICA Dronning Maud Land

" Last Glacial Maximum

9Marine Isotopic Stage
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1.7.16*°N measurements in Greenland ice cores

The first study of extracting thermal signals frdractionation of nitrogen and argon
was carried out in Greenland ice cores, GISP2 (8weauset al, 1998). The results
suggested a step-like temperature change of +B -@&ln less than a decade at the end
of the Younger Dryas interval approximately 11.6 BP. The5'N rose from +0.4%o
during a cold stable climate to +0.56%.. These mmeaments had an analytical
precision, determined from replicate ice cut frdre same depth, of +0.02%. f6t°N
and £0.03%. for3*°Ar. Also in this studyA,gewas accurately determined by counting
the annual layers between the gas isotopic anothatymarks the end of the Younger
Dryas and the corresponding isotopic changes redardthe ice. Thidage Was related
to absolute temperature by using the empirical ileason model, suggesting that the
temperature at the termination of the Younger Dgraent in Greenland was 15 + 3 °C
colder than present. However this temperature estins limited by large analytical
uncertainties and the actual thermal diffusiondexffor N, and Ar at -40°C were not

known.

Severinghaus and Brook (1999) performed a similatysfor the Bglling Transition at
~14.6 Kyr in GISP2 ice cores. TB&N values rose across the transition from baseline
glacial values of +0.48%o. to peak values of +0.638&sponding to an estimate of 9 +
3°C for the magnitude of the abrupt warming. Hogrevn this study the thermal
diffusion sensitivity 2) of pure gases was experimentally determined iknawn
temperature gradient and was proposed that theytibeed in direct estimation of
temperature change from the strength of the isotappmaly. The preliminary values
of Q used in this study are +0.0145 %sfor §'°N and +0.036 %K for §*°Ar at a mean
temperature of -43°C. Th&®°Oi. increased by 3.4%. across the transition and with a
temperature change of 9 + 3°C (frait?N and§*°Ar signal), implies oxygen isotope
temperature sensitivitynf of 0.38%., which is very close to the borehole penature
calibrated value of 0.33%. Henc&"N in this study provided an independent
verification of the borehole calibration.

Much of the earlier work of Severinghaus was reggbntising the thermal diffusion
constants based on pure gases rather than airrmignd had very poor precision.

However Grachev and Severinghaus (2003 a, b) meédhe thermal diffusion of
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2NL/”®N, and“®Ar/*°Ar in air and in the temperature range (-60 to €l)0felevant to
reconstruction of palaeo-temperatures. The pretisad the thermal diffusion
measurement was improved five to ten fold, compavét early pure gas studies.
Using the newly acquired laboratory determinatiohthermal diffusion sensitivity<t),
the data for the Younger Dryas/Pre-Boreal (YD/PBhsition in the pioneering work
(Severinghaust al, 1998) was revisited and the original estimaté®f 3°C warming
was revised to 10 = 4°C (Grachev & Severinghau®520The magnitude of 9 + 3°C
during the Bglling transition (Severinghaus & Brpdi©99) was revised to 11 + 3°C
(Severinghaust al., 2003).

Leuenbergeet al (1999) obtained a temperature of — 7.4 K for 82 kyr BP event
and Langet al (1999) obtained a warming of 16 K for the Dansddaescheger (DO)
event 19(~80 kyr BP) in GRIP ice cores. The resmitthese studies were limited to
only nitrogen isotope measurements or the temperatiange estimates for these two
events were derived without argon isotope dataeubéal gravitational correction. The
data were corrected for gravitational fractionatignthe firn densification model with
incorporated heat transfer and molecular diffus{@chwanderet al, 1997). The
modelleds™N obtained for different temperature scenarios veerapared to measured
8'°N and the measured values were slightly lower th@nmodelled values using the
0.33 %o/K T5'0;.c dependence. After regression analysisotivalue of 0.30 %o/K was
obtained with the best estimate of temperature giai 7.4 K for aA$'°Ojce drop of
2.23%0 during the 8.2 kyr event (Leuenbergeal, 1999). Langet al (1999) used high
resolution measurements of nitrogen isotopes oiGRE° ice core to show an increase
in 8"°N by 0.17 + 0.02%. in 160 years. This signaldiiN equates to a temperature
change of 10.4 + 1.6 K, assuming no change in tfiesdve column height but was
corrected for modelled gravitational fractionatidme value ofo obtained by Langet

al. (1999) was 0.42 %./K, providing further evidendetlre invalidity of the modern

5'%0ie- surface temperature correlation during the glgmaiod.

The uncertainties in the studies by Leuenberjeal (1999) and Langet al (1999)
were high due to limited resolution of the datasadn thes'®0i.record, and variations
in a value. The major drawback of the model resultdcctne due to the assumptions
such as the convective zone remaining constantrendncertainties associated with the

approximation of accumulation rate. Hence this apph may not be the ideal way to
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assess palaeo-temperature and isotopes of nolde lijes Ar are needed especially for
periods of strong changes in accumulation rate pésature and where significant
variations in close-off depth are expected. Alsathese studies a thermal diffusion
factor of 0.00347 + 0.00003 for nitrogen was cadted, which was significantly lower
than the value adopted in the work of the Seveanght al (1996, 1998).

In order to overcome the assumption of constantigtéonal corrections it is vital to
measures’?Ar and estimate the thermally fractiona®aN or §*°Neycess Landaiset al
(2006b) performed 130 duplicate measurements SON (£0.006%.) and 47
measurements &f'°Ar (+0.025%0) between 2,870 and 3,085m depth inNIBGRIP ice
core. Thes™N profile depicts rapid variations over Dansgaas$s¢heger (DO) event 23
and 24 and the corresponding signal is recorded8m -shallower in5'®0ie. The
8" Nexcesavas calculated to be 0.06%. and 0.04%. for the D@rad DO 23 respectively.
The 5%Neycess profile was fitted with a modelled™NeycessObtained as output of the
firnification and heat diffusion model by Goujehal (2003). The best fit was obtained
with temperature increases of 10 + 2.5 °C and 155:°C, for DO 23 and DO 24
respectively (Landaist al, 2006b).

Landaiset al (2004a) investigated the profile f6t°N, §*°Ar and methane over the
depth range from 2270 to 2370 m in the GRIP ice @rcompassing the DO 12 event.
The §"Neycessprofile obtained was used to quantify past surfieceperature variation
through the firn densification model developed byufen et al (2003). The
temperature change across the DO event 12 wasagstinio be 12 + 2.5 °C as
compared to 6.8 °C changes deduced from the wsdtapes (Landaist al, 2004a). It
was proven again that the conventional use of westgtopes in ice cores largely
underestimates the actual amplitude of rapid teatpsr change in Central Greenland.
Landaiset al (2004a) also concluded that the temperaturenasesynchronous with an
increase in Cll at GreenlandLandaiset al (2004b, 2005) also usetfNexcess t0
reconstruct temperature changes of 11 °C for D@ntB20, and 16 °C for DO 19 in the
NorthGRIP ice core. The corresponding valueratere 0.3, 0.4 and 0.5 %./K for DO
18, DO 19 and DO 20 respectively, which were sigaiitly lower than the present day
value of 0.67 %./K. Kobastet al (2008a) reconstructed a temperature change af 4.0

1.5°C at 11.27 Kyr BP in the GISP2 ice core fiiw® simultaneous measurements of
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8N and§*°Ar in the same sample. The temperature changeezasstructed with the
firn temperature gradient obtained with the firmsi@cation model.

More recently, Hubeet al (2006a) and Kobastgt al (2007) utilized only theé™N
data to reconstruct the temperature changes falihgt climate events. Kobastial
(2007) did measur&*Ar but the data were too noisy and as a resulobserved'N
data were corrected for gravitational fractionatiesing the model. Kobaslat al
(2007) used high resolution and high precisidiN measurements (precision = 0.004
%0) to conclude a cooling of 3.3 £ 1.1 °C for th2 Byr event, which occurred in less
than 20 years in GISP ice core. The temperaturagehabserved for 8.2 kyr event by
Kobashiet al (2007) is much lower than the previous estiméteooling of 7.4 °C by
Leuenbergeet al (1999) at the GRIP site. It was suggested treaptkcision of 0.03 %o
in Leuenbergeeet al (1999) would certainly make the identification thie 8.2 Kyr
event difficult, as thé'°N signal for this particular event was ~ 0.035%. lfiéshiet al,
2007). The oxygen isotope temperature sensitivity 0.55 = 0.05 %./K was obtained

for an average cooling of 3.3 + 0.5 °C.

The high resolutior3'>N measurements were carried out across the DO B in the
NorthGrip ice core during the MIS 3 period for winiiemperature changes of 8 to 15 °C
were estimated (Huberet al, 2006). In this study, a combined firn
densification/temperature/gas diffusion model (Gowgt al, 2003; Schwandest al.,
1997) was used to simulate the evolutionsbN using an assumed temperature and
accumulation rate history both derived from #1€O;.. empirical relationship. The
temperature history and accumulation history wemed in order to minimize the
differences between the model and the measiirétl Several model simulations were
conducted. In the first approach the convectiveezaas assumed to be non—existent,
the accumulation rate history used in the North@gp scales ss09sea was used and the
a values were varied. This basic approach matchetirtting and the amplitudes of the
abrupt changes (see Figure 1.7.1). To reconciledhtical offset between the modelled
and the measuredf°N, convective zones were assumed, larger shifthénabsolute
temperature (approach 2) and decreasing the acationulrate (approach 3) were
considered. The best fit was obtained when the ragtation rate was decreased by

20% compared to the assumptions made in the ieedhlting model for the NorthGrip
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ss09 sea age scale. In order to maintain the clugyof the ice core, the ice thinning

function had to be changed accordingly.
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Figure 1.7.1: Top panel showé®N measurements (red dots) in NorthGrip ice corenfi0O 9

— 17 events and firn model calculations versusdepth. Bottom panel shows the surface

temperature evolution used as model input. Thesidifft approaches are described in the text.

(Adapted from Hubeet al, 2006a)

Huber et al (2006a) also highlighted some other interestiagts regarding the

temperature and CHelationship. A detailed comparison of temperatemnstructions

from 8"°N and CH concentrations suggested that the start of (¢ lags temperature
rise at the onset of the DO events by 25 — 75 Hinss study also concluded that the
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modern day'®Oi. - T relationship ¢) was not valid during the glacial period, the data
suggest a slope of 0.41 £ 0.05 %o/K during the siadinterstadial transitions.

1.7.26*°N measurements in Antarctic Ice cores

This new method 06N as a palaeo-thermometer had been extensivelyedpfu
Greenland ice cores initially because the gas sotanomaly records abrupt climate
changes only. In Antarctica the magnitude of sumtupt climate changes is muted and
not as rapid as those observed in Greenland. How@aglon et al (2001) were the
first to suggest that this technique can be appbesintarctic sites although the isotopic
signals would be small. A theoretical estimatioGN signal of 0.02%. was calculated
for the period between 110 and 104 kyr BP usingntiaé diffusion model. Thé™N
and&*°’Ar measurements were performed in the depth ramge 1546 — 1587 m in the
Vostok Ice core encompassing the marine isotopgedtisllS) 5d/5c¢ transition (ca 108
kyr B.P.). In this study CODs were estimated fréva tombined*°N and3*°Ar data to

be between 64m and 70m. The temperature at thacsuid the main driving factor for
varying CODs if the accumulation was constant. Ti@Ds were calculated using the
firn densification model (Barnolet al, 1991; Arnauckt al, 2000) for different values
of temperature change by varying the deuterium/ezatpre coefficient used to infer
the Vostok temperature change and keeping the adation unchanged around the
5d/5c¢ transition. For the CODs to equal to 64 @Ach temperature difference in the
range -6.6 to -8.6 °C was estimated with respedhe present day temperature at
Vostok. This was slightly lower than the estimate-@5°C reported by Petit al
(1999). This result suggest that the use of predagtspatial slope to interpret the
Vostok Deuterium data underestimat€Bsgmodermby 20% = 15%, which contrast the
findings of the borehole calibration that suggdwit ttemperature changes based on
spatial changes are underestimated by up to 50%ni&tnet al, 1998). However, the
major drawbacks of this study were that the prenisif the measurements was on the
similar order of thes™N signal obtained and the accumulation rate wasnasd to be

constant in the model.

Recently, the precision 08°N measurements has improved to 0.003 - 0.006%o
(Severinghaust al, 2001; Landaigt al, 2006b), which is an order of magnitude lower

than the signals in the Antarctic ice cores. Thgnoved precision benefits from the
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standard corrections to take into account the ftiomaf CO™ (mass 28) from C@and
the sensitivity of5*°N measurements to the varying ratios ofNp. Taking advantage
of such precision more studies were carried in Angéarctic sites such as DSS and
EDML (Landaiset al, 2006a), Dome C (Dreyfus, 2010), Siple Dome (dagt al,
2004, Brooket al,, 2005).

Thed™N profile from the DSS ice core shows an increasmf0.19 %o during the Last
Glacial Maximum (LGM) to 0.27%. during the Early Hakene (EH) (Landaist al.,
2006a). However the validity of these results waisially questioned due to larger
analytical uncertainty. With the improved high pséan method, thé™Neycessprofile
during the last deglaciation was reconstructed ftoenEDML ice core. Like the DSS,
the 5N profile illustrated similar magnitude of isotopsignal, 5*°N increased from
0.41%o during the LGM to 0.46%. during the EH (Larsdet al, 2006a). The measured
8'°N was compared to modelléd®N profile from the steady state firnification model
by Arnaudet al (2000) and for both sites, the simulations sh@pasite LGM to EH
trends to the measuréd™N increases. The same firnification model was usedhe
existing deglaciatio®*>N profiles from Vostok (Sowerst al, 1992), Dome F, Dome C
and the results share the same pattern of modalrdatnatch (Landast al, 2006a).

The model-data mismatch could be due to a numbegasions such as the thickness of
the convective and the non-diffusive zones, whienenassumed to be constant but may
actually vary with time. Certainly it shows thaetparameterisations in the firn model
are not accurate. Such disagreement is not onlgken/ by invalid temperature input
but also by highly uncertain past accumulationsialéhe past accumulation rates are
inferred from water isotopes which tend to undemetie the accumulation rate by as
much as 30% in NGRIP (Landaet al, 2006b). It seems that estimating past
accumulation rates is really challenging and wdaddhe most likely reason for model-
data mismatch especially for the East AntarctiessifTo overcome this problem of
estimating highly uncertain accumulation rates framater isotopes, an alternative
method of assessing accumulation rates needs &xgered or the model should be
modified so that they become less dependent oartbertain accumulation rates.

Taylor et al (2004) reported a temperature change of ~6 °@ fifte 5 Neycessin less

than 50 years at Siple Dome around 22 ka BP. Homweueh abrupt climate change did
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not occur at 500 km away in the Byrd ice core, destating significant spatial
heterogeneity in the Antarctic climate, or perhtys the isotopic data was biased due
to stratigraphy distortions or a hiatus in accuriola Another possibility for such
observation could be due to changes in the altilmdeced lapse-rate related change in
surface temperature. A 6 °C change in temperaturseveral decades would imply
~600 m decrease in surface elevation. Such a derieaaltitude in several decades
would require an extensive decrease in snowfallperhaps due to glaciological
drawdown of the ice in response to increased dgaifilom sudden onset of ice stream.
However it is unlikely that a decrease in snowdddine can account for 600 m decrease
in several decades. The model predicted from tloaikeied DCH that the accumulation
rate did not decrease around the time in quesTibe.chemistry of the ice cores (Na
and C&") rules out the possibility of any large-scale apieeric circulation patterns
and sea ice extent changes or absence of winter, sviuch could cause a step increase
in dDice. Hence, in the absence of any evidence of stegiigc disturbances, the
isotopic anomaly was interpreted as a local warnaeihgbout 4 — 6 °C in less than 50
years. This local warming at Siple Dome suggethetl occurrence of abrupt climate
change events may not be consistent in Antarctivé erhaps the coastal sites
experience different climate regime than the manmgtioental sites in Antarctica. Is the
warming more significant at the coastal sites? Ttaeds to be confirmed with more

climatic records from coastal sites.

To summarise the above studies, the principal sssakevant to the study conducted
here are:
« Thed™N palaeo-thermometry has been used to charactBesBO events (DO
9 — 24) in Greenland ice cores. The temperatur@nstauction fromd**N serves
as a tool for calibrating thé'®0 — T coefficient. Studies carried out in
Greenland suggest that the temperature reconstngchased on modern day
880 — T coefficient were underestimated. The methagerd from NorthGrip
ice core is almost synchronous with temperaturengbs reconstructed from
3"N.
« In Antarctica, the use 05N technique is very scarce because the thermal
anomaly is very small and high precision measurénsemequired to detect

such anomalies.
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« The 8"™N data is combined witls*°Ar to calculates**Nexcess Which is then
modelled with firn densification model with diffaretemperature scenarios.
However, there are some studies wh&\r measurements were not carried
out and the firn densification model was used tpasate the thermal and
gravitational signal from the totat°N measured.

« The major drawbacks of the application of #1&N technique in some studies
were low data resolution, precision of the measerds) and the assumptions
used in the model like the convective zone remgigmnstant. If the convective
zones were greater than the assumed depth théantiperature reconstructions
from 8"°N would be underestimated.

» The firn densification model does not work for ts&st Antarctic sites and it
was suggested that the past accumulation rategedefiom the water isotopes
were underestimated.

« The "N palaeo-thermometry suggested a local warmingiple Dome, a
coastal site in west Antarctic. This finding suggewat the climate regime at
the coastal site is different as compared to morgimental site. However, this
finding needs to be replicated with other ice ae@rds from coastal sites.

1.8 Scientific rationale and objectives of the stud vy
1.8.1 Scientific rationale

There are limited applications 6{°N palaeo-thermometry in Antarctic ice core. The
technique has not been applied to study the AlMneveluring the MIS 3 period
because high precision technique is needed to meedka small signal 08™N in
Antarctic ice core. It has been used extensivelghtracterise the DO events during the
last glacial period in Greenland. The temperatuzeomstructions from thé'°N
technique in Greenland ice cores were used tora#diihe moderd*®0 — temperature
sensitivity, which was used to reconstruct tempeeathanges across abrupt climate
changes from water isotopes in the glacial periddother significance of5*N

measurements in ice cores is to independently atalithe model deriveflage estimate,
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which is used in obtaining the chronology througimchronisation of gas records
(Blunieret al, 2007).

The EPICA (2006) showed that there is a strong-eaee coupling between all the DO
events and the Antarctic warming during the laatiil period, although the magnitude
of temperature changes in Antarctica are not a@gelas the Greenland DO events. The
8N technique is not applied to characterise thesenivg events in Antarctica except
the MIS 5c/d transition (Cailloet al, 2001). The precision is the limiting factor s i
application to assess abrupt climate changes iardit ice cores due to the smaller
magnitude of southern hemisphere temperature ceg@gllonet al, 2001; Blunieret

al., 2007). Thés™>N data obtained in the Antarctic ice cores, to eatd the temperature
change during the LGM and MIS 5d/5c transitiond b be corrected for chemical
interference from other constituents of air suctOasand CQ (Landaiset al, 2006a;
Caillon et al, 2001). The combined corrections are 0.03 %o ($sweal, 1989) and
represents as much as 30 % or more of the likedgrded isotopic shifts during the
LGM in the Antarctic ice core (Landagt al, 2006). Hence to investigate these smaller
warming events in Antarctica during the last glagariod it is vital to develop a
method that removes all the interfering speciesreaineasurement.

Some studies indicate that the climate events @reymchronous in Antarctica but may
represent the possibility of a complex local pattef millennial-scale temperature
variability in high latitudes of southern hemisptiefhe climate record from the Taylor
Dome ice core from a coastal east Antarctic sitgests that the timing of the deglacial
event was more synchronous with Greenland than Bytid ice cores (Steigt al.,
1998). A local warming at a coastal Siple Dome sité °C around 22 kyr was not
observed in other ice core records (Tagbal, 2004). There was a suggestion that the
coastal sites experience different climate regioramared to more in-land sites and this
needs to be confirmed with climate records fromenmwastal sites in Antarctica such as
Berkner Island. The climate records from such @astes could also provide further
insights into phasing relationship of climate chargetween northern and southern
hemisphere.
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1.8.2 Objectives of the Study

« To develop a high precisiod’N method by removing all the interfering
species and eliminating all the correction procedumssociated with*>N

measurements previously.

+ To utilise the improved high precisi@™N method to obtain high resolution
data for two climatic warming during the last gigperiod, namely AIM 8
(Al) that occurred approximately ~38 kyrs and Al (A2) that occurred
approximately ~ 46 kyrs.

« To combine thé™N and&*°Ar data to estimaté™Nexcesso reconstruct
the temperature changes across the two warmingteweith a firn

densification model.

* To obtain the climate record in gas phase froncthestal site in Antarctica

and validate thé&age derived from the model and verify the ice chlogy.

* To obtain high resolution methane measurementscthad be coupled with
8'°N signal to investigate the lead and lag of theebms climate change

between northern and southern hemisphere.

* To measure halocarbons in the EDML firn air andetmonstruct atmospheric
histories from the firn diffusion model, providirige updated and probably
the longest atmospheric record of man-made gasesnsgucted from

Antarctic firn air.

* To measure CFin Berkner Island ice core to investigate the afaifity in
natural background level of GHbeyond pre-industrial times and in the

glacial period.
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2.1 Introduction

In Chapter 1 it was highlighted that high precisidPN measurements are needed for
successful application &N techniques in reconstructing small temperatur@nghs
during the last glacial period in Antarctica. Indse development of high precisighiN

ice core measurements at the Stable Isotope Lalvpratt the University of East Anglia
(UEA) was an essential prerequisite for this stihe5>N method developed does not

require any corrections for isobaric or chemic#iferences.

Details of3'>N methodology developed during this study for ioeecmeasurements are
presented in Section 2.2. TB&Ar measurement technique is summarised in Section
2.3 and the methodology for halocarbon measurene®®ICA Dronning Maud Land
(EDML) firn air are presented in Section 2.4. listbtudy, | also developed a technique
for gas extraction from ice cores for £&nalysis and this is discussed in Section 2.5.
The methodology for methane measurements in iaesdsrmpresented in Section 2.6.

2.2 Methodology for &N measurements in ice cores

2.2.1 Existing methodologies fo8'°N measurements in ice cores

Stable nitrogen isotope analysis of trapped nitnogas in ice cores has been used for
almost three decades now. Over this time, the wtateling of how thes™N
measurements can be interpreted has improved, as the precision of the
measurements. It was initially measured as an ataolicof isotope enrichment due to
gravitational settling in the firn (Craigt al, 1988, Sowerst al, 1989) and its relation
to close-off-depth was used to estimatge (Schwandeet al, 1989, Soweret al,
1992). Prior t08™N of trapped N gas measurements, elemental rdtios were
combined with oxygen data in the form &D,/N,, which were used to constrain the
biogeochemical rates of the global carbon cyclen(ieeet al, 1994a, b). ThéO,/N,
ratios were also used in Vostok ice cores to supmital tuning chronology based on
8%0.m (Bender et al, 2002). The 8N method made a breakthrough in
palaeoclimatology ice core science in the late $98Beveringhauset al, 1998,
Leuenbergeet al, 1999), illustrating that the thermally fractio@d isotopes can be

used to interpret the magnitude of temperature gémiluring abrupt climate changes.

39



Since ther5®N measurements have become increasingly importahtiee recognised
as a good/reliable proxy for temperature changandwabrupt climate change.

Better understanding of how ice cdreN measurements could be interpreted led to a
pursuit for more robust and higher precision meshad extraction and analysis.
Initially, Craig et al (1988) used wet extraction to extract trappedegiawhich were
subsequently cycled over hot carbon to convertddCQ, which was then removed
cryogenically. Carbon monoxide (CO) was removedgidpOs before injecting the
remaining N-Ar fraction into the mass spectrometer. The wagkstandard was a
No/Ar gas mixture and experimental precision was B.050werset al. (1989) used a
melt and refreeze extraction technique in which tbkeased gases were collected
cryogenically in a stainless steel tube dipped dewar filled with liquid helium. The
melt-refreeze cycle was repeated to ensure compbaisfer of any occluded gases that
were not released during the first cycle. The ieni of the technique was in the range
of 0.02 — 0.03 %o, however this method required exttions (as discussed below) for
chemical interferences due to the presence of&@@ Qin the analyte. Severinghaast

al. (1998 & 1999) used the method of Sowetral (1989) but obtained higher precision
by using horizontal pieces of ice and applying dditzonal correction for pressure

imbalances.

Most experimental work in whict*°N measurements were made on extracted ice core
nitrogen until 2006 referenced the methodologyeither Sowerset al (1989) or
Severinghauset al (2001 & 2003). Petrenket al (2006) used the melt-refreeze
method described by Soweets al (1989) with slight modifications. The ice was
melted using a warm water bath rather than at rtemperature and during the cryo-
transfer step a liquid nitrogen trap was used itwben the extraction vessel and the
dipping tube in liquid helium to remove water vapaad carbon dioxide. This was the
first mention of extracting water vapour and carhbloxide using liquid helium in the
8N measurements since Mariogi al. (1980), who measure#t®N of N, in ambient

air samples.

More recently Kobashet al. (2007 & 2008), outlined a method similar to thethod
developed here at UEA. In addition to removingCl&ydrocarbons, water vapour and

trace gases using a liquid helium trap, as also removed by passing the analyte

40



through hot copper granules at 550°C (Kobathil, 2007). The reason for removing
CO, was already well understood (and is explaineddtaitlin Section 2.2.1.1). The
reason for removing # vapour is that it generates,HN in the source which
isobarically interferes witf°"N*“N* (Kobashiet al, 2007). Kobashét al (2007) report
a pooled standard deviation of 0.004 %o for tHéiN measurements. Kobaséi al
(2007) state that oxygen was removed becf@EO interferes with°Ar and therefore
affect5*°Ar measurements but they do not explain how itca§f¢he3'>N measurement
or why its removal improves th&°N precision. Neither do they explain in detail the
composition of their gas standard and whether amyections were applied. In this
chapter, a detailed description of the method asadEA, which was being developed
at the same time as Kobasial. (2007) were developing their method, is presentad
addition, some possible explanations for how thesence of @interferes withs*N

measurements are proposed.

2.2.1.1 Correctionsfor isobaric interferences

The presence of GOn a sample results in isobaric interferences assas 28 (NN

and 29 (N°N'¥). This interference results from ionization of €@ *2C'°0" and
13c’®0* in the ion source and therefore requires correatiothe measured™N of the
sample. If the sample and reference have the sa@ge dGncentration, then this
interference would cancel out but any slight déferes between sample and reference
could cause a differential isobaric interferencecdkrection procedure is described in
Sowerset al, (1989), which entails measuring tB€CO, content of the sample and

then applying the following equation to correct 8"\ measurement:
815Ncorrected: E‘)lsteasured_ [003 X 612C1602/14N2)/1000]

The magnitude of this correction wa€.03%. for all the samples analysed by Sowers
et al (1989).

Another important correction needs to be made tier gensitivity 0f6™°N to 50./N;
ratios. To date, this effect has not been well wstded and has been mainly attributed

to ion-molecule reactions in the mass spectronsdarce (Headlegt al, 2007). We
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designed an experiment to investigate the causkeiokffect (See Section 2.2.7). This
correction is sometimes referred to as the “chelnsicge” correction (Severinghaes
al., 2003; Headleyet al, 2007). Thed"*Ncorected (8°N corrected for C@ isobaric
interference) can be further corrected for #@®/N, sensitivity using the following
equation:

5" "Nyue = K'(802/N2)measuredt 8" Neorrected

where K’ is the chemical slope determined by addilnguots of pure @to a sample of
dry air and subsequently measuring 8@ and30,/N,. Sowerset al (1989) showed
that the chemical slope ranged from 0.004 %o / %2.600 %o/ %. and the overadf°N

correction was in the order of 0.01%eo.

2.2.2 Experimental instrumentation

An Isotope Ratio Mass Spectrometer (IRMS) was tdisedsotopic ratio measurements
and a Gas Chromatography Mass Spectrometer (GCaMS)used for measuring trace
gas concentrations. Although these are differepiesyof mass spectrometer, the

principle of operation is similar and a brief exp#ion follows in Section 2.2.2.1.

2.2.2.1 Basic mass spectrometry concepts

Mass spectrometry is an analytical technique usanddasure the mass to charge ratio
(m/z) of a gas. The basic principle of the techaiggito accelerate an ion of mass M
and charge Z with potential V into a uniform magndteld B. Upon entering the
magnetic field the ions move in a circular orbitraflius R, which is defined by the
equation;

M/Z = B°R?/2V

lons of differing masses are separated based emaitius of their path through the
magnetic field (See Figure 2.2.1).

In order to be analysed, a gas sample must undivgoprocesses in the mass
spectrometer. These five processes are outlinegledviin order of their execution:
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(i)

(ii)

(iii)

(iv)

v)

lonization

lon generation is fundamental to mass spectroneetid/ takes place in the
ion source. There are different types of ion sagifwet Electron lonization
(El) and Chemical lonization (CI) are the commonthods utilized for ion
generation. In this study only the El method wasdysn which a sample is
bombarded by high energy electrons that are pratibgethermal ejection
from a filament. The ions tend to acquire a largewant of excess energy
(~10 eV) from the ionizing electrons which leads tmditional
fragmentation. The CI technique transfers less ggnéo the sample and
leads to less fragmentation and therefore is knawra softer ionization

technique.

lons formed into beam
This process takes place in the source. The pesiivs produced from the
sample gas during ionization are formed into a wdfined beam by

increasing the positive potential of the ionisatibyvamber.

Acceleration of ions
The ions are accelerated from the source slitdecand defining slit (called

alpha slit) at ground potential.

Deflection in magnetic field

This process takes place in the flight tube, whanims an arc between the
poles of a fixed or electro-magnet. As the ion beaeavels down the flight

tube, it is separated into beams with differentiraarresponding to different

masses (See Figure 2.2.1)

Detection

The final detection takes place in the collectonsl of the chosen mass pass
through a resolving slit and are detected by adégraup. The ion current of
the cup is proportional to the number of incidemis and hence to the partial

pressure of the corresponding isotopic moleculacigs in the sample gas.
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Figure 2.2.1: A simple schematic of a mass spectrometer usddteymine the isotopes
of CO2 (m/z = 44, 45, 46T he different masses had different radii in the nedig field

and are separated accordingly.

2.2.2.2 | sotopic ratio mass spectrometry

Isotope ratio mass spectrometry (IRMS) is a speeaibn of mass spectrometry, which
allows precise and accurate determination of tb&opBc composition of a sample by
comparing measured isotopic ratios of the sampthabof a standard. The principle of
operation is similar to conventional mass specttomexcept for few minor
differences. In this study, a dual inlet approa@swsed. The dual inlet system enables
repeated measurements of sample and reference ogd®e tmade by supplying
continuous gas streams of reference and samplevigiab are alternated rapidly and
measured sequentially. In conventional mass speetry, a wide mass range is
scanned to obtain a spectrum of mass peaks whiglalsethe chemical composition of
the sample. In IRMS, the gas species being analgskdown and therefore the fields
are held constant so that the variations in théopms can be detected with high
precision. A characteristic of IRMS is that itslector consists of an array of Faraday

cups or “multi-collectors” which allow simultaneowetection of multiple isotopes.
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Faraday cups are widely used in IRMS to measuredla¢ive isotope abundance of a
gas species with high accuracy and precision (G&&3#). A Faraday cup consists of a
conductive metal vessel that acts as an electrddremons deposit their charge and
become neutralized. The charge deposited in thad&grcup passes through a resistor

and is converted to a signal that is reported\adtage.

There are two types of IRMS commonly in practisdatg the dual inlet and the
continuous flow IRMS. The dual inlet as the namggasts has a sample and a
reference inlet side and is measured alternatelgessribed above. The sample is
prepared or purified separately before it is introetl into the sample side of the IRMS
and measured repeatedly. In the continuous flowesysthe sample is prepared
immediately on an on-line preparation system befojection into the IRMS and the
sample is measured just once. Hence the continflous system results in higher
sample throughput and is more convenient to uset lyiglds lower precision. A dual

inlet system (SIRA Series II) was used in this gtud

2.2.2.3 SIRA description

A SIRA Series Il (VG Isogas Ltd) instrument was déoypd to measure nitrogen
isotopes in air, firn air and ice core samples. ifls&rument uses a dual inlet system and
3 Faraday collector cups that allows simultaneoesisurement of major and minor
isotopes as well as an accurate comparison betawesammple of unknown isotopic
composition and reference gas. The high vacuunhénsiystem, which is critical, is
obtained by the use of rotary and diffusion pumpi@gntrol and data acquisition for
the SIRA instrument was provided by an IBM PS/2 eldsD.

The inlet system comprises two identical halveshemntaining a variable volume gas
reservoir. One half is used to store a referenseoffainown isotopic compaosition whilst
the other is used to introduce the sample gas tanadysed. The two reservoirs are
connected to the ion source by equal lengths aflets steel capillary tubing crimped
such that equal pressures in the two reservoies igee to identical ion beams in the ion
source. The bellows may be expanded or compresgethé action of software

controlled stepper motors to equalise sample afeterce major ion beams, either

manually or automatically.
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A micro changeover valve is fitted between the kapes and the ion source such that
either the sample or the reference gas is admi#ulst one gas is flowing into the ion
source, the other is flowing at exactly the sante mato a waste line, connected to a
high vacuum pump. In this way all the relative ogot fractionation and mass
discrimination effects associated with gas handhngl ion beam formation are held
equal for both gases. Since these effects are -cevg=lling, they need not be

considered in the calculation of isotopic enrichitsdar the samples being measured.

2.2.3 Extraction procedure

A "wet" extraction method was employed to remoapped gases from ~20g of inner
ice core sample. The surfaces of the ice samples tiemmed in an ice core laboratory
at -25°C and placed in a pre-chilled glass exwactiessel, containing a magnetic
stirrer. The extraction vessel was sealed with tan/o-ring using a glass flange and a
metal clamp. The effectiveness of the o-ring sesd tested by evacuating the extraction
vessel to less than 20 Pa and isolating the vdesel the pump for 24 hours; no
significant increase in pressure was noted. Theelesas then attached to a glass
vacuum manifold, chilled to -30°C in a liquid nityen/ethanol mixture, and evacuated
for 20 minutes. During evacuation the pressurééviessel reduced to ~20 Pa which is
the vapour pressure of water over ice at ~ -301@s ontinual flux of sublimed vapour
assists in the evacuation of room air, and alsangé¢he surface of the ice sample of any

gaseous contamination (Severinghatal, 2003).

After evacuation, the vacuum tap on the lid of éxtraction vessel was closed and
isolated from the vacuum manifold. The vessel wWasqa in warm water to melt at
least half of the ice sample, and was then placethe magnetic stirrer plate to agitate
the melt vigorously in order to accelerate the megltprocess. Whilst melting was
taking place, the extraction vessel was attachédet@xtraction line (See Fig. 2.2.2) via
Cajon Ultratorr fittings, and the extraction lineaeuated to 8 x IHPa with a diffusion

pump backed by a rotary pump. Once the melting coasplete, the air was expanded

through a glass trap at -80°C (dry ice and ethahwty) to remove water. The gas was
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then expanded into a column containing copper dean{Aldrich, 10 - 40 mesh) and

heated to 600°C for 10 minutes to remove oxygen.

During the oxygen removal process a dip tube wapgred to receive the sample. The
tube was a ¥4~ x 1.5 m stainless steel tube withupré& metal bellows valve attached,
evacuated to a pressure of 1 X*1a before being immersed into a dewar filled with
liquid helium. After removal of oxygen the gasesim was then passed into a second
glass trap held at -196°C (liquid nitrogen) foruatfier 5 minutes to remove GCafter
which the vacuum valve downstream of the secondsgleap was slightly opened so
that the pressure upstream decreased by ~10 Pa/fiiis. ensured a slow consistent

flow across the furnace for complete removal of eesydual oxygen in the sample.

Pressure guage
2

Pirani
Guage HY
FURNACE
clamp Cu@e600C
ice \ - LV
extraction
vessel U‘ (
&) LouoN, (R DP
- TRAP TUBE
magnetic EtOH/dry ice
stirrer trap (-80°C)
U
HELIUM
DEWAR
5 9mm Louwers Hapert valves fitted with viton O-rings -

®Lv valve opening to low vacuum provided by rotary pumps
®HV valve opening to high vacuum provided by diffusion pump attached with Penning gauge

{{® cajon fittings
@ Nupro valves

Figure 2.2.2: A schematic of the extraction line used §5IN measurements.
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The gas was transferred into the dip tube immeirséiae liquid helium for 35 minutes,
or until the pressure downstream decreased to & @nPa 0 — 1 x POPa capacitance
manometer. After collection, the valves to the highcuum pump and associated
pressure gauge were opened, at which point thduaspressure in the extraction line

was observed to be ~1 x1@a.

While the gas was being cryopumped into the dipsubhe sample flow through the
furnace was controlled by metering the valve imragdy downstream of the liquid
nitrogen trap to increase the residence time ofsdraple in the furnace and to ensure
complete removal of oxygen. If the valve was fudpened the pressure upstream
decreased very rapidly, and the oxygen was not veth@ompletely in the furnace,
resulting in an interference with tt&°N measurements (see below). Another potential
source of error, resulting from sample fractionatioould occur if the sample is not
completely collected in the dip tube. To investig#iis, the sample freezing time was
increased to 50 minutes, and to 75 minutes, fockvthie residual pressure decreased to
8 x 10°, and 5 x 10 Pa respectively, but this did not affect the meas&™N values.
This confirms that essentially the entire sampleeovered in the dip tubes after the

chosen transfer time of 35 minutes.

The method of removing oxygen using a copper reéoludtirnace has been previously
applied to™N/**N measurements in ambient air by Mariotti (1983jt &ilica gel was
used in that study to trap,Ngas at 77K. We initially attempted to replicatasth
procedure, but it resulted in a lower precisior0df20%o, which is in good agreement
with the precision of 0.025%. obtained in Mariotiwerk. The sample was trapped in a
glass tubing with vacuum valves containing siliehdjpped in liquid nitrogen and then
after equilibration at room temperature, the trappgmses were desorbed into the
headspace of the glass tubing which was expandé#teisample bellow in the IRMS
for measurementd-urther tests with silica gel tubes revealed that $amples were
fractionated during the desorption stage, withréims becoming heavier by as much as
0.05%0 (See Table 2.2.1 ), suggesting that thedigiraction was being preferentially
retained on silica gel. The silica gel tubes wesatld to accelerate desorption of the

lighter fractions, but incomplete recovery of tinghter fractions was still experienced.
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This unusual behaviour of nitrogen isotopes trappedilica gel remains unexplained.
If the method of Mariotti (1983) had proved sucéalsthen it would be have been a

relatively simple and cost effective procedure.

Table 2.2.1: Three sample vials, each containing Si gel, iilezl with reference gas
and the3™N composition determined without the nitrogen bedmtyorbed onto the Si
gel.The remaining gas was then frozen onto theeBagd then subsequently desorbed

by heating with a hot air gun. The nitrogen isotopmposition was then re-measured.

Sample STD 1 STD 2 STD 3
Procedure Not Adsorbed Not Adsorbed Not Adsorbed
adsorbed and then adsorbed and then adsorbed and then
desorbed desorbed desorbed
Trial 1 0.004 0.038 -0.003 0.049 -0.007 0.015
Trial 2 -0.002 0.027 0.004 0.042 0.006 0.039
Trial 3 - 0.031 0.006 0.056 0.009 0.030

2.2.4 Measurements on IRMS
2.2.4.1 Data acquisition

The dip tubes were equilibrated at room temperdturat least 2 hours before the gas
sample was measured for the m/z = 29/28 ratio @R&A Series Il (VG Isogas Ltd)
dual inlet mass spectrometer. The gas was expamdedthe sample bellows and
allowed to equilibrate for 10 minutes before beinglated in the inlet of the mass
spectrometer. The pressure in both the referendesample bellows were equalized by
adjusting the corresponding bellow volumes. The srgsectrometer was operated in
the ‘normal’ reference/sample switching mode, p@niag 12 cycles per run with an
integration time of 15 s per cycle, and an inteclkeydelay of 20 s. If the internal
precision of the measurement was 0.006%. then the analysis was repeated
automatically. This is an automated function of th&rument control software. Each
sample was analysed in duplicate or triplicate.e Tdn intensities of m/z = 32¢D
40(Ar) and 44(CQ were also monitored by peak jumping, which seraga@ diagnostic
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tool for rejecting any sample that showed higherssn82 or 44 signals due to
incomplete removal of Qor CG, or leakage during the extraction process. Moimigpr
mass 40 was also useful in identifying any potérdgaks in the inlet system, and

inspecting the possibility of reference drift iretreference gas (see below).

2.2.4.2 Reference gas

The reference gas was prepared by mixing commeogigien free nitrogen with pure
argon in a 20 L round-bottomed flask fitted withm®n Louwers-Harpert, Viton o-ring
sealed valves. The volume of the reference flask eaibrated and a 78:1 mixture of
N, and Ar prepared, closely resembling the compositad the extracted and
deoxygenated air samples. The 20 L flask was placeds side in a box filled with
insulating material, and the exit port fitted witlglass tube fixed to the valve extending
to the middle of the flask to minimise any therrfralctionation. During analyses the
mass 40 beam signal in both the reference andatin@le were similar, indicating that

the reference gas was correctly prepared.

2.2.4.3 Pressure imbalance correction

In high precision dual inlet analysis it is importato ensure that the sample and
reference gas pressure, capillary characteristind, depletion rates are identical to
minimise the effect of small pressure imbalancethermeasured isotopic composition.
During this study we carefully adjusted the capyllarimps to ensure identical flow
characteristics through both the reference and kasmes of the inlet system. We also
characterised the effect of small pressure imbalafy measuring the variation in the
29/28 ratio as a function of the major beam signa&nsity. This is carried out by
varying the gas pressure in the reference belloxgs @ factor of two. This is commonly
referred to as a linearity test. For the analybes we report here, the change in the
29/28 ratio is less than 1 ppm per nA imbalancéha major beam current. This is
equivalent to a change &°N of 0.13%o per nA of difference in beam currentvizn
sample and reference. We analysed samples at ar rhagm signal strength of
approximately 6 nA, and balanced the sample aneree€e signals to significantly
better than 1%. Thus any correction needed duentmiial pressure imbalance was

significantly less than 0.007%. and could be ignored
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Finally, after balancing the sample and referenas geams, the variable volume
bellows were isolated from the carefully matchdétinolumes (0.2 mL) in the sample
and reference valve blocks. This ensured that tleasorements were made with

identical gas depletion rates with matched sigtratsughout the measurement period.

2.2.5 Normalization to atmospheric N isotopic composition

In common with studies of this type, outside ambanwas used as a standard gas for
8N measurements because it is assumed that ouisitiasaa constar>N of zero.
The air sample was collected in glass fingersditteth vacuum 9 mm Louwers-Harpert
vacuum valves from outside the UEA laboratory. Befoollection of the outside air,
the glass fingers were prepared by evacuating ToP whilst heating with a hot air
gun to desorb any gases on the glass surfacesu&i@t was allowed to continue
whilst the glass fingers cooled to room temperatdree glass fingers were then
equilibrated with outside air for two hours. Thargling technique avoids any sample

fractionation due to temperature gradients, insigfit flow, or pressure fluctuations.

The air samples were processed in exactly the saamer as the ice core samples,
mimicking the exact process for ice core extraction ensure that any minor
fractionation effects, or contamination in the agtron procedure, would cancel out. To
illustrate the importance of this, when an outsihebient air sample was processed
without passing through the drying trap at the frointhe line, this resulted in enriched
8'°N values (~0.800 %o) and when passed through thervistp it gave a lower value
(~0.720%0). We believe that fractionation takescpl in the water trap which is held at
about -80 °C. All other steps of the extractiongaure were tested and shown not to
give rise to any fractionation (See Section 2.9.6[Be residual pressure of 1x4Pa
suggests that 99.998% of the gas was collecteghantoinging the freezing time did not
change the measured isotopic composition as disdussove. The fractionation effect
observed with/without the water trap for the outsadr samples is therefore perplexing
and we cannot explain it at this stage. To overctme effect, the samples and the
outside air were extracted in exactly the same wag each step was carried out

consistently. The data shown in Table 2.2.2 pro¥ed this precautionary measure
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eliminates any bias in data calculation. The fiamples, 0 m and 12 m, measured in
September of 2006 were processed through the értmame without the extraction

vessel and water trap at -80 °C and the air vallnaswere used in the normalization
calculation were also processed exactly the sanye Wae same firn samples and the
outside air were analysed again in March/April 2@0d were processed in exactly the
same way as the ice core samples, that is, thrtuglwater trap and the extraction
vessel. The data show that the normaligetl value was within the error limit as long

as the extraction procedure for the sample anduksde air was exactly the same.

Over the entire period of ice core analysis, 5%idet air samples were measured with
respect to the working standard (Fig 2.2.3). Theasuoeements had a mean value of
0.717%0 and a standard deviation of 0.025%.. Thigdatalue is much higher than the
precision of the method (0.006 %o, see Section 22#&nd can probably be attributed to
variations due to gas handling or drift in the magectrometer or standard gas over
time (Severinghauset al, 2003). In our mass spectrometer we record alsmal
fractionation of the reference gas towards enriét8d compositions as the gas is used
up and the bellows become compressed towards solathes over a period of several
days to weeks. Because we calibrate the refereasegnposition regularly to an air
standard as described above this drift in referegase composition is not significant.
Figure 2.2.3 illustrates that towards the end & #malysis period (June 2008), the
working standard had become heavier and consegubrB N, e arWith respect to the

working standard became lighter.
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Figure 2.2.3: A plot of all *°Nyea armeasurements with respect to the working standard

used in the normalization procedure.

The principle used in normalizing the ice core skasipo atmosphere was to try to find
the best estimate of outside air, during the penodhich the ice core samples were

measured and was normalized as follows (Severirggtaal, 2003):

815Nnorma|ised: ({[ 815Nmeasure]:/1000 + 1} / {[815Nuea a|]/1000 + 1} - 1)* 16%0

Since the air samples were analysed everyday oy ®tker day it was not difficult to
estimate the best air value to be used in the kedion. During the period where the
reference gas was stable in the bellows then amageevalue was used in the
calculation, but if the reference gas in the befidvecame depleted then the air values
obtained either immediately before or after the gamanalysis was used in the
calculation. In fact analysing air samples freqlyesterved as an important tool in
detecting reference drift in the bellows. As soertlee air values started getting lighter,
the reference gas was evacuated from the referballew and loaded with fresh

standard from the reference tank.
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2.2.6 Quality control and method validation

2.2.6.1 Zero enrichment experiment

A zero enrichment experiment was conducted by edipgrnthe reference gas into both
bellows and expected zero value&? N should be measured. This test reflects any
fractionation of sample or referener routeto the source, for example during diffusion
through the capillaries, and also assesses thet®fiéany leaks in the inlet system. The
zero enrichment test was carried out three timeisiglthe course of analysis (See Table
2.2.2) and the mean zero enrichment value obtaiesd0.001%.. The zero enrichment
tests therefore confirm the satisfactory functignof the mass spectrometer and the

sample and reference side inlets to the mass speeter.

Table 2.2.2:Zero Enrichment experiment results

Date 16/03/07 02/10/07 29/05/08

Mean zero 0.001 + 0.001%o0 0.001 + 0.005%0 -0.001 + 0.006
enrichment value _ _ _
obtained (n=7) (n=9) (n=8)

2.2.6.2 Precision

Precision was determined by analysis of replicatdiant air samples, and also from
replicate analysis of ice samples collected fromilar depths during the Holocene
period. The climate during the recent Holoceneqakhias been relatively stable and as
a result thesN of the extracted nitrogen in these samples shbaldlmost invariant,
and so should allow a measure of the reprodugililitthe technique. The ambient air
samples, collected simultaneously and subjectatig¢aentire extraction and analytical
procedure, resulted in a precision of 0.003%e, (i = 7). These air samples were
analysed on seven different days, and consequémtlyprecision obtained includes
effects that may be associated with any instrunhesttaeference gas drift over the
period of one week.
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Reproducibility tests on Holocene ice core sampleee carried out on a 55 cm length
of ice core from Berkner Island, Antarctica (7945, W). Ten samples from a depth
range of 451.55 — 452.10 m (~3950 + 50 years B®) widepth resolution of 2.5 - 7.5
cm were subjected to the entire extraction proaedund measured (one measurement
was rejected due to procedural error). The pratisidhese measurements was 0.006%o
(1o, n = 9). The precision obtained with ice replicatenples was higher as compared
to that obtained with outside air. The larger Maitity observed with ice samples could
not be due to the extraction procedure as bothithend the ice samples were subjected
to exactly the same treatment. The larger varigbibbserved in the ice core
measurements is most likely due to real sampletgteeities in the ice as the samples
used in the test were not really identical. Even th@ precision of the ice-core
measurements is an order of magnitude better thanptecision of 0.02 — 0.05%0
reported in numerous other studies (Hubieal, 2006; Leuenbergesat al, 1999, Lang

et al, 1999, Sowergt al, 1989) and is comparable to work by Landatisal (2004,
2005 & 2006) and Severinghaetal (2003), who reported a pooled standard deviation
of 0.006%o.

Pooled standard deviation is calculated from dapdicor triplicate analysis of samples
and the deviation of replicates from each other t@nused as a measure of
reproducibility. The pooled standard deviation édimed by Severinghawet al (2003)
as the square root of the summed squared stanéardtidns of replicatesyi, from
their respective means, divided by the degreeseafdbm (the number of samples *
minus the number of reported meams): Kobashiet al (2007 & 2008) suggest that an
efficient oxygen removal step results in high psear with a pooled standard deviation
of 0.004%. (n = 238). In this study, samples fromsadnpling depths were analysed in
duplicate and gave a pooled standard deviation.@7@o. Our value of 0.007%o is
comparable to the precision of 0.004%. quoted byasbitet al (2007) considering the
fact that duplicate samples were not taken frontesame depths but were 2.5 cm apart
and the subset of samples used in the calculatias wery small as compared to
Kobashiet al (2007).
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2.2.6.3 Tedting for fractionation effects during the extraction procedure

To investigate if the extraction process fractiedathe samples, the reference gas was
subjected to the entire extraction process (extegt the water trap was at room
temperature), and then measured against the sdanenee gas. The reference gas was
expanded into 6 glass vials. Five samples wereessad through the extraction line
and one sample was analysed without any treatrmehtieted as a reference point. A
value of 0.005 = 0.004%. was obtained for the samyilleout any treatment, and values
in the range of 0.003 - 0.007%. were obtained fax #amples that underwent the
complete extraction process. The absence of amnyifisant difference between the
values suggests that there is no fractionation ror laakage during the extraction
process. In addition, the values are on either siithe 0.005%. reference point

indicating a lack of systematic bias in the eximatprocedure.

2.2.6.4 Long term stability

To investigate the long term stability of measudéiN values, firn air samples with
known (see Section 2.2.6.5) nitrogen isotopic cositfum were analysed on different
days and the results are displayed in Table 27h&. results for 0 and 12 m depth
samples analysed on different occasions show that variability due to effects
associated with reference drift, instrumental daftid sample processing is very small

and is on the order of the overall procedural error

Table 2.2.3:5™N of firn air samples (Om & 12m) measured on déferdays

Date of
Firn Sample  Analysis d™N (%o) Average 16
Om 15/09/2006 0.003

21/03/2007 0.004

*02/04/2007 0.006 0.004 0.002
12 m 28/09/2006 0.105

21/03/2007 0.095

"31/03/2007 0.089 0.096 0.008

* The extraction of the firn air samples was simulate ice core extraction
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2.2.6.5 Inter-laboratory comparison of Berkner Island Firn Air

The Berkner Island firn air samples from 9 deptiet had been initially measured by
University of Bern were re-analysed on our massctspmeter using the oxygen
removal method. The data obtained are show in EiguR.4. There is excellent
agreement between the Bern and UEA data, thusasicrg our confidence in our
measurement technique. The error estimate on Bata was +0.020 %o, based on a
recent publication by the Bern group &N firn data (Hubeet al, 20086), stating that
the precision is in the range of 0.02%.. The precisibtained at UEA (0.006%o) is an
order of magnitude better than that obtained withBerns*>N method (Leuenberget
al., 1999; Huber et al., 2006b), which reported ieai in the range of 0.03 — 0.05%o.

The full profile of8*°N in the Berkner Island firn air is published el$mne (Landai®t
al., 2000b) and therefore it was not my intentiorcharacterise the full firn profile.
Only selected samples were analysed for the iatswrhtory comparison exercise.
However, it is worth mentioning that the incompl@file of 3*°N obtained in this
study does compare well with the published firnadat Landaiset al (2006a). The
8'°N values close to 0%o were measured in the firstrfeatres of the firn column. These
values are typical of the convective zone of tha fas it represents the isotopic
composition of modern air. In the diffusive zoB&N values increase with increasing
depth until the lock-in-depth zone. The lock-in-thefs characterized by constaittN
values until the close-off—depth is reached. As thoint, bubbles close-off, capturing

the isotopic signal at the bottom of the firn amesgrving it in the ice.
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Figure 2.2.4: A comparison between the University of Bern and AUB™N

measurements for the Berkner Island firn air.

2.2.6.6 Analysis of Holocene ice core samples

In addition, seventeen samples from a depth of6®6.562.68 m were analysed, and
values in the range of 0.209 — 0.228 %o were obthimih 15 = 0.006%.. The3™*N
values obtained were similar, within error, to #aa@bserved at the bottom of the firn
layer (See Figure 2.2.4) at the same location. igsy that climate, accumulation rate
and diffusive column height during the last 3008000 years BP is similar to present
day then we would expect tli&°N composition of these samples to be typical os¢ho
observed at the bottom of the firn layer. Tdi&.. profile for Berkner Island suggests
that the climate was stable and the accumulatite derived fromd'®Oie is not
significantly different from the present day (J.-Barnola, pers. Comm.) supporting the
data we observed for the seventeen samples froriolecene period and enhancing

our confidence in the method.
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2.2.7 Influence of oxygen o®"°N measurements

To investigate the influence of oxygen on the mesbunitrogen isotope composition
we adopted an experimental strategy in which amptas were analysed both with
oxygen present and after oxygen was removed (sb& Ta2.4). The results clearly
show that when oxygen is present the meas&t®d composition of samples has an
apparent enrichment of between 0.8 and 1.0%.. Soeteats (1989) reported a similar
effect when measuring™>N of air samples using air as reference gas inntlass

spectrometer. Their observed change of 0 to 0.00%&N per %o change iB(O./N>)

is consistent with the magnitude of change obsenmvedis study. They were unable to

draw definitive conclusions regarding the origirtluf variation.

Table 2.2.4:3"°N of N, measurements in air samples with and withoue®oval 5N
(%0) values are expressed with respect to the wgrkiandard. Values shown are the

mean + 1 standard deviation of 12 measurementaabf sample on the instrument.

Date 8™N measured with @ &N measured with G
removed present
19/03/07 0.828 + 0.006 1.703 + 0.007
0.822 +£0.008 1.884 +0.016
0.830 + 0.004 1.771 +£0.015
21/03/07
0.793 +£0.001 1.661 +0.018
0.794 £ 0.007 1.611 +0.080

Outside air samples were collected in six differeials simultaneously on 19/03/07
(following the procedure outlined in Section 2.Z2Tsyee were processed through the
hot copper furnace at 600°C, and three were predesough the copper furnace at
room temperature. All samples were passed throlglglass trap at -196K to remove
CO,. Another suite of four air samples were collected2d/03/07 and two vials were
subjected to each treatment. T81&N values for the air samples shown in Table 2.2.4
are expressed with respect to the working standasdalready discussed (Section
2.2.5), thed™N of the working gas standard exhibits a slightréase as the gas
depletes. Hence the apparent 0.03 %o, change &t°Alrcomposition with respect to the
working standard between 19/03/07 and 21/03/07.
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For the air samples in Table 2.2.4, those that wetesubjected to the oxygen removal
process had an analyte gas composition of approeiyn@8% N, 21% Q and 1% Ar.
However, enrichment in the measur&dN composition of samples at much lower
oxygen concentrations was also observed. Figur& 2ows the differenceA§™N)
between the expectéd®N and the measuredd®N compositions for a range of samples
(modern and Holocene air) as a function of the m/&2 (I(G,)) ion beam intensity.
Enrichment starts to become significant at oxygemcentrations 10times lower than
in air. The functional dependency&5*°N on 1(Q,) is of the formA&™N O 1(0,)*2.

Log of m/z =32 signal beam - 05
[ T T 4 O
-14 -12 - -6
8 > -05 =
* - -1 g
(@)
y = 0.44x + 3.65 --15 2
R*=0.81
-2
- 25
*
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Figure 2.2.5: A log — log plot of the change iB°N (A §*°N) with intensity of the
measured oxygen signal. The results show that samatbunts of oxygen lead to
changes in measuréd®N composition. The gradient of 0.44 is close tat #mpected

for the reaction C + %2 £O— CO in the source of the mass spectrometer.

The most likely cause of the apparent enrichme&tN is isobaric interference of CO
with N,. CO has isotopic species at m/z = Z&¥°0), 29 (3C*°0) and 30 {*C*®0) with
isotopic ratios of approximately 1% (29/28) and %.230/28). Assuming similar
ionisation efficiencies for Nand CO then a mixing ratio of just 7.6 X“for CO in No

is all that is required to cause a 1% enrichmenthaf 29/28 ratio and hence the
measureds®N composition. Carbon monoxide and hydrogen arentiost common

residual gases in clean vacuum systems. In theempresof oxygen, CO is readily
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formed by oxidation of impurity carbon in tungsté@daments and their supports (Brion
and Stewart, 1968; Singleton, 1966). It has alsenb®uggested that atomic oxygen,
desorbed from a hot tungsten filament, can intesdttt the walls of a vacuum chamber
to produce CO (Singleton, 1966).

We have observed that the intensity of the m/z spddk also increases with oxygen
content of the analyte gas. This is shown in Figuge6. It is tempting to suggest that
the rise in the mass 44 signal is the result offélewing gas phase reaction at the ion

source and ion gauge filaments (Singleton, 1966):
2CO + Q< 2CO,

However, Leuenbergeat al (2000) show that, rather than ¢@e major component of

the m/z = 44 beam $N,*°O resulting from the reaction:
2No + O, « 2N,0

They observed an increase in signal only when bdtbhgen and oxygen are present.

When analysing pure oxygen they see no changeimth = 44 signal.

It is unlikely that isotopic fractionation during-q@uction of NO according to this
reaction can account for the apparent enrichmerthfin N,. Maximum m/z = 44
intensities for air samples containing oxygen ast  x 10" A and are some f@imes
smaller than the Nbeam intensity at m/z = 28. An unrealisticallyg@risotopic
fractionation of 10,000%. between,Nnd NO would be required to produce 1%o

enrichment in the 29/28 ratio.
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Figure 2.2.6: An illustration of mass 32 and mass 44 correlaienggesting that the

presence of oxygen could potentially lead to in €10, or N;O production.

Our preferred explanation is that when oxygen &sent, measureit®N compositions
of nitrogen are enriched due to CO production ithlibe ion source and on the walls of

the mass spectrometer.

To test this, we extracted five ambient air samlegpreviously described, including
the oxygen removal step, and then added approxiynaegs %00 gas (98% purity,
CK Gases Ltd) to two air samples. Any CO produciiorthe source from the added
80'%0 gas should contribute to m/z = 30 and m/z = 3, mot 28 and 29 as with
oxygen of natural isotopic abundance, and shouldrefore not affects™N
measurements. TH&°N composition measured with respect to the refereyas for air
stripped of oxygen gave an average value of 0.8%be two samples enriched with
180'%0 gas gave values of 0.878% and 0.923%. We did alisterve any large
enrichment ind™N, compared to the 0.8 - 1%o enrichment observethe case of
samples containing®0*0. The small enrichment in measurét’N obtained for
samples containing?0'®0 (~ 0.03 to 0.08%.) may result from the fact tHa¢ CK
Gases®0™®0 gas contained 1%80. In addition, we measured the 30/28 ratio fer-N
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%00 gas mixtures and obtained a value of 5.43 X. Ithe expected 30/28 ratio,
based on the known amount of N the sample and the amount’8®*?0 gas added,
was 1.37 x 10.We attribute the much higher30/28 ratio observedOx) to the

formation of*C®0.

This contribution of oxygen to the isobaric integiece at m/z = 28 and 29 is not
accounted for when making the usual ‘Cérrection in which the magnitude of the
correction is based on the g@ontent of the sample. This approach assumeghbat
sample and reference gases have similar oxygeermsnand therefore that the oxygen
effect will be cancelled out. However, our resudtow that small differences in the
oxygen content of samples and reference gasesahaweasurable effect on the 29/28
ratio and lead to errors/uncertainties in the messnitrogen isotope composition. It is
well known that different amounts of oxygen in $@mple and standard gas cause an
artefact in measuredN composition, often described as the “chemicapelo To
date, laboratories have applied empirical “chemiskipe” corrections to adjust
measuredd™N values (Sowerset al, (1989), Headley and Severinghaus (2007)).
Although such corrections have previously been iadplthe origin of the effect has
never been fully understood. Our study eluciddteschemistry of the effect in the mass

spectrometer source.

Another feature, shown in Table 2.2.4, is the degfereproducibility obtained between
samples measured with and without oxygen stripgRegproducibility between replicate
samples is in the range 0.001 to 0.003%. with oxygemoved, compared to 0.07 to
0.13%0 for samples with oxygen. Clearly, the presen€ oxygen affects both the

accuracy and precision of measurements.

63



2.3 Methodology for &"°Ar measurements in ice cores

The 8*°Ar measurements were carried out at the LaboratieeSciences du Climat et
de I'Environnement (LSCE) in Gif-sur-Yvette, Frans®ler the supervision of Amaelle
Landais. In total 33 samples were extracted andsured. The extraction and
measurement procedure is exactly the same asdhephecision method developed by
Severinghaust al, (2003) for measurement of argon 40/36 and kryjptgon ratios in
trapped air in polar ice. The procedure involves extraction and followed by use of a
getter, a metal strip of Zr/Al alloy heated to 9D, which removes all reactive gases
leaving behind the noble gases. To speed up tmaotixin process, three samples were

prepared and melted for extraction simultaneously.

2.3.1 Extraction

Approximately 35 g of ice sample was placed inegirilled glass vessel containing a
magnetic stirrer. The glass vessel was joined@orflat vacuum fitting which allows a
gas-tight glass to metal transition to be made. glass vessel containing the sample
was lowered into a dewar of liquid nitrogen andaethl (held at -20 to -25°C) to
prevent the ice from melting whilst being boltedmthe vacuum manifold. A copper
gasket was used to make the Conflat seal and egugfec gasket was used for up to 6
extractions before being replaced. Once the extrasiessel was secured tightly to the
manifold, it was fully immersed in the dewar ancevated to remove room air for 5
minutes. The glass vessel was then isolated franptimp and leak tested. If any
increase in the pressure on the pressure gaugehsasved, then nuts and bolts on the
Conflat fittings were further tightened. In veryceptional cases, tightening the bolts
did not improve the vacuum, in which case the cogaskets were replaced. If no
evidence of any leaks was found, then the glassel®svere evacuated for a further 35
minutes. To speed up the extraction process, thagaple vessels were evacuated
simultaneously. The temperatures of the differéimamol dewars were kept as similar as
possible to minimise differences in vapour pressbietween the different vessels.

After 35 minutes, the extraction vessels were tedldrom the pumps by closing the
two valves on each port (See Figure 2.3.1). Thamethdewars were removed and
replaced by warm water baths. During melting ofitee the water traps were attached

to the line and evacuated and immersed in ethanadl nitrogen slurry held at
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approximately -100°C. After complete evacuation @k testing across the water trap,
the sample was cryo-trapped in a stainless stbel dipped in dewar containing liquid

helium, after passing through the water trap. Ourine cryo-transfer, the melt was
agitated vigorously with the magnetic stirrer ider to ensure complete extraction of
all the gases. The cryo-transfer process took &utesand during the course of the
transfer, the dipping tube was lowered twice irite liquid helium dewar to improve

freeze-down of the gas by exposing a fresh metéhsel During these 8 minutes three

getter sheets were loaded into a quartz glass wdapgth heating wire.

Pressure Gauge Pressure Gauge
H.ﬁi - - - ﬁi =[] {r}
f 3 x z ¥
il O ~
£ E X At
f » » =
"nl I— : -r
Secondary Pump Cells
1
Primary Pump Liquid
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Figure 2.3.1:Schematic of the extraction line for gas extracfiar 5°°Ar Analysis.

On completion of cryo-transfer, the stainless steble containing the sample was
isolated from the line and attached to the getteng The next step in the extraction
procedure was to remove,ND, and other reactive gases by exposing the sampléoga
a Zr/Al (SAES) getter at high temperatures. Betihie gettering process, the getter set-
up was prepared by evacuating the room air fromsfgtem and heating the getter
pump to 900°C to desorb any gaseous contaminauiesr wacuum. During the heating
stage, an increase in pressure was observed. Qagaréssure began to decrease, no
further heat was applied. The entire getter preamerastep took 10 minutes. After 10
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minutes, the getter was isolated from the turbogamd the nupro-valve on the dipping
tube opened to allow sample to pass into the gefiee sample was gettered for 8
minutes at 900°C followed by an additional 2 misutt 300°C to remove JHgas.
Heating was then stopped and the sample was expanitethe entire extraction line.
After noting the pressure in the line, the sampde Wozen into a second pre-evacuated
stainless steel tube dipped in dewar containingididpelium for 3 minutes. An aliquot
of Ultrahigh purity N of pressure equal to 9.63 times the sample gassyre in the
extraction line was added to the sample and wa=ifravith the sample by pushing the
dipping tube further into liquid helium dewar. Thddition of nitrogen was to increase
the sample volume. This is necessary in orderdmtain an adequate pressure in the
mass spectrometer capillaries. The reason for gdekactly 9.63 times the sample gas
pressure was because the standard had similaNArcomposition, hence minimizing

the “chemical slope” correction needed for varylrgN, ratios.

Once the N was added, the tube was removed from the liquititneand warmed to
room temperature. The sample was then allowed tolilegte in the tube for 40

minutes before analysis by mass spectrometry (sego8 2.3.2).

2.3.2 Analysis

Argon isotope ratios “{Ar/*®Ar) were analysed on a Finnigan MAT 252 mass
spectrometer. The sample and standard were expamtdeitieir respective bellows and
allowed to equilibrate. After equilibration pericah aliquot of sample and standard was
isolated in their respective bellows and the bellme@ssures were adjusted so that the
pressures were matched as closely as possiblesidé¢hat had less quantity of the gas
was started off with little high pressure so thatilg the run the pressure on both sides
would equalise hence minimizing the pressure imizaacorrections. Each sample was
measured twice on the instrument. Each sample unea®nt’ consisted of a set of 32
measurements by the instrument (16 sample measorenend 16 reference
measurementspAr/N, ratios were also analysed for each sample by peaging. At
the end of the run, the ISODAT software was usestdtstically analyse the data. The
3*Ar value obtained was corrected for any pressurgalances and varyindAr/N-

ratios.
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2.4 Trace gas measurements

Trace gases (GFCyFg, CsFs c-C4Fs, CHF;, S and SECFs) were measured in firn air
samples from EPICA Dronning Maud Land (EDML). Matkaand Ck concentration
during the last glacial period in ice cores fronri®er Island in Antarctica were also
measured. The methodology for the analysis of gbmexsc halocarbons is well
established at UEA. A brief description is inclddeelow and further details can be
found in Oram (1999) and Worton (2005).

2.4.1 Experimental instrumentation

Measurements were performed on a W&tdvicromas§ AutoSpec Premié¥ Mass
Spectrometer, which is a double-focusing magnedittcs instrument providing high
sensitivity, high resolution and low background s&oi The tri-sector double focusing
geometry design has an electric sector (electiostatalyzer) on each side of the
magnet. The first electric sector has de-magnifypgcs that give high resolution and
sensitivity whereas the second electric sector avgs abundance sensitivity by
filtering unwanted metastable ions and reducinggemund noise. The instrument uses
electron ionization (EI) and samples were introducafter separation by gas
chromatography (see below).

2.4.1.1 Gas chromatography

A general introduction to Gas Chromatography ane tprinciples of Gas

Chromatography-Mass Spectrometry (GC-MS) is beyibredscope of this thesis. A
thorough explanation of the technique and its appibns can be found in Heard
(2006); Skooget al, (1996).

In gas chromatography, a mobile phase, known as cdugier gas, transports
components of a gas mixture to be separated thrawgbhver a stationary phase
(column), separating them according to differeniceshe rates of migration. In this
study a Hewlett Packard GC oven was used in a teaxye programmed mode. Table

2.4.1 below shows the characteristics and the tipgreonditions used for the GC.
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Table 2.4.1:Operating Conditions for Gas Chromatography

Column: Al,Os/KCL PLOT Capillary Column
Length = 50 m; Internal Diamete®.53 mm; Film thickness = 1&n

Carrier Gas: He
Pressure 5.02 KPa

Temperature Programme for the Oven
Initial temperature: -30°C

Initial time: 5.00 min

Temperature Ramps

Ramp # Rate ("C/min) Temp (°C) Hold time (min)
1 8 50
2 20 120
3 10 180 60

2.4.1.2 Mass spectrometry
A short length of deactivated fused silica tubingswised to connect the outlet of the
GC to the ion source of the MS. In the ion soutbe, gases eluting from the GC
undergo electron ionisation and produce molecwas iand ion fragments of lower
mass. For example, consider the ionisation of.dme initial step is that the GF
molecule gains a high energy electron and prodie€R"™ molecular ion:

CR+€ — CR"+2¢e
Due to sufficient excess energy the charged, Cns may undergo further
fragmentation into lower mass ions by losing onenore fluorine atoms. For example,
the loss of one F atom will produce asCen:

CFR">CR +F

This would give a peak with mass 69 in the masstgp® in addition to the molecular
ion peak at mass 88. Similarly, peaks at massen8®1 may also be present, due to

CR," and CF ions respectively. These ions are focused andlereted towards the

68



magnetic sector by a series of electrostatic alitd$ then to a photomultiplier tube for
detection.

Instrument operation and data acquisition wererotiatl by a Mass Lynx software
package provided by Waters Micromass. The softwenledes a chromatographic peak
detection and integration package for identificatemd quantification of peak areas.
The Autospec mass spectrometer can be operataedoirmbdes. In scan mode, the
magnet is programmed to record over a specific;splected mass range and this is
useful for identifying unknown compounds. Howevier,scan mode, detector time is
wasted in recording masses of little interest ssdanning parts of a spectrum where no
ions are found. The detector response time is @ssumed whilst the magnet jumps
from one mass to the next. Quicker response timesbatter detection limits can be
obtained using the Selective lon recording (SIR¥&on which the mass analyser is set
to pass only ions of a particular m/z. Table 2gh@ws the SIR programme used in the

analysis.

2.4.2 GC-MS analysis

2.4.2.1 Autospec tuning and mass calibration

Before analysis, the mass spectrometer needsttinbd and mass calibrated every day.
This was done by introducing hexadecane referent® the source and tuning the
electron energy and emission current to maximigesation efficiency. The ion repeller
and the focusing lenses were also adjusted to m@ipeak shape and intensity. Once
the maximum peak intensity was attained, the mabbration procedure was carried
out. In the mass calibration process, the accébgratoltage is scanned over the
selected mass range and the major peaks matchlechwéference file containing the
known peaks of the hexadecane reference. This ehsloat the peak positions and the
masses are correctly identified. Each function he SIR programme is calibrated
separately. After mass calibration, it was necgstaensure that there was sufficient
hexadecane reference to act as a lock mass. Ant@dls provides corrective measures
for small changes in the peak position that cadesed by slight fluctuations in the
magnetic field during SIR experiments. The fragmens of hexadecane reference are
different from those of the halocarbons normallglgsed and therefore do not interfere

with the analysis. As a result a mass corresponttirey hexadecane ion is included in
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each SIR function as a lock mass (Table 2.4.2).cmeputer software makes sure that
the top of the lock mass peak is monitored for mmaxn sensitivity. If the lock mass
peak position changes from its position then thessmaalibration is automatically

corrected accordingly for all the masses monitangtiat function.

2.4.2.2 Sample pre-concentration

Air samples were pre-concentrated to increasedhsitivity of the method. During the

pre-concentration step, the main aim is to sepdhretecompounds of interest from the
bulk of the air sample (primarily Nand Q) by cryogenic trapping. In this study, a 1/8”
stainless steel tubing packed with Teltaand immersed in liquid nitrogen (-196°C)
was used for sample pre-concentration. After preceatration, the analytes of interest
were thermally desorbed using boiling water anddtgd onto the analytical column of
the GC.

There is a possibility that sample breakthrougimftbe trap could occur during the pre-
concentration step especially if large volumesian®duced. To establish the capacity
of the trap, several analyses of different volurnéstandard gas were carried out.
Figure 2.4.1 shows that after 100ml of the santplearea of the GFpeak is no longer
linearly correlated with the volume of sample inget whereas for SFpeak area is
linearly correlated with the volume of sample inget up to 200 ml of sample volume
(See Figure 2.4.2). The reason for this is that i€fhe least well retained of the gases
of interest on the trap and is consequently tre iompound to be lost from the trap. If
more sample volume is pre-concentrated into theettvan Ck is “pushed out” from the

other end and this result in part of the samplad#st.
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Table 2.4.2:Experimental SIR programme used in the GC-MS amlyf fluorinated compounds in the EDML firn air

Function# Start Time End Time Caompd Retention Time  Monitored m/z Mongd lon
mins mins mins
1 0.00 5.00 Ch 2.75 68.9952 CF
16H34 Lock mass 71.0861
2 5.00 13.00 Sk 7.10 126.9641 SE
£ 7.20 118.9920 GFs'
CFC -13 9.80 86.9627 ECI
1eH3a4 Lock mass 85.1017 GHais"
3 13.00 18.60 GFs 14.20 68.9952 CEF
SER; 15.50 88.9673 SEF
CFC-115 16.10 68.9952 sCF
H-1301 16.20 78.9138 Brt
HFC-23  17.35 68.9952 F;C
16H34 Lock mass 71.0861
4 18.60 21.00 cAEs 20.70 68.9952 CE
16H34 Lock mass 71.0861
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Figure 2.4.1: Sampling linearity test for GRrapping. The linear correlation?(s 1)
between volumes of the sample and the area responsantained until at least 100 ml

of volume sample trapped.
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Figure 2.4.2: Sampling linearity test for SErapping
2.4.2.3 Manual inlet system
A schematic of the manual inlet system used for B&-analysis during this work is

shown in Figure 2.4.3. The inlet system consistiNopro valves used to isolate the

inlet line from the vacuum, glass tubing packedhwitagnesium perchlorate to remove
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Figure 2.4.3: Schematic diagram of the inlet and m@-concentration set-up for GC-MS analysis
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any water vapour from the samples, a piece of &f8ihless steel tubing packed with
TenaxX™ for sample pre-concentration and a manually opdratalco 6 port Valve
(VICI) for injecting samples into the GC.

The flowrate of sample through the pre-concenmmattoap (<10 ml mift) was
controlled by a needle valve. A flowrate of lesartiO ml mif is important in order to
achieve efficient trapping and to avoid sample kile@ugh. The ballast volume located
downstream of the sampling loop had an approximakeme of 1 L. The pressure was
measured downstream by a baratron and the temperatuhe ballast volume was
recorded. The ballast volume prevented any badkigidn of lab air into the inlet

system and also made it possible to measure thelsamlume.
2.4.2.4 Sample analysis

Once the instrument was tuned and calibrated,rile¢ line and pressure gauge on the
standard tank was evacuated. The pressure gaugheairdet line were then filled with
standard and then re-evacuated. This step was teep#aree times to remove any
contaminants that had built up in the pressure galige sample pre-concentration step,
as described above, was carried out with the safiplrate controlled by a Nupro
needle valve. Once the desired sample volume wicta then the pre-concentration
trap was isolated from the sample flow. The redidira(non-trapped air) in the pre-
concentration trap was then evacuated and the samjeicted onto the GC column.
Soon after the switching the Valco valve into tlaenple injection position, the liquid
nitrogen dewar was swapped with a dewar contaihwigboiling water to desorb the
analytes from the Tend% pre-concentration trap. After sample injectiore émtire line

including the ballast volume was evacuated.

At the beginning of each analysis day, a long tarmstandard (ALM-39753) held at
UEA was analysed several times to allow for theriument to settle down. Once the
instrument response was stable, a real air samateamalysed two or three times in
succession with the working standard analysed tvgamples. Peak areas were used
to quantify each compound of interest in a sampkgta were initially calculated as a
relative ratio to the average area of the workitamdard, and then multiplied by the

concentration of that compound in the working stadd(See Section 2.4.5 below).
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During the day the instrument response factor magnge (instrumental drift) and
therefore the same standard may record slight ti@ms& in area response values.
Therefore data for every sample needed to be deddor this instrumental drift. The
drift correction was applied by fitting a straidime to all the peak areas of the working
standard and sample peak areas were normalisédstne. The precision of replicate
measurements of the same sample was further imghtmweorrecting the peak areas for
differences in sample volumes. A correction for shenple volume analysed was made

for every sample analysed.

2.4.2.5 Peak identification

The analysis of trace gases in firn air, archiveaaid in background air is a well
established at UEA. Peak identification was madse8an retention time and the ion
being monitored in each SIR function (See Table.2).4Below are the typical
chromatograms of a Gfpeak (Figure 2.4.4), £ and Sk (Figure 2.4.5), ¢Fs, SECF;
and CHR (Figure 2.4.6) and c-Es (Figure 2.4.7).

ALM 39753 - 12:56:47 - 04-Sep-2008

SEP0408_04 1: Voltage SIR 3 Channels El+
2.78 68.9952
1001 3.45e7
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Figure 2.4.4: A typical chromatogram of Gpeak monitored on m/z = 68.9952 in 100
ml of ALM 39753 standard air.

ALM 39753 - 12:56:47 - 04-ep-2008
SEPO408 04 2:ioktage SIR 4 Channels El+
" T o
(a) |
HH‘\\\\‘\H\‘H\\‘\\H‘\\H‘H\\‘H\\‘\\H‘\H\‘H\\‘\\H‘\H\‘HH‘\\H‘\\H‘H\\‘H\\‘\\H‘\H\‘\\\\‘\\H‘\\H‘H\\‘H\\‘\\H‘\H\‘\\H‘HH‘HH‘HH‘\H
620 630 640 65 660 670 680 60 700 70 TN TN 74 TR0 760
SEPO408_04 | | 2:loftage SIR 4 Channels El+
" i s
(b) |
1 s
H‘HH HH‘HH HH‘HH HH‘HH HH‘HH HH‘HH HH‘HH \\H‘H\\‘H\\‘\\H‘\H\‘\\\\‘HH‘\\H‘H\\‘H\\‘\\H‘\H\‘HH‘HH‘HH‘HH‘\H Time
620 630 640 65 660 670 680 60 700 70 TN TN 74 TR0 760

Figure 2.4.5: (a)Typical chromatogram of Sfnonitored on m/z = 126.964hd (b)
typical chromatogram of £ monitored on m/z = 118.9920 measured in 100 ml of
ALM 39753 standard air.
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ALN 39753 - 12:56:47 - 04-Sep-2008
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(b) — CHR;
16.24
16.17
CsFs 1868

\\H‘\\\\‘\\\\‘\\\\‘\\\\‘H\\‘\H\‘\\H‘\\\\‘\\\\‘H\\‘\H\‘\\H‘\\H‘\\\\‘\\\\‘\\\\‘H\\‘H\\‘\H\‘\\H‘\\\\‘\\\\‘\Time
1350 1400 1450 15,00 1550 16.00 160 1700 1750 18.00 1850

Figure 2.4.6: (a)A typical chromatogram of SEF; monitored on m/z = 88.967&hd
(b) typical chromatogram of 465 and CHEmonitored on m/z = 68.9952.
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ALM39753 - T T 09:43:55 - 12-Feb-2008
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Figure 2.4.7: A typical chromatogram of c4Eg monitored on m/z = 99.9935 in 100 ml
of ALM 39753 standard air.

2.4.3 Analytical precision

The analytical precision was calculated as onedsta@h deviation (&) of replicate
analyses of each air sample. The mean analyticadiggon based on the average
standard deviation of volume and drift correcteplicate analyses for each compound

of interest are shown in Table 2.4.3.
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Table 2.4.3: Analytical precision of individual species stutlia this project.

Compound Pre@si
(%)
CF4 0.9
CaFs 2.1
CsFs 1.8
c-CsFs 0.9
HFC-23 21.
Sk 0.8
SKCR; 2.2

2.4.4 Blanks

System blanks were run to check for any possibditysample contamination due to
leaks in the system or from the carrier gas. Blanks were performed by pre-
concentrating 100 ml of aliquots of the helium @argas. The peaks of the analytes of
interest were completely absent in the blank chtograms. Vacuum blanks were
performed to asses the cleanliness of the inletesyswithout the need for pre-
concentrating helium. The sample loop was immersddjuid nitrogen for the same
length of time used to pre-concentrate 100 ml ofsample, before injection onto the
column in the usual way. The absence of any ofaa&yte peaks of interest in the
vacuum blanks eliminate the possibility of any akthe inlet system and any sources
of contamination from the various manifold compadsesuch as the valves, tubing etc.

2.4.5 Calibration

All measurements were referenced to one workingdstal (ALM-39753) contained in
a pressurised Aculife-treated aluminium cylinderisTstandard was purchased from the
National Oceanic and Atmospheric Administration (N and consists of a real air
sample collected at Niwot Ridge, Colorado (40°N)1BP4. In addition, the NOAA
standard was pre-calibrated at NOAA-CMDL (ClimateorMoring and Diagnostic
laboratory) for a number of compounds enablingaugeport our values on the NOAA

calibration scale. For example, SFalues reported in this study are on NOAA-CMDL
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calibration scale. Most of the compounds studie@ eere calibrated in ALM-39753 in
previous studies and the calibration procedures described therewithin. These
include: HFC-23 (Oram, 1999), ¢Bnd GFs (Wortonet al, 2007), c-GFs (Lee, 1994)
and SECF; (Sturgeset al, 2000). The mixing ratios of various halocarbam#\LM-

39753 used for calibration are shown in Table 2.4.4

Table 2.4.4:Concentration of species of interest in ALM 39%&#king standard

Compound Mixing tep
(ppt)
CF, 2.040
CoFe 2.23
CaFs 0.30
c-C4Fs 3.1
HFC-23 2.80
Sks 3.23
SKCF3 0409

MThe concentration of GFgin ALM 39753 was not calibrated but was on a UEA mliminary scale.

2.4.6 Detection limit

The limit of detection is the lowest concentratitmat can be determined by an
analytical method. By convention, detection limst often defined as the analyte
concentration that has a signal three times thendatd deviation of the
blank/background signal (i.e. a signal-to-noiserat 3:1). The Autospec automatically
calculates the signal-to-noise ratio and the detedimits were calculated from this
value. Table 2.4.5 shows the typical value of tle¢ection limit for each individual
species. The detection limit varies, depending @ dcompound being analysed, the
choice of monitored ion, background noise, thesmg conditions and the volume of

air sample analysed.
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Table 2.4.5: The detection limits of the individual compoundassed on 100 ml of
standard air analysed on 21/02/08.

Compound Method Detectiomit.
(ppt)

CF, 0.07

C2oFe .08

CsFs 0.04

c-C4Fs 0/00

HFC-23 0.01

SFks 0.004

SKCF3 0.006

2.5 CF4 Analysis in ice cores

An extraction technique for GFmeasurements from gas trapped in ice cores was
developed in this study. There is only one previpopsiblished work (Harnisclket al,
1996) in which Ck data from ice core samples have been presentetbandetails of

the extraction method used in that study are givém.this study, a dry extraction
technique was used whereas Harnisthl, 1996) used wet extraction technique. Since

CF, is sparingly soluble in water, wet extraction te@cjue was avoided.

2.5.1 Extraction

The outer surfaces of the ice core samples wearemned to remove any contaminants
introduced during drilling and storage in cold raonthe samples were weighed and
approximately 180 g of sample cut into smaller pgeso that it could be packed into the
pre-chilled perforated cylinder or “cheese grat@&e Figure 2.5.1) in the cold room.
This perforated metal cylinder packed with samplas carefully lowered into another
stainless steel metal pot and tightly sealed. Teemagood vacuum seal, pure indium
wire was used in between the two metal flangesumdwire was used because of its

ductile properties and because the sealing pregeoti the indium are not affected by
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cold temperatures compared to Vitdn which loses its elasticity at sub zero
temperatures. After sealing the sample in the etitma vessel, the vessel was connected

to the extraction line and evacuated.

Figure 2.5.1: Shows the extraction vessel used in milling the gore to release the

trapped air bubbles.

The ice sample was pumped for 10 minutes underwache extraction vessel was
then isolated from the vacuum pump and leak testéigere was a leak then the indium
wire seal was removed and replaced with new indiira and the vessel was resealed.
Once it was established that the extraction vesaslleak proof, the Nupro valve on the
extraction vessel was closed and the vessel camgathe sample removed from the

extraction line.

The extraction vessel was placed onto a millingakein -25 ° C cold room and shaken
slowly at a rotating speed of 5 Hz for 5 minutesl dhen the speed was increased
slowly to 8 Hz. After 35 minutes, about 98% of th@mple was grated into fine
“snow", the air trapped in the bubbly ice havingieeleased into the headspace of the
extraction vessel. The extraction vessel was tkemved from the milling device and

attached to the extraction line (See Figure 2.5.2).

The extraction line was maintained at very highwa using a turbo-molecular pump
(Pfeiffer Vacuum). The extraction line consistsaofotary pump, a pressure gauge, a
water trap immersed in liquid¢thanol slurry (-80 °C), a turbo-molecular pumpg an
stainless steel tubing filled with activated chaldor trapping the gas samples. While
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the ice was being pulverized, the stainless sté®hg) packed with activated charcoal was
prepared for sample collection. The tubing was eatexd and then after few minutes of
pumping on the high vacuum pump, the tubing wasddeaith a hot air gun to desorb any
remaining gases from the activated charcoal. Tadings on the high vacuum pump would
initially increase and then begin to decrease. When readings began to decrease
consistently, the heating was stopped and thelesairsteel tubing allowed to cool to room

temperature.

Once the extraction line and the stainless stdmhdgufor sample collection were prepared,
the sample was initially introduced only into theraction line and the water trap. The
sample was then gradually introduced to the resthefextraction line. This procedure
ensures sufficient residence time of the samplthénwater trap for efficient removal of

water vapour. Finally the sample was introduced the stainless steel tubing packed with
activated charcoal. The stainless steel tubingimasersed into a dewar containing liquid
nitrogen for cryo-trapping. The sample was colldctethin 15 minutes and when the

sample was isolated from the line, the residuadsaree was less than 1 x Afhbars.

Outside the Cold Room
Pressure Inside -25 deg
Gauge Celsius Cold
? Rnom
4—

Y —R— =&
Turbo-molecular
Pump
Dipping tube Water trap
filled with _—% at -80 deg -
activated celsius e L?um
charcoal S

Dewar filled
with
) EtOH/Liquid
Dewar with .
liquid nitrogen
nitrogen
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Figure 2.5.2: Schematic diagram for Glgas extraction line.

2.5.2 Sample analysis

Once the sample was frozen onto the activated chhat liquid nitrogen temperature, the
stainless steel tube was isolated and detached tinenextraction line. The tubing was
attached to the manifold of the inlet system of 8@MS described earlier. A hot air gun
was used to heat the tubing to desorb the trappsdsgfrom the activated charcoal. The
stainless steel tubing containing the sample wageldefor 5 — 8 minutes and then placed in
a dewar of boiling water just before introductiohtbe sample into the inlet and pre-
concentration on the Tenak (as described in Section 2.4.2.3). The pre-conaton step
takes about 8 — 10 minutes. During this step, itriical that the temperature of the
stainless steel tubing does not reach room temperand therefore the stainless steel tube
was kept near the boiling point of water. When #otivated charcoal approached room
temperature, it was observed that some of the gasesadsorbed back onto the activated
charcoal resulting in incomplete extraction andssgjuent loss of some component of the
sample. Typically, 15 ml of each air sample wasgmecentrated and injected onto the GC
column and the same SIR method was used for apagsilescribed previously (see Table
2.4.2). The whole suite of fluorinated compoundsensnalysed for each ice core sample as
a test to ensure that the sample was not contameiraguring extraction. This is possible
since most of fluorinated compounds are man-madedamot exist in ancient air from ice
cores. Any samples that showed high levels of @nth® modern man-made fluorinated
gases had clearly become contaminated and werardext During the course of the
measurement period only two samples were rejeatettie basis of high levels of S&nd
CFC-12. The results were treated and analyseceisdime way as the other trace gases as
discussed in Section 2.4.2.4 . A typical chromaogof Ck from an ice extract is shown
below (Figure 2.5.3).
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B550 - Berkner Ice Core Sample Bag #550 16:19:14 - 16-Oct-2008
0CT1608_07 1: Voltage SIR 3 Channels El+
100 21 632222

Figure 2.5.3: A typical chromatogram of GFpeak in ~ 15 ml of air extracted from Berkner

Island ice core.

2.5.3 Simulated ice core extraction with the EDMLifn air standard

Before extracting real ice samples, the ice coteaetion technique was simulated with the
EDML firn air of known CkF concentration. This test was designed to tesstitability of

the developed extraction and trapping method far i@€asurements. The ice was crushed
and then evacuated so that the ice extraction Mesgecontained ground ice. About 50 ml
of the EDML firn air (from between depths of 92mM5and 20.12 m) was expanded into the
extraction line from the sample storage canistéhe firn air samples were trapped and
measured as described above. Table 2.5.1 showththdata obtained from the simulated
ice core extraction is in good agreement with the €ncentration in the firn air measured

directly from the sample storage canisters. Theodyxibility of the EDML firn air
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standard used to simulate ice core extraction réivat the sample was not contaminated
during extraction due to leaks or from the compdsmeaf the manifold and also

demonstrates the efficiency of the activated chedras an absorbent for ¢&nalysis.

Table 2.5.1:Ice core extraction method simulated with the EDfilh air.

EDML Firn Air [CF4] measured in firn air [CF,4] for ice core
sample (ppt) extraction simulations
(ppt)
20.12m 785+2.1 795+1.2
92.75 m 37.4+0.3 374+15

a: the error is based on the standard deviatidwofaliquots of each sample that were separatetylsiied

for ice core extractions.

2.5.4 System Blanks

To eliminate any artefacts in measurements duddocektraction, Oxygen Free Nitrogen
(OFN) gas was expanded into the extraction linethrdextraction vessel containing snow
(crushed ice), and was milled for 30 minutes, teppnd measured in exactly the same
way as the ice core extraction. The concentratio@F measured in two OFN transfers
had an average value of 0.14 ppt and is withinetier limit of the measurements. The
minute amount of CFin the OFN could be due to residual [Qifesent in the extraction
vessel from the previous ice sample or could be tusome very small leaks in the
extraction system. As usual He blanks were alstbopeed to investigate any contaminants
from the inlet manifold or leaks in the inlet systewhich could affect the GResults.
Figures 2.5.4 and 2.5.5 shows the chromatogranth®©OFN blank run and He blank run
respectively. The Gfpeak was absent in the He blank run whereas asreayl peak was

observed in the OFN transfer blank.
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N2 BLANK - P685, background check 1k res 19:08:29 - 31-Oct-2008
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Figure 2.5.4: Chromatogram of CfFpeak in 25 ml of OFN transfer from the extraction
method.

He BLANK - P685, background check 1k res 21:05:21 - 29-Oct-2008
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Figure 2.5.5: Absence of Clrpeak in the He blank run. A 50 ml sample was teapfor

Blank run and as a result has a greater sensithaty the run shown in Figure 2.5.1.

2.6 Methane Analysis in Berkner Island Ice Core

Methane measurements were performed at Laboraleir@laciologie et Géophysique de
'Environment in Grenoble, France. These measurésnemere possible due to
collaboration with Jerome Chapellaz. Approximat@bysamples were measured across the
depth of 693 — 750 m. A melt-refreeze technique wsesl to extract the trapped gases from
the ice core samples and measurements made on &/&@n 3300) with a Flame
lonization Detector (FID). The GC was equipped watiPorapak N column using high
purity helium (99.9995%) as the carrier gas. Anrelv of the methane measurement
methodology is given here. A full description oétbxtraction line and the methodology
can be found in Chapell&t al (1990) and Raynauet al (1988).

Approximately 40 g of inner ice-core sample wascethin a pre-chilled glass cell and
sealed with Viton O-rings. A conductive paste wpgli@d to the bottom of all the 11 cells,
which were then quickly loaded onto individual oxdn the metal support tray with
tripods. A liquid nitrogen/ethanol bath was raisednually so that the tripods were in the
bath and cooled the glass cells. The 11 glass welts then attached to the extraction line
and the contemporary air evacuated whilst the teatpee was maintained below -20 °C.
Each glass cell was checked for leaks and if amev@und then that particular cell was
detached from the extraction line and placed in ¢bkl room to be used in the next
extraction. Once all the cells were leak tight nthilee rest of the automated extraction and

measurement procedure was initiated. This procaduadved 5 steps:
Step 1: Pumping

The metal stands supporting the glass cells areensed in liquid nitrogen/ethanol bath at -

60 °C. The sample was pumped for 30 minutes withoutmelting of the ice samples.
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Step 2: Melting of ice samples

After 30 minutes the bath was automatically loweaed the resistors were turned on to
heat the metal tripods and the glass cells to 80R€ ice samples started to melt and after
15 minutes each cell was closely examined to ensumglete melting of the ice. Once all
the ice in the cell had melted, heating was stoppadually for that particular cell. This
was done to prevent the melt water boiling andegasing the water vapour content of the

sample.

Step 3: Refreezing of the melt water
Once the ice in all the cells was melted, the Hquoitrogen and ethanol bath was again
lifted and the metal tripods immersed in the batfreezing the melt water. The entire

procedure took about 2 hours before the first samgals ready to inject onto the GC.

Step 4: Running calibration standard

About 1 hour into Step 3, 17 runs of the calibratstandard were performed. The [{Hf
the standard was 499 ppb and peak areas of the#astaruns were integrated. Comparison
of the methane peaks from the ice core samples thighpeaks from the calibration

standard enabled quantification of methane in thexdracted from the ice core samples.

Step 5: Sample Analysis

An aliquot of sample air was expanded into theastion line. The pressure of the sample
air in the extraction line was measured by a banabefore the sample was injected onto
the GC column. The pressure gives an indicatioth@fvolume of the sample injected and
enables corrections to be made accordingly durivey data processing. Each cell was
measured in turn and when all were measured oheemeasurements were repeated for
each cell. Hence each sample was measured twitteawdielay of several minutes between
the two runs. This method of analysing the cellansethat it should be possible to detect
any micro-leaks that may have occurred during teasurements. If the standard deviation

on the sample measurement was poor then the datarejected.
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Chapter 3: Isotopic composition of N, gas trapped In Berkner
Island ice cores during the MIS 3 period
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Isotopic compositions of ice and gases trappedeéncores provide valuable information
about past climates. The water isotopi3 &nds*°0) of ice provide the classical palaeo-
thermometer but it has been proven by numerousestutiat this palaeo-thermometer,
which is dependent on the modern spadidD — temperature relationship, is not valid
during the glacial period at Greenland sites. Tlassical palaeo-thermometer generally
underestimates the magnitude of temperature chaéefween glacial and interglacial
periods in Greenland and in the Antarctic, althotiyl underestimate is not as marked in
the latter. Measuring™N in the trapped air provides an independent me#nslibrating
the classical palaeo-thermometer. However, wHils6t°N palaeo-thermometry technique
is suitable for large abrupt climate changes like Bvents, it is generally not considered
applicable for measuring smaller, slower tempeegatiitanges and has not been applied to
interpret the Antarctic warming events during MI®&iod. Nevertheless Berkner Island,
which is a coastal site on the Weddell Sea andds§ the Southern Atlantic Ocean, offers
the opportunity to test th#°N palaeo-thermometer on a site that differs fronterin-land

sites and which could experience different climagmes.

In this project a high precisicd!®N method was developed at UEA with the specifin ai
of identifying small signals in the Antarctic, ameéhs applied to two Antarctic warming
events, the Antarctic Isotope Maximum (AIM) 12 ahd AIM 8 events. It is believed to be
challenging to obtain a signal #°N for the DO counterparts in Antarctic and even enor
difficult to obtain a thermal isotopic anomaly &/°N (Caillon et al., 2001; Blunieret al.,
2007). The information regarding the site desaviptiderivation of the ice core chronology
and a brief description of th&D profile from the Berkner Island ice core are dssed
initially in this chapter. However, the principalcus is the interpretation of tté°N data
obtained from 27 kyr BP to 50 kyr BP. THEN data were used in the calculationAaige
(ice age — gas age difference) avdepth (change in depth for the same signal in hzese
and in gas phase), which provided additional caimds on the Berkner Island ice core
chronology. The approaches that utilise i@ dataset in the temperature reconstructions
across the two warming events are discussed inl,deighlighting the limitations of the

current measurements and the modelling techniques.
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3.2 Berkner Island site description & Ice Core chro  nology

3.2.1 Site description

Berkner Island is located in the Weddell Sea, erdbddetween the Ronne and Filchner
Ice Shelves and is the largest island of Antarditég. 3.2.1). It holds an ice sheet which is
independent of the Antarctica at present and hasdiwwmes approximately 140 km apart:
the north dome called Reinwarthhéhe at 720 m akeadevel (a.s.l)., and the south dome
called Thyssenhthe at 890 m a.s.l. The domes a@aed by a trough, known as the
McCarthy Inlet. The deep Berkner ice core wasettiltlose to the summit of the Southern
Dome over three austral summer seasons by a jaitisiBFrench project. The three
principal motivations for deep drilling at Berknstand were:

1. To provide a new climate record of the deglaciagmariod from a coastal site
facing the Southern Atlantic Ocean that could ptevfurther insights into the
spatialpattern of the phasing of the Northern and Soathemisphere climate.

2. The Weddell sea is a major contributor for the déeparctic Bottom Water
(AABW) in the thermo-haline circulation. TherefdBerkner Island could provide
knowledge about the evolving climate of the souemgion for cold AABW since
the Last Glacial maximum (LGM), the extent of tkee sheet and the timing of its
withdrawal from the continental-shelf break, whate relevant in the modelling of
the palaeo-ocean circulation system.

3. To understand glaciological issues regarding tleesiteet thickness, ice flow and
volume in the Weddell Sea at the LGM, the timingha# retreat of the ice and the
point at which Berkner Island became an indepenidertap.

The deep Berkner Island ice core drilling site waghe vicinity of the South Dome. The
airborne radio-echo sounding measurements thrduglice cap indicated a relatively flat
and horizontal bed. The over-snow radar measureamenhfirmed an undisturbed
stratigraphic column through the ice thicknessngubut any distortion in the layers due to
ice flow or any discontinuity in the age-depth e{Mulvaneyet al., 2007). The success

of the drilling project and the technical detaite @rovided in Mulvanet al. (2007). The
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site specific parameters for the drilling site gieen in Table 3.1. Ice cores were drilled to

the bedrock and the deepest core contained babaie@s.

Table 3.1 Site specific parameters for

Berkner Island

Location 79°34'S 45°42'W
Altitude 890 m
Accumulation 130 kg nfa*

10 m temperature - 26.5°C

Basal temperature -11.6 °C

o

Ice thickness 948+ 2 m

Okm 1,000km 2,000km
\

Figure 3.2.1:Map of Antarctica showing Berkner
Island in relation to other deep ice core drilling

sites in Antarctica.

Ice sheet modelling suggests that the ice sheeBearkner Island increased and then
decreased in altitude from the last glacial to pihesent day altitude (Huybrechts 2002).
Total air volume content measured ingthis a proxy for estimating elevation changes.
Figure 3.2.2 shows the depth profile of the totalv@lume content of Berkner Island.
Despite very poor data resolution the long ternmdrehows that the mean air volume
content was ~ 0.115 égi' in the LGM and then it increased to 0.120%gthin the late
Holocene. This change in total air volume conteptages to approximately 50 — 60 mbars
of pressure and calculations using the altimetelaggn suggest that Berkner Island was
500 m higher in LGM than its present altitude. Tasimation is subject to uncertainties
due to other factors that influence the total aintent such as variations in atmospheric
pressures, temperature at the ice formation sitad wpeed and the ice porosity when the
air bubbles close-off.
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Figure 3.2.2: A depth profile oféD (red line) and total air volume content measuresie
(blue dots) in Berkner Island. The dark blue lif®ws the long term trend in total air

volume content (V. Lipenkov, pers. comm.).
3.2.2 Dating of the ice core

The chronology of the Berkner ice core was deteeghihy Jean-Marc Barnola at LGGE.
The gas age of the ice core was assigned by gashimgitor more commonly known as
“wiggle- matching”. The CH results obtained for Berkner Island were compaoe@H,
gas age profiles for EPICA Dome C (EDC) and Vosiokl CQ results were compared to
CO, gas age profiles for Vostok and Byrd. The Vostok 8yrd data were fitted to EDC3
(EDC 3Y generation age scale) timescales and thereforgathage obtained for Berkner is
also on EDC3 timescale (Parrenin et al., 2007)hd\lgh CH is considered as the best
marker, CQ was very useful around 70 kyr BP and in the deepag of the ice core to
decipher if the gases and ice records were cohefidre CQ wiggle matching was
considered useful particularly around 70 kyr BP ause there were not significant
variations in the Cllrecords. This procedure provides the annual Ihyiekness between
the time markers and thus the gas chronology. Ei@u2.3 shows CHand CQ results
fitted to gas profiles of EDC, Vostok and Byrd tot@in gas age.
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8 Berkner chronology
Gas profiles fitted on Vostok/Byrd/EPICA results (EDC3 Timescale)
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Figure 3.2.3: The CH, (dark green) and Cblue) gas profile from Berkner Island fitted to
gas profiles from EDC (light green), Vostok (bldiie, CH; from 50 — 40 kyr BP, C@from

50 kyr BP - Holocene) and Byrd (black line, £om 100 — 50 kyr BP). The figure also
shows the change in temperature (deduced from Beidd profile using the classical
relationship of 6.04 per mil/°C) as compared tong®in temperature in EDC. There is a
strong 1-1 coupling between the AIM 8 and AIM 12ets in EDC and Berkner Island. (J-M

Barnola, pers. Comm.).

Once gas ages were obtained the ice age was degefrifirough the firn densification
model of Goujonet al.,, (2003). In order to run the model, delta temapure and
accumulation rates had to be defined. IBeprofile was interpolated to get 1 m resolution,
which was then converted into delta temperaturghleyclassical 6.04 per mil/°C relation
(Parrenin et al., 2007) (shown in figure 3.2.3).eTaccumulation rates were deduced
through the relation used for DC, that is, accutnutarate = accgfexp(.0150*6.04*delta

T) where accy = present day accumulation rate (Parrenin et 2007). The delta
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temperature profile was smoothed (20 m running ayes) and converted into surface
temperature (T). Following this the model was mraistatic mode with temperature and
accumulation rates as inputs in the firn densificetmodel to generate delta agkage),

which was then used to assign ice age (ice ags agm Aage).

The EDCS3 chronology for the EPICA DC ice core ibust as it was derived from a
combination of age markers and ice flow modellimge dating error in the EDC3 age
scale, which would be reflected in Berkner chrogglowas assessed based on the age
markers (Parreniret al., 2007). The error is about 3 — 8 years (esthh by volcanic
horizons) back to AD1100 and thereafter increases00 years at 2000 yr BP and stays
stable until 6000 yr BP ( age constrained'#8e marker). The uncertainty of the age scale
then increases to 400 yr at 14 kyr BP, which israximately the error arising from the
CH,4 age markers. The dating error increased to 1 &yd8 kyr BP  (LGM), 1.5 kyr at 40
kyr BP (comparison to Laschamp event) and finlg kyr at 100 kyr BP (Parrenet

al., 2007).

The Berkner chronology could be in debate if thatigp relationship obtained between
accumulation rates and delta temperature for ED@oisvalid at Berkner Island. The
Berkner ice core chronology was synchronised toramson EDC3 timescale by matching
gas profiles, and therefore the total uncertainty Berkner chronology would be a
summation of any uncertainties associated with BIRC3 timescales, errors in the

synchronisation process and in the firn densiftcatnodel.

The Berkner chronology could be constrained byddited horizons or age markers such as
volcanic eruptions/signatures (Sevest al., 2007; Udistiet al., 2004) and'‘Be
measurement$®Be is a cosmogenic radionuclides with its productiates controlled by
solar activity and by the strength of the Earthagmetic field. It has been used to date the
last 6 kyr BP in EDC but is particularly usefulighentifying the Laschamp event, which
gives rise to a structured peak'fiBe records around 41.2 kyr BP. The identificatidn o

Mount Berlin ash layer dated at 92.5 + 2 kyr B @noxies of local summer insolation
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such as air content (Raynaetthl., 2007) and®Oam (Dreyfusetal., 2007) could potentially
be used in future to constrain the chronology.

3.3 Water Isotopes: 8D and 6180

3.3.16®0 and &D profile for Berkner Island

High precision water isotopes were measured al#taral Environment Research Council
(NERC) Isotope Geosciences Laboratory (NIGL) usinyG SIRA stable isotope mass
spectrometer. The analytical precision is typicall{).05%. for8*20 and + 1.0%. foSD.
The water isotopic ratios are expressed with radpethe international standard, VSMOW
(Vienna Standard Mean Ocean Water). Figure 3.3alvstthesD and 8*%0 profiles for
Berkner Island. Both profiles exhibit virtually idécal trends, conforming to what was

expected and therefore assures the data quality.

-160

-20
-180 §
-200
-220

240 1
-260 -

-280 H

oD (per mil)
5'%0 (per mil)

-300 A

-320 A

-340

-360 T T T T -45
0 200 400 600 800 1000

Depth (m)

- 5D
—_—n 8180

Figure 3.3.1: A depth profile ofsD (black) ands*®O (red) for Berkner Island. The black

and red coloration in the figure is due to mergigumerous data points in that region.
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As discussed earligiD and 8*%0 are classical palaeo-thermometers but also hawe s
relevance in palaeo-accumulation rate estimatiahcmstraining the elevation history of
an ice sheet. The combined measurements couldderdivé deuterium excess profile (d =
8D - 85'%0), which is a signature for changes in moisturarses or oceanic source
conditions such as SSTs and sea surface humidityeanitial evaporation site (Jouzet
al., 1997, 2007; Petdtal., 1991; Uemuratal., 2004). Masson-Delmott# al. (2005) used

a simple isotopic modelling approach to quantifg tibserved fluctuations in the water
isotopes in terms of changes in the source andteitgperatures. There is considerable
scientific knowledge that can be drawn from theated study of the water isotopes,
however such a study is beyond the scope of thik.widhe discussion on water isotopes,
which follows is restricted to highlighting the fabat the climatic record obtained from the
Berkner Island ice core is coherent with other Actia deep ice cores and it was used as a
criterion for identifying sampling depths that emgmass the isotope maximum anomaly.
Later in the discussiodD has been correlated with th€N profile obtained in this study to

constrain thdepth orAage estimations and to explain the behaviour otf¢ signal.

3.3.2 Comparison with other Antarctic sites

The 8D profile of Berkner Island was compared to eittiez 5*°0 or thesD profile from
EDML (EPICA community members, 2004), EDC (EPICAvtaunity members, 2004),
Dome Fuji (Kawamurat al., 2007) and Vostok (Pett al., 1999) (see Figure 3.3.2). The
water isotopes data from the different sites wéoetgr with their respective age scale and
were not synchronised to a common timescale. Caresely there were some very minor
disagreements in the absolute timings of the clonavents that could be easily

compensated by making allowance for the uncertsnti the age scales.

It is evident from Figure 3.3.2 that the climatearls from Berkner Island are coherent
with other deep ice core records from Antarctiche figure shows the major climatic
events such as the Antarctic Cold Reversal (ACH),last glacial — interglacial transition

and the Antarctic warming events during the laatigll period. The structure and timing of
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these events are remarkably similar to other icee cecords and therefore proves the

integrity and the broad chronology of the Berkroer core.

Despite similar characteristics in the timing artducgure of the climatic events, the
absolute values @D were different. ThéD values range from -342.6 %o to ~ -200.0 %o in
the Berkner ice core and are higher than the ciiméairctic continental drilling sites such
as the EPICA DC with values ranging from -450 %0360%. and Vostok with values
ranging from -480 %0 — -420%.. Th&D values for Berkner Island are more comparable
with the dD profiles from near coastal sites like Byrd or LB&wme (Massoret al., 2000).
The difference indD values from various sites can be explained bylerotemperature

conditions in continental sites, varying altitu@esl varying accumulation rates.

Another distinctive feature betweéD profiles of Berkner Island and other sites shamwn
Figure 3.3.2 is the evolution trend & after the climatic optimum at ~ 11 kyr BP, that i
after the last glacial — interglacial transitiohelbD tends to stabilise after the transition in
EDML and EDC cores whereas in Vostok and Dome Iegjicores it stabilises and then
exhibits a slow gradual decrease during the Holecétowever, in Berkner it shows a
completely different trend. Th#D values at Berkner continue to increase from 259&.to
-207.2 %o after the transition and start to stabibsound mid Holocene with higher values
of -215.5 %.. This change 8D is not due to any global climatic change butréher,
attributed to ice sheet altitude changes. The eetswas thinning gradually leading to
lower altitudes and higher temperatures and aswatrimcreasingD values. The altitude

changes in Berkner Island ice sheet will be disetigs detail in Section 3.4.6.2.

The change indD across the glacial — interglacial transition &ger at Berkner as
compared to the more continental sites. A change 16f0 %. is observed at Berkner
whereas ~50%. change D is observed at Vostok, EDC, Dome Fuji and ~64%nge at
EDML. A large shift in isotopic values does not essarily imply that larger temperature
changes were observed at Berkner during the LGRkitian. Interpretation of the water
isotopes in terms of temperature changes needs teedted cautiously especially with the

coastal sites where elevation changes contribygeifiantly or even predominantly to
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isotopic signals (Jouzelt al., 1989). The dynamics of ice sheet/ice shé&beasice growth
and decay all contribute to the isotopic variationise coastal sites have larger amplitude
of isotopic variations than the more inland sited this argument has been supported by a
model simulation, which removes all sea ice arofinthrctica and shows a limited impact
on the eastern plateau but a very large impacbastal locations especially near Taylor
Dome (Massoret al., 2000). The effects of complex combination faftors such as
temperature and elevation can be resolved withattleof ice sheet models forced with

different temperature variation scenarios.
3.3.3 Sample selection

The sampling strategy was based primarily on thetediam profile and the initial firn
densification model results to identify the approate location of thé™N isotopic thermal
anomaly in the ice core. The deuterium profile sbdwwo distinct peaks in the depth range
corresponding to the Marine Isotopic Stage 3 (M)Sp8riod, which is a warm period
during the last glacial, centered at around 50 Bfs The two peaks correspond to AIM 8
and AIM 12 warming events in Antarctica. The traiosi of the warming phase of AIM 8
event, which is the Antarctic counterpart to DOV@r& in Greenland, was identified from
~724.5 - ~719 m with a positive signal of ~ 30 %.dauterium (see Figure 3.3.3). The
warming phase of AIM 12 (analogous to DO 12 evarieenland) event was identified in
the depth range of ~752 - ~745 m with a positivange of ~ 40 %o in deuterium. The firn
densification model predicted that gas signals @appear 1.5 — 2 m deeper than the
signal in ice due to ice age — gas age differemoeencompass the warming and cooling
phase of both these events and to account forAttepth calculations and its related
uncertainties, it was decided to sample as mugiossible across these two events to avoid
the risk of missing an isotopic anomalydtiN. For AIM 8 event samples were selected at
a 55 cm resolution from ~709 — ~733 m and for AlRthhe samples were selected at 55 cm
resolution from ~742 — ~758 m (see Figure 3.3.8F iCe core was cut to 55 cm sections in
the field and was packed for transport. The 55 ettien is commonly referred to as
‘bags’. Samples were taken from each bag and tbaluton of each bag is ~ 200 yrs.

Upon measurements of all these samples it waszeeathat the3'°N signal was very
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peculiar after the AIM 8 event. In order to undanst this behaviour additional sampling

was carried out between ~693 — ~708 m.
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Figure 3.3.3:Using the water isotopic signals for AIM 8 and AN to choose the depths

where ice core to be sampled §3fN measurements.

3.4 "N Data: Timing and structure of the events

A high resolution record o§*°N was obtained for the period 26.4 — 49.1 kyr BPaayas
age scale. Figure 3.4.1 shod?aN data obtained in this study on a gas age schkefigure
shows three distinct peaks in thEN profile during the measurement period. The peak
from 49 — 44 kyr BP corresponds to the AIM 12 eyéme peak from 39.5 — 36.4 kyr BP
corresponds to the AIM 8 event whereas the largeak from 35.6 — 27 kyr BP does not
correspond to any Antarctic warming events docustkimd date. Samples from 44 — 39.5

kyr BP were not measured.
3.4.1 AIM 12 event

The 6N values started increasing gradually from an ayerwest value of 0.18 %o
around 48.7 kyr BP to a maximum of 0.25 %o near 4§r3BP. The amplitude of the signal
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is +0.07 %o over a period of 2400 years. The initede of increase was very slow but the
rate increased from 47 kyr BP, accounting for 5tf%he signal in only ~800 years. After
reaching the maximum the signal decayed to ~ 0.18I%est at a similar rate at which it

started increasing rapidly.

“Strange Event”
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Figure 3.4.1: A high resolutiond™N profile from Berkner Island ice core during the
Marine Isotope Stage 3. The two Antarctic warmiuagras, AIM 8 and AIM 12 signals are
observed in addition to an enormous “strange” digha 35 kyr BP.

During the DO 12 event in NorthGRIP ice core, 3 values changed by +0.17%o in less
than 400 years. The magnitude of change is lamgerd than twice as much) and the rate
of change is 6 times faster than the AIM 12 evebespite the slow rate in change of
temperature as depicted B and 8'°N (proxies for temperature changes), a signal of
+0.07 %o change iB'°N was obtained, which is similar to a change of08%. in 6*°N
observed during the last deglaciation in Law Don&SDce core and a change of +0.05%o

observed for similar period in EDML ice core (Lardat al., 2006). The measurement



technique developed in this study allows bettemtjfieation of thed™N signal, which is

comparable to the signals observed during the Atitagdeglaciation in previous studies.
3.4.2 AIM 8 event

The "N values remained almost constant at 0.20 + 0.0ftd%a 41.7 — 39.9 kyr BP after
which it showed a steady increase from 0.19 %..B2 06 in approximately 500 years
(from ~ 39.5 kyr BP — 39.0 kyr BP) then it suddedecreased to 0.16 %.. The values
increased slowly to 0.19 %o and then increased abryptly to 0.216 %o in less than 50
years (based on 3 samples measured across a 10renfram a bag). Thé™N values
continued to increase before reaching a maximu.2®%. around 37.9 kyr BP and then
decreasing to ~0.2 %.. The structure or shap&®f profile for the warming event AIM 8
is complex when compared to the AIM 12 event. kslaot show the smooth increase and
decrease coinciding with the warm and cold phasefvarming event. The structure of
the AIM 8 peak makes it difficult to identify thdasting point of the transition of this
warming event. Later in sections 3.4.5 and 3.5é5t°N data are combined wiD and
§°Ar data to understand tt%°N signal for this particular event. The data clgatiows an
increase of +0.07 %o from 38.6 — 37.9 kyr BP.

3.4.3 The “Strange Event”

At the end of the AIM 8 event peak th€N values decreased to 0.16 %. and then increased
rapidly to 0.29 %o in approximately 800 years. Sackarge enrichment i8N was not
observed during any of the warming events and ehischment is not associated with a
warming in theD signal. To further investigate this anomalousawétur of 3*°N more
samples from the depth range of 693 — 708 m wesdysed. After analyses of the
additional samples it was realized that the valpesked at 0.34 %. around 33 kyr BP,
however it could be possible that the peak valugdchave been missed as samples in the
depth range of 706.2 — 708.8 m were not measuregietheless the measurements do
confirm that the values increased rapidly and tlecrease to 0.2 %o very slowly over a

period of 5000 years. The shape of this strangé peasimilar to a warming event
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consisting of a warming and a cooling phase. Anaagmt enrichment of 0.2 %, would
reflect a large increase in Diffusive Column Hei¢DCH) or temperature or both or due to
some other isotopic fractionation mechanism in fine column which has not been
documented to date (discussed further in sectidr6B3. If the enrichment was due to an
abrupt warming event then this has to be a locamivay because such event was not
observed at any other sites in Antarctica durirgf fheriod and certainly not larger than
AIM 8 and AIM12 events. If the strange event isered linked to an abrupt climate change
then it may suggest that the climate regime ofdba&stal sites may be different from the
more inland sites of Antarctica. A localised wargievent has been observed in the past
for a coastal site like Siple Dome, where a 6 °@muag has been observed at 22 kyr BP.
Detailed analyses oD and §*°Ar and paleo-accumulation rate estimation may help

interpret this strange event.

3.4.4 EstimatingAdepth and Aage

At the close-off depth gases are younger than uh®wsnding ice due to diffusion of gases
in the porous firn layer. This leads to ice aggas age differencé\@ge) on the age scale
and in terms of depth scale it is referred Adepth. An important outcome of high
resolution and high precisios®N data obtained in this study would be to verifie th
modelledAage orAdepth, which was used to obtain the chronologyhefBerkner Island
ice core. Thé\age orAdepth can be calculated from the difference intposbf a signal in
ice 6D or §*°0) and in the gas phas#N, CHs, CO,). Figure 3.4.2 shows the plot &N
anddD on a depth scale. The difference in the positibthe maxima i*°N andsD peaks
for each warming event equatediepth. The calculatefidepth was then compared to the
model predictedAdepth (from herewithin referred to asdepthnogeled, Which was

estimated from the ice age — gas age differenadiqieel by the firn densification model.

The measureddepth for the AIM 8 event (~ at 720 m) is 2.1 m &odthe AIM 12 event
(~at 745 m) is 2.2 m. The uncertainties in theseulated values arise from the sampling
resolution and therefore are not more than £ 0.5on.the AIM 12 event it is possible that

the peak value may have been omitted as a samplet6a® m) adjacent to the sample

104



currently containing the peak values was not meaisdue to extraction errors. Regardless
of the degree of error associated with the calmnat the calculated\depth is in
agreement with thAdepthnogeiesof 2.15 m. The calculateages are 724 and 569 years for
the AIM 8 and the AIM 12 events respectively.
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Figure 3.4.2: A plot of 3'°N and D on the same depth scale to estimate AHepth

between the maxima in ice signal and in the gasasig
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Figure 3.4.3: A comparison between the calculatsalye and the modelletihge obtained
with the firn densification model (Goujaet al., 2003) that was used to derive the ice age

for the Berkner Island ice core.

These calculated values are also closer to the Inestiemates of\age of 670 years for the
AIM 8 event and 507 years for the AIM 12 event (Bégure 3.4.3 above). The calculated
Adepth and\age are in close agreement with the predifdagle andA\depth obtained with
the firn densification model (Goujoet al., 2003). The validity of the assumption that th
maximum in deuterium should be contemporaneous tith maximum ind*°N signal
really depends on the mechanism which is not vesll understood at this stage. More
recently Severinghaus et al. (2010) suggested dbeihg the glacial period there is a
possibility of larger convective zones in the ordeB0 m due to lower accumulation rates
and macro-cracks. However during the warming evantsthe glacial period the
accumulation would increase and then the dense Eysnow could possibly reduce the
ventilation of the firn and increase the gravitaibsignal. To explain an increase of 0.07
%o in 6N only 6 m of reduction in convective zone is nek@md should take place
simultaneously with increasing temperature. Thicima@ism is just a mere speculation at
this stage.

Hences™N measurements were able to verify the chronolddii@Berkner Island ice core
across the AIM 8 and AIM 12 events and to some reéxpgoves the validity of the

reconstructions for paleo-temperature and palearaatation rates based on the water
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isotopes that were used as the input variablekdrfitn densification model to derive the
ice age. However the chronology across the stramget could not be verified by th&N
measurements due to the lack of any correspondymgls in thedD profile. In Chapter 4
high resolution methane measurements were obtanédt revealed that there were some

discrepancies in the Berkner gas age scale durangdcurrence of the “strange” event.

3.4.58D versusé*°N

It is evident from thés™N measurements that tiAelepth is approximately 2 m across the
AIM 8 and AIM 12 events. To gain a better underdtag of the behaviour of th&"N
signals across these two events, &l data were depth corrected by applying an average
Adepth of 2 m (subtracting 2 m from the measuredhjeffheAdepth corrected™N data
were plotted together with tid data so that both profiles are on the same dajale (see
Figure 3.4.4 below). There is a remarkable resenteldetweeD ands*N data for the
AIM 12 event (f = 0.78). Dreyfuset al (2010) also observed high correlation between
8'°N and3D during the termination events in EDC ice core anggested that™N signal

could be used as a climate proxy in gas phase.

The identification of the starting point for the mvang transition of the AIM 8 event
became obvious by matching variationssib and §°N after correcting for the\depth
effect. It is evident that the climate started wiaugrat approximately 39 kyr BP (~724 m),
which was confirmed by the overlapping of incregssignals in both théD and §°N
profiles (see Figure 3.4.4). Th® values continued to increase although the rathahge
was slow as compared to the initial phase of thiEnewhilst thed™N values decreased
rapidly by approximately 0.06 %.. The decrease i@ &N signal during the warming
period tends to suggest that an abrupt increatsmperature caused the thinning of the firn
and therefore resulted in deple@dN values. Thé™N values then started to increase and
were most likely to be caused by thickening of fine and the temperature gradient. The
8N values increased very rapidly and coincided with maxima ir5D. The firn thinning
during the transition of the warming phase of thiVA8 event is discussed further in

Section 3.5.1, where argon isotope measurementssaceto determine DCH.
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Figure 3.4.4:Correlation betweedD and3™N after taking into account an averatgepth
correction of 2 m across the warming events anidnating Adepth from the model from
690 m — 715 m.

Figure 3.4.3 shows that the modellsage increases from approximately 700 years across
the AIM 8 event to 1200 years at 700 m, the deptiere the strange signal &#°N was
observed. Due to such large variations Aage between the two events it was not
appropriate to apply a constakdepth correction of 2 m. In fact from 717 m — 690the
depth corrections were estimated from the modetlechge — gas age difference and were
typically in the range of 1.5 — 6 m. It is intrigigi to see that thAdepth corrected™N
signal of this strange event does not coincide \aitly peak indD profile. Hence this
confirms that the large peak in th€N profile, which is referred to as the strange éyvisn
definitely not caused by any abrupt warming evemnactual fact théN values continue

to increase from 0.14 — 0.34 %o while thie profile shows a decreasing trend during this
strange event. There could be many factors atinipub such3'°N anomaly and these are

discussed in Section 3.4.7.
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3.4.6 Correlation between deuterium excessiXs) and *°N

The §*°N data were compared to the deuterium excesg profile for the MIS 3 period
(Figure 3.4.5) and it revealed that there was aedese indxsvalues before the onset of the
warming events. A decreasedrsindicates a shift in the moisture source regioa tmlder
source waters with reduced evaporation (Thoetad., 2009). Usually thdxsprofile is in
anti-phase with théd*®0 and 8D profile and is commonly observed in all Greenland
interstadials (Jouzelet al., 2007; Masson-Delmotteet al., 2005); however such
characteristic was not observed at the Berknendiskte. A more detailed analysis of the
dxsprofile would elucidate the mechanisms of warmimé@ntarctica during the last glacial
period as the signals of the moisture source maravere observed near the warming

events.
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For the AIM 8 event, thelxsvalues reached a minima, which coincided withdhset of
the warming phase @°N andsD signal. As for the AIM 12 event the mininmdxswas
observed before the rised°N. Suppose there is a consistent pattern, suchtteahinima

in dxscoincide with the onset of warming, then it raities question whether the beginning
of the 5'°N signal for the AIM 12 warming event has been missMaybe extending the

sampling depth to deeper depths would resolvaghige in the future.

Thomas et al. (2009) highlighted similar observation abobe twarming starting to
accelerate only after the complete transition efttksto a minimum across the DO 8 event
in the NGRIP ice core. It was noted that the moéource location shifted north to cold
but ice-free Greenland-Norwegian Sea that accelérdie warming (Thomast al., 2009).
This enhanced warming is consistent with a transff@ceanic heat to the atmosphere after
the insulating sea-ice has been removed. Probhislyahalogy could be applied to the AIM

8 event at Berkner Island to explain the mechamikolimate change.
3.4.7 Causes 08"°N enrichment at 700 m (“Strange Event”)

The enrichment o§*N in the firn layer is usually attributed to twacfars:
(i) increased gravitational fractionation due torgase in diffusive column height

(i) a transient temperature gradient due to antbvarming event.

It is evident from Figure 3.4.4 that the strangergwdoes not coincide with any warming
event. There are two small warming events (at 7Ghch709 m) within the depth range of
the strange signal, characterised by positive adsiofl 20 %o ibD that coincides with the

“lJumps” within the strange event. In the absenceany large abrupt warming event
coinciding with the strange peak, all the explaoradi for the occurrence of the strange

event are more focussed on the increase in DCHaantors influencing the DCH.
An enrichment of 0.2 %o could be accounted for byremease of 39 m in DCH, under the

assumption that all the apparent enrichmentdiiN was caused by gravitational
fractionation. The increase in DCH could be du¢h®thickening of the firn layer, which
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could be influenced by an increase in the accunaumatte. In order to increase the DCH
by 39 m from accumulation alone takes an extrenremmum of 394 years wherex is the
accumulation rate in metres/yr. The increase in OkId also be explained by a decrease
in convective zone depth or deepening of the ctddepth. The depth of the convective
zone is influenced by wind pumping or wind speed &ngenerally less than 10 m. Wind
pumping in the firn could be significantly damper®dlayers of snow with low porosity
and small grain sizes (Soweet al., 1992). If the wind speed decreased or if an
impermeable melt layer at the top was formed thendepth of the convective zone would
decrease. It would be difficult to obtain an inae#& DCH by 39 m due to the loss of 39 m
in convective zone although a large convective zoh€20 m has been observed in
megadunes at the Vostok site (Severinghatial., 2003). A decrease in convective zone
may contribute partially in the increase of the D@#hich could be confirmed in the future
from detailed measurements of’Cions or from the conductivity measurements of two
cores drilled parallel to each (Barnes al, 2006) Generally highes™N values are
associated with deeper close-off depths (CODs)chviare characteristic of colder sites
with higher accumulation rates (Sowetsal., 1992). It is evident from th& profile that
the site was cooling during the period of the gieevent and if it is proven that the
accumulation rates increased during the stranget ¢iven this would suggest deeper CODs

which inevitably means larger DCH resulting in amiehment of*N signal.

3.4.7.1 Palaeo-Accumulation rate estimation

An increase in the accumulation rate during theopeof the strange event could account
for the increase in DCH resulting in the observedoament in5*°N. Figure 3.4.6 shows
the accumulation rate deduced from the water igstogs there is a direct relationship
between water isotopes and accumulation ratetedtlg shows that the accumulation rate
increased from 4.5 to 9.5 g.@myr’ during the warming phase of the AIM 12 event and
from 3.5 — 7.5 g.cfyr® during the warming phase of the AIM 8 event. Thiggests that
most of the5™N signals observed across these warming eventsmalye to gravitational
fractionation rather than thermal fractionationthie temperature change was slow and

gradual. The accumulation rate estimation fromewatotopes did not record any increase
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in accumulation rate during the strange event. &the accumulation rates were deduced
from thedD profile, it shows similar trends @D and also recorded a decrease during the

strange event.

It is well understood that the accumulation ratesvetd from water isotopes is not valid at
certain times. The detailed accumulation rates sacigections of interest needs to be
verified by other independent method such a$ (&aestimate annual cycles) or from high
resolution CH, which could then potentially be used to validdke deuterium —

accumulation relationship.
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3.3.7.2 Changein altitude

During the last glacial period Berkner Island ideeat experienced large altitudinal
changes. The lapse rate calculations showed thatltitude started to increase in mid 40
kyr BP and had increased by 200 — 400 m by mid\y20BP. Figure 3.4.7 clearly shows
that the changes in altitude took place in two stdjhe rate of change accelerated around
mid 30 kyr BP and then the altitude change stoppedhentarily before starting to increase
steeply around 28 kyr BP. The increase in altitadrate of change at 34 kyr BP coincided
with the timing of the strange event. The rate barge in altitude stated here is
questionable and is very much dependent of thergatdution and smoothing of the data.
The rapid increase in altitude could be attributedincreased accumulation rate or

decreased mass flow or combination of both.
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Figure 3.4.7:Estimating Altitude change at Berkner Island froomparingéD profiles of

Berkner Island and EDML and applying lapse ratewation. (Mulvaney, pers. comm.)

11z



0.360 - —e—LSCE
—m— UEA

0.320 -

0.280 -

0.240 -

0.200 -

515N (per mil )

0.160 -

0.120 T T T T T 1
0 10000 20000 30000 40000 50000 60000

Gas Age (yrs)

Figure 3.4.8: A comparison between UEA and LSGEN dataset shows good agreement
particularly for the strange event. The low resolutLSCE data shows two strange peaks
before the deglaciation and both these peaks cEnwith the time when the altitude was

increasing.

At present the coincidence of the strange evertt witreasing altitude indicates that the
large enrichment i'°N values could be linked to an increase in DCH tuéncreased
accumulation during the altitudinal change. Howevier the absence of rigorously
guantified palaeo-accumulation rates this explamatould not be satisfactorily tested.
Figure 3.4.8 shows™N measured in samples across the ice core at L$@Every low
resolution. Generally there is a good agreementdet UEA and LSCE measured values
except two data points around 50 kyr BP. The memsents at LSCE also confirm the
occurrence of the strange event and exactly mdtehtiming and the magnitude of this
event. The LSCE data also show another peak octenent in5*°N which coincides with
the increase in the rate of altitudinal change do28 kyr BP. This observation
substantiates the connection between the obseargd Enrichments i6™N during the

strange event and large increases in altitude.

The agreement between the timing of enrichmeidtiN and increase in altitudinal change

suggests changes in the firn column could accoantttfe >N signal. This could be
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explained by increase in DCH during large altit@diohange but in order to explain the
decrease when the ice sheet stopped changinglaliguquite challenging. A decrease of
0.14 %o, which equates to a decrease of 27 m in D@t 6,000 yrs tend to suggest that
the accumulation rate decreased or the densifitatite was faster. The altitudinal change
calculations do not show either a decrease or@ease during the decreasing phase of the
8N but these calculations are questionable asfheneasurement resolution is poor in
these depths to draw any conclusive remarks. A regblutiondD measurements need to
be conducted in future and if the detailed datavsh@ decreasing altitude during the fall of
the strange signal then certainly this would confthat these apparent enrichment and
decrease ir5'°N values are linked to altitude changes, whichuim tcould be directly
related to large accumulation rate variations oletdi with high resolution chemistry

measurements in the near future.

Another speculation for the occurrence of the sgfeamvent could be due to some
fractionation mechanism not documented to dateh ag; the existence of a pressure
gradient and the effect of rapid altitude changetlo& bubble close-off fractionation.
Severinghaus & Battle (2006) proposed that gasedddoe fractionated during bubble
close-off process and is caused by pressure gtadietween the newly formed bubbles
and the adjacent open pores, that drives a peronefitix of selective gases through the
thin ice wall. The flux of a gas from the bubblalisectly proportional to 3P/ (where x is

the mole fraction of gas n in the bubble, P iskiheometric pressure in the open pores and
they is regarded as the wall thickness). This suggistswhen pressure decreases, the
wall thickness also decreases to maintain coniiantlt was suggested that the extent of
this effect was mostly dependent on the atomic/mdée size with a threshold atomic
diameter of ~3.6 A, above which the probabilityaajas escaping from the bubble becomes
very small. It is understood that the bubble cloferactionation is almost negligible for
N, however during the altitude change the pressuagligmt could be possibly higher

leading to the escape of lighter isotopes acrassghin wall.
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3.5 Temperature reconstructions for AIM 8 and AIM1 2 events

The 5°N measurements across the AIM 8 and AIM 12 evembsvsa signal of +0.07 %o,
which is significantly larger than the signal of.8® %. observed during the MIS 5d/5c
transition at Vostok (Cailloet al., 2001). The magnitude of changes$irN observed are
comparable to the magnitude of change observeagltine last deglaciation at the EDML
and Law Dome DSS ice cores, where temperature elsangthe range of 8 — 10 °C were
observed (Landais et al., 2006a). Usually the teatpee changes for the AIM events in
inland Antarctic sites like EDC and EDML are in thenge of 2 — 4 °C (EPICA, 2006).
Does this imply that Berkner Island being a coasttd experienced larger temperature
changes during the AIM events than the more inlsites during the Antarctic warming

events in the last glacial period?

Larger magnitude of change 3N does not necessarily imply large temperature ghsn
just like the occurrence of the “strange event”.yAemperature increase is generally
accompanied by an increase in accumulation rate &itoncurrent increase in the DCH.
The warming also causes the firn to thin as thastamation of snow to ice proceeds
faster in warmer temperatures as it is a tempexafiativated metamorphic process. Hence
the observeds'®N anomaly is due to a combination of gravitatiormld thermal
fractionation. Thes*’Ar data are used to correct for the gravitatiomattionation in the
measuredd™N and the remaining term known as tB€&Neycess Which is the thermal

fractionation component is then used to reconstemperature changes
3.5.18"Ar Results

To extract the thermal counterpart of the obserééiN isotopic anomaly,d*°Ar
measurements were carried out to enablle,cesscalculations. The argon isotopes in the
depth range of the climatic events were measurecladratoire de Science du Climate
de 'Environment (LSCE) in Gif-sur-Yvette, Francader the supervision of Dr Amaelle
Landais.
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The 5*°Ar data obtained were noisy therefore the use efehdata in any quantitative
assessment would be inconclusive. Figure 3.5.5 phe data a8*°Ar/4 and theoretically
should be equivalent t6*°N in the absence of any thermal fractionation. dialt 16
samples were measured across the AIM 12 eventobuthich 3 samples could be
eliminated on the basis of procedural error andterosample as an outlier. Despite the
elimination of the suspected data there was stidkdain degree of scatter. Takiimgo
consideration the values which were assumed t@&leimplied that most of the observed
8'°N signal across the AIM 12 event was due to gréuital fractionation.
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Figure 3.5.1: The5*°Ar/4 data plotted together with tB&°N data on the same depth scale.

The §*°Ar measurements were performed on 11 samples atitessIM 8 event and four
samples had*’Ar/4 values extremely lower thad™N. The validity of these data is
questionable and needs to be re-analysed in fulir@nportant observation for this period
is that the3*°’Ar/4 also shows a sudden decrease during the tiemsif the AIM 8 event.
The §*’Ar measurements confirm that during the transit@inthe AIM 8 event the
temperature rise caused the thinning of the figelaThes*°Ar/4 data matched th&"N

data at the beginning of the transition and whestatted to decrease. However, when the
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temperature reached its maximum, according toStg profile, the5*°Ar/4 values were

lower than the recorded minimum &°N. This difference could be attributed to a
temperature gradient in the firn resultingdMNeycessOr could simply be due to an artefact
in the analytical method. However if t1&°Ar data during this period were real then it
would suggest that the DCH decreased by approxind#® m. The deuterium profile

implies an increase in temperature of approxima8I@ across the AIM 8 event. The
estimated decrease in the DCH is in agreement@ailion et al. (2003), which suggested

that a rapid increase in temperature of 2 °C ctadd to a 10 m reduction in the DCH.

The samples were not analysed in duplicate buttttal analytical error fors*°Ar
measurements using the same extraction technigdeinstrument has been previously
reported in the range of 0.016 — 0.020 %. (Amaehladais, personal communication). In
future some of these measurements should be repieadeiplicate to gain better estimates
on the accuracy of the method. One of the reasorsuth large scatter in the dataset could
be due to poor quality of the samples. Some of#mples may have been sampled from a
fractured column of the ice or some of the samplese being exposed to temperatures
above -25 °C during transportation from NorwichGd-Sur-Yvette. The samples were
shipped in thermally insulated box packed with ddliG, and the box was sent by air
freight for next day delivery. The delivery was agd by 24 hours and therefore there
could be a possibility that some ice samples inlibe (probably those at the top) had
warmed up slightly although there were enough s6l@ remaining in the box and ice

melting was ruled out upon visual inspection ofsaenples.

Ikeda-Fukazawaet al. (2005) demonstrated that the storage temperatffects the
composition of the trapped gases. Gases coulddeabkf the ice lattice depending on the
molecular size of the molecules (Hubefrral., 2006a; Severinghaus and Battle, 2006).
Gases in ice leak through micro-cracks causing nueggendent fractionation, often
observed in poor quality ice and the gas-clathtatesition zone where ice samples are
typically fractured (Bendeet al., 1995; Kobashet al., 2008). Argon is relatively more
susceptible to the gas loss processes than nitiehgramg core retrieval and storage (Bender

et al., 1995). The depth of our study is out of tles-glathrate transition zone but the
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quality of these samples may have been compromndseithg transportation. There are
contrasting opinions about the influence of gas l@®cess on the isotopic composition of
the gases. Kobasht al. (2008) observed argon loss but the isotopmpmusition appeared
to be unaffected whereas some other studies (et al., 2003; Severinghaus et al.,
2001) indicated that gas loss process affectspgotmmposition. In order to eliminate the
possibility of gas loss fractionations and to intee quality of the ice core samplé&./N-

(a proxy indicator for the quality of the ice casamples) an@Ar/N; should have been
measured. Th&Ar/N, ratio is a very good proxy indicator for the ambahargon isotopic
fractionation by gas loss (Severinghaisal., 2003). Unfortunately these ratios were not

measured as the;lnd Q gases were removed from the sample prior to aisalys

3.5.26"Neyces@pproach for temperature change reconstructions

Measurements of both nitrogen and argon isotoplesvahe extraction of the thermal
isotopic anomaly, a parameter caliE@NexcesOr 5 °Nys, Which can be related to change in
temperature AT) during an abrupt climate change (Grachev & Segéaus, 2005;
Severinghaus and Brook, 1999; Landatsal., 2004a, b). There are numerous ways in
which 8*°N and§*°Ar could be used in the evaluation 5. Severinghaust al., (1998)
forced a gas and heat diffusion model with bounaanyditions of a 5 °C step function to
simulate the observedN and *°Ar datasets. A similar approach of using an iHitial
prescribed magnitude of warming in some form ofeg $unction in the model of heat and
gas diffusion combined with firn thickness estinsafeom a firn densification model
(Schwanderet al., 1997) was employed in the work of Severinghetual., (2003) and
Taylor et al., (2004). The magnitude of the initially prebed warming is adjusted until a
best fit to the observed data is obtained. A tewmipee history from the borehole
temperature calibrateit®0Oie was used to drive the model to fit tiéN and*’Ar datasets
to obtainAT during the Bglling Allerod Transition in the GI3ke core (Severinghaus and
Brook, 1999).



Another possibility of generating surface tempemthistory from&*®Oie is through a
linear relationship with a constant slope ¥ d6*°0i./dTs) across the transition of the
climatic events. Landaist al. (2004) used. values ranging from 0.26 to 0.70 in the firn
densification model developed by Gouj@t al., (2001) to simulat&sNeycess This
particular approach was validated by sensitivistaef the modelled™Neycessto different
surface temperature scenarios, derived indepernydenftithe %0, profile. A similar
approach was used to model #8\excessprofile to interpret temperature changes during
the DO 18, 19 and 20 events at the NorthGRIP kadadaiset al., 2004b).

This project was designed to measure a high résnlét®N and§*°Ar across the AIM 8
and AIM 12 events to calculaté®Nexcess Which could be modelled by firn densification
model to interpreAT across these climatic events. An important outah this study
would have been to calibrate the classit8Di.. palaeo-thermometer and to establish if
Berkner Island had a different or rather warmematie than the more inland Antarctica
sites. Due to the scatter3\°Ar measurements these objectives could not belédfat this

stage.

On a hypothetical basis it is possible to calcubatexcessby eliminating samples that were
subjected to procedural error such as leaks orskample volumes or outliers and samples
that had unexplained low values across the AIM 8névFigure 3.5.2 a,b shows the
8" Nexcessprofile for the AIM 8 and the AIM 12 events anctfollowing data interpretation
should be treated with caution as data points wkm@nated to reduce the scatter. Grachev
and Severinghaus, (2005) stated that & Blexcesscould be utilised directly to calculate
temperature changes by taking advantage of thadtdhy determined thermal diffusion
coefficients for’®N./*®N, and*°Ar/*°Ar for a typical glacial temperature range of -600t
°C. This is a very simple and direct approach ofventing5*°NexcesdnNto AT and does not
involve any modelling and its associated assumpti@md uncertainties. However due to

the lack of confidence i6*°Ar data further interpretation would be unjustified
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Figure 3.5.2: Presumed°Nxs for (a) AIM 12 event and (b) AIM 8 event.

The " Nexcessprofile obtained for AIM 12, after rejecting thespected data (4 points),
shows that there might be a small thermal signal0®2 %o but the uncertainties on these
measurements are quite large to draw any conclusivarks. Interestingly it shows that
there was a cooling before the warming of the AlRelent. Although the cooling is much
more dramatic here (may be due to poor quality #&ga})] this particular observation is very
similar to what has been observed for DO 12 at N&GREndaiset al., 2005, Landaistal.,
2004). The presumeit™Nexcessevolution for AIM 8 is very impressive as the saamd the
position of the peak coincides with the predictéthpe and timing. In addition, the
8" Nexcess Clearly shows an increase of 0.04 %o, a signifigapronounced signal as
compared to AIM 12 event. This may suggest thaflasertemperature change was larger
and more abrupt during AIM 8 than during AIM 12.iFlso raises the question regarding
the validity of the modern spatiab — T relationshipd) during the AIM 8 event. To fully
answer this question, more prec@&Ar measurements and a rigorous modelling with a
firn densification model is needed. There has lwmumented evidence that coastal sites
may have lower isotope-temperature coefficients @ndd experience larger temperature
changes (Masson-Delmotte, 2003). The Law Domehsitea coefficient of approximately
3%0 per °C, which is almost half the observed vaitemore in-land sites (Masson-
Delmotte, 2003). Certainly the changes$irN across the AIM 8 were more abrupt but this
does not imply large changes in temperature buldcalso be attributed to changes in the
hydrological cycles that influence the accumulatiates.
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3.5.3 Using the firn densification model to reconstict temperature changes

3.5.3.1 Temperature reconstruction from the measured 6°N data only: examples from

previous studies

As discussed in the previous section that&hhle,cessapproach to reconstruct temperature
changes was not successful due to poor quéif§r data. However, there are numerous
studies that estimated temperature changes at@sbtupt climate events without the use
0of 5%NexcessOr 5°°Ar measurements (Leuenberggral., 1999; Lancet al., 1999; Hubegt
al., 2006a; Kobashgt al., 2007). Thés™™N data were explicitly corrected for gravitational
influence (provided if the accumulation rate iswetely known) by the firn densification
model and then the residudl®™N variations were attributed to firn temperaturadient.
Below is the summary of data interpretation of theividual studies that only used the

measure@™N to reconstruct temperature changes.

Leuenbergeret al. (1999) corrected the observ8N profile in NGRIP ice cores by
applying gravitational correction obtained with the densification model. The residual
8'°N profile was simulated with a dynamic firn denséfiion model with incorporated heat
transfer and molecular diffusion (Schwandgral.,, 1997). The model was run for three
temperature scenarios: (1) the quadratic temperateapendence 0#1°Oi, calibrated by
borehole measurements and using two isotope — taiope sensitivity; (2P5'0/0T =
0.67%0/K and (3)95'°0;.d/dT = 0.33%./K. The accumulation rate changes werenaséd
from the calcium and ammonium records, which showedduction in the accumulation
rate of 25% for the study period. THE°N profile generated with the temperature
dependencies @5'%0,./0T = 0.33%0/K closely matched the measusétN. Kobashiet al.
(2007) used the firn densification model (Gougdral., 2003), surface temperature proxy
derived from&'®0,. with an adjustable scaling as a surface temperature proxy, and
independently estimated accumulation rate from ahtayer counting with ice flow
corrections to calculate the DCH and thermal gradia the firn. The thermal and

gravitational fractionation o6'°N was separated and a cooling of 3.3 + 0.5 °C was



estimated for 8.2 kyr BP event based on an oxygetope temperature sensitivity @f=
0.55 + 0.05 %o/°C.

Langetal. (1999) assumed no significant change in théi@hough the measuréd™N
was corrected for gravitational fractionation b timodel. The two approaches taken here
to reconstruct temperature change were slighthfedint from the one adopted in
Leuenbergeetal. (1999). Lang et al. (1999) derivedrom theAage calculations obtained
with the model, which was then used in the firn gification model to simulate the
measuredd'®N. However, assuming constant DCH or applying amtsigravitational
correction is not favoured because of the varighifi accumulation rates that could have
an effect on the firn thickness and subsequentlthed™*N signal. The approach of Huber
et al. (2006) (discussed in Section 1.7.1) seembetaan ideal way of reconstructing

temperature changes across the warming eventstfremeasured totat°N signal.
3.5.3.2 Firn densification model results for Berkner Island

The firn densification modelling work was carriedtdn collaboration with Jean-Marc
Banola from LGGE. A firn densification model devedal by Goujoret al. (2003) was
used in this study to simulate the measuret signals. The temperature history and the
accumulation rates used in the model were deriveth fthe deuterium isotope profile,
using empirical relationships which are valid at®&Dn addition an independent estimation
of accumulation rates were also obtained from gaskens (CH, CO,) from EDC and
Berkner Island gas profiles. The annual layers wateulated from the gas markers, which
were then divided by the thinning rate obtainednfitbie ice flow model to calculate paleo-
accumulation rates. There are large discrepancéwelen the two accumulation rates
estimation approach. For the time period of inteteshis study (27 - 50 kyr BP) the
discrepancies are as large as 70%. It has beeremprhat the temperature dependency
derived accumulation rates can be lower duringglaeial times (Cuffey and Clow, 1997;
Huberet al., 2006a) and that the empirical relation betwaecumulation and temperature
may not be valid during glacial times. On the oth@nd there is a significant uncertainty in

the accumulation rates derived from the gas maaesto poorly constrained thinning rate
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from the ice flow model and poor gas data resatutibis difficult to decide which palaeo-

accumulation estimation is the best scenario ferntodel simulations and as a result both
scenarios were used.

Figure 3.5.3 & Figure 3.5.4 shows the model outjont3™N using both accumulation
scenarios and temperature history derived frometieuh data. The model works well for
the Holocene period as it closely matches the mmeasnts. Figure 3.5.6 also shows that
the model output with the accumulation rate derifretn deuterium fits the data for the
Holocene period and therefore suggests that thatioethip between accumulation,

temperature and deuterium valid at inland Antasctstich as Dome C is also valid at
Berkner.
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Figure 3.5.3: Modelled 8N output from the firn densification model with the

accumulation history derived from deuterium profited) and gas synchronisation (blue)
fitted to the measuretf°N (green squares).

124



0.34 1 m

|
"
0.3 m , .
— |
= [
0.26 ¥ g
(<B]
=
5
0.2 |
0.18 -
0.14 T T T T T T T T T 1
690 700 710 720 730 740 750 760 770 780 790
Depth (m)
\ —accumulation derived from deuterium —accumulation derived from gas markers B d15N \

Figure 3.5.4: Modelled3*°N from the firn densification model fitted to measments for

the depth range of 690 — 760 m.

Both model runs disagree with the measurementsan600 — 760 m depth range. The
modelleds™N from temperature history and accumulation ratéved from the deuterium

isotopes were overestimated across the warmingtevéithough the peak measured
values for AIM 12 event were matched by the motle, amplitude and the timing of the

signals for both events could not be reconciledh it model.

Landaiset al. (2006a) noted similar observation of modehdaismatch during the glacial
periods in Antarctica. In that study the Arnaeidal. (2000) model was forced with the
water isotopes derived accumulation rate and thedemutputs for 8°N were

overestimated by 0.1 %o and 0.25 %o during the LGME®ML and Law Dome DSS ice
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cores respectively (see Figure 3.5.5 & 3.5.6) (laamet al., 2006a). The disagreement
between the modelleit®N and measurements in this study is not as larglecs® observed
by Landaisetal. (2006a) and there is an excellent match duhegHolocene period, which
in contrast to the EDML model-data match (see FEdlb.7). The annual layer counting in
EDML ice cores during the early Holocene suggesitied the accumulation rate inferred
from water isotopes was underestimated by 30%. rBvesed accumulation rate from
annual layer counting resolved the data-model misiméor the early Holocene period in
EDML (Landaiset al., 2006a). Lower estimates for accumulatioe icring the LGM,
obtained from Dome C — EDML dust and volcanic peayschronisation, reduced the

mismatch in EDML ice core to some extent.
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Figure 3.5.5: 5'°N measurements on the Law Dome DSS ice core (gireles). 0N
evolution from théArnaudet al. (2000)model forced by modern surface conditions forédtid

deduced from the water isotopes for LGM (the blagktinuous line is inferred when using the
spatial slope, 0.67%4 ™, and the black dotted line when using the tempsealsonal slope,
0.44%0.°C™Y. (Figure adapted from Landais et al., 2006)
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Figure 3.5.6:5"°N measurements on  the EDML ice core (grey c)ciN evolution from the
Arnaud et al. (2000) model forced by surface conditions (accumulatiate rand temperature)

assumed to be modern levels for EH and deduced tihemvater isotopes for LGM (black dotted

line). (Adapted from Landaist al., 2006a)

Previous studies have indicated that the accunoulaéite derived from water isotopes may
not be accurate and should be treated with cadtipintarctic sites, e.g. Taylor Dome
(Monnin et al., 2004), Siple Dome (Taylat al., 2004; Severinghawet al., 2003), Vostok
(Parreninet al., 2004) and Dome C (Udisét al., 2004). The atmospheric conditions
especially for the coastal sites could distortaheumulation — water isotopes relationship.
The Holocene accumulation rate variability at Lawniz DSS site was not linked to
fluctuations in water isotopes because this coagtais affected by strong cyclonic activity
as compared to more inland East Antarctic, wherealldemperature controls the

atmospheric moisture content (van Omreeal., 2004).

The accumulation derived from synchronising gasfile (CH, and CQ) of Berkner
Island and Dome C, indicated by the blue line iguFé 3.5.4 shows lower modell6’N
values as compared to those values obtained watacbumulation rate derived from water
isotopes. This model run does not simulate eitheraimplitude of the measurements or the

timing of the event but is not in vast disagreenmanbbserved for the other Antarctic sites
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such as Law Dome and EDML (Landaisal., 2006a). There is some time — depth offsets
between the two model runs. This is not unusuaifsrent accumulation scenarios were
used and such mis-match in finer detail is notracem here because both model runs did
not match the amplitude well enough. However, riiwlelleds™N values obtained with
the accumulation rate derived from synchronisatibgas records reproduced the baseline
values of the climatic events whereas the moded&® values obtained with the
accumulation rate derived from the deuterium isesopaptured the maximum values of the
measurements, particularly for the AIM 12 event. tB@ basis of the two model runs we
can speculate that during the transition of thenag events the accumulation rate
increased rapidly. If the isotope — temperaturdfment (o) observed at inland Antarctica
(6.04 %o per °C at EDC) is also valid at Berkneatsl then an increase in accumulation
rate from ~2 cma— 6 cm & for the AIM 8 event and an increase from ~ 2.5a&m 9 cm

a' for the AIM 12 event would reconcile the mis-mataétween the model data and the
measurements (Barnola, J.-M., pers. comm.). Hens@easuch as Berkner Island with
these high resolutiof™N measurements may give the best chance of regothim™°N
data — model mismatch and to provide insights apast accumulation rate changes and its

relationship to temperature during an Antarcticmiag event for coastal sites.

In order to calculate the absolute temperature gésifrom the observeit®N signals and

to calibrate théD — temperature coefficient of 6.04 %o, per °C, aouaate accumulation
rate history needs to be known. More reliable apginoof estimating accumulation rate
such as high resolution Nadon measurements across the climatic event shbeld
considered in future. The annual layers can berriadefrom high resolution Naion
measurements which then can be multiplied by thipmate to obtain accumulation rates.
Once the accumulation rate history is known andpssimg the model can replicate the
amplitude and timing of warming events, then tHeoparameters such as the depth of the

convective zone and temperature sensitivity coeltlined to fit the measurements.
Currently theAdepth andAage inferred from the difference in the positiontloé peak

signal in 8"°N and 8D agrees well with the model results. Consequerttg §*°N

measurements validate the chronology of Berknemtklice core through the warming
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events and therefore support the assumptions regatide accumulation rate history and
temperature history. If the accumulation rates sithe warming events are different and
are not linked to water isotopes then it could deathe existing age scale of the ice core.
In order to conserve the age scale of the ice dwe, protocols could be adopted as
highlighted by Hubeet al. (2006a): (1) change the accumulation rate amthiting rate
accordingly since the age scale depends only omrb@uct of accumulation and the ice
thinning and (2) change the slope of the accunanatd 6D dependency but maintain a
constant average accumulation rate over a cergiiog The slope could be increased
during the warming phase to give a higher accunmriatite and decreased to give a lower
accumulation rate during the cold phase of the afiienevent. Hence changing the
accumulation rate does not imply that the currémwbrology verified by ous™N data

would be destroyed.

3.5.4 Phasing firn temperature gradient withd*°N profile

The model of Goujoret al. (2003) also calculates the past firn temperaguaglients. The
firn temperature gradient is not so sensitive tuawlation rate changes but is sensitive to
temperature changes imposed by rapid warming. Tdoeinaulation rate changes will
influence the positioning of these temperature igrad. Figure 3.5.7 shows the phasing
between the temperature gradients and &t measurements. The firn temperature
gradient, obtained from the model using the deumerderived accumulation rate, is in
phase with thé™N measurements for both climatic events. Not ordg h matched the
two climatic events but also the cold dip before #frange event as well. The increase in
firn temperature gradient matches the variation poditioning of thed™N peak and

therefore fully confirms that we have identifiesvarming signal in a gas phase.
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Figure 3.5.7: Phasing of the measur&¥N (pink) with firn temperature gradients obtained
from the model forced with the accumulation histderived from the deuterium profile
(blue) and gas synchronisation (red).

The phasing correlation suggests that the reldtipnsetween deuterium and accumulation
established for the central part of the Antaratie sheet is also valid at Berkner Island for
the two warming events. This may be contradictorwhat was stated earlier regarding the
relationship between deuterium and accumulatioa tdowever it may be true that during
the warming events the relationship between dauteand accumulation rate may not be
valid. It could be changing quite drastically owershort period of time which could

potentially induce greater gravitational fractiaoatof nitrogen isotopes. On a longer time
scale the accumulation rate derived from deutegiras an average accumulation for that

particular period and therefore does not affecictivenology.
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The firn temperature gradient obtained using theumnulation rate derived from gas
synchronisation is out of phase with #/&N signal. This suggests that the thinning rate

obtained from the ice flow model to calculate acualation rate is not correct.
3.5.5 Use of the firn temperature gradient to estimte surface temperature changes

More recently Kobasletal. (2007, 2008) stated that the firn temperatureligrd from the
model can be successfully used to reconstructsteamperature changes in Greenland ice
cores based on two assumptions: (1) gravitatiam@lence is very minimal and (2) the
change in the temperature gradient in the firn dayemics the surface temperature
evolution if it is a rapid surface temperature gaon a decadal — centennial timescales, or
if it is faster than heat diffusion in the firn. oKashiet al. (2008) modified the firn
densification-heat transfer model (Goujehal., 2003) to calculate surface temperature
changes from the firn temperature gradient hist@nyd accumulation rate. The
accumulation rate history was obtained from vidager counting coupled with ice flow
corrections. The surface temperatures) (Was generated by adding the calculated
temperature (J) at the bottom of the firn in the previous modeéayto the firn temperature

gradient calculated froBt°N and3*Ar.

The approach adopted by Kobashal. (2008) of using the firn temperature gradientldou
not be used to calculate the surface temperatuaages in this study because 6i8Ar
data were noisy, and because the temperature cla@nges the two events occurred on a
longer timescale of 800 — 2400 yrs. Consequeritly firn temperature would have
completely equilibrated and therefore we only seery small temperature gradient in the
range of 1 — 1.5 °C. This may indicate that 3 technique may not be an appropriate
method to estimate temperature changes for theré&itavarming as the temperature
changes occur on longer timescales as compareceenfand sites. Nevertheless &N
signal obtained for the AIM 8 and AIM 12 is defiglig a climatic signal. It may not be
directly related to temperature changes but igedlanore indirectly through an increase in

accumulation rate due to the increase in tempezatod concurrent increase in the DCH.
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3.6 Summary

ThedD profile reveals that the climate record from Berkner Island ice core is consistent
with climate records from the other sites in AntiarcThe climate instabilities during the
last glacial period are evident in the ice coreordc showing two Antarctic warming
events, the AIM 8 and the AIM 12 event which ocedriat approximately 38 kyr BP and
46 kyr BP respectively. Th&#°N measurements of the trapped nitrogen gas incthedres
across these two warming events revealed a sigrd.07 %.. In addition to these signals
across the Antarctic warming events an enrichm&8t2%. in3'°N was observed after the
AIM 8 event.

The observed changes in #i8N data across the two warming events were smalitlaad
rate of change was slow as compared to the anadopQuevents in Greenland ice cores.
Nevertheless the newly obtained high precisid™N measurements during the MIS 3
period produced isotopic anomaly that were largantthe documentets™N for the last
glacial-interglacial signal observed in EDML andaALBome DSS ice cores. These small
signals could be observed partly due to the imptawnethod adopted in this study, which
was specifically designed for identifying smallrsads in Antarctic ice cores. The data for
the AIM 12 event reveal a cooling event precedimg major warming event, a pattern
consistent with the DO 12 event in Greenland. Dytime AIM 8 event the temperature
rose very abruptly resulting in rapid thinning bétfirn as indicated by the deplet&aN.
After the AIM 8 event thé™N signal increased anomalousipd does not correlate with

any known Antarctic warming events during the MIfe3iod.

The Adepth andAage values were calculated by plottisfgN and 3D data on the same
depth scale. The calculateédiepth andAage agrees well with the modelladlepth and
Aage, which was used to derive the chronology ofBekner Island ice core. Hence the
8N measurements verified the derived chronologysactbe AIM 8 to AIM 12 event and
also validate the assumptions used in the temperaacumulation and deuterium isotope
relationships. Thadepth corrected™N data show a high correlation with tBB data for
the AIM 12 event (r= 0.78) and there is also a high degree of coemdd between the
onset and the peak of the warming signabN andd&D for the AIM 8 event. The very
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large peak around 700 m, referred to as the “ser@vgnt’ does not coincide with any peak
in thedD record and therefore could not be to attributedrty climatic warming event. An
increase of 0.2 %o could be accounted for by aremee of 39 m in the DCH. An increase
in the DCH seems to be a logical explanation bex#us occurrence of this strange event
coincides with the time when the ice sheet at Berksland was undergoing change in
altitude. The hypothesis that the strange evelrtked torapid increase in altitude change
could be further validated by independent evidesfc@creasing accumulation rate during
this period. The accumulation rate derived fromtéeum does not record any increase in
accumulation rate during this period. It is possilthat the deuterium — accumulation
relationship failed during this time and thereftinere is a need for a palaeo-accumulation

rates estimation that is independent of water seto

The quantification of the thermal isotopic anonmligom the observed'N data is
important in evaluating the magnitude of the terapee change during these climatic
events and also to calibrate 62 — temperature sensitivity. TBEAr measurements were
very noisy, and any estimation of th&N excess parameter was inconclusive. The firn
densification model was incapable of simulating theserveds™N signal and failed in
interpreting thes**N signal in terms of gravitational and thermal coments. Due to these
limitations it was not possible to quantify the fmmature change during the climatic
events. The fact that there is an agreement betiieemodelled and the calculatAdge,
suggest that the modern isotope — temperaturetisggsof 6.04 %./°C could be valid for
the glacial period. Therefore based on the watopes the temperature change for the
warming events would be in the range of 4 — 5 °Riclvis not significantly different from
the inland Antarctic sites. Th&D — temperature sensitivity should be calibrateduinre

by firn densification modelling. It is obvious thidile main reason for the current failure of
firn densification model is the highly uncertaincamulation rates. The model-data
mismatch suggests that Berkner Island experienaegpk Ivariations in accumulation rate
during the warming and strange events. An indepetraesessment of palaeo-accumulation
rates such as high resolution 'Naeasurements to infer seasonal cycles could exfiai

strange event and also reconcile the model-dataated.
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An interesting outcome of the modelling work wasgihg the firn temperature gradient
with the 8N signal. The firn temperature gradients during thv® warming events,
obtained from the model using the accumulation dateved from the deuterium isotopes,
are in phase with th&"N signal. The firn temperature gradient is lesssiiae to rapid
variations in accumulation rate changes but is nd@gendent on the surface temperature
changes during the warming events. An excellentsiplgabetween the positive firn
temperature gradient and tlé°N signal confirms that the isotopic signal obtairisd
definitely a climatic warming event. This phasifgoavalidates the timing of the observed
8N signal and therefore provides further constraimsthe chronology of the Berkner
Island ice core in addition to the constraints mted by theAage calculations. The
absolute values of the firn temperature gradieatvary small and suggest that the change
in temperature was slow and gradual therefore mbshe observed™N signal was
gravitational in nature. Nevertheless, the sigrieoved is clearly a climatic event. The
8N signal may not be directly related to temperatiranges but more indirectly through
an increase in accumulation rate due to increasefemperature resulting in a larger
gravitational fractionation and again argues fottdseaccumulation rates via detailed
chemistry.

Temperature can have two main effectsddiN. Firstly the thermal fractionation effect
should cause a transient change wherever a tempemtadient exists in the firn. In this
case the firn temperature gradient of 1 — 2 °Qhausand of years across the two warming
events. The thermal fractionation for the two wamgnevents studied here would be in the
order of 0.01 %.. Increasing temperature could evite the gravitational signal 6°N
signal either way; increase in temperature is galyelassociated with an increase in
accumulation rates that would increase the firokiéss thereby increasiag’N values but

if the accumulation rate is not changing then iasieg temperature could decrease the firn
thickness due to faster densification process ameiis the COD thereby decreasiBigN
values. The decrease 3N values across the warming event AIM 8 is not ualisind
Caillon et al. (2001) have observed similar behawior 3'°N signals during the warming

events in Vostok ice cores. In common with othethars we are therefore unable
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quantitatively to explain th&"N signal although it seems to correlated with terapee or
oD proxy.

Currently it is impossible to isolate the thermighsls from the5™>N measurements due to
the limitations mentioned above. TREN technique could not successfully be applied to
Berkner Island, implies that this site does nobrdgapid temperature changes on the order
of decadal-centennial timescales during the warn@mngnts. Nevertheless indirectly the
8N signal obtained is likely to be a complex proxy €limate change at Berkner Island
responding to both temperature and accumulatior. igh resolutio*>N data could be
correlated with methane (regarded as a proxy famate change in the Northern
Hemisphere) from similar depths, which would previdnsights into the phasing
relationship between the Northern and the SoutkEmmisphere climate. Th&°N signal
and methane are proxies for changes in the gaseplas therefore thus overcomes
uncertainties in phasing due aage, which is crucial in synchronising the climebtange

records between the two hemispheres.
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Chapter 4: Trace Gas Measurements across the AIM 8
and AIM 12 Event in the Berkner Island Ice

core.

4.1 Introduction
4.1.1 Timing of millennial-scale climate clgann Antarctica and Greenland
during the last glacial period

4.1.2 Bipolar seesaw mechanism

4.2 Methane Data
4.2.1 Sample selection
4.2.2 Discussion

4.3 Phase relationship between Antarctic and Greenl and climate

during the last glacial period

4.4 Phasing of atmospheric CO , and &N for the AIM 12 Event.

4.5 Summary



4.1 Introduction

Gases trapped in air bubbles in ice cores provaleable information about the past
atmospheric composition of greenhouse gases suChaand CQ. Reconstructing the
atmospheric histories of these gases provides & f@sunderstanding past climate
dynamics particularly by determining the phasingween climate change and the
greenhouse gases. In May — June 2009 | measurge@cdoss the AIM 8 and AIM 12
events in an ice core from Berkner Island. Measerémwere made at the Laboratoire
de Glaciologie et Geophysique de I'Environment (LE§GGrenoble, France under the
supervision of Jerome Chappellaz. These data asepted in this chapter. Also
discussed are the GQlata for the AIM 12 event measured by Hinrich ®tba at
LGGE.

The primary aim of the high resolution methane raeasents across the two warming
events is to try to establish the phase relatign&l@tween Antarctic and Greenland
climate change. Due to rapid inter-hemispheric ngxiimes of ~ 1 year, large scale
changes in methane or any other long lived atmagpbases are globally synchronous
at the timescales that we are investigating hesea Aesult, methane measurements in
ice cores provide a valuable tool for synchronisagcore chronologies and comparing
the timing of climate events, which are recordedvhyious proxies in the ice cores,
between the hemispheres. It has been shown thegases in methane are almost
synchronous with increases in temperature in thehdm Hemisphere (Hubet al,
2006a; Landaiset al, 2004a; Severinghaust al, 1998). Atmospheric methane is
generally considered as a useful time marker fanate change in the Northern
Hemisphere (Pet#t al, 1999).

The previous chapter presented data that shownaaiiti 3N signal for the two
Antarctic warming events (AIM 8 and AIM 12). Measg methane in the same ice
core samples therefore provide information on tinee tleads/lags of rapid climate
change events in the North and of its Antarcticnterpart. Since the proxy for climate
change at BerknebtN) and the proxy for climate change in GreenlanH4Gare both

derived from trapped gases, this circumvents thedn® consider uncertaihage
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calculations to study the phase relationship betwibe two hemispheres. Such a direct
approach has previously been applied to study tiaserelationship between Antarctic
and Greenland climate in the Vostok ice core ferNHS 5d/c transition (approximately
108 kyrs BP) but the data quality and data resmiutvere poor (Cailloret al, 2003).
Coupling the high resolutiof®™N data obtained in this study with the methane data
should better constrain the timing of the millehrsaale Greenland and Antarctic
climate events. In addition, Berkner Island is@eal site to study the phase relationship
between the two hemispheres as it is located oWtbedell Sea in the South Atlantic
Ocean facing Greenland. The Weddell Sea playst@airrole in the Thermo-Haline
Circulation (THC).

This chapter provides a summary of previous reseéirdings on the issue of the
timings of the climate events in both hemispheidse phase relationship between
Antarctic and Greenland climate based on the methads'*N data from this study are
discussed in detail. There is also a brief disaussf the time lag between temperature

increase and carbon dioxide rise across the AlMvEht.

4.1.1 Timing of millennial-scale climate change in Antartica and Greenland

during the last glacial period

Paleoclimate proxies such as ice cores and speleotiecords suggest periods of
climate instability during the last glacial periobhe records suggest that the climate
oscillated very rapidly between cold and warm phamed that these rapid oscillations
occurred over a period of several thousand yeahesd millennial-scale climate

instabilities are common to both hemispheres, aljhothe rate and magnitude of the

changes are much greater in Greenland than in &iddEPICA, 2006).

Blunier et al. (1998) synchronised the GRIP (Greenland), Byrd &fodtok (both

Antarctica) water isotopic records using methanectompare the timing of the
millennial-scale events between 10 and 45 kyrs Bieir conclusion was that the
warming in Antarctica began before the warming ne€xland for DO events 8 and 12
by more than 1 kyr. This particular study was edtghto cover the entire last glacial
period (90 kyrs BP) in Blunier and Brook (2001) ahdvas revealed that this phase
relationship was a common feature for the seventiitied warming events in Antarctic
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labelled Al to A7. The Al to A7 events precede @v@nts 8, 12, 14, 16/17, 19, 20 and
21 by 1.5 to 3 kyrs (Blunier and Brook, 2001).

The study of Blunieget al. (1998) and Blunier and Brook (2001) estimatedtiime lag

of 1.5 — 3 kyr after taking into account thage estimations. Th&age estimation for
Byrd during the last glacial period was on the orde500 years, which was verified
independently by*°N of nitrogen gas. Therefore it is highly unliketyat the time lag
between the Antarctic and Greenland is an artefatite Aage calculations. Cailloet

al. (2003a) used a different approach to study theelhalationship, whereby methane
and climatically fractionated isotopes of gas&SN and5*°Ar) were measured in the
same Vostok ice core during the MIS 5d/c transit®uach a phasing study circumvents
the need to accurately constrain tidage and the errors associated with the
synchronisation of the records from both hemisphelFeom this study, Cailloet al.
(2003) suggested that warming in the Northern Hphese occurred 2 kyrs after

warming in the Southern Hemisphere.

The above studies suggest that warming in the autHemisphere precedes warming
in the Northern Hemisphere. However, there are scomradictory studies which
suggest that climate change is in phase in bothdpdrares. Bendest al. (1999) used
3'%0 of atmospheric oxygen in trapped gases in thetdcsynchronise the GISP2
(Greenland) and Vostok (Antarctica) time scalesnd®e et al. (1999) concluded that
the DO events found in GISP2 between 35 and 73Bkyare also found at Vostok and
were in phase within + 1.3 kyrs. Furthermai®0 data from the Taylor Dome Ice Core
in coastal East Antarctica suggests that the tinifigthe deglacial warming is
synchronous with GISP2 rather than with Byrd iceeaecords (Steigt al, 1998). This
has led to the suggestion that perhaps climatiogid@n coastal region of Antarctica is
synchronous with Greenland rather than with cen#alttarctica. However, the
chronology of the Taylor Dome ice core is believedbe in error and has been
questioned by Mulvanegt al. (2000). Evidence for synchronous climate eventsaitn
hemispheres from the Taylor Dome ice core recory ma@se questions about the
possibility of a complex regional pattern of milleal-scale temperature variability in
high latitudes of the Southern Hemisphere (Whitel &teig, 1998). In addition,
Raisbecket al. (2002) used high resolutiolBe to synchronise GRIP and Dome C
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records and suggested that the time lag betweeonbet of the DO 10 event and the
corresponding AntarctisD maximum is approximately 200 yrs. It should b¢edathat
the AntarcticdD peak for the AIM 10 event is very small and St&§06) questioned
why it should be regarded as a climatic signal wierilar sized peaks between AIM 1
and AIM 2 are not considered to be a climatic dig8&ig, 2006).

It is apparent that the issue of the timing of emhial scale Greenland and Antarctic
climatic events is complex and new information iBquired to gain a better
understanding of the elusive climate dynamics reside for these variations.
Recently, it was highlighted by the EPICA commumtgmbers (2006) that there is a
strong one-to-one coupling of glacial climate viility in Greenland and EPICA
Dronning Maud Land (EDML), Antarctic (although with phase lag for Greenland
climate change). Similarly to Blunier and Brook 20, EPICA (2006) not only showed
a correlation between the larger Antarctic warmawgnts and the longest DO events
but the high resolution record also showed a cparding Antarctic counterpart for
almost all the DO events in the Greenland ice cditee data suggested that the
Antarctic warm events began before the DO eventsheutime lag estimates could not
be determined more precisely than the synchrooisaror of 600 + 200 yrs (EPICA,
2006). An interesting finding of EPICA (2006) wédmat the amplitude of the Antarctic
warm event was found to be linearly dependent erdtiration of the concurrent stadial
in the North suggesting a reduction in the Atlamieridional Overturning Circulation
(AMOC). This, in turn, supports the bipolar seesaechanism, which is described in

more detail below.

4.1.2 Bipolar seesaw mechanism

The connection between the hemispheres may talee plea the ocean or via the
atmosphere. However, it seems that the ocean playsical role in regulating the past
climate of both polar regions and that Thermo-Hal@irculation (THC) plays an
important part in linking the two hemispheres. Thest common mechanism proposed
to explain asynchronous millennial scale climatitarmge in both hemispheres is

commonly known as the “Seesaw Effect”.

The Seesaw Effect theory postulates that througturdiances in the THC in the North

Atlantic, the climate signals in both hemisphenesilgt anti-phase behaviour (Stocker,
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2000). Climate changes in Greenland are caused ifturlohnces in the Atlantic
thermohaline circulation and are closely linkedde-rafting events (Heinrich events)
and the associated melt water that occurs in thehN&tlantic region (Blunieret al,
1998). An influx of freshwater reduces North Atiarnbeep Water (NADW) formation
and initiates cooling in the North Atlantic regiorhis disruption in the THC prevents
northward migration of heat and could lead to wagnof the southern hemisphere.
Cooling in the North Atlantic region reduces maitiand induces the re-establishment
of NADW formation, rapidly bringing heat to the NlorAtlantic. Model simulations
demonstrate the sensitivity of NADW formation toedhwater inputs and also
highlighted that the resumption of the conveyott loetculation after a shutdown is a
rapid process (Stocker, 2000). The ocean modets salggest that initiation of North
Atlantic THC cools at least parts of the Southeamtisphere, hence justifying the see-
saw mechanism. However the nature of the Southeohing is a gradual rather than
abrupt change and takes about 1000 years to cbaluef to large reservoir of heat

represented by the Southern Ocean (Severinghad8).20

4.2 Methane Data

4.2.1 Sample selection

Samples for methane measurements were selectexssdbetwo warming events (AIM

8 and AIM 12) to study the phase relationship aditeonal samples were selected in
the depth range of 693 — 716 m. These additionapkss were measured to provide
better constraint on the Berkner gas age chronolmgy high resolution methane
measurements could also provide some insightgpaieo-accumulation rates across the
“strange” event at 708 m. The resolution of thelrare data across the warming events
are in the range of 0.55 — 1.10 m (1 or 2 bag=)0fr— 400 yrs. The resolution of the

data across the strange event is typically 0.55 m.

4.2.2 Discussion
Figure 4.2.1 presents the methane data measurékefd@erkner Island ice core in the
depth range of 680 — 760 m. Altogether 59 sampleewneasured and only data for

four samples were rejected either due to leakfiégnsample vessels or poor standard
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deviation on replicate measurements. The standeweéhttbn of duplicate samples is

generally better than 10 ppbv.
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Figure 4.2.1: Shows the methane data measured here plus soiner eata from
Grenoble in the depth range of 680 — 760 m for Berksland ice core, encompassing
the MIS 3 period. The numbers 3 — 8, 12 above tathame peaks denote DO events by
comparison to Greenland methane records. Errorsfeow 1 standard deviation for 3

replicate measurements.

The methane peak at 747 m corresponds to the Dévaat and the methane peak at
719 m corresponds to the DO 8 event seen iBERgandd™N of trapped M from this

ice core. The magnitude of changes in methane otrat®ns across these climatic
transitions during the last glacial period is abb@® ppbv, which is consistent with the
findings of other studies (Hubeet al, 2006a; Landai®t al, 2006b). The methane
values increased rapidly from 450 ppbv to 550 pgbring the transition of the DO 12
event and an increase from 450 ppbv to 580 ppbingluhe transition of the DO 8
event. The magnitude change across the transifitimese events is in close agreement
with the Byrd data (Blunieet al, 1998), Dome C data (Spaheti al, 2005) and the
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Greenland CH records. This gives confidence in the validity tbé methane data
obtained in this study. The slight differences lestw different methane records could
be attributed to interpolar differences and sigattgénuation at low accumulation sites
(Chappellazet al, 1997; Spahnét al, 2005). The variations in the concentration and
the magnitude of change in methane during diffe@tevents could be attributed to
variations in the extent of the glacial wetlandsl &actors controlling emissions from

the wetlands, which are the largest natural soofeémospheric Ci

Although the chief objective for methane measurdmewas to study phase
relationships between the two Antarctic warmingreseobserved in th&"N profile,
additional high resolution CHneasurements were carried out in the depth rah§@0o

— 716 m to obtain better synchronisation of gasongx and to estimate paleo-
accumulation rates that could possibly explainahemalous behaviour i#°N. This
work is in progress and will be developed furthercollaboration with Jean-Marc
Barnola and his colleagues at LGGE. The metharee (e Figure 4.2.1) show signals
for DO 3 — 7. These variations or methane peaksetjoresemble the Greenland

methane composite record (Blunetral, 2007) (See Figure 4.2.2).

Preliminary inspection of the methane data for B@ 3 — 7 events shows that the
Berkner gas age chronology for the DO 5 event do¢sorrespond to the GICCO5 age
scale (see Fig. 4.2.2). There is an apparent disaggnt of ~ 2000 years between the
Berkner and GICCO5 age scales for the timing of i 5 event methane peak. The
Berkner age scale for DO 5 is older by 2000 yearspared to the GICCO05 age scale. It
is also noteworthy that according to the GICCOSdhare ~1800 years between the
maxima of DO 7 and DO 6 and ~1300 years between6lEnd DO 5 event. Figure
4.2.1 shows that the difference in depth betweemt#ak maxima of DO 7 and DO 6 is
2 m whereas the difference in depth between thk pexima of DO 6 and DO 5 is 4
m. These observations tend to suggest that iftimmihg rate was constant throughout
DO 5 — DO 7 events then the accumulation rate batw@O 6 and DO 5 would have
increased by a factor ~ 2.5. Consequently the dogildf the accumulation rate could
explain most of the anomalous behaviousi™N at 710 m depth, which also occurred
between DO 6 and DO 5 events (See Fig. 4.2.3). Mewappropriate thinning rates
and annual layer thicknesses should be calculaitdtiae aid of an ice flow model in

order to confirm an increase in paleo-accumulatate.
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Figure 4.2.2: Methane data (blue diamonds) from Berkner Islared @otted on the

Berkner gas age chronology and are compared t@&Gtkenland Methane Composite
(pink solid line) on GICCO5 age-scale (Blunietr al, 2007). The enclosed methane
variations in the box highlight the region of disagment in Berkner gas age
chronology as it does not correspond to the GIC@@&-scale. The disagreement is

shown (top) on an expanded scale with correct peatkhing indicated by arrows.

The depth of the maximum values of the Cptak for DO 8 and 12 events are
correlated with the maxima of th#°N peaks for the AIM 8 and AIM 12 events
respectively (see Figure 4.2.3). An interestingtdea of Figure 4.2.3 is the rate of
change in methane across the DO 8 and 12 evenid) vghvery rapid compared to the
rate of change ib'°N at Berkner Island. This observation reinforces #arlier

argument that the climate change in Antarctica wagh slower than the climate
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change in Greenland. The methane increased frosteithal values to maximum values
in approximately 300 and 600 years for the DO 1@ BX® 8 event respectively. The
methane increase for the DO 12 event seems to acdwo stages, a slow gradual
increase of 30 — 50 ppbv and then a rapid incredsk0 ppbv, consistent with the
findings of Landai®t al (2004a).

Depth (m)

——CH4 —d15N

Figure 4.2.3: Comparison oB™N and CH data from Berkner Island plotted on the
same depth-scale. The numbers 4 — 8 and 12 abevméthane peaks represent DO

events.

4.3 Phase relationship between Antarctic and Gre  enland climate
during the last glacial period

Methane increased almost synchronously with climakt&ange in the Northern

Hemisphere (Hubeet al, 2006b; Severinghaust al, 1998). Almost 75 % of the

natural sources of methane occur in the Northermiblghere. Generally, increases in
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methane concentration lag DO events by ~ 25 - &bsy@Huberet al, 2006b) and by O
— 30 yrs during the last deglaciation (Severinghetual, 1998). Hubeet al. (2006b)
showed that for the DO 12 event methane laggeddeatyre by 50 + 25 yrs and by 70
+ 25 yrs for the DO 8 event. Synchronous changesn@thane concentration and
Greenland temperature are thought to be causedéyges in the source emissions
from tropical and/or northern mid-latitude wetlar(@sllenbach et al., 2000). Methane
increases during DO events could also be due tweitigaof permafrost regions (Huber
et al, 2006).

To study the phasing relationship it is crucialidentify precisely the onset of the
warming events in th&"N profile. This was achieved by matching #1éN variations
and theAdepth correctedD profile to identify the onset of the warming evéth in
the gas and in the ice phase (refer to Top pandligiire 4.3.1). Also the phasing
between the firn temperature gradient &ieN (refer to Figure 3.5.7) was used as
another approach in deciding the onset of the ABMvArming event. Once the onset of
the warming was identified in th#°N profile then the time lag estimate was simply
calculated as the difference between the onsetapiimg in the3™N profile and the

onset of the rise in methane signal.

It is apparent from Figure 4.3.1 th&lfN was increasing in response to local climate
changes at Berkner Island whilst the methane value® almost stable or near its
stadial values. The methane values only increasgdrapidly once th8™N reached its
maximum. This behaviour was expected and accoritdirtige seesaw theory the rates of
climate changes in the Northern Hemisphere areaggupto be rapid due to the fast re-
establishment of the THC. It has been previouspyored that the maxima of the
Antarctica warming events coincide with the onsktttee DO events in Greenland
(EPICA, 2006). The maxima of the methane peak jshiase with th&**N maxima for
the AIM 12 event but there is apparently a time bagween the methane peak and the
8N peak for the AIM 8 event. However the Greenlargitrane composite record (see
Figure 4.2.3) shows a double methane peak ratheratsingle peak for the DO 8 event.
If the resolution of the Berkner methane measureésnerre increased then the peak of
the methane transition may be in phase with theimmeof thesN. Therefore it is

concluded that the peak of the methane signalphase with the peak of th&N
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Figure 4.3.1: Top panel shows tH#D and3*N plotted on the same depth scale. Fbe

data were corrected fakdepth. The correlation betwe&® and §'°N was used to

decipher the starting point of the warming eventttie §°N profile (grey line).
Methane and™N data for the AIM 8 and AIM 12 events plotted bie Berkner gas age

scale to estimate the time lag for the onset ohale change between the Northern

Hemisphere and Southern Hemisphere.
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signal. Similar findings by Bendet al. (1999) led them to conclude that rapid climate
change in both hemispheres was synchronous. Alththeyobservation of Bendet al.
(1999) is correct, i.e. that the maxima coincitlés however misleading to suggest that
the onset of that climate change in both hemisghare in phase as there seems to be a
time lag between the onset of warming events inafatica and Greenland during the

last glacial period.

The data suggest a time lag of 1100 + 360 yrs katwbe onset of warming for the
AIM 8 and the DO 8 event and a time lag of 160050 3rs between the start of
warming for AIM 12 and the DO 12 event. The errgsaciated with the time lag

estimate was calculated from the midpoint age aiffee between the bottom and the
increasing methane value during the transitiorhefO event, which was then added
to the age resolution of tl#&°N measurements at the beginning of & peak (that is

the age resolution per bag of sample at that peaticlepth, which is in the range of ~

150 — 200 yrs). The error estimates given herdealieved to be the upper limit.

Assuming the global synchronisation of methane, niethane and thé'N data
obtained in this study demonstrate that warminghevén the Antarctic preceded the
rapid DO events in Greenland during the MIS 3 pk(gee Figure 4.3.1). This finding
disagrees with the suggestion of synchronous diedjlelomate change between coastal
Antarctica and Greenland (following from Steeg al, 1998). It contradicts the
suggestion that long interstadials start in thetmand spread to the south with
Greenland temperature variations leading Antatetisperature variations over the last
50 Kyrs (Bendeet al, 1994c).

The time lag estimates of 1100 + 360 yrs and 1686&yrs are in excellent agreement
with the findings of Charlest al. (1996) who used isotopic signatures of benthic and
planktonic foraminifera in a marine core from theuhern Ocean. Charles al. (1996)
concluded that Northern Hemisphere climate chatgge$Southern Hemisphere climate
by ~ 1500 yrs. The time lag estimate between AlEin8 DO 8 and between AIM 12
and DO 12 obtained in this study are within thegeanf 1000 — 2500 yrs obtained by
Blunier et al. (1998). Delmotteet al. (2004) calculated that GHagged temperature
(derived from thédD signal) by 1100 * 200 yrs from the Vostok iceecon timescales
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of 50 — 400 kyr, suggesting that the mechanismistfe millennial scale climate
variability in the last glacial period were opeoat@l beyond the last glacial period.
Nevertheless the time lag estimate from Vostok khdne considered cautiously as

largeAage corrections of the order of 5000 yrs were agpli

Blunier et al. (1998) studied the same Antarctic warming evefis(AIM 8) and A2
(AIM 12), as we have investigated in our study.haligh the time lag estimates from
both studies are in agreement, the approach takelerive these estimates are quite
different. Blunieret al. (1998) synchronised the isotopic ice core recdrdsa both
hemispheres by correlating Glfecords and then calculatidgge values to assign an
ice age. Hence, Blunier's time lag estimate of QGO 2500 yrs is subject to
uncertainties arising from synchronising the iceea@cords from both hemispheres and
as well as uncertainties from thage calculations. Even taking into account the
synchronisation error of 200 yrs and\age of 500 + 300 yrs during A1l and A2 in the
Byrd ice core (Blunieret al, 1998; Blunier and Brook 2001) the isotopic resoof
Antarctica and Greenland would not be in phase.niBluet al. (1998) therefore

concluded that Antarctic climate definitely leadseénland climate.

In this studys*>N and CH data were used to assess the phase relationshipdrethe
northern and southern hemispheres. Since bothamaignals this overcomes the need
for Aage (between ice and air) calculation and its aatemt uncertainties in estimating
the time lags. The only uncertainty in the time &gjimates given here are from the
error in the absolute Berkner gas age chronology rbsults from the initial work on
synchronisation of ice core records via gases. fment high resolution methane
measurements could place additional constrainth@igas age chronology for the AIM
8 and AIM 12 events. Fast high resolution Gkdriations during warming events could
improve the synchronisation error to better tha@ g@€ars. However, it is very unlikely
that the synchronisation error in the current ggs ehronology could be as large as
1000 yrs which would be necessary in order to bthgs'°N and CH variations in
phase for the two Antarctic warming events. Fourfetwork it is recommended that
high resolution methane data should be used teaarmore robust gas age chronology
for the AIM 8 and AIM 12 event (work in progress Bgan-Marc Barnola, LGGE,
Grenoble).
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It would also be beneficial to match ¢data with the Greenland methane composite
record and to synchronise both records on a com@I@CO05 timescale. This could
potentially verify or even improve the time lagiegites given here. Currently the €H
variations using the absolute Berkner gas age oltwgg during the AIM 8 matches the
Greenland methane composite record on the GICC@5sagle but there is a slight
discrepancy during the AIM 12 event. According he GICCO05 age scale, GHegan

to rise at 47 kyr BP, approximately 500 yrs eaiean noted from the Berkner gas age
chronology. Due to this slight discrepancy in tlas @ge chronology, the lower limit of
1600 * 350 yrs should be considered as the bestlag estimate for the onset of the

warming of the DO 12 event.

Precise dating of the ice core is critical whennigyto assess the leads and lags of
paleoclimatic events in two hemispheres (White &telg, 1998)Aage is the largest
uncertainty in deriving the ice age chronologies this depends on the palaeo-
accumulation rates and the temperature of theBitmier et al. (1998) and Blunier and
Brook (2001) useddage estimation to study phase relationships andleded that
millennial scale warming in Antartica preceded treset of Greenland warmings by
1500 to 3000 yrs. White and Steig (1998) questiomiedther there is truly a lead or lag
of such magnitude, which is about half-cycle orreweore of the DO events, which
have a periodicity of approximately 3000 yrs. Whated Steig (1998) also suggested
that it may be neither a lead nor a lag but anrsgeelationship in climate change
between Greenland and Antarctica on those timescdl@wvever, this study support the
findings of Blunieret al. 1998 and Blunier and Brook (2001). The data obthineour
study clearly show that there is an average tingedf~1400 yrs (840 — 1950 yrs)
between the onset of warming in the Antarcsic) and in Greenland (Cffand once
the Antarctic reaches the maximum temperature @Geenland temperature increases
very rapidly and is almost in phase with the Antiarand then cooling is almost
synchronous. Therefore, this study disputes thsipitisy of an inverse relationship in
climate change as proposed by White and Steig,8)19%e model also suggested that
initiation of the THC after a shutdown is a verpichprocess, which rapidly transports
heat from the Southern Ocean to the Northern Hdmigp(Stocker, 2000), and causing
the maxima of the temperature signal to be almmophase in both hemispheres.
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The approach taken here to study phase relationghijhne same ice core is more direct
as it does not involve anfage estimation or corrections fadage. This approach was
adopted from the study of Cailloat al. (2003a) which concluded that Antarctic
warming corresponding to the MIS 5d/c transitioaqaded the Greenland DO 24 event
by 2000 yrs. Thes®N and 5*°Ar data of Caillonet al (2003a) were noisy and the
sampling resolution was not of high enough resoiutio identify the start of the
warming trend. The modellefdepth estimate was used to locate the signal oMilse
5d/c transition in the gas phase (see Figure 4.&3jllon et al. (2003a) were also
unable to rule out whether cooling in Greenlandnisphase or out of phase with
Antarctica. This study suggests that cooling irhdoémispheres is almost synchronous.
Calculation of3"Neycesscalculations may perhaps allow an even more eetaihasing
relationship to be derived and would add confideondie interpretation of the data.
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an uncertainty of 20%. The data showed a time f&900 yrs between the onset of this
climate event in Northern and Southern Hemisph@figure adapted from Cailloat
al., 2003a)

The timing and rate of the cooling phase in botimispheres seems to be synchronous
for AIM 12 whereas for the AIM 8 event cooling inet south appears to be much faster
than cooling in the north (refer to Figure 4.3.These observations may indicate that
millennial scale climate changes during the laatigll period may vary from one event
to the other. However there is insufficient evidehere to reach a firm conclusion and
that broadly both events studied show a consigtattern. The GRIP ice core profiles
for CH, and5'®0ic. show that Greenland was cooling while the methzeak showed
the second maxima for the DO 8 event (Chappataal., 1993). Hence the Greenland
cooling phase for the DO 8 event was not synchremath the fall in the methane peak
and exhibits a similar pattern observed in thiglgiOn this basis it can be concluded
that the cooling phase between the two hemisphfere®O 8 is also synchronous.
Blunier et al. (1998) noted the synchronous nature of temperalegease in both
hemispheres to full glacial levels but also sugggsihat Antarctica reaches these
minimum glacial values earlier than Greenland. Hesvegiven the data resolution and
taking into consideration factors other than terapee affecting thé™N, it was not
possible to verify here whether Antarctic reachésimmum glacial values first. A more

precised™Nexcessmay shed a light on this issue.
4.4  Phasing of atmospheric CO , and &N for the AIM 12 event.

CO; ratios were measured at LGGE by Heinrich Schadfed discussion on the GO
and "N correlation will be further developed in the figuby him. This section
discusses the timing and variation of the atmosph@®©, and Antarctic temperature
changes across the AIM 12 warming event durindakteglacial period. Understanding
the phase relationship is vital in order to underdtbetter how the carbon cycle and
climate change are linked. In order to study thsge relationship, a common time
scale for the climate proxies and atmospherig @@ required (Stauffest al, 1998).
Our study offers the solution for common time scafee both signal$t°N as a proxy

for temperature and Clare in the gas phase and we can reliably estithatéme lag
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between the Coand temperature rise without the need to calcdlage. This is similar
to the approach Cailloet al. (2003b) used to estimate the time lag betweertinfiag

of changes in atmospheric @@nd Antarctic temperature changes across terramati
[Ilin Vostok ice cores.

Fourteen samples were measured for, @xing ratios across the AIM 12 event (see
Figure 4.4.1). The COmixing ratio increased by 15.6 + 2.4 ppmv durihg tvarming
event. The magnitude of this increase and thepatxhibited is similar to CQdata
for the same event in Byrd and Taylor Dome ice sdhn and Brook, 2007). The
onset of the C@rise is about 180 yrs after the initiation of tharming and therefore
strongly suggests that G@& not the driver that initiates the abrupt climahanges but
that it responds to climatic forcing and being aeghouse gas amplifies the initial
climatic forcing. The phasing between £and&™N reveals that the temperature and
CO; rise is near synchronous within the limits of sémpesolution and error of
measurements, an observation that was not verysphgconcluded in previous studies
(Ahn and Brook, 2007; Ahn and Brook, 2008) dued® age- gas age complications.
Monnin et al. (2001) suggested that during the last deglaciatiom the Dome C
record the onset of the G@nhcrease lagged the start of @ increase by 800 + 600
yrs. The large error on this time lag estimateus tb theAage value of ~550 yrs at
Dome C. It is obvious that the phasing techniquedus our study provides more

precise time lag estimates.

Another interesting finding is that G@pparently peaked after temperature with a time
lag of 390 = 200 yrs (the error arises from the gamesolution) and then decreased
much slowly than the Antarctic temperatures. Tlsigneate is based on a single datum
and perhaps more measurements should be carried fuitire from similar depths to
increase the confidence of the time lag betweenpttaks of CQ mixing ratios and
temperature. The time lag of ~390 yrs is lower tti@nprevious estimate of 800 + 200
yrs (Caillonet al, 2003b) and 1200 + 700 yrs (Indermuhle, 2000)weleer the time
lag estimate derived here is within the range ok@ent estimate of 720 + 370 yrs
during the millennial scale variation (Ahn and Bkp@007). A time lag of 300 yrs was
also calculated for the last glacial terminatioey&inghaut al, 2009). Monniret al.
(2001) derived a time lag of 410 yrs for the highasrelation between C@andaéD for
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the last deglaciation and this difference in timiwgs considered to be insignificant
given the ice age — gas age difference.
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Figure 4.4.1: An illustration of CQ and3*N measurements in Berkner Island ice core
for the AIM 12 event.

A noteworthy feature of Figure 4.4.1 is that £@ixing ratios decrease much slower
than the rate of decrease for Antarctic temperatuiidhe difference between the
midpoint of the decreasing slope in £8nd &N data is approximately 1000 years.
Ahn and Brook (2008) observed that £l@vels remained relatively stable for about
1000 — 1500 yrs after reaching maximum levels whilstarctic temperatures dropped
rapidly. Given the coarse GQ@ata resolution in this study it is impossiblekimow
whether the C@remained relatively stable after reaching the gmakhe data certainly
suggest that the rate of decrease was slower tiemate of decrease for Antarctic

temperatures.

Figure 4.4.2 shows the phase relationship betwéanv@riability for the AIM 12 event
and CH, a proxy for Greenlandic temperatures across t@elR event. It is obvious
that CQ started increasing when Greenland was still incthld stadial period or during

the Heinrich event. The CHnixing ratios across the DO 12 event might havesased
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approximately 1400 yrs after the onset of rapid s CQ. Almost 50% of increase in
CO, was noted when Greenland was in the stadial penmatithe remaining 50% was

after the onset of the interstadial in Greenland.
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Figure 4.4.2: Timing of CQ variability in Antarctica and proxy of Greenlandic
temperatures (CH. The shaded region shows the timing of the HelmEvent 5 (H5).

The near synchronous nature of £@e and Antarctic warming can be explained in
terms of Southern Ocean processes. Ahn and Bro@K8j2 showed that CO
concentrations rise most rapidly when the NADW #$bdaand stratification in the
Southern Ocean was reduced. This oceanic processred during stadial periods in
the Northern Hemisphere. Other mechanisms propdsedxplain the relationship
between millennial scale climate variability and O@e include outgassing from the
Southern Oceans due to decreased sea ice extephéBs and Keeling, 2000), changes
in the position of midlatitude westerlies whicheaff the overturning of southern deep
water (Toggweileret al, 2006) and changes in the Southern Ocean stedidns
(Schmittner and Galbraith, 2008). Model resultsvglizat despite significant changes in
the land carbon inventory, GQvariations are predominantly controlled by oceanic

release of biological sequestered carbon in deeprmgavhich is enhanced by increase in
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Antarctic temperature and Southern Ocean strdiificaduring the shutdown of the
AMOC (Schmittner and Galbraith, 2008). However,uttss obtained in this study
suggest that approximately 50% of the increaseOn l&ad occurred when the AMOC
resumed and is in contrary to the model resultshQubservation raises questions about
the impact of higher sea surface temperature inNbghern Hemisphere associated
with abrupt warming in Greenland on the global carbycle. Monniret al. (2001) also
noted simultaneous rapid increases in,@0Ad CH during the Bglling Allergd (BA)
warm phase in the North Atlantic region and likeevisuggested additional NADW
formation related mechanisms in the Northern Hehesp contributing to the observed

COyvariations.

4.5 Summary

Methane measurements in ice cores serve an impgréapose in dating the ice cores.
It is also used as a time marker for climate changhe Northern Hemisphere (since
Greenland temperature is virtually synchronous wi@H,;). Hence methane
measurements in Berkner Island ice cores durindt®3 period enabled study of the
phase relationship for abrupt climate changes betvie@o hemispheres and could also
provide additional constraints for Berkner Islaras @ge chronology.

In this study, high resolution methane measuremeet® coupled witt™>N data to
investigate the phase relationship for abrupt diémahanges between the two
hemispheres. The data indicate that warming in wtita leads Greenland warming.
The time lag estimate between the onset of AIM i@ e onset of DO 12 is 1600 +
350 yrs and between AIM 8 and DO 8 is 1100 * 368 yihe findings support the
earlier observations of Bluniet al. 1998 and Brook and Blunier (2001). However, the
time lag estimates obtained here are more preeisause temperature signals from both
hemispheres are in the gas phase and thereforecoverthe problem of ice age — gas

age difference.
A high resolution methane record for MIS 3 was careg to the Greenland methane

composite record on the GICCO05 age scale. The aosgnm revealed that the Berkner

Island gas age chronology for DO 3, 4, 5 and 6 do¢sagree with GICCO5 age scale
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suggesting that this section of Berkner requiresencareful dating especially where the
strange event occurred. The discrepancy in therigerlige scale during the timing of
the strange event confirms that the water isotopgceumulation relationship failed
during this particular time. There is also a sliglgcrepancy in Berkner Island gas
chronology during the onset of the DO 12 event. kMerin progress (by Jean-Marc
Barnola of LGGE) to improve the gas age chronolegih the new methane data
obtained in this study. For future work it is recaended that Berkner Island gas age
scale be transferred to GICCO05 age scale and trerdtie time lag estimates obtained
here could be more robust. Methane measuremends ilatBcate that during the
occurrence of the anomalo&SN signal there is a possibility that the accumolatiate
increased by more than a factor of 2. However tigieds to be confirmed with some

modelling and work is in progress by Jean Marc Bln

The "N profile was correlated to GQmixing ratios for the AIM 12 event. The data
indicate that the rise in temperature and,@almost synchronous based on the sample
resolution. CQ values reach the maximum after the peak in tenyeraignal. This
suggests that the rise of atmospheric @@s in fast response to abrupt climate change
but is not the initial driver of climate change.eltime difference between the maxima
of 8°N and CQ is in the range of 190 — 590 yrs. An interestingcome from the
correlation of CQ and CH record for the AIM 12 event show that ¢€&tarted rising
while Greenland was still in the cold stadial pdrlaut ~ 50% of the increase occurred
when Greenland was warming. This raises the quesfithe potential role of warming

or NADW related mechanism in the Northern hemispherthe global carbon cycle.
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5.1 Introduction

Firn air is an archive of old air and when extrdc@d analysed for its gas composition,
the firn record could potentially extend the reald measurements back to early
twentieth century. It is particularly useful in ogtstructing atmospheric histories and
assessing the existence of natural backgroundslefdirace gases. The advantages of
reconstructing atmospheric histories from firnae that large volumes of samples are
collected for repetitive measurements and firrcamresponding to different ages can be
analysed in a short span of time, therefore ovenmogrproblems of instrumental or

reference drift as usually faced in the long tegal{time measurements. Nevertheless
the atmospheric reconstructions from firn air aobjected to several uncertainties

pertaining to the structure of the firn and the pbgl processes that modifies the trace

gas concentrations.

In this study firn air collected from the EPICA Dwdng Maud Land (EDML), which is
believed to include some of the oldest firn air pbed to date, were measured by GC-
MS, and their atmospheric histories were reconsttuwith the help of a 1-dimensional
firn diffusion model and an iterative dating teajure. A range of compounds (PFCs,
HFCs, Halons and CFCs) were measured but the distissare limited to PFCs, HFC-
23, Sk and SECF. All of these fluorinated compounds, except@i, are included in
the Kyoto Protocol and therefore there is a neadhtterstand how these gases evolved
over time, identifying the natural and anthropogecwntributions to the atmospheric

abundance and enforcing mitigation options to redtgcemissions.

The principal objective of this study is to provithe longest reconstructed atmospheric
histories of the fluorinated compounds and alsprtivide updated trends of the PFCs.
These reconstructed trends are then compared vathiopis firn air reconstructions and
any ambient atmospheric measurements or measureifnemt air archives. This study
provides insights into the growth rates of thesemounds, natural background levels
and emissions estimated from the growth rates iobdai

In this chapter a brief description of the sitegnpée collection technique, the firn

diffusion model and the iterative dating technigue given. This chapter mainly consist
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of detailed discussion of each individual specieBy( CoFes, CiFs, c-CiFs, CHF;, Sk
and SECF;). Each subsection on the individual species ta®wn literature review,
results and discussion on atmospheric history &ooctions from firn data and

estimating emissions from the reconstructed trends.

5.2 EDML site description and firn sampling

A more detailed description of the site and the fair sampling experiment was
outlined in Weiler (2008). Firn air samples werdlestied during the 2005/2006 field
season by University of Bern in cooperation with &kifred Wegner Institute for Polar
and Marine Research (AWI).

The EDML firn air samples were collected from theinity of the deep ice core drilling
site at Kohnen Station in Dronning Maud Land. TH&W site is characterised by an
annual accumulation rate of approximately 7 cf ce equivalent) and annual mean
surface temperature of 228 K. The firn air samplivas carried out 500 m away from
the camp, 1 km away from the runaway and in thection of the wind to avoid any
contamination from the camp and vehicles. Thredl@hasample holes were drilled
namely B35 (75° 0.08'S, 0° 4.808’E), B36 (75° 0.&"° 4.676’E), B37 (75° 0.031'S,
0° 4.721’E) to a depth of 30 m, 78 m and 124 mpeestvely. The temperature logging
took place in B35 and the sampling initially stdri B36 but was terminated at 78m
depth due to technical fault. Finally the samphwvas restarted in a new hole, B37, and

was completed within 11 days.

Firn air samples were collected with the bladdethoe as described by Schwanaer

al. (1993). The bladder assembly consists of a rublaetder approximately 4 m long
and 95 mm in diameter mounted on the end cap amigioing three 6 mm in diameter
DEKABON-1300 tubes for inflating, purging and samgl The end cap contains the
sampling and purging chambers separated by a mhista(Figure 5.2.1). The borehole
was drilled with the Swiss electromechanical shalldrill to a certain depth and the
bladder was lowered to the bottom of the hole aad imflated with clean atmospheric

air from tube mounted outside in a remote area. imfiation of the bladder makes a
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seal between the bladder and the inside of thehbteepreventing any movement of
contemporary air into the borehole contaminating thin air samples. To further
prevent sample contamination, air from betweenldagermost end cap of the bladder
and the uppermost baffle plate was evacuated antédénto the atmosphere via the
purge line. As the air was pumped out, @0Oncentration was monitored continuously
on a LI-COR 7000 C@H,0 analyzer and once it had reached a stable vaie then

a sample was collected. This critical step in thmgling procedure ensures that only
aged air was collected and that there were no non&ion issues. Finally the samples
were collected through the sampling inlet betwdenuppermost and lowermost baffle
plates (Figure 5.2.1).

Samples were collected in 3L Silcocans (RESTEK)cWhiere pressurised with moist
clean nitrogen gas and were evacuated prior to lgagndhe canisters were filled three
times with the sample to a pressure of B@ and then evacuated before a final sample
was filled to a pressure of 40 psi. The samplekect@d for UEA were not dried during
the sampling but samples collected for Universit8ern were dried using magnesium

perchlorate.

b - [ - ~ lower plate
3 - upper plate &

| o

S A | .y - samjﬁ;'

!

Figure 5.2.1: a) A photography showing 4 m longddier assembly. b) A photograph
showing the details of the bladder plate such esigiper and the lower plates, the purge

line and the sample inlet line (Source: Schwan2i@d1).

161



5.3 Firn air modelling

5.3.1 The firn diffusion model

The firn diffusion model is used as a dating tomlirtiterpret the trace gas depth —
concentration profiles in terms of their atmospbhdrends. The firn diffusion model
used was developed by CNRS-LGGE and a detailedriggsn was given by
Rommelaereet al (1997). This is a numerical model that simuldtess movement of a
gas of interest in the firn and incorporates factiiat influence transport rate such as
mass, molecular diffusivity of the gas and physipabcesses affected by the firn
structure. This model incorporates the same phlypicesses as in previous models
(Schwandeet al, 1993; Trudingeet al, 1997) but in addition it takes into account the
effect of trapping on the movement of the air ia fiin and as a result it can be used to

compute mixing ratios in firn and in bubbly ice sitaneously.

In order to execute the model several site-speaiiit gas-related parameters (shown in
Table 5.3.1), an atmospheric scenario, densityedfiedtive diffusivity profile of the site
needs to be known. The model was run in the dimacde and it generated
concentration depth profile in relation to inputtdhospheric scenario. In the model it
was assumed that the snow accumulation rate, tesoperand firn structure at a given
depth were independent of time. This is justifietduse the study period is short and
climatically stable. The density profile was ob&inby measuring the weights and
dimensions of ~ 0.55 cm long sections of the forec The critical variable in the model
is the relationship between the gas molecular siffity and the effective diffusivity,
which is related to tortuosity and open porositytloé firn. The effective diffusivity
profile (see Figure 5.3.1) was obtained through ittverse modelling of C§ a gas
having a well characterised atmospheric evolutiend and also has a firn depth profile
at the EDML site. This was done by Patricia Manii@meat LGGE, Grenoble, France.
The effective diffusivity profile was calibrated du that the model result for GO
matches the COmeasurements in the firn (see Figure 5.3.2). Tleeteve diffusivity is

an increasing function of open porosity or rathedegreasing function of depth and
therefore does not take into account the effectraffozen melt layers or other

heterogeneities in the firn (Martinee¢ al, 2008).
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Table 5.3.1:Site specific parameters and diffusion coefficsamded in the model

Surface accumulation (ice equivalent) 7.2 cmlyr
Annual mean temperature (K) 228 K
Close-off density 0.839
I-windlayer (convective zone) 3

Diffusion coefficients relative to CQO

CFk 0.7581
CoFs 0.5953
CsFs 0.5072
c-C4Fs 0.4938
CHR; 0.8135
Sk 0.6045
SKECR; 0.5134
450 - 390
e z
2350 4 =
2300 - ~ 350-
=250 | S
E 200 - > 3307 ¢+ Modelled CO2 profile
é 150 = 310 1 C0O2 Measurements in the firn
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Figure 5.3.1. Effective diffusivity
profile for the EDML firn obtained

Figure 5.3.2: An llustration of

modelled CQ firn profile obtained with
through inverse modelling (Courtesy of

University of Bern and LGGE).

the effective diffusivity profile matches

the observations in the firn.
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Once the effective diffusivity profile was obtaingeen the concentration depth profile
of any gas can be generated by using diffusion ficomits relative to C@
Consequently if there was a bias in the effectifrislvity then this bias is implicated
in the data interpretation of all the gases. THieision coefficients for trace gases under
investigation were estimated from Le Bas molar wads (Fulleret al, 1966) and the
values used for the individual gases are giverainld 5.3.1.

The depth of the convective zone is described byntimber of windlayers in the model
and typically each windlayer is 0.2 m thick. Theptteof the convective zone can be
interpreted from the stable isotope measurements, as5'°N, or fast growing species
in the atmosphere like HFC 134a. The spatial ré®olof samples in the shallow firn
was very limited due to technical difficulties imliecting samples from depths
shallower than 4 m. On inspection of the prelimyniaotope data it was speculated that
the convective zone was less than 1 m (Weiler, &sity of Bern, personal
communication). The effective diffusivity profilebtained also showed a convective
zone of 0.6 m, which equates to 3 windlayers inntloglel. The sensitivity of the model
to the number of windlayers was investigated. Theleh was run for & with the
same atmospheric scenario but the windlayers waried: The model output for 3, 10,
and 20 windlayers is shown in Figure 5.3.3. The efled depth concentration profile
for the gas was insensitive to the number of wipellg, in particularly for the deeper
part of the firn. The modelled concentration depiiofile obtained with various

windlayers fits the data exceptionally well.
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Figure 5.3.3: The model output results for the sensitivity testdifferent number of

windlayers in the model

5.3.2 lterative dating

To interpret the firn data in terms of atmosphetiends and reconstructing its
atmospheric history from old firn air it is a vitaquirement to date the firn air samples
as accurately as possible. The firn diffusion madel be used to assign effective ages
for the firn measurements but it requires an atmesp input scenario, which is a
detailed account of the atmospheric history of ¢fas. A well-defined atmospheric
scenario would result in a better modelled fit k@ imeasured data. However dating
would be poorly constrained for species where tagmospheric evolution trend is not
known. This obstacle was overcome by an “iterateéing” technique developed by
Trudinger et al (2002), which does not require any preconceptibna species’
atmospheric history. This technique is restrictedspecies with reasonably simple
atmospheric variations that are monotonic in naameé does not show change in the
sign of the concentration gradient. This technibas proven to work well in previous
studies for several species of anthropogenic origiich as halocarbons, CFC's
(Sturrocket al, 2002) and PFCs (Wortaat al, 2007).

All of the species under investigation in this stutisplay a monotonic increase in

atmospheric burden and therefore satisfy the b&sjairement for the application of
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this technique. An initial atmospheric scenario waserated through a linear fit to the
firn data at the bottom of the firn and at the acef (see black line in Figure 5.3.4),
which was used to generate model concentratiopthdarofile (referred to as run 1 in
the illustrations shown in the discussions of tidividual species). The output is used
as a ‘look up table’ to assign dates to each sagpliepth, based on the modelled
concentration at the depth and the correspondinng ttam the input atmospheric
scenario. The concentration — age profile obtaiinech this run was used to generate
another atmospheric scenario through polynomithdjt(blue line and blue equation in
Fig. 5.3.4) and this scenario was inputted to geeerun 2. This procedure was
repeated until the age estimate was refined towhelbest fit solution and usually after
two runs the atmospheric scenario generated temdsomverge towards a similar

atmospheric trend.

90 - ® Initial Guess
= Run?2
80 ¢ Runl
A Run3
70 |+ —Poly. (Run2) y =0.4151x - 752.68
— Poly. (Run 1)
60 1 —Poly. (Run3)

— Linear (Initial Guess)
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£
8
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X
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Figure 5.3.4: The generated atmospheric scenarios used inrtn@iffusion model to
reconstruct the atmospheric history of ,CFhe “initial guess” (solid black line) was
used to generate the atmospheric scenario for “Ruihe polynomial fitting (solid
blue line) to the concentration-age profile obtdiieom Run 1 was used to generate
atmospheric scenario for the model Run 2. The motyal fitting to the model output
for Run 2 (Solid green line) was used to generat®spheric scenario for Run 3. The
concentration- age profile for Run 2 and Run 3i@soéd line) converged to similar

atmospheric trend so the iterative dating was diticoed.
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The iterative dating model was proved to be a sg@e dating most of the species
studied. But it should be noted that the reconstdibistories from firn measurements
will be smoothed relative to the original recordedo firn processes and mixing. The
short scale variations such as inter-annual vanatiare not recorded and also the
medium scale variations are damped. In additiorreth@re further uncertainties
associated with the several input parameters ferniodel. These suggest that if an
atmospheric scenario produces an excellent fith® measured data it does not
guarantee the accuracy of that particular atmosptend. However the firn diffusion
model is probably the best tool at hand currerglynfer most likely past atmospheric
variations for specific species as opposed to exemunstruction.

5.4 Tetrafluoromethane

Tetrafluoromethane (GJis one of the longest living trace gases andittigbutes to
the radiative properties of the atmosphere. Itgylatmospheric lifetime, which is
currently estimated to be 50,000 years, and stiBngbsorption in the “IR Window”
region in the terrestrial IR spectrum makes it g&eppgreenhouse gas (Worteh al,
2007). The estimated 100 year GWP for, @&~7600 relative to CObased on the new
absorption cross section of 1.90 x@rmoleculé'cm® (Hurley et al, 2005). The
radiative forcing of CFis currently at 0.004 Wrh (Worton et al, 2007) and is
estimated to increase to 0.033 Win accordance with 2100 emission scenario (WMO,
2006).

The current atmospheric abundance of, @~approximately 80 ppt (Wortoat al,
2007; Aoki andMakide, 2000) and has roughly doubled since 19%here are several
studies documenting atmospheric trends of,; GRarnisch et al. (1996a) derived
tropospheric trends for GFFom Sk dated stratospheric air that indicated an increase
the growth rate to 1.00 + 0.05 ppt'yfor the period 1982 — 1995; Khaét al (2003)
reported data from 1978 — 1997 in Cape Meares,@egr archives and in flasks from
Point Barrow, Alaska, and Palmer Station, Antagstinfrared high spectral resolution
space-based solar occultation measurements obsptaric CEkindicated a slowdown
in the rate of accumulation (Rinslaetlal.,2003); in-situ measurements of £z Mace

Head, Ireland and Cape Grim as part of the AdvarGaabal Atmospheric Gases
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Experiment (AGAGE) (Greallyet al, 2005); atmospheric trends were reconstructed
since 1950’s from Berkner Island, Antarctica andrtNdGreenland Ice Core Project
(NGRIP) firn air (Wortoret al, 2007).

The major anthropogenic source of ,CK from the production of aluminium.
Aluminium is produced by the Heroult-Hall processiich involves the electrolysis of
a solution of Alumina (AlO3) in a molten cryolite (N&AIFg) at high temperature. GF
and other PFCs are produced when the smelting gsoise disturbed briefly by a
condition known as “anode effects”. This conditiomormally occurs when the
concentration of alumina gets very low which resuft a sudden increase in voltage
causing the cryolite to decompose. The fluorinedpoed via cryolite decomposition
reacts with carbon anode to produce primarily;, @kd GFs, but also small amounts of
CsFgand possibly CCl-(Harnisch, 2000). The increasing awareness of &R{Ssions
from the smelting process in recent years led tocgss optimization to reduce
emissions. The semiconductor industry also conitbto the Clratmospheric burden.
CF4is used as dry etching and in plasma cleaning agerthe semiconductor industry
and is released into the atmosphere as a fugitiviesgon in the absence or failure of
any abatement technologies, which are responsibledpturing and destroying ¢k
the waste stream. The semiconductor industry sasroet as significant as compared
to the aluminium industry but the Emissions Datalfas Global Atmospheric Research
(EDGAR) shows increasing emissions from the sendaootor industry and therefore

emissions from this source needs to be closely tmi@d and regulated.

In addition to anthropogenic sources there is arahsource of CFwhich accounts for
almost half of the current mixing ratio. Harnisehal (1996b) analysed two glacial ice
samples to highlight a natural or pre-industriatkmaound level of 39 £ 6 ppt and
estimated a natural GFlux of < 0.01Gg y. The natural flux is of geochemical origin,
mainly from weathering of certain rocks and mingrdflore recently, Deedst al
(2008) showed evidence of crustal degassing aft@Fneasuring groundwater samples
in Mojave Desert, California. This study also camidd that the crustal flux was
enhanced during tectonically driven fracturinglué tontinental crust.

The atmospheric destruction of £ mediated by a photolysis reaction withi@ns in

the mesosphere, which could result in atmosphéatinhe of 330 kyr (Morriset al,
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1995) to 1 million years (Ravishankaet al, 1993). However the atmospheric
destruction process seems to be less important ttiarthermal destruction in high
temperature combustion zones of power plants, émators and automobiles at ground
level, and consequently decreasing the atmosphigticne to about few ten thousands

of years.

5.4.1 Results and discussion

The concentration - depth profile of Cheasured in samples from EDML firn air is
shown in Figure 5.4.1. The graph shows that the@&oination has risen from ~ 37 ppt
in the bottom-most samples to ~ 80 ppt in conteruyoair. The most intriguing results
are the observed mixing ratios at the bottom offitme which are not only the lowest
observed to date in any firn air record, but moegdtey stabilize and do not continue
to decrease with increasing depth. This particidature confirms that the EDML firn
air could probably be the oldest record providiegtér insights into atmospheric trends
by extending the existing firn air records to pmdustrial period. The average
concentration observed in the three deepest sar(@i2eg5m, 93.80m, and 94.80m) is
37.1 £ 0.3 ppt as compared to Wortral (2007) study, which observed lowest values
of 47.0 ppt at Berkner Island and 40.6 ppt at NGRie. The mixing ratios at the
bottom of the firn were not decreasing any furtivéh depth and therefore it can be
taken as a representative of the pre-industriabaithe natural background levels. In
order to constrain the atmospheric trends it waal Y0 assign the age scale to the
observations. The iterative dating technique waslwsd as shown in Figure 5.4.1 the
model result from run 3 agrees very well with theasurements. The atmospheric
scenario used in this model run was used to reaarighe atmospheric history of €F
from the EDML firn air (Figure 5.4.2).

The reconstructed time series of @the EDML firn air extends back to 1925 giving
the oldest record of GRrom firn air. The CEk concentration remained almost constant
from 1925 until late 1920’s to 1930, giving evidenaf natural background levels of
CF4. The average value of 37.1 + 0.3 ppt is withindhmr limit of the reported natural
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Figure 5.4.1:Depth Profile of Ck-mixing ratios in EDML firn air. The diffusion mode

results obtained with different atmospheric scasaaire also shown.
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Figure 5.4.2: Atmospheric trend of GFeconstructed from iterative modelling of firn
air. The solid line is the B order polynomial fitting to the EDML data. Dataoifn
Worton et al, (2007) from Berkner Island is also shown. Daslied (the projected
accumulation) is the extrapolation of the modeleiding ratios from the EDML firn
air samples dated before 1980.
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background level of 39 + 6 ppt estimated from glhme (Harniscket al, 1996b). The
pre-industrial value obtained in this study is @gthan the reported value of 34 + 1 ppt
(Wortonet al, 2007) and lower than 44 ppt reported by Khetlial. (2003). These pre-
industrial values reported earlier were based oa éxtrapolation of CFCyFs
relationship to zero £ concentration. This may not be a very reliableprapch to
evaluate natural background levels as compareddotdneasurement of pre-industrial
air because the GIE,Fs relationship is variable depending on externaldiecsuch as

smelter design and its operations.

The mixing ratios of CFincreased from a value of 37.3 £ 0.3 ppt in 19807.8 + 1.9
ppt in 2006. This increase could be attributed nthmpogenic sources such as the
aluminium industry. Although the concentration lasreased, the rate of change has
decreased in recent years. It increased from Oyir¥%n 1930 to 1.3% yt in early
1980s and then decreased to 1% iyr2006. The decreasing trend in accumulation rate
also propagated into the stratosphere and it wasrsithat the rate decreased from 2.77
% yr' in 1985 to 1.14% yF in 2004 (Rinslancet al, 2005). Harnisclet al (1999)
reported a tropospheric trend of 0.72 ppt yor the period 1992 — 1998 which is
comparable to our estimate of 0.78 + 0.02 pptfpr the same period. The growth rate
observed for 1986 — 1997 was 0.85 + 0.15 pptigrKhalil et al (2003), which is in
close agreement with the value of 0.79 + 0.02 pptoptained for the similar period in
this study. The continuous in-situ measurementSHfat Mace Head suggest an annual
growth rate of 0.7% yrin 2004 (Greallyet al, 2005). The CFmeasurements in the
Cape Grim archive air from 1981 showed a significecline in the growth rate from
the 1980/1990s value of 1.1 pptiyto 0.8 ppt yi* for 2004 (Greallyet al, 2005). The
recent growth rate obtained in this study matchidis the value obtained in the Greally
et al (2005) study for Cape Grim site, however the dhovate (ppt yr) from the
reconstructed trend did not show any irregularitethe growth rate rather than smooth
increase for the same period. The discrepancy doeildue to poor temporal resolution
of the firn data and the inability of the firn redato capture the inter-annual or short
term atmospheric variations and often results sm@othed record. There are certain
levels of disagreement between the absolute valugsowth rates reported by different
studies due to different approaches taken to estith@ growth rate and differences in

the calibration scale.
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A polynomial curve was fitted to the data befor88Q when the atmospheric
accumulation rate was at the peak and was extrisgbola 2006 (see Figure 5.4.2).
Assuming the Cl-growth was consistent with the rate observed leel®80 then we
should expect a current atmospheric value of 85 p fact that the actual measured
value was less than the projected accumulationFeh@hts a slowdown in emissions.

The CR emissions could be estimated from the atmosphmeeasurements or trends
because CFhas a very long lifetime and without any knownumak destruction
processes in the lower atmosphere. In this studyseel the conversion factor of 1 ppt
yrt = 14.7 Gg yi* (Khalil et al, 2003) to estimate emission in Gg'yfrom the model-
derived atmospheric trend. Figure 5.4.3 shows thisson of Ck since late 1920s.
During the early years the emission rates wereefatban the rate of aluminium
production and then increased coherently with tmewth of global aluminium
production. The reason for the emission rate béigher than the production rate in
early years could be due to highly inefficient siingl process. However in the recent
years there was a very large offset in the trenglabal aluminium production and the
emission estimated from the reconstructed histérg€f, from the firn measurements.
This suggests that the emissions from the aluminimeiustry have decreased

significantly as discussed below.
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Figure 5.4.3: The emission of CFfrom 1928 to 2006 based on the model-derived
atmospheric trend is compared to global aluminiwadpction. Data from Harnisch and

Hohne (2002) are also shown.
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To test the validity of the emission pattern dediviem the atmospheric trend obtained
in this study we compared our values to the upd&messions Database for Global
Atmospheric Research (EDGAR, version 3.3) for tleeiqu 1970 — 1998 and 2000
(Olivier et al, 2005). The emissions based on the model-deatadspheric trend are
generally in good agreement with EDGAR values eksepall discrepancies such as a
slight underestimation for the period 1970s andighisoverestimation for early 1990s
(see Figure 5.4.4). The lack of high resolutiom fineasurements, smoothing of data
due to mixing processes in the firn and the inaateuinput variables in the model could
explain the discrepancies between EDGAR estimatmmsemissions estimated in this
study. The differences in emission estimations iobth from direct atmospheric
measurements for the period 1989 and 1990 in g siydHarnisch and Héhne (2002)
and this study could also be accounted for sanmsonsastated above. However, for the
period 1991 to 1999 the emissions based on atmaspimeasurements by Harnisch
and Hohne (2002) were in excellent agreement with estimate (see Figure 5.4.3).
Harnisch and Héhne (2002) reported an emissior6d®g yr* for 1989 & 1990 but the
Anode Effect Survey (AES) 2008 conducted by Inteamal Aluminium Institute (IAl)
reported an emission of 13.0 Gg'yaloser to our estimate of 11.1 Gg'yr

It is noteworthy that the EDGAR Database showsatieg emission trend from mid
1980s to 1992 and then shows a positive trend sgare 5.4.4). This increase in
emission after 1992 could be either an increasemmissions from the aluminium
industry or some other source, such as the semicbmdindustry (Wortoret al, 2007),

or a combination of both. The EDGAR reports an ease in CI from the

semiconductor industry from a value of 0.4 Gg ym 1990 to 1.9 Gg yr in 2000.

Harnisch (2000) reported similar rate of increase GF, emission from the
semiconductor industry, that is, from 0.3 Gg ym 1990 to 1.1 Gg yrin 1995. Despite
the increasing contributions from the semiconduatdustry the major emitter is still
the aluminium industry. Nevertheless, the emissioos the semiconductor industry

needs stringent monitoring to curtail any furthearease in emissions.
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The growing emission rate from the semiconductalustry could to some extent
compensate the reduction in emission from the aliwm industry due to concerted
effort by aluminium manufacturers to reduce PFCssions. There are different smelter
technologies by which aluminium is extracted frdra bre and the emissions vary from
one technology to the other. The different techgi@e are: Horizontal Stud Soderberg
(HSS), Vertical Stud Soderberg (VSS), Side WorkeebBke (SWPB) and the newest
technology called Point Feed Prebake (PFPB) that waaopted under the PFC
emissions reduction program. The PFPB utilizes iplelt“‘point feeders” and other
computerized controls for precise aluminium feedwhich minimizes the occurrence
of “anode effect”. The International Aluminium Inste report on the Aluminium’s
Global Perfluorocarbon Gas Emissions Reduction raragie described PFPB as the
lowest PFC emitting technology that has grown Wigicor of three from 1990 to 2006.
During this time period the aluminium productiorcrieased by 75% and the common

smelter design used was the lowest emitting PFEfhtdogy.
The 2006 Anode Effect Survey (AES) calculated eimiss from survey participants

and estimated emissions from non-participants frd890 to 2006. The survey
concluded that the total emissions of PFCs (i.e, &t GFs) have been reduced by
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75% while global primary aluminium production hasreased over the same period by
almost 75%. This suggests that.@®ntribution from this particular industrial aatyw
should plummet causing the atmospheric levels dbilste. The emissions calculated
earlier from the atmospheric trend shown in FigBiadicate emissions stabilising at
11.3 Gg yt; however this was much higher than the emissibas were calculated
from the Total PFC (only GFand GFs) emissions shown in the 2006 AES report. This

could be simply the case of an overestimation dymtynomial fitting to the data.

To investigate if the findings of the AES and tkiady are consistent we focussed only
on the firn data of recent years. The AES repats PFC emissions in million tonnes
of CO,- equivalent. To convert this value into £o&mission only we used the GWP for
CF, and GFs used in the AES and also took into account th&t €onstitutes only 10%
by mass of CFin the total PFC emissions (EDGAR; Khadil al., 2003). Based on this
approach we obtained GEmission values of 7.3 Gg'yin 2000, 4.7 Gg yf in 2004,

4.1 Gg yt' in 2005 and 3.2 Gg yrin 2006. These AES emission values were back-
calculated into rate of change (ppt'yusing the conversion factor stated above. The
rate of change obtained for the years of surveyewieen added to the mixing ratios
obtained from the atmospheric trend used in thudystor the corresponding 1999 and
2003 years. Assuming that the aluminium industrythie major source, and if the
emission values quoted in the 2006 AES report aneect, then it should be reflected in
the atmospheric measurements. The mixing ratiogirodad from the emissions stated in
the 2006 AES report were plotted against the oleserfirn air reconstructed
atmospheric measurement for the similar periodyuie 5.4.5 illustrates that the mixing
ratios back-calculated from the emission valuetedtan the 2006 AES are within the
error limits of the measurements. Hence the measnts did validate to some extent
the findings of the 2006 AES results and showedexwe of stabilizing levels of Gin

the atmosphere since 2004 due to highly efficidgr€#reduction protocols adopted by

the aluminium industry.
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Figure 5.4.5: An illustration of mixing ratios of Cfreconstructed from the firn air

(blue diamonds) from 2000 to 2006 and mixing ragstimated from the AES 2008

report.

The discrepancies between the mixing ratios batdutzied from the AES and the
measurements were very minimal though some vait\abgsociated with other sources
such as semiconductor industry or electrolytic paotidn of neodymium in Japan or
probably some uncharacterised sources were expebieddifferences could also be

explained by the validity/accuracy of the surveytteere were limited participations by

Chinese and Russian producers that account for dD%lobal primary aluminium

production. It should be noted that while compatimg values estimated from the AES
report and the firn measurements, the time lagni@r-hemispheric difference was not
taken into account. This was not done as it woaldehvery minimal effect in this case

and also a small number of participants in the epiwere from Southern Hemisphere

so therefore it would not be a relatively simpladilag correction.
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5.5 Hexafluoroethane

Hexafluoroethane (§Fs) was first determined in the atmosphere in 1981s klso a
potent greenhouse gas with an atmospheric lifetihd®000 years and GWP of 9200.
The atmospheric concentration of approximately 8.5 ppt was observed in recent
years (Wortoret al, 2007, Greallyet al, 2005). Unlike Ckthere are no known natural
sources of gFg and it is believed to be entirely man-made. Thiarapogenic sources
of this gas are from the aluminium industry, semauctor industry and release from
CFC-115 manufacture. The emissions from latter s@ushould have practically
dropped to zero due to phasing out of CFC 115 utiderMontreal Protocol. The
“anode effects” in the aluminium smelting are alssponsible for the £ emissions.
However surveys by International Aluminium Instdushowed a reduction in,ks
emission factor from 0.058 to 0.016 kbAl between 1990 and 2004 (IPCC, 2007).

This decrease in emissions from aluminium productio recent years could be
compensated by increase in emissions from semi@bmdindustries that utilizes €

to clean chemical vapour deposition chambers (CVdg) it is also used in silicon
etching. Usually gFg is added to the CVD chambers where it dissociies highly
reactive ionic species such ag€ that reacts with contaminants to clean the surfdice
the chamber. After the cleaning cycle the gas medgufrom the chamber were
evacuated, diluted with nitrogen and then passedsicrubber to remove any remaining
reactive species before being vented into the gihwe. Therefore £ is released

into the atmosphere as fugitive emissions fromficieht scrubbers.
5.5.1 Results and discussion

The mixing ratios of g measured in EDML firn air increased from belowededtion
limit of 0.04 ppt in the deepest sample to appratety 3.15 ppt in the ambient air
(Figure 5.5.1). It is quite evident thatfg does not have any natural source and that the
emissions were practically zero before anthropaggriiuence. Figure 5.5.1 also shows
the model results that were obtained with the difio model with varying atmospheric
scenarios derived from the iterative dating techaigModel run 3 matches closely with
the measurements and therefore the atmospheriarszersed in this model execution

was used to reconstruct the atmospheric histoGpBS. The model fit to measurements
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was excellent except a data point was underestiiriatehe model at 20 m and it also
overestimated at ambient levels. Such disagreeoaweid be due to procedural errors or
uncertainties in the iterative dating model notneicapable of capturing the

measurements if the concentrations start to leffeldich could most likely be the
cause in this case.
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Figure 5.5.1: Depth Profile of GFs mixing ratios in EDML firn air. The diffusion

model results obtained with different atmosphecengrios are also shown.

The atmospheric burden of,kg started rising after 1920 at a linear growth rase
shown by the red line in the Figure 5.5.2. From@L92til late 1980s the growth rate
was about 0.02 ppt yrbut then it increased by almost a factor of figedt1 ppt yr'.
The behaviour of the ££¢ atmospheric trend is in contrast to that of, @¥hich showed
steady growth (in % ¥ and then decreased after mid 1980s. The chang®irth rate
reflected a change in source strengths. The data pletted against GKFigure 5.5.3)
to fully understand the underlying cause for thanging atmospheric growth rate of
C.Fs. The relationship obtained in this study is inesgnent with the relationship
obtained in Wortoret al (2007) and also clearly showed the extensiorhefsteeper

gradient obtained in Wortoat al. (2007). Hence this study supports the findings of
Wortonet al (2007).
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Figure 5.5.2: Atmospheric trends of £ reconstructed from iterative modelling of firn
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Figure 5.5.3: A plot of GFs Vs CR illustrates the changing relationship between CF
and GFs from EDML firn air. The figure also shows data rfraBerkner Island and
NGRIP in the Northern Hemisphere (Wort@t al, 2007). The solid lines were

determined by linear least- squares curve fittmthe two obvious trends.

179



The growth rate of &% increases linearly with respect to the,@ffowth rate before
late 1980s suggesting that theFg emissions were primarily from the aluminium
industry. Characteristically £ emissions were based on £{#missions, equating to
approximately 10 - 12% of GFoy mass (Khalilet al, 2003; Greallyet al, 2005).
However in late 1980s the trend in growth rate gfs@leviated significantly from the
initial trend. The steeper gradient suggests thalhé recent years,;E emissions have
increased, with the growth rate larger than the, @ffowth rate. Since the
implementation of PFC emissions reduction progréme, GFs emissions from the
aluminium industry have decreased significantlyttserefore it can be concluded that
increasing emissions from the semiconductor intessttaused the increase in thg=C
growth rate. Moreover, the in-situ continuous measwents of gFs at Mace Head
highlighted that above baseline elevations in the&ing ratios of GFs were not
correlated with the GFabove baseline events (Greadliyal, 2005). It was concluded
that an additional stronger source faiF§; such as stronger European emission source

from semiconductor industries resulted in this correlation between Gland GFs.

According to the model-derived atmospheric trdme growth rate increased from 0.04
ppt yr* in mid 1980s to an average of 0.14 ppt for the period 2004 to 2006. Khatit

al. (2003) and Harnischt al (1996a) estimated the growth rate to be appraeina
0.09 ppt yi* for the period 1987 — 1997, which is comparabléht value of 0.08 ppt
yr' obtained in this study for the similar period. &heet al (2005) reported a value of
0.05 ppt yt* for baseline growth rate which is significantlyver than earlier reported

values in other studies and in this study as well.

The conversion factor of 1 ppt¥r 23 Gg yi* (Khalil et al, 2003) was used to convert
the atmospheric trend derived from the model intaseion estimates. Figure 5.5.4
highlighted that the emission estimates from the&@haolerived atmospheric trend were
generally in good agreement with the EDGAR valuas the emission estimates from
Harnisch and Hohne (2002), which published thel et@ssions reported by countries
under Annex | Parties. However the Russian Federainly reported for the period

1990 — 1994 and for the rest of the years the éwmnisswere interpolated or were
assumed constant. The Russian Federation is rabfmoiier 40 — 50% of the global

emission and its actual emission not being knownldcaexplain the discrepancy
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between our data set and those reported by HararstiH6hne(2002). There are again
slight discrepancies between estimates obtaindHisnstudy and the EDGAR values,
and these are observed at similar periods in casgrarwith the Ck case. The
discrepancies could be the result of the smootlihglata due to lack of direct
atmospheric measurements or, quite possibly, ity €870s the CEC,Fs emission
ratio may have not been constant (a constant @#ti@0 is used to estimate,ks
emission from Ckemissions), and this seems logical because differaelters would
have different CEC,Fs ratios.
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Figure 5.3.4Comparison of gFs emissions obtained in this study with EDGAR Global
emissions and emissions stated in Harnisch and ¢1¢2002), which was the total
emission estimates reported by countries under éxrinParties” to the United Nations

Framework Convention on Climate Change.

The emissions reported by EDGAR were in the proyirof 1 Gg yi* from 1970s to
1990 and then increased by a factor of 3 in regeats. The dashed line in Figure 5.3.4
depicts almost constant values of 0.8 G, which was assumed to be contributed
solely by the aluminium industry as estimated frtme early slope of correlation
between Ckand GFs. The 2006 AES documented a decrease s €missions from
the aluminium production from 1.4Gg¥in 1990 to 0.4 Gg yrin 2006. The emission
estimate of 1.5 Gg ¥rin 1990 obtained in this study is in close agreenweth the
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industrial estimate but the emission for 2006 at&diin this study and by the 2006
AES is in vast disagreement. The differences cdutd explained by increasing
emissions from additional sources such as semiatodindustry. Assuming that the
emissions reported by the 2006 AES are valid theramn be approximated that the
emissions from the semiconductor industry incredsesn 0.4 Gg y* in mid 1980s to
~1.70 Gg y* in 2000. The rate of increase is consistent withfindings of Wortoret
al. (2007), who reported an increase from 0.47 + @21.8 + 0.11 Gg yf between

1990 and 2001 due to non-aluminium source.

The more recent emission estimates such as 2.96g 2006 could not be validated,
as the EDGAR (version 3.2) database was only alailantil 2000. These emission
estimates are subject to uncertainties in the gihmrgc trend used in this study. The
model-derived atmospheric trend tends to overestirtiee mixing ratio in the ambient
air sample collected at the EDML and underestimalwdconcentration of a sample
dated at 2003 although the polynomial fitting cufeethe entire dataset had a value of
r> = 0.99. From the depth profile (see Figure 5.5t18, GFs concentration seems to
stabilise more recently. The measurements fronsammples dated 2000 onwards were
plotted and an atmospheric trend was obtained pglynomial fitting of order 2 that
fits all the data (Figure 5.5.5). The emission reates were revised based on the
atmospheric trend for the recent years and it sddwat emissions decreased from 4.36
Gg yr'in 2001 to 0.63 Gg Vrin 2006.
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Figure 5.5.5: C;F¢ atmospheric trend for the period 2000 — 2006.
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Figure 5.5.5 clearly demonstrates that the growatiesr have decreased significantly
from 2003 to 2006. The results obtained here aeéinpinary evidence of stabilising
atmospheric growth of £ due to decrease in source emissions. This findargbe
confirmed by more high-resolution atmospheric measents of air archives to current
date. The World Semiconductor Council (WSC) is cottad to implement emission
reduction strategy to reduce global emissions & below the baseline year (1995) by
the year 2010. Several industrial practices weaptedl to achieve this goal and these
include: replacement of perfluorocarbons with sN&hd other compounds that are
degradable in the chamber, high temperature fursaceber to efficiently destroy any
PFCs, and development of membrane systems to neaodeecycle PFCs (Wijmares
al., 2004).

5.6 Perfluoropropane

Perfluoropropane (§Fs), or commonly known as PFC 218, has an atmosphfiitne

of about 2600 years with a radiative forcing c#@Wm? ppb* and a GWP of 8830
based on a 100 year time horizon (IPCC, 2001). athespheric sources are entirely
anthropogenic resulting from its application in gtea etching in semiconductor
production, primary aluminium production and iteus a blended refrigerant such as
R-413a. The atmospheric measurement4$% @ very scarce and therefore very little is
known about its atmospheric history. There is amg published long term trend data
(1978 — 1997) for g5 in Cape Meares, Oregon, air archives and in féetia from
Point Barrow, Alaska, and Palmer Station, Antaec{i€halil et al, 2003; Culbertsoet
al., 2004), which showed the rising atmospheric borflem 0.08 ppt in 1978 to 0.22
ppt in 1997. More recently in-situ measurementsMaice Head, Ireland in 2004
observed a mixing ratio of 0.47 ppt (Greadlyal, 2005).

The atmospheric measurements gffdhave not been updated since 2004 and therefore
this study not only provides insights into the leagatmospheric trend but also the most
updated atmospheric record ofFg, and consequently, should confirm the findings of
Greally et al (2005), which stated more than doubling aF£mixing ratios in the

atmosphere since 1997.

183



5.6.1 Results and discussion

Figure 5.6.1 illustrates the concentration - dgmtbfile of GFs measurements in the
EDML firn air. A value of 0.83 ppt was measuredtlire ambient air sample (January
2006) in Antarctica. This suggests that the atmespltoncentration has increased by a
factor of 4 since 1997. The zero concentration #g@ few deepest-most samples of

the firn also suggests that this species does ane b long atmospheric history unlike
the other major PFCs.
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Figure 5.6.1: Depth Profile of GFg mixing ratios in the EDML firn air. The diffusion
model results obtained with different atmosphecensrios are also shown.

The atmospheric trend derived in this study rewetiat the atmospheric;Es was only
evident after early 1960s and grew at a slow beddst rate to early 1970s. It remained
almost constant at ~0.1 ppt until mid 1980s and thereased to 0.22 ppt in mid 1990s
before escalating to a value of 0.83 ppt in the iantbair samples. The reconstructed
atmospheric trend obtained from the EDML firn meaments correlates very well
with the UEA Cape Grim data, particularly in théelapart of the reconstructed trend.
The atmospheric trend shown in Figure 5.6.2 close§embles the trend observed at

Cape Meares, Oregon and Palmer Station, Antardrdhe period 1978 - 1992 by
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Figure 5.6.2: Model-derived Atmospheric trend forskg obtained by iterative dating
technique. The atmospheric trend obtained is coegpawith other published
(Culbertsoret al, 2004) and unpublished data from Cape Grim measair UEA.

Khalil et al. (2003) and Culbertsaet al (2004). The measurements in this period are in
good agreement and the small disparity in absolataes between the two datasets
could have resulted from differences in the catibrascales. The two datasets (UEA

and Culbertsoret al, 2004) are in obvious disagreement in absolubkeegabut not so

much in the general trend from mid 1990s until 1997

The discrepancies between the two datasets (bettheestudy and Culbertsast al,

2003) could be an overestimation by the model-@er@tmospheric trend due to lack of
data points in that particular period, or they dymmuld be attributed to uncertainties
in the assigned age scale. The discrepancies ipérticular period could be easily
compensated for if the age scale for the atmosphiesnd was moved to the right by
approximately 4 years. The uncertainty in the aggeswould arise from an incorrect
atmospheric scenarios input and as a result theemaahs overestimated the

concentration at 60 m depth which actually corresisoto the disagreement region in
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the age scale. Culbertsen al (2004) reported values of 0.16 ppt to 0.23 ppi1996
and such scatter in the data could also partiaihfaén the discrepancy between the firn
smoothed data and the annual averaged trend frdbe@sonet al. (2003). However it
seems there are some serious calibration issubsGafs. When the absolute values
were decreased by 1/3 only then the two datasete w@herent, hence providing a
convincing case that the UEA calibration scale @Fs was 33% higher than the

Culbertson’s scale.

Despite the apparent discrepancy in absolute vddatgeen the datasets the pattern of
atmospheric growth is very similar. The averagemiinorate calculated from the model
trend for the period 1986 - 1992 was 10% gnd is comparable to the average growth
rate of 9.3% yI observed in 1986 at Cape Meares (Culbertsbal, 2004). Both
datasets depict a change in the growth rate at 4888ugh the growth rate illustrated
by the model trend is more dramatic then that db@usonet al (2004). The average
growth rate for the years 2000 — 2005 was estim@tdze ~0.06 ppt & Such a large

increase in the growth rate means an increasaunc&@missions.

The pattern of reconstructed atmospheric trenerg similar to the gFg reconstructed
atmospheric trend. Figure 5.6.3 shows the corogldtietween & and GFg data with

a correlation coefficient of 0.96. This could inalie that the timing of change in growth
rate could be similar for both species hence trseskfar speculation that the origin of
the emissions could also be similar. As highlightethe above section the increase in
C.Fs atmospheric burden was due to increase in emsdimm the semiconductor
industry and therefore the rapid increase in thigs @rowth rate observed since 2000
could also be attributed to the semiconductor itrgusin addition, the in-situ
continuous measurements at Mace Head revealed imrssuort of pattern for above
baseline observations for both gases suggestirigthtbasources are similar and most
likely linked to the semiconductor industries inr&pe (Greallyet al., 2005). However
this is not very conclusive for two reasons. Fyisthere are no emission estimates
available from semiconductor industries to sugtiest the emissions are increasing and
secondly it has been reported that there were ggpwimissions due to its use in
refrigerants like R-413a (Harnisch, 2000).
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Although it is certain that emissions have incredasapidly in the past decade it was
difficult to pinpoint a particular source resporsitfor the increase at this stage and
therefore demands further investigation in thiseaspGiven the current growth rate it is

vital to identify the sources and implement emisgieduction strategies.
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Figure 5.6.3: An illustration of linear correlation between atspberic trends for £E5
and GFs. Only those samples were correlated where non-zahees of GFs were
observed.

The emissions were calculated based on the gratghobtained from the reconstructed
atmospheric trend and the values from 1970 to 28@5shown in Figure 5.6.4. It
portrays a decrease in emissions from 1970 to EBthen a slow increase in 1980
with more rapid growth from the early 1990s. Therage emission for 1970 - 1979
was about 0.1 Gg yrand is a typical emission value from the aluminismelting,
which are on the order of 0.1 Gg'yfHarnisch, 2000). The emission estimates for the
second half of 1990s were calculated to be 1.1 Bgand this strongly supports the
tentative emission of 0.70 + 0.45 Gg'yestimated by Harnisch (2000). The average
emission for the period 2000 — 2005 obtained irs #tudy was 1.8 Gg yr The
emissions obtained in this study for more recemryeould not be verified due to the

lack of more recent atmospheric measurements, aadcurate and inconsistent
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emission inventories. The EDGAR values availableewmuch less than those values
obtained in this study. This clearly reflects someonsistencies in the reporting

procedures, and is an indication that some polestiaces were not accounted for.
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Figure 5.6.4. Emission estimation based on the growth rate oéthifrom the
reconstructed atmospheric trend for the period 292005. The emission estimations

obtained are compared to the EDGAR values.

5.7 Perfluorocyclobutane

Perfluorocyclobutane (c4Es) has an atmospheric lifetime of 3200 years, radiat
efficiency of 0.32 Wnfppb* and a GWP of 10 090 for a 100-year time horizon
(Velderset al, 2005). There is very limited knowledge aboutitsmospheric abundance
and the nature of sources for this particular sgeoemains largely unexplained. It has
some economic relevance in plasma etching in semdigdor production. It could be
formed through dimerization of tetrafluoroethenepassibly through combustion or

thermal decomposition of fluoropolymers (Harnis2B00). The possibility of military
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applications of c-¢Fg in radar systems and as specialised refrigerarsubmarines
were also mentioned (Harnisch, 2000).

Harnisch (2000) reported an annual mixing ratioOof ppt in 1997 based on an
unpublished study of stratospheric air measuremdimis study provides the first and
the longest atmospheric trend of gFgderived from the EDML firn air measurements.

5.7.1 Results and discussion

Figure 5.7.1 shows that the mixing ratio increaBedh below detection limit at the
bottom of the firn to 1.17 ppt in January 2006. Taenospheric history was
reconstructed using the diffusion model and theaiitee dating technique, and the
results obtained are shown in Figure 5.7.2. Istiates that the mixing ratios increased
very slowly from O ppt in 1940 to ~ 0.1 ppt in §atl960s and then increased at a linear
growth rate. In fact, a linear fit to the 1957 -9I%ata (R = 0.99) yields a growth rate
of 0.03 pptv yI. Since 2000 the growth rate decreased drastica#ipilizing the
atmospheric mixing ratios. The reconstructed trglmolws the mixing ratios levelled at
1.15 + 0.02 pptv for the period 2000 — 2006.
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Figure 5.7.1The depth profile and the diffusion model restdtsc-C4;Fs in EDML firn
air.
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Figure 5.7.2: Model-derived atmospheric trend for gHg obtained by polynomial
fitting curve to the data. The trend obtained ins tlstudy was compared with

measurements from Cape Grim data reported by Or8609j.

The reconstructed atmospheric trend was compareatntospheric measurements of
archive air samples from Cape Grim from 1978 — 18©fam, 1999) and updated
measurements from the same site until 2003. ABehmeasurements were done on the
same UEA calibration scale. The general patteth@feconstructed atmospheric trend
is coherent with Oram’s (1999) data except a mdisagreement around 1990 — 1995.
Oram (1999) noted that the atmospheric valuesestatabilising around 1990 — 1995
with the growth rate decreasing by nearly 80%. Obsiy our reconstructed trend does
not show this feature due to lack of temporal netsmh of the firn measurements. A
linear regression of the 1990 — 1995 Cape Grim datded a poor correlation due to
scatter in data. The precision of the measuremexst better than the degree of the
scatter observed in the dataset, suggesting tleae tvas a local influence on this
compound (Oram, 1999). However the absolute coraim values from the firn
measurements in the same time period as in Oranody svere in excellent agreement
with the reconstructed trend and therefore incidése confidence in the validity of the

reconstructed trend.
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The c-GFs depth profile was compared with other species sisc6Fk and GFs whose
atmospheric abundance and the fate of its sourees well constrained. Figure 5.7.3
shows remarkable similarities in the growth paterdmetween CF and c-GFs.
Apparently c-GFg started to increase approximately at the time w@Engrowth rate
increased rapidly due to aluminium smelting.,Gihd c-GFg both had their peak
growth rates during similar time period and therefoould strongly suggest that the
nature of the sources could be same. The growts raf c-GFs and GFs were
distinctly different (see Figure 5.7.4), the inlitgaowth rate of c-GFg was much faster
than GFe. The period where the semiconductor industry hajmificant impact on the
atmospheric & it could also have contributed to the increasingls of c-GFs but
clearly is not the major source of gHg. Due to strong resemblance toGffowth rate
patterns it is convincing that aluminium industraswesponsible for the increase in c-
C4Fs but the fact that c-4Fs started to stabilise in the atmosphere beforg i€Kuite
perplexing. This could be only possible if the esiuas decreased much faster than CF

due to improvement in technologies and other niibgestrategies.
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Figure 5.7.3: A scatter plot of Crvs c-GFg
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Figure 5.7.4: A scatter plot @Fs vs. c-GFs

Like the other PFCs discussed earlier, emissiomatts of c-GFs were obtained by
similar process. The model-derived atmosphericdirems converted into emission
estimates using the conversion factor of 1 pptv3133.4 Gg y'. Figure 5.7.5 shows
that the emissions increased from 0.8 G iyr 1971 to 1.1 Gg yrin mid 1980s and
then decreased to almost 0 Gg ym recent years. The emissions obtained in toidys
were compared to Oram (1999) and to the EDGAR wallédne emission values
reported by EDGAR were underestimated and were slingignificant in comparison
to the values obtained by this study and Oram (L9B®ere is a good agreement in the
emissions for the period 1976 — 1981 between tdysand Oram (1999), but for the
other periods although the absolute values areisagceement, the general trend for
emission is similar. Oram (1999) highlighted a mim$ter decrease from 1990 — 1995
but our study showed a steady decrease in emisskmsliscussed previously such
discrepancies could arise due to the lack of tealp@solution in data from the firn
record, due to smoothing effect in the firn andalse to the polynomial fitting to the

data used to obtain the atmospheric trend.
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Figure 5.7.5: Emission estimates of cs;& based on the reconstructed atmospheric
trend from firn measurements. These emission ettsnare compared to EDGAR
database and Oram (1999) study.

An annual emission of 0.17 Gg yfor the year 2003 was noted based on interspecies
ratios observed in aircraft profiles near Tokygyala (Yokouchiet al, 2005). This is
approximately 77% of the global emission deriveahfrthe firn measurement for the
year 2003. The emissions decreased from 1.13 G¢py® Gg yi* for the period 1990 -
2005, implying a decrease by 100% as compared % wduction in total PFCs
emissions from the aluminium industry (AES, 200%6p date c-GFg has not been
detected in the anode gas and warrants furthestigation to pinpoint the aluminium
industry as the major source. The similarity indebur between Cfand c-GFs could

be coincidental and therefore we may not have aediemuch in terms of
understanding the sources of this particular greesé gas, but we are convinced that
this particular greenhouse gas is not increasingpenatmosphere and its emission has

almost decreased to 0 Gg'yr
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5.8 Fluoroform

Fluoroform (CHE, HFC-23) is another potent greenhouse gas with&P@f 11, 700
based on 100-year time horizon (WMO, 2006) anddatae efficiency of 0.19 W
ppb'. The atmospheric lifetime is about 270 years owingts very slow removal
process predominantly via reaction with troposph€&H radicals. HFC-23 is the most
abundant and is probably the longest existing HF@é atmosphere. Initially HFC-23
was used as a raw material in the production obhalB01 (CBrE) but this source
would have decreased to zero due to the implenmentatf the Montreal Protocol,
which bans halon manufacture in developed countrdieds currently used as a
replacement agent for halons in low temperaturegesfant and fire extinguishing
applications. Although it is directly dispersedaihe atmosphere, emissions from these
sources are trivial as compared to emissions frd@FE&22 production. HFC-23 is
formed at the reactor stage of the HCFC-22 manuifilagt process due to over-
fluorination of HCFC-22 with hydrogen fluoride. ThéFC-23 produced is separated
from HCFC-22 and is vented into the atmosphere. dmeunt of HFC-23 produced
depends on the occurrence of unfavourable reactaditions but it is estimated to be
between 1% and 4% of the production of HCFC-22 (Mtf£h & Lindley, 2007).

There are two published long term trends for HFC-@3 from 1978 - 1995 in air
archives from Cape Grim (Oraet al, 1998) and the other from Cape Meares, Oregon
samples from 1978 to 1997 (Culbertseinal, 2004). Both studies revealed that the
atmospheric levels are increasing unabatedly.

5.8.1 Results & discussion

The depth profile of C#H in the EDML firn air is shown in Figure 5.8.1,0ay with
model runs with different atmospheric scenariosamigd from the iterative dating
technique. It was quite challenging to model thastipular species because it did not
reach zero at the bottom of the firn indicatingt ttieere might be a natural background
level. However it would be difficult to imagine whthnis natural source could be, and
on the basis of there being no documented evidemcany natural sources of this
compound, we assumed that the pre-industrial vaiae zero. Nevertheless the values

observed at the bottom of the firn were close t@.zdt was measured to be ~ 0.5 ppt,
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which is significantly higher than the detectiomili, indicating a natural background
level or due to some contamination from the sangptiavice but it is difficult to make

any conclusive remarks at this stage of a possiataral background level. A system
blank run was done immediately after measuring deepest firn samples on the
instrument and it showed a zero blank. This in@sathat samples were either
contaminated with HFC-23 during sample collectianpoobably there might be a

natural source. Hence the dates assigned to theeslesamples need to be treated
cautiously as they could be older if there was &unah source. Nevertheless the

reconstructed atmospheric trend is in absolute emgeat with the atmospheric
measurements (Figure 5.8.2).
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Figure 5.8.1: The concentration-depth profile and the diffusioadel results for CHf
in the EDML firn air.

The reconstructed atmospheric trend showed thattim@spheric values rose from a
value of ~0.5 ppt in 1950 to 19.4 ppt in early 2006e atmospheric trend derived here
is in good agreement especially during the recaritqgf the derived trend with the trend
obtained by Oraret al (1998) and is in agreement with Culbertsbml (2004) for the
same period. The reconstructed trend is consistéht the updated trend until 2004

from Cape Grim (WMO, 2006) except minor discrepaacdn the earlier part of the
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Figure 5.8.2: Model-derived atmospheric trend for Citibtained by polynomial fitting
curve to the data. The trend obtained in this stwdg compared with measurements
from Cape Grim data reported by Oraal. (1998), from Cape Meares by Culbertson
et al (2004) and unpublished Cape Grim data.

record. The measurements reported by Culbersat (2004) are higher by 1.2 pptv
than those reported by Oraghal (1998), reflecting systematic errors in the aaliton
scale. Since the calibration scale used in thidysisiessentially the same as Oranal
(1998), the reconstructed trend should be moreistems with the trend obtained in
Oramet al (1998) study and the updated trend published MQ\2006) report. The
fact that the model-derived atmospheric trend rssient with Oranet al. (1998) and
WMO (2006) report from 1990 onwards eliminates discrepancies due to dating of
the firn air samples. The discrepancy betweenstoidy and other trends reported using
the same calibration scale is simply because tva plaints (1978 and 1968) seems to
have higher mixing ratios than expected and theeefotroduce bias in the derived
atmospheric trend. However there are no obviousoreato justify that these samples

were contaminated and should be rejected from aladdysis. It was in these samples
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that CFCs and H1301 started to deviate accordifigiy the natural background levels
of O ppt, so if there was contamination with thenteonporary air then it would be
difficult to rule out. Also the in-situ measuremeiwf CQ at the site did not record any
increase in C@values at these depths. Therefore contaminatitmmwbdern air can be
ruled out but it seems like these two samples wergaminated by sampling device,
the fluoro-polymer used in sampling device seenttdaminate samples with CEF

The growth rates were calculated from the equatbtained by fitting fourth order
polynomial curve to the entire data’(R0.99). The growth rate escalated from 0.24 ppt
yrtin 1970 - 1980 to 0.87 ppt yin 2000 — 2005. These growth rates are comparable
to some of the earlier published growth rates ssc@.7 ppt yf in 2001 — 2004 (WMO,
2006). The atmospheric trend obtained in this s&hilyws a steady increase in growth
rate. On the contrary, WMO (2006) reported a sigairftly higher growth rate for the
period 1994 — 2001 than 2001 — 2004 based on tpke Hesolution Cape Grim
measurements. Due to the lack of temporal resolwifoour data it was impossible to
suggest that the growth rate could be higher inptst and has slowly declined in the
recent years but this could be a possibility. lis #tudy we also obtained a growth rate
of 5 ppt yi* for the period 1995 - 1997, replicating the growdlte observed for the
similar period in Oranet al (1998) and Culbertsagt al (2004).

The industrial emission estimates are usually basetthe annual production of HCFC-
22 and an emission function (relationship betwe&F8-22 production and HFC-23
emission). Oranet al (1998) obtained an emission function of 2.1% adl995 by

forcing the predicted concentrations, which wascuwated by varying emission
functions, to fit the observations at Cape Grim.rélcecently McCulloch and Lindley
(2007) estimated emissions for a “business as usgahario in which the emission
function of 1.9% was used for developed countrest titilized significant abatement
technologies and an emission function of 4% was fsedeveloping countries without

any significant abatement technologies.

Figure 5.8.3 compares the emission estimates autdim this study from the model-
derived atmospheric trend with the emission esesdtom Oramet al (1998) and
McCulloch and Lindley (2007). Generally there isgaod agreement between the

emission estimates from this study and Oretral (1998) from mid 1970s to mid
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1980s. However the emission estimates of Omtral (1998) and McCulloch and
Lindley (2007) were higher than the emission valabtined in this study, especially
from 1990 where values are higher by as much as Z4éarly the emission functions
used by McCulloch and Lindley (2007) was overestgdaand this was hardly
surprising because under the business as usuargcénvas assumed that none of the
new facilities in developing countries would hawesic abatement procedures and that
there will be no improvement in abatement techne®go existing facilities in
developed countries, resulting in maximum atmospheconcentrations and
environmental effects. Despite the discrepancyhi@ &bsolute values the trend in

emission estimates obtained is consistent withrathelies.

14 - M This study
B McCulloch et al., 2007
12 - B Oram et al., 1998 Lower fit
10 -
s |
> 8
O
L 6
T
&)
4 -
2,
O,
L e e o e e o o o e i e e i - ) D S T N )
[{e} (e} © o (e} [{e} [{e} O O O O (e} (e} O O o o o
~ ~ ~ ~ ~ [o¢] (o0} oo oo oo [{e} (e} (e} [{e} O o o o
o N SN (o] (o] o N IS » (o¢] o N SN (o)) (o] o N SN
Year

Figure 5.8.3: Emission estimates obtained from the model-dera®dospheric trend
were compared to the emission estimates of Cedral (1998) and McCulloch and
Lindley (2007).

The increasing trend in emissions could be reversddFC-23 was captured and
destroyed. The emissions could be reduced by psamesmisation in the reactor and
by collecting and treating the vent gases suchhasthermal oxidation treatment
process. Thermal oxidation is a highly effectiveatment option, destroying 99.996%
of HFC-23 produced but the system must be desigmedpe with halogen acids and

the downtime of the destruction facility needs tmsidered when implementing this

198



treatment option. McCulloch and Lindley (2007) estied emissions for the current
best practice that would destroy 90% of the toterdgity of HFC 23 produced based on
the assumption that such destruction facilitiesnoerporated into all processes over a
10 years period commencing in 2005. By 2015, thedipted emissions for the best
practice scenario would be 2.4 Gg'yresulting in an 83% reduction of the 2004
emission value (McCulloch and Lindley, 2007).

5.9 Sulfur hexafluoride

Sulfur hexafluoride (S§f is one of the most efficient greenhouse gasds thé highest
GWP noted to date. It has a GWP of 22 450 based D00 year time horizon and an
atmospheric lifetime of 3200 years (WMO, 2006). Tétveg atmospheric lifetime is due
to its stability in the troposphere and stratospherith its only sink being photolysis
and high energy electron capture in the mesosphise.present atmospheric
concentration is about 5.60 + 0.04 pptv (IPCC, 30&7d therefore contributing only
0.1% of the total man-made global warming effectCa),. However due to its long
atmospheric lifetimes, increasing atmospheric tseanttd highest GWP, it was classified
as one of the greenhouse gases in the Kyoto piotheb required to reduce its
atmospheric burden.

The sources of atmospheric¢Skre almost entirely anthropogenic but there has lze
very small natural source from out gassing of soilstaining fluorite minerals (Deeds
et al, 2008). The natural background level ofs 3§ lower than 0.04 ppt (Maiss and
Brenninkmeijer, 1998). The most dominant applicatid Sk is in the insulating fluid
in transformers (WMO, 2006). The industrial prodoct began in 1953 with the
introduction in the United States market forgSfsulated circuit breakers but since
1972 the application of Sknsulated switchgear became more widespread (Maisk
1998). It is also used as a cover gas in magnepiaahuction to prevent oxidation of
molten reactive metal. Some of the minor uses gfigttude a cover gas in aluminium
smelting, in the electronics industry, filling gfrés, in sound-insulating windows and in

sport shoes.
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Due to its steady growth rate and well charactdriseridional concentration gradients
in the atmosphere, $kvas measured as a tracer in atmospheric trangpdrimixing
studies. Hence there are numerous studies whiah pablished atmospheric trends for
Sk long term trend (1972 — 1996) from Cape Grim aichives (Maiss and
Brenninkmeijer, 1998), longest high precision relcan the NH from Izana (1991-
1999) and Spitsbergen (78°N) from 1996 — 1998 (MasBrenninkmeijer, 2000),
measurements from high altitude Jungfraujoch Rebke@tation, Switzerland since mid
1980s (Zandeet al, 2008), and also, there is an ongoing monitoanhgeveral NOAA

sites.

5.9.1Results and discussion

In this study atmospheric trend was reconstructesinf the EDML firn air
measurements. Figure 5.9.1 illustrates the depdiilgr which clearly points out
increasing concentrations from virtually zero levéh the oldest air to 5.5 ppt in
January 2006. In order to assign the age scalstédmelard dating tool, which was used
for the earlier species, was also adopted faoy. Bespite the ability of the model to
closely reproduce the firn depth profile, the atpiesic trend (blue line, see Fig 5.9.2)
obtained with the iterative dating technique wasaatmerent with the atmospheric and
other firn measurements. The atmospheric trend irsddda from iterative dating
technique overestimated the mixing ratios from 19#arly 1980s and underestimated
the mixing ratios from early 1990s to late 1990sctSinconsistencies could arise from
the atmospheric scenario that was used in thesiliffumodel. However there is high-
resolution database for SFom late 1970s to present day (from Cape Grina deid
NOAA SH data) and from the iterative dating teclmigit was obvious that the
concentration was ~ 0.01 ppt or less before 194tes@& information were pieced
together to reconstruct an atmospheric scenariotier model by the method of
polynomial fitting. The atmospheric scenario wasorestructed from 1900 to January
2006 which was then forced into the model to gdaeeddfusion model result, labelled

as run 4 inserted in Figure 5.9.1.
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Figure 5.9.1: Depth profile and diffusion model results forsSk the EDML firn air.

The atmospheric scenario used in the first thredehuns were generated through the
iterative dating technique but for the fourth rumsérted in Figure 5.9.1) the
atmospheric scenario was a reconstructed trend &mmospheric measurements from

Cape Grim archive air and the NOAA/CMDL Southernnigpheric monthly mean
values.

Though the model result from run 4 did not quitetchathe measurements for the
middle depths as it did for deeper and shallowetspat the firn, the atmospheric trend
(solid purple line in Figure 5.9.2) obtained fromstrun is remarkably coherent with

other atmospheric and firn measurements. Such a&ellext match increases the

validity and confidence in the reconstructed atrhesig trend, which was used to
evaluate the growth rates and emission rates.
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Figure 5.9.2: Model-derived atmospheric trend obtained by cufiiteng to the data
(purple solid line) was compared to NOAA Southerantisphere mean values from
1995 — 2006, Cape Grim (Oram, personal communies)jdome C firn air data (UEA
unpublished data).

The reconstruction from firn measurements cleattypws that SE had a small
background level of 0.04 = 0.03 ppt before the B)3®mplementing the findings of
Maiss & Brenninkmeijmer (1998), who reconstructed atmospheric history of 6n

the basis of S§sales record and suggested a natural backgroueddeapproximately
0.04 ppt. The mixing ratios increased to 0.30 ppLl960 and such increase could be
rivalled by the onset of $Fproduction for use in switch gears in 1950s. Hosveafter
mid 1960s the atmospheric burden ot $mained constant at 0.30 ppt until 1972 and
then started increasing almost unabatedly afte? 1675.5 ppt in January 2006. The
substantial atmospheric loading of¢gSfEommenced when its application in the switch

gear became widespread.
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Maiss and Brenninkmeijer (1998) reconstructed aphesc trend from 1953 - 1996
from the sales data. This atmospheric trend wafeawith the firn measurements and
diffusion model-derived reconstructed history ofbéal in this study. The reconstructed
trend observed in this study agrees well with teeonstruction from sales data and
globally observed mixing ratios. The notable featus the disagreement in both
reconstructions from early 1950s to 1965. The rstantion from the firn
measurements shows higher mixing ratios than thesenstructed from sales data. A
sudden increase in $ktmospheric loading tends to suggest some poirgsemns in
mid 1950s and then the emission was practicallg metil early 1970s. Clearly the firn
measurements reveal the atmospheric concentrateanhigher during the 1950s and
early 1960s than those predicted on the basiseo$dles data. There was only one firn
measurement that resulted in this disagreementlaréfore no concrete conclusions

could be made at this stage.
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Figure 5.9.3:Reconstructed atmospheric trend from the firn mesments is compared
to observed global mixing ratios and the trend metmicted from the sales inferred
concentration (Maiss & Brenninkmeijer, 1998). THeNl_ firn data were corrected for

inter-hemispheric exchange time.

To fully confirm that the atmospheric mixing ratios the 1950s and early 1960s as
inferred from the firn data were higher than theorestruction based on sales data for

the similar period, older air either from firn arei needs to be analysed. The Dome C
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firn air measurements (see Figure 5.9.2), whicllgtes to early 1970s, may imply that
the reconstructed atmospheric trend is being otierated due to this one suspicious

datum point.

The growth rate increased steadily from almost®®6x yf* in 1972 to 0.25 ppt yrin
1998 and then it declined slowly to ~ 0.20 ppt yr 2005. Krieget al (2005) obtained

a trend of 0.24 — 0.31 + 0.008 ppt'yior three sites in the NH from 1993 — 2002, in
agreement with the average trend of 0.24 pptaobtained in this study for the similar
period. WMO (2006) noted that the growth rate lemsained relatively constant at 0.23
+ 0.02 ppt yt* since mid 1990s, which is similar to an averagadrof 0.24 + 0.02 ppt
yr'! obtained in this study from 1995 — 2005. The gtowate from 2000 — 2005
obtained in this study was in excellent agreemgoégt for the 2005 value. According
to NOAA/CMDL data the mean growth rate for the $@muh hemisphere for 2005 was
0.25 ppt yi* as compared to 0.20 pptiyobtained in this study. The discrepancy could
be due to underestimation of the convective zoneerlawhich would lead to
uncertainties in the age assignment of the air ftoenshallow firn depths or another
possibility could be that the mean southern hen@gphvalues are biased towards
higher value due to meridional gradient or variggiégrom one site to the other. Some
monitoring sites, particularly those closer to dgpiator and industrialised countries in
the southern hemisphere, would record high mixiagos. Contrarily, insufficient
atmospheric mixing or changes in the atmospherniculdtion would mean more
polluted air could not be transported to Antarctitlaerefore concentrations observed at
Antarctica for any given year could not be takeraagpresentative for the southern
hemisphere. The NOAA/CMDL South Pole (SPO) datansibthat the growth rate for
2005 was indeed 0.20 pptYyrsupporting the value obtained in this study.

The growth rate calculated from the model-derivedaspheric trend was converted
into emissions (Gg ¥i) by multiplying by a factor of 25 (Maiss and Brémkmeijer,
2000). The emission estimates obtained were companigh emission estimates
calculated from direct high-resolution atmospheriaservations as given in Maiss &
Brenninkmeijer (1998) and Oram (1999). Figure 5.Bldstrates that the emission
estimates obtained from the firn reconstructed apheric trend agrees with the trends
of emission with other studies and the absolutaeshbre almost matched from 1986 to

1996, but there are considerable differences ireénker part of the trend.
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Figure 5.9.4:Emission estimates derived from the reconstruatetspheric trend. The
emission estimates obtained was compared to esnfisdm Maiss & Brenninkmeijer
(1998) and Oram (1999).

The discrepancies could be attributed to the usemdons of uncertainties associated
with the reconstructed trend due to lack of higéshetion data and curve fitting to the
data. Maiss and Brenninkmeijer (2000) obtained -megolution atmospheric
measurements from lzana for the period 1991 — B@@Bconcluded a 27% reduction in
Sk emissions after 1996, which was economically arivBmythe (2004) collected
sales data from major companies and showed a decodé83% in Sgsales in 1996 —
1999, followed by a 27% increase in 1999 — 2003rt&inly the emission estimates
obtained in this study does not reflect such viamat in emission but rather show a
constant emission at 6.3 Gg’yuntil 1999 and then decreased by 24% from 2001 —
2005. The flask data from the NOAA/CMDL SPO showsedecrease of 30% from
1999 — 2000 but then showed an increasing trente s2000. The emission estimates
for EDML and SPO for 2004 and 2005 were similarwidger the EDML profile did
not record any abrupt decrease from 1999 — 20Ghaewn in SPO data because such
inter-annual variability would have been lost doesinoothing effect in the firn. The

obvious reason for the differences in the interahmariations in emission could be that
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the actual emission scenarios were not incorpotiatedhe diffusion model but rather a
smoothed trend obtained by polynomial fitting thgbuthe Cape Grim and
NOAA/CMDL data, resulting in incorrect simulationsf the firn data. The
reconstructed trend from scant firn air data may b ideal to assess emissions for
species like S§ which exhibits inter-annual variations dependomgits sales and cost
of the product. The reversed trend in emissioneesl recently could result from
increased environmental awareness about its intglican climate change. Grealgt

al. (2005) observed a decrease in global emissioity, thhe growth rate of 4.7%
observed in 2004 as compared to 6.8 - 7.5 %/yr fi884 — 1996 (Maiss and
Brenninkmeijmer, 1998). The decrease in global simis is consistent with the
commitments by industries to decrease emissionmdrgasing the efficiency of $F
trapping in the equipment for the power distribatiand semiconductor industries
(Graberet al, 2008). Also the U.S Environmental ProtectioreAgy (EPA) launched a
collaborative initiative called the $FEmission Reduction Partnership for the
Magnesium Industry in 1999 to voluntarily elimindbe use of SFby 2010 (Barto®t
al., 2007).

5.10 Trifluoromethylsulfurpentafluoride

The existence of trifluoromethylsulfurpentafluorig8~CFs) in the atmosphere was
first reported by Sturgest al (2000). This gas has a very large radiative fayci
observed to this date, making it a super greenhgas€Sturgest al, 2000). The initial
estimate of the radiative forcing of 0.57 Wppb* (Sturgeset al, 2000) was updated to
0.59 Wn?ppbi* (Nielsonet al, 2002) based on the quantification of a new giigoT
band in a more extensive wavenumber range thanou®y studied in the pioneer
study. The atmospheric lifetime of &H— was not known initially but based on the
stratospheric profile it was estimated to be ondhaer of several hundred years to a
few thousand years. The accurate knowledge of gthesg lifetime is imperative in
calculating the GWP; however, based on the assomfitiat it has the same lifetime as
SFKs the 100-year-mass-normalised GWP was estimatée o the range of 18,000 —
19,000 (Sturgest al, 2000; Nielsoret al, 2002). This claim was disputed by Xtial
(2004), stating on the basis of theoretical andedrmental observations, that the
atmospheric lifetime of SEFR; would be less than the atmospheric lifetime of &#kd
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therefore its GWP might be overestimatetbwever Takashiet al (2002) calculated
the atmospheric lifetime of $EF; to be in the range of 650 — 950 years depending on
solar activity levels, and based on this atmosphigatime, the GWP was revised to
~18, 000.

It is a man-made gas and does not have any tropospkinks. The atmospheric
concentrations grew from O ppt in the late 19509.4® ppt in 1999 (Sturgext al,
2000). An increase in atmospheric abundance ingcan increasing source. A
potential source was identified when 3M Environmaénfechnology and Services
admitted the production of $EF; as a by-product during the manufacturing of certai
fluorochemicals (Santoro, 2000). It is produced imbkely via electrochemical
fluorination of commonly used intermediates and dpis such as
trifluoromethanesulfonic (“triflic”) and fluorosuattants. The use of such compounds in
fluorochemicals production has been standard medince the late 1950s and was
approximately the time when 8B was detected in the atmosphere. Another potential
source was recently identified by Huaeigal. (2005), who concluded that under spark
discharge conditions $Heacts with HFC-23 and HFC-32 (@H), which may be
emitted from the fluoropolymers in high voltage gupent, to produce SEFs.

SKCF; has been measured in firn air from Dome C in easd@tarctica, providing a
reconstructed history from 1965 — 1999 (Sturgesl, 2000). It has been also measured
in stratospheric balloon flights launched from Kia Sweden (68N) in 1997 and Aire
sur ’Adour, France in 1999 (Sturgesal, 2000). This study does not only provide the
longest atmospheric record but more importantly wpldate the record of atmospheric
SKCFs.

5.10.1 Results and discussion

Figure 5.10.1 shows the concentration-depth praofil8CF; from the EDML firn air
and it is obvious that it grew from zero concemtrain the oldest firn air to 0.16 ppt in
2006. The diffusion model results replicate tha tiepth profile reasonably well except
at a few depths such as 10.40m, 39.70m and 81.@aénch are within £ 10%. An
iterative dating techniqgue was used to date the dir and the results obtained are
plotted in Figure 5.10.2.
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Figure 5.10.1: An illustration of firn air depth profile of SEF; fitted with the firn
diffusion model results obtained with three differatmospheric scenarios.
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Figure 5.10.2: Model-derived atmospheric trend for s8; obtained by polynomial
fitting curve to the data (the solid line). The tadt lines signify + 10% of the
atmospheric trend. The trend obtained in this study compared with measurements in
the Dome C firn air samples reported by Sturgfes. (2000).
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The atmospheric trend was derived by fitting”htfsder polynomial through the data
after assigning the age scale. The upper and lewer estimates in the reconstructed
history (dashed lines) represents + 10% of the ectitting and it accommodates any
data points that were outside the polynomial cuitteng. The Dome C values fall

within this envelope and match favourably with teeonstructed trend from the EDML
firn air, making the reconstructed trend more robliss noteworthy that Dome C firn

air reconstruction was based on an entirely differapproach, where atmospheric
scenario for SECF; was obtained by scaling the SBtmospheric scenario, and

consequently could explain very minor discrepantidsoth records.

The EDML firn data provides atmospheric historySisCF; from 1940s to 2006. The
mixing ratios were zero before 1960 and then slartereasing slowly until 1980, after
which the growth rate accelerated. In fact a limegression of 1960 — 1981 data<r
0.98) yielded a gradient of 0.001 pptvyand the linear regression for 1983 — 2006 data
(r* = 0.98) gave a gradient of 0.005 pptywhich is comparable to the growth rate of
0.006 pptv yi* obtained for Dome C for the 1983 — 1999 peridd=(0.99). Currently
the growth rate is increasing at 3 — 4% per yd¢awak clear from both firn records that
the growth rate changed by a factor of 5 sinceyeE®B0s, which implied a change in
source strengths.

The increasing growth rate might not be attributethe production of fluorochemicals
by 3M because the company claimed that it had esdlits emission by more than 40%
in 2000 and a further reduction of 50% was to bplémented over next 1 to 5 years
(Santoro, 2000). Probably the increasing mixingosatould be attributed to the other
potential source, that is, reaction ofs3¥th HFCs under spark discharge conditions in
high voltage equipment or maybe continued fluorfasant production elsewhere other
than by 3M in USA. Figure 5.10.3 shows a 1:1 catieh between SfFand SECF;
atmospheric trends. The fact that the trends @C8fand Sk have tracked each other
so remarkably since the last 30 years, suggesexistence of a common source or
SKCR; produced via reaction involving §Ht is apparent from the figure that the
growth rate increased approximately at the timenw8B8& emissions increased due its
application in switchgears in high voltage equiptee\nother interesting feature of
Figure 5.10.3 is that before 1960 the; Sfixing ratios started to increase prior to any
detectable increase in $F. The deviation from this 1:1 relationship suggebis
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presence of an uncommon source such gse8ftssions from magnesium production
but is not very conclusive at this stage since #peculation is based on a single

measurement and is the same sample that is ancshalogh in Sk.

Emissions of SECF; were estimated from the atmospheric trend by udimg
conversion factor of 1 ppt yr= 32.75 Gg yr. Figure 5.10.4 shows that the emissions
increased from 0.01 Gg Yrin 1960 to almost 0.18 Gg Yrin 1999, and remained
almost constant until 2002. Since 2003 to 2006ethéssions decreased by 0.01 ppt yr
and | speculate this could be the result of zerassions from fluorochemical
productions. An increased awareness of detrimesrteironmental effects of $FRand
SKCF; applications resulted in growing research into svafydecomposing these gases

such as the photoreduction ofsS#hd SECF; in the presence of propene (Huaial,
2008)
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Figure 5.10.3:An illustration of remarkable correlation betweeRCF; and Sk in the
EDML firn air.

210



0.2
0.18 ~
0.16 -
0.14
0.12 -
0.1
0.08 -
0.06 ~
0.04 ~
0.02 ~
O A
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

Years

Emisssion estimates (Gg yr '1)

Figure 5.10.4. Emission estimates calculated frdma &verage atmospheric trend

obtained in figure 5.10.2.

5.11 Radiative forcings

Radiative forcing (RF) is defined as a concept Usedjuantitative comparisons of the
strengths of different human and natural driverslimhate change (IPCC, 2007). In this
study the time history of the RF of individual smscwas calculated from the
concentration change (since preindustrial timelsertaas the year 1750, and a given
year) which was then multiplied by the radiativdiog#ncy of the individual gases
shown in Table 5.11.1. In this approach of estintalRF, the RF varies linearly with
the atmospheric concentrations and as a resulttithe history of the RF of that
particular greenhouse gas is similar to the modgivdd atmospheric concentration

trend.
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Table 5.11.1: Radiative efficiency used in this study to derragliative forcing of
individual species and also includes the curretitnese of radiative forcing given in
IPCC, (2007).

Species Radiative Efficiency Radiative Forcing IPCC 2007
(W m? ppbv?) estimate (W m)°

CFy 0.1¢ 0.0034

CoFs 0.27 0.0008

Cskg 0.2¢ -

c-CsFs 0.32 -

HFC-23 0.19 0.0033

Sk 0.52 0.0029

SKCR; 0.57 -

Figure 5.11.1 shows the RF of the individual ga3é®= 2005 estimate for the RF of
CF, is 0.004 W rif as compared to 0.0008, 0.0002, 0.0004, 0.003628,0.00008 W
m? for CFs, CsFs, c-CuFs, HFC-23, SE and SECF; respectively. The estimated RF
values for Ck, C,Fs, SFs and HFC-23 agree with the IPCC (2007) estimateg@xa
slight discrepancy in the GWalue. The differences could be due to discregsnici the
atmospheric concentrations estimated for 2005 is gtudy and the IPCC (2007) and
also the natural background concentration used d&tl¢hose used in the calculation in
the IPCC report. The discrepancy in the,@& value could also result from the
radiative efficiencies calculated in Worton et (@007) and the one quoted by Velders
et al. (2005). If a radiative efficiency of 0.08 Wmpbv* (Velders et al., 2005) was
used instead of 0.1 Wfrppbv® then the radiative forcing of 0.0033 W?mwould be

obtained that matches with the IPCC estimates.

® The actual reference for these data is Forstdr, &097.
¢ The radiative efficiency for GFRand GFs was given in Wortoet al (2007).

4 The radiative efficiency for §E5, c-GFg, HFC-23, SEand SECF; was given in Velderst al. (2005).

212



+ 0.16

+0.14
—CF4 |+ 012
o —C2F6 §
S ——C3F8 =
= —ccarg | 01 28
2 —HFC-23 £
S SF6 11 0.08 S
L SF5CF3 o
o - Total =
= ©
T —nN20 | 0.06 '.cas
'c% (nd
o o
1004 2

+ 0.02

\.- | [ I I O
1940 1960 1980 2000 2020
Year

Figure 5.11.1:Time history of the global annual mean radiatiwecings for Chk, CyFs,
CsFs, c-GiFs, HFC-23, Sk, SKCFs, and the sum or total radiative forcings for akgs
studied (dashed blue line) relative to that e Ksolid black line).

The largest calculated RF is for £Pwing to its large concentration change since
1750. The exponential growth rate in the RF fog 8kd HFC-23 since 1980 is also
noteworthy. The CE Sk and HFC-23 contribute significantly to the totaF R
calculated whereas all the other species have RReirorder of < 0.001 W th The
sum of the RF obtained for the gases studied Ise®e0il2 Wrif. The sum of the RF
obtained in this study is comparable to the suRBffor HFCs, PFCs and §Bf 0.017

W m? (IPCC, 2007). The IPCC estimate is logically highe it may have considered
the full suite of HFCs whereas only HFC-23 was aered in the estimate derived

213



here. For example, HFC-134a is a fast growing sseand it contributes ~0.005 W’m

to the total RF estimate given by IPCC (2007). Tttal RF obtained for the gases
studied is small when compared to major greenhgases. The total RF for PFCs,
HFC-23, Sk and SECF; estimated in this study is 0.7, 2.5, and 8% ofRifteof CQ,

CH, and NO respectively. Figure 5.11.1 compares the RF timtory for NO and the
total RF for the gases studied. It clearly illustgathat the rate of change in RF is larger
than the rate of change in the RF faxON Since 1995 the total RF for the gases studied
changed by +35% whereas the RF fgONhanged by +15 %. The overall contribution
of PFCs, HFCs, SFand SECF; to the RF is small but the rate of change is lagd
therefore the emissions of these gases shouldrisaled.

5.12 Summary

Trace gases with very high Global Warming Potesitgich as perfluorocarbons (CF
CoFe, GsFg, c-GyFs), HFC-23, Sk and SECF; were measured by high resolution GC-
MS in firn air from EPICA Dronning Maud Land (EDMLAntarctic drill site. The
EDML firn provides some of the oldest firn air tHaés been sampled to date hence
constraining the historical atmospheric record tfeese species over the last century.
This study not only reveals the updated atmosphegiads for these gases from early
20" century to 2006 but also for the first time highlis the long term atmospheric
trend for c-GFg and GFg from the firn air reconstructions. Figure 5.12Hows the
atmospheric trends for all the species studied .h&eble 5.12.1 summarises the
atmospheric trends, growth rates, emissions anitnag forcings for the individual

gases.
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Figure 5.12.1: The best estimate long term atmospheric trendnsgnaction from the
EDML firn air measurements for Giblue line), GFs (Pink line), GFs (green line), c-
C4Fs (red line), HFC-23 (purple line), $kbrown line) and SIEF; (orange line).

215



Table 5.12.1:Summary of atmospheric trends, growth rates, eomssand radiative forcings for the individual sigsc

Species| Atmospheric Trend Growth Rate Emissions 2005 Radiative
(ppt yrh) (Gg yrh) Forcing
(Wm?)
CK The natural background level of 37 ppt wda 1990 the growth rate was€Emission stabilising at 11.3 Gg yr
obtained based on the three oldest firn|&i79 ppt yi* and then ™
samples and in 2006 the mixing ratio was +@tcreased only slightly to
ppt. 0.82 ppt yt*. The emission estimates compared 0.004
well with the EDGAR database.
The mixing ratio started increasing from earljolynomial fitting to recent
1930s. dated firn air measurement3he emission values obtained fram
shows a slow-down in thethe AES report is much lower than
growth rate and thethe estimate obtained in this study.
atmospheric CF mixing
ratios stabilizing.
CoFe No natural background level of thigFrom 1920 - 1980, theThe emission in 1990 was abqut
compound was observed. The mixing ratigsowth rate was linear at 0.02.5 Gg yi* and in 2005 increased
increased from O ppt to 3.15 ppt in 2006. | ppt yr™. to 3.5 Gg yr.
The mixing ratio started rising around 1920. The growth rate increased’he 2006 AES suggest that the
from 0.06 ppt yi* in 1990 to| emissions from Aluminium 0.0008
There was a linear relationship between, C8.14 ppt yr' in 2005. This production decreased to 0.35 Gg
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and GFs but this relationship changed aft

1990 due to uncommon source like thedtributed

semiconductor industry.

@ncrease in growth rate
to the
semiconductor industry.

that semiconductor industry
contributing significantly.

gr'. Increasing emissions suggest

is

CsFs The concentration was 0 ppt in1965 and rose In 1970s the emission was about
to 0.83 ppt in 2006. Prior to 1992 the growth rated.01 Gg yr', which is the typica
was < 0.02 ppt vt. emission value from aluminium
The concentration was 0.22 ppt in early 1990s smelting.
but since then increased three fold to |iEor the period 2000 — 2005
present day concentration. the growth rate was 0.06 ppin 1992 the emission was 0.6 Gg
yrk, yr! and the average emission for  0.0002
Has a very high correlation with 2k the period 2000 — 2005 obtained|in
atmospheric trend. Probably semiconductor this study is 1.8 Gg ¥«
industries play a significant role in increasing
the atmospheric burden ol
c-CFg | Increased from O ppt in 1940 to ~ 0.1 ppt linear growth rate of 0.08In mid 1980s the emissign
early 1960s. It then increased linearly to 1 pppt yr* from 1957 — 1997. | increased to 1.13 Gg yrand then
before 2000. decreased to present value of 0 |Gg
Since 1998 the growth rater™.
The atmospheric mixing ratio started |tstarted to decrease to the 0.0004
stabilise after 2000. current value of 0 ppt yr
The mixing ratios levelled out at 1.15 + 0.02
ppt for the period 2000 — 2006.
HFC-23| The atmospheric values increased from [OlBe average growth rate fpin 1990 the emission was 4 Gg'yir
ppt in 1950 to 19.4 ppt in early 2006. the period 1970 — 1980 wadbut increased to 12 Gg Vrin
0.24 ppt yt-. 2005.
The trend derived is consistent with other 0.0035

published long term records.

It increased to 0.87 ppt Y
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for the period 2000 — 2005.

Sk

The mixing ratios increased from ~ 0.04
prior to 1950 and rose steadily to 5.5 ppt
early 2006.

bgthe growth increased frof
01 ppt yi* in 1972 to 0.25
ppt yr' in 1999 and thel
declined to 0.20 ppt ¥rin
2005.

mThe emission increased from
value of 0.3 Gg yt in 1972 to a
1value of 6.2 Gg yt in 1999 and
then declined to 5 Gg yrin 2005.

0.003

SKECHR

The mixing ratio started to increase from
ppt in 1960s to the current value of 0.16
in 2006.

Shows a strong 1:1 relationship between
and SECF;, suggesting a common source
it being produced via reaction involving SF

Dhe growth rate for 1960
p981 was 0.001 ppt yrand
then increased to 0.005 p
yrt for the period 1983 |
SFOO06.

or

Growth rate is increasing at
— 4 % per year.

—Emissions increased from 0.01 (¢
yrtin 1960 to almost 0.18 GgVr
ph 1999 and remained constd

~

59

Nt

-until 2002 and in 2005 the  0.00008

emission decreased to 0.17 Géy

3

r
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Chapter 6: CF 4 measurements in Berkner Island

ice core
6.1 Introduction
6.2 CF, measurements in Berkner Island ice cores

6.3 Discussion
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6.1 Introduction

CF; is the most abundant perfluorocarbon (PFC) in dtreosphere and is a potent
greenhouse gas with an atmospheric lifetime ofeastl 50,000 years (IPCC, 2007).
Currently the mixing ratio is ~ 80 ppt but almostftof the current atmospheric mixing
ratios is contributed from the natural backgrouentl. Khalilet al. (2003) and Worton
et al (2007) predicted background concentration of 4@ 33 ppt respectively, based
on the extrapolation of the GFand GFs relationship obtained from firn air
measurements. Whereas the,@feasurements in the deepest EDML firn air samples
show the atmospheric values were stable at 37imbtating that the background level
was higher than what was suggested by Woetoal (2007). Harnisclet al. (1996) is
the only study that measured preindustrial air fioencore samples from a glacier at
the Swiss/Italian border. A natural background gabii 39 = 6 ppt was reported based
on only two ice samples dated to be 1790 + 30 &&® * 15 (Harnisclet al, 1996).

Harnischet al (1996) melted 1 kg of ice and then extracted dissolved gases by
‘bubbling out’ with synthetic air. The extractionethod utilized in this method is
different. A dry extraction method was used to prevany dissolving of gases in water,
and the sample size of the ice used was also snfall200 g). Harnisclet al. (1996)
attributed the natural background level to slowassing of Ck produced by fluoride
minerals in the earth’s crust. An emission in taege of 0.1 — 10 Tg Yiwas estimated
(Harnischet al, 1996). More recently it was shown that crusegabsing is a potential
natural source for GFand the flux is enhanced by tectonic activitieedbset al.,
2008). A total lithospheric CFflux in the range of 0.0009 — 0.005 Gg'ywas
estimated. Certainly the natural emission rateginbtl is negligible compared to the
current anthropogenic emission rates. It was asguimg the natural emissions were
small and therefore the atmospheric value of Qlring pre-industrial times would be
almost invariable. Hence this justifies the goaltus study to investigate the natural

variability in CK; measured from deep ice core samples.
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6.2 CF, measurements in Berkner Island ice cores

In total fifteen samples (~200 g) were measuretha age range of 95 — 2 kyr BP.
However, four measurements were rejected due t@mieaks during the extraction
procedure. The measurements were rejected on thes loh elevated levels of
contaminants such as &&nd F12. Replicate measurements of samples weaned
out because there was only sufficient volume ofanfrom 1 extraction for a single
run on the instrument. The error bars on the measemts were gauged from the
replicate analyses of the standard. There weresamaples that have an age difference
of 7 years and therefore could be an ideal substftr duplicate samples because, CF
has a long lifetime. Based on the two samplesapeoducibility of the measurements is
in the range of £ 0.2 ppt. Three clusters of datashown for Berkner in Figure 6.2.1.

Table 6.1 highlights these three clusters of dathsmme basic statistics.

Table 6.1: Shows the average ,Gioncentration in Berkner Island ice cores for ¢hre

different time period.

Mean Age (kyr) | Average CR mixing ratio (ppt) | Standard deviation (ppt)

2.04 £0.02 38.1 0.7
2.95+0.02 39.3 0.2
94 +2 39.3 0.1

From Table 6.1 it can be inferred that the, €C&ncentration was stable at 39.3 ppt from
94 — 3 kyr BP period and then slowly declined to 38.1 ppt aroRryr BP. The scatter

on the data around 2 kyr BP is large as comparédetother cluster of data. The large
standard deviation is due to two points (39.2 and ppt) around 2 kyr BP. These two
data could not be eliminated due to leaks durimgetktractions but it could be attributed
to instability of the instrument, particularly tisample containing 37.1 ppt has a large

error.

®> Note that BP notation used here refers to numbgears before 2006.
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Figure 6.2.1: CEmixing ratios measured in ancient air from Berkistand ice cores
(black dots), in 19 and early 28 century air extracted from Law Dome ice core (red

dot) and bottom-most firn samples from the EDMIe gltlue triangles).

6.3 Discussion

The CR mixing ratios measured in Berkner Island was s$ljghigher than those
observed at the bottom of the firn air which wateddo be 1930 A.D. The mixing ratio
was stable at 39 ppt prior to 2.9 kyr BP but thtamted to decline very slowly to 38 ppt
around 2 kyr BP. The values obtained at 2 kyr Bfrat significantly different from
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those obtained at the bottom of the EDML firn apecially when the lower range of
the values measured would be very close to 37.4Hpwever when the unpublished
Law Dome Ck data from the 1®century was plotted it makes a very convincingecas
that indeed the mixing ratios did decline to 36.0.% ppt (see Figure 6.2.1). A value of
35.3 ppt is observed at 1840 AD in the Law Domedoee. The maximum value of

36.9 ppt in Law Dome ice core air dated to be 1833loser to what was measured at
the bottom of the EDML firn air. It is obvious th#te average background levels
observed in 19 century from the Law Dome ice cores is lower thiam background

levels predicted from the EDML firn air. The miximgtios observed at the bottom of
the EDML firn would be biased towards higher corications than those observed in

older air extracted from the ice cores due to ngahgases in the firn.

The age range of Law Dome data is 100 yrs and shiosvsimiliar degree of scatter in
CF4 concentration as observed in the Berkner Islared dore measurements. The
extraction method used for the Law Dome ice coras different to the one developed
here at UEA. The Law Dome ice cores were extraatadommonwealth Scientific and
Industrial Research Organisation (CSIRO) tracelgiasn Melbourne, Australia, where
the extracted gases were trapped cryogenically gusiquid helium. The CF
measurements in Berkner Island ice cores are ggnify higher than the Law Dome
ice cores and this could be due to real variabititpatural background levels of Cér
could be due to some bias introduced by activatedooal used for trapping during the
extraction. The test extraction runs performed with EDML firn air does not show
bias and agrees with the firn air measurementsweler, in future the extractions
should be performed with liquid helium cryo-trappiand the data obtained should be

compared with activated charcoal extraction method.
The atmospheric GARrend obtained after 3 kyr BP was examined in na@tail. It was

assumed that there were no emissions after 3 kyari8the concentration decreased in

accordance with the first order exponential de&se(Figure 6.2.2).
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Figure 6.2.2: 1 order exponential decay curve for atmospherig &fer 3 kyr BP.

If the exponential decay curve, log[gf= -kt + log[CR] is linear and takes the form of
y =mx + ¢ then it is a first order decay. Thenkthe above equation is the slope of
Figure 6.2.2 and is 1 x T0The mean atmospheric lifetime would be 1/k =x10° =
100, 000 yrs. The decay curve could be extrapolatd®40 AD by substituting t = 166
in the equation shown in Figure 6.2.2. This givesatmospheric mixing ratio of 35. 6
ppt for 1840 AD. The atmospheric lifetime of 10@00yrs is higher than the modern
day atmospheric life. This is expected due to theeace of thermal destruction of CF
in high temperature combustion zones of power plantinerators and automobiles at
ground level. The pre-industrial atmospheric lifegi obtained here is similar to the
value of 110 - 170 kyr obtained based on the atimesp loss processes (Deestsal.,
2008). Deed®t al (2008) estimated an atmospheric lifetime of 10620 kyr on the
total lithospheric sources to sustain a steady stethospheric abundance of 34 + 1 ppt.
The estimation by Deedet al (2008) has large uncertainties due to limited
geographical sampling and assumption regardinggtbeal crustal flux. The mixing
ratio of 35.6 ppt, obtained from extrapolating thecay curve to 1840 AD or (166 yr
BP), is in good agreement with the Law Dome iceecdata of 35.3 ppt. These

observations suggest that probably, Céncentration did decline after 3 kyr BP.

To summarise, the results indicate that the backgtdevel of Ckwas not stable. It

was few ppt higher than what was observed in the Dame ice cores and the deepest
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samples of the EDML firn air. The mixing ratiosrs¢al to decline after 3 kyr BP. If the
concentration did decline after 3 kyr BP then isea the question why the mixing ratios
were stable between 3 kyr BP and 95 kyr BP. Thengldchave been continuous
emissions from the geological sources, which wedarted by the loss rate. On the
contrary, there could have been a major geolodiicalbetween 3 - 95 kyr BP and then
atmospheric burden started to decline. It wouléhberesting to measure ¢Eapped in
ice cores before and after the Toba volcanic evleat occurred about 70 kyr BP.
Ideally it would be also interesting to investigttte CR levels in very old ice samples
from the EDC ice core. If the concentrations werenehigher at 800 kyr BP, it would
pose an interesting situation because then mitiioyears back Cfcould have been a
major greenhouse gas as the GWP is much higherGanCurrently the resolution of
the ice core measurements is extremely poor ande mmgasurements are needed
particularly in the range of 3 — 95 kyr BP and frd&n- 0.1 kyr BP for better
understanding of the natural variability in atmospt CF,.
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Chapter 7: Conclusions and Recommendations

7.1 Method development

7.2 8N measurements and data interpretation with the
firn densification model

7.3 Methane measurements in Berkner Island ice core
7.4 Trace gas measurements in the EDML firn air

7.5 CF, measurements in Berkner Island ice cores
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7.1 Method development

A goal of the project was to improve the precisafrthe measurement éf°N in ice
core air in order to be able to meassf® in Antarctica ice samples, where typically,
the signal amplitude is lower than seen in Greehldihe technique of removing all the
interfering species such as,@0,, H,O and other trace gases from the sample air and
having the reference gas of similar compositiorthesextracted sample air improved
the precision of the measurement. This method lwadeen applied to ice cofe N
measurements prior to the analysis of Berkner ¢slaa core samples presented in this
thesis. Later it was discovered that Kobashial. (2007 & 2008a) referred to this
method as a “new copper method” but since | hagrioo knowledge of the application

of this technigue to ice core measurements it seiais there had been a parallel

development in both laboratories.

Overall procedural precisions (extraction and asig)yof 0.003 %o (n = 7) for replicate
ambient air samples, and 0.006 %o (n = 9) for icee ceamples were obtained. The
techniqgue developed does not involve any isobamnterference corrections, and
therefore eliminates the need for quantifying thebon dioxide concentrations in ice
cores which has associated analytical uncertainiiee technique developed at UEA
does not require any corrections, which is usuatigut 0.03%. (~ 40 - 50% of tlseN

signal observed during the deglaciation). The greni obtained was an order of
magnitude lower than the observéN anomaly during the last deglaciation in

Antarctica.

In addition to the method development, the impaarf oxygen removal was
highlighted and a possible mechanism for the igobeffects due to the presence of
oxygen in samples, more commonly referred to as ‘tiemical slope’ was
investigated. The presence of oxygen in the masstispmeter produces carbon
monoxide (CO), which interferes with mass 29 and Z8is novel finding was
confirmed with *®0™0 enriched samples, which did not show large enatts in
measured™N but in the mass scan showed an amplified peal/at= 30 which was

due to the production dfC*®0 in the ion source.
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Recommendations:
* The extraction procedure is time consuming and ggHor future work, the

extraction line should be modified to accommodaieed — six simultaneous
extractions, which will be time and cost effecticempared to the single

extraction and measurement.

« Despite the fact that CO which has m/z = 28 and¢@9d interfere with5*°N
measurements, CO is not commonly removed from #mepk because it is
considered that the amount of CO in the ancientraim ice core is negligible,
and should not cause any significant enrichmerthen measured™N value.
Any variations ind™N due to the presence of minute amounts of CO wbald
within the error estimate. However in the futur€ Ghould be removed from

the samples using®s reagent and this could further improve the preaisi

7.2 8N measurements and data interpretation with the fir ~ n

densification model

The goal of the project was to meas&t&N across two warming events (AIM 8 and
AIM 12) in Berkner Island ice core to evaluate thagnitude of the warming and to

calibrate theD — T relationship.

The deuterium profile clearly showed the two distirsotopic anomalies for the two
warming events, AIM 8 and AIM 12, during the MIS8riod. The5"°N measurements
across these two warming events revealed a signd.07 %.. The signal obtained for
the two warming events are larger thandf®l signal obtained for the last deglaciation
period in the EDML ice core and this could be htited to the newly developed high
precision5'®N method. The rate of change 3'N signal for the AIM 12 event was
+0.07%o0 in 2400 yrs, although 50% of the change wecuin 800 yrs. The rate of
change observed for the AIM 12 event is six timesver than the observed rate of
change for the Greenland DO 12 event. The behawbdétN signal for the AIM 8
event is not straightforward. It shows an increaise then a rapid decrease and then a
rapid increase i™N data. When theéd™N data was combined with thadepth
correcteddD data, it became clear that the onset of the wagrfor the AIM 8 ing™N
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signal coincides with the start of the warming twe 8D profile. This suggested that a
rapid increase in temperature could cause rapidd@nsification and as result the firn
became thinner decreasing the gravitational fraetion component of the measured
8'°N signal. There was a good correlatioh<r0.78) between thadepth correctedD
andd™N signal for the AIM 12 event.

A strange behaviour was observedsiiN data after the AIM 8 event, an apparent
enrichment of 0.2 %o i3*>N was obtained. This signal did not correspondnip eaks

in the depth correcteiD profile and therefore it was ruled out to be ararming event.
This event was labelled as the “Strange Event” ieedhe mechanism for such large
fractionation for this event is yet to be discoder@here was a strong correlation
between the timings of “strange event” and largeudinal increase of Berkner Island
ice sheet. An increase of 39 m in the diffusiveuomh height would explain the
enrichment of 0.2 %o. Increase in diffusive coluneight or close-off depth are linked
to colder temperatures and higher accumulatiometsite. However the accumulation
rates estimated from the water isotopes did notwshay apparent increase and
therefore suggest that at this particular timeatt@imulation — water isotopes empirical
relationship failed. This is not unusual especidtly the coastal sites and has been
proven by several studies that accumulations derivem water isotopes are often

underestimated.

Another important outcome of tté°N measurements across the two warming events is
that it provides validation for the mod&age calculations, which is used to derive the
ice age chronology. ThAdepth orAage calculated from the difference in warming
maxima in ice §D) and gas phasé'N) agrees with the modelldshge orAdepth. The
agreement between the calculated and modeflage not only verifies the ice
chronology across the two warming events but léadsree main suggestions:

e That the assumptions used in the model such a8.@ide%. / °C coefficient for
isotope — temperature relationship which is vatidtBC may be also valid at
Berkner Island.

e This may provide further evidence that the prestyt oD — T relationship
could be used as a surrogate in the glacial period temperature

reconstructions.
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* That the warming during the two events was notiggmtly different from the

continental Antarctica

To develop these suggestions into conclusive eeeleit is vital to use a firn
densification model to simulate the measu@Nexcess by varying thedD — T
coefficient. The3*’Ar measurements were carried out to calcuatexcessbut the data
were very noisy and not reliable for interpretasioAlthough the3*°Ar were noisy in
general, most of the measuremerd®Ar/4) during the AIM 12 events matchédN
data, signifying that most of the observed sigoalthie AIM 12 is due to gravitational
fractionation. This could be attributed to the slowange in temperature and as a result
the thermal fractionation is not as large as tholsserved during the DO events in
Greenland. This may prove a point again that tke eachange for the millennial scale
climate variability during the last glacial at Bagk Island is typical of any other sites in
central Antarctica. The agreement betw&®ar/4 ands™N for the AIM 12 event also
increases the confidence in the newly develaidad method. Thes*°Ar/4 data for the
AIM 8 event matches th&°N data at the beginning of the transition and ttlecreases
further than thes'>N data. This offset could result from the presente thermal
gradient but due to the apparent scatter in tha tiet existence of a large temperature
gradient could not be ruled out. However the deseda 5*’Ar/4 during the AIM 8
event suggests thinning of the firn column.

Since the attempts to reconstruct i&Ne,cessprofile failed it was decided to use the
firn densification model to correct for the gratibaal fractionation. This procedure has
been used in numerous studies where diffN data are used to reconstruct the
temperature changes. The firn densification mosleinable to simulate the magnitude
of the observed™N signals at Berkner Island and as a result itésfective to interpret
the™N signal in terms of gravitational and thermal caments. The two accumulation
scenarios (accumulation derived from the wateoges and from gas synchronisation)
used in the model lead to the conclusion that pateeumulation rate estimation in the
model is highly uncertain and that the evolutio5GN from the model is sensitive to
rapid changes in accumulation rate. The model le &b simulate thes™>N values
observed for the Holocene and the disagreementeigetthe data and model during the
glacial period is not as large when compared toréfselts of Landaigt al (2006a).

However, if it can be proven that Berkner Islandoerienced large variations in
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accumulation rates during the warming events thieeret is hope that the firn
densification model could work for this site.

An important outcome of the firn densification mbig work was phasing the firn
temperature gradient with the obtain8dN signal. The firn temperature gradients
during the two warming events, obtained from thedelpusing the accumulation rate
derived from the deuterium isotopes, are in phask the §"°N signal. An excellent
correlation between the firn temperature gradiemt #1e5'°N signal confirms that the
signal is definitely a climate signal. The absolsdues of the firn temperature gradient
are very small and suggest that the change in tetyse was slow and gradual. The
rate of climate change at Berkner Island during I@\8as more in accordance with the
rate and magnitude of climate change observedhatr aites in Antarctica, that is, no

abrupt rapid climate change was observed durin/il$e3 period at Berkner Island.

The thermal fractionation could not be isolatednfréhe total3™N signal due to
limitations such as nois§*’Ar and the ineffectiveness of the firn densificatimodel.
However, indirectly thé&™N signal obtained is likely to be a complex prory ¢limate
change at Berkner Island responding to both tenyerand accumulation. The high
correlation betweers’>N and depth correctedD and betweer5™N and the firn
temperature gradient reinforces th&iN signals obtained can be reliably considered as

a proxy for climate.

Recommendations
The agreement between the model derikade and experiment&lage indicates that
the modern day relationship betwedh— T relationship of 6.04 %0 / °C may be valid at
Berkner during the glacial period. However this Idobe further confirmed with
8" Nexcesscalculations or improving the parameters in tha fiensification model so
that it fits the data. To this end the recommemaatifor future work are:

« Obtaining high precisiors*’Ar and preferably some samples measured in

duplicates.

» At present the model is prescribed with two unknswihe temperature and

accumulation history both derived from water is@®plt seems that the
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accumulation is the obvious reason for the mod#&-daismatch and in future
high resolution chemistry measurements such dsidwa should be carried out
for assessing the past accumulation rates. Thanadation rates derived
independently from water isotopes should be inpluitéo the model and then
other parameters such as convective zones aneéiséigity coefficient oD —

T relationship should be varied to fit the obsené&tN signal. This could

actually validate the isotope-temperature relatignsand also quantify the

magnitude of warming during the AIM 8 and AIM 12eens.

* To explain the “strange event” in terms of increagsDCH due to increased
accumulation rates requires high resolution cheynisteasurements to assess
the accumulations rates and changes in the atmosptieeulation processes.
The high precisiors*°Ar measurements in future should also indicatehis t
strange signal is due to gravitational mechanisthwanether it could provide a

means for reconstructing past DCH.

7.3 Methane measurements in Berkner Island ice core

The goal of the project is to study the phase igriahip of the two warming events

between Greenland and Antarctica.

The high resolution methane measurements werenaotdor Berkner Island in the
depth range of 680 — 760 m, encompassing the Mi&i®d. Methane is used as a time
marker for climate change in the northern hemisplsnce Greenland temperature
during the DO events is virtually synchronous wiil,. Hence the methane data
(signal for climate change in northern hemisphergds phase) were coupled witfiN
signal (climatic signal in gas phase from Berkr&and in southern hemisphere) to
investigate the phase relationship for abrupt diémahanges between the two

hemispheres without the need to calculsdge.

The data here indicate that the southern hemispkads the global warming signal.
The time lag estimate measured in this study betwee onset of AIM 12 and the onset
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of DO 12 is 1600 + 350 yrs and between AIM 8 and B@ 1100 * 360 yrs. The
findings support the “See-Saw” hypothesis. The tilmgs estimated here are more
precise than previous studies since the climagicads from both hemispheres are in the
gas phase and therefore overcome the problem afgtakto account the highly

uncertainAage calculations.

The high resolution methane data could be usedatmgl the ice core. The Berkner
methane record for MIS 3 was compared to Greentaathane composite record on
GICCO5 age scale. The comparison shows some daswigs in the Berkner age scale
especially during the timing of the “strange eveatid suggest tentatively that the
accumulation rate increased by more than a fadtow@ during this time period if the

thinning rate was assumed to be constant.

Recommendations
 The Berkner age scales should be synchronised @CO8 age scale. This
would make the time lag estimates calculated ia #iidy more robust. It will
also allow comparison with the climate record fribra northern hemisphere and
confirm that Antarctica was warming when the namhleemisphere was in the

cold stadial period.

 The number of annual layers are known between te3and DO 6 and
between DO 6 and DO 7. If the thinning rate caol@ined in the future by the
ice flow model during this period then the palaeotemulation rates can be

calculated from this during the occurrence of sgjeaaf the strange event.

7.4 Trace gas measurements in the EDML firn air

The goal of the project was to measure and dehgddngest atmospheric histories of
PFCs, HFC-23, SFand SECF; from the EDML firn air samples. The atmospheric
histories of these species were reconstructed usiadirn diffusion model and the

iterative dating technique. The reconstructed aphesc trend is probably the longest

atmospheric record derived from firn air. Table §hbws the summary of the findings.
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Table 7.1: Summary of mixing ratios, growth rates aadiative forcings of individual

gases estimated from the atmospheric trend recmstt from the EDML firn air.

Mixing ratios (ppt) Growth (ppt y1) Radiative
Chemical 1960 1990 2006 1990 2006| forcings 2006
Species (MW m?)
Ck,4 45.9 66.3 77.8 0.8 0.8 4
CoFs 0.63 1.6 3.2 0.06 0.15 0.8
CsFsg 0 0.18 0.8 0.02 0.08 0.2
c-CyFs 0.09 0.87 1.2 0.03 0 0.4
HFC-23 1.24 4.3 19.4 0.4 1.0 3.5
Sk 0.28 2.0 55 0.2 0.2 3
SKCR; 0 0.06 0.16 0.005 0.005 0.08

The CR concentration in bottom most firn air samples lmclat ~37 ppt. This is the
first evidence from the firn record indicating thee-industrial value of Gfand also
proving that the EDML firn air provided the longesécord of reconstructed
atmospheric PFCs trends. The,@fixing ratio seems to have stabilised in recearye
Initially the GFs emissions were based on the linear relationsHipden Ck and GFs,
assuming that both species have the same soutceifaim smelting). However, the
firn air data shows that in early 1990s this relaship changed due to additional

atmospheric loading of ££s from the semiconductor industry.

The most interesting result is that offgwhich shows that the atmospheric abundance
has multiplied four times since early 1990s. Thiera high correlation betweenkg

and GFg (> = 0.96) which suggests that their atmosphericdsesould be attributed to
same sources. Probably the semiconductor indugralso contributing to the
atmospheric budget of & significantly. Currently the c-{Fs atmospheric

concentration is not increasing in the atmosph&here is no published literature on
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atmospheric histories of ci;& and this study has contributed significantly to
understanding the history of this species in threoaphere. Although the sources of
this particular gas are unknown, it displays a gresemblance to the ¢BRtmospheric

trend.

The HFC-23 emission estimated from the reconstduttend shows that the recent
industrial emission estimate (based on HCFC-22 ymtion) is overestimated by 24%.
There is a 1: 1 relationship betweens 8Rd SECF;, which suggests a common source
or SKECFs is produced via a reaction involving SHable 7.1 shows the radiative
forcing for individual gases. The combined radiatfercing for all the species studied
is 0.012, which is 8% of the radiative forcing ofON The overall contribution of PFCs,
HFCs, Sk and SECF; to the radiative forcings is small but the ratecbénge is high.
The total radiative forcings for the gases studiednged by +35% since 1995 whereas
the radiative forcings for §0 changed by +15 % for the similar time period.

Recommendations
* The calibration scale for £ is on UEA “preliminary scale” and needs to be
verified in future with rigorous calibration teclyuies. There is some constant
offset between the atmospheric measurements andsteacted trend from the
EDML firn air, which is probably due to calibratiogsues.

» Future monitoring is very important for all the sgs studied here. These
species are potent greenhouse gases and the databation to the radiative
forcings is increasing at an alarming rate. Coneetiy it will be very important
to monitor the changing atmospheric levels of thepecies to support
mitigation options should these be needed to durtdustrial emissions. There
is evidence that the atmospheric levels of cespecies such as GFCFs and
c-C4Fg have stabilised or the growth rate is declining #nis needs monitoring
to confirm this finding. According to industry, fhare committed to reduce the
emissions of PFCs and this should be reflectederfuture atmospheric growth

rate.
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7.5 CF, measurements in Berkner Island ice cores

The goal of this pilot study was to investigate traiability in natural background

levels of Ck during the last glacial period and late Holocene.

In very ancient air the background levels of,Gfas higher than the Pre-Industrial
period. The Ck-had an average mixing value of 39.5 ppt duringgiaeial period and
was very much constant until 3000 yrs BP. Since the CE concentration decreased
at a linear rate to 36.5 ppt, comparable to thenpastrial values that were observed at
the bottom of the firn. The atmospheric lifetimetabed with the first order
exponential decay curve was 100 000 yrs, whichesgwmith the published literature
that suggests that the lifetime would be longahaabsence of destruction of kgh
combustion furnace. The trend obtained suggestdtibee may have been an emission
between 95 — 3 kyr BP or a continuous slow geoldgmissions. Since 3 kyr BP there

were no emissions and the fecreased at a linear rate.

Recommendations
* Although the extraction method is verified usingtist standard transfers and
oxygen free nitrogen it is still recommended threg trapping of sample should
be done using a cryogen such as liquid helium. Whilseliminate the use of
activated charcoal and will also confirm that tteiability observed is not due

to some artefacts in the trapping procedure.

e The data resolution is very poor and some more ksnghould be measured in
between 95 — 3 kyr BP periods and from late Holecenearly pre-industrial
period. More measurements between 95 — 3 kyr B®gevould enable us to
determine if geological activity increased the ;CEoncentration in the
atmosphere, or if it was a continuous slow geolalgemission. It would be
interesting to measure samples before and aftesrmajcanic events during the
last glacial period. This would certainly show i&gp major volcanic events
contributed to the natural abundance of,(Equally it would be interesting to
measure CFin very old ice samples such as EDC ice core ®iE€F, was
even higher than in the last glacial period. Itlsen this would present a strong
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case that CHmay have been one of the major greenhouse gas cethfmaCQ
million of years ago because of its high GWP.

237



References

Ahn, J., and Brook, E. J.: Atmospheric £&nd climate from 65 to 30 ka B.P, Geophysical
Research Letters, 34, 2007.

Ahn, J., and Brook, E. J.: Atmospheric £and climate on millennial time scales during the
last glacial period, Science, 322, 83-85, 2008.

Alley, R. B., Mayewski, P. A., Sowers, T., Stuivév,., Taylor, K. C., and Clark, P. U.:
Holocene climatic instability: A prominent, widesjd event 8200 yr ago, Geology, 25,
483-486, 1997.

Aoki, N., and Makide, Y.: Precise determinatiorntlué atmospheric GFeoncentration by using
natural Kr in the atmosphere as an internal refsxan the preconcentration-GC-MS
analysis, Chemistry Letters, 33, 1634-1635, 2004.

Arnaud, L., Barnola, J.-Mand Duval, P.: Physicaldeing of the densification of snow/firn
and ice in the upper part of polar ice sheetsHondoh, T. (ed.), Physics of Ice Core
Records. Sapporo, pp. 285 — 305.

Barbante, C., Fischer H., Masson-Delmotte, V., \Wiaack, C. and Wolff, E.W.: Climate of
the last million years: new insights from EPICA asttier records, Quaternary Science
Reviews, 29, 1-7, 2010.

Barnes, P.R.F., Wolff, EW., and Mulvaney, R.: A kyr paleoroughness record of the
Antarctic,  Journal of  Geophysical Research, 111, 3@, doi:
03110.012029/02005JD006349, 2006.

Barnola, J. M., Pimienta, P., Raynaud, D., and K@wch, Y. S.: CQ climate relationship as
deduced from the Vostok ice core: A re- examinabased on new measurements and
on a re-evaluation of the air dating, Tellus, SeBe43 B, 83-90, 1991.

Bartos, S., Laush, C., Scharfenberg, J., and Karam, R.. Reducing greenhouse gas
emissions from magnesium die casting, Journal ef@#r Production, 15, 979-987,
2007.

Bender, M. L., Sowers, T., Barnola, J. M., and @jf@laz, J.: Changes in the/Q, ratio of
the atmosphere during recent decades reflectedeirramposition of air in the firn at
Vostok station, Antarctica, Geophysical Researdtek®, 21, 189-192, 1994a

Bender, M.L., Tans, P.P., Ellis, J.T., Orchardoadd Habfast, K.: A high precision isotope
ratio mass spectrometry method for measuring th@&lQratio of air, Geochimica et
Cosmochimica Acta, 58(21), 4751-4758, 1994b.

Bender, M., Sowers, T., Dickson, M. L., Orchardq, Grootes, P., Mayewski, P. A., and
Meese, D. A.: Climate correlations between greahland antarctica during the past
100,000 years, Nature, 372, 663-666, 1994c.

Bender, M., Sowers, T., and Lipenkov, V.: On thaamntrations of 02, n2, and ar in trapped
gases from ice cores, Journal of Geophysical Relsga00, 18,651-618,660, 1995.
Bender, M.L., Malaize, B., Orchado, J., Sowers,Jouzel, J.: High precision correlations of
Greenland and Antarctic ice core records overdse100 ky. In Mechanisms of Global

Climate Change at Millennial Time Scales, pp. 16951999.

Bender, M. L.: Orbital tuning chronology for thestok climate record supported by trapped
gas composition, Earth and Planetary Science Ilse2é¢, 275-289, 2002

Blunier, T., Schwander, J., Stauffer, B., Stock&r, Déallenbach, A., IndermA¥%hle, A.,
Tschumi, J., Chappellaz, J., Raynaud, D., and Baydo M.: Timing of the Antarctic
cold reversal and the atmospheric Gxrease with respect to the younger dryas event,
Geophysical Research Letters, 24, 2683-2686, 1997.

Blunier, T., Chappellaz, J., Schwander, J., DAdllh, A., Stauffer, B., Stocker, T. F.,
Raynaudt, D., Jouzel, J., Clausen, H. B., Hammer,UG and Johnsen, S. J.

238



Asynchrony of antarctic and greenland climate cleadgring the last glacial period,
Nature, 394, 739-743, 1998.

Blunier, T., and Brook, E. J.: Timing of millennistale climate change in Antarctica and
Greenland during the last glacial period, Scie@éd, 109-112, 2001.

Blunier, T., Schwander, J., Chappellaz, J., PanteRi, and Barnola, J. M.: What was the
surface temperature in central Antarctica during ltst glacial maximum?, Earth and
Planetary Science Letters, 218, 379-388, 2004.

Blunier, T., Spahni, R., Barnola, J. M., Chappelldz Loulergue, L., and Schwander, J.:
Synchronization of ice core records via atmosphgases, Climate of the Past, 3, 325-
330, 2007.

Boyle, E. A.: Cool tropical temperatures shift jiebal §'0-T relationship: An explanation
for the ice core*®O - borehole thermometry conflict?, Geophysical desh Letters,
24, 273-276, 1997.

Brion, C.E. and Stewart, W.B.: Mass Spectrometritaltsis of Oxygen, Nature, 217, 946,
1968.

Broecker, W. S., Andree, M., Wolfli, W., Oeschgedr, Bonani, G., Kennett, J., and Peteet, D.:
The chronology of the last deglaciation: Implicasao the cause of the younger dryas
event, Paleoceanography, 3, 1-19, 1988.

Brook, E. J., White, J. W. C., Schilla, A. S. Mergler, M. L., Barnett, B., Severinghaus, J. P.,
Taylor, K. C., Alley, R. B., and Steig, E. J.: Tmgi of millennial-scale climate change
at Siple dome, West Antarctica, during the lastciglaperiod, Quaternary Science
Reviews, 24, 1333-1343, 2005.

Burgess, A. B., Grainger, R. G., Dudhia, A., PayieH., and Jay, V. L.: Mipas measurement
of sulphur hexafluoride (SJ; Geophysical Research Letters, 31, 2004.

Butler, J. H., Battle, M., Bender, M. L., Montzlka, A., Clarke, A. D., Saltzman, E. S., Sucher,
C. M., Severinghaus, J. P., and Elkins, J. W.: éord of atmospheric halocarbons
during the twentieth century from polar firn airaiNre, 399, 749-755, 1999.

Caillon, N., Severinghaus, J. P., Barnola, J. Magpellaz, J., Jouzel, J., and Parrenin, F.:
Estimation of temperature change and of gas age age difference, 108 kyr b.P., at
Vostok, Antarctica, Journal of Geophysical ResedchAtmospheres, 106, 31893-
31901, 2001.

Caillon, N., Jouzel, J., Severinghaus, J. P., Célégep J., and Blunier, T.: A novel method to
study the phase relationship between Antarctic @nelenland climate, Geophysical
Research Letters, 30, 2003a.

Caillon, N., Severinghaus, J. P., Jouzel, J., Barnd M., Kang, J., and Lipenkov, V. Y.:
Timing of atmospheric COand Antarctic temperature changes across terramaiti,
Science, 299, 1728-1731, 2003b.

Chappellaz, J., Barnola, J. M., Raynaud, D., Karaih, Y. S., and Lorius, C.: Ice-core record
of atmospheric methane over the past 160,000 yNatare, 345, 127-131, 1990.
Chappellaz, J., Blunier, T., Raynaud, D., BarndaM., Schwander, J., and Stauffer, B.:
Synchronous changes in atmospheric,@Hd greenland climate between 40 and 8 kyr

bp, Nature, 366, 443-445, 1993.

Chappellaz, J., Blunier, T., Kints, S., Dallenbagh, Barnola, J. M., Schwander, J., Raynaud,
D., and Stauffer, B.: Changes in the atmospherig @giddient between Greenland and
Antarctica during the Holocene, Journal of GeoptsisResearch D: Atmospheres, 102,
15987-15997, 1997.

Charles, C. D., Lynch-Stieglitz, J., Ninnemann, 8., and Fairbanks, R. G.: Climate
connections between the hemisphere revealed by deapsediment core/ice core
correlations, Earth and Planetary Science Letig2, 19-27, 1996.

239



Colbeck, S. C.: Air movement in snow due to windpimg, Journal of Glaciology, 35, 209-
213, 1989.

Craig, H.: Standard for reporting concentrationsl@fiterium and oxygen-18 in natural waters,
Science, 133, 1833-1834, 1961.

Craig, H., Horibe, Y., and Sowers, T.: Gravitatibeaparation of gases and isotopes in polar
ice caps, Science, 242, 1675-1678, 1988.

Cuffey, K. M., Alley, R. B., Grootes, P. M., and &mdakrishnan, S.: Toward using borehole
temperatures to calibrate an isotopic paleothernmen central greenland,
Palaeogeography, Palaeoclimatology, Palaeoecod@)65-268, 1992.

Cuffey, K. M., Clow, G. D., Alley, R. B., StuiveM., Waddington, E. D., and Saltus, R. W.:
Large arctic temperature change at the Wisconsioddoe glacial transition, Science,
270, 455-458, 1995.

Cuffey, K. M., and Vimeux, F.: Covariation of carbdioxide and temperature from the vostok
ice core after deuterium-excess correction, Nadtg, 523-527, 2001.

Culbertson, J. A., Prins, J. M., Grimsrud, E. PasRussen, R. A., Khalil, M. A. K., and
Shearer, M. J.: Observed trends forz&bntaining compounds in background air at
Cape Meares, Oregon, Point Barrow, Alaska, and éral@tation, Antarctica,
Chemosphere, 55, 1109-1119, 2004.

Dallenbach, A., Blunier, T., Fluckiger, J., Stauff®., Chappellaz, J., and Raynaud, D.:
Changes in the atmospheric £gtadient between Greenland and Antarctica dutieg t
last glacial and the transition to the Holocenegi@sical Research Letters, 27, 1005-
1008, 2000.

Dahl-Jensen, D., Mosegaard, K., Gundestrup, NwC@®. D., Johnsen, S. J., Hansen, A. W.,
and Balling, N.: Past temperatures directly from @reenland ice sheet, Science, 282,
268-271, 1998.

Dansgaard, W.: Stable isotopes in precipitatiofiy$el6, 436-467, 1964.

Dansgaard, W., White, J. W. C., and Johnsen, STh&:abrupt termination of the Younger
Dryas climate event, Nature, 339, 532-534, 1989.

Dansgaard, W., Johnsen, S. J., Clausen, H. B.-Batden, D., Gundestrup, N. S., Hammer, C.
U., Hvidberg, C. S., Steffensen, J. P., Sveinbguotis, A. E., Jouzel, J., and Bond, G.:
Evidence for general instability of past climaterfr a 250-kyr ice-core record, Nature,
364, 218-220, 1993.

Deeds, D. A., Vollmer, M. K., Kulongoski, J. T., NMir, B. R., Muhle, J., Harth, C. M., Izbicki,
J. A, Hilton, D. R., and Weiss, R. F.: Evidence daustal degassing of Glnd Sk in
mojave desert groundwaters, Geochimica et CosmachiActa, 72, 999-1013, 2008.

Delmotte, M., Chappellaz, J., Brook, E., Yiou, Paynola, J. M., Goujon, C., Raynaud, D., and
Lipenkov, V. I.: Atmospheric methane during thet lemur glacial-interglacial cycles:
Rapid changes and their link with Antarctic temper®, Journal of Geophysical
Research D: Atmospheres, 109, 2004.

Dreyfus, G. B., Parrenin, F., Lemieux-Dudon, B.r&nd, G., Masson-Delmotte, V., Jouzel, J.,
Barnola, J. M., Panno, L., Spahni, R., Tisserand Sfegenthaler, U., and Leuenberger,
M.: Anomalous flow below 2700 m in the epica domieecore detected usig*Oaim
of atmospheric oxygen measurements, Climate oP#st, 3, 341-353, 2007.

Dreyfus, G. B., Jouzel, J., Bender, M. L., Landais,Masson-Delmotte, V., and Leuenberger,
M.: Firn processes and™N: Potential for a gas-phase climate proxy, Quatern
Science Reviews, 29, 28-42, 2010.

EDGAR: (The EDGAR V3.2 FT2000 database, . Acce&kdanuary 2008, 2008.

EPICA Community Members: Eight glacial cycles fran Antarctic ice core, Nature, 429,
623-628, 2004.

240



EPICA Community Members: One-to-one coupling ofcgdaclimate variability in Greenland
and Antarctica, Nature, 444, 195-198, 2006.

Etheridge, D. M., Steele, L. P., Langenfelds, R.Atancey, R. J., Barnola, J. M., and Morgan,
V. I.: Natural and anthropogenic changes in atmesphCQ over the last 1000 years
from air in Antarctic ice and firn, Journal of Géxysical Research D: Atmospheres,
101, 4115-4128, 1996.

Etheridge, D. M., Steele, L. P., Francey, R. Jd bhangenfelds, R. L.: Atmospheric methane
between 1000 a.D. And present: Evidence of antlyepic emissions and climatic
variability, Journal of Geophysical Research D: Aspheres, 103, 15979-15993, 1998.

Ferretti, D. F., Miller, J. B., White, J. W. C.,Heridge, D. M., Lassey, K. R., Lowe, D. C,,
MacFarling Meure, C. M., Dreier, M. F., Truding&, M., Van Ommen, T. D., and
Langenfelds, R. L.: Atmospheric science: Unexpedednges to the global methane
budget over the past 2000 years, Science, 309-1714, 2005.

Fischer, H., Wahlen, M., Smith, J., Mastroianni,, Bnd Deck, B.: Ice core records of
atmospheric C@around the last three glacial terminations, S@e@83, 1712-1714,
1999.

Flickiger, J., Blunier, T., Stauffer, B., Chappelld., Spahni, R., Kawamura, K., Schwander,
J., Stocker, T. F., and Dahl-Jensen, D:ONand CH variations during the last glacial
path epoch: Insight into global processes, Globadj@chemical Cycles, 18, 2004.

Forster, P., Ramaswamy, V., Artaxo, P., Berntsen B&tts, R., Fahey, D.W., Haywood, J.,
Lean, J., Lowe, D.C., Myhre, G., Nganga, P., PrRn,Raga, G., Schulz, M., and Van
Dorland, R.: Changes in Atmospheric Constituentd @n Radiative Forcing. In:
Climate Change 2007: The Physical Science Basistribation of Working Group | to
the Fourth Assessment Report of the IntergovernahePnel on Climate Change
[Solomon, S., D. Qin, M. Manning, Z. Chen, M. Maig),K.B. Averyt, M.Tignor and
H.L. Miller (eds.)]. Cambridge University Press,ilaridge, United Kingdom and New
York, NY, USA, 2007.

Goujon, C., Barnola, J. M., and Ritz, C.: Modellittge densification of polar firn including
heat diffusion: Application to close-off characstics and gas isotopic fractionation for
Antarctica and Greenland sites, Journal of Geopghy&tesearch D: Atmospheres, 108,
2003.

Graber, L., Bonfigli, G., and MAYller, S.: ImprogrSF leakage detection in switchgear by
reducing the influence of solar radiation on dgnsieasurement, Conference Record of
IEEE International Symposium on Electrical Insudati2008, 441-444,

Grachev, A. M., and Severinghaus, J. P.: Laborattgiermination of thermal diffusion
constants for’®N,/*°N, air at temperatures from -60 to 0 °C for recomsion of
magnitudes of abrupt climate changes using thecice fossil-air plaeothermometer,
Geochimica et Cosmochimica Acta, 67, 345-360, 2003a

Grachev, A. M., and Severinghaus, J. P.: Determittie thermal diffusion factor fGPAr/*Ar
in air to aid paleoreconstruction of abrupt climateange, Journal of Physical
Chemistry A, 107, 4636-4642, 2003b.

Grachev, A. M., and Severinghaus, J. P.: A revisd@ + 4 °C magnitude of the abrupt change
in Greenland temperature at the younger dryas hation using published gisp2 gas
isotope data and air thermal diffusion constantsat€nary Science Reviews, 24, 513-
519, 2005.

Greally, B. R., Simmonds, P. G., O'Doherty, S., Mi&h, A., Miller, B. R., Salameh, P. K.,
MAYihle, J., Tanhua, T., Harth, C., Weiss, R. Fasér, P. J., Krummel, P. B., Dunse,
B. L., Porter, L. W., and Prinn, R. G.: Improvechtinuous in-situ measurements of C
— G pfcs, hfcs, hcefces, cfcs and SR europe and australia, Environmental Sciences, 2
253 - 261, 2005.

241



Gross, J.H.: Mass Spectrometry: A textbook, Sprinigerlin, Heidelberg, New York, ISBN: 3-
54040739-1, 2005.

Harnisch, J., Borchers, R., Fabian, P., GaggeleNvH and Schotterer, U.: Effect of natural
tetrafluoromethane [2], Nature, 384, 32, 1996a.

Harnisch, J., Borchers, R., Fabian, P., and Maiks, Tropospheric trends for GFand GFg
since 1982 derived from Sldated stratospheric air, Geophysical Researcleisgt?3,
1099-1102, 1996b.

Harnisch, J., Borchers, R., Fabian, P., and MMssCF, and the age of mesospheric and polar
vortex air, Geophysical Research Letters, 26, Z%5-2999.

Harnisch, J.: Atmospheric Perfluorocarbons: Souraeds Concentrations. in: Non GO
greenhouse gases: scientific understanding, caauicbimplementation , Proceedings of
the second international symposium, edited by Ham, Baede, A.P.M., Meyer, L.A.,
and Ybema, R., pp 199 - 204, Kluwer Academic Phbls, Dordrecht,
Noordwijkerhout, The Netherlands, 2000.

Harnisch, J., and Hohne, N.: Comparison of emissiestimates derived from atmospheric
measurements with national estimates of HFCs, RiF@sSE, Environmental Science
and Pollution Research, 9, 315-320, 2002.

Headly, M. A., and Severinghaus, J. P.. A methodnwasure Kr/M ratios in air bubbles
trapped in ice cores and its application in reaosing past mean ocean temperature,
Journal of Geophysical Research D: Atmospheres, 2027 .

Heard, D.E.: Analytical Techniques for Atmosphaveasurements, Blackwell, Oxford, UK,
ISBN: 1495123575, 2006.

Herron, M. M., and Langway Jr, C. C.: Firn densifion: An empirical model, Journal of
Glaciology, 25, 373-385, 1980.

Huang, L., Zhu, L., Pan, X., Zhang, J., Ouyang,d&d Hou, H.: One potential source of the
potent greenhouse gassSI: The reaction of SfFwith fluorocarbon under discharge,
Atmospheric Environment, 39, 1641-1653, 2005.

Huang, L., Shen, Y., Dong, W., Zhang, R., Zhang,ahd Hou, H.: A novel method to
decompose two potent greenhouse gases: PhotomdwftiSk and SECF; in the
presence of propene, Journal of Hazardous Matetials 323-330, 2008.

Huber, C., Beyerle, U., Leuenberger, M., SchwanderKipfer, R., Spahni, R., Severinghaus,
J. P., and Weller, K.: Evidence for molecular siependent gas fractionation in firn air
derived from noble gases, oxygen, and nitrogen oreasents, Earth and Planetary
Science Letters, 243, 61-73, 2006a.

Huber, C., Leuenberger, M., Spahni, R., FluckigerSchwander, J., Stocker, T. F., Johnsen,
S., Landais, A., and Jouzel, J.: Isotope calibrapegkbnland temperature record over
marine isotope stage 3 and its relation ta,(Earth and Planetary Science Letters, 243,
504-519, 2006b.

Hurley, M. D., Wallington, T. J., Buchanan, G. &ohar, L. K., Marston, G., and Shine, K. P.:
IR spectrum and radiative forcing of Q#visited, Journal of Geophysical Research D:
Atmospheres, 110, 1-8, 2005.

Huybrechts, P.: Sea-level changes at the LGM fraerdynamic reconstructions of the
Greenland and Antarctic ice sheets during the glacycles, Quaternary Science
Reviews, 21, 203-231, 2002.

Indermuhle, A., Monnin, E., Stauffer, B., Stockér, F., and Wahlen, M.: Atmospheric CO
concentration from 60 to 20 kyr BP from the Tayldome ice core, Antarctica,
Geophysical Research Letters, 27, 735-738, 2000.

IAl: The International Aluminium Institute reportnoThe Aluminium Industry’s Global
Perfluorocarbon Gas Emissions Reduction ProgranResults of the 2006 Anode
Effect Survey, 2008.

242



Ikeda-Fukazawa, T., Fukumizu, K., Kawamura, K., Adk, Nakazawa, T., and Hondoh, T.:
Effects of molecular diffusion on trapped gas cosifan in polar ice cores, Earth and
Planetary Science Letters, 229, 183-192, 2005.

Jouzel, J., Alley, R. B., Cuffey, K. M., Dansgaavd,, Grootes, P., Hoffmann, G., Johnsen, S.
J., Koster, R. D., Peel, D., Shuman, C. A., StievenM., Stuiver, M., and White, J.:
Validity of the temperature reconstruction from raisotopes in ice cores, Journal of
Geophysical Research, 102, 26471-26487, 1997.

Jouzel, J., Vimeux, F., Caillon, N., Delaygue, B8aqffmann, G., Masson-Delmotte, V., and
Parrenin, F.: Magnitude of isotope/temperature isgafor interpretation of central
Antarctic ice cores, Journal of Geophysical Rede&rcAtmospheres, 108, 2003.

Jouzel, J., Masson-Delmotte, V., Cattani, O., DusyfG., Falourd, S., Hoffmann, G., Minster,
B., Nouet, J., Barnola, J. M., Chappellaz, J., kesc H., Gallet, J. C., Johnsen, S.,
Leuenberger, M., Loulergue, L., Luethi, D., Oertek, Parrenin, F., Raisbeck, G.,
Raynaud, D., Schilt, A., Schwander, J., SelmoSBuchez, R., Spahni, R., Stauffer, B.,
Steffensen, J. P., Stehni, B., Stocker, T. F.,midoL., Werner, M., and Wolff, E. W.:
Orbital and millennial Antarctic climate variabylibver the past 800,000 years, Science,
317, 793-796, 2007a.

Jouzel, J., Stidvenard, M., Johnsen, S. J., LandaidMasson-Delmotte, V., Sveinbjornsdottir,
A., Vimeux, F., von Grafenstein, U., and WhiteW. C.: The grip deuterium-excess
record, Quaternary Science Reviews, 26, 1-17, 2007b

Kaspers, K. A., van de Wal, R. S. W., de Gouw, .J Hofstede, C. M., van den Broeke, M. R.,
van der Veen, C., Neubert, R. E. M., Meijer, HJA.Brenninkmeijer, C. A. M., Karlaf,
L., and Winther, J. G.: Analyses of firn gas sampteom Dronning Maud Land,
Antarctica: Study of nonmethane hydrocarbons andhyhechloride, Journal of
Geophysical Research D: Atmospheres, 109, 2004.

Kaspers, K. A., van de Wal, R. S. W., van den BepdWd. R., Schwander, J., vanLipzig,
N.P.M., and Brenninkmeijer, C. A. M.:Model calcudats of the age of firn air across
the Antarctic continent, Atmopsheric Chemistry &tysics., 4, 1-15, 2004.

Kaspers, K.A.: Chemical and physical analysesrofdind firn air from Dronning Maud Land,
Antarctica. PhD thesis, University of Utrecht, Nertlands, 2005.

Kawamura, K., Severinghaus, J. P., Ishidoya, Sga®ara, S., Hashida, G., Motoyama, H.,
Fujii, Y., Aoki, S., and Nakazawa, T.: Convectivexmg of air in firn at four polar
sites, Earth and Planetary Science Letters, 2424682, 2006.

Kawamura, K., Parrenin, F., Lisiecki, L., Uemura, Rimeux, F., Severinghaus, J. P., Hutterli,
M. A., Nakazawa, T., Aoki, S., Jouzel, J., Rayma, B, Matsumoto, K., Nakata, H.,
Motoyama, H., Fujita, S., Goto-Azuma, K., Fujii,,Yand Watanabe, O.: Northern
hemisphere forcing of climatic cycles in Antarctmaer the past 360,000 years, Nature,
448, 912-916, 2007.

Khalil, M. A. K., Rasmussen, R. A., Culbertson,Al, Prins, J. M., Grimsrud, E. P., and
Shearer, M. J.: Atmospheric Perfluorocarbons, Emvitental Science and Technology,
37, 4358-4361, 2003.

Kobashi, T., Severinghaus, J. P., Brook, E. J.n8ar J. M., and Grachev, A. M.: Precise
timing and characterization of abrupt climate clteaB800 years ago from air trapped in
polar ice, Quaternary Science Reviews, 26, 1212212Q07.

Kobashi, T., Severinghaus, J. P., and Barnola,.J4M 1.5 °C abrupt warming 11,270 yr ago
identified from trapped air in Greenland ice, Eaatid Planetary Science Letters, 268,
397-407, 2008a.

Kobashi, T., Severinghaus, J. P., and KawamuraAkjon and nitrogen isotopes of trapped air
in the GISP2 ice core during the Holocene epoch1(®00 b.P.): Methodology and

243



implications for gas loss processes, Geochimic@osimochimica Acta, 72, 4675-4686,
2008b.

Krieg, J., Nothholt, J., Mahieu, E., Rinsland, G.d&hd Zander, R.: Sulphur hexafluoride {SF
Comparison of FTIR-measurements at three sitesdatemination of its trend in the
northern hemisphere, Journal of Quantitative Spsctpy and Radiative Transfer, 92,
383-392, 2005.

Luthi, D., Le Floch, M., Bereiter, B., Blunier, TBarnola, J. M., Siegenthaler, U., Raynaud, D.,
Jouzel, J., Fischer, H., Kawamura, K., and StocKerF.: High-resolution carbon
dioxide concentration record 650,000-800,000 ybeafere present, Nature, 453, 379-
382, 2008.

Landais, A., Barnola, J. M., Masson-Delmotte, \ouzkl, J., Chappellaz, J., Caillon, N.,
Huber, C., Leuenberger, M., and Johnsen, S. J.omimuous record of temperature
evolution over a sequence of Dansgaard-Oeschgatsegiaring marine isotopic stage 4
(76 to 62 kyr bp), Geophysical Research Letters134, 2004a.

Landais, A., Caillon, N., Goujon, C., Grachev, A.,iBarnola, J. M., Chappellaz, J., Jouzel, J.,
Masson-Delmotte, V., and Leuenberger, M.: Quaraifan of rapid temperature change
during do event 12 and phasing with methane infefirem air isotopic measurements,
Earth and Planetary Science Letters, 225, 221-282b.

Landais, A., Caillon, N., Severinghaus, J., Barndlav., Goujon, C., Jouzel, J., and Masson-
Delmotte, V.: Isotopic measurements of air trappedce to quantify temperature
changes, Analyse isotopique de l'air piA©gA© daasglace pour quantifier les
variations de tempA®rature, 336, 963-970, 2004c.

Landais, A., Jouzel, J., Masson-Delmotte, V., arl@, N.: Large temperature variations
over rapid climatic events in greenland: A methaeddd on air isotopic measurements,
Larges variations de tempA©rature au Groenland pendes A©vA©nements
climatiques rapides: Une mA©thode basA®©e sur la uresdes isotopes de lair
piA©gA®© dans la glace, 337, 947-956, 2005.

Landais, A., Barnola, J. M., Kawamura, K., Caillod,, Delmotte, M., Van Ommen, T.,
Dreyfus, G., Jouzel, J., Masson-Delmotte, V., MensB., Freitag, J., Leuenberger, M.,
Schwander, J., Huber, C., Etheridge, D., and MaryanFirn-air in modern polar sites
and glacial-interglacial ice: A model-data mismatduring glacial periods in
Antarctica?, Quaternary Science Reviews, 25, 42606a.

Landais, A., Masson-Delmotte, V., Jouzel, J., RaghaD., Johnsen, S., Huber, C.,
Leuenberger, M., Schwander, J., and Minster, Be @lacial inception as recorded in
the northgrip greenland ice core: Timing, structarel associated abrupt temperature
changes, Climate Dynamics, 26, 273-284, 2006b.

Lang, C., Leuenberger, M., Schwander, J., and &hr3.: 16 °C rapid temperature variation
in central greenland 70,000 years ago, Science, 286937, 1999.

Lee, J.: determination of stratospheric lifetimé$€FCs and other halogenated hydrocarbons
from ballon-bourne profile measurements. Ph.D. ®edniversity of East Anglia,
Norwich, UK., 1994.

Leuenberger, M. C., Lang, C., and Schwandes'IN measurements as a calibration tool for
the paleothermometer and gas-ice age differencessA study for the 8200 B.P. Event
on grip ice, Journal of Geophysical Research D:d@spheres, 104, 22163-22170, 1999.

MacFarling Meure, C., Etheridge, D., Trudinger, Steele, P., Langenfelds, R., Van Ommen,
T., Smith, A., and Elkins, J.: Law dome @H, and NO ice core records extended to
2000 years BP, Geophysical Research Letters, 3&.20

Maiss, M., Steele, L. P., Francey, R. J., Frased, R.angenfelds, R. L., Trivett, N. B. A., and
Levin, I.: Sulfur hexafluoride - a powerful new aispheric tracer, Atmospheric
Environment, 30, 1621-1629, 1996.

244



Maiss, M., and Brenninkmeijer, C. A. M.: Atmosplee8F: Trends, sources, and prospects,
Environmental Science and Technology, 32, 3077-30888.

Maiss, M., and Brenninkmeijer, C. A. M.:A reversé@énd in emissions of $Hnto the
atmosphere?, in: Non GQgreenhouse gases: scientific understanding, doatrd
implementation , Proceedings of the second intemnak symposium, edited by Ham,
J.V., Baede, A.P.M., Meyer, L.A., and Ybema, R., 149 — 204, Kluwer Academic
Publishers, Dordrecht, Noordwijkerhout, The Netaeds, 2000.

Mariotti, A.: Atmospheric nitrogen is a reliableastlard for natural abundance measurements,
Nature, 303, 685-687, 1983.

Martinerie, P., Nourtier-Mazauric, E., Barnola,M.- Sturges, W.T., Atlas, E., Gohar, L.K.,
Shine, K.P., and Brasseur, G.P.:Long-lived halomarltirends and budgets from
atmospheric chemistry modelling constrained with asugements in polar firn,
Atmospheric Chemistry and Physics

Masson-Delmotte, V., Delmotte, M., Morgan, V., Hillge, D., van Ommen, T., Tartarin, S.,
and Hoffmann, G.: Recent southern Indian oceanatBrwariability inferred from a law
dome ice core: New insights for the interpretatdrcoastal antarctic isotopic records,
Climate Dynamics, 21, 153-166, 2003.

Masson-Delmotte, V., Jouzel, J., Landais, A., &mard, M., Johnsen, S. J., White, J. W. C.,
Werner, M., Sveinbjornsdottir, A., and Fuhrer, KAtmospheric science: Grip
deuterium excess reveals rapid and orbital-scad@gds in Greenland moisture origin,
Science, 309, 118-121, 2005.

Masson-Delmotte, V., Dreyfus, G., Braconnot, Phn¥en, S., Jouzel, J., Kageyama, M.,
Landais, A., Loutre, M. F., Nouet, J., Parrenin,Faynaud, D., Stenni, B., and Tuenter,
E.: Past temperature reconstructions from deegaces: Relevance for future climate
change, Climate of the Past, 2, 145-165, 2006.

Masson, V., Vimeux, F., Jouzel, J., Morgan, V.,iDelte, M., Ciais, P., Hammer, C., Johnsen,
S., Lipenkov, V. Y., Mosley-Thompson, E., PetitR], Steig, E. J., Stievenard, M., and
Vaikmae, R.: Holocene climate variability in Antdca based on 11 ice-core isotopic
records, Quaternary Research, 54, 348-358, 2000.

Mayewski, P. A., Meeker, L. D., Twickler, M. S., \Wbw, S., Qinzhao, Y., Berry Lyons, W.,
and Prentice, M.: Major features and forcing of hhigtitude northern hemisphere
atmospheric circulation using a 110 000-year-lotacigchemical series, Journal of
Geophysical Research, 102, 26345-26366, 1997.

McCulloch, A., and Lindley, A. A.: Global emissiord hfc-23 estimated to year 2015,
Atmospheric Environment, 41, 1560-1566, 2007.

Monnin, E., Indermihle, A., Dallenbach, A., Fluokig J., Stauffer, B., Stocker, T. F.,
Raynaud, D., and Barnola, J. M.: Atmospheric,@0Oncentrations over the last glacial
termination, Science, 291, 112-114, 2001.

Monnin, E., Steig, E. J., Siegenthaler, U., Kawamt., Schwander, J., Stauffer, B., Stocker,
T. F., Morse, D. L., Barnola, J. M., Bellier, B.ayaud, D., and Fischer, H.: Evidence
for substantial accumulation rate variability intArctica during the Holocene, through
synchronization of C®in the Taylor dome, Dome C and DML ice cores, [Eamd
Planetary Science Letters, 224, 45-54, 2004.

Morris, R. A., Miller, T. M., Viggiano, A. A., Pagbn, J. F., Solomon, S., and Reid, G.: Effects
of electron and ion reactions on atmospheric fies of fully fluorinated compounds,
Journal of Geophysical Research, 100, 1287-12%9K.19

Mulvaney, R., Réthlisberger, R., Wolff, E. W., SoemS., Schwander, J., Hutterli, M. A., and
Jouzel, J.: The transition from the last glaciakigee in inland and near-coastal
antarctica, Geophysical Research Letters, 27, 2678, 2000.

245



Mulvaney, R., Alemany, O., and Possenti, P.: ThekBer Island (Antarctica) ice-core drilling
project, Annals of Glaciology, 47, 115-124, 2007.

NGRIP members: High-resolution record of northeemisphere climate extending into the
last interglacial period, Nature, 431, 147-151,4400

Nielsen, O. J., Nicolaisen, F. M., Bacher, C., dyyIM. D., Wallington, T. J., and Shine, K. P.:
Infrared spectrum and global warming potential B§C3~, Atmospheric Environment,
36, 1237-1240, 2002.

Olivier, J.G.J., Van Aardenne, J.A., Dentener,Ganzeveld, L. and Peters, J.A.W.H.: Recent
trends in global greenhouse emissions: regionadseand spatial distribution of key
sources. In: "Non-C®Greenhouse Gases (NCGG-4)", A. van Amstel (coophye
325-330. Millpress, Rotterdam, ISBN 90 5966 042@)5.

Oram, D. E., Sturges, W. T., Penkett, S. A., Mcauhl A., and Fraser, P. J.: Growth of
fluoroform (CHFR) in the background atmosphere, Geophysical Resdastters, 25,
35-38, 1998.

Oram, D.E., Trends of long lived anthropogenic batbons in the Southern Hemisphere and
model calculations of global emissions, Ph.D. Téediniversity of East Anglia,
Norwich, 1999.

Parrenin, F., Rémy, F., Ritz, C., Siegert, M. Ad douzel, J.: New modeling of the vostok ice
flow line and implication for the glaciological admwology of the Vostok ice core,
Journal of Geophysical Research D: Atmospheres, 20®4.

Parrenin, F., Barnola, J. M., Beer, J., Blunier, Qastellano, E., Chappellaz, J., Dreyfus, G.,
Fischer, H., Fujita, S., Jouzel, J., Kawamura, llemieux-Dudon, B., Loulergue, L.,
Masson-Delmotte, V., Narcisi, B., Petit, J. R., $d&ick, G., Raynaud, D., Ruth, U.,
Schwander, J., Severi, M., Spahni, R., SteffenderR., Svensson, A., Udisti, R.,
Waelbroeck, C., and Wolff, E.: The EDC3 chronoldgythe EPICA Dome C ice core,
Climate of the Past, 3, 485-497, 2007.

Petit, J. R., Jouzel, J., Raynaud, D., Barkov, NBharnola, J. M., Basile, |., Bender, M.,
Chappellaz, J., Davis, M., Delaygue, G., Delmd¥te, Kotiyakov, V. M., Legrand, M.,
Lipenkov, V. Y., Lorius, C., PA@pin, L., Ritz, CSaltzman, E., and Stievenard, M.:
Climate and atmospheric history of the past 420,0€érs from the Vostok ice core,
Antarctica, Nature, 399, 429-436, 1999.

Petrenko, V.V., Severinghaus, J.P., Brook, E.JehR&l. and Schaefer, H.: Gas records from
the West Greenland ice margin covering the Lasti@ld ermination: a horizontal ice
core, Quat. Sci. Rev., 25, 865-875, 2006.

Ravishankara, A. R., Solomon, S., Turnipseed, AaAd Warren, R. F.: Atmospheric lifetimes
of long-lived halogenated species, Science, 259,199, 1993.

Raynaud, D., Chappellaz, J., Barnola, J. M., Kareith, Y. S., and Lorius, C.: Climatic and
ch4 cycle implications of glacial-interglacial Gehange in the Vostok ice core, Nature,
333, 655-657, 1988.

Raynaud, D., Lipenkov, V., Lemieux-Dudon, B., Dyv&l, Loutre, M. F., and Lhomme, N.:
The local insolation signature of air content int#mtic ice. A new step toward an
absolute dating of ice records, Earth and Plan&aignce Letters, 261, 337-349, 2007.

Rinsland, C. P., Mahieu, E., Zander, R., NassarBBrnath, P., Boone, C., and Chiou, L. S.:
Long-term stratospheric carbon tetrafluoride {Ciacrease inferred from 1985-2004
infrared space-based solar occultation measuren@atgphysical Research Letters, 33,
2006

Rommelaere, V., Arnaud, L., and Barnola, J. M.: d&estructing recent atmospheric trace gas
concentrations from polar firn and bubbly ice datainverse methods, Journal of
Geophysical Research D: Atmospheres, 102, 300689330®97.

246



Salamatin, A. N., Lipenkov, V. Y., Barkov, N. lgoukzel, J., Petit, J. R., and Raynaud, D.: Ice
core age dating and paleothermometer calibratigedan isotope and temperature
profiles from deep boreholes at Vostok stationt(@aarctica), Journal of Geophysical
Research D: Atmospheres, 103, 8963-8977, 1998.

Santoro, M. A.: Clarifying the SEF; record [4] (multiple letters), Science, 290, 9359
2000.

Schmittner, A., and Galbraith, E. D.: Glacial greease-gas fluctuations controlled by ocean
circulation changes, Nature, 456, 373-376, 2008.

Schwander, J.,Stauffer, B. and Sigg, A.: Air mixingirn and the age of the air at pore close-
off, Annals of Glaciology, 10, 141-145, 1989.

Schwander, J.: The age of the air in the firn dmel ite at summit, greenland, Journal of
Geophysical Research, 98, 2831-2838, 1993.

Schwander, J., Sowers, T., Barnola, J. M., BlurffierFuchs, A., and MalaizA©, B.: Age scale
of the air in the summit ice: Implication for glatinterglacial temperature change,
Journal of Geophysical Research D: Atmospheres, 19233-19493, 1997.

Severi, M., Becagli, S., Castellano, E., MorgaAtj, Traversi, R., Udisti, R., Ruth, U., Fischer,
H., Huybrechts, P., Wolff, E., Parrenin, F., KaufmaP., Lambert, F., and Steffensen,
J. P.: Synchronisation of the EDML and EDC ice sdia the last 52 kyr by volcanic
signature matching, Climate of the Past, 3, 367-3007.

Severinghaus, J. P., Bender, M. L., Keeling, RaRd Broecker, W. S.: Fractionation of soill
gases by diffusion of water vapor, gravitationaltlsg, and thermal diffusion,
Geochimica et Cosmochimica Acta, 60, 1005-10186199

Severinghaus, J. P., Sowers, T., Brook, E. J. yARe B., and Bender, M. L.: Timing of abrupt
climate change at the end of the Younger Dryasvaterom thermally fractionated
gases in polar ice, Nature, 391, 141-146, 1998.

Severinghaus, J. P., and Brook, E. J.: Abrupt ¢knchange at the end of the last glacial period
inferred from trapped air in polar ice, Science;,2830-934, 1999.

Severinghaus, J. P., Grachev, A., and battle, Merial fractionation of air in polar firn by
seasonal temperature gradients, Geochemistry Gemsheosystems, Vol 2, paper
number 2000GC000146, 2001.

Severinghaus, J. P., Grachev, A., Luz, B., andi@giN.: A method for precise measurement
of argon 40/36 and krypton/argon ratios in trapp&dn polar ice with applications to
past firn thickness and abrupt climate change ireBGland and at Siple Dome,
Antarctica, Geochimica et Cosmochimica Acta, 65-323, 2003.

Severinghaus, J. P., and Battle, M. O.: Fractiomatif gases in polar ice during bubble close-
off: New constraints from firn air Ne, Kr and Xe s#vations, Earth and Planetary
Science Letters, 244, 474-500, 2006.

Severinghaus, J. P.: Climate change: Southernaseaeen, Nature, 457, 1093-1094, 2009.

Severinghaus, J.P., Albert, M.R., Courville, Z.Rahnestock, M.A., Kawamura, K., Montzka,
S.A., Muhle, J., Scambos, T.A., Shields, E., Shun@aw., Suwa, M., Tans, P., and
Weiss, R.F.: Deep air convection in the firn atozaccumulation site, central
Antarctica, Earth and Planetary Science Letter8, 399-367, 2010.

Siegenthaler, U., Stocker, T. F., Monnin, E., Liti, Schwander, J., Stauffer, B., Raynaud,
D., Barnola, J. M., Fischer, H., Masson-Delmotte, &d Jouzel, J.: Atmospheric
science: Stable carbon cycle-climate relationshigng the late pleistocene, Science,
310, 1313-1317, 2005.

Sime, L. C., Wolff, E. W., Oliver, K. I. C., andrdall, J. C.: Evidence for warmer interglacials
in east Antarctic ice cores, Nature, 462, 342-24089.

Singleton, J.H.: Interaction of oxygen with hot gsten, J. Chem. Phys., 45, 2819 — 2826,
1966.

247



Skoog, D.A., West, D.M., Holler, F.J.: Fundamentals Analytical Chemistry, Saunders
College Publishing, 1996.

Sowers, T., Bender, M., and Raynaud, D.: Elemeantdl isotopic composition of occludeg O
and N in polar ice, Journal of Geophysical Researchp38/7-5150, 1989.

Sowers, T., Bender, M., Raynaud, D., and Korotkevit. S.:5"°N of N, in air trapped in polar
ice: A tracer of gas transport in the firn and &gible constraint on ice age-gas age
differences, Journal of Geophysical Research, 9921

Sowers, T., and Bender, M.: Climate records coggtie last deglaciation, Science, 269, 210-
214, 1995.

Spahni, R., Chappellaz, J., Stocker, T. F., Lowlerd-., Hausammann, G., Kawamura, K.,
FIAvickiger, J., Schwander, J., Raynaud, D., Ma$3elmotte, V., and Jouzel, J.:
Atmospheric science: Atmospheric methane and rstraxide of the late pleistocene
from Antarctic ice cores, Science, 310, 1317-12205.

Steig, E. J., Brook, E. J., White, J. W. C., SuckerM., Bender, M. L., Lehman, S. J., Morse,
D. L., Waddington, E. D., and Clow, G. D.: Synchsas climate changes in Antarctica
and the North Atlantic, Science, 282, 92-95, 1998.

Steig, E. J.: Climate change: The south-north comme Nature, 444, 152-153, 2006.

Stenni, B., Jouzel, J., Masson-Delmotte, V., Rébdrger, R., Castellano, E., Cattani, O.,
Falourd, S., Johnsen, S. J., Longinelli, A., SachsP., Selmo, E., Souchez, R.,
Steffensen, J. P., and Udisti, R.: A late-glaciayhkresolution site and source
temperature record derived from the EPICA Domediose records (East Antarctica),
Earth and Planetary Science Letters, 217, 183-2Q%.

Stenni, B., Masson-Delmotte, V., Selmo, E., Oerter,Meyer, H., Rothlisberger, R., Jouzel,
J., Cattani, O., Falourd, S., Fischer, H., Hoffma@n, lacumin, P., Johnsen, S. J.,
Minster, B., and Udisti, R.: The deuterium excessords of EPICA Dome C and
Dronning Maud Land ice cores (East Antarctica), @ureary Science Reviews, 29, 146-
159, 2010.

Stephens, B. B., and Keeling, R. F.: The influeaténtarctic sea ice on glacial-interglacial
CQ;, variations, Nature, 404, 171-174, 2000.

Stocker, T. F.: The seesaw effect, Science, 285261998.

Stocker, T. F.: Past and future reorganizationghim climate system, Quaternary Science
Reviews, 19, 301-319, 2000.

Stuiver, M., Grootes, P. M., and Braziunas, T.The GISP2'®0 climate record of the past
16,500 years and the role of the sun, ocean, aldves, Quaternary Research, 44,
341-354, 1995.

Sturges, W. T., Wallington, T. J., Hurley, M. Dhie, K. P., Sihra, K., Engel, A., Oram, D.
E., Penkett, S. A., Mulvaney, R., and Brenninkmeif®. A. M.: A potent greenhouse
gas identified in the atmosphere:s8F;, Science, 289, 611-613, 2000.

Sturges, W. T., Mcintyre, H. P., Penkett, S. A.a@pellaz, J., Barnola, J. M., Mulvaney, R.,
Atlas, E., and Stroud, V.: Methyl bromide, otheorinated methanes, and methyl
iodide in polar firn air, Journal of Geophysicaldearch D: Atmospheres, 106, 1595-
1606, 2001.

Sturrock, G. A., Etheridge, D. M., Trudinger, C. ,Mzraser, P. J., and Smith, A. M.:
Atmospheric histories of halocarbons from analysfs Antarctic firn air: Major
Montreal protocol species, Journal of Geophysicakdarch D: Atmospheres, 107,
2002.

Takahashi, K., Nakayama, T., Matsumi, Y., Solom&n, Gejo, T., Shigemasa, E., and
Wallington, T. J.: Atmospheric lifetime ofssf;, Geophysical Research Letters, 29, 7-1,
2002.

248



Taylor, K. C., Mayewski, P. A., Alley, R. B., Bropk. J., Gow, A. J., Grootes, P. M., Meese,
D. A, Saltzman, E. S., Severinghaus, J. P., TwickWl. S., White, J. W. C., Whitlow,
S., and Zielinski, G. A.: The Holocene-younger dryeansition recorded at summit,
Greenland, Science, 278, 825-827, 1997.

Taylor, K. C., White, J. W. C., Severinghaus, J.BPook, E. J., Mayewski, P. A., Alley, R. B.,
Steig, E. J., Spencer, M. K., Meyerson, E., MeBsd\., Lamorey, G. W., Grachev, A.,
Gow, A. J., and Barnett, B. A.: Abrupt climate cgararound 22 ka on the Siple Coast
of Antarctica, Quaternary Science Reviews, 23, 72004,

Thomas, E. R., Wolff, E. W., Mulvaney, R., SteffensJ. P., Johnsen, S. J., Arrowsmith, C.,
White, J. W. C., Vaughn, B., and Popp, T.: Thel&azvent from Greenland ice cores,
Quaternary Science Reviews, 26, 70-81, 2007.

Thomas, E. R., Wolff, E. W., Mulvaney, R., Johns8n,)., Steffensen, J. P., and Arrowsmith,
C.: Anatomy of a Dansgaard-Oeschger warming tramsitigh-resolution analysis of
the North Greenland ice core project ice core, daluof Geophysical Research D:
Atmospheres, 114, 20009.

Toggweiler, J. R.: Origin of the 100,000-year ticede in Antarctic temperatures and
atmospheric Cg) Paleoceanography, 23, 2008.

Trudinger, C. M., Enting, I. G., Etheridge, D. Nfrancey, R. J., Levchenko, V. A., Steele, L.
P., Raynaud, D., and Arnaud, L.: Modeling air moeemand bubble trapping in firn,
Journal of Geophysical Research D: Atmospheres,@0D27-6763, 1997.

Trudinger, C. M., Etheridge, D. M., Rayner, P. Hnting, I. G., Sturrock, G. A., and
Langenfelds, R. L.. Reconstructing atmosphericohiss from measurements of air
composition in firn, Journal of Geophysical Resbddc Atmospheres, 107, 2002.

Trudinger, C. M., Etheridge, D. M., Sturrock, G., Acraser, P. J., Krummel, P. B., and
McCulloch, A.: Atmospheric histories of halocarbdinem analysis of Antarctic firn
air: Methyl bromide, methyl chloride, chloroformndx dichloromethane, Journal of
Geophysical Research D: Atmospheres, 109, 1-15}.200

Udisti, R., Becagli, S., Castellano, E., Delmorie, Jouzel, J., Petit, J. R., Schwander, J.,
Stenni, B., and Wolff, E. W.: Stratigraphic cortédas between the European Project
for Ice Coring in Antarctica (EPICA) Dome C and s ice cores showing the
relative variations of snow accumulation over tlestpd5 kyr, Journal of Geophysical
Research D: Atmospheres, 109, 2004.

Uemura, R., Yoshida, N., Kurita, N., Nakawo, M.dawatanabe, O.: An observation-based
method for reconstructing ocean surface changeg @s840,000-year deuterium excess
from the Dome Fuji ice core, Antarctica, GeophyksiRasearch Letters, 31, 2004.

Van Ommen, T. D., Morgan, V., and Curran, M. A. Deglacial and Holocene changes in
accumulation at law dome, east Antarctica, Ann&fSlaciology, 39, 359-365, 2005.

Velders, G.J.M., and Madronich, S., Clerbaux, Gepvzent, R.G., Grutter, M., Hauglustaine,
D.A., Incecik, S., Ko, M.K.W., Libre, J.-M., Nielsg O.J., Stordal, F., and Zhu, T.:
Chemical and radiative effects of halocarbons ameir treplacement compounds,
Chapter 2 in: IPCC/TEAP Special Report on Safegugrthe Ozone Layer and the
Global Climate System edited by Metz, B., L.Kuijpe®. Solomons, S.O. Andersen, O.
Davidson, J. Pons, D. de Jager, T. Kestin, M. Maginand L.A. Meyer, 478 pp.,
Cambridge University Press, Cambridge, U.K., 2005.

Vimeux, F., Masson, V., Delaygue, G., Jouzel, 8jtPJ. R., and Stievenard, M.: A 420,000
year deuterium excess record from east Antarclidarmation on past changes in the
origin of precipitation at Vostok, Journal of Gegpital Research D: Atmospheres,
106, 31863-31873, 2001.

249



Watanabe, O., Jouzel, J., Johnsen, S., Parrenig§hbji, H., and Yoshida, N.: Homogeneous
climate variability across east Antarctica over plast three glacial cycles, Nature, 422,
509-512, 2003.

Weiler, K.: On the composition of Firn air and iBependence on Seasonally Varying
Atmospheric Boundary Conditions and the Firn Suest PhD thesis, University of
Bern, Bern, Switzerland, 2008.

White, J. W. C., and Steig, E. J.: Timing is evlmyy in a game of two hemispheres, Nature,
394, 717-718, 1998.

Wijmans, J. G., He, Z., Su, T. T., Baker, R. W.dd&innau, |.: Recovery of perfluoroethane
from chemical vapor deposition operations in theisenductor industry, Separation
and Purification Technology, 35, 203-213, 2004

WMO: Scientific Assessment of Ozone Depletion: 20@lobal Ozone Research and
Monitoring Project, Report 50, World Meteorologi€ganization, Geneva, 2006. .

Wolff, E. W.: Understanding the past - climate digtfrom Antarctica, Antarctic Science, 17,
487-495, 2005.

Wolff, E. W., Fischer, H., and Rothlisberger, RlaGal terminations as southern warmings
without northern control, Nature Geoscience, 2,-208, 2009.

Worton, D.R.: Alkyl nitrates (&Cs), trihalomethanes and related compounds in cortesny
air and air preserved in polar firn and ice., PhlDesis, University of East Anglia,
Norwich, 2005.

Worton, D. R., Sturges, W. T., Gohar, L. K., Shike, P., Martinerie, P., Oram, D. E,,
Humphrey, S. P., Begley, P., Gunn, L., Barnolayl]. Schwander, J., and Mulvaney,
R.: Atmospheric trends and radiative forcings ofy@Rd GFs inferred from firn air,
Environmental Science and Technology, 41, 2184-22807.

Xu, W., Xiao, C., Li, Q., Xie, Y., and Schaefer, liH. F.: Structures, thermochemistry,
vibrational frequencies and integrated infrare@msities of SECF3, with implications
for global temperature patterns, Molecular Phy<i€g, 1415-1439, 2004.

Yokouchi, Y., Inagaki, T., Yazawa, K., Tamaru, Enomoto, T., and Izumi, K.: Estimates of
ratios of anthropogenic halocarbon emissions frapad based on aircraft monitoring
over Sagami Bay, Japan, Journal of Geophysical &RelseD: Atmospheres, 110, 1-7,
2005.

Zander, R., Mahieu, E., Demoulin, P., DuchateletR®land, G., Servais, C., MaziAre, M. D.,
Reimann, S., and Rinsland, C. P.: Our changing sppimere: Evidence based on long-
term infrared solar observations at the Jungfrdujgioce 1950, Science of the Total
Environment, 391, 184-195, 2008.

250



