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New particle formation in the upper free troposphere is amajor global source of cloud
condensation nuclei (CCN)'*. However, the precursor vapours that drive the process
are not well understood. With experiments performed under upper tropospheric
conditions in the CERN CLOUD chamber, we show that nitric acid, sulfuric acid and
ammonia form particles synergistically, at rates that are orders of magnitude faster
than those from any two of the three components. The importance of this mechanism
depends on the availability of ammonia, which was previously thought to be
efficiently scavenged by cloud droplets during convection. However, surprisingly
high concentrations of ammonia and ammonium nitrate have recently been observed
in the upper troposphere over the Asian monsoon region>®. Once particles have
formed, co-condensation of ammonia and abundant nitric acid alone is sufficient to
drive rapid growth to CCN sizes with only trace sulfate. Moreover, our measurements
show that these CCN are also highly efficient ice nucleating particles—comparable to
desert dust. Our model simulations confirm that ammoniais efficiently convected
aloft during the Asian monsoon, driving rapid, multi-acid HNO;-H,SO,-NH,
nucleationinthe upper troposphere and producing ice nucleating particles that
spread across the mid-latitude Northern Hemisphere.

Intense particle formation has been observed by airborne measurements
asapersistent, global-scalebandinthe upper troposphere over tropical
convective regions**, Upper tropospheric nucleation is thought to
provide at least one-third of global CCN. Increased aerosols since the
industrial revolution, and their interactions with clouds, have masked
alarge fraction of the global radiative forcing by greenhouse gases.
Projections of aerosol radiative forcing resulting from future reductions
of air pollution are highly uncertain’. Present-day nucleation involves
sulfuricacid (H,S0,) over almost all the troposphere®. However, binary
nucleation of H,SO,-H,0 is slow and, so, ternary or multicomponent

nucleation with extra vapours such asammonia (NH,)? and organics'®"

isnecessary toaccount for observed new-particle-formation rates®*%2,

Ammonia stabilizes acid-base nucleation and strongly enhances
particle formation rates’. However, ammonia is thought to be extremely
scarceintheupper troposphere because its solubility in water and reac-
tivity with acids should lead to efficient removal in convective clouds.
However, this assumptionis not supported by observation. Ammonia
vapour has been repeatedly detected in the Asian monsoon upper
troposphere, with mixing ratios of up to 30 pptv (2.5 x10® cm™) for a
three-month average®and up to 1.4 ppbv (1.2 x 10 cm™) in hotspots®.

A list of affiliations appears at the end of the paper.
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Fig.1|Example experiment showing nitric acid enhancement of H,SO,-NH,
particle formation. a, Particle number concentrations versus time at mobility
diameters>1.7 nm (magenta) and >2.5 nm (green). The solid magenta trace is
measured by aPSM, ;and the solid green traceis measured by aCPC, .

The fixed experimental conditions areabout 6.5 x 10° cm™NH,, 223 K and 25%
relative humidity. Amicrophysical model reproduces the main features of the
observed particle formation (dashed lines; see text for details). b, Particle
formation rate versus timeat1.7 nm (J, ;), measured by aPSM. ¢, Particle size
distribution versus time, measured by an SMPS. d, Gas-phase nitricacid and
sulfuricacid versus time, measured by anI” CIMS and aNO,” CIMS, respectively.
Sulfuricacid through SO, oxidation started to appear soon after switching on

Therelease of dissolved ammonia from cloud droplets may occur dur-
ing glaciation®™. Oncereleased in the upper troposphere, ammonia can
form particles with nitricacid, whichis abundantly produced by light-
ning'*". These particles will live longer and travel farther thanammonia
vapour, with the potential to influence the entire upper troposphere
and lower stratosphere of the Northern Hemisphere®.

Fundamental questions remain about the role and mechanisms of
nitric acid and ammonia in upper tropospheric particle formation.
Recent CLOUD (Cosmics Leaving Outdoor Droplets) experiments at
CERN have shown that nitricacid andammonia vapours below 278 K can
condense onto newly formed particles as small as afew nanometresin
diameter, driving rapid growth to CCN sizes™. At even lower tempera-
tures (below 258 K), nitric acid and ammonia can directly nucleate to
formammonium nitrate particles, although pure HNO,-NH; nucleation
istoo slowto compete with H,SO,-NH; nucleation under comparable
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the UV lights at time = 0 min, building up to asteady state of 2.3 x 10° cm after
awall-loss-rate timescale of around 10 min. The subsequent H,SO,-NH,
nucleationled to arelatively slow formation rate of 1.7-nm particles.

The particlesdid not grow above 2.5 nmbecause of their slow growth rate and
corresponding low survival probability against wall loss. Following injection of
2.0 x10° cmnitricacid into the chamber after 115 min, while leaving the
productionrate of sulfuricacid and the injection rate of ammonia unchanged,
we observed asharpincreasein particle formationrate (panelb), together with
rapid particle growth of 40 nm h™ (panel ¢). The overall systematicscale
uncertainties of £30% on particle formation rate, -33%/+50% on sulfuric acid
concentrationand +25% on nitric acid concentration are not shown.

conditions. However, the results we present here show that, when all
three vapours are present, a synergistic interaction drives nuclea-
tion rates orders of magnitude faster than those from any two of the
three components. Once nucleated through this multi-acid-ammonia
mechanism, the particles can grow rapidly by co-condensation of NH,
and HNO; alone, both of which may be far more abundant than H,SO,
inthe upper troposphere.

Particle formation measurementsin CLOUD

Here we report new-particle-formation experiments performed with
mixtures of sulfuric acid, nitric acid and ammonia vapours in the
CLOUD chamber® at CERN between September and December 2019
(CLOUD 14; see Methods for experimental details). To span ranges
typical of the upper troposphere, we established quasi-steady-state
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Fig.2|Particle formationratesat1.7 nm(/,,) versusammonia
concentrationat223 Kand25%relative humidity. The chemical systemsare
HNO,-NH; (black), H,SO,-NH; (red) and HNO,-H,SO,-NH; (blue). The black
diamond shows the CLOUD measurement of HNO;-NH; nucleation at

1.5x10° cm™HNO;, 6.5 x 10% cm™NH, and with H,SO, below the detection limit
of 5x10* cm™. Thered solid curve s/, , versus ammonia concentration at

4.0 x10° cm sulfuric acid from aH,S0,-NH, nucleation parameterizationon
the basis of previous CLOUD measurements'®*?. The blue circles show the
CLOUD measurements of HNO,-H,SO,-NH; nucleation at 4.0 x 10°cm=H,SO,,
1.5x10° cm™HNO; and (1.6-6.5) x 108 cm™NH,. The dataare fitted by a power
law, /; ;= k[NH,]*7 (blue dashed curve). The vertical grey dotted line separates
ammonia concentrations measured in different regionsin the upper
troposphere’; theregion to the rightindicates the Asian monsoon conditions.
The horizontal grey solid lines show/, ; upper limits forion-induced nucleation
resulting from the GCRionization rate of around 2 ion pairscms™at ground
leveland 35ion pairscm™s™inthe upper troposphere. Among the three
nucleation mechanisms, H,SO,-NH; nucleation dominates in regions with low
ammonia (below around 1.0 x 108 cm™, or 12 pptv), whereas HNO;-H,SO,-NH,
nucleation dominates at higherammonialevels characteristic of the Asian
monsoonupper troposphere. The barsindicate 30% estimated total error on
the particle formation rates. The overall systematic scale uncertainties are
-33%/+50% for sulfuricacid and +25% for nitricacid concentrations.

vapour concentrations in the chamber of (0.26-4.6) x 10° cm™sulfuric
acid (through photochemical oxidation of SO,), (0.23-4.0) x 10° cm™
nitric acid (through either photochemical oxidation of NO, or injection
fromanevaporator) and (0.95-6.5) x 108 cm™ammonia (through injec-
tion froma gas bottle). In an extreme experiment to simulate hotspot
conditions in the Asian monsoon anticyclone, we raised sulfuricacid,
nitric acid and ammonia to maximum concentrations of 6.2 x 10’ cm3,
3.8 x10° cm™and 8.8 x10° cm3, respectively. The experiments were
conducted at223 K and 25% relative humidity, representative of upper
tropospheric conditions.

Figure 1 shows the evolution of a representative new-particle-
formation experimentin the presence of around 6.5 x 108 cm™ ammo-
nia. The top three panels show particle number concentrations above
1.7 nmand above 2.5 nm (Fig.1a), particle formationrateat 1.7 nm (/, ;)
(Fig.1b) and particle size distribution (Fig. 1c). The bottom panel shows
HNO; and H,SO, vapour concentrations (Fig. 1d). We switched on the

ultraviolet (UV) lights at ¢ = 0 min to oxidize SO, with OH radicals and
formH,SO,.Sulfuricacid started to appear shortly thereafter and built
up toasteady state of 2.3 x 10° cm™ over the wall-loss timescale of about
10 min. Under these conditions, the data show a modest formation
rate of 1.7-nm particles from H,SO,-NH; nucleation, consistent with
previous CLOUD measurements®. These particles grew only slowly
(about 0.5 nm h™at this H,SO, and particle size”). No particles reached
2.5 nmwithin2 h, owingto their slow growth rate and low survival prob-
ability against wall loss.

At t=115min, we raised the nitric acid concentration to 2.0 x 10° cm™,
through directinjectioninstead of photochemical production, so that
we could independently control the nitric acid and sulfuric acid con-
centrations. The particle numberincreased 30-fold and 1,300-fold for
particleslarger than1.7 nmand 2.5 nm, respectively.Inaddition, these
newly formed particles grew much more rapidly (40 nm h™), reach-
ing 20 nm within 30 min. This experiment shows that nitric acid can
substantially enhance particle formation and growth rates for fixed
levels of sulfuric acid and ammonia.

We also conducted model calculations on the basis of known ther-
modynamics and microphysics (Methods). Our model results (dashed
tracesin Fig.1a) consistently and quantitatively confirm the experimen-
tal data: sulfuric acid and ammonia nucleation produces only 1.7-nm
particles, whereas addition of nitric acid strongly enhances the forma-
tionrates of both 1.7-nm and 2.5-nm particles.

We conducted two further experiments under conditions similar
to Fig. 1 but holding the concentrations of a different pair of vapours
constant while varying the third. For the experiment shown in Extended
DataFig.1, we started by oxidizing NO, to produce 1.6 x 10° cm>HNO,
in the presence of about 6.5 x 108 cm™ NH; and then increased H,SO,
from 0t04.9 x10° cm~by oxidizing progressively more injected SO,.
For the experiment shownin Extended Data Fig. 2, we first established
4.6 x10° cm™H,S0, and 4.0 x10° cmHNO,, and then increased NH,
from O toabout 6.5 x 10% cm™. We consistently observed relatively slow
nucleation when only two of the three vapours are present, whereas
addition ofthe third vapour increased nucleationrates by several orders
of magnitude.

Figure 2 shows particle formation rates measured by CLOUD at1.7-nm
mobility diameter (/, ;) versus ammonia concentration, at 223 K.
The/,,data were all measured in the presence of ions from galactic
cosmic rays (GCR) and — so — represent the sum of neutral and
ion-induced channels. The black diamond shows the measured/, ; of
0.3 cm™s™ for HNO,-NH; nucleation with 1.5 x 10° cm™ nitric acid,
about 6.5 x 10% cm™ ammonia and sulfuric acid below the detection
limit of 5 x 10* cm™ (this is the event shown in Extended Data Fig. 1). At
this same ammonia concentration, we measured /,,=6.1cm™>s™ at
2.3 x10° cm™H,S0,, demonstrating the much faster rate of H,SO,-NH,
nucleation (not shown). This measurement is consistent with models
on the basis of previous CLOUD studies of H,SO,~NH; nucleation'®",
asillustrated by the model simulations for 4.0 x 10° cm™ sulfuric acid
(red solid curve). The blue circles show our measurements of /, ,
for HNO,-H,S0,-NH; nucleation at 4.0 x 10 cm sulfuric acid and
(1.6-6.5) x10® cm™ ammonia, in the presence of 1.5 x 10° cm™ nitric
acid (the event shown in Extended Data Fig. 2). The blue dashed curve
is a power law fit to the measurements, indicating a strong sensitivity
to ammonia concentration (J, , = k[NH;]*7).

Thevertical grey dotted line in Fig. 2 separates ammonia concentra-
tions measured in different regions in the upper troposphere’; Asian
monsoon conditions are to the right of this vertical line. Our results
indicate that H,SO,-NH; nucleationis probably responsible for new par-
ticle formationin regions withammonia concentrations below around
108 cm™ (12 pptv), but that HNO,-H,SO,-NH; nucleation probably
dominates at higherammonialevelsin the Asian monsoon upper tropo-
sphere. Our nucleation rate measurements confirm that the stronger
sulfuricacid is favoured by ammonia in the ammonia-limited regime,
sonitric acid willevaporate fromthe clusters, asit may be displaced by
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Fig.3|Molecular composition of negatively charged clusters during
H,S0,-NH;and HNO;-H,SO,-NH; nucleation events at 223 Kand 25%
relative humidity. Mass defect (difference from integer mass) versus mass/
charge (m/z) of negatively charged clusters measured with an APi-TOF mass
spectrometer for1.7 x10° cm 2 sulfuricacid and 6.5 x 108 cm™ ammonia (a) and
2.0 x10” cm3sulfuricacid, 3.2 x10° cm ™ nitricacid and 7.9 x 10° cm 2 ammonia
(b). Thesymbol coloursindicate the molecular compositionasshown. The
symbol areais proportional to thelogarithm of signal rate (counts per second).
Thelabels (m:n) near the symbolsindicate the number of sulfuricacid (H,SO,),,
and ammonia (NH;), moleculesin the clusters, including both neutraland
chargedspecies. The grey dashed lines follow clusters that contain pure H,SO,
molecules withanHSO, ion (or SO, instead of H,SO, and/or SO, instead of
HSO, for pure H,SO, clusters falling below this lineinb). The grey solid lines

sulfuric acid. However, asammoniaincreases from 1.6 t0 6.5 x 108 cm™,
weobserve sharpincreasesin/, ,for HNO;-H,SO,-NH; nucleation from
10 t0 400 cm™s™and in the ratio of particle formation rates (HNO,-
H,S0,-NH;:H,S0,-NH;) from 4 to 30. Our nucleationmodel (as in Fig. 1)
yields slightly higher /; ,thanthat observed, as shown in Extended Data
Fig. 3, but the formation rate variation with ammonia, nonetheless,
shows a similar slope.

CLOUD has previously shown that ions enhance nucleation for all
but the strongest acid-base clusters; HNO;-H,SO,-NH, is probably
notanexception. However, theionenhancement s limited by the GCR
ion-pair production rate. We show with the horizontal grey solid lines
in Fig. 2 the upper limits on/,, for ion-induced nucleation of about
2 cm~s™atground leveland 35 cm™ s inthe upper troposphere. Our
experimental nucleation rates for HNO;-H,SO,-NH, are mostly above
upper tropospheric GCR ion production rates. This is confirmed by
similar/,; measured during a neutral nucleation experiment, in which
anelectricfield was used to rapidly sweep ions from the chamber. Thus,
for this nucleation scheme, the neutral channel will often prevail over
the ion-induced channel in the Asian monsoon upper troposphere.
However, when ammonia is diluted away outside the Asian monsoon
anticyclone,ions may enhance the nucleation rate up to the GCR limit
near35cm>s™.

In a formal sense, the new-particle-formation mechanism could be
one of two types: formation of stable H,SO,-NH; clusters, followed by
nano-Kohler-type activation by nitricacid and ammonia’®; or else true
synergistic nucleation of nitric acid, sulfuric acid and ammonia®. Ina
practical sense, it makes little difference because coagulationlossisa
major sink for all small clusters in the atmosphere?, so appearance of
1.7-nm particles by means of any mechanism constitutes new particle
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follow the 1:1H,SO,-NH, addition starting at (H,SO,),—(NH,),. Nearly all
clustersinpanelalie above thisline, whereas nearly all clusters in panelbfall
belowit. Most clusters containing HNO; lack NH; by the time they are measured
(they fall near the (m:0) grey dashed line), but the marked difference between
aandbindicates that the nucleating clusters had distinctly different
compositions, probably including relatively weakly bound HNO;-NH; pairsin
b.Itis probablethat nucleating clustersinthe CLOUD chamberat223 K contain
HNO;-H,SO,-NH;witharoughlyl:1acid-baseratio. However, during the
transmission from the chamber to the warm APi-TOF mass spectrometer at
293K, the clusterslose HNO;and NH;, leaving aless volatile core of H,SO, with
depleted NH;. The evaporation of asingle NH; or HNO, molecule froma cluster
displacesitonthe massdefect plot by avector distance indicated by the black
arrowsinb.

formation. Regardless, we can distinguish between these two pos-
sibilities from our measurements of the molecular composition of
negatively charged clusters using an atmospheric pressure interface
time-of-flight (APi-TOF) mass spectrometer. In Fig. 3, we show cluster
mass defect plots during H,SO,-NH, and HNO,-H,SO,-NH; nucleation
events at 223 K. The marked difference between Fig. 3a, bindicates that
nitricacid changes the composition of the nucleating clusters down to
the smallestsizes; thus, the mechanismis almost certainly synergistic
HNO;-H,SO,-NH; nucleation.

In Fig. 3a, the predominant ions are one of several deprotonated
sulfuric acid species, including HSO,”, SO,”, HSO;~, SO;” and so on,
resultinginagroup of points for clusters with similar molecular com-
positionbut different mass and mass defect. In the figure, we use the
labels (m:n) to indicate the number of sulfuric acid and ammonia
moleculesinthe (H,S0,),~(NH,), clusters, including both neutral and
charged species. The mass defect plot closely resembles those previ-
ously measured for H,SO,-NH; nucleation®. Negative-ion-induced
nucleation proceeds with the known acid-base stabilization mecha-
nism, in which sulfuric acid dimers form as a first step (with HSO,~
serving as a conjugate base for the first H,SO,) and then clusters
subsequently grow by 1:1 H,SO,-NH; addition (that is, as ammo-
nium bisulfate)’. We use a grey line toillustrate the 1:1addition path,
beginning at (H,SO,),—(NH,),. Clusters larger than the sulfuric acid
tetramers mostly contain severalammonia molecules and, so nearly
all clusters in Fig. 3alie above the grey line.

Figure 3b shows a pronounced change in the cluster APi-TOF signal
during HNO;-H,SO,-NH; nucleation. In addition to pure (H,SO,),,,—
(NH,), clusters, we observe clusters with one extra HNO; molecule (or
NO, ion), that is, (HNO,),-(H,SO,),,—(NH,),, and the pure nitric acid



1013 —
Sulfate/nitrate (mol/mol):

I ® 0.017
© 0.005
 ® 0.0016
@ 0.0001
@0

1012

Desert dust ~

10"

Active surface
site density, ng (m2)

1010

100

14
Ice saturation ratio, S,

40°N

20°N

—

150°E

Enhancement ratio
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upper tropospheric particles formed from HNO,;-H,SO,-NH; nucleation.
a, Active surface site density versus ice saturation ratio, measured by the
mINKAinstrumentat CLOUD, at233 K and 25% relative humidity. Pure
ammonium nitrate particles (purple points) show homogeneous freezing.
However, addition of only small amounts of sulfate creates highly
ice-nucleation-active particles. Ataround 1.7% sulfate fraction (red points), the
ice nucleating efficiency is comparable with desert dust particles.

monomer and dimer. Insharp contrast with Fig. 3a, all these clusters are
deficientin NH,, falling below the same grey line as in Fig. 3a. The most
deficient contain up to nine bare acids, that is, (H,SO,), or (H,SO,)s~
(HNO,),. Figure 3b almost certainly does not represent the true cluster
compositioninthe chamber because binary nucleation of H,SO, does
not proceed under these exact conditions of H,SO,, NH,, temperature
and relative humidity (as demonstrated by Fig. 3a). We can interpret
Fig. 3b as follows. It is probable that clusters in the CLOUD chamber
(223 K) contain HNO;-H,SO,-NH; with a roughly 1:1 acid-base ratio,
representing partial neutralization. However, during the transmis-
sion from the cold chamber to the warm APi-TOF mass spectrometer
(about 293 K), the clusters lose relatively weakly bound HNO; and NH,
molecules but not the lower-volatility H,SO, molecules. Regardless of
theinterpretation, however, the notable difference between Fig.3a,b
indicates that the sampled clusters had very different compositions
and that nitric acid participated in the formation of clusters as small
as afew molecules.

Ice nucleation measurements

Nitric acid and ammonia not only enhance the formation rate of new
particles but also drive their rapid growth to sizes at which they may
actas CCN or ice nucleating particles (INP), above around 50 nm. To
assess their effect on cirrus clouds, we measured the ice nucleation
ability of particles formed from HNO,-H,SO,-NH; nucleation in the
CLOUD chamber. Simulating ‘hotspot’ conditions, we first formed
pure ammonium nitrate particles by means of HNO;-NH; nucleation
and then increased the H,SO, fraction in the particles by oxidizing
progressively more SO,. We measured their ice nucleation ability using

b, Simulation of particle formationin a global model (EMAC) with efficient
vertical transport ofammoniainto the upper troposphere during the Asian
monsoon. Including multi-acid HNO,-H,SO,-NH; nucleation (on the basis of
theblue dashed curveinFig.2) enhances particle number concentrations
(nucleation mode) over the Asian monsoonregion by a factor of 3-5 compared
with the same model with only H,SO,-NH; nucleation (from Dunne etal.’,
similar to the red solid curveinFig. 2).

the online continuous flow diffusion instrument, mINKA (Methods
and Extended DataFig.4). Asshownin Fig.4a, pure ammoniumnitrate
particles (purple data points) nucleateice only at high ice saturation
ratios (S;..), characteristic of homogeneous nucleation (shown by a
steepincrease of ice activation above S, =1.60 at 215 K). Thisindicates
that pure ammonium nitrate particles, formed by means of HNO,-NH,
nucleation, are probably in a liquid state initially, albeit at a relative
humidity below the deliquescence point?. However, addition of sul-
fate, with a particulate sulfate-to-nitrate molar ratio as small as107,
triggers crystallization of ammonium nitrate. For these particles, we
observed a small heterogeneous ice nucleation mode at S, of 1.54
(blue data points), with other conditions and the particle size dis-
tribution held almost constant. Moreover, as the sulfate molar frac-
tion progressively rises to just 0.017 (still almost pure but now solid
ammonium nitrate), an active surface site density (n,) of 10" m72is
reached at§,..aslowas1.26. Thisis consistent with previous findings,
inwhich particles were generated through nebulization, withamuch
larger particle diameter and a much higher sulfate-to-nitrate ratio®.
Our measurements show that HNO;-H,SO,-NH; nucleation followed
by rapid growth fromnitricacid and ammonia condensation — which
results in low sulfate-to-nitrate ratio — could provide an important
source of INP that are comparable with typical desert dust particles
atnucleating ice®*.

Atmosphericimplications

Our findings suggest that HNO,;-H,SO,-NH; nucleation may domi-
nate new particle formationin the Asian monsoon region of the upper
troposphere, witha ‘flame’ of new particlesin the outflow of convective
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clouds, inwhich up to 10" cm™ammonia® mixes with low (background)
levels of sulfuric acid and nitricacid. Without this mechanism, particle
formationthroughthetraditional ternary H,SO,~-NH; nucleation would
be much slower and most probably rate-limited by the scarce sulfuric
acid. Furthermore, by co-condensing with nitric acid, the convected
ammonia also drives the growth of the newly formed particles. Given
typical acid-excess conditions in the upper troposphere, condensa-
tional growthis governed by the availability of ammonia. Consequently,
particles will steadily (and rapidly) grow untilammoniais depleted after
several e-folding times set by the particle condensation sink. On the
basis of condensation sinks generally observed in the tropical upper
troposphere*, this timescale will be several hours. Within this time
interval, given the observed ammonia levels, newly formed particles
willbe able to grow to CCN sizes and even small admixtures of sulfuric
acid will render these particles efficient INP.

Our laboratory measurements provide a mechanism that can
account for recent observations of abundant ammonium nitrate
particles in the Asian monsoon upper troposphere®. To evaluate its
importance onaglobal scale, we first parameterized our experimen-
tally measured /, ; for HNO;-H,SO,-NH; nucleation as a function of
sulfuric acid, nitric acid and ammonia concentrations (Methods).
The parameterization is obtained using a power-law dependency
for each vapour (Extended Data Fig. 5), given that the critical cluster
composition is associated with the exponents according to the first
nucleation theorem?. Then we implemented this parameterization
inaglobal aerosol model (EMAC, see Methods for modelling details).
The EMAC model predicts that HNO,-H,SO,-NH; nucleation at 250 hPa
(11 km, approximately 223 K) produces an annual average exceeding
1,000 cmnew particles over an extensive area (Extended Data Fig. 6).
This corresponds to an increase in particle number concentration
(Fig.4b) up to afactor of five higher than in a control simulation with
only ternary H,50,-NH, nucleation®. The strongest increase occurs
mostly over Asia, in whichammoniais ample because of deep convec-
tion from ground sources.

However, another global model (TOMCAT, see Methods) shows
much lower ammonia mixing ratios in the upper troposphere than
EMAC (<1 pptv compared with <100 pptv, respectively), although with
abroadly similar spatial distribution (Extended Data Fig. 7a, b). This
large variability of upper tropospheric ammonia is also indicated by
recent field measurements on local®* and global>¥ scales. In view of
itsimportance for both H,SO,-NH,and HNO,-H,SO,-NH; nucleation,
thereisanurgent need toimprove upper tropospheric measurements
of ammonia, as well as improve knowledge of its sources, transport
and sinks.

We thus turned to a cloud-resolving model to estimate the ammo-
nia vapour fraction remaining after deep convection (see Methods).
We show in Extended Data Fig. 8 that around 10% of the boundary
layer ammonia can be transported into the upper troposphere and
released as vapour by a base-case convective cloud. The sensitivity
tests further illustrate that the key factor governing the fraction of
ammoniaremaininginthe cloud outflowis the retention of ammonia
molecules by ice particles (Extended DataFig. 8e), whereas cloud water
pH (Extended Data Fig. 8c) and cloud water content (Extended Data
Fig.8d) only play minor roles once glaciation occurs. Given that more
than 10 ppbv of ammonia is often observed in the Asian boundary
layer?, itis plausible that the observed 1.4 ppbv (10" cm™) ammonia
in the upper troposphere® is indeed efficiently transported by the
convective systems.

Although the ammonium-nitrate-sulfate particles are formed
locally, they can travel from Asia to North America in just three days
by means of the subtropical jet stream, as the typical residence time
of Aitken mode particles ranges from one week to one month in the
upper troposphere”. As aresult, these particles can persist as aninter-
continental band, covering more than half of the mid-latitude surface
areaofthe Northern Hemisphere (Extended Data Fig. 6). Insummary,
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synergistic nucleation of nitricacid, sulfuric acid and ammonia could
provide an important source of new CCN and ice nuclei in the upper
troposphere, especially over the Asian monsoon region, and s closely
linked with anthropogenic ammonia emissions?.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41586-022-04605-4.

1. Clarke, A. et al. Nucleation in the equatorial free troposphere: favorable environments
during PEM-Tropics. J. Geophys. Res. Atmos. 104, 5735-5744 (1999).

2. Weigel, R. et al. In situ observations of new particle formation in the tropical upper
troposphere: the role of clouds and the nucleation mechanism. Atmos. Chem. Phys. 11,
9983-10010 (2011).

3. Gordon, H. et al. Causes and importance of new particle formation in the present-day and
pre-industrial atmospheres. J. Geophys. Res. Atmos. 122, 8739-8760 (2017).

4.  Williamson, C. J. et al. A large source of cloud condensation nuclei from new particle
formation in the tropics. Nature 574, 399-403 (2019).

5. Hopfner, M. et al. First detection of ammonia (NH,) in the Asian summer monsoon upper
troposphere. Atmos. Chem. Phys. 16, 14357-14369 (2016).

6.  Hopfner, M. et al. Ammonium nitrate particles formed in upper troposphere from ground
ammonia sources during Asian monsoons. Nat. Geosci. 12, 608-612 (2019).

7. Intergovernmental Panel on Climate Change. Climate Change 2013: The Physical Science
Basis (Cambridge Univ. Press, 2013).

8. Dunne, E. M. et al. Global atmospheric particle formation from CERN CLOUD
measurements. Science 354, 1119-1124 (2016).

9.  Kirkby, J. et al. Role of sulphuric acid, ammonia and galactic cosmic rays in atmospheric
aerosol nucleation. Nature 476, 429-433 (2011).

10. Andreae, M. O. et al. Aerosol characteristics and particle production in the upper
troposphere over the Amazon Basin. Atmos. Chem. Phys. 18, 921-961 (2018).

1. Lehtipalo, K. et al. Multicomponent new particle formation from sulfuric acid, ammonia,
and biogenic vapors. Sci. Adv. 4, eaau5363 (2018).

12.  Zhao, B. et al. High concentration of ultrafine particles in the Amazon free troposphere
produced by organic new particle formation. Proc. Natl Acad. Sci. 117, 25344-25351
(2020).

13. Ge, C., Zhu, C., Francisco, J. S., Zeng, X. C. & Wang, J. A molecular perspective for global
modeling of upper atmospheric NH, from freezing clouds. Proc. Natl Acad. Sci. 115,
6147-6152 (2018).

14.  Martin, R. V. et al. Space-based constraints on the production of nitric oxide by lightning.
J. Geophys. Res. Atmos. 112, DO9309 (2007).

15. Lelieveld, J. et al. The South Asian monsoon—pollution pump and purifier. Science 361,
270-273 (2018).

16.  Wang, M. et al. Rapid growth of atmospheric nanoparticles by nitric acid and ammonia
condensation. Nature 580, 184-189 (2020).

17.  Stolzenburg, D. et al. Enhanced growth rate of atmospheric particles from sulfuric acid.
Atmos. Chem. Phys. 20, 7359-7372 (2020).

18. Kirten, A. New particle formation from sulfuric acid and ammonia: nucleation and
growth model based on thermodynamics derived from CLOUD measurements for a wide
range of conditions. Atmos. Chem. Phys. 19, 5033-5050 (2019).

19. Xiao, M. et al. The driving factors of new particle formation and growth in the polluted
boundary layer. Atmos. Chem. Phys. 21, 14275-14291 (2021).

20. Ehrhart, S. & Curtius, J. Influence of aerosol lifetime on the interpretation of nucleation
experiments with respect to the first nucleation theorem. Atmos. Chem. Phys. 13,
11465-11471 (2013).

21.  Schobesberger, S. et al. Molecular understanding of atmospheric particle formation from
sulfuric acid and large oxidized organic molecules. Proc. Natl Acad. Sci. 110, 17223-17228
(2013).

22. Martin, S. T. Phase transitions of aqueous atmospheric particles. Chem. Rev. 100,
3403-3454 (2000).

23. Wagner, R. et al. Solid ammonium nitrate aerosols as efficient ice nucleating particles at
cirrus temperatures. J. Geophys. Res. Atmos. 125, e2019JD032248 (2020).

24. Ullrich, R. et al. A new ice nucleation active site parameterization for desert dust and soot.
J. Atmos. Sci. 74, 699-717 (2017).

25.  Oxtoby, D. W. & Kashchiev, D. A general relation between the nucleation work and the size
of the nucleus in multicomponent nucleation. J. Chem. Phys. 100, 7665-7671 (1994).

26. Kille, N. et al. The CU mobile solar occultation flux instrument: structure functions and
emission rates of NH;, NO, and C,Hs. Atmos. Meas. Tech. 10, 373-392 (2017).

27.  Nault, B. A. et al. Chemical transport models often underestimate inorganic aerosol
acidity in remote regions of the atmosphere. Commun. Earth Environ. 2, 93 (2021).

28. Warner, J. X., Wei, Z., Strow, L. L., Dickerson, R. R. & Nowak, J. B. The global tropospheric
ammonia distribution as seen in the 13-year AIRS measurement record. Atmos. Chem.
Phys. 16, 5467-5479 (2016).

29. Williams, J., Reus, M. D., Krejci, R., Fischer, H. & Strom, J. Application of the variability-size
relationship to atmospheric aerosol studies: estimating aerosol lifetimes and ages.
Atmos. Chem. Phys. 2,133-145 (2002).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1038/s41586-022-04605-4

Open Access This article is licensed under a Creative Commons Attribution

™ 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons license and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this license,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

'Center for Atmospheric Particle Studies, Carnegie Mellon University, Pittsburgh, PA, USA.
’Department of Chemistry, Carnegie Mellon University, Pittsburgh, PA, USA. *Laboratory of
Atmospheric Chemistry, Paul Scherrer Institute, Villigen, Switzerland. *Institute of
Meteorology and Climate Research, Karlsruhe Institute of Technology, Karlsruhe, Germany.
SInstitute for Atmospheric and Environmental Sciences, Goethe University Frankfurt, Frankfurt
am Main, Germany. Institute for Atmospheric and Earth System Research (INAR), University
of Helsinki, Helsinki, Finland. "Present address: Division of Chemistry and Chemical
Engineering, California Institute of Technology, Pasadena, CA, USA. ®Department of
Meteorology, Stockholm University, Stockholm, Sweden. °Bolin Centre for Climate Research,
Stockholm University, Stockholm, Sweden. Institute for lon Physics and Applied Physics,
University of Innsbruck, Innsbruck, Austria. "Department of Chemical Engineering, Carnegie

Mellon University, Pittsburgh, PA, USA. ?CERN, the European Organization for Nuclear
Research, Geneva, Switzerland. ®CENTRA and Faculdade de Ciéncias da Universidade de
Lisboa, Campo Grande, Lisbon, Portugal. “Leibniz Institute for Tropospheric Research,
Leipzig, Germany. "Helsinki Institute of Physics, University of Helsinki, Helsinki, Finland.
®Department of Chemistry & CIRES, University of Colorado Boulder, Boulder, CO, USA.
"Faculty of Physics, University of Vienna, Vienna, Austria. ®Department of Applied Physics,
University of Eastern Finland, Kuopio, Finland. ®Aerodyne Research, Inc., Billerica, MA, USA.
2°Finnish Meteorological Institute, Helsinki, Finland. ?’ Atmospheric and Oceanic Sciences,
Princeton University, Princeton, NJ, USA. %P. N. Lebedev Physical Institute of the Russian
Academy of Sciences, Moscow, Russia. ?Moscow Institute of Physics and Technology
(National Research University), Moscow, Russia. 2Department of Physics, University of Genoa
& INFN, Genoa, Italy. ®Department of Atmospheric and Oceanic Sciences, University of
Colorado Boulder, Boulder, CO, USA. Atmospheric Chemistry Department, Max Planck
Institute for Chemistry, Mainz, Germany. ¥School of Earth and Environment, University of
Leeds, Leeds, UK. ®Institute Infante Dom Luiz, University of Beira Interior, Covilh, Portugal.
2lonicon Analytik Ges.m.b.H., Innsbruck, Austria. *°Joint International Research Laboratory of
Atmospheric and Earth System Sciences, Nanjing University, Nanjing, China. *'Aerosol and
Haze Laboratory, Beijing Advanced Innovation Center for Soft Matter Science and
Engineering, Beijing University of Chemical Technology, Beijing, China. *2Department of
Environmental Science (ACES), Stockholm University, Stockholm, Sweden. **Climate and
Atmosphere Research Center, The Cyprus Institute, Nicosia, Cyprus. **Department of
Engineering and Public Policy, Carnegie Mellon University, Pittsburgh, PA, USA.

™e-mail: nmd@andrew.cmu.edu

Nature | Vol 605 | 19 May 2022 | 489


http://creativecommons.org/licenses/by/4.0/
mailto:nmd@andrew.cmu.edu

Article

Methods

The CLOUD facility

We conducted our measurements at the CERN CLOUD facility, a
26.1-m?, electropolished, stainless-steel CLOUD chamber that allows
new-particle-formation experiments under the full range of tropo-
spheric conditions with scrupulous cleanliness and minimal contamina-
tion®*, The CLOUD chamber is mounted in athermal housing, capable
ofkeeping the temperature constantinthe range 208 Kand 373 Kwith
aprecision of +0.1K (ref.*"). Photochemical processes are initiated
by homogeneous illumination with a built-in UV fibre-optic system,
including four 200-W Hamamatsu Hg-Xe lamps at wavelengths between
250 and 450 nmand a4-W KrF excimer UV laser at 248 nm with adjust-
able power. New particle formation under different ionization levels
is simulated with and without the electric fields (+30 kV), which can
artificially scavenge or preserve smallions produced from ground-level
GCR. Uniform spatial mixing is achieved with magnetically coupled
stainless-steel fans mounted at the top and bottom of the chamber.
The characteristic gas mixing time in the chamber during experiments
is a few minutes. The loss rate of condensable vapours and particles
onto the chamber walls is comparable with the ambient condensation
sink. To avoid contamination, the chamber is periodically cleaned
by rinsing the walls with ultra-pure water and heating to 373 K for at
least 24 h, ensuring extremely low contaminant levels of sulfuric acid
<5x10* cm™and total organics <50 pptv (refs. *>**). The CLOUD gas
systemisalso built to the highest technical standards of cleanliness and
performance. The dry air supply for the chamber is provided by boil-off
oxygen (Messer, 99.999%) and boil-off nitrogen (Messer, 99.999%)
mixed at the atmospheric ratio of 79:21. Highly pure water vapour,
ozone and other trace gases such as nitric acid and ammonia can be
precisely added at the pptv level from ultra-pure sources.

Instrumentation

Gas-phase sulfuric acid was measured using a nitrate chemical ioni-
zation APi-TOF (nitrate-CI-APi-TOF) mass spectrometer*** and an
iodide chemicalionization time-of-flight mass spectrometer equipped
with a Filter Inlet for Gases and Aerosols (I-FIGAERO-CIMS)3¢%,
The nitrate-CI-APi-TOF mass spectrometer is equipped with an elec-
trostaticfilterin front of theinlet to remove ions and charged clusters
formedinthe chamber. A corona chargeris used toionize the reagent
nitricacid vapour in a nitrogen flow?s, Nitrate ions are then guided in
an atmospheric pressure drift tube by an electric field to react with
the analyte molecules in the sample flow. Sulfuric acid is quantified for
the nitrate-CI-APi-TOF with a detection limit of about 5 x 10* cm, fol-
lowing the same calibration and loss correction procedures described
previously®*>* FIGAERO isamanifoldinlet for a CIMS with two oper-
ating modes. In the sampling mode, a coaxial core sampling is used
to minimize the vapour wallloss inthe sampling line. The total flow is
maintained at 18.0 slpm and the core flow at 4.5 slpm; the CIMS sam-
ples at the centre of the core flow with a flow rate of 1.6 slpm. Analyte
moleculesareintroduced into a150-mbarion-molecule reactor, chemi-
cally ionized by iodide ions that are formed in a Po-210 radioactive
source and extracted into the mass spectrometer. The sulfuric acid
calibration coefficient for the I-FIGAERO-CIMS is derived using the
absolute sulfuricacid concentrations measured with the pre-calibrated
nitrate-CI-APi-TOF.

Gas-phase nitricacid was also measured using the I-FIGAERO-CIMS.
Nitric acid concentration was quantified by measuring HNO,/N, mix-
tures with known nitric acid concentrations, following similar pro-
cedures described previously*. The HNO,/N, mixture was sourced
from flowing 2 slpmultra-pure nitrogen through a portable nitric acid
permeation tube, at constant 40 °C. The permeation rate of nitric acid
was determined by passing the outflow of the permeation tube through
animpinger containing deionized water and analysing the resulting
nitric acid solution through spectrophotometry.

Gas-phase ammonia was either measured or calculated. We meas-
ured ammonia using a proton transfer reaction time-of-flight mass
spectrometer (PTR3-TOF-MS, or PTR3 for short)*°. Asa carrier gas for
the primary ions, we used argon (ultra-high purity 5.0) to ensure that
ammonium ions could not be artificially formed in the region of the
coronadischarge. Although the theoretical detection limit from peak
height and width would be even smaller, the lowest concentration
we were able to measure during the first fully ammonia-free runs of
the beginning of the campaign was10° cm™. An explanation for this is
that, when concentrations of ammonia are low, effects of wall interac-
tion of the highly soluble ammonia become important and the decay
of ammonia in the inlet line becomes very slow. To reduce inlet wall
contacts, we used a core-sampling technique directly in front of the
instrument to sample only the centre 2 slpm of the 10 spm inlet flow,
butowing to frequent necessary on-site calibrations of volatile organic
compounds, a Teflon ball valve was placed within the sample line that
probably influenced measurements during times of low ammonia con-
centrations. At concentrations above about 2 x 10° cm™ ammonia,
however, the response of the instrument was very fast, so that, for
example, changesin the chamber ammonia flow rate were easily detect-
able. Off-site calibrations showed a humidity-independent calibration
factor of 0.0017 ncps/ppb. Calibrated data from the PTR3 agree very
well with the Picarro above 10" cm™ (detection limit of the Picarro).
The PTR3 also provides information about the overall cleanliness of
the volatile organic compounds in the chamber. The technique was
extensively described previously*.

Forammonia concentrations below 10° cm, we calculated concen-
tration using the calibrated ammoniainjection flow and an estimated
first-order wall-loss rate. The wall-loss rate (k,,;) for ammonia inside
the CLOUD chamber is confirmed to be faster than for sulfuric acid*,
and can be determined from the following expression*:
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in which A/Vis the surface-to-volume ratio of the chamber, k. is the
eddy diffusion constant (determined by the turbulent mixing intensity,
not the transport properties of the gases) and D; is the diffusion coef-
ficient for each gas. C,,; is thus referred to as an empirical parameter
of experiment conditionsin the chamber. Here we first determine the
k... for sulfuric acid and nitricacidtobe 1.7 x 102 and 1.9 x 1073573,
respectively, by measuring their passive decay rates and subtracting
the loss rate of chamber dilution for both (1.2 x 107 s™), as well as the
loss rate of dimer formation for sulfuric acid (around 1.6 x 10 s for
5x10°cm>H,S0,). The k,,, for sulfuric acid agrees with our measure-
ments from previous campaigns*. We then derive the C,, for sulfuric
acid and nitricacid both tobe 2.0 x10™ torr ** cm™ 5%, with Dy, g, of
74 torrcm’s 'and Dy, 0f 87 torr cm?s™ (ref. **). Finally, we calculate
the ks for ammonia tobe 2.7 107 s™, with Dy, 0f 176 torr cm?s™
(ref. **). Ammonia desorption from the chamber surface is a strong
function of the temperature and is believed to be negligible at low
temperatures. Even after along time exposure, ammonia desorption
shouldbeless than1.6 x 10° cm, according to previous parameteriza-
tion of ammonia background contamination in the CLOUD chamber*.

The composition of negatively charged ions and clusters were
determined using an APi-TOF mass spectrometer®. The APi-TOF
mass spectrometer is connected to the CLOUD chamber by means of
al-inch (21.7-mm inner diameter) sampling probe, with coaxial core
sampling to minimize the wall losses in the sampling line. The total
sample flow is maintained at 20 slpm and the core sample flow for
the APi-TOF mass spectrometer at 0.8 slpm. Because this instrument
only measures charged clusters, the measurements were made during
GCR conditions. Owing to a large temperature difference between
the cold chamber (223 K) and the warm APi-TOF mass spectrometer
(around 293 K), HNO,-H,SO,-NH; clusters probably lose relatively



weakly bonded HNO; and NH; molecules. This resembles the chemical
ionization process of detectingammonia with the nitrate-CI-APi-TOF,
inwhich HNO, and NH, molecules rapidly evaporate from the resulting
ammonia nitrate cluster in the CI-APi-TOF vacuum regions*®.

Gas monitors were used to measure ozone (O,;, Thermo Environmen-
tal Instruments TEI49C), sulfur dioxide (SO,, Thermo Fisher Scientific
Inc. 42i-TLE) and nitric oxide (NO, ECO Physics, CLD 780TR). Nitro-
gen dioxide (NO,) was measured by a cavity attenuated phase shift
nitrogen dioxide monitor (CAPS NO,, Aerodyne Research Inc.) and a
home-made cavity enhanced differential optical absorption spectros-
copy (CE-DOAS) instrument. The relative humidity of the chamber was
determined by dew point mirrors (EdgeTech).

Particle number concentrations were monitored by condensation
particle counters (CPCs), including an Airmodus All nano Condensation
Nucleus Counter (nCNC), consisting of a particle size magnifier (PSM)
and a laminar-flow butanol-based CPC¥, as well as a butanol TSI 3776
CPC.Particle size distributions between1.8 nmand 500 nm were meas-
ured by a nano-scanning electrical mobility spectrometer (nSEMS), a
nano-scanning mobility particle sizer (nano-SMPS) and along-SMPS. The
nSEMS used a new, radial opposed migrationion and aerosol classifier
(ROMIAC), whichis less sensitive to diffusional resolution degradation
than the DMAs*3, and a soft X-ray charge conditioner. After leaving the
classifier, particles were first activated in afast-mixing diethylene glycol
stage*® and then counted with a butanol-based CPC. The nSEMS trans-
fer function that was used to invert the data to obtain the particle size
distribution was derived using 3D finite element modelling of the flows,
electricfield and particle trajectories’®*'. The two commercial mobility
particle size spectrometers, nano-SMPS and long-SMPS, have been fully
characterized, calibrated and validated in several previous studies®>*.

Particle-phase chemical composition was quantified using a
high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS,
Aerodyne Research). The working principles of the HR-ToF-AMS have
been explained in detail previously’>*. Inbrief, particles are focused by
anaerodynamiclens and flash-vaporized by impact ontoa hot surface
at 600 °Cunder ahigh vacuum. The vapours are thenionized by 70-eV
electrons and the ions are detected with a ToF mass spectrometer.
lonization efficiency calibrations were conducted before and after
the campaign and the variation is within 30%. The particle collection
efficiency was considered constant during the experiments because
temperature and relative humidity in the chamber were fixed and the
particle composition was dominated by ammonium nitrate.

INPwere measured inreal timeat 215K, asafunction ofice saturation
ratio (S,..), by the mobile ice nucleation instrument of the Karlsruhe
Institute of Technology (mINKA). mINKA is a continuous flow diffusion
chamber with vertical cylindrical geometry®, on the basis of the design of
INKA®*, A detailed description of the continuous flow diffusion chamber
working principleis presented elsewhere”. Here, predefined scans of the
water vapour saturation ratios were performed in the diffusion chamber
every30 min.Foreachscan, .. steadilyincreased from1.2to1.8 while the
temperature was kept constant. The errors associated to temperature
and S, inside the diffusion chamber were derived from the uncertainty
of the thermocouples attached to the instrument walls (0.5 K)*°.

Determination of particle formation rate

The particle formationrate,/, ,, is determined at 1.7-nm mobility diameter
(1.4-nm physical diameter), here usinga PSM. At1.7 nm, a particleis nor-
mally considered to be above its critical size and, therefore, thermody-
namically stable.J, ;is calculated using the flux of the total concentration
of particles growing past a specific diameter (here at 1.7 nm), as well as
correction terms accounting for aerosol losses owing to dilution in the
chamber, walllosses and coagulation. Details were described previously”.

Nucleation model
The nucleation modelis on the basis of the thermodynamic model for
H,S0,-NH, nucleation described in detail previously'®*. Itis developed

from the general dynamic equations®, to calculate the production
and losses for each cluster/particle size to determine the formation
rates of the acid-base clusters. For HNO,-H,SO,-NH; nucleation, we
simplify the model simulations by extrapolating nano-Koéhler-type
activation by nitric acid and ammoniato clusters down to sulfuric acid
trimers. Eighty size bins, ranging from one ammonium sulfate cluster
to 300 nm, are used to capture the evolution of the size and composi-
tion of polydisperse particles.

In brief, we calculate the equimolar condensation flux of nitric acid
and ammonia on the basis of the supersaturation of gas-phase nitric
acid and ammonia over particle-phase ammonium nitrate®*°;

oY=k, [C'-a; CT] ()

inwhich @/ is the net condensation flux of nitricacid orammonia, with
vapour concentration C’ and saturation concentration C2. The term g,
isthe activity of speciesiat the condensed-phase surface of the parti-
cleand k. is the condensation sink for vapours resulting frominterac-
tion with particles. The saturation concentrations of nitric acid and
ammonia are estimated on the basis of the dissociation constant K,
(ref. °°). When the vapours are unsaturated, particle-phase ammonium
nitrate will evaporate to nitric acid and ammonia to reach the
equilibrium.

Wealsoinclude theKelvinterm (K;,,) in the simulation to account for
theincreased activity (a@; = a’; K; ,) of asmall curved cluster/particle:

Ki p=10%0/% 3)

inwhichK;,scales witha‘Kelvin diameter’ (dy,,) for decadal change and
d,is the diameter of the small cluster/particle. The Kelvin diameter for
ammonium nitrate is estimated to be 5.3 nm by fitting the data from
previous CLOUD experiments according to:

S =10 x10/dact) 4)

inwhich Sis the saturation ratio, calculated by means of dividing the
product of measured concentrations of nitricacid and ammonia by the
dissociation constant K,,and d,. is the activation diameter, at which
the thermodynamic energy barrier for condensation is overcome and
particles start to grow rapidly.

Determination of ice nucleation ability

Duringthe experiments, aerosol particles were continuously sampled
fromthe CLOUD chamber into the mINKA ice nucleationinstrument,
using an actively cooled sampling line for a consistent temperature
profile. Particles were then subject to well-controlled ice supersatu-
rated conditions; the ones that nucleated ice were selectively detected
and counted by an optical particle counter (custom-modified Climet
CI-3100, lower detection limit of about 1 pm) located at the outlet of
the instrument. Background ice crystals were quantified before each
saturation scan (for 2 min) and subtracted from the total ice number
concentration of the corresponding measurement. The fraction of INP
(fice) was calculated as the ratio of ice crystals number concentration
to the total number of particles larger than 10 nmin diameter. The ice
nucleation active surface site density (n,)* was calculated as the ratio
oficenumber concentration to thetotal surface areaof particles larger
than10 nmindiameter. The overall uncertainty of n, is estimated to be
+40% (ref.*). Particle number and surface area concentrations were
measured by the SMPS described in the ‘Instrumentation’ section.

In Extended Data Fig. 4, we provide a detailed summary of the meas-
urement data recorded during the ‘hotspot condition” experiment
showninFig. 4a, in which we investigated the heterogeneous crystal-
lization and ice nucleation ability of ammonium nitrate/sulfate parti-
cles produced directly from new particle formation. We first formed
pureammonium nitrate particles through nucleation of nitricacid and
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ammonia vapours at 223 K and 15-30% relative humidity (over liquid
water). When the evolution of the particle size distribution (Extended
Data Fig. 4a) levelled off at a median diameter of around 100 nm, we
turned on the UV lights and progressively injected SO, at 03:33 to
gradually increase sulfuricacid concentration (Extended DataFig. 4b).
Consequently, in Extended Data Fig. 4c, aerosol mass spectrometer
measurements show that particle composition was dominated by
ammonium nitrate over the course of the experiment, whereas sulfate
appeared approximately 1 h after the injection of SO,. Finally, we show
ice nucleation measurements in Extended Data Fig. 4d. Each vertical
trajectory representsasaturation ratio scanin mINKA, colour-coded by
the measuredice active fraction (f,..). Ineach scan, we use a horizontal
black dash to indicate an ice onset threshold corresponding to f; . of
1072, Circles indicate the corresponding scans shown in Fig. 4a.

When the particulate sulfate-to-nitrate molar ratio is smaller than
0.0001, the ice nucleation threshold is detected at an ice saturation
ratio (S,..) of about 1.6, consistent with the homogeneous freezing
threshold of aqueous solution droplets®. This finding shows that, if
particles presented as absolutely pure ammonium nitrate (NH,NO,),
they would exist as supercooled liquid droplets even at very low rela-
tive humidity, consistent with previous studies®®, As the particulate
sulfate-to-nitrate molar ratio gradually increases to about 0.017, the
ice nucleation onset shifts to alower S;.. of 1.2, caused by heterogene-
ous ice nucleation on crystalline ammonium nitrate particles?. Crys-
talline salts are known to be efficient INP at low temperatures when
their deliquescence occurs at higher relative humidity compared with
the humidity range of their heterogeneous ice nucleation activity®*.
The fact that the addition of sulfate can promote the crystallization
of ammonium nitrate has already been observed in previous studies
with particles nebulized inlarge sizes (around 1 pm) from bulk solutions
of ammonium nitrate/sulfate®?>%, But itis evidenced here for the first
time in an in situ particle nucleation and crystallization experiment
representative of upper tropospheric conditions.

Particle formation rate parameterization

According to the first nucleation theorem for multicomponent sys-
tems?, we parameterize the particle formationrates (/, ;) for the HNO,-
H,SO,-NH; nucleation scheme with the empirical formula:

Ji5 =k [H,50,1" [HNO,’[NH, I (5)

in which vapour concentrations are in units of cmand k, a, b and
c are free parameters. This method has been validated by previous
observations that the particle formation rates (/, ;) vary as a product
of power-law functions of nucleating vapours. For example, J, ; for ter-
nary sulfuric acid, ammonia (and water) nucleation follows a cubic
dependency onsulfuricacid®and alinear® or quadratic’® dependency on
ammonia; /, ;, for multicomponent nucleation of sulfuric acid, biogenic
oxidized organics and ammonia follows a quadratic dependency on
sulfuricacid, a linear dependency on both organics®® and ammonia™.
The prefactor kaccounts for effects of external conditions, such as tem-
perature and relative humidity, thus differsin different environments.

Toisolate variables, here we fit the power-law exponents for sulfuric
acid, nitric acid and ammonia, respectively, to the dataset of experi-
mentsinwhich only the corresponding vapour concentration was var-
ied. Thered triangles, blue circles and yellow squares in Extended Data
Fig.5a-c(same experimentsin Extended DataFig. 1, Fig.1and Extended
DataFig.2), respectively, show that/, ,depends on [H,SO,]* for sulfuric
acid between 2.6 x10°and 2.9 x 10° cm™ (or 0.008 and 0.09 pptv), on
[HNO,]? for nitric acid between 2.3 x 108 and 1.7 x 10° cm™ (or 7 and
52 pptv) and on [NH,]*forammoniabetween1.7 x 108and 4.9 x 108 cm™
(or5and15 pptv). The third power exponent for sulfuric acid is consist-
entwith previously reported parameterizations for ternary H,SO,-NH,
nucleation®?. The fourth power exponent for ammonia, however, is
larger than those in ternary®'® or multicomponent systems”, which

emphasizes the critical role of ammonia and suggests further bonding
between ammonia and nitric acid molecules in the nucleating clus-
ters. Next, we verify the exponents by refitting the product of [H,SO, %,
[HNO,]? and [NH,]* to the full dataset. Extended Data Fig. 5d shows
good consistency (R*= 0.9) of the parameterization among the three
experiments, with a slope of 3.4 x 10 s™ cm** being the prefactor k:

17 =3.4x10""[H,SO,P[HNO;’[NH,]* (6)

This parameterization is representative of new particle formation
in the Asian monsoon upper troposphere because our experimental
conditions of 223 K and 25% relative humidity, as well as concentrations
of sulfuric acid®® and nitricacid®*’®, are within the upper tropospheric
range, withammonia®® typical of Asian monsoon regions. One caveat,
however, is that the cosmic radiation was at the ground level in our
chamber, as shown with grey dot-dashed horizontal line in Extended
DataFig.5d. Theion-pair production rate can be up to ten times higher
in the ambient upper troposphere”, potentially leading to further
enhancement of /,; by ion-induced nucleation, although the neutral
channel dominates in our experiments.

Estimated temperature dependence of the particle formation
rate
We did not cover the full temperature range in the upper troposphere,
instead focusing on 223 K. However, to make the parameterizationin
the previous section more applicable for model simulations while not
overstating the role of this mechanism, we provide some constraints on
the temperature dependence of /, , for HNO,-H,SO,-NH; nucleation.
Broadly, itis certain that particle formationinvolving HNO; will have a
strong temperature dependence, becoming muchslower as Tincreases.
We first present the temperature dependence of /, ; for pure HNO, -
NH, nucleation with the expression:

Ji; = k(T)f ([HNO5], [NH5]) 0

in which k(7) is an empirical temperature-dependent rate constant
and has the Arrhenius form

k) =el77), ®)

inwhich Tis the absolute temperature (in Kelvin), E is the activation
energy and R is the universal gas constant. f({HNO,],[NH,]) is a func-
tion of the ammonia and nitric acid concentrations (including the
pre-exponential factor and free-fitting parameters). This expression
is then fitted to the datasetin Fig. 3cin our previous study', in which/, ;
were measured with only nitric acid, ammonia and water vapours added
tothechamber, and the temperature was progressively decreased from
258 K to 249 K. Because the ammonia and nitric acid concentrations
were kept almost constant during the temperature transition, we treat
the f((HNO,],[NH;]) term as a constant to reduce the degrees of free-
dom. This expressionwith its two free parameters leads toagood agree-
ment with the data, R, = 0.96. And the fitted —£/R and f(lHNO,],[NH,])
are14,000 Kand 3.2 x 107, respectively.

Next, we apply the same k(7) term to the HNO;-H,SO,-NH; param-
eterization (equation (9)), assuming that the multicomponent nuclea-
tion follows a similar temperature dependence:

14,000

j1_7:2.9XI0‘98e( T ][HZSO4]3[HNO3]2[NH3]4 ©)

Although this temperature-dependent parameterization may not
be the final description of this process, it tracks the trend of /, ; well.
In the event of 4 x 10° cm™ H,S0,, 1.5 x 10° cm 2 HNO, and 5 x 108 cm™
NH,, the multicomponent nucleation is quenched (J;;,<0.01cm™3s™)
above 268 K. This is consistent with the observations that nitric acid



and ammonia only contribute to the growth of ammonium sulfate
particlesat278 K (ref. ). At 223 K, the parameterized/, ;is 306 cm™s™,
matching our measurement in Fig. 2. And for the temperature in the
upper troposphere and lower stratosphere (198 K), the parameterized
J1,is 8 x10° cm™s™, which is still much slower than its kinetic limit of
about10°-10° cm™3s™,

The EMAC global model

The ECHAM/MESSy Atmospheric Chemistry (EMAC) model is anumeri-
cal chemistry and climate simulation system that includes sub-models
describing tropospheric and middle atmosphere processes and their
interaction with oceans, land and human influences™. It uses the sec-
ond version of the Modular Earth Submodel System (MESSy2) to link
multi-institutional computer codes. Atmospheric circulationis calcu-
lated by the 5th generation of the European Centre Hamburg general
circulation model (ECHAMS (ref. %)) and atmospheric chemical kinet-
ics are solved for every model time step. For the present study, we
applied EMAC (ECHAMS version 5.3.02, MESSy version 2.54.0) in the
T42L31ECMWEF-resolution, for example, with a spherical truncation
of T42 (corresponding to a quadratic Gaussian grid of approximately
2.8°by2.8°inlatitude and longitude) with 31 vertical hybrid pressure
levels up to 10 hPa. EMAC uses a modal representation of aerosols
dynamics (GMXe) that describes the aerosol size distribution as seven
interacting log-normal distributions, of which four modes are soluble
and threemodes areinsoluble. New particles are added directly to the
nucleation mode. The applied model setup comprises the sub-model
New Aerosol Nucleation (NAN) that includes new parameterizations
of aerosol particle formation rates published in recent years™. These
parameterizationsincludeion-induced nucleation. The ion-pair pro-
duction rate, needed to calculate the ion-induced or ion-mediated
nucleation, is described using the sub-model IONS, which provides
ion-pair production rates™.

The TOMCAT global model

The TOMCAT modelis aglobal 3D offline chemical transport model™”.
Itis run at approximately 2.8° spatial resolution, suchasEMACona
T42 grid, driven by ECMWF ERA-Interim reanalysis meteorological
fields for the year 2008. We also used 31 hybrid sigma-pressure levels
from the surface to 10 hPa. The dissolved fraction of gases in cloud
water is calculated by means of an equilibrium Henry’s law approach
and set to zero for temperatures below —20 °C. The model includes
GLOMAP aerosol microphysics”” with nitrate and ammonium from the
HyDIS solver’ and the representation of new particle formation used
by Gordonetal.’. The HyDIS solver adopts asophisticated approach to
thedissolution of nitric acid and ammonia into the aerosol phase that
is a hybrid between a dynamic representation of the process, which
accounts for the time needed for mass transport, and an equilibrium
representation, which does not”®. The main limitation of the solver
is that it assumes all aerosol particles are liquid, which is probably a
poor approximation in cold, dry conditions frequently found in the
upper troposphere.

The cloud trajectories framework

We conducted a sensitivity study onammonia transport processes and
estimated the fraction remaining of ammonia vapour after convection
from the boundary layer to the upper troposphere, using a cloud tra-
jectories framework described in detail in Bardakov et al.”*®. In brief,
trajectories from a convective system simulated with the large-eddy
simulation (LES) model MIMICA®! were extracted and a parcel repre-
senting the cloud outflow was selected for further analysis (Extended
Data Fig. 8a). The meteorological profiles and clouds microphysics
scheme used here were the same as in Bardakov et al.®°, producing
altitude-dependent distributions of water and ice hydrometeors
depicted in Extended Data Fig. 8. Partitioning of gas between vapour
and aqueous phase along the trajectory was calculated on the basis

of Henry’s law constant adjusted to a cloud pH, H*=H x 1.7 x 10®P¥
following the expression for ammonia from Seinfeld and Pandis®.
We then investigated the factors governing ammonia transport
through the simulated convective system by varying: (1) the pH for
the liquid water hydrometeors (Extended Data Fig. 8c); (2) the total
amount of water in the system (Extended Data Fig. 8d); (3) the reten-
tion of ammonia molecules by the ice hydrometeors (Extended Data
Fig. 8e). In our base-case simulation, the pH was assumed to have an
altitude-dependent profile, reflecting the higher abundance of acids
close to the surface and ranging from 4.5 to 5, in accordance with the
representative pH valuesin the EMAC simulation. The base-case water
contentwas as in Bardakov etal.®®and the ice retention coefficient 0.05
inaccordance with Ge et al.”®, with no further uptake oniice.

Atmosphericinterpretation

This work focuses on the Asian monsoon region in part because this
region is fairly extensive, but also because ammonia concentrations
measured inthisregion are by far the highest inthe upper troposphere.
Although we frame this synergistic HNO,-H,SO,-NH; nucleationin a
scenario that suits the Asian monsoon upper troposphere, the phys-
ics applies more broadly — the colder the conditions are, the more
important this mechanismislikely to be. To explore the importance of
this synergistic nucleation to the atmosphere, we combine our experi-
mental results, cloud resolving modelling and global-scale chemical
transport modelling. On the basis of these constraints, the rate-limiting
elements of new particle formation seem to be convective transport
of ammonia and the production rate of particles in the mixing zone
between convective outflow and the background upper free tropo-
sphere; however, confirmation of this will require extensive field and
modelling studies.

Generally, nitricacid ranges between about 108 and 10° cm (refs. *1)
and sulfuricacid between about 10° and 10° cm™ (refs. 8%%) in the tropi-
cal upper troposphere. The typical acid-excess conditions leave the
principal uncertainty being ammonia levels, which are not yet well
constrained. Although satellite-based ammonia measurements have
provided a spatial distribution on a global scale, they are limited to
cloud-free areas owing to blockage of the ammonia signal by optically
thick clouds. However, deep convection followed by cloud glaciation
may be amajor source of upper tropospheric ammonia. This process
may then not be captured by satellites as it occurs near clouds, with
short time duration and high spatial heterogeneity. This may also
explain why the in situ-measured ammonia concentrations are up to
40 times higher than those from satellite measurements®.

Ammonia has no known chemical source in the atmosphere but is
instead transported by cloud processes fromthe surface, whereas nitric
acid and sulfuric acid vapours are formed primarily by out-of-cloud
oxidation. Consequently, itis probable that this synergistic nucleation
occursinitiallyin the outflow of convective clouds, inwhich thereleased
ammonia mixes with pre-existing (background) nitric acid and sulfuric
acid. Subsequently, asammoniaistitrated over several e-folding times
(governed by the condensation sink in this mixing zone) and the outflow
air fully mixes with the background air, nucleation conditions will shift
from theammonia-rich regime to the ammonia-limited regime. These
highly dynamic processes are thus the key to constraining the climatic
effects of this synergistic nucleation in Asian monsoon and potentially
other convective regions. Nevertheless, current ambient measure-
ments confirm the presence of ample ammonia, as well as particles
comprised largely of ammonium nitrate*, and our experiments show
thatsynergistic HNO;-H,SO,-NH; nucleationis a viable mechanism for
new particle formation in the Asian monsoon upper troposphere. As
globalammoniaemissions continue to increase owing to agricultural
growth and the warmer climate®*®, the importance of this particle
formation mechanism will increase.

Further, as there is almost no in situ composition measurement of
clusters or newly formed particles in the upper troposphere, we can
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only infer the major particle formation pathway from indirect evi-
dence such as composition of precursor vapours or larger particles.
Previously established mechanismsinclude binary and ternary sulfuric
acid nucleation, which drive new particle formation over marine or
anthropogenically influenced regions***%, nucleation by oxygenated
organics, which dominates over pristine vegetated areas such as the
Amazonbasin?'°%, and nucleation by iodine oxidation products, which
may be especially importantin marine convection®°°. Over the Asian
monsoon regions, however, mixed emissions of both inorganic and
organic vapours may well complicate the particle formation mecha-
nism. However, it has been demonstrated thatammonium nitrate can
often explain more than half of the particulate volume in the upper
troposphere®. This means that the HNO,-NH, concentration is prob-
ably higher than the sum of all other condensable vapours (that is,
sulfuricacid and oxygenated organics). And given that HNO,-H,SO,~
NH; nucleation is orders of magnitude faster than binary and ternary
sulfuric acid nucleation at observed ammonia levels, we therefore
infer that synergistic HNO,-H,SO,-NH; nucleation is a major parti-
cle formation pathway in the Asian monsoon upper troposphere. It
seems unlikely that this inorganic pathway and the organic pathways
areantagonisticin growth, and without strongindications otherwise,
it seems probable that they are more or less additive for nucleation
itself. However, to further investigate interactions between different
nucleationschemes, we wouldrely on further information on the source
andidentity of organic vapours that are present in the Asian monsoon
upper troposphere.

Data availability

The full dataset shown inthe figures is publicly available at https://doi.
org/10.5281/zen0d0.5949440. Source data are provided with this paper.

Code availability

The EMAC (ECHAM/MESSy) model is continuously further devel-
oped and applied by a consortium of institutions. The use of MESSy
and access to the source code is licensed to all affiliates of institu-
tions that are members of the MESSy Consortium. Institutions can
become a member of the MESSy Consortium by signing the MESSy
Memorandum of Understanding. More information can be found on
the MESSy Consortium website (https://www.messy-interface.org).
All code modifications presented in this paper will be included in the
next version of MESSy. The TOMCAT model (http://homepages.see.
leeds.ac.uk/~lecmc/tomcat.html) isa UK community model. Itis avail-
able to UK (or NERC-funded) researchers who normally access the
model oncommon facilities or who are helped toinstallit on their local
machines. Asitisacomplex research tool, new users will need help to
use the model optimally. We do not have the resources to release and
support the model in an open way. Any potential user interested in
the model should contact Martyn Chipperfield. The model updates
describedinthis paperareincludedinthe standard modellibrary. The
cloudtrajectories modelis publicly available at https://doi.org/10.5281/
zen0do0.5949440. Codes for conducting the analysis presented in this
paper can be obtained by contacting the corresponding author, Neil
M. Donahue (hmd@andrew.cmu.edu).
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Extended DataFig.1|Enhancement of HNO;-NH; particle formation by
sulfuricacid. a, Particle number concentrations versus time at mobility
diameters>1.7 nm (magenta) and >2.5 nm (green). The solid magenta traceis
measured by aPSM, ; and the solid green trace ismeasured by aCPC, ;.

The fixed experimental conditions are about 6.5 x 108 cm™NH,, 223 Kand 25%
relative humidity. b, Particle formation rate versus timeat1.7 nm (J, ,),
measured by aPSM. ¢, Particle size distribution versus time, measured by an
SMPS. d, Gas-phase nitric acid and sulfuricacid versus time, measured by anI”
CIMSand aNO; CIMS, respectively. We started the experiment by oxidizing
NO,to produce1.6 x10° cm>HNO; in the presence of about 6.5 x 108 cm™
ammonia. At time = 0 min, we turned off the high-voltage clearing field to allow
theion concentrationto build up to asteady state between GCR production

and wall deposition. The presence of ions (GCR condition) induces slow
HNO;-NH; nucleation, followed by relatively fast particle growth by nitric acid
and ammonia condensation. We thus observe formation ofboth1.7-nmand
2.5-nmparticles by about one order of magnitudeinabout 3.5 h, with aslower
approachtosteady state because of the longer wall deposition time constant
forthelarger particles. Then, weincreased H,SO, inthe chamber from 0 to

4.9 x10° cmby oxidizing progressively moreinjected SO, after 211 min, witha
fixed productionrate of nitric acid and injection rate of ammonia.
Subsequently, particle concentrationsincrease by three orders of magnitude
within 30 min. The overall systematic scale uncertainties of £30% on particle
formationrate, -33%/+50% on sulfuric acid concentration and +25% on nitric
acid concentration are not shown.
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Extended DataFig.2|Enhancement ofH,SO,~-HNO, nucleation by
ammonia. a, Particle number concentrations versus time at mobility
diameters>1.7 nm (magenta) and >2.5 nm (green). The solid magenta traceis
measured by aPSM, ; and the solid green trace ismeasured by aCPC, 5. The
fixed experimental conditions are 223 Kand 25% relative humidity. b, Particle
formation rate versus timeat1.7 nm (J, ;), measured by aPSM. ¢, Particle size
distribution versus time, measured by an SMPS. d, Gas-phase nitric acid and
sulfuricacid versus time, measured by anI" CIMS and aNO,” CIMS, respectively;
gas-phase ammonia versustime, calculated with a first-order wall-loss rate.
Before the experiment, we cleaned the chamber by rinsing the walls with ultra-
pure water, followed by heatingto 373 Kand flushing at ahigh rate with
humidified synthetic air for 48 h. We started with an almost perfectly clean
chamber and only HNO;, SO, and O, vapours present at constant levels. Sulfuric

acid starts to appear by means of SO, oxidation soon after switching on the UV
lights at time = 0 min, building up to asteady state of 5.0 x 10° cm > with the
wall-loss timescale of about 10 min. Subsequently, we observe slow formation
of1.7-nm particles, yet they donotreach2.5 nmduring the course ofa2-h
period withsmallgrowth rates and low survival probability. Then, owing to the
injection of ammonia from O toaround 6.5 x 108 cminto the chamber after
80 min, asharpincreaseintherate of particle formationis observed with a
fixed productionrate of sulfuric acid and injection rate of nitricacid. The
sulfuricacid concentration decreasesslightly afterwards, owing to
accumulated condensation sink from fast particle growth. The overall
systematic scale uncertainties of £30% on particle formationrate, -33%/50% on
sulfuricacid concentration and +25% on nitric acid concentration are not
shown.
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withk=3.4x107"s™ cm?*. The grey dashed horizontal line shows a maximum of
about 2 cm~s?ion-induced nucleation in the CLOUD chamber under GCR
conditions, limited by theion-pair productionrate from GCR plus
beam-background muons. The barsindicate 30% estimated total error on the
particle formation rates, although the overall systematic scale uncertainties of
-33%/+50% on sulfuric acid concentration and £25% on nitric acid
concentration are not shown. e, Temperature dependence of /, , for HNO5-
H,SO,-NH;nucleation (blue curve) on the basis of equation (9) with

k: 2.9 X 10*98 e14,000/TS*1 CmZA'
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