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• NH3 crucial for observed new particle for-
mation events and aerosol numbers in
spring.

• Role of NH3 in ion-mediated nucleation
can explain 63± 15 % of CN10 numbers.

• Without NH3's participation in NPF,
springtime US CCN underestimated by
16 ± 10 %.

• Measured PM1 ammonium suggests a pos-
sible link for largest improvements in
modeled CCN.

• NH3 vertical influence across the tropo-
sphere may have impacts beyond source
regions.
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New particle formation (NPF) and subsequent growth can contribute upwards of 50 % of the global cloud condensa-
tion nuclei (CCN) budget. It is also a significant source of ultrafine aerosols (PM0.1) with health implications. Ammonia
(NH3) can play a significant role in enhancing NPF and contributing to the growth of nucleated particles. Understand-
ing these processes are vital for air quality and climate. Here, we examine the role of NH3 in NPF and consequent
effects on aerosol number concentrations (including CCN) and size distributions during springtime over the United
States (US). We use the GEOS-Chem chemistry transport model coupled with the size-resolved Advanced Particle
Microphysics (APM)Model. We also employmeasurements of particle number size distributions, CN10 (condensation
nuclei > 10 nm), CCN0.4 (CCN at 0.4 % supersaturation), and aerosol composition (SO4, NO3, NH4, Organics) at the
Southern Great Plains site (SGP). The impact of NH3 in ion-mediated nucleation is the improved capturing of the
occurrence of almost all springtime (March–April) NPF events observed at SGP during 2015–2020. Furthermore,
this brings the magnitude and temporal variations of particle number concentrations in stronger agreement with
observations; mean fractional bias for modeled CN10(CCN0.4) reducing from −1.26 to −0.27 (−0.75 to −0.54)
and overall good-agreement (∣FractionalBias ∣ < 0.6) improving from 8.5 to 54 % (31 to 42 %). The contribution of
NH3 in new particle formation is important for springtime abundance of ultrafine aerosols (explaining 63 ± 15 %
of CN10) and CCN (16 ± 10 % of CCN0.4) over the US. Our analysis shows that the deviation of CCN0.4 is strongly
correlated with PM1-NH4

+ deviations, suggesting the importance of improved model representation of ammonium
for more accurate quantification of potential cloud forming particles.
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1. Introduction

Ammonia (NH3) plays important roles in the atmosphere due to its alka-
linity and abundance (Nair and Yu, 2020). Of focus here is its role in atmo-
spheric new particle formation (NPF) or nucleation (Kirkby et al., 2011;
ber 2022
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Dunne et al., 2016; Yu et al., 2018), where gases condense to form clusters
that undergo further growth to form secondary aerosols (Seinfeld and
Pandis, 2016). While NPF does not significantly impact aerosol mass, which
is dominated by larger aerosols, its largest role in determining aerosol num-
bers is clear (Kulmala et al., 2004; Yu and Luo, 2009; Pierce and Adams,
2009; Zhang et al., 2011). Beyond aerosol mass or composition, aerosol abun-
dance, i.e. the number concentration of tiny particles in the atmosphere, is
demonstrated to be the key aerosol property in terms of health (Kaur et al.,
2007; Hoek et al., 2009; Han et al., 2016) and climate (Junge and McLaren,
1971; Fitzgerald, 1973; Dusek et al., 2006; Nair et al., 2021) impacts. Even
in regions of low NH3 concentrations, it is shown to enhance NPF rates by
several hundred-fold even at tens of pptv levels. Additionally, this is typically
accompanied by a regime of clean (low cloud-seeding aerosol numbers)
clouds susceptible (Martin et al., 1994; Ramanathan, 2001) to the large
relative changes due to secondary aerosol formation that can be enhanced
by NH3.

In typical conditions of the atmosphere, nucleation is predominantly
with hydrophilic H2SO4 vapors (e.g., Doyle, 1961; Jaecker-Voirol andMira-
bel, 1989; Lee et al., 2019). In addition to the role of ions (Yu and Turco,
2001), the presence of cluster stabilizing species such as NH3 is crucial to
explain theoretical (Nadykto and Yu, 2007; Torpo et al., 2007) and
observed (e.g., Kim et al., 1998; Ball et al., 1999; Hanson, 2002; Benson
et al., 2009; Kirkby et al., 2011; Zollner et al., 2012; Froyd and Lovejoy,
2011; Glasoe et al., 2015; Schobesberger et al., 2015; Kürten et al., 2016;
Duplissy et al., 2016), rates of nucleation. While amines and other organic
species may also enhance H2SO4 nucleation (Lee et al., 2019), our focus is
on NH3 considering that it is the most abundant alkaline atmospheric gas.
The ion- and ammonia-enhanced nucleation and its contribution to particle
numbers have been recently investigated (Yu et al., 2020). However, there
still remain uncertainties as the study was focused on the Northeastern US
and for wintertime, when competing biogenic precursors are negligible.
Additionally, due to the lack of cloud condensation nuclei (CCN) numbers
and aerosol composition measurements, the specific contribution of NH3

to aerosol growth (and compositions) and CCN abundance remains to be
elucidated.

The objective of this study is to probe the role of ammonia in NPF and its
contribution to aerosol numbers (including CCN) over the conterminous
United States during springtime. This is a period when NH3 is typically
abundant (Nair and Yu, 2020) due to its higher emissions and conditions
are prime for frequent observations of NPF (Lee et al., 2019). To aid our
study, we also employ observations from the US Department of Energy's
(DOE) Atmospheric Radiation Measurement (ARM) Southern Great Plains
(SGP) Central Facility located in Lamont, Oklahoma. The SGP site was
established with themission statement of “provid[ing] the climate research
community with strategically located in situ and remote-sensing observato-
ries designed to improve the understanding and representation, in climate
and earth systemmodels, of clouds and aerosols aswell as their interactions
and couplingwith the Earth's surface.”High-quality, continuous, and simul-
taneous in situ measurements of particle number size distribution, [CN10],
[CCN0.4], and aerosol composition in the United States are only available
from the SGP site. For studying the role of NH3 in new particle formation,
the location of this site makes this an ideal test-bed: mid-latitude remote
location in a region of varied atmospheric dynamical and chemical
processes and in a source region of various aerosol precursors (such as
NH3 from open-lot dairies and farms and acidic precursors from anthropo-
genic activities). It should be noted that while NPF events are known
to occur at SGP (e.g., Wang et al., 2006; Hodshire et al., 2016; Chen et al.,
2018; Marinescu et al., 2019), this work represents the first such model–
observation comparison study at the SGP site. The role of ammonia in
nucleation is examined through a sensitivity study andwith aerosol compo-
sition measurements. Considering the increasing trend and changing
spatiotemporal variability of atmospheric ammonia due to increasingly
stringent control of acid precursor gases (SO2 andNOx), this is important to-
ward understanding the subsequent aerosol–health impacts and aerosol–
cloud interactions, which are the largest source of uncertainty in climate
change assessment (IPCC, 2013).
2

2. Data and methods

2.1. Observations at the Southern Great Plains

The US DOE ARM SGP site located in Lamont, Oklahoma (36°6′18″ N,
97°9′6″ W, 318 m) provides high-quality, continuous, and simultaneous
in situmeasurements of PNSD, [CN10], [CCN0.4], and aerosol composition
that are described as follows:

2.1.1. Particle number size distribution (PNSD)
Particle number size distribution from∼3–500 nm is measured using a

TSI Inc.Model 3936 ScanningMobility Particle Spectrometer (SMPS) and is
publicly available (Kuang and Ermold, 2021; Howie and Kuang, 2021).
Sampled aerosol is imparted charge and differentially counted by size by
exploiting the mobility of a charged particle in an electric field. Further
details are available from Kuang (2016) (technical) and Knutson and
Whitby (1975) (scientific). Supplementary Text S2 details the merging pro-
cedure to ensure consistency of the PNSDmeasured by the two instruments
(nanoSMPS and regular SMPS).

2.1.2. [CN10]
Condensation nuclei of diameter greater than 10 nm (CN10) have

their number concentrations measured using a TSI Inc. Model 3772
Condensation Particle Counter (CPC) and is publicly available (Salwen
et al., 2010). These aerosols are counted by their optical scattering follow-
ing their condensational growth by instrumentmodification of supersatura-
tion. Corrections to account for inlet flow, dilution, size-dependent
counting efficiency, and particle coincidence at high concentrations are
applied following instrument calibrations. Further details are available in
Stolzenburg and McMurry (1991).

2.1.3. [CCN0.4]
Cloud condensation nuclei (CCN) number concentrations are measured

using a DropletMeasurement Technologies CCN-100/CCN-200 (CCNc) and
is publicly available (Koontz and Flynn, 2022; Koontz and Uin, 2022). This
instrument is a continuous-flow thermal-gradient diffusion chamber for
effectively counting aerosols that can act as cloud condensation nuclei.
Aerosol is drawn into a column with well-controlled and quasi-uniform
centerline supersaturation. The temperature gradient and flow rate are
software-controlled to vary supersaturations and obtain the CCN spectra.
Just as cloud droplets form in the atmosphere, water vapor condenses
onto sampled CCN to form droplets, and an Optical Particle Counter
(OPC) counts and sizes these activated droplets as a function of supersatu-
ration. Further details are available from Uin (2016) (technical) and
Roberts and Nenes (2005) (scientific). Supplementary Text S3 details the
approximation of [CCN0.4] when the instrument supersaturation ≠0.4 %
(Nair et al., 2021).

2.1.4. Sub-micron aerosol composition
Non-refractory sub-micron (PM1) aerosol mass loadings and their chem-

ical composition (Org: organics, SO4: sulfate, NO3: nitrate, NH4: ammo-
nium, and Cl: chloride) are measured using an Aerodyne Research Inc.
aerosol chemical speciationmonitor (ACSM; Ng et al., 2011) with technical
specifications in Watson (2017) and Shilling and Levin (2021). This data is
publicly available (Zawadowicz and Howie, 2022).

2.2. IASI satellite inference of NH3

The Infrared Atmospheric Sounding Interferometer (IASI) onboard the
EUMETSAT/ESA polar sun-synchronous MetOp-A satellite launched in 2006
crosses the equator at a mean local solar time of 09:30 and 21:30. This instru-
ment measures infrared radiation from Earth in the 645–2760 cm−1 spectral
range, with an unapodized (apodized) resolution of ∼0.25 (0.5) cm−1

and noise-equivalent-change-in-temperature of 0.2–0.3 K at 280 K. It has an
elliptical footprint of 12 km × 12 km (at nadir) and up to 20 km × 39 km
(off nadir; 48°). We use the Standard monthly IASI/Metop-A ULB-LATMOS
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ammonia (NH3) L3 product (van Damme et al., 2017), where NH3 columns
are retrieved frommeasured radiance spectra via an artificial neural network,
with a fixed vertical profile. The 0.01° ×0.01° resolution monthly average
global column NH3 dataset is publicly available (https://iasi.aeris-data.fr/)
and used in this study for model–observation comparison of vertical [NH3].

2.3. AMoN measurements of surface NH3

In situ observations for the assessment of model simulated [NH3] are
obtained from the Unites States Ammonia Monitoring Network (AMoN)
by the National Atmospheric Deposition Program (NADP, 2017), which
provides a consistent and long-term [NH3] record over North America
from 2007. For the domain and period of study, data from 116 AMoN
sites are used for model–observation comparison of surface [NH3]. Data
are biweekly averages of surface [NH3] obtained using Radiello® passive
diffusion samplers. [NH3] is estimated by flow injection analysis of soni-
cally dislodged ammonium ions from the phosphoric acid sorbent of the
diffusion sampler. Further details and data access are available at http://
nadp.slh.wisc.edu/AMoN/.

2.4. GEOS-Chem-APM model (GCAPM)

GEOS-Chem is a global 3D chemical transport model (CTM) driven by
assimilatedmeteorological observations from theGoddard Earth Observing
System (GEOS) of the NASA Global Modeling and Assimilation Office
(GMAO). Several research groups develop and use this model, which
contains numerous state-of-the-art modules treating emissions (van
Donkelaar et al., 2008; Keller et al., 2014) and various chemical and aerosol
processes (e.g., Bey et al., 2001; Evans and Jacob, 2005;Martin et al., 2003;
Murray et al., 2012; Park et al., 2004; Pye and Seinfeld, 2010) for solving a
variety of atmospheric composition research problems. The ISORROPIA II
scheme (Fountoukis and Nenes, 2007) is used to calculate the thermody-
namic equilibrium of inorganic aerosols. An improved wet scavenging
scheme (Luo et al., 2019) reducing model overestimation of aerosol nitrate
and ammonium is applied. Secondary organic aerosol formation and aging
are based on themechanisms developed by Pye and Seinfeld (2010) and Yu
(2011). Emissions (including those of NH3) are prescribed by the Commu-
nity Emissions Data System (CEDS) inventory, with regional inventories
supplanting CEDS when available. Of relevance for the domain of study
are the US Environmental Protection Agency (EPA)'s National Emission
Inventory (NEI) 2011 and Canada's Air Pollutant Emission Inventory
(APEI). MEGAN v2.1 (Model of Emissions of Gases and Aerosols from
Nature; Guenther et al. (2012)) implements biogenic emissions and
GFED4 (Global Fire Emissions Database; Giglio et al. (2013)) implements
biomass burning emissions in GEOS-Chem.

The present study uses GEOS-Chem 12.9.3 (International GEOS-Chem
User Community, 2020) with the implementation of the Advanced Particle
Microphysics (APM) package (Yu and Luo, 2009), henceforth referred to as
GCAPM. The APMmodel has the following features of relevance toward ac-
curate simulation of aerosol abundance: (1) 40 bins to represent secondary
particleswith high size resolution for the size range important for growth of
nucleated particles to CCN sizes (Yu and Luo, 2009) (2) state-of-the-art
Ternary Ion-Mediated Nucleation (TIMN) mechanism (Yu et al., 2018)
and temperature-dependent organic nucleation parameterization (Yu
et al., 2017); (3) calculation of H2SO4 condensation and the successive
oxidation aging of secondary organic gases (SOG) and explicit kinetic con-
densation of lowvolatile SOG onto particles (Yu, 2011); (4) contributions of
nitrate and ammonium via equilibrium uptake and semi-volatile organics
through partitioning to particle growth considered (Yu, 2011). Aerosol
number concentrations simulated by GCAPM have previously been shown
to agree well with measurements (e.g., Yu and Luo, 2009).

The horizontal resolution of GCAPM in this study is 2° × 2.5°, with 47
vertical hybrid sigma-pressure layers (14 layers from surface to 2 km above
the surface). The period of simulation isMarch–April 2015–2020. To exam-
ine the sensitivity to ammonia, cases with and without NH3 involvement in
new particle formation are constructed. The latter case is equivalent to the
3

binary (H2SO4–H2O) ion-mediated nucleation (BIMN) scheme. In spring
season over the study domain (North America), both observations and
models (e.g., Yu et al., 2015) indicate the role of organics-mediated nucle-
ation (Riccobono et al., 2014) to be low,which we do not present. Since the
importance of ions in the nucleation process, especially for boundary layer
conditions, has been well-established (e.g., Yu and Turco, 2000; Kirkby
et al., 2011; Hirsikko et al., 2011), we do not present a four-way compari-
son additionally with Ternary Homogenous Nucleation (THN) and Binary
Homogenous Nucleation (BHN). Differences between the two cases are
assumed to be solely due to the lowering of formation barriers and evapo-
ration rates (increased stabilization) of nucleated clusters by NH3. This
role of NH3 is not sensitive to the uncertainty of modeled [H2SO4] consid-
ering its typical peak values at SGP (5 × 106–2.5 × 107 molecules·cm−3)
during nucleation event days are a more than a factor of 10 smaller than
required for binary nucleation to dominate ternary nucleation (http://
apm.asrc.albany.edu/nrc/).

2.5. Statistical information

Kendall rank correlation coefficient (τ) quantifies the model–observation
correlation and fractional bias (FB) quantifies model–observation agreement.
These are more robust and intuitive statistical estimators than Pearson's r
and the normalized error (Nair et al., 2019). For instance, (1 + τ)/(1 − τ)
is the ratio of concordance to discordance and 2MFB/(2− MFB) × 100%
is the percent deviation. These are defined as follows:
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where n is the sample size, C is the value, t is the number of ties in the ith
group of ties, and superscripts o and m denote observed and modeled values,
respectively.

%−Good ¼ 100� 1
n

Xn
i¼1

jFB ið Þj≤0:6→1ð Þ

%-Good is defined on the basis of the Fractional Bias (FB). It is the per-
centage of model-simulated values in good-agreement with measurements;
corresponding to fractional bias in the range [−0.6,0.6]. The interval±0.6
is semi-arbitrary, based on Boylan andRussell (2006) and subsequent adop-
tion as a criteria value for evaluating model–observation agreement.

Model–observation comparisons are quantified holistically by both
correlation (τ) and deviation (FB) and their relative degree of their
improvement.

3. Results

[NH3], [H2SO4], surface area of pre-existing particles, ionization rates,
temperature (T) and relative humidity (RH) are key parameters determining
atmospheric new particle formation (Yu et al., 2018). GCAPM-simulated
values for these parameters that have significant spatial heterogeneity are
examined. Fig. 1(a–d) shows the horizontal distributions of these modeled
parameters over the conterminous United States domain (CONUS) with
their springtime (March–April 2015–2020) average in the lower boundary
layer (from surface to∼400 m). NH3 shows strong spatial heterogeneity in
line with its source regions: the agricultural heartland that is the USMidwest
and the San Joaquin Valley in California. There is a strong east–west contrast,
which is also captured by the 116 sites in the AMoN network. GCAPM-
simulated [NH3] are in good agreement with these surface measurements
with MFB=0.1 and correlation of τ=0.42 in line with previous spatio-
seasonal analysis over theUnited States (Nair et al., 2019). Typical springtime

https://iasi.aeris-data.fr/
http://nadp.slh.wisc.edu/AMoN/
http://nadp.slh.wisc.edu/AMoN/
http://apm.asrc.albany.edu/nrc/
http://apm.asrc.albany.edu/nrc/


Fig. 1.New particle formation and its significant determiners. Horizontal spatial distribution of GCAPM-simulated average springtime (March–April 2015–2020) (a) [NH3],
(b) [H2SO4], (c) condensation sink (CS), (d) temperature, and nucleation rate (J) with (e) or without (f) involvement of NH3 in new particle formation in the lower boundary
layer (surface∼400 m, first three model layers) over the conterminous United States (CONUS). The SGP site is marked with the ‘x’. In (a) observed [NH3] at AMoN sites are
marked by the circles.
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concentrations for [NH3] are ∼0.3–3 μg⋅m−3 and for [H2SO4] are 106–107

molecules·cm−3. There exists a strong east–west difference in the condensa-
tion sink, which relates to the loss rate of nucleated clusters through scaveng-
ing by pre-existing particles. GCAPM-simulated springtime nucleation rates
(J) over the CONUS domain are shown in Fig. 1(e & f). The contrast in the
magnitude of J in Fig. 1(e & f) is only due to the sensitivity to NH3. Unlike
panel (e), in panel (f) the nucleation rate is for the case without the involve-
ment of NH3 in nucleation.

With the aid of measurements at the SGP site, we study the influence of
NH3 on nucleation rate (J), [CN10], and [CCN0.4] in detail. Fig. 2 shows
the temporal (5-minute) evolution of the observed particle number size
distribution (PNSD) at SGP in March& April 2018. New particle formation
4

events are frequent (30/56 days) and typically initiates in the morning and
growth continues till afternoon. These events contribute to the aerosol
abundance and with further growth increase [CN10] and [CCN0.4]. Also
shown are the half-hourly observed [CN10] and [CCN0.4] and compared
with GCAPM-simulated values. Only when NH3 is involved in the nucle-
ation process (orange curve) does the model capture observed strong NPF
events, denoted by the spike in nucleation rate. This results in significantly
improved agreement of aerosol abundance with observations as these
newly formed particles undergo growth processes. For [CN10], which
is typically dominated by the nucleation mode aerosols, the model–
observation agreement increases from 7.8→ 53%with improved correlation
0.31 → 0.43 and correction of underestimation (MFB = −1.3 → −0.2)



Fig. 2. Case study for the SGP site for March & April 2018. From top to bottom: observed particle number size distribution (PNSD) at SGP, occurrence of new particle
formation indicated by nucleation rate (J), [CN10], and [CCN0.4] with (orange) or without (purple) involvement of NH3 in new particle formation. Directly measured
values are in black and PNSD-derived values in grey. Temporal resolution is half-hourly, except for PNSD at the 5-minute resolution. All times are in UTC (LT + 6).
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with ternary ion-mediated nucleation. While [CCN0.4] represents further
grown aerosols, this too shows a higher degree of agreement in magnitude
and variability (%-Good: 25 → 41, MFB = −0.9 → −0.6, and τ=0.26 →
0.32). Supplementary Figs. S5–S10 present the analysis as in Fig. 2 for the
entire period of study, with the summary statistics of model–observation
comparisons in Table 1. Herewe have only disentangled the role of ammonia
in newparticle formation, i.e., the contribution ofNH3 partitioning to particle
phase is considered in both cases. Owing to the strong dependence for CCN
on modeled particle sizes and compositions, including the potential for con-
densation or reactive uptake of gases (including NH3 among other species)
5

onto pre-existing aerosol (including primary particles), although the improve-
ment in simulated [CCN0.4] is significant (mean deviation reducing from
94 % to 44 %), it is not to the extent of that observed for [CN10].

While NH3 is demonstrated to be important for accurately determining
the aerosol abundance, we can probe further with the aid of sub-micron
aerosol composition measurements. Fig. 3 illustrates the mean fractional
bias (of GCAPM w.r.t. observations) of [CN10] and [CCN0.4] compared
to the mean fractional bias of PM1 speciation. For [CN10], any correlation
observed is weak (τ<0.2). It must be noted that the apparent correlation
with the organic aerosol is spurious due to instances of GCAPM low-bias



Table 1
Summary statistics for model–observation comparisons at the SGP site. For the impact of ammonia's role in springtime nucleation (Case: w NH3) andwithout its participation
(Case: w/o NH3) onmodeled [CN10] and [CCN0.4] as compared to their in situ measurements. n is the number of half-hourlymeasurements. Statistical metrics are %-Good:
percent of model–observation with ∣MFB∣<0.6, MFB: Mean Fractional Bias, and τ: Kendall rank correlation coefficient.

Period Case [CN10] [CCN0.4]

%-Good MFB τ n %-Good MFB τ n

Mar-15 w/o NH3 5.02 −1.34 0.14 717 69.32 −0.19 0.24 717
w NH3 59.14 −0.25 0.35 60.81 0.12 0.23

Apr-15 w/o NH3 3.49 −1.35 0.32 1406 48.65 −0.50 0.28 1406
w NH3 57.33 −0.31 0.38 57.54 −0.29 0.30

Mar-16 w/o NH3 0.00 −1.58 −0.03 136 81.62 −0.31 0.69 136
w NH3 76.47 −0.19 0.36 88.24 −0.13 0.67

Apr-16 w/o NH3 0 0
w NH3

Mar-17 w/o NH3 8.57 −1.27 0.31 1354 35.07 −0.68 0.20 1306
w NH3 51.33 −0.38 0.41 45.94 −0.44 0.21

Apr-17 w/o NH3 6.39 −1.39 0.33 1440 19.33 −0.79 0.23 1438
w NH3 46.32 −0.49 0.39 31.71 −0.63 0.26

Mar-18 w/o NH3 6.15 −1.27 0.36 1301 23.94 −0.88 0.24 1416
w NH3 52.34 −0.30 0.46 40.11 −0.68 0.30

Apr-18 w/o NH3 9.34 −1.29 0.26 1434 25.97 −0.81 0.27 1186
w NH3 53.00 −0.17 0.40 41.57 −0.58 0.34

Mar-19 w/o NH3 5.48 −1.21 0.43 1205 22.82 −0.94 0.26 1148
w NH3 51.12 −0.22 0.43 32.84 −0.75 0.26

Apr-19 w/o NH3 7.85 −1.28 0.30 1388 9.23 −1.08 0.26 1365
w NH3 62.68 −0.28 0.48 28.21 −0.88 0.24

Mar-20 w/o NH3 17.65 −1.07 0.28 1484 37.09 −0.65 0.15 1418
w NH3 54.85 −0.10 0.39 42.03 −0.50 0.19

Apr-20 w/o NH3 17.94 −1.05 0.23 708 3.95 −1.05 0.09 76
w NH3 44.77 −0.13 0.29 15.79 −0.90 0.05

Overall w/o NH3 8.52 −1.26 0.30 12,573 30.93 −0.75 0.23 11,612
w NH3 53.72 −0.27 0.41 41.78 −0.54 0.25
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(MFB(Organic)<− 1). This indicates that the aerosolmass is insufficient to
explain CN10 number concentrations. The model-observation deviations
(MFBs) of [CCN0.4] and total PM1 mass are strongly correlated (τ=0.52)
and mostly explained by its ammonium fraction (τ=0.46). It is therefore
indicative that the largest improvements in modeled [CCN0.4] may result
from improvements inmodeledNH4,which is strongly dependent on accurate
parameterization of NH3 emissions, thermodynamics, and the scavenging
removal of aerosols.

Fig. 4 illustrates the impact of NH3 on modeled aerosol abundance over
the United States. Shown is the lower boundary layer springtime average
[CN10] and [CCN0.4]. When NH3 participates in new particle formation,
consequently higher aerosol abundances are observed. Also shown is the
Fig. 3. PM1 speciation impacts on aerosol abundance. Comparison of deviations in aeroso
during the simulation period when measurements are available.
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surface measured value at the SGP site, with which simulated aerosol num-
bers are in agreement onlywhen nucleationwith the participation of NH3 is
considered. NH3 strongly enhances aerosol abundance over its source
regions, where its concentrations are highest (Fig. 5(a & c)). On average,
NH3's role in nucleation has a significant contribution to aerosol abundance
of 1450 ± 1190 #·cm−3 and 72 ± 73 #·cm−3 for [CN10] and [CCN0.4],
respectively. It is important to note that here we are only explicitly teasing
out the role of NH3 in enhancing ternary ion-mediated nucleation in the
lower boundary layer. In the absence of this role, aerosols can, in addition
to being directly emitted (primary fraction of [CN10]: 38 ± 25% and
[CCN0.4]: 64 ± 23%), have secondary origin within the LBL or transport
into andmixing within the boundary layer. The enhancement of nucleation
l abundance (top: [CN10] and bottom: [CCN0.4]) with deviations in PM1 speciation



Fig. 4. Ammonia's role in the aerosol abundance over the United States. Horizontal spatial distribution of GCAPM-simulated average springtime (March–April 2015–2020)
(left) [CN10] and (right) [CCN0.4] over CONUS with(top) or without(bottom) involvement of NH3 in new particle formation in the lower boundary layer (surface∼400 m,
first three model layers). The diamond denotes corresponding measured value at the SGP site.

Fig. 5. Enhancement of absolute and relative aerosol abundance due to ammonia. Horizontal spatial distribution of (top) absolute and (bottom) relative differences in
GCAPM-simulated average springtime (March–April 2015–2020) (left) [CN10] and (right) [CCN0.4] over CONUS with the involvement of NH3 in new particle formation
in the lower boundary layer (surface∼400 m, first three model layers).
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by NH3 accounts for a significant fraction of the aerosol abundance across
the United States (Fig. 5(b & d)); for [CN10] it is +63 ± 15% and for
[CCN0.4] it is +16 ± 10%, with most impact over the eastern half of the
US for [CCN0.4] (+22 ± 7.7%).

Over the vertical extent of the atmosphere, NH3 is typically limited to
the boundary layer (≲750 hPa in Fig. 6(a)). Here, it significantly enhances
nucleation rates (Fig. 6(b)) by over an order of magnitude on average. This
enhancement consequently contributes to the aerosol abundance (Fig. 5(c
& d)). However, even in the free troposphere, where [NH3] are much
lower (on average ∼19×), it can increase new particle formation rates
(Fig. 6(b)). This combined with potential growth upon descent in clean
(cloud-free and negligible condensation sink) conditions can have a non-
trivial contribution to cloud condensation nuclei abundance.

4. Conclusions and discussions

New particle formation is a significant source of secondary aerosols and
influences the number concentrations of aerosols across sizes that impact
health and weather & climate (of large enough size to condense water
vapor). Here, we examine the specific role of ammonia in nucleation and
consequent effects on aerosol abundance for springtime over the United
States, when NH3 concentrations are the highest and meteorological condi-
tions are suitable for NPF events. The H2SO4–H2O–NH3 Ternary Ion-
Mediated Nucleation (TIMN) scheme constrained with thermodynamic
data from quantum-chemical calculations and Cosmics Leaving OUtdoor
Droplets (CLOUD) measurements captures observed NPF events during
this period at the SGP site. Consequently, with aerosol growth following
nucleation, the aerosol abundance is generally in good agreement with
observed values. The participation of ammonia in nucleation is crucial for
these model–observation agreements. Without this, over the United
States, springtime [CN10] and [CCN0.4] values are largely underestimated
in the boundary layer by 63 ± 15% and 16 ± 10%, respectively. We find
that although aerosol mass is inadequate to explain [CN10], the largest
model–observation deviations in [CCN0.4] were linked to those of the
submicron aerosol ammonium fraction. The variability of ammonia's effect
on aerosol abundance along the tropospheric vertical extent suggest its
potential impacts away from its source regions due to transport.

In this study, we have focused on the period March–April 2015–2020
and limited our analysis to the United States. This time period is chosen
since springtime is a period of frequent nucleation, this is a period of
increasing NH3 abundance, and although springtime nucleation has been
widely studied, the impact of TIMN (focusing on NH3) has not been well
Fig. 6. Ammonia's enhancement of aerosol abundance across the atmospheric vertica
2015–2020) (a) [NH3], (b) nucleation rate (J), (c) [CN10], and (d) [CCN0.4] with (ora
(a) denote IASI-inferred [NH3] (also see Supplementary Text S1). Indicated are me
secondary fraction (%) of respective aerosol number concentrations.
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studied. As the present motivation is uncovering and quantifying the effect
of ammonia's specific role in TIMN on the consequences for aerosol number
abundances, we examine this period in detail. Observations are scarce, with
only the SGP site currently having simultaneous measurements of aerosol
number size distributions, concentrations, and composition. No AMoN
site is in the vicinity of the SGP site and the AMoN network currently pro-
vides bi-weekly averages of surface [NH3]. The satellite-inferred [NH3]
along the tropospheric vertical extent assumes an a priori profile derived
from the model. In addition, satellite-inferred values may deviate from
the real atmospheric [NH3]; the main factors are its high lower detection
limit, the impact of significant cloud cover, and discontinuous measure-
ment due to polar orbit. Although NPF is typically a regional event, the
model may be too coarsely resolved for equivalence with measurements
at a surface location. Regardless, analysis at a fine temporal resolution
and the consequent benefit of a large sample size contributing to statistical
confidence may alleviate this. While the focus of this study has been the
specific role of NH3 in new particle formation and demonstrating this to
largely explain consequent aerosol abundance, regional differences may
require consideration of amines (e.g., Almeida et al., 2013) and organics
(e.g., Dunne et al., 2016) to close any remaining gaps between model–
observations. This may especially be so for growth processes (e.g., Hodshire
et al., 2016; Patel and Jiang, 2021, for SGP), which are important for freshly
nucleated particles to attain (CCN) sizes relevant for aerosol–cloud interac-
tions. In the future, more detailed examination at various locations over
the globe in different seasons (not just when NH3 is high) should shed fur-
ther light on the role of ammonia in new particle formation and subsequent
effects on aerosol properties with health and climate impacts.
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