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formation from CERN
CLOUD measurements
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Fundamental questions remain about the origin of newly formed atmospheric aerosol
particles because data from laboratory measurements have been insufficient to build
global models. In contrast, gas-phase chemistry models have been based on laboratory
kinetics measurements for decades. We built a global model of aerosol formation by
using extensive laboratory measurements of rates of nucleation involving sulfuric acid,
ammonia, ions, and organic compounds conducted in the CERN CLOUD (Cosmics Leaving
Outdoor Droplets) chamber. The simulations and a comparison with atmospheric
observations show that nearly all nucleation throughout the present-day atmosphere
involves ammonia or biogenic organic compounds, in addition to sulfuric acid. A considerable
fraction of nucleation involves ions, but the relatively weak dependence onficGhiiiy
concentrations indicates that for the processes studied, variations in cosmic ray intensity
do not appreciably affect climate through nucleation in the present-day atmosphere.

ucleation of particles occurs throughout
Earth’s atmosphere by condensation of
trace vapors (I-3). Around 40 to 70% of
global cloud condensation nuclei (CCN)
(4-6) are thought to originate as nucle-
ated particles, so the process has a major in-
fluence on the microphysical properties of clouds
and the radiative balance of the global climate

system. However, laboratory measurements are
needed to disentangle and quantify the processes
that contribute to particle formation, and very
few laboratory measurements exist under at-
mospheric conditions (7-10). This leaves open
fundamental questions concerning the origin of
particles on a global scale. First, it is not known
whether nucleation is predominantly a neutral

process, as assumed in most models (11-13),
or whether atmospheric ions are important
(6, 14-16). This relates to the question of whether
solar-modulated galactic cosmic rays (GCRs)
affect aerosols, clouds, and climate (17-21). Sec-
ond, the lack of measurements of nucleation
rates at low temperatures means that the or-
igin of new particles in the vast regions of the
cold free troposphere has not yet been exper-
imentally established. Third, whereas it has
been shown that nucleation of sulfuric acid
(H,SO4)-water particles in the boundary layer
requires stabilizing molecules such as ammonia
(NH3), amines, or oxidized organic compounds
(7, 8, 22-24), it is not yet known from existing
experimental data over how much of the tro-
posphere these molecules are important for nu-
cleation. Robust atmospheric models to answer
these questions need to be founded on direct
measurements of nucleation rates. At present,
to simulate nucleation over a very wide range
of atmospheric conditions, global models must
use theoretical nucleation models (25, 26), which
can require adjustments to the nucleation rates
of several orders of magnitude to obtain rea-
sonable agreement with ambient observations
(27, 28).

The lack of an experimentally based model
of global particle nucleation is in stark con-
trast to global models of atmospheric gas-phase
chemistry, which have been based on laboratory
kinetics measurements since the 1970s (29, 30).
We built a model of the global aerosol system
based on laboratory nucleation-rate measure-
ments that is able to explain global particle
concentrations without any adjustment to the
rates. We derive some selected implications for
CCN, cloud albedo, and hence Earth’s radiative
forcing.

Chamber measurements of
inorganic nucleation

In Fig. 1, we present ~350 measurements of ion-
induced and neutral particle formation from
H,SO,, and NH; vapors, conducted in the CLOUD
(Cosmics Leaving Outdoor Droplets) chamber
at the CERN Proton Synchrotron. To enable
globally applicable nucleation rate expressions
to be developed, we combined ~250 earlier meas-
urements (7, 23, 31) with ~100 new measure-
ments covering a much wider range of vapor
concentrations than was achieved in the previous
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Fig. 1. Measured and parameterized nucleation rates. Neutral, GCR, and
pion-beam nucleation rates (J) are shown at 1.7 nm mobility diameter as a
function of sulfuric acid concentration. Rates are shown at (A) 208, (B) 223,
(C) 248, (D) 278, and (E) 292 K. The symbols show measured values of

nucleation rates: circles for neutral (n) rates (ion-
0Ocm3s™), (g=2cm=3s™),

experiments. We also studied ternary nuclea-
tion at temperatures as low as 208 K, typical of
the upper troposphere. We combined these ~350
inorganic measurements with data on organic-
mediated nucleation (24) to quantify nucleation
rates throughout the troposphere. [THeleXperid

level and the upper troposphere (33). Neutral

conditions are achieved by removing ions from
the chamber with an electric field.

Figure 1 shows how our full data set of in-
organic nucleation rates depends on H,SO,, NHj,
temperature, and ionization rates. At 208 K, the
nucleation rates are up to 10* times as high as
at 248 K, the lowest temperature investigated in

any previous study (7. Te eHARCEMENEORThE
neutral nucleation rate caused by natural GCR
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|

(g ~75cm™> s™). The lines show parameterized nucleation rates (sup-
plementary materials, section 8): solid lines for neutral rates, dashed lines
for GCR rates, and dotted lines for pion beam rates.

"
‘£
o
=
3 __
10 E 292K
10° WL
1 Rt
— o o] V4
~ 1 I Da®c 25,
K 0 S -
@ 10 7 Bl 14
E, E R 7 5 &)
~ 10 o
=) 2 .{‘ 4 ../.O
10 _‘.t‘ (4 ‘/ A
4 R’
3 _ /s /.ot P
10—~ -3
AV [H,S0,] (cm”)
-4 2
10 T T TTTI] T T TTITIT] 1
, 2 468 2 468 2
10 10 10

air production rateg =

Gray symbols and lines

ionization reaches about a factor of 15 at tem-

a few parts per trillion by volume (pptv) greatly
enhance the nucleation rate. For example, at 223
K, the neutral rate rises by more than a factor of
1000 when NHj is increased from an estimated
0.05 pptv contaminant level to 6 pptv (Fig. 1B).
The negative ion cluster composition (fig. S1) (34)
confirms that NH; molecules are participating
in and enhancing ion-induced nucleation, al-
though binary nucleation of sulfuric acid and
water without ammonia cannot be neglected.
Although most of our measurements were
conducted at 38% relative humidity (RH), the de-
pendence of nucleation rates on RH was also meas-
ured (supplementary materials, section 9) and
was found to be stronger than the dependence on
ion concentrations but weaker than that on other
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indicate contaminant concentrations of NHs below the detection limit of the
instruments (supplementary materials, section 6), whereas colored symbols
and lines represent measurements at NH3 concentrations indicated by the color
scale. For clarity, the uncertainties on each data point are not shown, but the
overall uncertainty of a factor of 2.5 on nucleation rate and a factor of 1.5 on
[H2S04] is shown separately from the real data in (A). The contaminant level of
ammonia increases as temperature increases. This explains why the ionization
effect without added ammonia at 292 K is smaller than that at 278 K and why
the nucleation rates without added ammonia are similar at these temperatures.

factors. At 223 and 208 K, temperatures typical
of the upper free troposphere, a change in RH
between 20 and 100% induces at most a factor
of 5, and typically a 50 to 100%, change in the
nucleation rate, whereas ambient atmospheric
concentrations of H,SO, and NH; vary over many
orders of magnitude. At 298 K, the nucleation
rate increases by about a factor of 10 between 40
and 80% RH, but this does not strongly affect
CCN concentrations (see the model results below).

The inorganic nucleation rates are parameter-
ized in four dimensions—temperature, [H,SO,],
[NH;], and ion concentrations—and fitted to our
full data set of ~350 inorganic measurements.
The RH dependence was not included in the fit
because of insufficient data, although we tested
its effect in separate model sensitivity studies,
described below. Because one of our objectives
was to determine the relative importance of bi-
nary and ternary nucleation in the global atmo-
sphere, we used the molecular composition of
the charged nucleating clusters from APi-TOF
(atmospheric pressure interface time-of-flight)
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Fig. 2. Modeled zonal and annual mean particle formation rates, per cubic centimeter per second,
at 3 nm diameter. (A) Binary (H>S04-H,0) neutral nucleation rate, (B)ibifarylicrrinducediRticleation
[fét&] (C) ternary (H>S04-NH3z-H;0) neutral nucleation rate,

linduiced fraction eflinorganic nucleation; and (F) fraction of all nucleation from ternary organic nucleation
(H2S04-BioOx0rg-H,0). In (E) and (F), the model data are shown only where the overall mean nucleation

rate exceeds 10°® cm= s,

mass spectrometry measurements to unambig-
uously verify the amount of ammonia or organic
species in, or their absence from, the charged
nucleating clusters (34, 35) (supplementary ma-
terials, section 6). Guided by these mass spectra,
the four-dimensional global fit enables us to de-
termine the dependence on trace gas concen-
trations and ions, even though the data are sparse
in any one dimension. Over almost the full range
of the measurements (supplementary materials,
section 8), the nucleation rate varies approximately

SCIENCE sciencemag.org

as [H,S0,]%, linearly with [NH], and linearly with
ion concentration.

Global particle formation pathways

The CLOUD nucleation-rate measurements allow
us, for the first time, to evaluate the global im-
portance of competing particle sources on the
basis of experimental data. The model is de-
scribed in the supplementary materials, sections
11 to 16. The total nucleation rate is determined
by adding the inorganic rates (previous section)
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(23, 38-40), but they are unlikely to influence
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Fig. 3. Comparison of measured and modeled particle concentrations by latitude and altitude. (A) Measured 3-nm-diameter particle concentrations
(fig. S17) (44). (B) Modeled particle concentrations (all processes). (C) Modeled particle concentrations including only primary particle emissions and
binary neutral nucleation of sulfuric acid and water. Modeled particle concentrations in (C) are much higher than the concentrations that result from the
binary-only pathway in the full model because the losses due to the condensation sink for these particles in the full model are higher than those in the

binary-only model.

nucleation in the free troposphere owing to their
short atmospheric lifetimes (41) and low fluxes.
However, they are important in polluted areas
of the boundary layer (42). A preliminary calcu-
lation (supplementary materials, section 17, and
fig. S14) with a slightly different global model
suggests that 6% of new particles below 500 m
altitude are formed by an amine-driven mech-
anism, with a large uncertainty range of 3 to
27%. Amine-driven nucleation is almost cer-
tainly negligible above 500 m because of the
short lifetime of amines in the atmosphere. The
amine-driven nucleation has only a minimal
effect on CCN concentrations (fig. S14C) because
the highest amine emissions are in polluted
areas with high condensation sinks, which
suppress nucleation.

When we included a temperature-dependent
factor to model the RH dependence of the bi-
nary nucleation rate with a polynomial function
(supplementary materials, section 9), we found
a 4.5% change in the concentration of 3-nm
particles and a 0.3% change in the concentra-
tion of soluble 70-nm particles (approximately
representative of CCN) in the troposphere up
to 15 km altitude. If we assume that the ternary
inorganic and organic nucleation rates depend
on RH in the same way as the binary rate, we
find that tropospheric 3-nm particle concen-
trations increase by 14%, and 70-nm particle
concentrations increase by 6.5%. At cloud base
level, the concentration of soluble 70-nm particles
increases by 6.0%. Ternary nucleation should
be less affected by RH than binary nucleation,
so this change represents an upper bound. All of
these numbers are comparable to typical differ-
ences between the model and observations.

Evidence from global
aerosol measurements

Comparison of the global model results with at-
mospheric observations helps to establish how
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different nucleation pathways contribute to glob-
al particle concentrations. Using the simplest
inorganic pathway (binary neutral nucleation) in
the model systematically underestimates particle
concentrations measured in the lower atmosphere
and fails to explain their seasonal variation (sup-
plementary materials, section 18). Across 35 glob-
al surface sites (43), including mountaintops,
this binary simulation, together with primary par-
ticle emissions, can account for only 31% of the
particles observed in winter in the Northern
Hemisphere and 25% in summer (fig. S15). When
we include ternary H,SO,-NH3-H,O nucleation,
65% of particles in winter are explained but only
36% in summer. By further including ternary
H,S0,-BioOxOrg-H,O nucleation, the modeled
seasonal cycle of particle concentrations rep-
resents the observations well, explaining 71%
of particles observed in winter and also 71% in
summer. These comparisons suggest that ter-
nary inorganic nucleation is a major source of
particles in winter in the Northern Hemisphere,
whereas ternary organic nucleation is a major
source in summer.

We compared the predictions of the model
with aircraft measurements collected at higher
altitudes, a region of the atmosphere in which
new particle formation is frequently modeled by
binary nucleation of sulfuric acid. The aircraft
campaigns (supplementary materials, section 18
and references therein) aimed to determine the
most favorable chemical and meteorological con-
ditions for nucleation in the troposphere (44).
Relatively low model resolution prevents us from
fully simulating the effects of meteorology on
nucleation, especially humidity variations near
clouds (45, 46). Nevertheless, the full model shows
good agreement with observations (Fig. 3B). In
contrast, as is the case at the surface, a model
with binary neutral nucleation alone can account
for only 25% of the observed particle concentra-
tions (Fig. 3C), with especially large biases of up

to a factor of 5 in the lower troposphere below
about 6 km altitude.

In addition to our imperfect coverage of the
full parameter space of tropospheric nucleation
rates, uncertainties in the model might also af-
fect the confidence in our conclusions about the
causes of global nucleation. Tables S6 and S7
summarize the principal sources of uncertainty
in the CLOUD measurements and parameteriza-
tion, as well as the implementation of the param-
eterization in the global model. The dominant
sources of uncertainty, we estimate, are vapor
concentrations in the model itself, rather than
the parameterized nucleation rates. These and
other important sources of uncertainty, such as
the aerosol microphysical processes, precursor
gas and primary aerosol emissions, and removal
processes, have been studied comprehensively
in a different configuration of this model for
CCN (47) and 3-nm particle concentrations (48)
by perturbing 28 model parameters in a way that
allows combined uncertainties to be quantified.
If we assume that the relative effect of these
uncertainties on particle concentrations would
be similar in the model configuration used for
this study, then we can assess where we can be
confident that free-tropospheric nucleation is
mainly binary and where it is mainly ternary.
For the southernmost remote observations in
Fig. 3 [ACE-1 (Atmospheric Chemistry Experi-
ment 1) measurements collected south of Australia;
supplementary materials, section 18], the stan-
dard deviation of 3-nm particle concentrations
from the 28 uncertainties is about 60% of the
mean at 850 m altitude. So the binary neutral
model plus one standard deviation would still
lie about a factor of 5 below the observations.
Although the binary model is closer to observa-
tions in some areas, such as over the Pacific
Ocean, overall, its low bias relative to observa-
tions suggests that ternary nucleation (H,SO,,
with organics or NH3) is the primary source of
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particles below about 6 km altitude in the en-
vironments that we have analyzed. We there-
fore conclude that binary nucleatiorilbécomes|

Implications for the atmosphere

d organic

=
&
o
w
=
=i
o
=
[¢°]
o
=
[¢]
&
[¢°]
Q
(=]
L)
=
[¢]
(9]
&
=]
=3
[¢"]
o
&,
5 g
2
S <3
= o)
z 5
8; =.
) 8,
@ o
[ =
5 £
a w0
= 3
g =
e =]
o
— (=]
& &
g ®
s
2 :
e &
7 &

[e]

0% increase in NH; emissions over the indus-
trial period (51). To calculate the baseline aerosol-
cloud albedo radiative forcing, we simulated
preindustrial aerosols by removing anthropogenic
emissions and keeping other model parameters

aerosols, keeping ammonia concentrations at pre-
industrial levels. In this simulation, the present-
day global mean CCN concentration at cloud base
level is 1.7% lower than in the usual present-day
simulation (and locally up to 10 to 20% lower;
Fig. 4C). Comparing the present-day simula-

tion using preindustrial ammonia with the pre-

SCIENCE sciencemag.org

industrial simulation allows us to calculate the
aerosol-cloud albedo forcing without the effect
of ammonia. We can infer that ammonia has led
to a strengthening of the anthropogenic aerosol-
cloud radiative forcing from —0.62 to —0.66 Wm >
The 0.04 Wm™2 change in global mean forcing
is within the uncertainty of forcing previously
calculated for this model (52). However, the ef-
fect of ammonia on nucleation is a new process
in the model, so the entire probability distribu-
tion of forcing reported in (52) would be shifted
to lower values.

Global aerosol concentrations may be affected
by future temperature changes through the
temperature dependence of the formation rates.
When we increase the temperatures used to
calculate the inorganic nucleation rate by 2.2 K
[the projected global mean change by 2100 (53)],
mean CCN concentrations decrease by 1.0% at
cloud base (locally by 10%) and cause a radiative
effect of 0.02 Wm 2. Therefore, a temperature-
driven climate feedback related to changes in
inorganic nucleation (54) is likely to be small
compared with the large greenhouse gas forc-
ings that are projected to occur by 2100. This
result also shows that global inorganic aerosol
nucleation provides a pervasive source of CCN
that is relatively insensitive to environmental
perturbation. The effect of rising global temper-
atures on organic ternary nucleation and CCN is
less straightforward to calculate because there
is probably compensation between decreasing
nucleation rates (thus far not measured in the labo-
ratory) and rising biogenic vapor emissions. Avail-
able observations suggest that the net effect could
be to increase particle concentrations (55).

Conclusions

Mrosol nucleation has been studied
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TOPOLOGICAL MATTER

Quantized Faraday and Kerr rotation
and axion electrodynamics of a 3D
topological insulator

Liang Wu,"*+ M. Salehi,? N. Koirala,® J. Moon,® S. Oh,® N. P. Armitage'*

Topological insulators have been proposed to be best characterized as bulk magnetoelectric
materials that show response functions quantized in terms of fundamental physical constants.
Here, we lower the chemical potential of three-dimensional (3D) Bi,Ses films to ~30 meV above the
Dirac point and probe their low-energy electrodynamic response in the presence of magnetic
fields with high-precision time-domain terahertz polarimetry. For fields higher than 5 tesla, we
observed quantized Faraday and Kerr rotations, whereas the dc transport is still semiclassical. A
nontrivial Berry’s phase offset to these values gives evidence for axion electrodynamics and the
topological magnetoelectric effect. The time structure used in these measurements allows a direct
measure of the fine-structure constant based on a topological invariant of a solid-state system.

opological phenomena in condensed mat-

ter physics provide some of the most pre-

cise measurements of fundamental physical

constants. The measurement of the quan-

tum conductance Gy, = €®/h from the quan-
tum Hall effect (7) and the flux quantum from
the Josephson effect (2, 3) provide the most pre-
cise value for Planck’s constant 4. More recently,
topological insulators have been discovered (4-6),
in which topological properties of the bulk wave
functions give rise to a topologically protected
surface metal with a massless Dirac spectrum. It
has been proposed that topological insulators are
best characterized not as surface conductors but
as bulk magnetoelectrics (7, 8) with a quantized
magnetoelectric response coefficient whose size
is set by the fine-structure constant o = €2 /2gohc.
Such a measurement could provide precise values
for three fundamental physical constants: the elec-

tric charge e, Planck’s constant %, and the vacuum
impedance Z, = +/11,/¢€o in a solid-state context.

Magnetoelectrics (ME) are materials in which
a polarization can be created by an applied mag-
netic field or a magnetization can be created by
an applied electric field (9); representative ex-
amples are Cr,03 (10) with an ME coupling of the
E-B form and multiferroic BiFeOj3 (11), where the
ME coupling can be expressed (in part)ina E x B
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How new particles form

New particle formation in the atmosphere produces around half of the cloud condensation nuclei that seed cloud
droplets. Such particles have a pivotal role in determining the properties of clouds and the global radiation balance.
Dunne et al. used the CLOUD (Cosmics Leaving Outdoor Droplets) chamber at CERN to construct a model of aerosol
formation based on laboratory-measured nucleation rates. They found that nearly all nucleation involves either ammonia
or biogenic organic compounds. Furthermore, in the present-day atmosphere, cosmic ray intensity cannot meaningfully
affect climate via nucleation.
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