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On the early studies recognizing the role of sulphuric
acid in atmospheric haze and new particle formation

By JUSSI MALILA1,2�, 1Department of Applied Physics, University of Eastern Finland, Kuopio, Finland;
2Nano and Molecular Systems Research Unit, University of Oulu, Oulu, Finland

(Manuscript received 12 September 2017; in final form 16 April 2018)

ABSTRACT
Atmospheric aerosols have been a subject to scientific interest at least since the Age of Enlightenment,
including theories concerning the origins of atmospheric haze and dust. Early studies associated haze with
geological sources – earthquakes and volcanism – which were believed to be related to the chemistry of
sulphuric compounds. Thus, sulphuric acid became the strongest candidate to explain atmospheric new
particle formation. The idea was carried over when the first quantitative studies of condensation nuclei and
atmospheric chemistry took place during the later part of the 19th century. Laboratory and field
measurements by von Helmholtz, Aitken, Kiessling, and Barus, among others, a century ago led to the
conclusion that widespread new particle formation occurs in the atmosphere and is caused by sulphuric acid
together with water and ammonia – a viewpoint, which has been rediscovered and expanded during the
past 25 years.
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1. Introduction

Humankind has been aware of atmospheric aerosol par-
ticles throughout its existence via common phenomena
like dust and smoke, and consequently, the properties of
atmospheric fine particles had captured the scientific
interest during the classical period, as vividly demon-
strated, e.g. by the description of the Brownian motion of
illuminated dust particles in Lucretius’ De rerum natura
(Lucretius, trans. 1916, II.112–141). It is therefore not
surprising that over one and a half millennia later, the
existence and effects of atmospheric aerosols were well
known by Renaissance-era scientists: for example, the
effect of atmospheric particles on the resolving power of
telescopes was discussed by Auzout (1666) in a letter to
Abb�e Charles only 56 years after the publication of
Sidereus nuncius! However, sources of these particles and
their formation mechanisms remained unclear – with
some obvious counterexamples, such as smoke and
coarse, windblown dust – although various hypotheses
emerged during 18th, 19th, and early 20th centuries
(Husar, 2000; Mohnen and Hidy, 2010; Demar�ee, 2014).

More recently, sulphuric acid has been identified as the
key component for new particle formation (NPF) in the
atmosphere (Zhang et al., 2012; Kulmala et al., 2014),
together with atmospheric bases such as ammonia and
amines, and possibly some highly oxidized organic com-
pounds (Elm et al., 2017). In coastal areas, methanesul-
phonic acid and iodine oxides may also play a
dominating role. Correlation between atmospheric sul-
phuric acid concentration and NPF has led to considera-
tions of significant climate feedback mechanisms
(Charlson et al., 1987). It has also given rise to the rou-
tinely applied, though unjustified, analysis of the observed
new particle formation rate as a function of sulphuric
acid concentration to obtain the molecularity of the rate-
limiting nucleation step (Marvin and Reiss, 1978; Weber
et al., 1996; Kupiainen-M€a€att€a et al., 2014). In fact, the
connection between sulphuric acid and NPF seems so
strong that its origins have apparently never come under
scrutiny: it was identified in the studies of the causes of
Los Angeles smog (Prager et al., 1960; Renzetti and
Doyle, 1960), while others (Kulmala et al., 2004) have
pointed out the pioneering measurements of Aitken
(1900). It turns out, however, that the connection between
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atmospheric haze events and sulphuric acid was already
discussed in scientific literature much earlier. This discus-
sion has intertwined the origin of secondary atmospheric
particles, chemical transformation in the atmosphere, and
the very nature of haze, vapor and particulates.

2. First scientific ideas: a tale of two disasters

In the wake of the Lisbon 1755 earthquake, several
hypotheses on the causes of earthquakes were put for-
ward. A prominent one was due to Immanuel Kant, who
wrote a series of essays on the topic.1 Following L�emery
(1703), he considered exothermic underground reactions
of sulphates and water (forming sulphuric acid) and iron
minerals being the driving force behind tectonic and vol-
canic action. Although this line of reasoning failed, in
two essays, Kant also made a connection between the for-
mation of haze and release of vapors resulting from the
above mentioned reactions and those including saltpeter
(and thus producing nitric acid) from the ground: In the
first essay (Kant, 1756a), he pointed out that the specu-
lated reactions could lead to emanations of such vapors
and produce visible haze. In the second essay (Kant,
1756b, p. 5–8), he made a connection between a haze
event observed in Locarno, Switzerland on October 14 –

two weeks before the Lisbon earthquake – and the
assumed emissions of fumes from the reactions of sul-
phur-containing compounds; Husar (2000) has proposed
that the observed haze event could actually have been a
Saharan dust episode. These essays made Kant the first
to propose the connection between sulphuric acid and
atmospheric NPF, although the idea of earthquakes pre-
ceded by atmospheric phenomena was already discussed
by (Aristotle, trans. 1931, II.8) and paraphrased by
Plinius (ed. 1906, II. 84). They wrote on the appearance
of stretched clouds at the horizon before the earthquake,
crediting Democritus for these observations. The appear-
ance of such clouds was connected to the prevailing the-
ory that earthquakes were due to shrinkage/expansion of
soil with changes of its moisture. Kant must have been
aware of these (and other early) theories of earthquakes
(Oeser, 1992). Indeed, such explanations for earthquakes
were still common during the 18th century, accompanied
by biblical imagery of fire and brimstone, and there were
several reports on sulphuric fumes connected to the
Lisbon 1755 earthquake, which Demar�ee et al. (2007)
have explained as remains of the plume from the eruption
of Katla in Iceland a fortnight before. Kant later started
to doubt his own theory, as there might not be enough
sulphur available in the Earth’s crust to explain the
amount of released energy (Kant, 1802, p. 51).
Interestingly, a particle formation mechanism, similar to
the one originally described by Kant, although a less

violent one, has been recently observed in nature (Cao
et al., 2015).

Followed by the eruption of another Icelandic volcano,
Laki, starting 8 June 1783, widespread and persistent
haze covered most of Europe from late June until the end
of autumn (Stothers, 1996; Thordarson and Self, 2003).
The haze, caused by approximately 122 Gg of SO2 emit-
ted into the atmosphere, affected weather patterns in the
Northern Hemisphere, resulting in a persistent heat wave
over western and northern Europe during the summer of
1783, while simultaneously colder than usual weather was
observed in eastern Europe, northern Asia, and North
America. The following winter was exceptionally cold on
the whole Northern Hemisphere, which Thordarson and
Self (2003) attribute to the negative radiative forcing due
to sulphuric acid aerosol. The persistent haze led to a
number of published observations together with theoret-
ical speculations concerning its origins. The haze was
associated with an earthquake that struck Calabria in
February 1783 associated with it (Toaldo, 1785), while
some authors (Soulavie, 1783) considered other emissions
from soil as the primary source of haze particles.2

Apparently, Mourgue de Montredon (1784) in his address
to the French Royal Academy of Sciences was the first
researcher in continental Europe to abandon theories
based on earthquake or soil emissions as the origin of the
haze, instead linking its origins with the eruption of Laki,
although the earthquake theory was considered valid well
into the 19th century (Prout, 1834, p. 348).

Several observers noted a distinct sulphuric smell in
connection to the 1783 haze, not only in Iceland
(Thordarson and Self, 2003), but also across Europe, as
documented by Senebier (1784), H�olm (1784, p. 8)
Toaldo (1785), and van Swinden (1785), who also
reported on bleaching and plant injuries caused by acidic
deposition. Also notable are descriptions concerning the
distinctive dryness accompanying the haze (van Swinden,
1785): For example in _Zaga�n, Preus (1785) remarked con-
cerning observations of June 17 that a very dry haze, as
the fumes had adsorbed all moisture from the air,
appeared and lasted until November. These observations
are again to be compared with the known properties of
sulphuric acid, or oil of vitriol in the 18th century par-
lance, available from earlier studies of alchemy and metal-
lurgy (Karpenko and Norris, 2002).

Abundant concentrations of atmospheric particles not
related to catastrophic events were also observed in cen-
tral Europe during the 18th and 19th centuries. In a
region occupying most of the area between North and
Baltic Seas and Alps, forest fires and peat burning
caused a phenomenon known as h€ohenrauch, heerraauch,
moorrauch, solr€ok, or moorbrennen (Husar, 2000).
This phenomenon was so common that Preus (1785)
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commented that the first appearance of a dry fog in the
summer of 1783 as being a similar occurrence. Various
theories and observations related to h€ohenrauch have
recently been reviewed by Demar�ee (2014); despite being
historically interesting for understanding processes related
to aerosol formation and transformation from biomass
burning, these mostly overlap with those proposed to
explain the summer of 1783 dry haze or have little to do
with the current reasoning concerning atmospheric NPF.
An example of this later type of theory is an explanation
of the observed haze as meteoritic dust.

3. On the role of atmospheric chemistry

Neither Kant, Marcorelle, nor their contemporaries made
any clear distinction between primary and secondary par-
ticles. Indeed, even the concept of vapor was still vague
until the mid-19th century (cf. Knowles Middleton, 1964),
when the kinetic theory of heat finally superseded the cal-
oric one, though the transformation was gradual and the
nature of intermolecular forces remained elusive, as can be
seen, e.g. from the description of gases and vapors given
by (Prout, 1834, p. 56–64). However, Virey (1803) has
already speculated that combination of ‘various species of
air’ could lead to formation of ‘corpuscles’ in the atmos-
phere. Patrin (1809) proposed in a more direct manner
that some part of atmospheric dust is formed from chem-
ical reaction products of atmospheric gases, as obvious
from the following citation (emphasis as in original):3

C’est d’apr�es cette mani�ere d’envisager les
op�erations de la nature, que j’ai surtout essay�e
d’expliquer a formation des mati�eres volcaniques,
par la combinaison chimique des fluides gazeux qui
circulent dans le sein de la terre, et qui par l’effet
de l’ASSIMILATION MIN�ERALE, deviennent des
corps pierreux et m�etalliques, analogues �a ceux
qu’on suppose form�es par ce qu’on appelle la voie
humide (1).

Or, cette th�eorie s’applique si naturellement �a la
formation des pierres m�et�eoriques, que je n’h�esitai
pas un instant �a la regarder comme parfaitement
identique avec la formation des mati�eres que
vomissent les volcans, c’est �a dire par une
combinaison chimique de divers fluides a�eriformes.

Obviously, Patrin considered the formation of second-
ary particles in the atmosphere to be an analogous pro-
cess to the formation of volcanic emissions, which source
he thought to lay in underground gaseous chemistry.
Rafinesque (1819) noted that sun rays are visible in the
air even after rain, which supposedly had washed out
most of the particles and following Virey and Patrin

pointed out that there must be a chemical source of new
particles in the atmosphere.

Although the exact nature of precursor species and
their reactions in the air were still unknown – ozone
together with its reactivity was to be discovered a couple
of decades later (Sch€onbein, 1840; Rubin, 2001), and the
role of hydroxyl radical in atmospheric chemistry was not
completely recognized until the 1970s (Warneck, 1974;
Wang et al., 1975) – in a subsequent letter Rafinesque
(1821) made a detailed statement on the chemical reac-
tions responsible for atmospheric NPF that already
sounds quite modern:4

The insight given us by modern chemistry into the
gaseous formations of solid substances, will be
amply sufficient to account for this spontaneous
formation. We know that… sulfur, muriate of
ammoniae, & c. can be formed by sublimation of
gases…& c. may be spontaneously combined by a
casual meeting or mixture of gaseous emanations.
It is not therefore difficult to conceive how dusty
particles may be formed in the great chemical
laboratory of our atmosphere.

4. From natural philosophy to
experimental science

Most of the research concerning atmospheric aerosols
until 20th century could be classified as belonging to nat-
ural philosophy, as it was based mostly on conclusions
drawn from unsystematic observations (Husar, 2000). The
first systematic and controlled studies on the formation
and growth of aerosol particles were undertaken by John
Tyndall. In 1868, he reported results from a series of
experiments (Tyndall, 1868), where vapors of volatile
liquids were exposed to light in a glass tube, forming
clouds inside (Fig. 1). Varying the carrier gas from puri-
fied air to oxygen and hydrogen, he further showed that
the observed reactions were due to photolytic decompos-
ition of vapor molecules, not by oxidation. Yet, the selec-
tion of substances he used has some intriguing
implications when considering the current knowledge of
atmospheric NPF: nitrite of amyl, allyl, and isopropyl
iodides, and hydrobromic, -chloric, and -iodic acids. In a
subsequent paper (Tyndall, 1870), results of further
experiments with various mixtures of organic compounds
and CS2 with nitric acid were reported. Tyndall noted
that minute impurities had a strong effect on the observed
particle formation, and without thorough cleaning, trace
amounts of vapors emanating from the glassware and
metallic parts of the experimental setup were enough to
produce a visible cloud of particles in an otherwise pure
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air. As Tyndall passed filtered air through sulphuric acid
and potassium oxide, in this order, to dry it before admit-
ting it into the glass tube, there is some possibility of sul-
phuric acid contamination of the glassware used in the
experiments. One can say that these experiments mark the
beginning of both photochemistry and aerosol research as
scientific disciplines. Tyndall (1881, footnote at p. 72) in
fact gave the first proper definition of an aero-
sol (particle):

With regard to size, there is probably no sharp line
between molecules and particles; the one gradually
shades into the other. But the distinction that I
draw is this: the atom or the molecule, if free, is
always part of a gas, the particle is never so. A
particle is a bit of liquid or solid matter, formed by
the aggregation of atoms or molecules.

This statement also implies the existence of a barrier –

kinetic or thermodynamic – for NPF. Although Tyndall
was not using the term (chemical) potential here, he
apparently had been on Gibbs’ mailing list—or had
otherwise acquired a copy of Gibbs (1875) article,5 and
consequently was aware of his work on phase equilib-
rium. Along with Thomson’s (1871) theoretical treatment
on the equilibrium of small droplets within vapor, these

works gave the firm theoretical basis for further studies in
NPF and atmospheric condensation phenomena – and
provided some information on the true sizes of freshly
formed particles, although the first quantitative expres-
sion for the nucleation rate was given by Volmer and
Weber (1926), with a detailed kinetics for nucleation from
vapor by Farkas (1927).

Following the demonstration of Coulier (1875) that
there is something in unfiltered air in contrast to filtered
air allowing water to condense at moderate supersatura-
tions, other researchers became interested in the conden-
sation of water vapor, using adiabatic expansion and
cooling as the method to achieve supersaturation: simul-
taneously to Coulier, Aitken (1881) had developed an
expansion chamber of his own to study cloud condensa-
tion. Kiessling’s (1884) motivation to build his expansion
chamber was to replicate and study the optical effects cre-
ated by the eruption of Krakatoa in 1883, while von
Helmholtz (1886) performed the first studies with nozzles.
All of them observed that when sulphuric acid was added
to the expanding gas, condensation was strongly
enhanced. Aitken and von Helmholtz, however, reached
opposite conclusions on the relative strengths of sulphuric
and hydrochloric acid enhancements: Aitken found
hydrochloric acid being less effective, while von
Helmholtz listed the relative effect of various acidic

Fig. 1. The experimental setup used by Tyndall: Light source L is used to illuminate glass tube SS0, into which air is bubbled through
the studied liquid in flask F next to two U-tubes located at the right end of the table, T 0 and T, containing fragments of glass coated
with aqueous sulphuric acid and fragments of marble wetted with caustic potash, respectively, through which the air was admitted.
Reproduced from Tyndall (1870).
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compounds as HCl>H2SO4> SO2>HNO3>CO2. All
three authors considered the formation of ammonium
chloride as the reason for the observed effects with HCl,
but only Aitken paid special attention to the reaction of
sulphuric acid and ammonia in air. He further noted that
these reactions can actually result in condensation with-
out external nucleus, i.e. via homogeneous nucleation.

The role of ions in condensation was first demon-
strated by von Helmoltz (1887), and by the end of the
19th century, the nature of electric charge was a hot topic
in science, and consequently ion-induced nucleation soon
became the dominating topic of nucleation studies
(Schr€oder and Wiederkehr, 1998). The possibility of
homogeneous nucleation in the condensation of a non-
reacting vapor was first proposed by Barus (1893) on the
basis of his own work on condensation of steam; von
Helmholtz (1886) had already earlier reached similar con-
clusions based on the Kelvin equation. The apex of the
19th century development concerning these topics was the
development of the cloud chamber by Wilson (1897), who
not only quantified the effect of ions on the critical super-
saturation required to form droplets, but also demon-
strated the chemistry-mediated effect of UV radiation on
NPF, and also performed the first controlled experiments
on the homogeneous nucleation of water vapor, confirm-
ing the conclusions of von Helmholtz and Barus, which
also lead to the quantification of the size range of freshly
formed particles, separating NPF and atmospheric haze
formation as distinct, but related processes.

The first atmospheric observations of new particle for-
mation are due to Aitken (1900), who later (Aitken, 1913)
proposed that atmospheric NPF essentially follows from
photolytic reactions (referring to Tyndall’s work here),
leading to gas-phase oxidation of SO2 to H2SO4, which
then together with ammonia and water vapor forms new
particles – the effect of electrochemical formation of
ozone and subsequent enhancement of condensation due
to inorganic acid build-up was already demonstrated by
von Helmholtz and Richarz (1890). The first continuous
measurements, reporting longer times related to atmos-
pheric NPF were, however, obtained on the other side of
the Atlantic Ocean.

5. Carl Barus: one of the 9996

On the contrary to his Scottish and German contempora-
ries and corrivals (cf. Podzimek, 1989; Schr€oder and
Wiederkehr, 2000; Harrison, 2011), Carl Barus’ contribu-
tions to atmospheric sciences have largely fallen into
oblivion despite some of his pioneering studies related to
vapor-to-liquid nucleation and atmospheric NPF.7

Barus was the first one to report long time series on
variation of the concentration of atmospheric particles

from both urban (Providence) and remote (Block Island)
environments together with meteorological parameters, at
first using ad hoc instrumentation (Barus, 1902, 1903), and
later a fog chamber of his own design (Fig. 2) (Barus,
1905, 1906b). To count the amount of nanoscopic par-
ticles, he used a coronal method to estimate the number
concentration of monodisperse water droplets after expan-
sion in the chamber: in such case, he could relate the aper-
ture of the corona with a certain wavelength to the size,
and thus concentration, of particles. See (Barus, 1905, Ch.
8) for details. His results were heavily criticized by Wilson
(1906), who deemed the expansion technique used by
Barus unsuitable for a quantitative analysis. This criticism
together with the following withdrawl of Barus from the
scientific correspondence in his later papers, where only
results were in a laconic manner reported (Lindsay, 1941),
most likely accounts for the neglect of Barus’ contributions
by aerosol scientists. From field and laboratory measure-
ments, Barus anticipated several recent findings related to
the nature of atmospheric NPF. He was apparently the
first to use the term ‘nucleation’ to describe the formation
of new particles in the atmosphere (Barus, 1902), although
he used the term ‘nuclei’ to denote all fine particles that
could be detected using his fog chamber, some of which
may have been produced via homogeneous nucleation (or
vapor-to-condensed matter transition without a thermo-
dynamic barrier). In fact, when reporting experimental
data, he used ‘nucleation’ to denote the estimated number
concentration of particles. Also, contrary to the common
belief at the time (Schr€oder and Wiederkehr, 1998), Barus
(1905, 1906a, pp. v–vii) argued that sulphuric acid, not
ions, is the key species for atmospheric NPF, to the extent
that a single H2SO4 molecule is enough to initiate particle
growth (cf. Kulmala et al., 2006).

Although the numbers reported by Barus (Fig. 3) seem
to be in the range of modern measurements at compar-
able sites (Yu et al., 2014), the exact comparison is diffi-
cult as size-dependent losses and the effective upper and
lower cut-off sizes for particles measured by Barus are
hard to quantify, as no filter (in contrast to laboratory
measurements) was applied in front of the atmospheric
inlet. Nevertheless, the high number concentrations
recorded certainly contain a significant amount of freshly
formed particles. It should be noted that concerning the
wintertime maxima in particle concentration, Barus (1903,
1905, 1906a, 1906b) on several occasions acknowledges
the potential role of the local combustion sources, pro-
ducing either particles or sulphuric acid.

6. Discussion and conclusions

Sulphuric acid has been considered as a culprit for atmos-
pheric particle formation since at least the early 18th
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century, with most studies until the end of 20th century
relying on geological sources as the explanation of sul-
phur in the atmosphere. The role of SO2 from anthropo-
genic activities, mainly combustion, was considered by
Aitken and Barus, who also pioneered atmospheric meas-
urements of NPF. Laboratory measurements and theoret-
ical development during the later part of the 19th century
also helped to recognize the difference between nano-
scopic, freshly formed particles and visible haze particles.
Simultaneously, the development of atmospheric and
photochemistry provided an explanation for sulphuric
acid formation in the atmosphere, though details of rele-
vant processes are still accumulating (Kulmala et al.,
2014). A more direct proof on the role of sulphuric acid
in atmospheric NPF was provided by Hogg (1939), who
noticed that intermediate air ions observed at Kew
Observatory in London were composed of what seemed
to be aggregates of tiny sulphuric acid droplets with a
diameter of 3.6 nm. Considering the location and time,
sulphur in the air was probably almost completely result-
ing from anthropogenic emissions; biogenic sources of

sulphur were brought into consideration only during the
later part of the 20th century (Eriksson, 1960; Charlson
et al., 1987). Development of the chemical ionization
mass spectrometry (Eisele and Tanner, 1993) finally led to
the direct quantification of sulphuric acid molecules in
the atmospheric and allowed one to establish the direct
connection with NPF (Weber et al., 1996).

Historical explanations for atmospheric NPF were
obviously not limited to sulphuric acid, but several com-
peting hypotheses were put forward, some standing time
better than others. For example, iodine and phosphorus,
especially their acids, were suggested (M€oller, 2014, p. 24)
– and experimented (Tyndall, 1868; Barus, 1906a; Wilson,
1906) – by several researchers. The first quantitative
experiments revealing the role of iodine oxides, after
Tyndall’s (1868) experiments with hydroiodic acid and
organoiodic compounds, were performed by Owen and
Pealing (1911), who concluded that iodine causes forma-
tion of new particles, if oxygen and light are present.
Another interesting finding of this research, further
studied by Pealing (1915), is the formation of particles in

Fig. 2. The fog chamber used by Barus and his assistants for field measurements. C and q indicate the stopcock and end of inlet for
the sampled air, while two stopcocks B (mainly) and F are used for the exhaustion. Water level is marked with w, chamber frame A is
made out of waxed wood and e indicates the position of trunnions mounting the chamber, allowing rotation to wet the cotton cloth n
lining the chamber. Reproduced from Barus (1905, p. 129).

6 J. MALILA



the apparatus after rinsing the glass bulb used as expan-
sion chamber with water. Several potential sources of
contamination were considered, and after Lenard and
Ramsauer (1911), ammonia was noted as possibly present
in the water used in experiments and tending to adsorb
on glass and metal surfaces, causing this effect (cf.
Duplissy et al., 2010). This would further explain the fact
that no effect was seen when sulphuric acid solution was
used to rinse the glass bulb. Lenard and Ramsauer
(1911), in their own experiments, made a further interest-
ing remark concerning the smell of methylamine in con-
nection to particularly strong particle formation.

Selenium was also considered, not only because it is
often found associated with sulphur in minerals and thus
could be released in volcanic eruptions, but also due to its
possible link to health effects related to dry haze; Prout
(1834, pp. 347–351) made here a reference to the initial
description of selenium and its irritating properties when
inhaled by Berzelius (1818). However, by 1910 or so, sul-
phuric acid together with ammonia and water was widely

accepted as the reason for new particle formation in the
troposphere, which itself was found to be a regular phe-
nomenon. Although these findings anticipated much of
the recent work on the topic from the past quarter of the
century, this information was largely neglected during the
20th century, to the extent of Butcher and Charlson
(1972, p. 159) stating that:

[T]he importance of homogeneous nucleation in the
atmosphere is unknown at this juncture, but is
probably important in only a few rare instances,
possibly in the nearly dust-free upper atmosphere,
or at points of emission to the atmosphere where
the supersaturation is extremely high.

A timeline

In Table 1, timeline of main discoveries related to the role
of sulphuric acid in atmospheric haze and new particle
formation is provided.

Fig. 3. An excerpt of simultaneous daily measurements in Providence (upper curves) and Block Island (lower curves) in spring 1905:
the vertical axis gives the concentration as thousands of particles in cubic centimeter. Temperatures (in �F), wind directions, and
prevailing weather are also indicated. Reproduced from Barus (1906b, p. 125).
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Notes

1. For partial translations into English with
commentary, see Reinhardt and Oldroyd (1983).

2. With hindsight (cf. Husar, 2000; Alves, 2005), the
most interesting theory along such lines was
presented by Marcorelle (1784), who concluded that
condensing fermentation products of fumes from
plants and soil, together with salt-like and
‘bituminous’ compounds were a major source of haze
droplets, and that evaporation of water from such a
droplet would leave a small, solid particle.
Considering the lack of relevant measurements and
understanding of organic chemistry at the time of
writing, these thoughts are not far from the current

understanding of the role of secondary organic
compounds in the formation and growth of new
particles (Shrivastava et al., 2017).

3. ‘From this viewpoint to the operations of the
nature, according to which I have first and foremost
tried to explain the formation of volcanic matter by
the chemical combination of gaseous fluids
circulating underground, which by the effect of
MINERAL ASSIMILATION become stony and
metallic bodies, analogously to those supposedly
formed by the so-called wet way (1). Now this
theory applies so naturally to the formation of the
meteoric stones that I do not for a moment hesitate
to consider it as perfectly identical with the
formation of the substances emitted by volcanoes,
i.e. by the chemical combination of various
aeriform fluids.’

4. One should note that the first – and only – issue of
the journal Western Minerva where this letter was
intended to be published, was edited (and also to a
large extent authored) by Rafinesque himself. It was
censored immediately after printing due to rather
obscure reasons, and did not see publication in its
entirety until 1949. Rafinesque’s letter was first
brought to the attention of atmospheric scientists by
Abbe (1900).

5. This is documented by a marking on a digital copy
of which is available at https://archive.org/details/
Onequilibriumhe00Gibb. It should be noted here
that Gibbs’ work did not gain immediate
recognition – possibly besides Maxwell, van der
Vaals, and apparently Tyndall – in Europe (M€uller,
2007, pp. 128–129).

Table 1. A concise timeline of discovering the role of sulphuric acid in atmospheric haze and new particle formation.

Year Discovery

350 BCE Meteorologica by Aristotle
1700 Volcan de L�emery
1756 Kant connects 1755 Lisbon earthquake with visible dust formation, speculating with the mechanism

proposed by L�emery
1783–1784 Eruption of Laki: dry haze over most of the Europe, source speculated, connection to sulphuric

smell noted
1803, 1809 First scientific speculations of particle formation due to chemical reactions in the atmosphere
1819–1821 Rafinesque points out that a continuous source of particle formation in the atmosphere is needed to

explain appearance of scattered sun rays and that sulphuric acid and ammonia are likely to provide
the required chemical mechanism

1868 Tyndall makes the first quantitative laboratory experiments on aerosol formation
1875 Coulier finds condensation nuclei (CN)
1881 Aitken points out the importance of CN to cloud formation
1884–1893 Kiessling, von Helmholtz, and Barus perform laboratory studies on the on-set of condensation,

possibility of homogeneous nucleation first brought into discussion
1897 Wilson’s cloud chamber
1900–1906 First atmospheric observation of NPF by Aitken intensive field measurements by Barus
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6. The subtitle of this section was used by Carl Barus
as a title of his autobiography (Barus, 2005), where
he in a cynical manner notes that out of 1000
scientists, he is going to belong to the majority of
999 to be forgotten. This statement was apparently
self-fulfilling, as not only did the manuscript of the
autobiography remain forgotten for decades, but
even Barus’ grand-nephew, famed atmospheric
scientist Bernard Vonnegut, was not aware of his
great-uncle’s contributions until a year before his
own death (Vonnegut, 1998, Ch. 55)!

7. To some extent, one can say so about Robert von
Helmholtz as well, though in this case, fewer
mentions to his contributions in modern literature
stem mainly from his untimely death during the work
reported by Richarz (Von Helmholtz and Richarz,
1890). A short description Barus’ work in relation to
atmospheric NPF is given below. For a more detailed
overview, see Lindsay (1941).
Carl Barus was born in 1856 into a family of German
immigrants and studied at the Columbia University
and Universit€at W€urzburg, from where he received
his doctorate in 1879 under the guidance of Friedrich
Kolrausch. In 1880 he returned to U.S. to work as a
geophysicist for the Geological Survey, an
appointment he held until his dismissal in 1892. Soon
after he was made a professor in meteorology at the
U.S. Weather Bureau, which marks also the
beginning of his studies in the condensation of
atmospheric moisture (Barus, 1893). This position,
however, turned out to be a short-lived one, as it was
dissolved already in the next summer. Barus then
worked for the Smithsonian Institution as an
assistant for S. P. Langley, until he was elected as a
Hazard Professor of Physics at Brown University in
1895, which allowed him both to engage in teaching
and to continue his studies related to atmospheric
condensation phenomena started at the U.S. Weather
Bureau. He continued to serve in this position and
1903 onwards as the dean of the graduate department
until his retirement in 1926. During his career he
become the youngest ever member of the U.S.
National Academy of Sciences in 1892, received the
Rumford Medal in 1900, and hold the office of the
president of the American Physical Society in
1905–1906. Between 1893 and 1918 Barus published
approximately one hundred articles and reports
related to the atmospheric new particle formation,
ions and condensation phenomena, the exact number
depending on whether articles reporting only
advances in measurement technology (e.g.
hygrometry and interferometry) later applied into
atmospheric studies are counted for.
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