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Aerosols formed and grown by gas-to-particle processes are a major contributor to smog and haze in
megacities, despite the competition between growth and loss rates. Rapid growth rates from ammonium
nitrate formation have the potential to sustain particle number in typical urban polluted conditions. This
process requires supersaturation of gas-phase ammonia and nitric acid with respect to ammonium
nitrate saturation ratios. Urban environments are inhomogeneous. In the troposphere, vertical mixing is
fast, and aerosols may experience rapidly changing temperatures. In areas close to sources of pollution,
gas-phase concentrations can also be highly variable. In this work we present results from nucleation
experiments at —10 °C and 5 °C in the CLOUD chamber at CERN. We verify, using a kinetic model, how
long supersaturation is likely to be sustained under urban conditions with temperature and
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Urban aerosol pollution is detrimental to human health, and can affect local climate and visibility. Current understanding of new particle formation, survival,

and growth in polluted environments is incomplete, ambient measurements suggest that either scavenging of small particles is overestimated, or there is
a missing growth mechanism. Rapid growth from ammonium nitrate formation can cause an increase in particle number concentration in polluted conditions.
Since supersaturated conditions are required, it is unclear how this growth might occur in ambient urban conditions. We illustrate, using an experimentally
validated temperature sensitive kinetic model of ammonium nitrate growth, that inhomogeneities typical of polluted environments cause sufficient super-

saturation for rapid growth of nanoparticles and a resulting increase in particle number concentration.

1 Introduction

Aerosols affect global and local climate by aerosol-radiation
and aerosol-cloud interactions, where aerosol-cloud interac-
tions are the larger forcing agent." Aerosols must grow into the
50-100 nm diameter size range to be able to act as cloud
condensation nuclei (CCN).> As well as acting as CCN, nucle-
ation and growth of aerosols in urban environments can lead to
persistent pollution, which is a leading cause of disability and
death.** Therefore, it is important to understand key drivers of
nucleation and growth.

Nucleation and growth in urban environments have been
studied in depth through ambient measurements, chamber
experiments, and models.*® In polluted conditions, the high
number of large particles act as a high coagulation sink (Coags),
which is a large loss term for small particles (<10 nm) as they
have high Brownian diffusivity and so collisions with larger
particles are more frequent.” In order for newly formed particles
to escape scavenging by the CoagS, the growth rates need to
outcompete the loss rates.' Aerosols grow from condensation
of supersaturated vapours and ambient measurements suggest
that growth rates in cities are only up to a few times greater than
those in clean environments, while coagulation sink values are
much higher. Due to this, newly formed particles are not ex-
pected to be able to grow to large sizes in typical urban condi-
tions. Nevertheless, new particle formation events have often
been observed, with particle formation rates up to hundreds of
times higher than in clean environments." Until recently there
was no experimental evidence for an explanation of the persis-
tence of high particle number concentrations sustained over
a long time in the face of high loss processes. Wang et al.
(2020)* introduced a new mechanism of ammonium nitrate
formation, which rapidly grows particles as small as a few
nanometres to much larger sizes.'> Marten et al. (2022)" showed
that this growth was high enough to grow small particles
through the most critical size range (the “valley of death” from
nucleation until approximately 10 nm) even in the presence of
high condensation sinks, thus sustaining particle number
concentrations. They also presented evidence that small parti-
cles are efficiently scavenged by larger particles and therefore
over-estimating of loss rates is not the reason for the discrep-
ancy in particle survival.

The mechanism of growth via ammonium nitrate formation
is extremely sensitive to temperature, as temperature strongly
affects the saturation concentrations and therefore growth
rates. Urban environments are inhomogeneous. In the tropo-
sphere, mixing is relatively fast, especially vertical mixing,
which involves a rapid change in temperature.>** Furthermore,
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there are many sources with highly variable emission rates
which result in varying gas phase concentrations.” This may
result in high supersaturation ratios of ammonia and nitric acid
over particulate ammonium nitrate, which may rapidly grow
nanoparticles. However, how long these supersaturations may
be sustained for has not been quantified. Hence, the impor-
tance of ammonium nitrate on particle growth and survival
remains unknown.

In this study we present results from the CLOUD experiment
and modelled values of growth from ammonium nitrate at 5 °C
and —10 °C, showing that the kinetic model is capable of
replicating behaviour at different temperatures. Additionally,
we use the kinetic model to assess how perturbations in
temperature and concentration of NH; affect the growth of
ammonium nitrate, and whether ammonium nitrate could be
supersaturated in typical urban conditions on a timescale
relevant to make significant changes to the existing particle size
distribution.

2 Methods
2.1 CLOUD experiments

The experiments presented were undertaken in the CLOUD
chamber at CERN in 2018. The CLOUD chamber is a 26.1 m?
stainless steel nucleation chamber with controllable tempera-
ture, relative humidity, mixing speed, and irradiation.**™* Gas
concentrations are controlled by a state of the art injection
system. Experiments were performed at 5 °C and —10 °C, at 60%
relative humidity, all experiments were conducted without use
of the 3.5 GeV/c secondary pion beam (7 beam) from the CERN
proton synchrotron. In order to onset nucleation, condensable
gases such as sulfuric acid (H,SO,), ammonia (NHj3), di-methyl
amine, and organic oxidation products were generated. This
was achieved via photolysis of ozone and/or HONO to generate
OH radicals with UVA generated at 385 nm by a 400 W UVA LED
saber and/or a 170 W quartz-clad high intensity Hg lamp. Rapid
growth via ammonium nitrate formation was achieved by
supersaturation of gas phase NH; and HNOj;, by injecting
directly into the chamber, or producing HNO; via reaction of
NO, and OH radicals. All precursor gases are in steady state
when the experiments are started by the onset of photolysis and
optimal mixing in the chamber. For further experimental
details see Marten et al. (2022)."

2.2 CLOUD chamber model

A kinetic model illustrating growth from ammonium nitrate
formation was developed and presented in Marten et al.
(2022).** 1t was shown that the model could accurately replicate

© 2024 The Author(s). Published by the Royal Society of Chemistry
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results from CLOUD experiments at 5 °C. The model was revised
to conditions at —10 °C. The main changes are a new Kelvin
diameter fit from CLOUD experiments at —10 °C, and adjusting
other parameters that are temperature dependent, such as the
saturation concentration of ammonium nitrate (K)," the
collision rate of particles, and the wall losses of particles.*

2.2.1 Kelvin diameter. The Kelvin diameter for ammonium
nitrate at —10 °C was calculated by fitting the data from CLOUD
experiments to eqn (1).

SAB,P = lo(dKl()/dact) (1)

where Sup p is the saturation of ammonium nitrate, dy,, is the
Kelvin diameter, and d, is the activation diameter. The satu-
ration concentration can be calculated from the mixing ratios of
ammonia and nitric acid and the dissociation constant of
ammonium nitrate. The Kelvin diameter is the diameter at
which Ssp p = 10, and the activation diameter is the minimum
diameter at which ammonium nitrate can condense on parti-
cles. For more detailed information see the ESI of Marten et al.
2022.%

2.2.2  Growth rates - N,Os. In 4 out of 10 experiments at
—10 °C, growth via ammonium nitrate formation was not
sufficient to explain the observed growth rates. For all experi-
ments, we modelled the concentrations of N,Os5, and show that
this may potentially contribute to growth. Four experiments,
which utilized ozone photolysis to produce OH, had higher
ozone concentrations and therefore had higher concentrations
of N,Os5 via reaction of NO; radicals with NO,. Six experiments
with low O3 concentration and negligible N,O5 utilised HONO
photolysis to produce OH, as we intended to avoid NOj; radical
reactions with organics present (Table S17). For these models,
in order to calculate the N,Os; concentration, we used the
Atchem online solver with inputs from the Master Chemical
Mechanism (MCM)*"** for reaction rates, together with
measured concentrations of Oz, NO, NO,, SO,, HONO, HNO3,
and organics present, photolysis rates, and loss rates of vapours
from the CLOUD chamber. The process of heterogeneous
uptake of N,Os, especially on nanoparticles, is uncertain.
Therefore, for simplicity, we treated the calculated N,Os
concentration as additional HNO; for these 4 experiments,
although we do not use these data points for fitting the Kelvin
diameter of ammonium nitrate. N,O5; was also treated to have
wall losses equivalent to those of sulphuric and nitric acid,
concentrations where wall loss was not considered are also
shown in Table S1.f Growth rates calculated without N,Os
parameterisation are shown in Fig. S1.}

2.3 Ambient model

The model was further adapted to model ambient conditions.
The wall and dilution losses of the chamber were replaced with
diffusion losses. Diffusion losses were calculated using equa-
tions from Seinfeld and Pandis (2006),> with literature deposi-
tion velocities for HNO3, NH;, and H,SO,.>** The height of the
boundary layer used was 1 km. The production values of HNO3,
NH;, and H,SO, were calculated such that in the absence of
a condensation sink, the values were at steady state. These

© 2024 The Author(s). Published by the Royal Society of Chemistry
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calculations and examples of values used are shown in the ESIL.}
We also include a simulated condensation and coagulation sink
(Conds = 0.005 s~ ') typical of moderately polluted urban air,*?
with an initial lognormal particle size distribution, which is
centred at 200 nm. All model simulations are implied to have
the same relative humidity of the experiments (60%). The effect
of relative humidity is not covered in this model as it was not
simulated in the CLOUD experiments and therefore would not
have been experimentally validated. Nucleation rates (J,) were
calculated using a model based off of the general dynamic
equation that is described in detail in Xiao et al. (2021).>'* Eqn
(2) shows a simplified version of the equation, showing that loss
rates (losses) are subtracted from the change in concentration
of particles of a certain size x (N,) over time (¢). The units of J,
are particles per cm® per s.

dN,
J. = a losses (2)

Both the parameterization in Xiao et al. (2021) and the
experiments presented in this paper were undertaken in the
presence of galactic cosmic rays (i.e. with the clearing field of
the CLOUD chamber off). However, we have not considered the
effect of varying ionization level during vertical transport. For
the “air parcel rising” experiments, the nucleation rates used for
these models were input rates of 1.7 nm particles, they are
temperature dependent and typical of 1 x 10’ molecules per
em?® H,S0, with 3 ppbv NH; and no amines as seen in previous
CLOUD experiments and ambient studies, presented in Xiao
et al. 2021.*%***® For the “concentration inhomogeneities”
experiments, the nucleation rates were not constrained and
kinetic nucleation rates were used, based on clusters of H,SO,
as in Marten et al. (2022)."

2.3.1 Air parcel rising. For experiments where we simulated
an air parcel rising by a change in temperature, we constrained
the temperature time-series to that of an increase and decrease
in height. For these experiments, an average Kelvin diameter of
the measurements at 10 °C and 5 °C was used for all tempera-
tures. We also adjusted the temperature sensitive parameters as
explained in the previous section. The temperature change used
is 15 °C within 15 minutes as the air packet rises and falls.*?
Sensitivity tests were performed, varying the range and speed of
the temperature change, the nucleation rate, and the initial
temperature (Fig. S2-S57).

2.3.2 Concentration inhomogeneities. In order to simulate
inhomogeneities in the atmosphere, we used highly time-
resolved ambient measurements. NH; was chosen rather than
HNO; since the latter molecule is of secondary origin and
therefore more homogeneously distributed than NH;. Ambient
time-series were reviewed to determine how often and how high
increases in NH; concentration could be. This is heavily
dependent on location, as spikes in NH; concentration are
closely linked to traffic.'® The time-series used is meant to
simulate air parcels close to a point source of ammonia, for
example near busy roads. We analysed time-series from two
campaigns, the first was a mobile campaign in Zurich (Swit-
zerland) in October 2013, the second a mobile and stationary
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campaign in Tallinn and Tartu (Estonia) in March-April 2014.*
For background NH; concentrations, we took the average over
background stationary measurements in Estonia, which ranged
from 1 to 6 ppbv. For the highly time-resolved measurements we
used hydrocarbon-like organic aerosol (HOA) multiplied by an
NH3/HOA factor determined in Elser et al. (2018) instead of
NH;." Elser et al. showed that NH; time-series were averaged
out with slower response times due to the stickiness of the
molecule, and HOA was shown to be the best traffic tracer. We
identified two different “spike” variations from the data:
frequent small spikes of up to 2 ppbv increase in NH; for
approximately two minutes every 15 minutes, and less frequent
intense spikes of at least 10 ppbv for approximately three
minutes every 25 minutes. These values were used in the
simulations of NH; inhomogeneities. The background
ammonia concentration used in the simulations was 1 ppbv.
This is a low estimation for background ammonia in cities, but
it allows for exploring the effect of small and large perturbations
in the concentration.

3 Results
3.1 Model validation at —10 °C using CLOUD chamber data

Experiments involving growth from ammonium nitrate forma-
tion were undertaken at 20 °C, 5 °C and —10 °C in the CLOUD
chamber at CERN. The experiments were designed to use atmo-
spherically relevant concentrations of all gases. Fig. 1a shows

View Article Online

Paper

results from all of the CLOUD experiments as triangular points
where the newly formed particles were activated by ammonium
nitrate formation. We observe ammonium nitrate growth at 5 °C
and —10 °C but not at 20 °C at the concentrations used in our
study. At the lower temperature, lower gas-phase concentrations
can result in higher growth rates. This is partially due to the fact
that the saturation concentration of ammonium nitrate is lower
at lower temperatures and therefore more NH; and HNO; can
condense. Plotted with this data, as diamond points, are the
growth rates obtained from model simulations with constrained
gas phase concentrations of HNO; and NH; from CLOUD
measurements. We use MCM?>*** to model the chemistry in the
chamber, using measured gas-phase time-series, measured loss
rates of vapours, and photolysis rates from CLOUD.

The measured and modelled growth rates are plotted against
the limiting gas for ammonium nitrate formation, which is
either NH; or HNOj;. The limiting gas determines the amount of
NH,NO; that can condense on particles, thus the growth rate
increases with increasing concentration. However, this rela-
tionship is not strictly linear as the growth also depends on
which gas is limiting condensation (see Marten et al. (2022)*
ESIT for full explanation); it is used here only to display the data.
Fig. 1b directly compares the measured CLOUD growth rates
and model growth rates shown in Fig. 1a, a dashed line of x =y
is also shown. From these two plots, it is clear that the kinetic
model is capable of replicating CLOUD results not only at 5 °C
but also at —10 °C.

L L R T It T S I 1 L P oy T o L I T T S A 1 I S R T PO | 1
2 -10°C Model { - 21 @ -10°C T 7 2
A -10°C CLOUD B 5C r -
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10014 seocioup 10005 7" XY .’ 1000 =
] L 4 ¥ ' m [
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\(1-)’ 24 A F 24 ,/ } r2 5
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Fig.1 Comparison of measured and modelled growth rates at 5 °C and —10 °C. (a) Measured (triangles with error bars) and modelled (diamonds)
growth rates at 5 °C and —10 °C, 60% RH, versus the limiting gas for ammonium nitrate condensation, which is either ammonia or nitric acid and
is experiment dependent. The CLOUD measured growth rates were determined using the 50% appearance time method.?® The modelled data
points were determined using the same method on output from the kinetic model, constrained by measured gas-phase concentrations from
CLOUD experiments. The modelled values at —10 °C also included modelled N,Os concentrations which may have contributed to growth, those
with a thick golden border had 10 s to 100 s of pptv of N,Os. All measured data points and modelled data points at 5 °C were previously presented
in Wang et al. (2020)* and Marten et al. (2022). (b) Modelled growth rates versus measured growth rates at 5 °C and —10 °C for all the

experiments shown in (a).

268 | Environ. Sci.: Atmos., 2024, 4, 265-274

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ea00001j

Open Access Article. Published on 25 January 2024. Downloaded on 2/9/2026 4:28:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

For the points indicated in Fig. 1a at —10 °C by a thick golden
border, we calculated that there were tens to hundreds of pptv
of N,0s. Due to differing chemistries, the remaining experi-
ments had negligible N,O5 concentration (Table S1t). Original
model results using HNO; concentrations alone (Fig. S1f)
resulted in some simulations with growth rates that were much
lower than the experimental results. The results were para-
meterised for N,Os uptake by including additional HNO;, which
resulted in better agreement between the experiment and
model results. The uptake of N,O5 into small ammonium
nitrate particles is not well characterized. Uptake rates deter-
mined from ambient measurements are approximately a few
percent, but strongly increase with the aerosol water content.
Without N,05 measurements, modelling the condensation flux
of N,Os5 is subject to substantial uncertainties, because (1) the
uptake rate coefficient of N,O5 onto small ammonium nitrate
particles has not been previously determined, and (2) the wall
loss behaviour of N,Os in the CLOUD chamber is unknown. For
our modelled values, we considered a kinetic condensation of
the N,O5 as an upper limit and a complete loss of N,O5 onto the
walls, which would yield a lowest estimate of N,Os concentra-
tions, which may explain why the growth rates are still under-
predicted. N,O5 concentrations calculated without wall loss are
also significantly higher and are shown in Table S1.f Under
these assumptions, model to measurement discrepancy
decreases from a factor of 10 to factor of 2.5. We concluded,
albeit with uncertainty, that N,Os; may be a missing gas
contributor to growth, but more experiments would be needed
to measure the N,O5 uptake rates as a function of particle size
and chemical composition.

3.2 Effect of temperature change during vertical transport

Using our experimentally validated model, we explored the
effect of the changing temperature of a rising air parcel in a city
on the overall size distribution. In these experiments, we also
include an initial particle size distribution, which is lognormal
and centred around 200 nm, in order to simulate a condensa-
tion sink of 0.005 s~ . Fig. 2 shows the size distribution versus
time of an air parcel with constant temperature (Fig. 2a), an air
parcel with several decreases and subsequent increases in
temperature (Fig. 2c) and the respective temperature profiles
plotted in Fig. 2b. The activation diameter (d,.) is defined as the
critical size at which ammonium nitrate can condense on
particles and is dependent on the temperature, gas phase
concentrations of NH; and HNOj;, and the Kelvin diameter. d,..
is plotted as a black line in both Fig. 2a and c. During each
temperature drop the activation diameter decreases, and
particles as small as 5 nm can rapidly grow from ammonium
nitrate formation. The largest newly formed particles start to
rapidly grow from less than 10 nm to around 50 nm. When the
temperature increases as the air parcel returns to ground level,
part of the NH,NO; evaporates, resulting in a slight shrinking in
the size distribution of the original condensation sink and the
newly growing particles. However, this shrinkage does not
result in a complete re-evaporation of the new particles and the
net effect of the temperature change is the formation of new

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Aitken mode particles. Fig. 2d shows the size distributions at
the end of the experiments with and without a change in
temperature, and a control experiment for each, with the same
condensation sink and temperature profiles but without new
particle formation. In the case of constant temperature, there
are two distinct modes, with a minimum particle concentration
around 20 nm, ie. the size that the new particles were able to
grow to. By contrast, in the experiment with changing temper-
ature the lower mode has grown as high as 50 nm and has
considerably larger particle number concentrations. These
results show that vertical mixing in a typical urban environment
can stimulate growth from ammonium nitrate formation. This
may help to increase the particle number of larger sizes and aid
in survival of newly formed particles through the valley of death,
even after returning to surface temperature and sub-saturated
conditions. We acknowledge that this is a simplistic model
and in reality, a decrease in temperature will also result in an
increase in relative humidity and deliquescence of particles. If
the effect of water were taken into account, the dissociation
constant would be affected by the change of state and most
likely result in more condensation of ammonium nitrate,
therefore resulting in a larger effect on the particle size distri-
bution than simulated here.

We assessed the conditions required for ammonium nitrate
to activate nucleated particles through sensitivity tests. We
observed that a larger and faster temperature change results in
more pronounced activation (Fig. S2 and S31). At lower nucle-
ation rates the effect of ammonium nitrate on growth is less-
ened, since fewer particles are present for activation (Fig. S47).
We also show that higher initial temperatures will result in
a much larger change in supersaturated ammonia and nitric
acid concentrations, which will be available for rapid particle
growth (Fig. S5 and S6t). Therefore, the occurrence of this
process requires sufficient pre-existing particles above the
activation diameter and sufficient ammonium nitrate concen-
tration above the saturation concentration. Such conditions are
promoted by higher nucleation rates, higher boundary layer
temperatures, and higher and faster changes in temperature.

3.3 Effect of inhomogeneity of NH; concentrations in cities

In typical urban environments air parcels will experience
temporal inhomogeneities in gas-phase concentrations in
addition to vertical mixing. Therefore, we set up a simulation
with a variable ammonia time-series, meant to represent an
area close to a source with large, sporadic variations in
ammonia, such as traffic.'> We also include the same initial
particle size distribution as in Fig. 2. Fig. 3a shows an experi-
ment with fixed production rates of HNO3;, NH3, and H,SO,,
where newly formed particles have grown to ~20 nm by the end
of the simulation. The production values of NH;, HNO;, and
H,SO, were calculated such that in the absence of condensa-
tion, the concentrations were 1 ppbv, 0.2 ppbv, and 1 x 10’
molecules per cm?® respectively. The concentrations were
chosen as typical background concentrations, resulting in an
activation diameter of 200 nm for ammonium nitrate growth. In
Fig. 3c the simulation in Fig. 3(a) is repeated but with a variable

Environ. Sci.. Atmos., 2024, 4, 265-274 | 269
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Fig. 2 Model simulation of a temperature change in an air parcel due to vertical transport. (a) Size distribution of an experiment with constant
temperature with an indigo trace showing dac:. Initial conditions are 3 ppbv NHs, 1 ppbv HNOs and 1 x 107 molecules per cm® H,SO4. (b)
Temperature profiles for constant temperature (green) and with temperature change (magenta). (c) Size distribution of an experiment with
a temperature change simulating an air parcel moving up and down with an indigo curve showing d,. Initial conditions are the same as in (a). (d)
Particle size distributions at the end of (a) (green) and (c) (magenta). The experiment with the temperature change has a large increase in particles
up to around 50 nm, where the newly formed particles have grown to, whereas when there is no temperature change the newly formed particles

have only grown to around 10 nm.

NH; time-series, with alternate “spikes” of 10 ppbv and 2 ppbv
and a background concentration of 1 ppbv. The NH; time-series
is presented in Fig. 3(b). We observe that the newly formed
particles have grown much larger than in Fig. 3(a), reaching the
size of the original condensation sink. The concentration of
particles above 50 nm, represented by black diamonds in
Fig. 3(a) and (c), increases in Fig. 3(c) as new particles grow,
whereas it slowly but steadily decreases in Fig. 3(a). Fig. 3d
shows the size distributions corresponding to the first and last
diamond points in Fig. 3(a) and (c). The blue trace, representing
the final diamond in Fig. 3(a), differs from the starting size
distribution with the appearance of the nucleation mode up to
around 20 nm and by growth of the largest particles as the
second mode shifts right. In addition to these changes, the
orange trace, which represents the end diamond in Fig. 3(c), has
dramatically increased particle number concentration up to
200 nm. From this we conclude that inhomogeneities in NH;
emissions can sustain particle number by causing temporary
supersaturation of ammonium nitrate, and growing particles
through the valley of death.

270 | Environ. Sci.: Atmos., 2024, 4, 265-274

In all of the simulations presented, we also model the
particle composition throughout. Fig. S71 shows examples of
plots with the relative concentrations of ammonium nitrate and
ammonium sulfate. These results show that the fraction of
NH,NO; is only significant during the supersaturated periods
and above the activation diameter. Once sub-saturated condi-
tions resume, the ammonium nitrate quickly evaporates.
However, Fig. 2 and 3 show that even after NH,NO; evaporates
into gas phase NH; and HNOj;, the edge of the growing particle
size distribution still survives at larger sizes than before acti-
vation. This is because NH,NO; condensation, even if it is brief
and reversible, increases the survival rate of newly formed
particles, making them less susceptible to coagulation loss.

4 Discussion and conclusions

In light of these results, it may be puzzling that similar size
distributions as in Fig. 3 have not been frequently observed in
ambient measurements. Experiments in the CLOUD chamber
involved supersaturated conditions of ammonia and nitric acid,
resulting in rapid particle growth, allowing the chemistry and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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particle microphysics of ammonium nitrate growth in the
nanoparticle range to be verified. In the real atmosphere
ammonium nitrate will mostly be found in equilibrium with its
gas-phase counterparts, resulting in no particle growth. The
model was therefore designed to simulate ambient atmospheric
scenarios that would result in a short perturbation of equilib-
rium. We observe that in these conditions of high heterogene-
ities, although short-lived, rapid growth due to ammonium
nitrate formation can occur.

To the best of our knowledge, the rapid particle growth from
ammonium nitrate formation has not been previously reported.
One of the many reasons for the lack of ambient observations of
this phenomenon could be the low resolution of particle size
distribution measurements. Fig. S8f shows the same size
distribution as in Fig. 3c, but with a lower time resolution of 5
minutes, and a diameter resolution and range of a typical
scanning mobility particle sizer. The features are not as
distinguished as those presented from the model results. In the
simulations presented in Fig. 3c the inhomogeneities lasted
only 2-3 minutes, which would be challenging to capture on an
instrument with a 5 minutes resolution. This results in less
obvious changes in the size distribution, with some features
that could be interpreted as noise. In addition, more than one
particle sizing instrument would be required to measure the
diameter range and resolution presented from model results.
Furthermore, at sustained concentrations of NH,NO; in the
absence of inhomogeneities, equilibrium is rapidly reached,
and the required supersaturation for rapid growth is no longer
present. Finally, these measurements would need to take place

© 2024 The Author(s). Published by the Royal Society of Chemistry

near to a large source of NH; or HNO;, such as traffic, and
background sites would therefore not measure such distribu-
tions. Additionally, direct particle emissions also result in pul-
ses of primary particles, especially with high time resolution
measurements, further blurring the interpretation of new
particle formation events. The effect of the condensation sink
on particle survival was presented in Marten et al. (2022) and
revealed that even under condensation sinks over 0.01 s~ [NH3]
x [HNOj] concentrations higher than 1.2 ppb” led to survival
rates close to unity.”® In the experiments simulated in this
paper, [NH;] x [HNOj;] values were around 4 ppb?, which means
that particle survival is relatively independent of the conden-
sation sink. To summarise, although it is likely that this
mechanism may occur in urban ambient air, it is hard to
identify and it needs specific conditions with high heteroge-
neity coming from either large differences in temperatures or
large emissions of ammonia (>10 ppbv).

It is important to point out that this model does not take into
account the effect of relative humidity on the ammonium
nitrate system. Since all of the experiments were performed with
a relative humidity lower than the deliquescence relative
humidity (DRH) of ammonium nitrate (62% at 25 °C, and
higher at lower temperatures?), it might be considered a solid.
However, as the efflorescence of NH,NO; is below 40% (ref. 27)
and since atmospheric aerosols are typically multicomponent
in nature, it is likely that under most conditions, at least
a fraction of NH,NO; will be present in an aqueous solution.
Although in the conditions presented in this paper water most
likely does not affect ammonium nitrate growth, there are other
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conditions where water may play a larger role. Ambient, wet,
conditions are even more likely to be supersaturated than cor-
responding dry conditions. Due to the Kelvin effect, water is less
likely to condense on smaller particles, and therefore small
particles will tend to contain less water than larger particles.
Ammonium nitrate ionic strength also affects the dissociation
constant, where K, decreases with increasing ionic strength. In
summary, larger particles in wet conditions will be liquid, and
since this affects the dissociation constant, more ammonium
nitrate should be able to condense on particles and increase the
effect of NH,NO; growth on the particle size distribution. This
effect should be verified with further chamber experiments at
higher relative humidity.

Our results highlight additional gaps in understanding the
effect of temperature changes and inhomogeneous emissions
on particle growth. At —10 °C, calculated N,O5 concentrations
correlated with a growth rate enhancement in 4 out of 10
experiments. Whether N,Os is the cause of this enhancement
could not be corroborated experimentally, and warrants further
investigation, especially for sub-10 nm particles. Changes in
temperature will also have additional effects on nucleation and
growth from other vapours in urban atmospheres. For example,
anthropogenic low-volatility organic compounds (LVOCs) may
increasingly condense at lower temperatures, which has not yet
been fully assessed experimentally. Finally, future experimental
and modelling studies should take the effect of relative
humidity and water uptake on the condensation of ammonium
nitrate into account.

We have shown that rapid particle growth through ammo-
nium nitrate formation requires a large and rapid change in
temperature, a sufficient pre-existing particle distribution, and
high enough gas-phase concentrations of NH; and HNO;. In the
absence of a temperature change, inhomogeneous emissions of
ammonia can also cause rapid growth. This phenomenon could
occur close to emission sources, but observation would require
high time- and size-resolved particle measurements. It is
possible that such phenomena have not been observed due to
factors such as location and time or diameter resolution.
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