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AEROSOL FORMATION
Role of iodine oxoacids in atmospheric
aerosol nucleation
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lodic acid (HI03) is known to form aerosol particles in coastal marine regions, but predicted nucleation
and growth rates are lacking. Using the CERN CLOUD (Cosmics Leaving Outdoor Droplets) chamber, we
find that the nucleation rates of HIO; particles are rapid, even exceeding sulfuric acid-ammonia rates
under similar conditions. We also find that ion-induced nucleation involves 103~ and the sequential
addition of HIO3 and that it proceeds at the kinetic limit below +10°C. In contrast, neutral nucleation
involves the repeated sequential addition of iodous acid (HIO,) followed by HIO3, showing that HIO, plays
a key stabilizing role. Freshly formed particles are composed almost entirely of HIO3, which drives
rapid particle growth at the kinetic limit. Our measurements indicate that iodine oxoacid particle
formation can compete with sulfuric acid in pristine regions of the atmosphere.

ew particle formation plays an impor-
tant role in radiative forcing of the
climate. If particles survive to larger
sizes, they influence climate directly,
by scattering light, and indirectly, by
producing more than half of all cloud con-
densation nuclei (CCN) (I). However, new

particle formation and aerosol-cloud inter-
actions remain relatively poorly understood
and constitute major uncertainties in determin-
ing Earth’s equilibrium climate sensitivity with
climate models (2). So far, only a few vapors
that can form new particles under atmospheric
conditions have been identified: sulfuric acid

(3-7), methanesulfonic acid (3, 8), iodine species
(9-11), highly oxygenated organic molecules
(HOMs) (12), and, more recently, nitric acid
(13). Under warm conditions or low vapor
concentrations, acidic molecular clusters fur-
ther require base vapors such as ammonia
(6, 13, 14) or dimethylamine (75) to stabilize
them against evaporation. Ions can play a
comparable role in stabilizing nucleating acidic
(6) or biogenic (12) particles.

Marine new particle formation is especially
important, as the ocean is vast, and marine
clouds are highly sensitive to CCN because
their concentrations are low. Marine clouds
are radiatively important because they have
a high infrared emission and albedo in con-
trast with the dark ocean surface. Marine new
particle formation has thus been a focus for
aerosol-climate interactions and feedbacks
for many years (16), mostly concerning dimeth-
ylsulfide and its oxidation products (3, 8, 16).
Although nucleation of iodine oxides was first
studied almost 20 years ago (9, 10), iodine par-
ticle formation is presently considered to have
limited global significance (I7) and remains
relatively poorly understood.

The ocean surface is a major source of atmo-
spheric iodine; hypoiodous acid (HOI) and mo-
lecular iodine (I,) are emitted by the reaction of
gaseous ozone with aqueous iodide (I7) (18).
Typical daytime emissions from the tropical
Atlantic Ocean are 7 x 10" HOI molecules cm ™2 s~
and 7 x 10% I, molecules cm™2 s (18), leading to
daytime mixing ratios in the marine boundary
layer of ~1 part per trillion by volume (pptv)
HOI and 0.1 pptv iodine atoms (79). Land sur-
faces (vegetation and soils) emit comparable
iodine fluxes as iodomethane (CH3I), produc-
ing boundary layer mixing ratios of ~0.5 pptv
and free tropospheric levels of ~0.1 pptv (20).
Todine compounds have been found at a variety
of sites, including coastal regions (9, 10), Arctic
sea ice (11, 21), the marine boundary layer (22),
the lower (23) and upper free troposphere (24),
and the stratosphere (25).

More recently, iodic acid (HIO3) has been
shown to drive coastal marine new particle
formation at Mace Head, Ireland (1), and
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Fig. 1. Nucleation and growth rates versus iodic acid concentration.

(A) Nucleation rates at 1.7 nm diameter versus iodic acid concentration at
+10°C (red symbols and curves) and ~10°C (blue symbols and curves). Hollow
circles show the nucleation rates for neutral conditions, J,; solid triangles for

ger conditions, Jger: and hollow squares for beam conditions, Jpeam. To guide
the eye, the measurements are connected by approximate curves. The red
band shows a kinetic model prediction for HIO3 ion-induced nucleation, Ji,
(= Jger — Jn). at +10°C (see supplementary materials for further details).
The lower and upper limits correspond, respectively, to zero and two H,0
molecules per iodine atom in the cluster. For comparison, the gcr nucleation

intense iodine particle formation has been
reported along China’s coast (26). So far,
however, controlled laboratory experiments
under atmospheric conditions are lacking,
and so atmospheric observations of HIO; can-
not be connected with predicted particle for-
mation and growth rates. A mechanism for
HIO; nucleation has been identified (1), but
the ion-induced (charged) and neutral (un-
charged) clusters were unseparated and may
involve different iodine compounds. Further-
more, iodine oxides (I,0,) are presently con-
sidered to be the major species responsible
for the growth and composition of iodic par-
ticles (9, 10, 27), although, once again, exper-
imental measurements under atmospheric
conditions are lacking.

Nucleation and growth rates

Here we report iodine new particle formation
experiments performed under marine bound-
ary layer conditions in the CERN CLOUD
(Cosmics Leaving Outdoor Droplets) chamber
(see supplementary methods) between Septem-
ber 2017 and November 2019. The experiments
were conducted at +10° and -10°C, at 34 to
73% relative humidity (RH), and 20 to 46 parts
per billion by volume (ppbv) ozone. We intro-
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duced molecular iodine from an evaporator
(0.4 to 168 pptv; median I, = 6.4 pptv) into the
chamber.

The formation pathways of iodine oxoacids
from iodine precursor vapors are not well
understood, although computational studies
assume that HO, radicals are required to
produce HIO; (28, 29). We tested this hypoth-
esis by using green light (528 nm) alone to
photolyze I, into iodine atoms. At full inten-
sity, CLOUD’s green light source photolyzes
iodine vapor at a rate of 7 x 1072 s, although
most experiments were carried out at relative
intensities of 10 to 20%. Because green light
cannot photolyze O, it gives rise to negligi-
ble HO,. Nevertheless, we found that iodine
atoms are rapidly oxidized in the presence of
water vapor and ozone to produce both HIO4
and iodous acid (HIO,) (fig. S1). Iodine oxo-
acids can form from hydrated iodine atoms
and iodine oxide radicals reacting with ozone,
and they can also form from hydrolysis of
1,0, (27). Under our experimental condi-
tions, photolysis of I, typically produces 2 x
10° I atoms cm ™2 s and ~1 pptv iodine mon-
oxide (I0) radicals. The full range of condi-
tions probed includes IO concentrations found
in the open ocean marine boundary layer and

3 4 56789 2 3
108
lodic acid, HIO3 (cm™)

Sulfuric acid, H,SOy4 (cm'3)

rates measured for sulfuric acid with 100 pptv ammonia are shown at +10°C
(light gray curve) and -10°C (dark gray curve) (14). (B) Mean growth rates

of particles (neutral, gcr, and beam conditions) between 1.8 and 3.2 nm diameter
versus HIO3 concentration at +10°C (filled red circles) and ~10°C (filled blue
circles). For comparison, the dashed gray line shows the growth rates of
H,S04-NHj3 particles measured at +10°C (30). The bars in both panels represent
+lo measurement errors. The experimental conditions are 36 to 44 ppbv O3,
34 to 73% RH, 0.4 to 168 pptv I, and an | atom production rate of 4.4 x 10* to
1.5 x 10" cm™ s7L. An overall systematic scale error on the HIO3 concentration
of =33% or +50% is not shown on the data points.

remote free troposphere (I8, 19, 23, 24) (table
S1). Notably, at constant actinic flux, HIO;
increases linearly with iodine concentration,
whereas HIO, increases as the square root
(fig. S2). We speculate that iodine oxoacids
form at CLOUD either from iodine radicals
(e.g., I + HyO + O3 — HIO5 + OH) or the initial
1,0, intermediates (e.g., 1,05 + H,O — HIO, +
HOI). Because ozone and water vapor are found
throughout the troposphere, our findings imply
that molecular iodine will produce iodine oxo-
acids even under cloudy daylight conditions
with negligible ultraviolet irradiation.

We show in Fig. 1A our measured nuclea-
tion rates at 1.7 nm, Jy,, versus the HIOs
concentration at +10° and -10°C and under
three ionization conditions: neutral, J;, (ions
eliminated from the chamber by a 20 kV m™
electric field); galactic cosmic ray, Jg. (bound-
ary layer ion pair concentrations of ~700 cm™2);
and beam enhanced, Jyean, (ion pair concen-
trations of ~2500 cm™>, comparable to the
upper free troposphere). The measurements
were performed at contaminant ammonia
levels near 3 pptv. The nucleation rates show
a strong dependency on HIO; concentration,
charge, and temperature. There is a large ion
enhancement of the nucleation rate at +10°C,
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whereas Jy and J;, are comparable at —10°C.
The nucleation rate increases rapidly as the
temperature falls from +10° to -10°C. For
comparison, we include in Fig. 1A our previous
measurements of J,,, at 1.7 nm for sulfuric acid
(H,SO,) with 100 pptv ammonia (NH3) (74),
which show that the nucleation rate of iodine
oxoacids exceeds that of H,SO,-NH; at the
same acid concentrations.

In Fig. 1B we show the dependence on HIO;
concentration of the particle growth rates be-
tween 1.8 and 3.2 nm at +10° and -10°C. The
growth rates of iodine oxoacid particles at
+10°C are identical to our measurements for
H,S0,-NH; particles between +5° and +20°C
at the same acid concentrations (30). The close
agreement implies that the iodine oxoacid
particles are growing at the dipole-dipole
enhanced kinetic limit for HIO3, with negli-
gible evaporation at +10°C or below. The
measurements further indicate that HIO;
dominates the growth of iodine particles in
this size range and above (because the Kelvin
barrier falls with increasing size). This behav-
ior is in marked contrast with previous studies
that considered iodine oxides to be responsi-
ble for growth (10, 27). At -10°C, the growth
rate of HIO; particles increases by a factor
of 2. This faster growth exceeds the kinetic
limit for the arrival rate of HIO; monomers
onto the particles and is attributed to additional
growth from HIO; molecular clusters—similar
to the situation for sulfuric acid-dimethylamine
particles (31)—which provide a large pool of
condensable material that is “hidden” from
the HIO; monomer measurement.

Our nucleation and growth rate measure-
ments (Fig. 1) indicate that HIO3; concentra-
tions above ~3 x 10° cm™ and 1 x 107 cm™®
lead to rapid new particle formation at —10° and
+10°C, respectively. The survival probability of
particles at low acid concentrations depends
exponentially on the ratio of growth rate to con-
densation sink (in the atmosphere) or wall loss
rate (in a chamber). For CLOUD, the wall loss
rate of sulfuric acid vapor is 2.2 x 1072 s71(30),
which is comparable to the condensation sink
in the pristine continental boundary layer. In
clean marine regions of the boundary layer or
in the upper free troposphere, the condensa-
tion sink is often as low as 10™* t0 107° s™%. In
such regions, even lower HIO; concentrations
will lead to sustained new particle formation
and subsequent growth rates of a few tenths of
a nanometer per hour. Under such conditions
of extremely low HIO; concentrations and
condensation sinks, it is likely that ions will
be important to stabilize the embryonic clus-
ters against evaporation, i.e., ion-induced nu-
cleation will be the dominant mechanism.

Particle formation mechanisms

In Fig. 2 we show mass defect plots of nega-
tively charged clusters (Fig. 2A) and neutral
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clusters (Fig. 2B) containing up to five iodine
atoms, measured during nucleation events.
The event in Fig. 2A is continued in fig. S3, up
to clusters containing 12 iodine atoms. Figure
S4 shows all identified peaks of the event in
Fig. 2B, before summing over water molecules
and charger ions as displayed in Fig. 2B. Further
details of the charged and neutral clusters and
their signal strengths are provided in table S2.

For ion-induced nucleation (Fig. 2A), we ob-
serve a sequence of negatively charged iodine
clusters of the form (HIO3)q_;(I505),- 1057,
involving sequential addition of HIO4 fol-

lowed by rapid dehydration of HIO;-HIO4
pairs in the cluster to form 1,05, as previously
observed at Mace Head (11). We find that no
nucleation occurs for positively charged iodine
clusters (fig. S5). This is clearly seen from the
negative and positive charged particle spectra
in fig. S6; nucleation and growth only take place
for negative particles. Almost all the negative
particles have been neutralized by charge re-
combination before they reach 3 nm, and they
continue to grow as mainly neutral particles.
A schematic representation of the mecha-
nism for ion-induced iodic acid nucleation,
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Fig. 2. Charged and neutral mass defect plots during nucleation events. Cluster mass defect (difference

from integer mass) versus mass-to-charge ratio [m/z,

in thomson (Th) units] of (A) negatively charged

and (B) neutral clusters containing up to five iodine atoms, measured during nucleation events. The
experimental conditions are (A) 36 ppbv Os, 40% RH, +10°C, 168 pptv I, and 1.5 x 107 | atoms cm™ s and
(B) 46 ppbv 03, 43% RH, +10°C, 49 pptv I, and 2.4 x 10° | atoms cm™ s™%. The event shown in (A) is
continued in fig. S3 up to clusters containing 12 iodine atoms. To simplify (B), water molecules and nitrate
charger ions are ignored (fig. S4 shows the same event where they are included). Charged clusters are
measured with the APi-TOF(-) (atmospheric pressure interface-time-of-flight mass spectrometer operating
in negative ion mode) and neutral clusters with the nitrate-CIMS (chemical ionization mass spectrometer;
preceded by an ion filter). We find that no nucleation takes place for positively charged clusters (figs. S5
and S6). Blue circles indicate clusters containing only HIO3 and 1,0s. Orange circles indicate clusters
containing only HIO3 and HIO,. Pink circles indicate clusters containing HIO3, HIO,, 1,05, and 1,04. Red circles
indicate other iodine-containing neutral clusters. The size of the circles indicates signal strength on a
logarithmic scale. Further details of the clusters and their signal strengths are provided in table S2.

3of7

1202 ‘L1 aunp uo /6o Bewaousios aousios//:dpy woly papeojumoq


http://science.sciencemag.org/

RESEARCH | RESEARCH ARTICLE

as interpreted from the mass defect plot (Fig.
2A), is provided in Fig. 3A.

Nucleation of neutral iodine oxoacid par-
ticles, however, proceeds by a different mech-
anism (Fig. 2B). We find that neutral HIO;-1,05
clusters are relatively weakly bound at these
temperatures (no clusters of this type are seen
above HIO;-1,05). During neutral nucleation,
we observe repeated sequential addition of
HIO, followed by HIOs. The nucleating cluster
sequences are shown schematically in Fig. 3B.
A certain fraction of HIO3-HIO, pairs in the
cluster dehydrate to form iodine tetroxide (I,0,)
(Fig. 3C). The comparable intensities of the three
sequences shown in Fig. 3C indicate that the
formation rate of I,0, in the neutral clusters
is comparable to the monomer collision rate
(few 1072 s7). In contrast, the strict conversion
of HIO3-HIO;3 pairs during ion-induced nucle-
ation (Fig. 3A) shows that the formation rate
of I,05 in the charged clusters is much faster
than the monomer collision rate (few 1072 s7%).

Our measurements show that HIO, plays a
key role in stabilizing neutral HIO; clusters.
To assess this observation, we used quantum
chemistry calculations to compute the forma-
tion free energy of several molecular dimers
involving HIO; (table S3 and fig. S7). The
most strongly bound dimer is HIO3-HIO,
(~12.9 keal mol ™). On the other hand, the
HIO;-HIO; (-7.7 keal mol™) and HIO;-HOI
(~1.6 kcal mol ™) dimers are both much less

A lon-induced nucleation: sequential addition of HIO3 onto 103" core ion
-
1 2 3 4 5 6 7 8 9 10 11
:%:0:0:® PP B GG
:0:00' @ §H S § '@

B Neutral nucleation: sequential addition of HIO2 then HIO3

0 -° CE) o éSE) o éi%? o SEE?

000090@0%

009> >H

stable. These calculations argue in favor of the
dominant HIO5;-HIO, dimer shown in the 1—2
iodine step in Fig. 3B and not HIO3-HIO; at
the current experimental conditions. Our mea-
surements and quantum chemical calculations
suggest that HIO, stabilizes neutral HIO;
clusters with a 1:1 stoichiometry similar to
that seen for ammonia stabilization of embry-
onic H,SO,, clusters (6). For completeness, we
note that, for neutral nucleation, the direct
addition of 1,0, molecules from gas phase
1,04, which we measure at concentrations of
~1% of HIO; (table S2), cannot be excluded.
We also note that HIO3; shows very weak
affinity for pairing with a base (HIO3-NHj is
—5.0 kcal mol ). Once the neutral particles
exceed a critical size, they can continue to grow
by condensation of HIO; alone (most of the
particles in Fig. 1B are neutralized), and so
growth is no longer limited by the lower con-
centrations of HIO,.

lon-induced nucleation rate

To investigate ion-induced nucleation further,
we measured the collision rate coefficients,
k.1, for each step in the process, N;” + HIO; —
N;.1, where N;  represents a negatively
charged cluster containing 7 iodine atoms
[see (32) and the supplementary materials
for further details]. The rate coefficients mea-
sured between neutral HIO; monomers and
charged clusters containing up to 11 iodine

no. iodine atoms
S\

-
12

o

lo

C lodine oxide formation in cluster

ion-induced: QO — o
neutral: QO — O

+ H20
(evap.)

+ H20
(evap.)

O Hios o 1205
QHioz ) 1204

O 103-

Fig. 3. Nucleation mechanisms for iodine oxoacid clusters. Schematic representations of the nucleation
mechanisms for (A) ion-induced (charged) and (B) neutral (uncharged) iodine oxoacid clusters, interpreted
from the mass defect plots. lon-induced nucleation involves condensation of iodic acid (HIO3) alone

onto an |03~ ion, whereas neutral nucleation involves repeated stepwise condensation of iodous acid (HIO,)
followed by iodic acid. lodine oxide formation takes place in the clusters, as shown in (C), involving
evaporation (evap.) of a water molecule. Pairs of HIO3 molecules always dehydrate to form 1,05 in charged
clusters (A). However, HIO3 molecules do not form I,0s in neutral clusters, but some may combine with
HIO, and dehydrate to form 1,0, (B). The relative intensities of the final neutral clusters in (B) are
(HI03)3:(HI05),: (HI03),-HIO»:1,0,4: HIO3-(1,04), = 0.38:0.46:0.16, indicating that the formation rate of 1,04
in the neutral clusters is comparable to the monomer collision rate.
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atoms are shown in Fig. 4A. Within measure-
ment errors, we find the same HIOj rate
coefficient for each charged iodic cluster from
the dimer to 11-mer, with a mean value [1.72 +
0.26 (stat.) +0.24/-0.21 (syst.)] x 107 ecm?® s7*
(1o uncertainties). For comparison, we show
the theoretical expectations for the rate coef-
ficients for charged HIO; clusters from average
dipole orientation theory (ADO, red curve) (33)
and its extensions: hard-sphere average dipole
orientation theory (HSA, green curve) and sur-
face charge capture theory (SCC, blue curve)
(34). The latter theory, SCC, agrees closely with
our measurements. We show in Fig. 4B the
enhancement factors for charged versus neu-
tral rate coefficients (ratios of the CLOUD
measurements divided by the neutral rate co-
efficients, ignoring dipole enhancement). The
enhancement during ion-induced nucleation,
which averages 6.3, rapidly shepherds newly
formed particles through the smallest size range
where they are highly mobile and most vulner-
able to scavenging loss, and it contributes to
the faster particle formation rate.

Our measurements of the individual collision
rate coefficients for charged clusters containing
up to 11 iodine atoms (Fig. 4A)—and their good
agreement with theoretical expectations—show
that ion-induced iodic acid nucleation proceeds
at the Kinetic limit and therefore is strictly a
barrierless process rather than nucleation. Sub-
stantial evaporation of any cluster in this range
would lead to a telltale higher apparent rate
coefficient for the previous cluster. We have
confirmed kinetic formation of charged clusters
in two further ways. (i) We have used a kinetic
model to calculate the ion-induced component
of Joer (= Jiin +Jn) at +10°C (see supplementary
materials for details) and find it is consistent
with our experimental measurements (Fig. 1A).
(ii) We have calculated the reaction free ener-
gies and evaporation rates for several molecular
clusters containing an 103" ion (table S4). Our
calculations show that extremely low evapora-
tion rates are expected for charged iodic acid
clusters. They also indicate that the HIO;-
HIO3-105™ cluster is much less stable than
1,05105", supporting the sequence observed
experimentally in the first steps of Fig. 3A. The
HIO; collision rate measurements in Fig. 4A
confirm that ion-induced nucleation is indeed
due to the sequential addition of HIO; mono-
mers and not, for example, to mixed accretion
of HIO5 and 1,05 molecules.

Particle composition

The measurements presented in Fig. 1B provide
strong evidence that HIO; drives the growth of
iodic particles above 1.8 nm. However, we have
seen that additional iodine compounds play
important roles during nucleation: HIO, for
neutral nucleation, and the formation of iodine
oxides—I,0; and 1,0,—in the charged and
neutral clusters, respectively (Fig. 2).
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Fig. 4. Collision rate coefficients for ion-induced iodic acid TA : : : S —
nucleation. (A) Collision rate (reaction rate) coefficients 2: C
measured between neutral HIO3 monomers and charged clusters — 4 r
containing up to 11 iodine atoms. The experimental conditions «')w 3 B
are 20 to 41 ppbv 03, 34 to 44% RH, +10°C, 0.4 to 3.5 pptv I,, and £ 2+ A N
0.44 x 10° to 3.2 x 10° | atoms cm™ s7%. The gray triangles e §
are calculated from the 50% appearance times of eight .5 10'9 - e
experiments with 0.76 x 107 to 2.0 x 10’ cm™ HIO3. The red e ] Ll - Ll [
circles are the final experimental values after applying corrections § g: L
from a kinetic model. The experimental points are horizontally o 41 [ B A B
shifted from integers to avoid overlaps. The solid curves show E . e mm T DT i
theoretical expeptatlong for t_he charged collision rate coefficients _g 27 -~ A CLOUD (before correction) r
from average dipole orientation theory (ADO, red curve) (36), = 10 @ CLOUD (after correction) =
hard-sphere average dipole orientation theory (HSA, green curve) o 10 = ﬁ\ﬁvggﬁfgo@*’éﬂéfffé gﬁjfg?grtgn) =
(37), and surface charge capture theory (SCC, blue curve) (37). N —— HSA theory (charged clusters) - r
The expected collision rate coefficients between neutral mono- 5+ — SCC theory (charged clusters) -
mers and neutral clusters, ignoring dipole-dipole interactions, are 4 ~ - Kinetic theory (neutral clusters, no dipole) - N
shown by the dashed black curve. (B) Measured enhancement . 15 B @ Enhancement (CLOUD/kinetic theory) T r
factors for charged versus neutral collision rate coefficients 2 7 <& Weighted mean o r
(ratios of the corrected CLOUD measurements divided by the £ 1 ----Enhancement (SCC/kinetic theory) r
neutral collision rate coefficients). The black dotted line is the 5 10— -
ratio of the SCC value to the neutral kinetic theory value. For both aE> 5 & ; L 2 r
panels, the hollow markers show the weighted mean values 2 e § § Q- ---1--- Q| -
from the trimer to 11-mer, with +lc errors indicating statistical g > -
without (inner caps) and with systematic errors (outer). w ] L
0 | | | \ T
0 4 6 8 10 12
No. iodine atoms in cluster
0.;8 0.51 0.59 1.B6 1.‘11 1.!7 1.51 1.55 1.&9 1.52 1.135
Mobility diameter (nm)

Fig. 5. Evolution of particle size and chemical composition 2 I I
during iodic oxoacids nucleation. (A) Evolution of the particle A 10° =
size distribution measured by the particle size magnifier A 10* 5
(PSM; smaller than 2.5 nm) and nano—scanning mobility particle £ 10 — 10° &
sizer (nano-SMPS; larger than ~4 nm). The experimental conditions = g: 102 8
are 40 ppbv 03, 40% RH, +10°C, 8 pptv I, 2.9 x 10° to 5.3 x 5 74 10" §
105 I atoms cm ™ s}, and 3.1 x 107 to 7.1 x 107 cm™ HIOs. The E 6 100 ©°
event is started by switching on green illumination (528 nm), g 59 ‘
and HIO5 is increased toward the end. (B) Evolution of the g 44 N
particle volume concentration derived from (i) the particle size © 3 B
distribution (blue circles) and (ii) the HIO3 volume for particles E
collected and analyzed with the FIGAERO (hollow red squares). o P
Particle concentrations in the size range between 2.5 and 4 nm are N
obtained by interpolation between the PSM and nano-SMPS 106 <
distributions and are verified by measurements of the total E . E
number concentrations above a 2.5-nm threshold of the PSM. The ] E :::z:z z::d?g:égs:ERO) C
FIGAERO collects particles on a Teflon filter for 30 min and then 107

evaporates the sample with a controlled temperature ramp over
the next 15 min at the inlet of the mass spectrometer. The
FIGAERO data points are centered on the 30-min collection
interval. The bars indicate +1o total errors. The FIGAERO

mass spectrum shows that HIO3 dominates the particle
composition (80% mass fraction). This is independently confirmed
by the close agreement between the volume concentrations
measured by the particle sizers and by the FIGAERO.
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To address the question of the extent to
which these other iodine species contribute
to particle growth at larger sizes, we have
directly measured the composition of freshly
nucleated iodic particles in the size range up
to ~10 nm with a soft-ionization Br -FIGAERO
(filter inlet for gases and aerosols) mass
spectrometer. The majority (90%) of particles
between 3 and 10 nm are neutral (fig. S6). The
FIGAERO collects particles on a Teflon filter
for 30 min and then evaporates the sample with
a controlled temperature ramp over the next
15 min at the inlet of a mass spectrometer. The
mass spectrometer thereby measures the depo-
sited mass of each chemical constituent of the
particles and produces an individual thermo-
gram of its volatility (evaporation temperature).

In Fig. 5A we show the evolution of particle
size during a nucleation experiment. Particle
sizes <2.5 nm are measured by a PSM (par-
ticle size magnifier), and those >4 nm are
measured by a nano-SMPS (scanning mobil-
ity particle sizer). In Fig. 5B we show the evo-
lution of total particle volume derived from
these measurements (blue circles). We also
show in Fig. 5B the evolution of total HIO,
volume concentration in the particle phase,
measured by the FIGAERO. The mass spec-
trum is dominated by the single channel, HIO3
(78% of the total mass, excluding water),
with the rest being primarily I,. We found
very little HIO, in the particle phase, owing
to its low concentration. The mass spectrum
shows that the freshly formed particles are
composed almost entirely of HIO3, and not
1,0,_5 as previously thought (9-1I). This
conclusion is independently confirmed by
the close agreement seen in Fig. 5B between
the volume concentrations measured by the
particle sizers and by the direct measurements
of particulate HIO; with the FIGAERO. We have
confirmed, by conducting laboratory calibra-
tions, that the evaporated HIO; resulted from
iodic acid in the particle phase, and not by ther-
mal decomposition of other iodine compounds.
We nebulized iodic acid particles and then
collected and analyzed them with the FIGAERO
using the same procedures as for our experiments
at CLOUD (see supplementary materials for
details). The FIGAERO thermograms for the
nebulized samples agree well with those ob-
tained at CLOUD (fig. S8).

Climate implications

Sulfuric acid-ammonia nucleation is known
to be important in relatively pristine environ-
ments such as the free troposphere (14) or the
Antarctic coastal region (35). We show here that
the nucleation rate of iodine oxoacids exceeds
H,SO,-NH; at the same acid concentrations.
In pristine, cooler regions of the atmosphere,
HIO; concentrations above ~10° cm ™ will lead
to copious new particle formation and sus-
tained growth at a few times 0.1 nanometer
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per hour. The question then arises: Are there
pristine regions of the atmosphere where the
concentrations of HIO4 are comparable to
or exceed sulfuric acid, or else ammonia is
insufficient? For such regions, HIO; could
be the dominant source of new particles.

Our global boundary layer measurements of
HIO; at 10 sites are shown in figs. S9 and S10.
The conditions for abundant iodine new par-
ticle formation and rapid growth are frequently
reached at mid-latitude coastal sites with
marine algae, such as Mace Head and Helsinki,
and at coastal polar sites such as Villum and
Ny-Alesund in the Arctic, or Neumayer in the
Antarctic. Although measurements over the
remote ocean are sparse, frequent new particle
formation over the high Arctic pack ice has
recently been reported, driven by HIO; with
little contribution from sulfuric acid (36).

The implications for the future are notable.
Global iodine emissions have increased three-
fold over the past 70 years and may continue
to increase in the future as sea ice becomes
thinner (37) and surface ozone increases (18).
Any resultant increase of iodic CCN in the
Arctic region could increase longwave radia-
tive forcing from clouds and provide a positive
feedback mechanism that accelerates the loss
of sea ice. Iodine is also widespread in the free
troposphere (23, 24), where low temperatures,
low condensation sinks, and high ion produc-
tion rates from galactic cosmic rays favor iodic
particle formation. Indeed, particulate iodate
(I037) has recently been observed near the
tropopause at iodine mixing ratios of ~0.1 to
0.5 pptv, and 105" is the main iodine reservoir
in the stratosphere (25) (further discussion is
provided in the supplementary materials).

Our study shows that iodic acid, HIOj, is the
major iodine species driving both nucleation
and growth of iodine oxoacid particles in the
boundary layer and remains as the dominant
constituent in the particulate phase. We have
further shown that iodous acid, HIO,, plays a
key role in neutral nucleation by stabilizing
HIO; clusters against evaporation, but it is not
important for particle growth at larger sizes. The
efficacy of iodine oxoacids to form new particles
exceeds that of the H,SO,-NHj3 system at the
same acid concentrations. Although atmo-
spheric measurements remain limited, they
are nevertheless sufficient to demonstrate the
ubiquity of HIO3 and its potential to compete
with sulfuric acid(-ammonia) particle forma-
tion in pristine regions of the atmosphere such
as marine coasts, the Arctic boundary layer, or
the upper free troposphere.
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Faster than expected

lodine species are one of only a handful of atmospheric vapors known to make new aerosol particles, which play
a central role in controlling the radiative forcing of climate. He et al. report experimental evidence from the CERN
Cosmics Leaving Outdoor Droplets, or CLOUD, chamber demonstrating that iodic acid and iodous acid rapidly form new
particles and can compete with sulfuric acid in pristine regions.
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