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Atmospheric chemistry in cold environments refers to key chemical processes occurring
in Earth's atmosphere in locations relevant for society including the polar areas, the free
and upper troposphere, and the stratosphere. Atmospheric chemistry in these areas is
relevant for local air quality, ecosystem health, regional and global climate. This Faraday
Discussion comprised excellent coverage of these areas in terms of longitude and
latitude, altitude and temperature. It also featured a broad coverage of disciplines
between physical, analytical and theoretical chemistry and also the related fields
covering aspects of biology, health, meteorology, social sciences and even including
policy and economic aspects. A core aspect of the discussions was rooted in interfacing
the related diverse competences. Because traditional atmospheric chemistry has
evolved around knowledge of mechanisms and kinetics of chemical reactions first in
the gas phase and later including condensed phases of aerosol particles and ground
surfaces centering around room temperature, the speciality of relevance in this Faraday
Discussion was the recent progress in better understanding the evolution of multiphase
chemistry at low temperatures, where many relevant properties such as solubility and
volatility change dramatically. This was embedded in discussions of the results and
challenges of the most recent measurements from a range of campaigns and long-
term observations at research stations. The discussion evolved around the chemical
cycles of important trace constituents, the formation and evolution of particulate matter
under cold conditions, the link between cloud glaciation and air-mass characteristics,
air-quality in cold urban environments, biosphere—atmosphere interactions in
a warming Arctic, but also the role of interfacial chemistry and reactivity as they are
involved in multiphase chemistry processes. Future threats for the cold part of our
atmosphere come from increasing human activities in both polar regions with their
impacts on ecosystems, air quality and broader scale atmospheric composition as well
as from discussions of geoengineering via solar radiation modification by stratospheric
aerosol injection.
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Historic remarks

Interest in atmospheric chemistry in cold regions of the lower troposphere started
with the discovery of ozone depletion events in the polar marine boundary layer
and with measurements of elevated levels of nitrogen oxides and oxidised volatile
organic compounds above sunlit snowpacks, for instance on the Greenland ice
sheets."” The International Polar Year 2007-2008 was a large, coordinated suite of
polar observations, research, and analysis, expanding the knowledge base built
on the legacies of previous polar studies.’ Three workshops were held specifically
focusing on air-ice chemical interactions, 2006 in Grenoble (France), 2008 in
Cambridge (UK) and 2011 in New York (USA) sponsored by the Air-Ice Chemical
Interactions (AICI) and Halogens in the Troposphere (HitT) tasks of the Inter-
national Global Atmospheric Chemistry (IGAC) project. These workshops
attempted at gathering both the field measuring community active in polar
environments but also colleagues from the laboratory, theory and atmospheric
modelling community to obtain a more comprehensive understanding of polar
(mostly boundary layer) atmospheric chemistry. The state of knowledge was
outlined in a series of review articles initiated at these workshops.*** Joining
forces between IGAC and the International Surface Ocean - Lower Atmosphere
Study (SOLAS) projects and the International Arctic Science Committee (IASC), the
Cryosphere and Atmospheric CHemistry (CATCH) initiative was launched. It aims
at fostering multidisciplinary research on interactions between chemistry,
biology, and physics within the coupled cryosphere-atmosphere system.*®

Driven by the well-documented accelerated warming of the Arctic," interest in
the not well-understood interplay between chemical and physical processes on
the ground and in the air with climate forcers and oxidant budget led to a number
of major field campaigns, which also had atmospheric chemistry topics in their
portfolio, e.g., ACE-SPACE (Antarctic Circumnavigation Expedition: Study of
Preindustrial-like Aerosols and their Climate Effects),’® MOSAIC (Multidisci-
plinary drifting Observatory for the Study of Arctic Climate),"> ALPACA (Alaskan
Layered Pollution and Chemical Analysis),”* ARTofMELT (Atmospheric rivers and
the onset of Arctic melt),> or CHACHA (CHemistry in the Arctic: Clouds, Halo-
gens, and Aerosols).>?

Scope of this Discussion

Many aspects of atmospheric chemistry in polar regions are indeed linked to the
low temperature on its own, although many peculiarities of boundary layer
meteorology, cloud formation, the seasonal presence of sea-ice and snowpacks,
the local marine and terrestrial biosphere or transport patterns of air masses from
the lower latitudes create the particular environment for the chemical signatures,
as summarized in the review series mentioned above. Along with the recognition
of the vulnerability of Arctic and Antarctic regions came also the rise of interest in
the so-called third pole on Earth, first coined for the Tibetan Plateau,> but also
more generally encompassing high alpine regions hosting the remaining mid-
latitude glaciers and snow-cover. Measurements of atmospheric constituents in
high-alpine research stations probing the free or upper troposphere have become
an indispensable tool to document the state of the background atmosphere.**?**
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Convective clouds are a major transport vehicle of air masses from the lower
troposphere, and understanding those in terms of physical and chemical
processes has become a major endeavour.”® The coldest lower atmospheric
temperatures are found in the tropical tropopause layer, the entry point for
transport from the troposphere to the stratosphere, and in the winter polar vortex
over the poles. From a chemical point of view the stratospheric ozone layer is
likely one of the most crucial features of the atmosphere. Its damaging through
man-made chlorofluorocarbons (CFCs)*” has initiated major global coordinated
and successful action for its protection, the results of which we are just about
starting to witness in terms of its slow recovery.”® While the polar boundary layer,
the midlatitude upper troposphere and the stratosphere share the temperature
range, these vulnerable regions experience changes and threats driven by the
warming climate, by the changing atmospheric composition, changing human
activities and by the response of our society in terms of mitigation, adaptation
and policy development. Overall, this widened the scope of atmospheric chem-
istry in cold environments and has set the scene for this Faraday Discussion.
Fig. 1 shows the zonal mean temperature in Earth’s atmosphere, and the
studies presented at this Discussion located at their respective latitude and
altitude/temperature coordinates. Apart from covering the relevant temperature
and altitude ranges, this Discussion was a perfect example of the interdisciplinary
and integrative character of methods and approaches. A significant fraction of the
articles circle around the major field campaigns ALPACA, CHACHA, ARTofMELT,
MOSAIC and others, encompassing local measurements, ship cruises, aircraft
campaigns and combinations therefrom. The value of the longterm efforts based
on research infrastructure in the Arctic, Antarctica, in the Alps, in the Tibetan
Plateau and in the Andes was clearly highlighted. Although not a strong focus at
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Fig.1 Studies presented at this Discussion mapped on the background of the zonal mean
annual mean temperature (credit: ECMWF, downloaded from https://sites.ecmwf.int/era/
40-atlas/docs/section_D25/charts/D30_XS_YEA.html) as a function of the altitude
expressed as pressure. Round shapes represent studies addressing a specific location,
while the rectangles gathered around 0° latitude refer to laboratory or theoretical work
with the extent along the vertical axis reflecting their temperature range. White and
yellow shapes refer to articles discussed and posters presented, respectively.
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this Discussion, some authors mentioned the use of ice cores as archives for
connecting records of past atmospheric chemistry signatures with historic and
present day instrumental records. Instrumental analytical chemistry is a key
aspect for both online and offline measurements, and several contributions dealt
with innovation in this area. A broad range of techniques were employed
including novel mass spectrometry tools, advanced optical spectroscopy and
remote sensing methods, but also the use of low-cost sensors was discussed. Also
in the laboratory work, the current challenges require novel surface sensitive tools
such as photoelectron spectroscopy, infrared and non-linear optical spectroscopy,
and neutron reflectivity and their development towards in situ measurement
capabilities for low temperature systems. Especially lab work is ideally combined
with theory support for electronic structure to support spectroscopy, reactivity of
emerging species and molecular dynamics, where also new tools based on graph
theory were presented. Dealing with such complex environments over so many
scales requires appropriate modelling tools, and the work presented at this
Discussion was accompanied by modelling at the local box model level, by
regional and global chemistry transport modelling, and Earth system modelling,
with focus in both the troposphere and the stratosphere.

Topics in cold atmospheric chemistry

As mentioned above, the initial interest in chemical processes in polar regions
circled about the episodic ozone depletion events (ODE)® and the emission of
nitrogen oxides and organics from sunlit snowpacks.” Related to the first,
understanding bromine chemistry has been a major focus from the beginning
and remains an important aspect especially with respect to its link with nitrogen
oxides from increasing local sources (https://doi.org/10.1039/D4FD00164H,
https://doi.org/10.1039/D4FD00166D). Related, iodine chemistry has received
increasing attention due its global importance including the stratosphere
(https://doi.org/10.1039/D4FD00178H). Iodine is also potentially relevant to
help Arctic cloud formation via nucleation of iodine oxides.”® Volatile organic
compounds (VOC) were originally considered in the photochemistry in
snowpack.” Now they become more broadly addressed in terms of both
primary, mostly biogenic (marine and terrestrial) emissions (https://doi.org/
10.1039/D4FD00168K), and secondary sources also involved with secondary
organic aerosol material. This relates to the partitioning of semivolatile
secondary organics (https://doi.org/10.1039/D4FD00175C), but not only in the
context of polar regions but also the upper troposphere in the outflow of
convective clouds (https://doi.org/10.1039/D4FD00179F). Sulfur chemistry has
been revisited to a significant degree due to sulfate formation via organosulfur
compounds that enhances the contribution of sulfate to the particulate matter
burden in polar regions (https://doi.org/10.1039/D4FD00170B). Ozone remains
an important topic due to its role as a greenhouse gas. In the troposphere, the
question arises to what degree the regional chemistry in the polar boundary
layer affects ozone more broadly, via the export of ozone depleting halogens
(https://doi.org/10.1039/D4FD00166D). In the stratosphere, the complex
response of dynamics and chemistry to changing climate or for instance to
changes in water vapor (https://doi.org/10.1039/D4FD00163]) are discussed at
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a time the first signs of recovery of the ozone layer, both mid-latitude and polar,
from the reduction of CFCs is on the horizon.

Water vapor is certainly a key driver of atmospheric chemistry. It is a source of
the hydroxyl radical (OH) that drives oxidation and ozone formation in the
troposphere and depletion of ozone in the stratosphere. The water vapor partial
pressure is tightly linked to the temperature in the atmosphere as it does not
exceed saturation over larger spatial or temporal scales.** The cold tropopause
efficiently freezes out water before air-masses move into the stratosphere, keeping
the latter dry, apart from chemical formation from the oxidation of methane.
Apart from its contributions to the chemical cycles in the gas phase, water is the
main actor in multiphase processes. It determines the structure and sea-air
exchange properties of sea-ice (https://doi.org/10.1039/D4FD00172A). The water
activity of aerosol particles controls their mixing state, phase behavior and
viscosity (https://doi.org/10.1039/D4FD00175C). It is implemented in the
glaciation of clouds (https://doi.org/10.1039/D5FD00005J). It is key in processes
in convective cloud outflows (https://doi.org/10.1039/D4FD00179F). It is
involved in new particle formation at high altitude (https://doi.org/10.1039/
D4FD00171K) and in their activation to cloud droplets (https://doi.org/10.1039/
D4FD00162A). Water is a driver of stratospheric temperature and dynamics
(https://doi.org/10.1039/DAFD00163]) and of many more processes and
phenomena. The peculiar properties of condensed water (liquid or ice) bring
about many fundamental aspects of ion hydration,* of structure at interfaces
and its consequences.*” This relates to the interaction of organic monolayers at
the liquid water surface (https://doi.org/10.1039/D4AFD00167B) and to interfacial
water at the onset of heterogeneous freezing (https://doi.org/10.1039/
D4FD00165F). Last but not least, the elusive quasi-liquid layer on ice plays an
important role for chemistry on ice particles or in the snow-pack (https://
doi.org/10.1039/D4FD00161C,  https://doi.org/10.1039/D4FD00169A,  https://
doi.org/10.1039/DAFD00157E, https://doi.org/10.1039/D4FD00176A).

At the larger scale the intimate coupling between the chemical cycles and the
physical reality of phases raise topics such as biosphere-atmosphere interactions
(e.g., via ice nucleating biological particles (https://doi.org/10.1039/D4FD00160E)
or VOC emissions (https://doi.org/10.1039/D4FD00168K)) or, when society meets
the cold, air-quality in cold urban environments (https://doi.org/10.1039/
D4FD00158C, https://doi.org/10.1039/D4FD00177]).

This overview over the topics covered at this Faraday Discussion makes it clear
that only a system perspective going beyond the scientific disciplinary boundaries
allows progress in understanding. Still, chemistry can remain an important and
scientifically rewarding partial focus as clearly manifested in this Discussion.

Aspects of cold atmospheric chemistry

As obvious from the brief mentioning of topics, issues and connections above,
atmospheric chemistry in these environments is very complex. It is not only
a simple set of gas phase reactions driving for instance much of ozone production
from nitrogen oxides and volatile organic compounds in the warmer part of the
lower troposphere. The atmosphere is a multiphase system involving condensed
phases on the ground (ocean, sea-ice, snow, terrestrial surfaces, the urban tech-
nosphere) and in the air as aerosol particles, liquid and frozen cloud droplets or
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cirrus ice particles.*® This multiphase system is strongly interconnected chemi-
cally and physically.

Emphasising the cold environments obviously alludes to atmospheric chem-
istry being different at low temperature than at around room temperature. In the
gas phase, thermally activated reactions tend to slow down with lowering
temperature and show positive temperature dependence, thus a decreasing slope
of k as a function of 1/T in Fig. 2 for the example of the reaction of OH with an
alkane.* This classical Arrhenius behaviour indeed describes a range of relevant
reactions in the troposphere and the stratosphere. However, for many complex
forming reactions, this is counteracted by the equilibrium favouring the stability
of the intermediate complexes (involving intermolecular interactions) towards
lower T, which overrides the positive T dependence of some of the thermally
activated elementary reactions involved as well.** This may thus lead to overall
negative temperature dependence, displaying an increasing slope in Fig. 2 for the
example of the reaction of OH with NO,.%¢

The role of intermolecular interactions driving the free energy evolution is also
the basis for the often very strong negative T dependence of solubility. As an
example, the solubility of erythritol,” as a proxy for tetrols formed in isoprene
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Fig. 2 Temperature dependence of rate coefficients of gas phase reactions (blue, left y-
axis) and partition coefficient for condensed phase—gas phase equilibria (right y-axis):
solubility (red), adsorption on ice (dark yellow), volatility of an organic (green). All
parameters scaled to emphasize differences in temperature dependence.

602 | Faraday Discuss., 2025, 258, 597-613  This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00042d

Open Access Article. Published on 15 April 2025. Downloaded on 8/4/2025 2:33:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Paper Faraday Discussions

oxidation, is included in Fig. 2. Such strong temperature dependence leads to
efficient partitioning of tetrols to the aqueous phase during updrafts above
tropical forests (https://doi.org/10.1039/D4FD00179F). The partitioning of acidic
or basic gases to aqueous phases is strongly affected by pH. This is also shown
in Fig. 2 for the case of ammonia. At pH 4, due to the strong negative
temperature dependence of the acid dissociation constant of ammonium,®® the
slope of the effective solubility is nearly double that of ammonia alone (https://
doi.org/10.1039/D4FD00173G).> Ammonia is the major atmospheric base
neutralizing the often acidic products of atmospheric oxidation, and this
behavior is contributing a lot to particulate matter mass in cold urban
environments.*

Even though the formation of highly oxidized organic species in the gas phase
tends to be slower, the decreased volatility of the products at lower temperature
more than compensates for that and allows sustaining efficient nanoparticle
growth in cold environments.*® As another example, the evolving composition of
biomass burning organic aerosol (BBOA) depends strongly on the combined
effects of dilution and temperature drop,** which is especially relevant when
BBOA reaches high altitudes or even the stratosphere.*> Predicting volatility of
organic aerosol components based on molecular formula (and usually not
structure) is challenging, and volatility measurements demonstrate inconsistency
with predictions at low temperature (https://doi.org/10.1039/D4FD00175C). The
volatility plotted in Fig. 2 corresponds to a compound with intermediate
volatility with an enthalpy of vaporization of 70 k] mol .

Partitioning of gases to ice can be described by Langmuir type adsorption
(https://doi.org/10.1039/D4FD00169A, https://doi.org/10.1039/D4FD00157E) with
a partitioning constant giving the increase of surface coverage with increasing
gas phase concentration in the linear part of the adsorption isotherm. The
example shown in Fig. 2 is for H,0,,**** which is then the basis for its
migration into and out of a snowpack under wind-pumping and temperature
cycling, which connects back to the early snowpack studies.” The ice surface
itself, with its own complexity around the quasi-liquid layer, is thus a substrate
for adsorbing species to interact with each other or to undergo acid-base
chemistry or hydrolysis (https://doi.org/10.1039/D4FD00161C). However, snow
is not just porous ice, but also contains a lot of trace constituents. For the
soluble components, thermodynamics control the concentration of aqueous
patches either coating the ice-air interface or embedded in grain boundaries.
But whether bulk aqueous chemistry or rather more interfacial chemistry
governs this system, remains an open question that can be tackled by linking
a snow chemistry model with observations (https://doi.org/10.1039/D4FD00176A).

Another aspect that lower temperatures bring about is related to aerosol
microphysical properties. Relative humidity in the atmosphere, outside clouds, is
typically below saturation.*® Therefore, aqueous particles are high solute strength
aqueous solutions. The viscosity of the solution increases towards lower water
activity. This is especially relevant for aqueous aerosol dominated by secondary
organics. At the lower temperatures of the mid-latitude upper troposphere, these
solutions often pass the glass transition temperatures, making SOA particles
more resemble marbles than liquid droplets.*>*¢ This affects their equilibration
time scales with gas phase species, slows down reaction rates and affects also
their ability to act as ice nuclei.*”
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As obvious from the discussion of temperature dependent kinetics, phase
partitioning and solution properties, detailed understanding and modelling
require access to reliable data. Since close to 50 years the Task Group of Atmo-
spheric Kinetic Data Evaluation, presently under the umbrella of the Interna-
tional Union of Pure and Applied Chemistry (IUPAC),***° provides evaluated data
for the kinetics of atmospheric chemical reactions. This was first focussing on gas
phase reactions,*******3 but since a decade also of multiphase reactions,****
including partitioning coefficients for ice surfaces. The most recent development
is to include aqueous phase reactions. Evaluated data are continuously updated
and available at a database operated by AERIS (https://iupac.aeris-data.fr/).
Similar data are provided by NASA JPL.>** Thermodynamic models as a basis for
assessment of solution composition, viscosity, pH and surface tension, as
provided by the AIOMFAC,*”*® E-AIM,*** ISORROPIA®"** and more models with
different functionalities are invaluable tools. Databases, data evaluation and
data provision are important components in the links between basic laboratory
work and modelling at all scales.*®

As discussed above, water vapor is an important driving force to control the
water activity in aerosol particles and through that a lot of the multiphase
chemistry. The vapor pressure of liquid water is higher than that of ice, which
opens a phase space window for instance relevant to how the water activity of the
aqueous phase patches in equilibrium with ice is constrained in snow, but also to
define the supersaturation of liquid clouds with respect to ice. Since glaciation of
clouds is critically important for precipitation formation or also the persistence of
clouds, ice nucleation has remained one of the most investigated and debated
topics in atmospheric sciences.***® The high free-energy barrier to nucleation of
ice can be lowered by ice nuclei (IN) that have the ability to induce ordering of
water molecules in their vicinity through different interaction options and initiate
heterogeneous freezing.®” Depending on the nature of the IN, amorphous, crys-
talline, molecule, macromolecule, complex bacteria or biological cells, these
detailed interactions are very diverse. The ordering of the water molecules for
instance in the presence of alcohol groups becomes apparent in the connectivity
of the hydrogen bonding network as returned by graph theory (https://doi.org/
10.1039/D4FD00165F), but can also be directly identified experimentally via X-
ray absorption spectroscopy.®® Biological macromolecules are key to relevant ice
nucleating particles that drive freezing processes especially in polar regions,
where other IN are less abundant or their aging has made them less active
(https://doi.org/10.1039/D5FD00005]).

Challenges ahead

The chemical cycles discussed here offer still a lot of challenges, especially the
multiphase chemistry part. For sulfate, significant progress has been achieved to
better quantify the contribution of organosulfates (https://doi.org/10.1039/
D4FD00170B). Also for bromine, a lot of progress has been made in
understanding the chemical mechanisms, transport of the precursors and
export into the wider troposphere (https://doi.org/10.1039/D4FD00166D). In
turn, for iodine, substantial uncertainties remain with respect to the exact
pathways for its release from snow (https://doi.org/10.1039/D4FD00178H). More
generally, while established chemistry describes oxidation of iodide to iodate
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through both gas and aqueous phase pathways,* the occurrence of 10, HOI and I,
in the upper troposphere and lower stratosphere’®”* indicates rapid recycling
from iodate through not yet well-characterized pathways.” Such recycling may
also be relevant for iodine deposition into surface snow (https://doi.org/
10.1039/D4FD00178H), but also for new particle formation in the Arctic
through iodine oxides that could be recycled and thereby establish a catalytic
role of iodine in Arctic haze formation.” This would require more detailed
iodine measurements in snow packs but also more generally in aerosol to
better constrain iodine emission fluxes and impacts on tropospheric ozone
(https://doi.org/10.1039/D4FD00178H).

Better understanding the role of secondary organics in cold urban haze or as
CCNs in polar cloud formation has remained an important topic (https://doi.org/
10.1039/D4FD00162A). Related, new particle formation in the outflow of
convective clouds* or in high altitude mountain ranges”™ defines still poorly
constrained ‘aerosol factories’ (https://doi.org/10.1039/D4AFD00171K) determining
the state of the cold, background upper troposphere. This topic is of course not
limited to organics, as for instance efficient pathways have been suggested to
bring ammonia to the upper troposphere following ice particle evaporation.”

A lot of progress has been achieved in our understanding of the nucleation of
ice both at the fundamental process level (https://doi.org/10.1039/D4FD00165F),
but also at the statistical level in the form of a correlation between particle
properties and composition with observed ice nucleation behavior (https://
doi.org/10.1039/D4FD00160E). However, at the bigger scale, linking cloud
glaciation observations, e.g., via emerging remote sensing approaches,” with
detailed chemical air mass characterisation would help obtaining predictive
capabilities (https://doi.org/10.1039/D5FD00005]). At the process level, studies
focused on the physical aspects of how freezing is induced with a link to the
chemical composition of the substrate or how solutes in aqueous solutions
interfere with that.®® Only recently, a study has established that chemical
processes may be associated with freezing: it had been long well established
that during the process of freezing of an aqueous solution, separation of
anions and cations may occur due to contrasting ability to become embedded
in a growing ice crystal, leading to the Workman-Reynolds freezing potential™
relevant for cloud electrification. Now Song et al. demonstrate that the local
electrical field at the ice-liquid interface is strong enough that OH radicals are
generated that lead to the formation of H,0,.”” The relevance of this
phenomenon for the chemistry in clouds during glaciation both in mid-latitude
or polar regions requires further exploration.

The latter case brings back the many fundamental science aspects related to
processes at interfaces. The elusive quasi-liquid layer on pure ice, postulated by
Faraday,”® has accompanied the science of phenomena under environmentally
relevant cold conditions. This especially also applies to the history associated with
the community gathered at this Discussion." The debate around its thickness has
silenced somewhat due to the advent of surface selective methods (https:/
doi.org/10.1039/DAFD00169A, https://doi.org/10.1039/D4FD00157E) and better
understanding of their probing depth and on the other hand substantial
improvements on the theoretical side.” The main challenge currently is to
assess the role of the interfacial domain of ice surfaces in the presence of
soluble and insoluble species, as well as the chemical reactivity therein.
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Progress on that side will be essential to improve our capabilities to reliably model
chemistry in snow or in ice clouds (https://doi.org/10.1039/D4FD00176A).

The accelerated warming in the Arctic'” brings along a range of effects due to
increased exploration, tourism, resource exploitation and transport, which lead to
increased emissions, to extension of existing urban areas and the development of
new ones. Thus, air quality aspects, already a significant issue now for some
densely populated areas, will be of increasing concern. The special boundary layer
meterological conditions are prone to high levels of air-pollutants representing
a health issue for the local population (https://doi.org/10.1039/D4FD00158C,
https://doi.org/10.1039/D4FD00177]). The associated gases and particles change
also atmospheric chemistry at larger scales, such as by providing new CCNs,
new INPs or affecting halogen chemistry (https://doi.org/10.1039/D4FD00164H).
This means that the local effects indirectly translate into larger scale effects of
relevance to the radiative properties and oxidation capacity of the atmosphere.
Therefore, air quality aspects will become an increasingly important challenge.

Again, at a similar system-level, the warming climate changes biosphere—
atmosphere interactions (https://doi.org/10.1039/D4FD00179F, https://doi.org/
10.1039/D4FD00173G). Biogenic emissions (https://doi.org/10.1039/
D4FD00168K) contribute to the composition, chemical properties, cloud
occurrence and properties of the upper troposphere over low- and mid-
latitudes, but also in polar regions, where thawing permafrost, changing sea-ice
extent, changing snow-cover, along with the related ecosystems responses will
require substantial efforts for assessing impacts on atmospheric composition
and feedbacks between biosphere and climate.

The warming climate also impacts the stratosphere. Increasing water vapor
(https://doi.org/10.1039/D4FD00163]) may change the dynamics and chemistry,
for instance in terms of how fast the ozone layer is going to recover with the
expected decrease in CFCs.** The increased convective activity in the
troposphere is contributing to this. The increased occurrence of wildfires leads
to influx of organic particles through pyrocumulonimbus clouds,** the
consequences of which on stratospheric chemistry remain to be assessed.
There are also other threads on the horizon for the stratosphere. The likely
delayed path of society towards decarbonization may lead to the consideration
of solar radiation modification technologies, among others stratospheric
aerosol injection (SAI).*" The injection of sulfur dioxide as precursor for sulfuric
acid particles mimicking volcanic eruptions has raised significant concerns as
to induce warming in the stratosphere and additional ozone depletion.**
Alternatively, solid particles have been considered, which may have the
potential to reduce such side effects.®* However, the uncertainties are huge®**
and a sound scientific basis needs to be established under international
governance frameworks®” before further considering such options.

This Discussion, on the basis of atmospheric chemistry, presents a manifesta-
tion of the ongoing community efforts to improve our understanding of chemical
processes in cold atmospheric environments with a focus on polar regions and the
other atmospheric compartments to which they are linked. The rapid changes in
polar regions affect biodiversity, human society and global climate, as documented
in the 6th assessment report of the IPCC.*® Building on that, presently consultations
(https://indico.psi.ch/event/15591/) are underway for the 5th International Polar
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Year 2032-2033 (https://ipy5.info/resources/), and this Discussion is clearly a strong
basis for the atmospheric chemistry pillar for further planning.
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Data underlying Fig. 2 along with how they were obtained and secondary sources
are provided as ESLt

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

M. Ammann would like to thank all attendees of this Faraday Discussion for the
numerous engaging discussions. M. Ammann acknowledges career-long support
by the Swiss National Science Foundation, under the current grant no. 231265.

References

1 F. Dominé and P. B. Shepson, Science, 2002, 297, 1506-1510.

2 R. E. Honrath, M. C. Peterson, M. P. Dziobak, J. E. Dibb, M. A. Arsenault and
S. A. Green, Geophys. Res. Lett., 2000, 27, 2237-2240.

3 National Research Council, Lessons and Legacies of International Polar Year
2007-2008, The National Academies Press, Washington, DC, 2012.

4 P. S. Anderson and W. D. Neff, Atmos. Chem. Phys., 2008, 8, 3563-3582.

5 P. S. Anderson and W. D. Neff, A¢tmos. Chem. Phys., 2008, 8, 4115.

6 F. Domine, M. Albert, T. Huthwelker, H. W. Jacobi, A. A. Kokhanovsky,
M. Lehning, G. Picard and W. R. Simpson, A¢tmos. Chem. Phys., 2008, 8, 171-208.

7 A. M. Grannas, A. E. Jones, J. Dibb, M. Ammann, C. Anastasio, H. J. Beine,
M. Bergin, J. Bottenheim, C. S. Boxe, G. Carver, G. Chen, J. H. Crawford,
F. Dominé, M. M. Frey, M. 1. Guzman, D. E. Heard, D. Helmig,
M. R. Hoffmann, R. E. Honrath, L. G. Huey, M. Hutterli, H. W. Jacobi,
P. Klan, B. Lefer, J. McConnell, J. Plane, R. Sander, ]. Savarino,
P. B. Shepson, W. R. Simpson, J. R. Sodeau, R. von Glasow, R. Weller,
E. W. Wolff and T. Zhu, Atmos. Chem. Phys., 2007, 7, 4329-4373.

8 W. R. Simpson, R. von Glasow, K. Riedel, P. Anderson, P. Ariya, J. Bottenheim,
J. Burrows, L. J. Carpenter, U. Frief3, M. E. Goodsite, D. Heard, M. Hutterli,
H. W. Jacobi, L. Kaleschke, B. Neff, J. Plane, U. Platt, A. Richter, H. Roscoe,
R. Sander, P. Shepson, J. Sodeau, A. Steffen, T. Wagner and E. Wolff, Atmos.
Chem. Phys., 2007, 7, 4375-4418.

9 A. Steffen, T. Douglas, M. Amyot, P. Ariya, K. Aspmo, T. Berg, J. Bottenheim,
S. Brooks, F. Cobbett, A. Dastoor, A. Dommergue, R. Ebinghaus, C. Ferrari,
K. Gardfeldt, M. E. Goodsite, D. Lean, A. J. Poulain, C. Scherz, H. Skov,
J. Sommar and C. Temme, Atmos. Chem. Phys., 2008, 8, 1445-1482.

10 J. P. D. Abbatt, J. L. Thomas, K. Abrahamsson, C. Boxe, A. Granfors, A. E. Jones,
M. D. King, A. Saiz-Lopez, P. B. Shepson, ]J. Sodeau, D. W. Toohey, C. Toubin,
R. von Glasow, S. N. Wren and X. Yang, Atmos. Chem. Phys., 2012, 12, 6237-
6271.

This journal is © The Royal Society of Chemistry 2025  Faraday Discuss., 2025, 258, 597-613 | 607


https://ipy5.info/resources/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00042d

Open Access Article. Published on 15 April 2025. Downloaded on 8/4/2025 2:33:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Faraday Discussions Paper

11 T. Bartels-Rausch, H. W. Jacobi, T. F. Kahan, ]J. L. Thomas, E. S. Thomson,
J. P. D. Abbatt, M. Ammann, J. R. Blackford, H. Bluhm, C. Boxe, F. Domine,
M. M. Frey, L. Gladich, M. I. Guzman, D. Heger, T. Huthwelker, P. Klan,
W. F. Kuhs, M. H. Kuo, S. Maus, S. G. Moussa, V. F. McNeill, J. T. Newberg,
J. B. C. Pettersson, M. Roeselova and J. R. Sodeau, Atmos. Chem. Phys., 2014,
14, 1587-1633.

12 A. M. Grannas, C. Bogdal, K. J. Hageman, C. Halsall, T. Harner, H. Hung,
R. Kallenborn, P. Klan, J. Klanova, R. W. Macdonald, T. Meyer and F. Wania,
Atmos. Chem. Phys., 2013, 13, 3271-3305.

13 V. F. McNeill, A. M. Grannas, ]J. P. D. Abbatt, M. Ammann, P. Ariya, T. Bartels-
Rausch, F. Domine, D. J. Donaldson, M. I. Guzman, D. Heger, T. F. Kahan,
P. Klan, S. Masclin, C. Toubin and D. Voisin, Atmos. Chem. Phys., 2012, 12,
9653-9678.

14 R. W. Obbard, Atmos. Chem. Phys., 2015, 15, 8457-8458.

15 R. Sander and ]. Bottenheim, Earth Syst. Sci. Data, 2012, 4, 215-282.

16 J. L. Thomas, J. Stutz, M. M. Frey, T. Bartels-Rausch, K. Altieri, F. Baladima,
J. Browse, M. Dall’Osto, L. Marelle, J. Mouginot, J. G. Murphy, D. Nomura,
K. A. Pratt, M. D. Willis, P. Zieger, J. Abbatt, T. A. Douglas, M. C. Facchini,
J. France, A. E. Jones, K. Kim, P. A. Matrai, V. F. McNeill, A. Saiz-Lopez,
P. Shepson, N. Steiner, K. S. Law, S. R. Arnold, B. Delille, J. Schmale,
J. E. Sonke, A. Dommergue, D. Voisin, M. L. Melamed and ]. Gier, Elem. Sci.
Anth., 2019, 7, 58.

17 J. Overland, E. Dunlea, J. E. Box, R. Corell, M. Forsius, V. Kattsov, M. S. Olsen,
J. Pawlak, L.-O. Reiersen and M. Wang, Polar Sci., 2019, 21, 6-13.

18 J. Schmale, A. Baccarini, I. Thurnherr, S. Henning, A. Efraim, L. Regayre,
C. Bolas, M. Hartmann, A. Welti, K. Lehtipalo, F. Aemisegger, C. Tatzelt,
S. Landwehr, R. L. Modini, F. Tummon, J. S. Johnson, N. Harris,
M. Schnaiter, A. Toffoli, M. Derkani, N. Bukowiecki, F. Stratmann,
J. Dommen, U. Baltensperger, H. Wernli, D. Rosenfeld, M. Gysel-Beer and
K. S. Carslaw, Bull. Am. Meteorol. Soc., 2019, 100, 2260-2283.

19 M. D. Shupe, M. Rex, B. Blomquist, P. O. G. Persson, J. Schmale, T. Uttal,

. Althausen, H. Angot, S. Archer, L. Bariteau, I. Beck, J. Bilberry, S. Bucci,

. Buck, M. Boyer, Z. Brasseur, I. M. Brooks, R. Calmer, ]J. Cassano,

Castro, D. Chu, D. Costa, C. J. Cox, J. Creamean, S. Crewell, S. Dahlke,

Damm, G. de Boer, H. Deckelmann, K. Dethloff, M. Diitsch, K. Ebell,

Ehrlich, J. Ellis, R. Engelmann, A. A. Fong, M. M. Frey, M. R. Gallagher,

Ganzeveld, R. Gradinger, ]J. Graeser, V. Greenamyer, H. Griesche,

Griffiths, J. Hamilton, G. Heinemann, D. Helmig, A. Herber, C. Heuzé,

Hofer, T. Houchens, D. Howard, ]J. Inoue, H.-W. Jacobi, R. ]Jaiser,

Jokinen, O. Jourdan, G. Jozef, W. King, A. Kirchgaessner, M. Klingebiel,

Krassovski, T. Krumpen, A. Lampert, W. Landing, T. Laurila,
Lawrence, M. Lonardi, B. Loose, C. Liipkes, M. Maahn, A. Macke,
Maslowski, C. Marsay, M. Maturilli, M. Mech, S. Morris, M. Moser,
Nicolaus, P. Ortega, J. Osborn, F. Pdtzold, D. K. Perovich, T. Petiji,
Pilz, R. Pirazzini, K. Posman, H. Powers, K. A. Pratt, A. Preufler,

L. Quéléver, M. Radenz, B. Rabe, A. Rinke, T. Sachs, A. Schulz, H. Siebert,

T. Silva, A. Solomon, A. Sommerfeld, G. Spreen, M. Stephens, A. Stohl,

G. Svensson, ]J. Uin, J. Viegas, C. Voigt, P. von der Gathen, B. Wehner,

D
C
V.
E.
A.
L.
S.
J.
T.
M.
D.
W.
M.
C.

608 | Faraday Discuss., 2025, 258, 597-613  This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00042d

Open Access Article. Published on 15 April 2025. Downloaded on 8/4/2025 2:33:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Faraday Discussions

20

21

22

23

24

25

26

J. M. Welker, M. Wendisch, M. Werner, Z. Xie and F. Yue, Elem. Sci. Anth., 2022,
10, 60.

W. R. Simpson, J. Mao, G. ]J. Fochesatto, K. S. Law, P. F. DeCarlo, J. Schmale,
K. A. Pratt, S. R. Arnold, J. Stutz, J. E. Dibb, J. M. Creamean, R. J. Weber,
B. J. Williams, B. Alexander, L. Hu, R. ]J. Yokelson, M. Shiraiwa, S. Decesari,
C. Anastasio, B. D’Anna, R. C. Gilliam, A. Nenes, ]J. M. St. Clair, B. Trost,
J. H. Flynn, J. Savarino, L. D. Conner, N. Kettle, K. M. Heeringa, S. Albertin,
A. Baccarini, B. Barret, M. A. Battaglia, S. Bekki, T. J. Brado, N. Brett,
D. Brus, J. R. Campbell, M. Cesler-Maloney, S. Cooperdock, K. Cysneiros de
Carvalho, H. Delbarre, P. J. DeMott, C. J. S. Dennehy, E. Dieudonné,
K. Dingilian, A. Donateo, K. M. Doulgeris, K. C. Edwards, K. Fahey,
T. Fang, F. Guo, L. M. D. Heinlein, A. L. Holen, D. Huff, A. Ijaz, S. Johnson,
S. Kapur, D. T. Ketcherside, E. Levin, E. Lill, A. R. Moon, T. Onishi,
G. Pappaccogli, R. Perkins, R. Pohorsky, J.-C. Raut, F. Ravetta, T. Roberts,
E. S. Robinson, F. Scoto, V. Selimovic, M. O. Sunday, B. Temime-Roussel,
X. Tian, J. Wu and Y. Yang, ACS ES&T Air, 2024, 1, 200-222.

M. Tjernstrom and P. Zieger, 2025, https://urn.kb.se/resolve?
urn=urn:nbn:se:polar:diva-9175.

N. Brockway, P. K. Peterson, K. Bigge, K. D. Hajny, P. B. Shepson, K. A. Pratt,
J. D. Fuentes, T. Starn, R. Kaeser, B. H. Stirm and W. R. Simpson, Atmos. Chem.
Phys., 2024, 24, 23-40.

T. Yao, L. G. Thompson, V. Mosbrugger, F. Zhang, Y. Ma, T. Luo, B. Xu,
X. Yang, D. R. Joswiak, W. Wang, M. E. Joswiak, L. P. Devkota, S. Tayal,
R. Jilani and R. Fayziev, Environ. Dev., 2012, 3, 52—-64.

E. Herrmann, E. Weingartner, S. Henne, L. Vuilleumier, N. Bukowiecki,
M. Steinbacher, F. Conen, M. Collaud Coen, E. Hammer, Z. Juranyi,
U. Baltensperger and M. Gysel, J. Geophys. Res.:Atmos., 2015, 120, 9459-9480.
F. Bianchi, V. A. Sinclair, D. Aliaga, Q. Zha, W. Scholz, C. Wu, L. Heikkinen,
R. Modini, E. Partoll, F. Velarde, I. Moreno, Y. Gramlich, W. Huang,
A. M. Koenig, M. Leiminger, J. Enroth, O. Peridkyld, A. Marinoni,
C. Xuemeng, L. Blacutt, R. Forno, R. Gutierrez, P. Ginot, G. Uzu,
M. C. Facchini, S. Gilardoni, M. Gysel-Beer, R. Cai, T. Petdjd, M. Rinaldi,
H. Saathoff, K. Sellegri, D. Worsnop, P. Artaxo, A. Hansel, M. Kulmala,
A. Wiedensohler, P. Laj, R. Krejci, S. Carbone, M. Andrade and C. Mohr,
Bull. Am. Meteorol. Soc., 2022, 103, E212-E229.

J. Shen, D. M. Russell, J. DeVivo, F. Kunkler, R. Baalbaki, B. Mentler, W. Scholz,
W. Yu, L. Caudillo-Plath, E. Sommer, E. Ahongshangbam, D. Alfaouri,
J. Almeida, A. Amorim, L. ]J. Beck, H. Beckmann, M. Berntheusel,
N. Bhattacharyya, M. R. Canagaratna, A. Chassaing, R. Cruz-Simbron,
L. Dada, J. Duplissy, H. Gordon, M. Granzin, L. Grofe Schute, M. Heinritzi,
S. Iyer, H. Klebach, T. Kriiger, A. Kiirten, M. Lampimaki, L. Liu, B. Lopez,
M. Martinez, A. Morawiec, A. Onnela, M. Peltola, P. Rato, M. Reza,
S. Richter, B. Rorup, M. K. Sebastian, M. Simon, M. Surdu, K. Tamme,
R. C. Thakur, A. Tomé, Y. Tong, J. Top, N. S. Umo, G. Unfer, L. Vettikkat,
J. Weissbacher, C. Xenofontos, B. Yang, M. Zauner-Wieczorek, J. Zhang,
Z. Zheng, U. Baltensperger, T. Christoudias, R. C. Flagan, I. El Haddad,
H. Junninen, O. Mohler, I. Riipinen, U. Rohner, S. Schobesberger,
R. Volkamer, P. M. Winkler, A. Hansel, K. Lehtipalo, N. M. Donahue,

~

This journal is © The Royal Society of Chemistry 2025  Faraday Discuss., 2025, 258, 597-613 | 609


https://urn.kb.se/resolve?urn=urn:nbn:se:polar:diva-9175
https://urn.kb.se/resolve?urn=urn:nbn:se:polar:diva-9175
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00042d

Open Access Article. Published on 15 April 2025. Downloaded on 8/4/2025 2:33:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Faraday Discussions Paper

J. Lelieveld, H. Harder, M. Kulmala, D. R. Worsnop, J. Kirkby, J. Curtius and
X.-C. He, Nature, 2024, 636, 115-123.

27 S. Solomon, Rev. Geophys., 1999, 37, 275-316.

28 P. A. Newman, C. R. Geosci., 2018, 350, 442-447.

29 H. Finkenzeller, S. Iyer, X.-C. He, M. Simon, T. K. Koenig, C. F. Lee, R. Valiev,
V. Hofbauer, A. Amorim, R. Baalbaki, A. Baccarini, L. Beck, D. M. Bell,
L. Caudillo, D. Chen, R. Chiu, B. Chu, L. Dada, J. Duplissy, M. Heinritzi,
D. Kemppainen, C. Kim, J. Krechmer, A. Kirten, A. Kvashnin,
H. Lamkaddam, C. P. Lee, K. Lehtipalo, Z. Li, V. Makhmutov,
H. E. Manninen, G. Marie, R. Marten, R. L. Mauldin, B. Mentler, T. Miiller,
T. Petdja, M. Philippov, A. Ranjithkumar, B. Rorup, J. Shen, D. Stolzenburg,
C. Tauber, Y. J. Tham, A. Tomé, M. Vazquez-Pufleau, A. C. Wagner,
D. S. Wang, M. Wang, Y. Wang, S. K. Weber, W. Nie, Y. Wu, M. Xiao, Q. Ye,
M. Zauner-Wieczorek, A. Hansel, U. Baltensperger, J. Brioude, ]. Curtius,
N. M. Donahue, 1. E. Haddad, R. C. Flagan, M. Kulmala, J. Kirkby, M. Sipil4,
D. R. Worsnop, T. Kurten, M. Rissanen and R. Volkamer, Nat. Chem., 2023,
15, 129-135.

30 S. C. Sherwood, R. Roca, T. M. Weckwerth and N. G. Andronova, Rev. Geophys.,
2010, 48, RG2001.

31 E. Brini, C. J. Fennell, M. Fernandez-Serra, B. Hribar-Lee, M. Luksi¢ and
K. A. Dill, Chem. Rev., 2017, 117, 12385-12414.

32 O. Bjorneholm, M. H. Hansen, A. Hodgson, L.-M. Liu, D. T. Limmer,
A. Michaelides, P. Pedevilla, J. Rossmeisl, H. Shen, G. Tocci, E. Tyrode,
M.-M. Walz, J. Werner and H. Bluhm, Chem. Rev., 2016, 116, 7698-7726.

33 M. Ammann, P. A. Alpert, L. Artiglia, F. Bao, T. Bartels-Rausch, J. F. F. Ospina,
N. M. Garner, L. Iezzi, K. Kilchhofer, A. Laso, L. Longetti and F. Mahrt, Chimia,
2024, 78, 754-761.

34 R. Atkinson, D. L. Baulch, R. A. Cox, J. N. Crowley, R. F. Hampson, R. G. Hynes,
M. E. Jenkin, M. J. Rossi, J. Troe and IUPAC Subcommittee, Atmos. Chem. Phys.,
2006, 6, 3625-4055.

35 J. Troe, Chem. Rev., 2003, 103, 4565-4576.

36 R. Atkinson, D. L. Baulch, R. A. Cox, J. N. Crowley, R. F. Hampson, R. G. Hynes,
M. E. Jenkin, M. J. Rossi and J. Troe, Atmos. Chem. Phys., 2004, 4, 1461-1738.

37 R. Sander, Atmos. Chem. Phys., 2023, 23, 10901-12440.

38 Y. P. Kim, J. H. Seinfeld and P. Saxena, Aerosol Sci. Technol., 1993, 19, 157-181.

39 ]J. R. Campbell, M. Battaglia, K. K. Dingilian, M. Cesler-Maloney,
W. R. Simpson, E. S. Robinson, P. F. DeCarlo, B. Temime-Roussel,
B. D’Anna, A. L. Holen, J. Wu, K. A. Pratt, J. E. Dibb, A. Nenes, R. J. Weber
and J. Mao, Sci. Adv., 2024, 10, eado4373.

40 D. Stolzenburg, L. Fischer, A. L. Vogel, M. Heinritzi, M. Schervish, M. Simon,
A. C. Wagner, L. Dada, L. R. Ahonen, A. Amorim, A. Baccarini, P. S. Bauer,
B. Baumgartner, A. Bergen, F. Bianchi, M. Breitenlechner, S. Brilke,
S. Buenrostro Mazon, D. Chen, A. Dias, D. C. Draper, J. Duplissy, I. El
Haddad, H. Finkenzeller, C. Frege, C. Fuchs, O. Garmash, H. Gordon, X. He,
J. Helm, V. Hofbauer, C. R. Hoyle, C. Kim, J. Kirkby, J. Kontkanen,
A. Kiirten, J. Lampilahti, M. Lawler, K. Lehtipalo, M. Leiminger, H. Mai,
S. Mathot, B. Mentler, U. Molteni, W. Nie, T. Nieminen, J. B. Nowak,
A. Ojdanic, A. Onnela, M. Passananti, T. Petdjid, L. L. ]J. Quéléver,
M. P. Rissanen, N. Sarnela, S. Schallhart, C. Tauber, A. Tomé, R. Wagner,

610 | Faraday Discuss., 2025, 258, 597-613  This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00042d

Open Access Article. Published on 15 April 2025. Downloaded on 8/4/2025 2:33:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Faraday Discussions

41

42

43

44

45

46

47

48

49

50

51

52

53

54

M. Wang, L. Weitz, D. Wimmer, M. Xiao, C. Yan, P. Ye, Q. Zha,
U. Baltensperger, J. Curtius, J. Dommen, R. C. Flagan, M. Kulmala,
J. N. Smith, D. R. Worsnop, A. Hansel, N. M. Donahue and P. M. Winkler,
Proc. Natl. Acad. Sci. U. S. A., 2018, 115, 9122-9127.

Q. Xie, N. G. A. Gerrebos, D. Calderon-Arrieta, I. S. Morton, E. R. Halpern, C. Li,
M. F. Zeng, A. K. Bertram, Y. Rudich and A. Laskin, Environ. Sci. Technol., 2024,
58, 18284-18294.

H. Baars, A. Ansmann, K. Ohneiser, M. Haarig, R. Engelmann, D. Althausen,
I. Hanssen, M. Gausa, A. Pietruczuk, A. Szkop, I. S. Stachlewska, D. Wang,
J. Reichardt, A. Skupin, I. Mattis, T. Trickl, H. Vogelmann, F. Navas-
Guzman, A. Haefele, K. Acheson, A. A. Ruth, B. Tatarov, D. Miiller, Q. Hu,
T. Podvin, P. Goloub, I. Veselovskii, C. Pietras, M. Haeffelin, P. Fréville,
M. Sicard, A. Comerdn, A. ]J. Fernandez Garcia, F. Molero Menéndez,
C. Cordoba-Jabonero, J. L. Guerrero-Rascado, L. Alados-Arboledas,
D. Bortoli, M. J. Costa, D. Dionisi, G. L. Liberti, X. Wang, A. Sannino,
N. Papagiannopoulos, A. Boselli, L. Mona, G. D’Amico, S. Romano,
M. R. Perrone, L. Belegante, D. Nicolae, I. Grigorov, A. Gialitaki, V. Amiridis,
O. Soupiona, A. Papayannis, R. E. Mamouri, A. Nisantzi, B. Heese, J. Hofer,
Y. Y. Schechner, U. Wandinger and G. Pappalardo, Atmos. Chem. Phys., 2019,
19, 15183-15198.

A. C. Hong, T. Ulrich, E. S. Thomson, J. Trachsel, F. Riche, ]J. G. Murphy,
D. ]J. Donaldson, M. Schneebeli, M. Ammann and T. Bartels-Rausch, Environ.
Sci. Technol., 2023, 57, 11626-11633.

N. Pouvesle, M. Kippenberger, G. Schuster and J. N. Crowley, Phys. Chem.
Chem. Phys., 2010, 12, 15544-15550.

R. Luu, M. Schervish, N. A. June, S. E. O’Donnell, S. H. Jathar, J. R. Pierce and
M. Shiraiwa, ACS Earth Space Chem., 2025, 9, 288-302.

M. Shiraiwa, Y. Li, A. P. Tsimpidi, V. A. Karydis, T. Berkemeier, S. N. Pandis,
J. Lelieveld, T. Koop and U. Poschl, Nat. Commun., 2017, 8, 15002.

T. Berkemeier, M. Shiraiwa, U. Poschl and T. Koop, Atmos. Chem. Phys., 2014,
14, 12513-12531.

R. A. Cox, Chem. Soc. Rev., 2012, 41, 6231-6246.

R. A. Cox, M. Ammann, J. N. Crowley, H. Herrmann, M. E. Jenkin,
V. F. McNeill, A. W. Mellouki, M. J. Rossi, J. Troe and T. J. Wallington,
Chem. Int., 2018, 40, 10-13.

R. Atkinson, D. L. Baulch, R. A. Cox, J. N. Crowley, R. F. Hampson, R. G. Hynes,
M. E. Jenkin, M. J. Rossi and J. Troe, Atmos. Chem. Phys., 2007, 7, 981-1191.
R. Atkinson, D. L. Baulch, R. A. Cox, J. N. Crowley, R. F. Hampson, R. G. Hynes,
M. E. Jenkin, M. J. Rossi, J. Troe and T. J. Wallington, Atmos. Chem. Phys., 2008,
8, 4141-4496.

R. A. Cox, M. Ammann, J. N. Crowley, H. Herrmann, M. E. Jenkin,
V. F. McNeill, A. Mellouki, J. Troe and T. J. Wallington, Atmos. Chem. Phys.,
2020, 20, 13497-13519.

A. Mellouki, M. Ammann, R. A. Cox, J. N. Crowley, H. Herrmann, M. E. Jenkin,
V. F. McNeill, J. Troe and T. J. Wallington, A¢mos. Chem. Phys., 2021, 21, 4797—
4808.

M. Ammann, R. A. Cox, J. N. Crowley, M. E. Jenkin, A. Mellouki, M. ]J. Rossi,
J. Troe and T. J. Wallington, Atmos. Chem. Phys., 2013, 13, 8045-8228.

This journal is © The Royal Society of Chemistry 2025 Faraday Discuss., 2025, 258, 597-613 | 611


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00042d

Open Access Article. Published on 15 April 2025. Downloaded on 8/4/2025 2:33:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Faraday Discussions Paper

55 J. N. Crowley, M. Ammann, R. A. Cox, R. G. Hynes, M. E. Jenkin, A. Mellouki,
M. J. Rossi, J. Troe and T. J. Wallington, Atmos. Chem. Phys., 2010, 10, 9059-
9223.

56 J. B. Burkholder, S. P. Sander, J. P. D. Abbatt, J. R. Barker, C. D. Cappa,
J. D. Crounse, T. S. Dibble, R. E. Huie, C. E. Kolb, M. J. Kurylo, V. L. Orkin,
C. J. Percival, D. M. Wilmouth and P. H. Wine, Chemical Kinetics and
Photochemical Data for Use in Atmospheric Studies, Evaluation No 19, Jet
Propulsion Laboratory, 2020.

57 A.Zuend, C. Marcolli, B. P. Luo and T. Peter, Atmos. Chem. Phys., 2008, 8, 4559—
4593.

58 J. Lilek and A. Zuend, Atmos. Chem. Phys., 2022, 22, 3203-3233.

59 S. L. Clegg, P. Brimblecombe and A. S. Wexler, J. Phys. Chem. A, 1998, 102,
2137-2154.

60 C. S. Dutcher, A. S. Wexler and S. L. Clegg, J. Phys. Chem. A, 2010, 114, 12216~
12230.

61 C. Fountoukis and A. Nenes, Atmos. Chem. Phys., 2007, 7, 4639-4659.

62 A. Nenes, S. N. Pandis and C. Pilinis, Aquat. Geochem., 1998, 4, 123-152.

63 J. B. Burkholder, J. P. D. Abbatt, I. Barnes, J. M. Roberts, M. L. Melamed,
M. Ammann, A. K. Bertram, C. D. Cappa, A. G. Carlton, L. J. Carpenter,
J. N. Crowley, Y. Dubowski, C. George, D. E. Heard, H. Herrmann,
F. N. Keutsch, J. H. Kroll, V. F. McNeill, N. L. Ng, S. A. Nizkorodov,
J. J. Orlando, C. J. Percival, B. Picquet-Varrault, Y. Rudich, P. W. Seakins,
J. D. Surratt, H. Tanimoto, J. A. Thornton, Z. Tong, G. S. Tyndall, A. Wahner,
C. J. Weschler, K. R. Wilson and P. J. Ziemann, Environ. Sci. Technol., 2017,
51, 2519-2528.

64 U. Lohmann and J. Feichter, Atmos. Chem. Phys., 2005, 5, 715-737.

65 W. Cantrell and A. Heymsfield, Bull. Am. Meteorol. Soc., 2005, 86, 795-808.

66 Z. A. Kanji, L. A. Ladino, H. Wex, Y. Boose, M. Burkert-Kohn, D. J. Cziczo and
M. Kridmer, Meteorol. Monogr., 2017, 58, 1.1-1.33.

67 M. Fitzner, P. Pedevilla and A. Michaelides, Nat. Commun., 2020, 11, 4777.

68 H. Yang, I. Gladich, A. Boucly, L. Artiglia and M. Ammann, Environ. Sci.:
Atmos., 2022, 2, 1277-1291.

69 A. Saiz-Lopez, J. M. C. Plane, A. R. Baker, L. J. Carpenter, R. von Glasow,
J. C. Gomez Martin, G. McFiggans and R. W. Saunders, Chem. Rev., 2012,
112, 1773-1804.

70 T. K. Koenig, S. Baidar, P. Campuzano-Jost, C. A. Cuevas, B. Dix,
R. P. Fernandez, H. Guo, S. R. Hall, D. Kinnison, B. A. Nault, K. Ullmann,
J. L. Jimenez, A. Saiz-Lopez and R. Volkamer, Proc. Natl. Acad. Sci. U. S. A.,
2020, 117, 1860-1866.

71 T. K. Koenig, R. Volkamer, E. C. Apel, J. F. Bresch, C. A. Cuevas, B. Dix,
E. W. Eloranta, R. P. Fernandez, S. R. Hall, R. S. Hornbrook, R. B. Pierce,
J. M. Reeves, A. Saiz-Lopez and K. Ullmann, Sci. Adv., 2021, 7, eabj6544.

72 M. Reza, L. Iezzi, H. Finkenzeller, A. Roose, M. Ammann and R. Volkamer, ACS
Earth Space Chem., 2024, 8, 2495-2508.

73 F. Bianchi, J. Trostl, H. Junninen, C. Frege, S. Henne, C. R. Hoyle, U. Molteni,
E. Herrmann, A. Adamov, N. Bukowiecki, X. Chen, J. Duplissy, M. Gysel,
M. Hutterli, J. Kangasluoma, J. Kontkanen, A. Kirten, H. E. Manninen,
S. Miinch, O. Perékyld, T. Petdjd, L. Rondo, C. Williamson, E. Weingartner,

612 | Faraday Discuss., 2025, 258, 597-613  This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00042d

Open Access Article. Published on 15 April 2025. Downloaded on 8/4/2025 2:33:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Paper Faraday Discussions

J. Curtius, D. R. Worsnop, M. Kulmala, J. Dommen and U. Baltensperger,
Science, 2016, 352, 1109-1112.

74 C. Ge, C. Zhu, J. S. Francisco, X. C. Zeng and J. Wang, Proc. Natl. Acad. Sci. U. S.
A., 2018, 115, 6147-6152.

75 V. Toll, J. Rahu, H. Keernik, H. Trofimov, T. Voormansik, P. Manshausen,
E. Hung, D. Michelson, M. W. Christensen, P. Post, H. Junninen,
B. J. Murray, U. Lohmann, D. Watson-Parris, P. Stier, N. Donaldson,
T. Storelvmo, M. Kulmala and N. Bellouin, Science, 2024, 386, 756-762.

76 E. J. Workman and S. E. Reynolds, Phys. Rev., 1950, 78, 254-259.

77 J. Song, L. Werner, Y. C. M. Da Silva, A. Theis, D. J. Donaldson and C. George,
Environ. Sci. Technol., 2024, 58, 22691-22699.

78 Faraday, London, Edinburgh Dublin Philos. Mag. J. Sci., 1859, 17, 162-169.

79 I Yasuda, K. Endo, N. Arai and K. Yasuoka, Commun. Chem., 2024, 7, 117.

80 M. P. Chipperfield and S. Bekki, Atmos. Chem. Phys., 2024, 24, 2783-2802.

81 P. J. Crutzen, Clim. Change, 2006, 77, 211-220.

82 A. Robock, A. Marquardt, B. Kravitz and G. Stenchikov, Geophys. Res. Lett.,
2009, 36, 2009GL039209.

83 S. Tilmes, R. Miiller and R. Salawitch, Science, 2008, 320, 1201-1204.

84 D. W. Keith, D. K. Weisenstein, J. A. Dykema and F. N. Keutsch, Proc. Natl.
Acad. Sci. U. S. A., 2016, 113, 14910-14914.

85 S. Vattioni, B. Luo, A. Feinberg, A. Stenke, C. Vockenhuber, R. Weber,
J. A. Dykema, U. K. Krieger, M. Ammann, F. Keutsch, T. Peter and
G. Chiodo, Geophys. Res. Lett., 2023, 50, €2023GL105889.

86 S. Vattioni, T. Peter, R. Weber, J. A. Dykema, B. Luo, A. Stenke, A. Feinberg,
T. Sukhodolov, F. N. Keutsch, M. Ammann, C. Vockenhuber, M. Débeli,
G. A. Kelesidis and G. Chiodo, Commun. Earth Environ., 2025, 6, 132.

87 J. Pasztor, Ethics Int. Aff., 2017, 31, 419-430.

88 Cross-Chapter Paper 6: Polar Regions, ed. A. J. Constable, S. Harper, J. Dawson,
K. Holsman, T. Mustonen, D. Piepenburg and B. Rost, Cambridge University
Press, Cambridge, UK, and New York, USA, 2022.

This journal is © The Royal Society of Chemistry 2025  Faraday Discuss., 2025, 258, 597-613 | 613


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00042d

	Concluding remarks: Atmospheric chemistry in cold environmentsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5fd00042d
	Concluding remarks: Atmospheric chemistry in cold environmentsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5fd00042d
	Concluding remarks: Atmospheric chemistry in cold environmentsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5fd00042d
	Concluding remarks: Atmospheric chemistry in cold environmentsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5fd00042d
	Concluding remarks: Atmospheric chemistry in cold environmentsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5fd00042d
	Concluding remarks: Atmospheric chemistry in cold environmentsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5fd00042d
	Concluding remarks: Atmospheric chemistry in cold environmentsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5fd00042d
	Concluding remarks: Atmospheric chemistry in cold environmentsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5fd00042d
	Concluding remarks: Atmospheric chemistry in cold environmentsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5fd00042d


