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Abstract. New particle formation (NPF) is an important source of cloud condensation nuclei (CCN) in the atmosphere, and

CCN affect Earth’s radiative balance via aerosol-cloud interactions. Numerous chemical species are involved, but most climate

models still represent NPF only from sulfuric acid and water. However, the roles of ammonia and ions in NPF alongside

sulfuric acid are also well-quantified compared to other species. Here, we tested a parameterization of ternary NPF from

sulfuric acid, ammonia, ions and water in the UK Met Office Unified Model using surface and aircraft measurements from the5

2014 FRAPPÉ and DISCOVER-AQ field campaigns. We used a nested convection-permitting regional model setup with a grid

spacing of 3 km, which allowed us to represent the inhomogeneous sources of emissions in the area. The aircraft simultaneously

measured sulfuric acid and ammonia vapor concentrations and aerosol size distributions, so we can test whether NPF from

these species can explain observed aerosol number concentration. We also compared particle number concentrations in a lower

resolution global simulation to surface observations. In our model, errors in the NPF mechanism are compensated by errors in10

simulated concentrations of gas-phase precursors. We devised a method to disentangle these errors, but only qualitative results

were obtained with the datasets we used. While our results suggest ammonia and sulfuric acid are likely important to NPF in

Colorado and elsewhere, other species must also make important contributions. Overall, however, the ternary NPF mechanism

gives a substantial improvement on the Unified Model’s existing representation of aerosol number concentrations.
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1 Introduction15

Aerosol-cloud interactions are primary causes of uncertainty in understanding past and future changes in Earth’s radiative

balance (Forster et al., 2021; Bellouin et al., 2020; Boucher et al., 2014). These interactions depend on cloud droplet number

concentrations, and thus in turn on aerosol number concentrations, which are not accurately simulated in many atmospheric and

climate models (Williamson et al., 2019). Approximately half of atmospheric cloud condensation nuclei (CCN) at the altitude

of low clouds are thought to originate from new particle formation (NPF) (Merikanto et al., 2009; Wang and Penner, 2009; Yu20

and Luo, 2009; Gordon et al., 2017) via gas-to-particle conversion. Formation rates of the smallest aerosol particles that climate

models represent vary nonlinearly with precursor gas concentrations, temperature, relative humidity, and pre-existing aerosol

concentrations (Pierce and Adams, 2007; Westervelt et al., 2013; Stolzenburg et al., 2023). The large biases in climate model

simulations of aerosol number concentrations are in part because accurate simulation of all of these variables is challenging,

and the parameterizations of NPF rates that use these inputs are also uncertain. The non-linear dependence of NPF rates on25

environmental conditions also causes NPF to be episodic: the rates, and thus the importance of the NPF process, vary by

many orders of magnitude with location and time. Therefore, to improve the representation of NPF in climate models, detailed

modeling studies of particle formation events in specific regions over short time periods are potentially useful first steps.

Most climate models that participated in version 6 of the Coupled Model Intercomparison Project (CMIP6) only repre-

sented the dependence of NPF on sulfuric acid and water (McMurry and Friedlander, 1979; Clarke, 1993; Brock et al.,30

1995; Vehkamäki et al., 2002; Semeniuk and Dastoor, 2018). Many other compounds, and also ions from cosmic rays or

radon (Mohnen, 1977), can stabilize sulfuric acid clusters, and some compounds can also form aerosols without sulfuric acid.

As the spatial and temporal variability in the concentrations of these compounds often differs substantially from that of sulfuric

acid, representing the contribution of these compounds to NPF in simulations can improve how simulated aerosol number

concentrations vary over space or time.35

Besides sulfuric acid and water, the roles of ammonia and ions in NPF are perhaps the best understood. Early studies inferred

that ammonia was important to NPF (e.g. Scott and Cattell, 1979), and field observations subsequently demonstrated NPF rates

correlated well with ammonia concentrations (Weber et al., 1996). Controlled experiments in laboratories (Ball et al., 1999;

Kirkby et al., 2011) have yielded parameterizations of NPF associated with ammonia and ions (Chen et al., 2012; Dunne et al.,

2016). NH3 is also frequently measured in nucleating clusters during field campaigns (Schobesberger et al., 2013; Yan et al.,40

2021), especially in urban areas with high levels of air pollution or agricultural activities.

Several versions of chemical transport and Earth system models are beginning to include parameterizations that represent

the contributions of ammonia and ions to NPF, sometimes alongside other species (Baranizadeh et al., 2016; Zhao et al., 2020;

Ehrhart et al., 2018; Nair et al., 2023; Shao et al., 2024; Zhao et al., 2024; Patoulias et al., 2025; Mao et al., 2025). However,

parameterizations of this type have not yet been tested in the UK Met Office Unified Model except in remote marine condi-45

tions where ammonia concentrations are usually low or negligible (He et al., 2025). The Unified Model, like an increasing

number of other Earth System models, can be configured to represent both global climate, as the UK Earth System Model

(UKESM1, Sellar et al. (2019)) or to represent regional weather and air quality with grid spacing around or below a kilo-
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meter (convection-permitting or cloud-resolving) resolution. The latter allows detailed studies of atmospheric processes like

aerosol-cloud interactions and NPF (Gordon et al., 2023; Wang et al., 2023) and more precise model evaluations against point50

observations (especially in areas with heterogeneous terrain or emissions) with smaller representativeness uncertainties (Schut-

gens et al., 2016).

Here we included a parameterization of NPF that represents the participation of ammonia and ions in the Unified Model. We

evaluated the model performance in a high resolution configuration with 3 km grid spacing over Colorado during case studies

of NPF events observed by aircraft during the Deriving Information on Surface Conditions from COlumn and VERtically Re-55

solved Observations Relevant to Air Quality (DISCOVER-AQ) and Front Range Air Pollution and Photochemistry Experiment

(FRAPPÉ) field campaigns (Flocke et al., 2020). We examined the extent to which the agreement of simulated aerosol number

concentration with observations validates the model’s representation of NPF. Finally, we briefly explored the implications of

the updated NPF mechanism for global aerosol number concentrations, focusing on surface observations.

2 Method60

2.1 Model setup

We used the Nested Unified Model with Aerosols and Chemistry (NUMAC) setup (Gordon et al., 2023) of the Met Office Uni-

fied Model (UM) version 11.9 to simulate NPF events in Colorado. In NUMAC, a convection-permitting regional model with

prognostic double-moment aerosol microphysics is nested inside a global model. The global model provides lateral boundary

conditions to the regional model, and there is no feedback from the regional model to the global model (one-way nesting).65

The global model has the same grid as the UKESM1 model (‘N96’ horizontal resolution of approximately 135km×187.5km,

and 85 vertical levels up to 85 km, of which 10 are within 1 km of the surface). Both regional and global model are run in an

atmosphere-only configuration with fixed sea surface temperatures but an interactive land surface. While some parameteriza-

tions differ between the regional and global model as described below, most of the code is the same for both.

Here, the regional model has 3 km resolution and is centered at (40◦N,105◦W) with 300 grid cells in each horizontal direc-70

tion; the domain is shown in Figure 1. Both global and regional models were initialized to an operational numerical weather

prediction analysis produced using the UM on 16 July 2014. The global model configuration used the Global Atmosphere ver-

sion 7.2, which is almost identical to the GA7.1 setup documented by Walters et al. (2019), while the regional model used the

Regional Atmosphere and Land configuration version 2 for the mid-latitudes (RAL2-M) (Bush et al., 2023). The simulations

were run from 16 July to 9 August 2014. Aerosol, chemical and meteorological fields were diagnosed from the global and75

regional models every three hours.

Aerosols and chemistry were initialized from a prior global UM simulation using a prototype version of the UKESM1

atmosphere model similar to that described by Ranjithkumar et al. (2021), in which meteorological fields were nudged to

reanalysis. The regional and global models were then run in a forecasting setup (Gordon et al., 2023; Giuffrida et al., 2025),

in which both models’ meteorological fields were reinitialized to operational UM analysis every 48 hours from 16 July until 980
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Figure 1. The simulation domain over the Colorado region as represented in our regional model, showing a) the topography as altitudes

above sea level and selected locations and b) selected land surface types from the land surface model. Subfigure a) shows the location of the

Boulder Atmospheric Observatory (BAO) tower as well as urban centers, as we use measurements from the tower. Usually only one land

surface type occupies more than 20% of a grid cell, in which case it is shown. Globally, grasses are categorized by the simplest configurations

of the JULES model as either C3 (temperate) or C4 (tropical); temperate grasses are prevalent in this region. Solid grey lines correspond to

boundaries of US states.

August 2014. Each forecast within these intervals was run for 60 hours and the first 12 hours of each forecast was discarded as

a spin-up. Aerosol and chemical fields are carried over from the previous forecast.

Table 1 summarizes key features of the model with some relevant references. Overall, the NUMAC model setup we used is

very similar to the original version described by Gordon et al. (2023), except that the UM version was updated to 11.9 from

11.6 and the configuration from RAL1 to RAL2 (both of these involve only relatively minor changes relevant to this setup),85

the aerosol and chemical emissions were adapted as described below, and nitrate and ammonium aerosol were represented. For

completeness, a brief description of the model is provided in the following sections 2.2 and 2.3.

To evaluate global aerosol number concentration with surface measurements, we used a 1-year atmosphere-only simulation

of 2015 started in September 2014 that was nudged to ERA5 horizontal winds above the boundary layer following (Telford

et al., 2008). To simulate a year, it is more convenient to use a derivative of the UKESM1 atmosphere setup than a NUMAC90

setup, which is intended for shorter simulations, and nudging rather than forecasting (as the forecast intialization files required

every few days in a forecasting setup for 2015 are each around 30GB in size). Therefore, the UM version used was 13.0 and the

scientific configuration was GA7.1. Otherwise the setup is identical to the NUMAC driving global model (for example, the same
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Table 1. Summary of key features of our Unified Model setup over the Colorado region.

Configurations Global model Regional model

Horizontal resolution N96 (144× 192 boxes) 0.027◦ × 0.027◦

(∼135 km × 187.5 km) (∼3 km × 3 km)

Vertical resolution 85 levels up to 85 km 70 layers up to 40 km

(10 levels in first km) (15 levels in first km)

Dynamical timestep 20 min 60 s

Reinitialization Every 48 hours Every 48 hours

Large-scale clouds PC2 (Wilson et al., 2008) Smith (1990)

Cloud microphysics Wilson and Ballard (1999) CASIM (Field et al., 2023)

Chemistry UKCA/StratTrop UKCA/StratTrop

Aerosols GLOMAP (5-mode, 7-species) GLOMAP (5-mode, 7-species)

(CLASSIC dust) (CLASSIC dust)

Emissions CMIP6 2014 EDGAR 2014 where available

(N96 resolution) (0.01◦ resolution)

grid resolution, the same CMIP6 emissions, updated where appropriate as described below, and physical parameterizations are

used). Nudged and forecasting simulations were shown to transport aerosol very similarly in a different case study by Giuffrida95

et al. (2025).

2.2 Meteorological model

The UM uses a semi-Lagrangian, semi-implicit, nonhydrostatic dynamical core (Wood et al., 2014; Thuburn, 2016). No param-

eterized convection is employed in the regional model. The land surface is represented using the Joint UK Land Environment

Simulator (JULES) (Best et al., 2011; Clark et al., 2011). The representation of boundary layer turbulence is described by Lock100

et al. (2000) and radiation by Manners et al. (2017). In the regional model, precipitation is represented with the scheme of Field

et al. (2023) and sub-grid cloud fraction with the scheme of Smith (1990). In the global model, precipitation is represented

according to Wilson and Ballard (1999) and sub-grid cloud fraction according to Wilson et al. (2008). These combinations of

schemes are consistent with other recent multiscale UM modeling studies with prognostic aerosols (Gordon et al., 2020, 2023;

Ghosh et al., 2025).105
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2.3 Chemistry and aerosols

Chemistry and aerosols in the UM are simulated using the UK Chemistry and Aerosols (UKCA) submodel. We used the

StratTrop chemistry scheme (Archibald et al., 2020) with a chemistry timestep of 1 hour in the global model and 2 minutes in

the regional model. The key secondary nucleation precursor, gas-phase sulfuric acid (H2SO4), is formed only by the oxidation

of sulfur dioxide (SO2) with OH radicals. Within UKCA, aerosols are represented using the Global Model of Aerosol Processes110

(GLOMAP-mode) scheme (Mann et al., 2010; Bellouin et al., 2013; Mulcahy et al., 2020). GLOMAP represents the aerosol

particle size distribution using five log-normal modes. The scheme is double-moment in that the number and mass of the

particles are prognostic, while the geometric standard deviations of each mode are constants.

Aerosol composition is represented to the extent that the model tracks sulfate (SO2−
4 ), ammonium (NH+

4 ), nitrate, black

carbon (BC), organic carbon (OC) and two sea spray (SS) species. All species are assumed to be internally mixed within115

the modes, while dust is simulated separately as in UKESM (Mulcahy et al., 2020). The scheme representing nitrate and

ammonium aerosol with two sea spray components is described by Jones et al. (2021) and was recently tested in high-resolution

regional simulations over Paris by Ghosh et al. (2025). Gaseous ammonia (NH3) and nitric acid (HNO3) are assumed to reach

equilibrium with the particle phase instantaneously within each chemistry time step, although an uptake coefficient limits the

rate at which nitric acid partitions to the aerosol phase. We set this uptake coefficient to 0.001, the ‘slow’ value from Jones120

et al. (2021), in this study, as this produces higher ammonia concentrations in better agreement with observations.

By default, the model uses emissions from the Coupled Model Intercomparison Project version 6 (CMIP6) inventories for

2014, which are available monthly on the N96 grid of the global model. In the regional model, where possible we replaced these

with emissions from the Emissions Database for Atmospheric Research (EDGAR) Hemispheric Transport of Air Pollution

(HTAP) version 3 for 2014, which are available at 0.1◦ × 0.1◦ and monthly resolution (Huang et al., 2017). The EDGAR125

species comprise anthropogenic primary black and organic carbon aerosol emissions, and anthropogenic SO2, NH3, NOx,

non-methane VOC, and CO emissions. As in the UM simulations submitted to CMIP6 (Mulcahy et al., 2020), all species are

emitted at the surface except primary BC and OC emissions from forest burning and SO2 from volcanoes. Following Denier

van der Gon et al. (2011), we applied diurnal cycles to BC, OC, and NOx emissions from fossil fuel burning according to the

Selected Nomenclature for Sources of Air Pollution (SNAP) cycle SNAP7 for road transport, and to NH3 emissions according130

to the SNAP10 cycle in the regional model. The diurnal cycles are shown in Supplement Figure S1. In the global model, we

updated primary BC, OC and SO2 emissions to match the April 2025 release of Community Earth atmospheric Data System

(CEDS, v_2025_04_18) anthropogenic emission inventories, in view of the significant improvements to the CEDS inventories

since CMIP6 for these species.

2.4 NPF parameterizations135

Particle formation in the UM with UKCA is by default represented using the Vehkamäki et al. (2002) parameterization (re-

ferred to as V2002) for the formation of particles from sulfuric acid and water based on classical nucleation theory combined

with ab initio calculations and experimental data. Ranjithkumar et al. (2021) additionally tested a representation of particle
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formation of sulfuric acid and organic molecules (Metzger et al., 2010), restricted to the planetary boundary layer. While this

parameterization is less well-grounded in theory than that of V2002, it was found to improve agreement of aerosol number140

concentrations with observations at high latitudes. Previous studies with GLOMAP have also tested more comprehensive rep-

resentations of NPF, but only using the TOMCAT chemical transport host model at 2.8◦ spatial resolution, not the UM (Dunne

et al., 2016; Gordon et al., 2017).

Here we represented the participation of ammonia and ions in NPF in the UM using the parameterization of Dunne et al.

(2016), referred to as D2016. While it is expected from previous work (Gordon et al., 2017) that this will not be sufficient145

to explain NPF rates in the boundary layer, it is an important first step towards a more comprehensive parameterization.

We delay representing NPF from organic molecules to future studies, in anticipation of updated results from the Cosmics

Leaving OUtdoor Droplets (CLOUD) experiment relative to the current published parameterizations of Riccobono et al. (2014)

and Lehtipalo et al. (2018) that will, for example, quantify the temperature dependence of the contributions to NPF from these

organic molecules.150

While ammonia gas concentrations are already represented in the UM (Jones et al., 2021), ion concentrations are not.

To simplify the representation of ions in the UM, we used a climatology of ion production rates from cosmic rays and radon

generated from the TOMCAT simulations presented by Gordon et al. (2017). The radon ion production rates in this climatology

are monthly means originating from the lookup tables of Zhang et al. (2011) for the average of 1999-2001 while the cosmic ray

source was represented in TOMCAT based on the methods of Usoskin et al. (2010) as described by Dunne et al. (2016) (their155

Supplement, Section 13) and is for the year 2008. We then determined ion concentrations by assuming a steady state between

production and the ion removal processes, namely ion-ion recombination (with coefficient α from Brasseur and Chatel (1983))

and the ion condensation sink (CSion) onto existing particles, which replaces the wall loss rate in the description of this process

by Dunne et al. (2016) (their Supplement, Section 8). The CSion is calculated based on Hoppel and Frick (1986).

With the ion concentrations in place, we followed previous work with GLOMAP in using the representation of binary and160

ternary ion-induced NPF of D2016. This parameterization predicts NPF rates at 1.7 nm diameter and was determined directly

by fitting data from the CLOUD chamber. The parameters are given at full precision by Gordon et al. (2017). Future efforts

should explore approaches that reinforce these parameterizations with theoretical calculations (Määttänen et al., 2018; Yu et al.,

2018).

The overall nucleation rate is given by the sum of the following individual processes:165

J1.7 = Jb + Jt (1)

Jb = Jb,i + Jb,n = kb,n(T )[H2SO4]
pb,n + kb,in

−[H2SO4]
pb,i (2)

Jt = Jt,i + Jt,n = kt,n(T )fn([NH3], [H2SO4])[H2SO4]
pt,n + kt,in

−fi([NH3], [H2SO4])[H2SO4]
pt,i (3)

where Jb,n is the binary neutral nucleation rate, Jb,i is the binary ion-induced rate, Jt,n is the ternary neutral rate and Jt,i is

the ternary ion-induced rate. n− represents the steady-state concentration of small negative ions. The functions k(T ) and f and170

the power parameters p are detailed in D2016 and Gordon et al. (2017). Approximately, the binary neutral rate is proportional

to the fourth power of sulfuric acid while the other component rates are proportional to the third power. Ternary rates are
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approximately linear in ammonia concentration and ion-induced rates are exactly linear in ion concentration. All rates increase

strongly as temperature is reduced. The parameterization requires H2SO4 and NH3 in units of 106 cm−3.

The 1.7 nm diameter formation rate must be converted to a 3 nm diameter formation rate before the newly formed particles175

can be added to the nucleation mode in GLOMAP. As in the existing code used with the V2002 parameterization, this is

accomplished via the parameterization of Kerminen and Kulmala (2002):

J3 = J1.7 · exp
(
0.23 ·

(
1.0

3.0
− 1.0

1.7

)
· CS

GRtot

)
(4)

GRtot = (2.68 · 2.35−1.27 +0.81) ·
(
[H2SO4]

107

)
(5)

where J3 is the nucleation rate for 3 nm particles, CS represents the condensation sink of the particles, which is calculated180

following Equations (50) to (56) in Section 2.2.7 of Mann et al. (2010). The total growth rate of the particles, indicated as

GR tot, is assumed to depend solely on the concentration of sulfuric acid at these small sizes and is parameterized approxi-

mately following Equation 16 of Stolzenburg et al. (2020), where 2.35 nm is the central value of the diameter range over which

the particles are growing. The sulfuric acid concentration in Equation 5 is in the more usual units of cm−3. The effects of

organic molecules, ammonia, or relative humidity on this growth rate are potentially important (e.g. Tröstl et al., 2016) and185

would be valuable to include in future simulations.

Relative humidity (RH) has an important influence on nucleation rates, and at least for the ternary system it is not well

constrained by laboratory measurements. In D2016, a correction factor for the effect of RH on the NPF rates was given as

KRH = 1+ c1(RH − 0.38)+ c2(RH − 0.38)3(T − 208)2 (6)

If KRH < 0, then KRH = 0 (7)190

with c1 = 1.51 and c2 = 0.045449 and where T represents temperature in Kelvin. The temperature dependence accounts for

increased water vapor at higher temperatures, which can enhance nucleation rates. The lower limit is imposed to ensure the

correction factor remains non-negative. We applied this correction factor here, as it is most likely better than not doing so, but

caution that it remains very uncertain.

2.5 Field measurements in Colorado195

The simultaneous DISCOVER-AQ and FRAPPÉ field campaigns over the Denver region and the Colorado Front Range were

motivated by the need to understand atmospheric trace gas and aerosol concentrations in a region with complex emissions

and topography (Flocke et al., 2020). The complex cocktail of anthropogenic emissions includes traffic emissions and volatile

chemical products primarily from the Denver metropolitan area, emissions from oil and gas extraction in the Denver-Juleburg

basin, coal power plants such as the 500 MW Pawnee station east of Denver, and intensive agriculture especially in the Greeley200

area (Weld County). Biogenic emissions from forests, mainly west of Denver, also likely impact secondary organic aerosol.

Mesoscale circulations related to the Front Range topography such as the Denver Cyclone can lead to accumulation of pollu-

tants and poor air quality (Vu et al., 2016). While NPF and growth might be expected to be muted by the high levels of primary
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particulate pollution, NPF still occurred fairly frequently during the study due to the high concentrations of sulfuric acid from

coal power generation, ammonia from agriculture, and likely also other low-volatility molecules or known NPF precursors205

emitted from oil and gas extraction, trees, and other sources. For example, on the eastern slopes of the Rocky Mountains,

which experience frequent daytime upslope flows from the Denver area, Boy et al. (2008) observed 10 clear event days and 14

undefined days out of 32 days from 25 June to 26 July 2006. According to the classification of Dal Maso et al. (2005), a day

contains an NPF event if a distinctly new mode of particles appears in the size distribution, starting in the nucleation mode size

range, and it persists and grows over several hours. Undefined days contain evidence of NPF but not a clear event with growth.210

While the high complexity of the chemistry and topography makes a simulation of this region challenging, the campaigns

remain attractive for model evaluation due to the comprehensive instrumentation used. A complete list of measurements made

during the campaigns is presented by Flocke et al. (2020). Most relevant here, the NCAR C-130 aircraft (the key platform for

the FRAPPÉ campaign) was equipped with simultaneous online measurements of sulfuric acid at 30s time resolution from a

HOx-ROx Chemical Ionization Mass Spectrometer (CIMS), SO2 from another CIMS, ammonia from a dual quantum-cascade215

laser mid-infrared absorption spectrometer, total aerosol number concentration and the aerosol size distribution down to around

10 nm particle mobility diameter from a Scanning Mobility Particle Sizer (SMPS), and other relevant measurements of meteo-

rology and larger aerosols including their composition. The NASA P3-B (the key platform for the DISCOVER-AQ campaign)

similarly had a full aerosol size distribution and an online measurement of ammonia, and aerosol size distributions were also

measured at several locations on the ground. Simultaneous measurements of all of these variables are rare. A summary of the220

datasets we use here is given in Table 2.

Table 2. Summary of instrumentation used on the two aircraft and at the Boulder Atmospheric Observatory (BAO) tower. Only the most

relevant instruments for our analysis are listed; complete lists are provided by Flocke et al. (2020).

Variables
Campaign

FRAPPÉ (C-130) DISCOVER-AQ (P-3B) BAO tower

Aerosol Size distribution ✓ ✓ ✓

Aerosol Number concentration ✓ ✓ ×

NH3 ✓ ✓ ✓

H2SO4,SO2 ✓ only SO2 only SO2

Aerosol Composition ✓ × ×

On the NASA P3-B, the number concentration of nucleation-mode particles can be determined by taking the difference of

the two TSI condensation particle counters with cut-off sizes of 3 nm and 10 nm. These data, like the SMPS data and the TSI

Laser Aerosol Spectrometer (LAS) Model 3340 that were used to measure larger particles on the P3-B, are available from the

NASA archives at ambient temperature and pressure.225
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On the C-130, the aerosol number concentrations were measured using a butanol TSI 3760 CPC with a 50% cut-off diameter

of 11 nm. The size distributions were determined using an SMPS including a nano-DMA (TSI model 3085) with the lowest size

bin at around 9 nm and highest at 100 nm, and a Passive Cavity Aerosol Spectrometer Probe (PCASP) for particles greater than

100 nm in diameter. The CPC and PCASP recorded data at ambient temperature and pressure (Cooper, 2022). The SMPS had a

scanning time of 60s, leading to a time resolution of measurements of just over 60s, while the other aerosol instruments measure230

with 1s time resolution. These instruments were also used in the Airborne Research Instrumentation Testing Opportunity

(ARISTO) campaign in 2016. Details of their operation are discussed in the context of ARISTO by Ortega et al. (2019). The

SMPS measured particle concentrations at a temperature and pressure similar to that in the aircraft cabin; we approximated

these as 293 K and cabin pressure and converted the measurements to ambient conditions, then verified using the temperature

and pressure measurements from the instrument from two flights that our approximation led to uncertainties below 20%.235

During FRAPPÉ, the total aerosol concentration measured by the CPC substantially exceeded the sum of the concentrations

measured by the SMPS and the PCASP, perhaps because the lower cut-off of the DMA is sharper (as a function of particle size)

than that of the CPC. To infer concentrations of particles that are approximately ‘nucleation-mode’ from the C-130, which we

speculate would have diameters in the range between 8 nm and 12 nm, we obtained two estimates that differ quite substantially,

sometimes by a factor 5-10. The high estimate comes from the difference between the concentration recorded by the CPC and240

the sum of the particle concentrations in the SMPS and PCASP. The low estimate comes from the total number of counts in the

lowest two SMPS size bins, which have a combined width of 4 nm and central value of approximately 10 nm. The uncertainties

in both of these estimates are likely large, and in view of this we made no attempt to make our calculation more precise by

(for example) accounting for differences between aerodynamic and mobility diameter. Nonetheless, there is a good chance that

these estimates bound the true values.245

Several prior studies have examined the DISCOVER-AQ/FRAPPÉ datasets and the ability of models to represent atmo-

spheric composition during the campaigns. Those most pertinent to this study concern transport, aerosols and ammonia. Pfister

et al. (2017) examined the ability of the WRF model at 3 km grid resolution to represent transport in the complex meteo-

rological environment, and found the model performed reasonably well, modeling the boundary layer height and important

upslope winds well most of the time. These good results suggest our choice of 3 km resolution for the UM regional model250

is also reasonable. Valerino et al. (2017) examined aerosol sources and highlighted the importance of dust from long-range

transport during the period of the field campaign we analyze here. Bahreini et al. (2018) estimated the contribution of oil and

gas emissions and biogenic secondary organic aerosol (SOA) to total organic aerosol and found biogenic SOA to be important,

suggesting also a potential role for biogenic organic species in NPF in concert with sulfuric acid and ammonia (e.g. Lehtipalo

et al., 2018). WRF-chem simulations represented organic aerosol mass relatively poorly unless tuned, with underestimates of255

a factor two at best. We can expect similar poor performance from the relatively crude, and untuned, representation of organic

aerosol in the UM. Also, Battye et al. (2016) evaluated simulations of ammonia concentrations in the NOAA National Air

Quality Forecast Capability (NAQFC) with National Emission Inventory (NEI) emissions from 2005. Aircraft measurements

from DISCOVER-AQ were used together with ground measurements. The simulated ammonia concentrations were on average

a factor 2.7 lower than the aircraft observations, again leading us to expect similar behavior in the UM. Further analysis of260
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ground-based measurements during the campaigns highlight the important variability of ammonia emissions over the diurnal

cycle (Eilerman et al., 2016) and within the near-surface layer (Tevlin et al., 2017). If no diurnal cycle in methane concentra-

tions (which were used for calibration) is assumed, ammonia emissions were inferred to be a factor four higher during the day

than at night, and daytime concentrations vary over around a factor two within 100 m of the surface.

2.6 Evaluation of global annual mean aerosol number concentration265

As we aim to lay foundations to update the V2002 NPF parameterization in the UM to a more sophisticated mechanism starting

from the ternary NPF scheme we test here, it is worthwhile to examine how the ternary NPF scheme by itself affects global

surface aerosol number concentrations. The EBAS (European Monitoring and Evaluation Programme) database, maintained

by the Norwegian Institute for Air Research (NILU), is a comprehensive repository of atmospheric data including number con-

centrations (Tørseth et al., 2012). The sites were categorized into three main regions: global remote regions, North American270

sites, and European sites, to cover a broad range of atmospheric conditions, from pristine environments like the South Pole

to more urbanized and industrialized areas in Europe and North America. Measurements were made as part of the European

Monitoring and Evaluation Programme (EMEP), Global Atmosphere Watch – World Data Centre for Aerosols (GAW-WDCA)

and Aerosol, Clouds and Trace Gases Research Infrastructure (ACTRIS) programs. Here we follow Kohl et al. (2023) in eval-

uating annual mean number concentrations in 2015. We compared three nudged global UM simulations of 2015: a simulation275

with NPF represented according to V2002, a simulation with only binary NPF of sulfuric acid and water represented according

to D2016, and a simulation with the full parameterization of D2016 including the role of ammonia.

3 Results

3.1 Classification of New Particle Formation (NPF) Events from DISCOVER-AQ and FRAPPÉ 2014 Campaign

Measurements280

During the period of overlap of the DISCOVER-AQ and FRAPPÉ 2014 campaigns, 27 July to 8 August, we analyzed the P3-B

and C-130 aircraft data sets together with some contextual datasets from ground measurements. A summary of the P3-B flight

days is given in Table 3. We performed a basic evaluation of the model across all of these days in the next section, and used

the table to select two NPF days for more detailed analysis.

In Table 3, the Wind Direction (WD) and key precursors of NPF, SO2 and NH3 are averages over the duration of the285

corresponding P3-B flight of ground-level measurements at the BAO tower (40.03◦N, -105.00◦W). The WD represents the

average value for each day within the available dataset’s time period. The condensation sink CS is calculated consistently

with code in our model following Mann et al. (2010). The P3-B observed significant numbers of nucleation-mode aerosols

on all days. Supplementary Figures S2-S4 show observed size distributions and simulated and observed total aerosol number

concentrations during all nine P3-B flights analysed, while the NPF event that is a focus of this study is also shown in Figure 3.290

Here, we aim to investigate widespread NPF events. Short-lived spikes in total aerosol number concentration likely originate
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Table 3. Classification of NPF and non-NPF days based on measurements from the DISCOVER-AQ 2014 campaign with the NASA P3-B

aircraft and at the Boulder Atmospheric Observatory (BAO) tower. Aircraft measurements are presented as averages over all altitudes, and

altitudes below 2500 m above sea level. Measurements from the tower are averages over the duration of the P3-B flight on the day.

Date Classification P3-B aircraft BAO tower

N3−10 N3−10 <2500m CS CS <2500m WD (◦) WD (dir) SO2 NH3

(# cc−3) (# cc−3) (s−1) (s−1) (ppb) (ppb)

07/27 NPF 725 1095 1.04×10−3 1.74×10−3 149.5 SSE 1.03 1.96

07/28 Undefined 1296 1934 9.06×10−3 9.44×10−3 168.9 S 0.95 6.70

07/29 Non-NPF 1205 1646 1.54×10−2 1.56×10−2 145.0 SE 0.87 4.31

07/31 NPF 1938 3052 6.11×10−3 7.00×10−3 194.2 SSW 1.18 1.30

08/02 Undefined 2503 4493 7.68×10−3 8.35×10−3 132.3 SE 1.02 7.03

08/03 Non-NPF 1970 3101 9.11×10−3 1.01×10−2 150.8 SSE 1.11 14.23

08/06 Non-NPF 3889 5518 4.97×10−3 5.36×10−3 112.8 ESE 1.17 2.37

08/07 Non-NPF 1206 2043 6.80×10−3 7.31×10−3 123.3 ESE 1.32 5.21

08/08 Non-NPF 2307 3705 6.36×10−3 6.86×10−3 92.2 E 1.36 7.21

from the many point sources in the region, and not to widespread events. We also did not attempt to exclude any time periods

for which the aircraft may have sampled its own exhaust, on the assumption that the crew would have avoided this wherever

possible and it would appear similar to a point source in the dataset. There is some evidence of the expected negative correlation

between condensation sink in the boundary layer and the occurrence of high aerosol number concentration, but no other295

variables show obvious trends.

3.2 Evaluation of simulated aerosol and precursor concentrations during the field campaign

Important vapor and particle concentrations were evaluated across all nine flights and are presented in aggregate in Figure 2

and for individual flights in Figure S5. The OH mixing ratio is biased high by around a factor two on 27, 28, and 29 July

and reasonably well simulated on the other days for which substantial sampling was conducted around the BAO tower. Sul-300

fur dioxide is well simulated, with the mean within 10% of observations. The mean sulfuric acid mixing ratio is biased high

by around 50%, likely mostly due to the overestimate of OH and the underestimate of the concentration of larger particles

(subfigure f) which are its primary sink. This overestimate in the mean sulfuric acid mixing ratio is largely driven by overes-

timates on 27 and 28 July. Ammonia mixing ratios are consistently underestimated by around a factor two, except on 7 and 8

August where they are well simulated. The underestimate in the mean mixing ratio is broadly consistent with other studies in305

Colorado (Battye et al., 2016; Eilerman et al., 2016). Total aerosol number concentration greater than around 10 nm diameter,

Nall is well simulated, with the simulated mean matching observations to within around 10% (using the NPF mechanism from

D2016). Further discussion of NPF is the subject of the following sections. The small relative underestimate in Nall appears
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Figure 2. Concentrations of species relevant to NPF sampled by the C-130 aircraft, and simulated and interpolated onto the aircraft path, in

a 0.4◦ × 0.4◦ box around the Boulder Atmospheric Observatory tower, aggregated over all nine flights analyzed. All altitudes are included.

The mean of the histograms is indicated by the µ values. The flight data are input as one-minute averages, so the y axes of the histograms

count the number of minutes for which the one-minute-averaged concentrations were equal to the value on the x axes.

to be driven by the number concentration of aerosols greater than 100 nm in diameter, which is underestimated by around 30%

or 300 cm−3. The underestimate is likely due to a combination of missing primary emissions and missing secondary organic310

vapors, and is expected given that our aerosol and chemistry schemes were developed to represent global climate, not complex

polluted environments.

3.3 Observations of NPF events on 31 and 27 July

In Figure 3a, we show the time evolution (in local mountain time, MDT) of the particle number size distribution on 31 July, as

measured by the SMPS at the ground monitoring station (40.05° N, 105.00° W). Around 10:00 MDT, we observe notably high315

concentrations of Nnuc (~104 cm−3) aerosol particles. Over the next 8 hours, these nucleation mode particles gradually grow

into Aitken mode aerosols, with diameters ranging from 40 to 100 nm, displaying the classic ‘banana’ shape characteristic

of a NPF event. The event follows a cold front passage that started late on 29 July and continued through 30 July, involving

significant precipitation that reduced concentrations of large aerosol particles: the condensation sink on 31 July is a factor two

lower than on 29 July.320
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Figure 3. Particle size distributions and supporting P-3B observations on 31 July 2014. Panel (a) shows the ground-based SMPS, panel

(b) the composite size distribution from the combination of the SMPS and LAS aboard the aircraft, panel (c) the nucleation-mode number

concentration (N3−10) derived from the two CPCs, and panel (d) the condensation sink with aircraft altitude above ground level.
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On 31 July, the NASA P-3B aircraft flew along a trajectory shown in Figure 4a, and also measured a total aerosol concen-

tration peaking at around 104 cm−3 during the NPF event. Figures 3b, c, and d show the size distribution, nucleation-mode

number concentration and condensation sink during the flight. The aircraft flew alternating legs near the surface and at around

3500 m altitude, and the higher altitude is above the NPF event. However, at all altitudes below around 1000 m, the size dis-

tribution is qualitatively consistent with the ground measurements and NPF seems to persist until at least 14:30 MDT. By this325

point the aircraft has traversed essentially the whole track shown in Figure 4a (the track was flown twice during the five-hour

flight), so we can infer that the NPF event likely occurred over at least a 60 km×40 km box centered roughly on the Boulder

Atmospheric Observatory tower. The average N3−10nm below an aircraft height of 2500 m is approximately 3100 cm−3. The

condensation sink below around 1000 m above ground level is moderate, averaging 7.0× 10−3 s−1.

Figure 4. Flight tracks of the P-3B and C-130 during the 31 July 2014 NPF event, colored by the aircraft altitude above ground level. The

background shows the Moderate Resolution Imaging Spectroradiometer (MODIS) corrected reflectance true-color image from the Aqua

satellite on the day. The P3-B flew along the majority of the track shown twice during the day, keeping approximately the same pattern of

altitudes between laps.

On 27 July, particle number concentrations also exceeded 104cm−3 for sustained periods. However, evidence for particle330

growth was less clear. The nano-SMPS next to the Boulder Atmospheric Observatory (BAO) Tower observed an ‘apple’ type

event: large numbers of Aitken-mode aerosols, probably formed by NPF, but without growth into or out of the Aitken mode.

Growth was clearer during the flight of the C-130 aircraft (Figure S6) than the P3-B (Figure S2). We investigated the C-130
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Figure 5. At 13:00 local time on 31 July 2014, simulated surface temperatures with pressure contours for pressures above 80 hPa (a),

simulated relative humidity (b), simulated surface H2SO4 (c) and NH3 (d) mixing ratios, and surface number concentrations of nucleation-

mode (3-10 nm, e) and CCN-sized (diameter greater than 100 nm, f) aerosols. The region shown covers a slightly smaller area than the entire

model domain shown in Figure 1.

measurements of this event as described in Section 3.2. Clear NPF events during daytime were also observed at the BAO tower

and by the P3-B aircraft on 2nd and 6th August, but were not sampled in detail by the C-130.335

3.4 Simulation of conditions for NPF on 31 and 27 July 2014

We aim to investigate whether the inorganic NPF parameterization of D2016 is able to adequately represent aerosol formation in

the Colorado region. Figure 5 shows the simulated spatial patterns of precursor vapor mixing ratios, temperature, and simulated

particle number concentrations during the NPF event at 13:00 local time on 31 July. The NPF event is centered on the slightly

higher ground (the Palmer Divide) a little south of Denver, and extends for around 100 km into the foothills of the Front Range340

and up to 400 km into the plains, with some additional NPF occurring near point sources (probably coal-fired power plants,

for example Pawnee Generating Station (40.22◦N, 103.67◦W) that are most clearly visible in the map of sulfuric acid mixing

ratio, c. The southern part of the NPF event is on the western side of a cleaner area (where N100 concentrations are lower),

south-east of Denver; this is associated with easterly winds that are forced round into southerly winds by the Front Range.

Figure 6 provides the species concentrations at 10:00 MDT on 27 July, analogous to Figure 5. This day was much more345

polluted than 31 July, as demonstrated in the ammonia and 100 nm aerosol concentrations (Figures 6d and f). The accumulation
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Figure 6. Simulated temperature and species concentrations, as in Figure 5, but for 10:00 local time on 27 July 2014, showing the Denver

Cyclone more clearly around 39.5◦N, 105◦W.

of pollutants over Denver on that day due to the Denver Cyclone was studied by Vu et al. (2016). The figure shows that our

model reproduces the meteorology of the Denver Cyclone reasonably (considering that this is not our primary aim). The high

relative humidity associated with the cyclone observed by Vu et al. (2016) is well simulated. At 10:00 local time, we predict

the center at around 39.9◦N, 104.4◦W, while the RAP analysis of Vu et al. (2016) predicted the center 20 km further north and350

30 km further east. Sulfuric acid production and NPF are simulated in the humid air northwest of the cyclone center, likely also

originating from the plume of the Pawnee coal-fired power plant. Very high levels of ammonia appear to be transported down

over Denver from the Greeley area marked in the figure. The cyclone also probably transports sulfuric acid as well as moisture

from the north, which then build up just south of Denver and, with the ammonia, lead to the observed NPF.

3.5 Evaluation of aerosol number concentration and size distribution on NPF days355

Figure 7 shows simulated total and nucleation-mode aerosol number concentrations during the 31 July 2014 research flight

of the P3-B aircraft. Corresponding figures for 27 July are shown in Figure S7. While the C-130 also measured gas-phase

precursors, the P-3B aerosol data are more useful in our analysis due to the lower cut-off size of the P-3B CPC (3 nm instead of

~10 nm). The simulation with the V2002 nucleation scheme, as expected, does not reproduce the NPF occurring in the boundary

layer. The simulation with the D2016 scheme reproduces the observed total aerosol number concentration within a factor of360

three most of the time at low altitude. Both simulations overestimate total particle concentrations in the free troposphere, above
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Figure 7. Total (a) and nucleation-mode (b) aerosol number concentrations observed by the P-3B on 31 July 2014 compared with the Unified

Model using the D2016 ternary and V2002 binary parameterizations. Altitude above ground level is shown on the secondary axis (green

dashed). Number concentrations from the C-130 aircraft are evaluated in the next section.

around 2000 m above ground level, usually by around a factor three, with the V2002 scheme predicting higher, more biased,

concentrations. Yu et al. (2020) found that the V2002 scheme predicts substantially higher binary neutral formation rates than

those measured in the CLOUD chamber and reported by D2016, such that the CLOUD binary ion-induced rates are still lower

than the V2002 neutral rates in upper-tropospheric conditions. The nucleation-mode aerosol number concentration is simulated365

realistically on 31 July but substantially overpredicted on 27 July by the D2016 scheme, while essentially no nucleation-mode

aerosols are formed at the altitude of the aircraft in the simulation with the V2002 scheme. The overprediction on 27 July is

likely due to overestimation of sulfuric acid, as we show in the next section.

A more detailed examination of the simulated and observed size distributions for intervals during the 31 July event is

provided in Figure 8. We again use the P3-B aircraft data only, because there we can produce a composite of the SMPS and370
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LAS instruments, which have the same dlogDp of 0.05, while for the C-130 we would need to use the PCASP, whose size

bins are not equally spaced in dlogDp. In the boundary layer, the model represents the accumulation mode well, with a slight

overestimate in the number concentration but a broadly correct median diameter. This result contrasts with the finding that

number concentrations greater than 100 nm are underestimated by the model on average (Figure 2f). However, while only

9 days are analyzed, it seems from Figure S5 that on cleaner days such as 31 July the simulations are in closer agreement375

with observations than they are on average. Consistent with the number concentrations shown in Figure 7, Figure 8 shows

that the size distribution is realistically simulated below 50 nm only with the D2016 NPF parameterization (and even then the

number concentration remains underestimated). Above the peak of the Aitken mode at 50 nm, the adoption of the D2016 NPF

parameterization causes a small overestimate in the simulated Aitken mode number concentration. The overestimate is co-

located in the size spectrum with the primary ‘Aitken insoluble’ mode so may result either from the NPF or from overestimated380

primary emissions. The observed dust number concentration in the boundary layer is very low, and is clearly overestimated

by the model, but this overestimate cannot substantially affect the smaller aerosols as the dust does not act as a coagulation or

condensation sink in this version of the UM. Despite the results of Valerino et al. (2017), low dust concentrations on this day

are expected due to precipitation scavenging on the previous days. In the free troposphere, the model overestimates aerosol

number concentration by around a factor of two in both Aitken and accumulation modes. The bias is common to both nucleation385

schemes and should be addressed in follow-up studies.

On 27 July, LAS data are missing, but size distributions from the simulation with the D2016 NPF parameterization are shown

in Figure S8. In both the boundary layer and free troposphere on this day, the model seems to overestimate the diameter of the

Aitken mode: in the boundary layer the median diameter is 21 nm in observations but 35 nm in simulations. This result suggests

that the NPF event either starts too early in the simulations or that particles grow too fast. Despite the biases here and on 31390

July, the model performance with the D2016 NPF parameterization is generally good - broadly comparable to that in other

dedicated studies of NPF with regional models such as Zhao et al. (2020); Sullivan et al. (2018); Dong et al. (2019); Patoulias

et al. (2025) - considering the complexity of the environment and the nonlinear nature of the processes we are attempting to

simulate.

3.6 Attempted closure of parameterized and inferred NPF rates395

It is unexpected that observed nucleation mode aerosol number concentrations in a polluted area can be explained (even

approximately) by a NPF mechanism that only includes sulfuric acid, ammonia, ions and water. Thus, the simulated total and

nucleation-mode number concentrations in the boundary layer shown in Figure 7 are in surprisingly good agreement with

the observations. In the boundary layer, numerous experimental and modeling studies have suggested that organic molecules,

amines, or iodine compounds are also important nucleation precursors (Zhang et al., 2004; Riccobono et al., 2014; Kürten400

et al., 2016; Zhao et al., 2024). The simultaneous measurements of sulfuric acid and ammonia concentrations on the C-130

aircraft allow us to probe the reasons for this surprisingly good agreement and to attempt a closure study to test the D2016

NPF parameterization separately from the Unified Model. Closure cannot be achieved here, partly because the NPF process is

not at steady state (which we can show using simulations) and partly because the lower size cut-off of the CPC on the C-130
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(a) 12:50 13:20 (BL ~0-1 km) (b) 12:50 13:20 (BL ~0-1 km)

(c) 14:50 15:00 (FT ~3 4 km) (d) 14:50 15:00 (FT ~3 4 km)

Figure 8. Size distributions on 31 July 2014 from the P3-B aircraft and simulations with Vehkamaki (a,c) and Dunne (b,d) NPF parameter-

izations averaged between 15:20 and 15:40 local time (in the boundary layer, top) and between 14:50 and 15:00 (in the free troposphere,

bottom). The five modes of the GLOMAP aerosol scheme are shown as dashed lines. The dust concentration from its sectional representation

is shown to the right of the figures. The dust mass size distribution (dM/dlogDp) is represented by logarithmically spaced bins (Woodward,

2001), so we arrive at a sawtooth pattern in the number size distribution (though as the size distribution is single-moment, only the total mass

in a size section is considered by the model). .

20

https://doi.org/10.5194/egusphere-2026-932
Preprint. Discussion started: 10 June 2026
c© Author(s) 2026. CC BY 4.0 License.



14:30 15:30 16:30 17:300

3000

6000

9000

12000

15000

N 
> 

10
nm

 (c
m

3 )

(a) Obs (CPC)
Obs (SMPS/PCASP)
3km model

14:30 15:30 16:30 17:300.0

0.3

0.6

0.9

1.2

Co
nd

en
sa

tio
n 

sin
k 

(s
1 )

×10 2

(b) Obs
3km model

14:30 15:30 16:30 17:30
Time (local)

0.0

0.5

1.0

1.5

2.0

H 2
SO

4 (
cm

3 )

×107

(c) Obs
3km model

14:30 15:30 16:30 17:30
Time (local)

0

6

12

18

24

30
NH

3 (
pp

b)

(d) Obs
3km model
Altitude

0

1000

2000

3000

Al
tit

ud
e 

AG
L 

(m
)

Figure 9. Particle number concentration a), condensation sink (b), sulfuric acid c), and ammonia d) concentrations observed by the C-130

aircraft, and simulated, on 31 July 2014. The entire flight is not shown since the SMPS was not operational after around 17:30. The ammonia

measurement also ends shortly before 16:00 MDT.

aircraft is too high. However, the attempt helps us to illustrate the deficiencies in the NPF parameterization. Successful closure405

may be feasible if the process we outline here is applied to other field studies in future.

Figure 9 shows measured and simulated timeseries of the aerosol number concentration and factors controlling the NPF:

sulfuric acid, ammonia, and condensation sink, on 31 July 2014. The aerosol number concentration is simulated relatively well

between 14:15 and 14:45, and between 16:00 and 17:00, local time. At other times either the simulation has larger biases.

The sulfuric acid concentration is usually overestimated and the ammonia concentration is underestimated, and these biases410

will compensate to some extent. The condensation sink appears reasonably well simulated by the model in the boundary layer

(subfigure b) and this probably helps to explain the reasonably good simulation of the total number concentration.

Figure 10a shows, in green, the calculated NPF rate obtained by applying the D2016 NPF parameterization to the observed

gas concentrations and the temperature and relative humidity measured by the aircraft. To perform this calculation we assumed

an ion production rate of 5 ion pairs cm−3s−1 and, as in the UM code, we calculated an ion concentration assuming a steady415
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Figure 10. NPF rates calculated from a balance of nucleation-mode aerosol number concentrations between sources and sinks (see text),

labelled ‘mass balance’ and calculated from observed gas concentrations using the Dunne et al (2016) parameterization (a), and the corre-

sponding figure for the UM regional simulation (b), for the flight on 31 July 2014. The timeseries for the parameterized NPF rate is limited

by the unavailability of ammonia data after about 15:45 MDT.

state against the condensation sink. We compared this parameterized rate timeseries of J3 to the nucleation rate J10 derived

from a steady state aerosol number balance (a form of the ‘general dynamic equation’):

dN10

dt
= J3 −

(∑

i

K10iNi +
GR

∆d

)
N8−12 = 0 (8)

where J10 is the formation rate of 10 nm particles,
∑

K10iNi is the coagulation loss of ∼ 10 nm diameter particles in the

nucleation mode calculated using the size distributions from the SMPS and PCASP. We used the two estimates of 8-12 nm420

number concentration available: the difference between the CPC and the sum of the PCASP and SMPS concentrations, and

the concentration in the lowest two size bins of the SMPS. Self-coagulation was verified to be negligible, and the loss due to

growth out of the size range GR
∆d is the growth rate GR divided by the diameter interval (12− 8 = 4 nm). The GR in nm/hour

was crudely parameterized as 1× 10−7 times the sulfuric acid concentration in cm−3, which roughly agrees with Stolzenburg

et al. (2020). Under this assumption the losses due to growth are 20% of the losses to the coagulation sink or less, so we did425

not attempt to refine it by considering growth due to partitioning of nitrate or organics.

Closure remains out of reach for several reasons. First, we are comparing a parameterized J3 to an inferred J10. We cannot

calculate growth from 3 nm to 10 nm diameter accurately as we lack observations of condensable vapor concentrations other

than sulfuric acid, so we cannot match the diameters at which the formation rates are calculated. However, the J10 is a lower
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bound on the J3 that would be obtained from the number balance approach. If the C-130 had a CPC with a lower cut-off430

diameter, a fairer comparison would have been possible. Related to this, the losses due to growth out of the size range in the

box model may be underestimated, if nitrate and organic partitioning to these small particles greatly exceeds that of sulfuric

acid. Third, we do not expect the steady-state assumption to be a good approximation: NPF is a time-varying, transient process.

Fourth, in comparing the formation rate derived from the aerosol size distribution with the formation rate derived from the gas

concentrations, we are assuming local homogeneity in the atmosphere: the gas concentrations do not change between the435

location at which the 10 nm aerosol particles were formed and the location at which they were detected. In principle, our

understanding of these last two issues could be substantially improved via trajectory analysis as shown by O’Donnell et al.

(2025).

To examine these sources of error in our method, we executed the same procedure for the UM simulation. We show the

results in Figure 10b. There, all differences between the aerosol number balance and the parameterization should result from440

invalidity of either the homogeneity assumption or the steady-state assumption, as we can obtain J3 from both number balance

and parameterization for simulated data. Where the number balance and parameterization agree, we can infer the system is

probably reasonably homogeneous and close to steady state. Figure 10b shows that, on this day, wherever significant nucleation

is occurring (J3 > 0.1 cm−3s−1), agreement between the methods is sometimes within 50%, but often larger discrepancies

occur.445

The J10 from our number balance is a lower bound on the 3 nm particle formation rate J3, and this is still higher than the J3

calculated from the measured gas concentrations with the D2016 parameterization. Therefore, despite our large uncertainties,

we can infer from Figure 10a that the D2016 parameterization would not predict enough particle formation if the precursor gas

concentrations matched observations. The model simulates total particle number well on this day only because it overestimates

sulfuric acid concentrations. As expected, other vapors such as amines or oxidized organic molecules must be contributing to450

the particle formation process.

The limited availability of ammonia measurements during this flight motivated us to repeat our calculations for the flight on

27 July, when nucleation-mode aerosols are also observed. Figure S9 shows that the model substantially overestimates NPF

during the first part of the C-130 flight on this day, due to a substantial overestimate in simulated sulfuric acid concentration.

On this day the number balance (Figure S10) agrees even less well with the parameterized NPF rate in the simulation, with the455

number balance frequently overestimating the parameterization by a factor of 10. This suggests the gas concentrations are less

homogeneous and/or the steady state assumption is erroneous, and the number balance calculated from observations is likely

therefore also unreliable. This result could be expected from Figure 6, which shows how the Denver Cyclone leads to inhomo-

geneous concentrations of sulfuric acid and higher wind speeds than on 31 July (Figure 5). While the results must therefore be

interpreted with caution, the D2016 parameterization again appears to significantly underestimate the NPF calculated from the460

number balance in observations, frequently by two orders of magnitude, again suggesting NPF cannot be explained by sulfuric

and ammonia alone in reality.
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3.7 Global evaluation of surface annual mean aerosol number concentration

As we ultimately aim to better represent aerosol number concentration in global models, we tested the effect of including the

D2016 parameterization on these concentrations at globally distributed surface stations. This check complements the evaluation465

of remote marine and high altitude aerosol number simulated with D2016 in the UM by He et al. (2025). Tables 4, 5, and 6

show the annual mean particle number concentrations observed at EBAS sites in urban and rural sites in Europe and the

US, and at high altitude and remote sites, for 2015. These are compared to simulated number concentrations in our global

UM simulation of 2015 for three different model configurations: NPF represented with V2002, with the binary sulfuric-acid

water neutral and ion-induced NPF components of the parameterization from D2016, labeled ‘D2016-binary’, and with the full470

D2016 parameterization. The global annual mean percentage change in total aerosol number concentration when the D2016

parameterization replaces the V2002 parameterization is shown in Figure 11.

In Europe, the V2002 simulation underestimates particle concentrations at almost all sites, and particularly in urban and

industrialized areas. For instance, at Annaberg-Buchholz (DE), Madrid (ES), and LE-Eisenbahnstr (DE), the modeled-to-

observed ratio M/O has values ranging from 0.1 to 0.2. While this underestimation could be due in part to the low spatial475

resolution of the simulation (1.9× 1.25◦), which might not be sufficient to capture local and inhomogeneous aerosol emis-

sions (Kohl et al., 2023), it is also almost certainly a result of the underestimation of NPF rates at low altitudes. Indeed, surface

aerosol number concentration in the simulation with V2002 NPF is most likely dominated by primary emissions rather than

NPF at most sites. However, at certain remote or less populated sites, the model comes closer to reproducing observed particle

concentrations, for example at Finokalia in Greece. This seems likely because of compensating errors in the model, since NPF480

is observed frequently there (Aktypis et al., 2024) and is unlikely to be driven only by sulfuric acid and water. The model to

observation (M/O) ratios are usually similar in the D2016-binary case. This is expected since in both cases primary emissions

likely dominate aerosol concentrations.

Model biases generally improve when the D2016 parameterization is used. However, large discrepancies remain, especially

at urban sites. For example, in Madrid (Spain), M/O changes only marginally, from 0.10 to 0.14. At high-altitude sites like485

Schauinsland and Hohenpeissenberg (Germany), as well as Finokalia, this simulation modestly overestimates particle concen-

trations (M/O in range 1-2). Speculating based on our experience in Colorado, this seems most likely due to overestimation

of sulfuric acid. In contrast, in agricultural regions like Cabauw (Netherlands) particle number concentrations remain underes-

timated, perhaps because of the omission of amines from the NPF mechanism.

In North America, Table: 5 shows the model exhibits relatively similar behavior to Europe. Bondville and Egbert stand out490

in that, unlike at most European sites at which agricultural emissions are likely important, the D2016 simulation overpredicts

observations, though the factor two overprediction is relatively modest compared to the larger factor by which the V2002

simulation underpredicts.

Table 6 summarizes the performance of the model in predicting particle number concentrations across remote locations,

including polar, mountainous, and forest settings. Model biases vary widely between sites. For example, at the Basic Environ-495

mental Observatory (BEO) Moussala in Bulgaria, a high-altitude mountain site, the model overestimates particle concentrations
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Table 4. Summary of global model comparisons (in M/O) across Europe for 2015, with data archived in the EBAS database. The geographical

location is indicated by latitude (Lat) and longitude (Lon), and the elevation of the site above the sea surface is indicated by the altitude asl

in meters (Alt). The measurement lower cutoff size for particle number concentration (cm-3) is expressed in nm. The annual averages (2015)

from the UM model for the nearest grid box encompassing the station are listed with 3 settings.

Site Name Lat/Lon
Alt

(m)

Cutoff

size

Obser

value

Model

V2002
M/O

Model

D2016-binary
M/O

Model

D2016
M/O

Annaberg-Buchholz (DE) 50.6 13.0 545 9.4 6649 1534 0.23 1572 0.24 3837 0.58

Cabauw Zijdeweg (NL) 52.0 4.9 1.0 9.1 6324 2054 0.32 2163 0.34 4115 0.65

DD-Nord (DE) 51.1 13.7 120 4.8 10530 4343 0.41 4304 0.41 7565 0.72

DD-Winckelmannstr (DE) 51.0 13.7 112 9.4 5474 4325 0.79 4297 0.79 6071 1.11

ECO Lecce (IT) 40.3 18.1 36 9.4 5372 2747 0.51 2598 0.48 3444 0.64

Finokalia (GR) 35.3 25.7 250 8.6 1421 1278 0.90 1198 0.84 2296 1.62

Hohenpeissenberg (DE) 47.8 11.0 985 9.4 2302 1665 0.72 1677 0.73 2857 1.24

K-puszta (HU) 46.6 19.4 125 6.0 4040 2011 0.50 1924 0.48 3432 0.85

Leipzig (DE) 51.4 12.4 118 4.8 4882 1962 0.40 2037 0.42 4619 0.95

Madrid (ES) 40.5 356.3 669 14.4 11310 1088 0.10 1141 0.10 1630 0.14

Melpitz (DE) 51.5 12.9 87 4.8 7018 1962 0.28 2037 0.29 4619 0.66

Montseny (ES) 41.8 2.4 700 8.9 3056 701.0 0.23 790.1 0.26 2070 0.68

NOAK Kosetice (CZ) 49.6 15.1 534 8.6 2569 1691 0.66 1686 0.66 3528 1.37

Neuglobsow (DE) 53.1 13.0 62 9.4 2808 1212 0.43 1298 0.46 3004 1.07

OPE (FR) 48.6 5.5 392 9.7 1834 999.3 0.55 1078 0.59 2804 1.53

Prague-Suchdol (CZ) 50.1 14.4 277 5.6 6421 4339 0.68 4303 0.67 7246 1.13

SIRTA Palaiseau (FR) 48.7 2.2 162 10.0 4239 1173 0.28 1249 0.29 2471 0.58

Schauinsland (DE) 47.9 7.9 1205 9.4 1545 887.9 0.57 937.2 0.61 2362 1.53

Vielsalm (BE) 50.3 6.0 496 8.8 2082 1688 0.81 1760 0.85 4649 2.23

Table 5. Same as Table 4 but for North American sites. ASU is Appalachian State University, SGP is the Southern Great Plains Atmospheric

Radiation Measurement (ARM) Observatory of the US Department of Energy.

Site Name Lat/Lon Alt(m)
Obser

value

Model

V2002
M/O

Model

D2016-binary
M/O

Model

D2016
M/O

ASU, Boone (NC, US) 36.21 278.31 1076 2930 1301 0.44 932.3 0.32 3866 1.32

Bondville (IL, US) 40.05 271.63 213 4095 1219 0.30 1062 0.26 6494 1.59

Egbert (ON, CA) 44.23 280.22 255 4962 1709 0.34 1152 0.23 9610 1.94

SGP, Norman (OK, US) 36.60 262.52 318 3600 856.9 0.24 851.3 0.24 2593 0.72

Trinidad Head (CA, US) 41.05 235.85 107 1526 565.5 0.37 717.7 0.47 1396 0.91
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significantly, with a M/O of 2.87 with the V2002 parameterization. The inclusion of ternary nucleation worsens this overes-

timation slightly to an M/O of 3.2. This overestimation likely points to either overestimated sulfuric acid or underestimated

condensation sink at these relatively high altitudes. At some other high latitude sites for example Alert, Barrow, Trollhaugen,

and South Pole, the V2002 simulation overestimates particle concentrations while the update to the D2016 NPF parameteriza-500

tion either leads to little change or reduces the overestimate.

At the highest altitude sites (BEO Moussala and South Pole), the V2002 simulation overestimates aerosol number concentra-

tion more than the ion-only simulation. This is consistent with overestimation of the NPF rates by the V2002 parameterization

discussed earlier, and with the results of He et al. (2025). This effect is not visible at lower altitudes, where the D2016-

binary simulation typically produces more particles than the V2002, perhaps because ion-induced NPF, which is represented505

in D2016-binary but not in V2002, becomes relatively more important at warmer temperatures and where radon concentrations

are significant.

In contrast, at Hyytiälä (FI), a forest site, the V2002 simulation underestimates the particle number concentrations with an

M/O of 0.52, and the D2016 simulation is in good agreement with observations, suggesting that ammonia plays an important

role in NPF even though ammonia concentrations at Hyytiala are relatively low (Hemmilä et al., 2018). Since organic molecules510

are expected to be important at Hyytiälä (Petäjä et al., 2016; Lawler et al., 2018; Lehtipalo et al., 2018), it is likely the model

overestimates sulfuric acid concentrations, compensating for the omission of organics from our parameterization of NPF.

Table 6. Same as Table 4 but across global remote stations.

Site Name Setting Lat/Lon Alt(m)
Obser

value

Model

V2002
M/O

Model

D2016-binary
M/O

Model

D2016
M/O

BEO Moussala (BG) Mountain 42.18 23.59 2925 542 1554 2.87 1276 2.35 1742 3.21

Hyytiälä (FI) Forest 61.85 24.30 179 1430 744.3 0.52 882.6 0.62 1411 0.99

Sammaltunturi Pallas (FI) Polar 67.97 24.12 565 556 348.8 0.63 480.1 0.86 598.9 1.08

Trollhaugen (NO) Polar -72.02 2.53 1309 154 251.0 1.63 222.7 1.45 222.2 1.44

Värriö (FI) Polar 67.75 29.61 390 697 624.1 0.90 652.5 0.94 803.3 1.15

Zeppelin Mountain (NO) Polar 79.90 11.86 473 161 123.6 0.77 173.3 1.08 185.8 1.15

Zugspitze (DE) Mountain 47.41 10.98 2650 944 713.6 0.76 712.8 0.76 2476 2.62

Alert (NU, CA) Polar 82.50 297.66 2182 205 263.5 1.29 273.2 1.33 289.3 1.41

Barrow (AK, US) Polar 71.32 203.39 11 277 215.1 0.78 337.1 1.22 377.2 1.36

South Pole Polar -89.00 335.20 2841 192 203.7 1.06 145.4 0.76 148.8 0.77

Summarizing, the inclusion of ions and ammonia in the NPF parameterization in the model leads to unchanged or improved

model performance at 26 of 34 sites studied, and can mitigate both underestimates and overestimates in particle number

concentrations to some extent most of the time. Underestimates in agricultural regions suggest a role for other species such as515

amines in the NPF process. Overestimates at higher altitudes and polar sites, which are often shared between all simulations,
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Figure 11. Number concentration of particles greater than 3 nm in diameter (N3; a,b) with the D2016 NPF parameterization, and absolute

change when the D2016 NPF parameterization replaces the V2002 parameterization (c,d) at the surface (a,c) and at ∼10 km altitude (b,d).

Red boxes mark regional domains over which the average N3 and changes in N3 are given in Table 7.

Table 7. Regional-mean N3 simulated using the D2016 NPF parameterization and changes when this parameterization replaces that of

V2002 in regions shown in Figure 11. North America is denoted NA, South America SA, Europe EU, East Asia AS, and Australia Aus.

Panel NA SA EU AS Aus

Surface N3 2182.30 1376.52 2951.51 3334.37 892.63

∼10 km N3 2389.77 4217.35 3165.80 6092.79 2291.23

Surface ∆N3 1398.10 292.93 1810.24 1022.43 499.82

∼10 km ∆N3 -4164.30 -7047.58 -8016.65 -5363.99 -3639.67
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Figure 12. Vertical profiles of number concentration N3 for the five regions shown in Figure 11. North America is denoted NA, South

America SA, Europe EU, East Asia AS, and Australia Aus. The NPF parameterization differs between the two subfigures and is shown in

the titles. Dashed reference lines mark 103 and 104cm−3.

suggest an overall high bias in sulfuric acid concentrations and/or a low bias in condensation sink which a more detailed

evaluation could elucidate.

Figure 11 shows the global simulation of total annual mean aerosol number concentration N3 before and after the inclusion

of the D2016 NPF parameterization. At the surface, aerosol number concentration increases in polluted areas, mainly due520

to the role of ammonia. Some exceptions are tropical and polar remote areas where ammonia concentrations are negligible.

In these areas and in the upper troposphere (subfigure d), aerosol number concentration decreases, due to mitigation of the

overestimated NPF rates by the parameterization of V2002, as discussed, for example, by Yu et al. (2020) and He et al. (2025).

The decreases are largest in the mid-latitudes and tropics where the absolute number concentrations (subfigure b) are highest.

However, exceptionally, there is a small increase in total number concentration due to ternary NPF over central China, where525

number concentrations were also high already. This increase is presumably due to the high ammonia concentrations lofted to

the upper troposphere by the Asian summer monsoon (Höpfner et al., 2019; Wang et al., 2022).

Figure 12 shows vertical profiles of N3 with the two NPF parameterizations we tested. The decrease in N3 at high altitudes

when the D2016 NPF parameterization is adopted is clearly visible, while increases near the surface in Europe and North

America are especially pronounced. However, the overall distribution of N3 with altitude remains qualitatively unchanged.530

4 Discussion and conclusion

A representation of NPF in atmospheric models is important for simulations of global CCN concentrations and ultimately to

understand how aerosol-cloud interactions impact future climate projections. In this study we aimed to test the extent to which
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sulfuric acid and ammonia can explain aerosol number concentrations in Colorado, using observations and simulations with an

updated NPF parameterization in the Unified Model. In case studies in Colorado, we succeeded, to some extent, in separating535

model biases in the conditions for NPF (precursor vapor concentrations, meteorological conditions and the condensation sink)

from biases in the NPF parameterization. This was made possible by studying NPF events sampled by an aircraft which

measured all relevant precursor species. As these events took place over a region with inhomogeneous emissions and complex

topography, we needed a high-resolution regional model to understand the NPF taking place. The high resolution allowed us

to associate the NPF with point sources such as coal power plants, and to simulate the meteorology of the Denver Cyclone,540

which creates favorable conditions for the NPF event on 27 July we studied.

We found that the NPF parameterization including ammonia could substantially improve biases in UM simulations of aerosol

number concentration over land, both in the polluted Colorado region we examined in detail, and on an annual average basis

at globally distributed measurement stations. During the two NPF events we analyzed in detail, on 27 and 31 July 2014, we

found that the model can realistically represent the size distributions of aerosols greater than 100 nm diameter in the boundary545

layer while it tends to overestimate these in the free troposphere. The number concentrations of particles greater than 3 nm

in diameter are within a factor two of observations for most of the 31 July flight, but more substantially overestimated, by

up to a factor 10, on 27 July. On 27 July, the Aitken mode is also less well simulated (Figure S7). Both the periods of good

agreement, and the periods of large bias, can be linked to good agreement, or bias, in the sulfuric acid concentrations. Ammonia

concentrations are usually underpredicted by the model, though not always.550

An approximate closure of nucleation-mode aerosol number concentrations via a “number balance” approach was attempted

on the assumption that the source of small particles is NPF, the sink is mainly coagulation with larger particles, and the process

occurs in steady state. This was used to extract NPF rates from the model and from the observations, and the rates were

compared to the parameterization. The approach has serious limitations in these cases, but may have potential when aerosol

number concentrations at smaller sizes (around 3 nm) are measured simultaneously with precursors. Despite these limitations,555

the number balance does clearly show that either the parameterization of NPF rates underestimates the rate from sulfuric acid

and ammonia, or, more likely, other species participate in NPF.

The number balance also highlights the importance of accurate simulation of the sulfur cycle and especially sulfuric acid in

atmospheric models: any overprediction of aerosol concentrations is most likely due to an overprediction of sulfuric acid, and

biases in sulfuric acid concentration in our model can exceed 100%. Over all nine flight days we studied, sulfur dioxide was560

only slightly overestimated, by around 10%, and biases in sulfuric acid appear to be driven largely by biases in the concen-

tration of hydroxyl radicals. However, despite some recent improvements in how the UM simulates the sulfur cycle (Mulcahy

et al., 2023), previous experience suggests that this good simulation of sulfur dioxide may be at least partly coincidence (Ran-

jithkumar et al., 2021). Recent literature suggests substantial biases in sulfur dioxide in polluted regions likely exist in other

models (Makroum et al., 2025), and model biases in the sulfur cycle in remote regions are also well documented (Chen et al.,565

2018; Wohl et al., 2024; He et al., 2025). Model evaluation would benefit from more widespread in-situ measurements of sulfur

dioxide, hydroxyl radicals, and sulfuric acid with techniques that are sensitive to low concentrations (Mauldin III et al., 2001;
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Huey et al., 2004; Faloona et al., 2004; Rollins et al., 2016; Casalnuovo et al., 2025). Global studies of aerosol radiative forcing

of climate also show high sensitivity to the atmospheric sulfur cycle (Carslaw et al., 2013; Stevens, 2015; Wall et al., 2022).

The conclusion that other species are also important to NPF in polluted environments is confirmed by our evaluation at570

globally distributed surface sites. In remote regions, the model tends to overestimate observed number concentrations, while at

more polluted European and North American sites the model is much more likely to underestimate observed number concen-

trations, sometimes very substantially. These underestimates may be linked to averaging over large grid boxes or to primary

emissions. However, there is also strong evidence from both chamber and atmospheric measurements that amines, oxygenated

organic molecules, nitric acid, and iodine species participate in NPF, and our model does not yet account for these. The parame-575

terizations available to represent these in global models are very uncertain, but modeling studies using these parameterizations

produce reasonable agreement with observations and suggest these species are important (Gordon et al., 2017; Zhao et al.,

2024). Representing NPF from sulfuric acid, ammonia and ions in the UM is an important first step towards representing the

contributions of these other species, for example because we made ion concentrations available in the model for the first time.

Future work should include a renewed focus on the atmospheric sulfur cycle in both pristine and polluted regions. If we can580

improve the simulated sulfur cycle, the role of ammonia, and likely other species such as biogenic organics and amines will

also likely become more critical. While the D2016 parameterization is relatively robust at the high ammonia concentrations

as found in Colorado, uncertainties remain, mainly associated with the RH dependence of the D2016 NPF rates and difficul-

ties in quantifying very low concentrations of ammonia in the CLOUD chamber. Thus there is strong motivation for additional

experiments to constrain this complex system further. More confidence in the parameterized NPF rates and more testing in mul-585

tiscale models should help motivate modeling centers to adopt more sophisticated parameterizations in multi-decadal climate

simulations, which would enable the role of NPF in the climate system to be better understood.

Code and data availability. NASA’s DISCOVER-AQ and NSF’s FRAPPÉ flight campaign data is free and publicly available at https:

//www-air.larc.nasa.gov/cgi-bin/ArcView/discover-aq.co-2014, last access 16 February 2026. Data on particle number concentrations at

globally distributed surface sites is available from EBAS, https://ebas.nilu.no, last access 16 February 2026. NASA MODIS satellite imagery590

as used in Figure 4 is publicly available, for example at https://worldview.earthdata.nasa.gov, last access 16 February 2026.

The data generated by the Unified Model that forms the basis for all model evaluations and results presented in this paper are archived

at at https://doi.org/10.5281/zenodo.18664555 (Ding and Gordon, 2026), last access 19 Feb 2026. This includes variable outputs from the

model directly on selected model levels, as well interpolated data needed to reproduce the figures in this paper. The python scripts we used

to create the figures are also included in the repository. The source code for the Unified Model used in this study is free to use. However,595

software for this research is not publicly available due to licensing restrictions, but is available to signatories of the Met Office Software

license. Full descriptions of the software, including the specific configurations used in this study, can be found in the text of this article and

in articles cited therein. Software is stored in the Met Office Science Repository Service at https://code.metoffice.gov.uk/trac/home. To apply

for a license, go to https://www.metoffice.gov.uk/research/approach/collaboration/momentum-partnership. The Rose and Cylc software used

to drive the Unified Model are publicly available at https://github.com/metomi/rose and https://cylc.github.io/ respectively.600

Simulation identifiers are as follows:
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– u-ds161: NUMAC simulation over the field campaign period with NPF represented according to V2002

– u-ds160: NUMAC simulation over the field campaign period with NPF represented according to Dunne et al. (2016)

– u-cz749: 1-year global simulation with NPF represented according to Vehkamäki et al. (2002)

– u-cz606: 1-year global simulation with NPF represented according to Dunne et al. (2016) with binary NPF only.605

– u-cz594: 1-year global simulation with NPF represented according to Dunne et al. (2016)
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