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Abstract: Theoretical chemists have been actively engaged for some time in processes such as ozone
photodissociation, overtone photodissociation in nitric acid, pernitric acid, sulphuric acid, clusters
and in small organic acids. The last of these have shown very different behaviours in the gas
phase, liquid phase and importantly at the air–water interface in aqueous aerosols. The founder of
molecular dynamics, B J Alder, pointed out long ago that hydrodynamic behaviour emerged when
the symmetry of a random, thermalised population of hard spheres—billiard balls—was broken
by a flux of energetic molecules. Despite this, efforts over two centuries to solve turbulence by
finding top-down solutions to the Navier–Stokes equation have failed. It is time for theoretical
chemistry to try a bottom-up solution. Gibbs free energy that drives the circulation arises from the
entropy difference between the incoming low-entropy beam of visible and ultraviolet photons and
the outgoing higher-entropy flux of infrared photons over the whole 4π solid angle. The role of the
most energetic molecules with the highest velocities will affect the rovibrational line shapes of water,
carbon dioxide and ozone in the far wings, where there is the largest effect on radiative transfer
and hence on calculations of atmospheric temperature. The atmospheric state is determined by the
interaction of radiation, chemistry and fluid dynamics on the microscopic scale, with propagation
through the mesoscale to the macroscale. It will take theoretical chemistry to simulate that accurately.
A challenging programme of research for theoretical chemistry is proposed, involving ab initio
simulation by molecular dynamics of an air volume, starting in the upper stratosphere. The aim is to
obtain scaling exponents for turbulence, providing a physical method for upscaling in numerical
models. Turbulence affects chemistry, radiation and fluid dynamics at a fundamental, molecular level
and is thus of basic concern to theoretical chemistry as it applies to the atmosphere, which consists of
molecules in motion.

Keywords: molecular dynamics; stratospheric state; turbulence

1. Introduction

Atmospheric composition is determined by the interaction of radiation, fluid dynamics
and chemistry. The calculation of these processes and their interactions is the province
of theoretical chemistry, inspired by physical chemistry experiments, covering transitions
through the scales from the microscale→mesoscale→macroscale. However, the 15 orders
of magnitude in scale between the mean free path at surface pressure and a great circle
in the atmosphere means that severe approximations and parametrisations have to be
made in numerical modelling of atmospheric composition. Analytical solutions of the
Navier–Stokes equation for fluid dynamics have not been found in two centuries, and
consequently there is no rigorous mathematical framework to address the central issue of
atmospheric turbulence. However, the emergence by symmetry breaking of hydrodynamic
behaviour in a population of thermalised Maxwellian billiards subject to an organised
flux [1,2] offers an approach from the smallest scales up, in contrast to the top-down
methods used in atmospheric modelling, with its concomitant need to parametrise the
lowest 8–10 orders of magnitude in scale. Until recently, the computational demands for
an Alder–Wainwright approach have been insuperable, but it may be that it can now be
essayed for the lowest three orders of magnitude. That would be sufficient to produce and
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examine scale invariance and the associated ability to incorporate Gibbs free energy [3–8] in
order to diagnose directionality in the open, non-equilibrium system that is the atmosphere.
Issues of dynamical phase transitions, mesoscale transitions [9], symmetry breaking, non-
ergodicity and frustration could also be addressed in principle by the occurrence of changes
of slope in the diagnostic log–log plots [7]. For the underlying equations, [5] should
be consulted.

The atmosphere consists of molecules in motion and given the driving importance
of radiative transfers of photons from the ultraviolet to the far infrared, the chemistry
affecting the abundance of the photon absorbing and emitting molecules is indissolubly
linked to the fluid dynamics. The abundances of the radiatively active molecules fluctuate
under the influence of the scale invariant turbulence, ensuring that on all scales from the
mean free path to a great circle, some 15 orders of magnitude, fluid dynamics cannot be
separated from radiation and chemistry. It is necessary to have at least three orders of
magnitude to establish scaling; it is suggested that the lowest three orders up from the
molecular mean free path in the upper stratosphere should constitute the initial attempt.

2. Fluid Dynamics: Scale Invariance

Alder and Wainwright [1] invented molecular dynamics by integrating the equations
of motion for 220 hard spheres—‘billiards’. They used the approach to computationally
verify the Maxwell–Boltzmann distribution of atomic and molecular velocities, and the
associated definition of temperature. They further established the emergence of fluid
flow when the symmetry of a thermalised population of billiards was broken by the
impingement of a flux of energetic molecules [2]. It was later shown, with the availability of
much greater computer power, that the hydrodynamic flow of such a population showed
scaling properties; it was scale invariant. Scale invariance has been demonstrated in
observations of stratospheric chemistry [3–5], using the techniques pioneered by Schertzer
and Lovejoy [6], and by Lovejoy and Schertzer [7]. Physical and theoretical chemical
approaches were appealed for [3–5].

Some central questions arise at the transition from the microscale to the mesoscale.
With sufficient computer power, it may be possible to replace billiards with more realistic
representations of atmospheric molecules, and their collisions, including their roles in
determining the line shapes of radiatively active transitions, in chemical reactions, in
maintaining an operational temperature and in inducing hydrodynamic flow in what is an
open system far from equilibrium. Scaling behaviour has been seen in atomistic dynamics
calculations [8]. It would be of great interest to move towards a molecular dynamics
simulation of an air volume including the essential radiative, dynamical and chemical
processes. If successful it could address such questions such as the possible existence
of dynamical phase transitions en route to the macroscale from the microscale via the
mesoscale [9]. Important issues here are the role and representation of dissipation by
radiation to space, and the translational and rotational population distributions of all air
molecules, including N2 and O2. The scale and boundary conditions of such a simulated
air packet would need careful consideration. The gap between its scale and the smallest
available in suitable atmospheric observations would likely be 5–8 orders of magnitude [3].
Is there a dynamical phase transition in the upscaling to vorticity and potential vorticity
when dissipation is included [3,10,11]? Ultimately, the formation of clusters and aerosol
particles could, ambitiously, be considered, along with their radiative and chemical roles.
The statistical multifractal equations by which the observed stratospheric-scale invariance
is underpinned have been given elsewhere [3–5,12]. The driving force for the atmospheric
circulation, the Gibbs free energy calculated as in [12] for the open non-equilibrium system,
can be compared with that computed by conventional quantum statistical thermodynamic
methods as though it was a closed system at equilibrium.

The equations for determining scale invariance and statistical multifractality are given
in [5], where the variables are defined. Table 1 summarises the resulting equivalences
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between the variables of equilibrium quantum statistics and those deduced from statistical
multifractal analysis of observations of the non-equilibrium atmosphere.

Table 1. Equivalence between statistical thermodynamic and scaling variables.

Variable Statistical Thermodynamics Scaling Equivalent

Temperature T 1/qkBoltzmann
Partition function f e−K(q)

Energy E γ
Entropy −S(E) c(γ)

Gibbs free energy −G K(q)/q

It should be noted that the equivalences in Table 1 result from mappings, and are not
merely formal similarities [5,7].

The starting variable for the analysis is q, defining the qth order structure function
of the observed variable under study. A log–log plot of the signal fluctuations versus its
range enables derivation of the scaling exponent K(q) and the Hurst exponent H, see [5].
Examination of energy E in terms of a scale ratio results in an expression for the fractal
co-dimension c(γ). The mappings between the equilibrium quantum statistical thermody-
namic variables in column 1 and their non-equilibrium scaling equivalents in column 2 are
derived fully elsewhere [5,7].

The Hurst exponent H, the intermittency C1 and the Lévy exponent α are the scaling ex-
ponents that comprise the statistical multifractal description of atmospheric variability [3–5].
They offer insight into the chemical processes observed in the stratosphere; it will be of
interest if theoretical chemical and molecular dynamics calculation can reproduce the
observed exponents, justifying their interpretation [5]. More detailed physical explana-
tions can be found in [3–5,12]. Later, the limiting effects of scale invariance, turbulence,
symmetry breaking, emergence, non-ergodicity and frustration upon the applicability of
the law of mass action in atmospheric chemistry and numerical models will be examined.
Turbulence is ubiquitous in the atmosphere, and the aim must be to achieve a framework
for its emergence based on molecular dynamics. It imposes its variability and intermittency
on all molecules, so affecting chemistry and radiative transfer as well as the wind field.
Turbulence is that property of emergent hydrodynamic behaviour that maximises the
dilution of energy density, consistent with the minimisation of the Gibbs free energy based
on scale invariance [5,12].

3. Theoretical Chemistry: Interpretation of Laboratory Experiments

It has long been established that the state of the atmosphere is determined by the
interaction of radiation, fluid dynamics and chemistry. In turn, this has led to an inter-
play between laboratory physical chemistry, radiative transfer as mediated by molecular
spectroscopy, and numerical modelling of air flow; such is necessary to run computer
simulations of the evolving state of the atmosphere. In Section 2, it was implicit that the air
was simply a molecular gas. In practice, water vapour can form dimers and higher clusters.
It also condenses on aerosols acting as condensation nuclei to form clouds. The aerosols
themselves have compositions influenced by condensable vapours such as sulphuric and
nitric acids. The clusters and aerosols have effects on both radiative transfer and chemistry.
Theoretical chemistry has played a significant role in interpreting the processes observed in
the laboratory that occur in the symmetry breaking environment of the air–water interface,
particularly on aerosols.

3.1. Atmospheric Aerosols and Clusters

Atmospheric aerosols have become an important focal point during the last three
decades, from both chemical and radiative perspectives. The development of laser mass
spectrometry of individual atmospheric aerosol particles [13–15] revolutionised the study of
their structural, chemical and radiative properties. High percentages of organic molecules
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were seen, extending through the upper troposphere and even into the lower stratosphere
at lower, 5–10% levels. Those results led to the formulation of an inverted micelle model,
with a liquid, aqueous sulphuric acid core encased in an external film of amphiphilic
molecules [16]. This was followed by physicochemical laboratory experimentation which
revealed a richly complex photo and surface chemistry of small organic acids, pioneered
by the Vaida group and involving significant participation by theoretical chemists, selected
examples of which are in [17–34]. There are one or more theoretical chemists involved
in the authorship of each of these papers, who have deployed a selection of methods to
interpret and understand the laboratory results. It is beyond the scope of this article to
examine the theoretical approaches in detail. The point is that theoretical chemistry was
essential for understanding these processes and their application to the atmosphere.

Pyruvic acid, for example, has shown diverse behaviours in solution, in the gas phase
and at the air–water interface. Larger organic molecules have also been investigated—
peptide formation at the interface has been demonstrated, and the roles of phenylalanine
and zymonic acid have been explored. Spontaneous photochemical generation of inverted
micelles was seen, the role of chattering in line shapes was interpreted, and the partitioning
between enol and keto forms observed and theoretically explained. The surface and
interfacial processes on aerosols have been the subject of joint work by physical and
theoretical chemists [31–39], for example.

Recently, scale invariance has been proposed as a means of calculating the Gibbs free
energy and hence directionality in open, non-equilibrium systems [5], with particular refer-
ence to reactions in and on microdroplets—a category including atmospheric aerosols [40].
Experimental work has shown that this is a relevant subject [41–46]. Aerosols have also
been proposed in the ancient atmosphere, as prebiotic chemical reactors [47–50]. The free
radicals OH and HO2 would then, as now, have been agents of natural selection in the
evolution of both interior and exterior chemistry of airborne bacteria and viruses.

Clusters, ranging from dimers to dimensions approaching the size where thermo-
dynamics is applicable, have also been investigated, both experimentally [51–53] and
theoretically [54,55], with consequent application to the atmosphere [19,56], as regards
both chemical and radiative effects. Chemical effects can encompass catalysis by water
clustering on reactants, and also blocking [22,23,56]. Radiative effects can be direct via
overtone absorption and indirect via the results of chemical transformations involving
water-catalysed reactions.

3.2. Photodissociation Processes

Photodissociation of oxygen and ozone is the fundamental driver of atmospheric
chemistry and is the process behind the production of the chain-carrying free radicals—H,
OH, HO2, NO, NO2, Cl, ClO—that limit the production of odd oxygen, O(3P) + O(1D) +
O3. Those processes have been reviewed in many places elsewhere; here, we focus on what
was a rather unexpected role for overtone photodissociation [57].

Overtone photochemistry was seen in the organic acids, following its laboratory
observation. That followed from its observation in HNO3, HO2NO2 and H2SO4 and
inclusion in modelling of atmospheric photochemistry, where it had significant impacts
at low solar zenith angles and, in the case of sulphuric acid, in the upper stratosphere.
Pernitric acid overtone photodissociation resolved what had been a persistent anomaly in
the distribution of reactive odd nitrogen throughout the lower stratosphere. Theoretical
chemists were involved in the calculation of these overtone photodissociation rates.

4. Line Shapes and Radiative Transfer

The line shapes of the rovibrational transitions of water vapour, carbon dioxide, ozone,
nitrous oxide, methane, halocarbons and water clusters, including the dimer, have been
measured by physical chemists with varying spectroscopic techniques. The data are fitted
and used in retrieving abundances from satellite observations [51–53], in calculations of
radiative transfer, and of the effect of water dimers and clusters [54] and thereby com-
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puting temperature profiles for the atmosphere [52]. That approach assumes that line
shapes obtained from laboratory spectroscopy, which use equilibrium data, are directly
applicable in the atmosphere. However, it has been observed in the lower stratosphere
that correlations exist between temperature intermittency and the ozone photodissociation
rate [3–5,12], a result attributed to high-velocity excited photofragments transferring their
translational energy to produce unthermalised O2 and N2 molecules. Theoretical chemistry
calculations [58,59] played an essential role in this result. Calculations of line shapes based
on laboratory observations and collisional theory produce symmetric line shapes, Doppler
at low pressures, Lorentzian at high pressures and the convolution of the two in the Voigt
shape in intermediate conditions [60]. Because the stronger lines of the absorbing and
emitting molecules are self-absorbed near the line centres, the far wings of the lines play an
important role in calculating atmospheric temperature, particularly in the case of future
elevated levels of carbon dioxide. That is where the line shapes are most affected by the
most energetic collisions between the molecules with the highest translational energies.
If, as suggested by the correlation between ozone photodissociation rate and the intermit-
tency of temperature, a Boltzmann distribution of molecular velocities is not extant then
there is a role for a molecular dynamics calculation of the velocities. The highest-speed
molecules also are the carriers of the negentropy and so the Gibbs free energy [3,58,59].
Simulation by molecular dynamics of the fat tailed Lévy distributions characteristic of
the observed scale invariance and the associated statistical multifractality would be an
important step forward.

A further involvement of line shapes is in the shape of the actinic absorptions in the
visible and ultraviolet that are responsible for the normal photodissociations that produce
free radicals. These line shapes are also important when visible and ultraviolet spectroscopy
is used in atmospheric instruments to retrieve and measure atmospheric constituents, such
as chlorine dioxide and ozone [61,62].

The isotopic structure of atmospheric molecules [63] has been used to characterise
the interplay of radiation, chemical kinetics, cloud physics and transport processes [64].
The interpretation of both the mass-dependent and independent isotope fractionations,
and the intramolecular ordering has relied on theoretical chemical results [65]. However,
the laboratory experiments and their theoretical interpretation have not been connected
to the non-equilibrium state of the atmosphere; for example, the non-thermalisation of
the photofragments of ozone photodissociation could affect the distribution and internal
ordering of oxygen isotopes in ozone, water, carbon dioxide, nitrous oxide and aerosols
via accelerated reaction rates. Isotopic exchange at aerosol surfaces and interiors could
be rapid and affected by non-thermal velocities. Molecular dynamics could assess the
magnitude of such effects.

5. Turbulence, Symmetry Breaking, Emergence and Frustration

The atmosphere is a non-ergodic system, with turbulence emerging as a result of sym-
metry breaking and the minimisation of Gibbs free energy, with the consequent dilution of
energy density [7,12]. The panoply of non-linear interactions causes the frustration that
sustains the non-ergodicity [66]; for example, there are neither the physical mechanisms
nor their rates of operation in the winter polar vortices to make the law of mass action
applicable to the observed ozone loss over the entire volume of affected air [67,68]. Sym-
metry breaking is evident in widely varying phenomena such as aerosol fission [48,69–71];
sudden stratospheric warmings splitting the polar vortex [10,11,72]; non-Doppler and
non-Lorentzian line shapes; limitation of the Fourier components used in dynamical mete-
orology; and the emergence of fluid flow when a directional flux breaks the symmetry of a
thermalised atomic population [2].

Further examples of symmetry breaking include the asymmetry of the air–water
interface [71]; the temperature difference across the terminator [3,12]; the tilt of the planetary
axis of rotation; the Coriolis force; the distribution of land and sea—plate tectonics is the
ultimate symmetry breaker for the fluid envelope. The Gibbs free energy, in inducing
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the dilution of energy density and organised but turbulent fluid flow, pays the entropy
cost by dissipation via infrared radiation to space. That causes the irreversibility and
symmetry breaking that underpin the arrow of time and the working of the 2nd Law
in the open system far from equilibrium. It is a manifestation of the principle “more is
different” [73]. While symmetry breaking is perhaps more familiar on the microscopic
scale to theoretical chemists—for example, in the Jahn–Teller effect—the key point made
by Anderson [73] is that it is an essential link between the linear quantum domain and the
non-linear mesoscopic and macroscopic domains.

In principle, molecular dynamics could provide a bottom-up, upscale representation of
turbulence for numerical models, which mainly use equilibrium approaches and downscale
parametrisations, which have significant limitations [74]. The driving force for turbulence
under the framework of statistical multifractals is argued to be fluxes of energy density [7]
and dilution of energy density under the Alder–Wainwright mechanism [5]. Quantum
mechanics is linear, while the macroscopic world is non-linear. Fast atoms and molecules
break the symmetry of a randomised (thermalised, equilibrated) air sample at the mesoscale,
carrying the Gibbs free energy that dilutes energy density and propagates non-linear
turbulence via the Alder–Wainwright mechanism.

6. A Proposed Programme of Theoretical Chemistry Research

Given the problems and opportunities outlined above, what approach can theoretical
chemists take? So far, considerable efforts have been made into particular chemical pro-
cesses such as photodissociation, isotope effects, aerosol air–water interfaces, rovibrational
spectra and chemical kinetics. Since the Navier–Stokes equation for fluid flow was formu-
lated in the mid-19th century, continual efforts to the present have failed to find analytical
solutions. With that failure has gone the sought-after mathematical framework for turbu-
lence, and in the present context its representation in numerical models of the atmosphere,
for weather forecasting to some extent and more seriously in models seeking to simulate
climate [75]. Because air maintains its energy fluxes by molecular processes, particularly
absorption and emission of radiation followed by collisional energy transfer, energy must
transfer up from the smallest microscopic scales. In the denser, lower atmosphere, there
are multiple complicating processes, such as pressure broadening of line shapes including
weak transitions in O2 and N2 [60], phase changes of water and cloud physics. The triangu-
lar interaction of radiation-fluid mechanics-chemistry is simplest in the upper stratosphere,
with low pressures, more Doppler-like line shapes, and dominant photochemistry. It is
where the most serious violations of the assumptions used in modelling the flow occur, and
where there is a systematic cold bias compared to observations [4]. The dominant aqueous
sulphuric acid aerosols boil in the upper stratosphere, a simplification. Accordingly, it is
possible to contemplate a molecular dynamics simulation of an air packet in the upper
stratosphere yielding ab initio values for interactive fluid mechanics, radiative transfer
and chemistry. Such an effort will be extremely demanding from both the scientific and
computational points of view, for example deploying Lennard-Jones 12-6 intermolecular
potentials rather than billiards [76]; the two viewpoints are intimately linked in this context
of course. The inability to parallelise collisional trajectories causes major demands on
processing time. The specification of boundary conditions and the limitations of thermal
bath assumptions are also likely to be obstacles [76,77]. Isotropic turbulence is not observed
in the atmosphere [78]. The scale-free network that is stratospheric chemistry has several
free radicals that are central to its operation [5,79,80] and it will be necessary to proceed
via piecewise initial essays [76]. This is how consuming and difficult it is to model each of
the processes that interact in the atmosphere using molecular dynamics. It will probably
be necessary to adopt the simplest formulation that will work for each individual process,
and then try pairwise interactions before trying to represent all interactions in the way
that climate models do. However, if the programme can be executed successfully, the
opportunity to address some major unsolved issues will exist. These include the mesoscale
region between the microscopic and macroscopic [9], the understanding of turbulence
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as an emergent property [4,5,7,12] and how to deal with small-scale parametrisation in
numerical models [74,75]. The standard book for molecular behaviour in gases and liquids
has been Hirschfelder, Curtiss and Bird [81], while that by Chapman and Cowling [82] has
also been influential. Nevertheless, a convincing formulation of a mesoscopic bridge [9]
from microscopic to macroscopic scales has long been missing; theoretical chemists were
involved in saying so. An advance driven by theoretical chemists would be fitting. The
various molecular processes to be simulated take in assorted aspects of theoretical chem-
istry. It is best left to the judgement of experts in these fields as to how to proceed. It may
take collaborative efforts. Molecular dynamics has been surveyed recently [83].

Will the value of the Hurst exponent H for individual chemical species emerge as an
indicator of production (H > 5/9), loss (H < 5/9) or inertness (H = 5/9)? [3–5,67,68]? Such
a success would have wider applicability than the upper stratosphere. The quantitative
framing of turbulence has been an elusive goal for two centuries. Theoretical chemistry
has the ability to achieve this in principle, by showing that it is an emergent property of
fluid mechanics arising from symmetry breaking, driven by the Gibbs free energy of the
most energetic molecules acting to minimise energy density.
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