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Planning of future publications: 

A number of papers are planned, and in particular are expected to arise from the 2006 Special Session dedicated to CRYOSTAT at the European Geosciences Union General Symposium 2 – 7 April 2006.

 SECTION 4.  Technological Implementation Plan (cumulative)

Please see final electronic version on CORDIS website (e-tip page).
SECTION 5: Executive Summary Related to the Overall Project Duration

	Contract n°
	EVK2-2001-00116
	Reporting period:
	1 January 2002 – 31 December 2005

	Title
	CRYOspheric Studies of Atmospheric Trends in stratospherically and radiatively important gases – CRYOSTAT

	Objectives:

   CRYOSTAT was conceived to undertake the first combined measurements of virtually all significant greenhouse gases (GHGs) (other than water vapour), ozone depleting substances (ODSs), and related trace gases in contiguous firn and ice profiles, spanning as much as 200 years, from both the northern and southern polar ice caps. For many gases this would represent the first attempt to measure their complete atmospheric histories from pre-industrial times to the present day. Using inter-linked computer models of both the transfer of gases from the atmosphere to firn and ice, and the atmospheric transport and chemistry of gases, it was aimed to reconstruct the evolution and distribution of these numerous gaseous species in the global atmosphere (hemispheric scale for the shorter-lived gases, inter-hemispheric and tropospheric-stratospheric distributions for the longer-lived gases). Sources and sinks, both natural and anthropogenic, were to be identified and quantified using novel multiple-isotope analyses, and by using trace gas modelling. These reconstructed trends were to be further used to determine the histories of (a) radiative forcing from the measured GHGs, (b) stratospheric ozone, temperature and halogen loading, and (c) tropospheric ozone and related chemical processes.

Scientific achievements:

   Three major field campaigns to retrieve firn air and ice spanning 100 - 200 years of atmospheric compositional history were carried out at NGRIP Greenland, and Berkner Island and Law Dome, Antarctica. A continuous two-year experiment to study the transport of gases in to and through firn at Halley, Antarctica was also carried out to improve our ability to reconstruct long-term time trends of the target gases from firn and ice profile. 

Analyses of NGRIP firn air showed this to be the most successful Northern Hemispheric (NH) firn air campaign undertaken anywhere to date. NGRIP is less perturbed by in-situ chemical effects than previously reported Arctic firn profiles. More than 90% of all pollutant gases are released in the NH, but conditions for preserving trace gases in firn and ice in the North are usually less suitable than in Antarctica (lesser extent of glacial ice, warmer temperatures, etc.). This unique record from NGRIP is, therefore, highly valuable, especially for shorter-lived gases that are mostly confined to the hemisphere in which they are emitted.

   Measurements from Berkner Island and Law Dome have also provided essential information. Comparing trends from both hemispheres, furthermore, has yielded considerable information on the origins and atmospheric lifetimes of the gases studied, and on their global distributions. Long-lived ODSs and GHGs can be studied in both Arctic and Antarctic firn. Firn air records tend to be older and better preserved in the Antarctic. Berkner Island and Law Dome represent very different glacial environments: the former having a relatively low rate of snow deposition and the latter very high. Conformity of reconstructed trends between such different environments provides significant confidence in the reconstructed histories of the gases.

   A general and important overall finding of CRYOSTAT has been that our present day atmosphere is chemically entirely different from that of the pre-industrial Earth. Increases – usually large increases - have taken place in the abundance of nearly every gas that we have measured (and we have measured more than sixty), even amongst those that also have natural sources. A few gases have exhibited decreases in the last one or two decades due to changing industrial practices, but still remain above pre-industrial levels. Of the ODSs the only gases with significant pre-industrial concentrations are methyl chloride and methyl bromide, plus a small contribution from chloroform, bromoform and some other minor halomethanes. Of the GHGs, those with pre-industrial backgrounds are carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O) and carbon tetrafluoride (CF4). Non-methane hydrocarbons and oxides of nitrogen (as measured by proxy from increased levels of organic nitrates) have also risen substantially since the mid-1950s: likely accounting for what is reported in other studies as a probable doubling or trebling of tropospheric ozone in the NH during the 20th century.

   Some specific outcomes include:

· The sum of reactive chlorine in the troposphere and stratosphere from all source gases (CCly) has increased almost eight-fold since pre-industrial times, while the sum of reactive bromine (CBry) has more than doubled. Effective equivalent stratospheric chlorine (EESC) from a combination of both chlorine and bromine source gases has, likewise, increased during this time by a factor of five.

· Century-long trends of stratospheric ozone and temperature have been derived from the above. The onset of the Antarctic ozone hole in the 1980s has been shown to be accounted for by a model utilising these observed parameters. Ozone loss due to gas-phase reactions reached 40% of pre-industrial values in near-polar areas at about 45 km altitude, although there was evidence for some offset of this damage by ‘self-healing’ of ozone levels at lower altitudes. Stratospheric temperatures were modelled to have decreased by as much as 7oC by 1998 due to loss of ozone at this altitude.

· The atmospheric lifetimes of many halocarbons are not constant but have varied over time according to their emission histories. In some cases these variations can be pronounced: for example the lifetime of Halon 1301 is calculated to have been 88 years in 1975, but only 58 years in 2002. This has profound implications for the calculation of Ozone Depletion Potentials and Global Warming Potentials.

· The polar trends of halocarbons with lifetimes of less than about a decade are dependent on the location of their principal emissions, as demonstrated by the reconstructed trends of short-lived halon gases. In the case of halons 1211 and 1202 a shift in emissions from North America/Western Europe to China is consistent with observations in the firn air records from Greenland.

· Chloroform has a smaller natural source than previously thought, and has declined in concentration in the last two decades because of changes in paper and pulp manufacture. Other bromine-containing trihalomethanes have previously unrealised anthropogenic sources, possibly from water chlorination.

· The perfluorocarbon “super” greenhouse gases are all almost exclusively of anthropogenic origin, with the notable exception of CF4. CF4, however, also has an important source from aluminium smelting, as does C2F6. The trends of these two latter gases are, however, changing, as emissions from aluminium smelting decrease while emissions from the electronics industry increase.

· The direct radiative forcing of the halocarbon gases due to their change in concentration from pre-industrial times to 2002 is calculated to be 327 mW m-2. The amount due to the fluorinated “super” greenhouse gases alone (which are not controlled by the Montreal Protocol) is 17 mW m-2. That due to CO2 over the same period is 1460 mW m-1, for CH4 486 mW m-1, and for N2O 156 mW m-1. Radiative forcing due to the super GHGs has, however, been rising at an ever increasing rate, whereas that due to CO2, CH4 and N2O has been rising at a decreasing rate. Furthermore, several of these fluorinated gases have thousand year lifetimes or more, and may become significant in the future in the absence of measures to reduce their emissions.

· Ozone cannot be measured directly in either firn or ice, but increased levels of other gases, non-methane hydrocarbons, and alkyl nitrates, are ‘smoking guns’ of increased tropospheric NOx and increased ozone.

· Novel isotopic measurements of CH4 and CO have shown that man-induced biomass burning has likely been a significant factor in the observed increased concentrations of these gases. In the case of CO this is the first time that a 20th century trend of this gas has been measured. It is an important player in the atmospheric chemistry that affects the lifetimes of other GHGs and ODSs. For CH4 there is also clear evidence in its isotope ratios for an enhanced loss process due to oxidation by increased levels of stratospheric chlorine.

· Also entirely novel has been the complete isotopic measurements of N2O (including position-dependent isotope ratios) pointing to the equal importance of natural and synthetic fertilizers as the prime causes of the observed persistent rise in atmospheric N2O.

· Process studies have allowed a better quantitative understanding of the manner in which gases move through firn and become encapsulated in ice, thereby significantly improving our ability to interpret ice core records, not only for the time period studied under CRYOSTAT, but of all time scales for which glacial records exist. This is now enabling important questions concerning climate-chemistry feedbacks during climatic cycles to be addressed. 

Socio-economic relevance and policy implications:

   Climate change and stratospheric ozone depletion are two of the most pressing environmental problems of the day. The anthropogenic causes of these are largely attributable to emissions of gases from industrial processes, power production, refrigeration, biomass burning, agriculture, etc. CRYOSTAT has shown the extent to which human influences have perturbed the natural, pre-industrial composition and chemistry of the atmosphere to produce the atmosphere that we live in today. It has investigated the sources of individual gases, the relative contribution of natural and manmade sources, and has assessed the contributions to stratospheric ozone destruction and/or atmospheric warming of gases individually and in aggregate. It has shown the ameliorating effects of the Montreal Protocol, but illustrates that conditions are as precariously balanced with regard to ozone hole formation as they have ever been. The majority of GHGs, meanwhile, continue to rise including those with lifetimes that span generations. This provides a firm platform from which to judge the efficacy of continued adherence to the Montreal Protocol and the coming implementation of the Kyoto Protocol, and contributes to the scientific underpinning of them both.

Conclusions:

   Widespread and dramatic changes in the atmospheric composition of GHGs and ODSs in both hemispheres, and notably the Northern Hemisphere, during the 20th century have been clearly demonstrated by CRYOSTAT measurements.

Keywords: firn, ice, atmosphere, greenhouse gases, ozone depleting substances, climate change, stratospheric ozone, radiative forcing, atmospheric chemistry, Arctic, Antarctic, ozone, O3, carbon dioxide, CO2, methane, CH4, nitrous oxide, N2O, carbon monoxide, CO, halocarbons, CFCs, HCFCs, HFCs, PFCs, CF4, Montreal Protocol, Kyoto Protocol


SECTION 6:  Detailed Report Related to the Overall Project Duration

6.1  BACKGROUND

Two of the most pressing environmental problems of the day are human-induced climate change and stratospheric ozone depletion. The latter itself also has profound implications for climate, in addition to the better-known direct impacts on human health and ecosystem vitality. Both are largely the result of the release of numerous gases to the atmosphere from anthropogenic sources. Some such gases are strong infrared absorbers or “greenhouse” gases (GHGs), others are ozone-depleting substances (ODSs). Although the Montreal Protocol, to which the EU is committed, has been successful in curtailing the release of some ODSs, others continue to rise. Even more intractable is the rise of GHGs, despite the United Nations Framework Convention on Climate Change, to which the EU is a signatory and the proposals to cut emissions under the Kyoto agreement, which all countries of the EU have ratified. Still other gases are precursors of tropospheric ozone, which is itself a powerful GHG, or they may interfere with the natural oxidation cycles responsible for removing many other GHGs and ODSs from the atmosphere. Natural emissions of GHGs and ODSs, and natural processes affecting their distribution, are also an important factor in determining the health of the ozone layer. Yet the degree to which the natural chemistry-climate system has been perturbed by human activity is poorly known. The changing nature of sources, such as soils, wetlands, vegetation, and marine microorganisms, and sinks such as atmospheric oxidation, oceanic and terrestrial uptake, etc. are little understood, yet are themselves sensitive to climate change, past and future. By reconstructing the evolution of the present polluted atmosphere from its “clean” pre-industrial beginnings we hope to better understand how the chemical composition of the Earth’s atmosphere has changed to the presence of mankind on the face of the planet, and hence better predict how it may change in future. CRYOSTAT, therefore, contributes to the scientific underpinning of required to predict the climatic effects due to changing industrial (and natural) emissions, and hence to better plan for the social and economic consequences of such change.

Studies of stratospheric ozone depletion and climate change leading to remedial policies have clear and apparent benefits to European social objectives. The development of an Arctic ozone hole in recent years, and noticeable thinning of mid-latitudinal stratospheric ozone, has lead to increased UV fluxes over Europe. A breakdown in the implementation of the Montreal Protocol process could lead to significantly enhanced UV fluxes over Europe. Such increases would likely result in human health effects, including increased sunburn, excess skin damage and cancers, cataracts, and immune system suppression. Damage would also be suffered by livestock and by commercial crops, as well as by natural fauna and flora. UV penetration in to water bodies has the ability to disrupt food chains, notably by impacts on phytoplankton. Increased UV also results in damage to many exterior construction materials adding maintenance and replacement costs. Higher UV can potentially change the photochemical state of the troposphere, enhancing photochemical smog and ozone production in the lower atmosphere with direct effects on human health (respiratory disease), and indirect effects on climate (ozone and aerosol production).

It is still a controversial issue as to whether deleterious effects have already impacted Europe from stratospheric ozone reductions, but there is no dispute that the global ozone layer “is currently in its most vulnerable state” (Scientific Assessment of Ozone Depletion 1998, WMO, 1999). The occurrence of Arctic ozone holes is influenced by climate, and with stratospheric chlorine-bromine loadings at peak levels, an unusually cold or protracted winter in the Arctic stratosphere could easily trigger a substantial loss of springtime ozone behind the polar front which, both before and after break-up, may affect much of Europe. There is, therefore, a critical need to understand the evolution of stratosphere ozone chemistry from its pre-industrial natural state to its present perturbed state, so that the threat from continued growth of ozone-depleting substances and the efficacy of remedial measures could be assessed.

Table 1.  Overview of principal GHGs, ODSs, and related gases measured by CRYOSTAT

	Gas(
	ODS/GHG
	Man-made and natural sources
	Sinks
	Comments

	CO2
	GHG
	Fossil fuel combustion, biomass burning, deforestation, oceans, terrestrial biosphere, volcanism, CH4 and CO oxidation
	Uptake by oceans and biosphere
	Principal anthropogenic GHG, partitioning uncertain and variable

	CH4
	GHG

*1
	Ruminant animals, rice paddies, gas and mining leaks, landfill, biomass burning, anaerobic decomposition
	Tropospheric oxidation, stratospheric Cl
	Major anthropogenic GHG

	N2O
	GHG

ODS
	Land cultivation, fertiliser use, oceans, soils, aquifers
	Stratospheric oxidation/O1D
	Major anthropogenic GHG: ‘missing’ global source(s)

	CO
	*1
	Fossil fuel burning, biomass burning, CH4 and hydrocarbon oxidation, oceans
	Tropospheric oxidation
	Global budget not closed, O3 precursor

	COS
	GHG
	Fossil fuel and biomass burning, soils, oceans, oxidation of CS2 (from wetlands, artificial fibre industry, etc.)
	Tropospheric and stratospheric oxidation
	Forms aerosols in stratosphere 

	CFCs
	ODS

GHG
	Refrigeration and air conditioning, foam blowing, aerosol propellants, electronics industry
	Stratospheric photolysis
	Direct and indirect effects on radiative balance (changes in stratospheric ozone)

	HCFCs
	ODS

GHG
	Similar to the CFCs which they replace
	Stratospheric oxidation, photolysis, tropospheric oxidation
	

	HFCs
	GHG
	Similar to CFCs, also chemical industry
	Stratospheric, tropospheric oxidation
	

	Halons
	ODS
	Fire extinguishers
	Stratospheric, tropospheric photolysis
	Direct and indirect effects on radiative balance (as CFCs)

	PFCs
	GHG
	Aluminium smelting, chemical industry, geochemical
	Semi-permanent gases
	Large global warming potentials (GWPs)

	SF6
SF5CF3
	GHG
	Magnesium smelting, electrical insulation, leak detection, organofluorine production
	Very long-lived gases
	Very large GWPs

	CH3Cl
	ODS
	Fossil fuel combustion and incineration, chemical industry, oceans, biomass burning, terrestrial biosphere
	Stratospheric photolysis, tropospheric oxidation
	Atmospheric budget poorly constrained

	CCl4 

CH3CCl3

CH2Cl2

CHCl3,etc.
	ODS
	Chemical industry, dry cleaning, industrial solvents, fossil fuel combustion, biomass burning, oceans, soils
	Stratospheric photolysis, tropospheric oxidation
	Atmospheric budgets poorly constrained in many cases

	CH3Br
	ODS
	Fumigant, vehicle exhaust, oceans, soils
	Tropospheric oxidation, oceans, soils
	Atmospheric budget poorly constrained

	RBr/I
	
	Oceans
	Tropospheric oxidation and photolysis
	Indicators of marine primary productivity

	NMHC
	*1
	Fossil fuel combustion, biomass burning, gas and mining leaks, agriculture, oceans
	Tropospheric oxidation
	Tropospheric ozone precursors

	RONO2
	*1
	Secondary pollutants from hydrocarbons and NO2, oceans
	Tropospheric thermolysis, oxidation
	Indicators of NOx and ozone chemistry


(R refers to an alkyl group; *1. Indirect effects via changes in tropospheric ozone and oxidative lifetimes of key gases

Likewise there are manifold impacts that may ensue from climate change in Europe (not all necessarily deleterious), again affecting agricultural productivity (changes in rainfall patterns, temperature extremes, migration of pests), human well-being (extreme weather events, flooding, storm surges, avalanches, etc), and economy (construction, aviation and road transport, agriculture, fisheries, coastal defences, etc.). There are also important synergies between stratospheric ozone depletion and climate change. There is a close radiative and chemical coupling between the troposphere and stratosphere such warming of the troposphere has been paralleled by cooling of the stratosphere. This latter effect raises the probability of polar ozone hole development. Likewise, since ozone is itself a radiatively important gas, thinning ozone in the stratosphere, and increased levels at the ground, may both tend to enhance the direct radiative forcing effect.

The seriousness of potential climate change has been underlined by strong statements in the most recent IPCC assessment (Third Assessment Report “Climate Change 2001: The Scientific Basis”, Shanghai, 2001) that climate change over the last 50 years is indeed “likely to have been due to increases in greenhouse gas concentrations”; with predictions of far more pronounced changes to come. It is against this background of concern for the future state of the atmosphere that this study of the impact of industrialisation on the evolution of atmospheric composition, chemistry and climate up to the present day is set.

6.2  SCIENTIFIC/TECHNOLOGICAL AND SOCIO-ECONOMIC OBJECTIVES

CRYOSTAT has employed an holistic approach to deconvolute the identity, both natural and man-made, and changing sources strengths of essentially all significant GHGs (other than water vapour), ODSs, and related trace gases in the atmosphere on time scales that effectively cover the time span over which their emissions have grown as a result of anthropogenic activities. This was achieved by reconstructing their global atmospheric compositional histories from cryospheric records (firn air and ice cores), by determining correlations between hemispheres and between different gases, and by employing atmospheric models to explore source-sink relationships and to reconstruct other non-measured chemical species and parameters. Powerful interpretive tools have arisen from the measurements of stable isotopes of several gases, including some novel isotopic measurements of CH4, N2O, and CO in ice and firn. Isotope ratios can yield information on the various modes of production of the gases (notably between biological and non-biological origins), and on their atmospheric sink processes. Since sources/sinks to and from the atmosphere are often common to a number of gases (e.g. biomass burning, atmospheric oxidation, etc.), this isotopic information also provides a generic interpretive tool.

CRYOSTAT was implemented through a series of combined firn and shallow ice drilling expeditions, providing the first ever such set of comprehensive gas measurements in contiguous firn and ice profiles from both hemispheres (i.e. Greenland and Antarctica). The extraction and measurement of multiple gas species from ice was one of the major innovative aspects and technological challenges of the project. Year-round field studies were also conducted in Antarctica to study the mechanisms controlling transport of atmospheric chemical constituents across the air-snow interface. This allowed us to refine existing firn air transport models, notably to account for thermal diffusion and convection effects in the upper firn, and so ensure accurate conversion of depth profiles into temporal trends. Year round measurements also helped define the seasonal cycle of shorter-lived gases, crucial for the proper interpretation and validation of firn and atmospheric chemistry models.

Combining firn modelling with atmospheric modelling we were then able to convert concentration-depth profiles at single geographic points (i.e. the polar drill sites) first into local time trends, and then into hemispheric/global time-varying latitudinal and altitudinal (troposphere and stratosphere) distributions of species. The reconstructed trends were further used in additional modelling work to explore the impacts of CO2, CH4, N2O, and halocarbon increases on stratospheric Cly, Bry, ozone, and temperature over the last century or more. Other models were used to examine source-sink relationships for N2O and CH4.

As a final step in this sequence of interpretive studies, the potential impact of these changes on the radiative forcing of climate during the period of 19th and 20th century industrialisation was determined. Radiative forcing due to individual target molecules was assessed using detailed line-by-line and narrow band radiative transfer codes.

The outputs of CRYOSTAT consist of a database (ultimately to become freely and publicly accessible through a central on-line server) of global trends of numerous key atmospheric gases, from pre-industrial times to 2001. It also includes assessments of the consequent impacts of these changes on radiative forcing, on stratospheric composition, chemistry, and temperature, and on the fluxes of certain key gases between environmental compartments. It has produced a set of refined modelling tools of wider utility to the atmospheric chemistry, global climate and glaciological research communities. It has provided various improved techniques for determining gaseous composition from firn and ice cores. Finally, and most significantly, it has improved the state of knowledge on interactions between atmospheric chemistry and climate, which will in turn improve the predictive capability of climate modellers, with important implications for policy-makers.

There are critical economic considerations involved in adopting abatement measures in Europe to counter ozone depletion and climate change. Such measures may be very costly in terms of either emission reduction technology, or development of alternative substances or technologies, although such measures may also create new manufacturing and employment opportunities. A notable issue is the European Union commitment resulting from the Kyoto Agreement to cut CO2 (or equivalent CO2). To cut emissions of CO2 itself will require expensive CO2 emission control devices, energy saving measures with complex economic repercussions both positive and negative, or an increased reliance on non-combustive power generation (nuclear, hydroelectric, and alternative).

A complementary strategy would be to reduce emissions of non-CO2 greenhouse gases such as methane, N2O, tropospheric ozone, HFCs and HCFCs (the latter are already subject to constraints under the Montreal Protocol), and long-lived fluorinated gases such as SF6 and CF4. These may prove to be less costly and more easily realised than reducing CO2 alone, at least in the short term. Conversely, not regulating emissions of such gases may undermine efforts to control climate forcing through CO2 emissions abatement. Again, it is only by understanding the evolution of the anthropogenic greenhouse effects, its links to GHG emissions, and the contributions of natural and anthropogenic sources and sinks, that the cost effectiveness of potential amelioration strategies can be assessed. The various natural and man-made origins of methane, nitrous oxide, and ozone, three of the most important greenhouse gases are, for example, still very poorly understood. Individual source strengths of several halogenated GHGs are incompletely known, whilst CF4 for instance, has controversially been claimed to have natural as well as industrial origins. The long term trend of tropospheric ozone has, to date, largely been a matter of conjecture and deduction.

Similar issues exist with ozone depletors. There has, for example, been much controversy regarding methyl bromide, an agricultural pesticide. Whereas the growth rates of many chlorinated ODSs have begun to decline, bromine in the stratosphere continues to rise almost unabated, and there are concerns regarding illegal production of controlled ODSs, and production of novel ODSs. Global warming could even, indirectly, affect natural sources of ODSs such as methyl chloride, methyl bromide and bromoform. All of these issues lead to uncertainties regarding the time for recovery of the ozone-layer to its ‘natural’ state (or, at least, pre-Antarctic ozone hole conditions), which even optimistic estimates place as being towards the middle of this century.

Certainly there are potentially enormous costs associated with a strategy of inaction. Economic losses from natural disasters increased from $53 billion per year in the 1960’s to $480 billion per year in the 1990’s, of which 80% of the losses were weather-related, and therefore sensitive to climate change. A. Mayer and T. Cooper (Environmental Finance, 1(7), 19-21, 2000) have conjectured that should such trends continue (“business as usual” scenario), global economic losses could exceed Gross Domestic Product (GDP) by the year 2065, at a monetary value of over US$200 trillion at today’s prices. Although these projections are perhaps intentionally provocative, they do serve as a reminder that the understanding and mitigation of global atmospheric change goes to the core of European, and indeed global, prosperity, human well-being, and sustainable growth.

INNOVATIONS IN CRYOSTAT
In the original CRYOSTAT Description of Work we anticipated that a number of novel and significant new measurements, methodologies, discoveries and interpretations would emerge from the project. Here we revisit this list and add further, in some cases unexpected, important findings and developments from CRYOSTAT studies.

- First measurements of multiple trace gases (CFCs, CF4 and other perfluorocarbons, CCl4, ethane, alkyl nitrates, etc.) in air occluded in glacial ice.

- First contiguous measurements of trace gases through firn and shallow ice yielding complete histories of these gases from pre-industrial times to the present day.

- Comprehensive measurements of more than sixty trace gases in deep polar firn, demonstrating that whilst a few gases have a natural background, the majority are of man-made origin, and almost all have increased in the atmosphere in the last century.

- First comprehensive measurements of trace gases in firn from the Northern Hemisphere (where more than 90% of pollutants are released) including many for which there was no previous long-term record at all in that hemisphere (e.g. non-methane hydrocarbons, alkyl nitrates, short-lived bromo and chlorocarbons).

- First long term measurements of ‘parent-daughter’ hydrocarbons and nitrated products illustrating that reactive nitrogen levels must have increased in the Northern Hemisphere which would have substantially increased tropospheric ozone (a powerful greenhouse gas in the lower atmosphere) there.

- Assembly of a complete history of reactive chlorine and bromine in the troposphere and stratosphere during the 20th century showing that stratospheric chlorine has increased more than eight-fold since preindustrial times and bromine doubled.

- From the above, century-long trends of stratospheric ozone and temperature have been derived and the onset of the Antarctic ozone hole shown to be accounted for in a model utilising these parameters.

- Model demonstration that for gases with stratospheric sinks, a single value of atmospheric lifetime is not appropriate, but instead it varies with growth rate.

- Derivation of a 20th century history of direct radiative forcing (global warming) due to halogenated trace gases showing the alarming increase in radiative forcing due to very long-lived gases (i.e. those with lifetimes of thousands of years).

- Significant improvements have been made to calculated radiative efficiency factors of several gases including, in some cases, new measurements of their infrared cross sections.

- First measurement of the evolution of δ13CH4 over the last two centuries suggesting an increasing source from biomass burning, and also demonstrating the coupling between methane oxidation and increased chlorine in the stratosphere.

- First comprehensive reconstruction of N2O isotopic change (nitrogen isotope ratios, oxygen isotope ratios and even position-dependent nitrogen isotope ratios) pointing to the importance of fertilizer use as a prime cause for the upturn in atmospheric N2O.

- First demonstration, from a novel combination of isotopic signatures and concentration measurements, that the important pollutant carbon monoxide (CO) has increased in the Southern Hemisphere since the early 20th century, most likely due to man-induced biomass burning. CO is an important player in the atmospheric chemistry that regulates many other greenhouse gases and ozone-depletors.

- First comparative measurements of trace gases in ice and firn from low and very high accumulation-rate sites.

- First simultaneous year-round measurements of trace gases in the lower Antarctic atmosphere and upper firn, yielding some of the first ever Antarctic seasonal cycles of some of the gases, and the means to test for conservative transport of gases in to the firn record.

- Year-round measurements of isotopic and elemental ratios of permanent gases in firn to allow thermal diffusion effects to be determined and implemented in firn air transport models.

- Studies of fractionation effects at the firn-ice transition, showing these to be highly significant for small atomic/molecular radius gases, but with an upper cut-off at a collision diameter of about 3.6 Å.

- Measurements of multiple isotope ratios are providing important new constraints to the modelling of past (paleo) firn thickness, thereby allowing accurate ice core dating and a far better understanding of synchronicities between atmospheric gases and temperature changes. This has been of significant benefit to paleoclimate science.

- Important improvements in ice extraction and analysis have been developed including novel continuous on-line techniques for water isotopes, and also on-line isotopes of gases: the former of interest in wider field of water analysis (hydrology, medical sciences, etc.).
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