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1. Summary of the impact (indicative maximum 100 words)
Research on atmospheric halogen chemistry has supported the continued development and
ratification of the Montreal Protocol and subsequent treaty extensions for the protection and
recovery of the stratospheric ozone layer. The impact arises from research into natural sources
of organohalogens and their role in controlling tropospheric and stratospheric ozone. The impact
is achieved through inclusion of this science in atmospheric models and analysis used to
underpin the quadrennial United Nations Scientific Assessments of Ozone Depletion, part of the
international treaty ratification process. Carpenter co-led the International Policy Conclusions
chapter within the 2018 Assessment and the Ozone Depleting Substances chapter within the
2014 Assessment.
2. Underpinning research (indicative maximum 500 words)
Stratospheric ozone protects humankind and crops from harmful ultraviolet radiation. Ozone
destruction is caused mainly by long-lived chlorine-containing molecules such as
chlorofluorocarbons (CFCs) and bromine molecules including halons and methyl bromide. The
Montreal Protocol (1987) on substances that deplete the ozone layer, and the Protocol’s
subsequent amendments (including most recently the 2019 Kigali Amendment), resulted in the
phasing-out of many halogen-containing ozone depleting substance (ODS) – preventing millions
of cases of skin cancer deaths and cataracts, and reducing emissions of halogenated
greenhouse gases.
Over the last decade Carpenter has made a leading contribution to the body of knowledge
relating to chemicals of relevance to stratospheric ozone depletion. Research on the
atmospheric emissions and chemistry of bromoform (CHBr3) and dibromomethane (CH2Br2)
demonstrated that they are the principal VSL (very short lived) bromine source gases to the
stratosphere, of significance in ozone depletion chemistry, and that they are predominately of
natural marine origin, with ocean phytoplankton and macroalgae being the largest global
sources [e.g. 3.1, 3.2]. Using observations made from ground, from ships and research aircraft,
Carpenter has provided new evidence on the abundance of VSL source gases that can be
transported from the marine boundary layer to the tropical tropopause layer. Accounting fully for
natural VSL gases has resulted in an improved estimate of reactive bromine source gas injection
(SGI) to the stratosphere, and particularly the size of the contribution arising from natural
sources [3.3 - 3.5]. This information is a critical input into models of stratospheric ozone and is
essential if forecasts of ozone recovery are to be credible and accurate.
Separate research on iodine containing compounds (both organic and inorganic) has discovered
new chemical mechanisms that lead to the oceanic release of iodine into the atmosphere. By
accounting for these ocean and biogeochemical processes it has been demonstrated that global
iodine emissions increased over the 20th century [3.6], the research indicating a likely higher
iodine content in the stratosphere than was previously thought.
Whilst the majority of Carpenter’s outputs have been in academic publications, significant
primary research has also been produced as part of the United Nations Environment
Programme (UNEP) / World Meteorological Organization (WMO) Scientific Assessments of
Ozone Depletion. The Scientific Assessments not only act as the vehicle for creating impact on
policymakers from already published research, but also allow the Lead authors of the
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Assessments to undertake new analyses and data syntheses from multiple sources. These can
be highly influential, revealing emerging issues that then focus the research community towards
important evidence gaps that are critical for policymakers and governments.
Carpenter and Reimann (Chapter 1 in the 2014 Assessment – see section 5) identified marked
increases in surface concentrations and likely stratospheric source gas injection of CH2Cl2,
highlighting that VSL chlorinated compounds were becoming more relevant for stratospheric O3,
leading to a landmark study on the same subject which was published three years later.
Analysis by Carpenter and Daniels (in Chapter 6 in the 2018 Assessment – see section 5)
showed that if the growth in CH2Cl2 emission rate seen during the first decade of the 21st century
were to continue, this uncontrolled anthropogenic chlorine compound could deplete as much
stratospheric ozone between 2020 and 2060 as the controlled ozone depleting substances
(ODSs) emitted during that period.
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All references have been peer reviewed.
4. Details of the impact (indicative maximum 750 words)
The Montreal Protocol on Substances that Deplete the Ozone Layer is widely acknowledged to
have been the most successful global cooperation to protect the environment and public health.
It has resulted in striking reductions in the global emissions of ozone depleting substances
(ODSs) which has led recently to an upturn in upper stratospheric ozone levels. There is now
confidence in projections that stratospheric ozone will recover sometime around mid-century at
mid-latitudes and the Arctic, and somewhat later for the Antarctic. Since many ODSs are also
potent greenhouse gases, the Montreal Protocol and its Amendments and Adjustments have
contributed more to climate change mitigation than any other existing international agreement.
The Scientific Assessment Panel of the United Nations Montreal Protocol is charged with
updating the state-of-scientific-understanding regarding the depletion of stratospheric ozone
every 4 years, under the auspices of the United Nations Environment Programme (UNEP) and
the World Meteorological Organization (WMO). These periodic assessments are written and
reviewed at the request of The Parties to the UN Montreal Protocol and are the official scientific
evidence that guides policymakers in ratifying and strengthening the provisions of the Montreal
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Protocol with regard to the phase-out of ozone-depleting chemicals such as the
chlorofluorocarbons ("CFCs") and other matters related to the long-term protection of the
stratospheric ozone layer. The Montreal Protocol has been ratified by all 196 members of the
United Nations and all decisions have been based on the findings of these Scientific
Assessments.
Carpenter’s body of research into atmospheric halogens led to her appointment by the Scientific
Assessment Panel as one of the two Lead Authors of Chapter 1, “Update on Ozone-Depleting
Substances and Other Gases of Interest to the Montreal Protocol” of the 2014 Assessment [5.1]
and of Chapter 6, “Scenarios and Information for Policymakers” of the 2018 Assessment [5.2].
Only a handful of scientists world-wide have served as Ozone Assessment lead authors more
than once. This role has facilitated the translation of York research directly into the Assessment.
Carpenter has contributed work that has been repeatedly cited and used in successive ozone
assessments, and influenced Assessment conclusions and subsequent global policy changes
and actions. Research on VSL halogens (with atmospheric lifetimes typically less than 6
months) showed they were emitted predominantly from the oceans [3.1, 3.2]. Emissions of VSL
halocarbons are not restricted by the Montreal Protocol, but they are now included in evaluations
in order to reconcile observed stratospheric measurements of inorganic or “active” bromine with
the reported anthropogenic bromine emission sources. The research from York into natural
sources of VSL provided a framework for international model studies that have explored whether
future increases in VSL halocarbons, as a result of climate change, could counteract the effect
of halogen reductions under the Montreal Protocol. Measurements made by Carpenter and coworkers [3.1-3.3] contributed to a reduction in the uncertainty range of total VSL bromine in the
stratosphere (Chapter 1, WMO 2018, [5.3]). This was central to providing signatory governments
with more reliable predictions of changes in stratospheric O3, and greater confidence that natural
variability in VSL was fully accounted for in the Montreal Protocol.
Carpenter and Reimann provided an early warning of a global rise in dichloromethane (CH2Cl2)
an emission which is not controlled by the Montreal Protocol (Ozone Assessment 2014, p75,
[5.1]). This led to a number of high profile studies of the potential impact of VSL chlorine (e.g.
Hossaini et al., Nature Communications, 2017) and widespread media reporting. In the 2018
Ozone Assessment Carpenter and Daniels [5.2] provided key information to policymakers
highlighting the potential future impact of CH2Cl2 on stratospheric ozone depletion. They showed
that global growth in CH2Cl2 emissions, if it continued unabated, could deplete as much
stratospheric ozone between 2020 and 2060 as that by controlled ODSs emitted during that
period. This led to the inclusion of CH2Cl2 into the suite of compounds which the Parties to the
Montreal Protocol request information on (WMO, 2018, [5.4]). Carpenter and Daniels research
for the Assessment overturned the conclusions of a previous white paper on CH2Cl2 from the
European Chlorinated Solvent Association which had stated that “CH2Cl2 is believed not to have
a significant impact on stratospheric ozone depletion.”
The discovery of a new mechanism by Carpenter which indicated that there had been higher
iodine emissions over the 20th century [3.6] than previously thought allowed a re-assessment of
the potential for iodine to impact the stratosphere. New calculations showed that the levels of
total reactive iodine injected into the stratosphere were between two and five times larger than
previously assumed upper limits, and exert an ozone-depletion potential similar to, or even
larger than, that of VSL bromine. This new insight into the role of iodine was presented to the
Parties to the Treaty for the first time in the WMO (2018) Ozone Assessment [5.2, 5.3].
The research outputs from Carpenter have been used to develop improved projections of future
scenarios for emissions of ozone depleting substances. These projections are central to
informing the key policy messages of the Assessment. Future theoretical scenarios have been
developed and used to predict the recovery of the ozone layer (both within the Assessment [5.2]
and used by independent studies worldwide) and to compare and evaluate the impacts of
various future policy options for reducing emissions of ODSs. The work has therefore had a
significant influence on national and international decision making, and policy decisions made by
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the Parties to the Montreal Protocol. “Science has always informed decisions taken by
governments for the protection of ozone and climate under the Montreal Protocol…. scientific
research, analysis and observations provide the basis for policy actions. You are at the heart of
the interface between science and policy” Letter to Carpenter from UN-Environment Ozone
Secretariat [5.5].
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