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Overview 

The goal of this project is conducting a field-based pilot study at the Atmospheric Radiation Measurement 

(ARM) user facility at Southern Great Plains (SGP) to evaluate our capability to predict the number 

concentration of aerosol particles that serve as ice-nucleating particles (INPs) in the immersion freezing 

mode. Immersion freezing, where INPs initiate freezing in supercooled water droplets, is recognized as one 

of the atmospherically dominant ice formation pathways in mixed-phase and cirrus clouds. Successful 

prediction of INP number concentrations is also termed “closure”. This field-observational approach 

represents a first-of-its kind attempt of an aerosol–ice formation closure study (AEROICESTUDY). Very 

few closure studies related to INPs have been conducted, and to our knowledge, none using robust size-

resolved ambient aerosol composition measurements as a starting point. Achievement of aerosol–ice 

formation closure relies on our ability to characterize the ambient aerosol population with respect to 

particles size and composition and to determine INP number concentrations for specified freezing 

temperatures. This requires numerous online and offline instrumentation resulting in this pilot field 

campaign being a multi-institutional and community-collaborative effort. We chose the ARM SGP 

megasite for this first aerosol-ice formation closure pilot study due to its significant measurement 

capabilities available to obtain detailed physical characterization of the local aerosol population including 

size distribution, mass loading, and chemical composition of non-refractory aerosol particles. 

The overall objective of this project is to identify ice nucleation parameterizations that produce the 

most robust predictions of INP numbers and thus are best suited to be included in cloud and climate models. 

This objective allows us to answer several important questions regarding our predictive capability of INP 

number concentrations in the atmosphere: 

i) What are the crucial aerosol physicochemical property measurements needed to accurately guide 

ice nucleation representations in models and long-term INP measurements? 

In response to this question, our initial closure analysis published in an article in the Bulletin of the 

American Meteorological Society (Knopf et al., 2021) concludes that the advancement of our predictive 

capability for atmospheric immersion freezing is greatly assisted by size-resolved aerosol composition 

analysis, including the coarse mode and refractory particles, and accompanying online and offline INP 

measurements. This includes improved speciation of the organic species (e.g., secondary organic species, 

soil-derived organic and biological matter) and mineral dust types and efficiency in the analysis of larger 

sized particles. This approach will elucidate sources of bias in immersion freezing parameterizations. 

ii) What level of parameter details needs to be known to achieve aerosol–ice formation closure? 

Our closure exercise concludes that surface area particle size distribution (PSD) and the size-

resolved major particle types are crucial information to achieve closure within measurement and 

parameterization uncertainties. However, this requires that the immersion freezing parameterizations for 

identified INP types are available. 

iii) What are the leading causes for climate model bias in INP predictions? 

From the initial aerosol–ice formation closure exercise, we conclude that for any meaningful INP 

number concentration predictions by cloud and climate models, the aerosol fields (PSD and particle 

composition) have to be sufficiently accurate to apply immersion freezing parameterizations. For example, 

mass-based information of airborne mineral dust particles may not allow sufficiently accurate derivation of 

the surface area of the PSD. This in turn results in large uncertainties of predicted INP number 

concentrations. Missing and misrepresented INP types, e.g., the multitude of organic aerosol particles 

species, also leads to discrepancies between predicted and observed INP number concentrations. 

 

Overall, as further outlined below, we found that the advances in our understanding of immersion 

freezing garnered over the last 20 years allowed us to yield partial and full closures of atmospheric 

immersion freezing from ambient aerosol particles (Knopf et al., 2021). When the aerosol population is 



physicochemically complex and parameterizations for representative INP types are not yet available, we 

still struggle to accurately predict INP number concentrations. This project clearly demonstrates that with 

more laboratory and field measurements that are accompanied by particle composition analysis, the 

necessary datasets to achieve aerosol–ice formation closure for various locations will emerge, thus 

providing a robust foundation for guiding the representation of INPs in cloud and climate models. 

 

 

Significance 

Prediction of atmospheric ice formation from aerosol particles by heterogeneous nucleation represents one 

of the grand challenges in atmospheric science. Our insufficient predictive understanding of primary ice 

formation is the reason that climate models typically do not include heterogeneous ice nucleation with 

subsequent effects on climate uncertainty. Mixed-phase clouds, where supercooled water droplets and ice 

crystals coexist play globally an important role regulating climate. This is especially the case for the Arctic 

region that experiences the greatest warming due to climate change compared to other regions in the world 

(Hahn et al., 2021;Morice et al., 2021). Immersion freezing initiated by INPs is recognized as the dominant 

primary ice formation pathway in mixed-phase cloud regimes (Ansmann et al., 2009;de Boer et al., 

2011;Westbrook and Illingworth, 2013). For this reason, it is crucial to evaluate our capability to predict 

immersion freezing for a given ambient aerosol population. Modern climate models like NASA GISS 

Model E (Schmidt et al., 2014;Schmidt et al., 2006) or CAM6 (Danabasoglu et al., 2020) include modules 

such as MATRIX (Bauer et al., 2008) and MAM4 (Liu et al., 2016) that describe different aerosol particle 

types and respective particle size distributions (PSDs). This information allows for a bottom-up prediction 

of INP number concentrations via respective ice nucleation parameterizations.  

The aerosol community has widely conducted aerosol radiative closure, aerosol-cloud 

condensation nuclei (CCN), and CCN-droplet closure studies to test the physical models and 

parameterizations that cloud-resolving and climate models rely on to perform reliable simulations of the 

Earth system and energy budget (Rosenfeld et al., 2014b;Rosenfeld et al., 2014a;Broekhuizen et al., 

2006;Medina et al., 2007;Wang et al., 2008;Lance et al., 2009;Cubison et al., 2008;Chang et al., 2007). 

However, very few closure studies related to INPs have been conducted, and to our knowledge, none using 

robust size-resolved ambient aerosol composition measurements as a starting point to provide a bottom-up 

prediction of INP number concentrations. 

The objectives of the aerosol–ice formation closure pilot study are directly relevant to the missions 

of U.S. Department of Energy (DOE), Office of Science, Office of Biological and Environmental Research 

(OBER), Climate and Environmental Sciences Division (CESD) and the ARM User Facility by improving 

our predictive understanding of complex environmental systems for energy and infrastructure security, 

independence, and prosperity. This project delivered fundamental science on the physics and chemistry of 

aerosol particles that govern clouds and precipitation interactions thereby enabling major scientific 

developments in earth system-relevant atmospheric process and modeling research. Prediction of 

atmospheric ice formation represents one of the grand challenges in atmospheric sciences. Ice formation by 

INPs is not physically represented in most current climate models due to our insufficient understanding but 

is increasingly recognized as an important factor for realistic maintenance of radiatively important cloud 

liquid water. The observational data acquired through this aerosol–ice formation closure study is available 

to the climate research community that is dedicated to advancing understanding of the interaction between 

aerosol and ice crystals, designed to improve representation of clouds and aerosols in climate and earth 

system models. The advanced knowledge from this project is meaningful to allow policymakers to plan 

sustainable energy production, resources, and mitigation strategies. 

The choice of the SGP ARM megasite for the proposed endeavor is in line with the decadal vision 

of ARM to use this site for development of a unique integration of high-density measurements with routine 

high-resolution models. This aerosol–ice formation closure study addresses several science themes 

(microphysics and radiative properties of mixed-phase and ice clouds) and manifests an observation-model 

testbed methodology. Our study’s objectives generated data products and analysis tools that strengthen the 



evaluation of models using ARM data. The garnered experience and results of this pilot study will inform 

future aerosol-focused field campaigns conducted at SGP and other ARM sites regarding the design, 

construction, and testing of required infrastructure such as aerosol inlets and sampling lines that reliably 

deliver the same aerosol sample to a suite of online and offline instruments. 

 

Project Outcomes 

We successfully conducted a three-week field campaign at the US DOE ARM SGP site (10/6 to 10/27/19). 

The closure study concept is straightforward to test any physical model: measure all model inputs as well 

as predicted outputs, and then evaluate whether the model can predict the measured outputs when 

accounting for input and output measurement uncertainties. Here, we determine INP number concentrations 

by two online INP instrumentation. We apply measured particle sizes and composition to predict INP 

number concentrations. We account for measurements uncertainties including transmission losses in 

sampling lines, instrument operation conditions, e.g., range of particle sizes sampled, and uncertainties in 

immersion freezing parameterizations. When predicted INP number concentrations inclusive derived 

uncertainties matches online-derived INP number concentrations, we achieve closure. Table 1 lists the 

numerous, successfully operating online and offline instrumentation and groups involved. In the first 

Table 1. Atmospheric Radiation Measurement (ARM) site and guest instrumentation, online and offline, for 

physicochemical characterization of aerosol population and measurement of ice-nucleating particles. PSD refers to 

particle size distribution. From (Knopf et al., 2021). 



closure calculation attempt, we used measured aerosol PSD, online aerosol composition measurements, 

offline single particle micro-spectroscopic analytical techniques to determine particle types in the ambient 

particle population, and two online INP instrumentation, complemented by offline INP measurements to 

assist in interpretation. Figure 1 shows the continuous measurements of ambient aerosol PSD by SMPS and 

APS (Table 1) and the two online INP instrumentation, PINE and CFDC, detecting about 1 to 100 INP/L 

for freezing temperatures between -20 to -30 °C. The measured aerosol PSD shows the presence of 

supermicron-sized particles. We published our first aerosol–ice formation closure calculations for the case 

of October 15 where a cold front passed through the site resulting in different aerosol PSDs between the 

morning and afternoon hours.   

For the October 15 case study, aerosol PSDs indicate that the morning was dominated by 

submicrometer-sized particles and the afternoon, with stronger winds present, was dominated by 

supermicrometer-sized particles which also showed more fluorescence indicative of the presence of organic 

and biological particles. Figure 2 displays an overview of the aerosol composition derived by online and 

offline instrumentation. LAAPTOF, analyzing particles up to 3 μm in aerodynamic diameter, indicated that 

mixed, aged inorganic–organic carbon particles dominated the ambient particle population in the morning 

with decreasing numbers toward afternoon while mineral-organic particle numbers displayed an increasing 

trend. The SP-AMS measurements indicate that, during the morning, the submicron aerosol population was 

dominated by aged/oxidized organic particles with decreasing concentrations in the afternoon. Both online 

aerosol composition measurements suggest the presence of aerosol particles that were highly aged, 

secondary in nature, and mixed. CCSEM/EDX analysis shows the dominance of carbonaceous organic 

(CO), inorganic-organic (CNO, COS, CNOS), and soot, elemental carbon (EC), particle types during the 

Figure 1. Overview of online measurements for entire campaign period. Upper panel shows particle size distributions 

from combined measurements by scanning mobility particle sizer (SMPS) spectrometer and aerodynamic particle 

sizer (APS) spectrometer. INP number concentrations with associated freezing temperatures measured by PINE and 

CFDC are displayed in middle and lower panels, respectively. INP measurements were done for specific daily time 

periods and defined temperatures for closure exercises. From (Knopf et al., 2021). 



morning (Fig. 2C). Those particles are likely secondary in nature. Also, almost no traces of mineral dust 

particles are present in the morning. In contrast, in the afternoon (Fig. 2D), larger particles were present 

and the fraction of mineral particle types (e.g., Ca, SiO2, and Al2Si3 dust) was greater. We performed 

STXM/NEXAFS to infer the size-resolved particle mixing state and organic volume fraction of the aerosol 

population (not shown). Figure 2E provides false-color STXM derived images of the morning and afternoon 

particle samples. A clear difference between particles collected during morning and afternoon hours is 

visible, were in the afternoon greater winds resuspended soil-dust from the agricultural fields. STXM 

demonstrates that no pure mineral dust was present but that it was associated with organic matter. These 

analyses demonstrate the significant differences in the morning and afternoon samples, thus allowing for 

testing our predictive capability of immersion freezing INPs. 

 Aerosol PSD (Fig. 1) and composition (Fig. 2) allow for an aerosol population representation from 

which INP number concentrations can be predicted. In this first attempt, we distinguish mineral dust, 

organic, and soot particles. We established a closure calculation that uses as input aerosol PSD and 

composition and accounts for measurement uncertainties, transmission losses, and online INP instrument 

operation conditions. Three immersion freezing parameterizations typically employed in the community 

were integrated in this calculation. Those include: i) particle number based parameterization by (DeMott et 

al., 2010) and (DeMott et al., 2015) to be applied to atmospheric particles in general (DM2010) and mineral 

dust (DM2015) specifically. ii) ice-nucleation active sites (INAS) based on number and surface area of 

aerosol for mineral dust (Niemand et al., 2012), organic particles (China et al., 2017) and soot (Schill et al., 

2020). iii) classical nucleation theory derived water activity based immersion freezing model (ABIFM) for 

Figure 2. Ambient particle composition for frontal passage closure case study on 15 October determined by online 

and offline instrumentation. A, B: Time evolution of particle mixing state and composition analysis by Laser 

Ablation Aerosol Particle Time-of-Flight Mass Spectrometer (LAAPTOF) and of nonrefractory submicrometer 

aerosol composition derived by aerosol mass spectrometer (SP-AMS), respectively. C, D: Size-resolved, in area 

equivalent diameter (AED), single-particle micro-spectroscopic analyses by computer-controlled scanning electron 

microscopy with energy dispersive X-ray analysis (CCSEM/EDX) where elemental particle composition are: EC: 

elemental carbon; CO: carbon, oxygen; CNO: carbon, nitrogen, oxygen; COS: carbon, oxygen, sulfate; CNOS: 

carbon, nitrogen, oxygen, sulfate. D: False-color chemical imaging of ambient particles by scanning transmission 

X-ray microscopy with near-edge X-ray absorption fine structure spectroscopy (STXM/NEXAFS) where IN: 

inorganic; EC: elemental carbon; OC: organic carbon. 



mineral dust (Alpert and Knopf, 2016), organic particles (Knopf and Alpert, 2013), and soot (Knopf et al., 

2021). To more accurately represent soil-dust INPs, especially during afternoon periods, we apply the 

mineral dust parameterization to the organic particle fraction. It has been shown that Wyoming soil dust 

possesses similar immersion freezing efficacies as described by the mineral dust parameterization (Tobo et 

al., 2014). Offline INP measurements (not shown here) clearly demonstrate significant contribution of 

Figure 3. INP number concentrations measured by PINE at different freezing temperatures for closure case study on 

15 October for morning and afternoon periods (large colored squares). Uncertainties in measured INP number 

concentrations are about ±20%. Solid lines, small circle symbols, and corresponding shading represent predicted INP 

number concentrations. (top) INP number concentrations predicted by DeMott et al. (2010, 2015) parameterizations 

as black and orange lines, respectively. The dotted orange line represents the prediction by the DeMott et al. (2015) 

parameterization assuming all particles larger than 0.5 μm are acting as mineral dust INPs. (middle) INP number 

concentration predictions by the ice nucleation active sites model (INAS) applying parameterizations for organic 

(green), soot (gray), and mineral dust (brown) INPs. Blue line represents total INP number concentrations from all 

individual INP types. Dotted brown line displays INP number concentrations when all particles are assumed to be 

mineral dust particles. (bottom) INP number concentration predictions by the water activity–based immersion freezing 

model (ABIFM) where lines are the same as for the INAS case in middle panels. From (Knopf et al., 2021). 



organic and biological INPs to the overall INP pool. Those INPs stem most likely from the suspended 

agricultural soil dust. 

Figure 3 shows the closure calculation for October 15 for the case of PINE INP measurements. 

Three immersion freezing parameterizations are evaluated (lines) for their ability to represent measured 

INP number concentrations (squares). In the morning, within uncertainties DM2010 captures PINE INP 

measurements very well. In the afternoon, both DM2010 and DM2015 underestimate observed INP number 

concentrations, though DM2010 fairs better. In the morning, INAS mineral dust dominates total predicted 

INP numbers, although very few mineral dust particles are present in the morning. Overall INAS 

underestimates INPs. In the afternoon, INAS mineral dust dominates and, within uncertainties, captures the 

INP observations. When accounting for missing INP numbers by soil-derived organic and biological INPs 

(using the mineral dust INP parameterization to describe organic particles), predicted INP numbers are 

overpredicted. In the morning ABIFM underestimates INP numbers similar to INAS, though mineral dust 

INPs are less dominating the total INP numbers. In the afternoon, ABIFM underestimated total INP 

numbers. However, when accounting for missing soil-dust INPs (brown dotted line), for the most part the 

INP predictions agree with observations.  

 In the morning, the particle population is dominated by aged inorganic–organic carbon particles, 

likely secondary in nature. For those specific particle types, we do not have the correct immersion freezing 

parameterizations. In this case, the field derived DM2010 performs best. In the afternoon, organic and 

mineral dust particles dominate the PSD. Assigning those organic particles the freezing efficacies of humid 

acid INPs, which likely underestimates INP prediction, INAS predictions agree with observations while 

ABIFM predictions underestimate observations. Accounting for offline immersion freezing experiments 

and assigning the organic particles the freezing efficacies of soil-dust INPs, INAS overestimates INP 

numbers while ABIFM mostly predicts INP numbers correctly. When having an incomplete description of 

the freezing capability of the organic particles, one would expect the closure calculation to yield an 

underestimation of INPs, as in the case of ABIFM. We conclude that each parameterization achieved 

closure but for different reasons, though more evaluations have to be conducted to assess the role of missing 

soil-dust particles acting as INPs. It is interesting to note that all mineral dust freezing parameterizations 

are based on the same laboratory experiment and explain those laboratory results equally well. However, 

when applied to the ambient particle population, they predict distinctively different INP number 

concentrations. 

 The results of this pilot closure study strongly suggest that if the ambient aerosol population is well 

characterized in terms of size distribution and particle types, INP number concentrations can be predicted 

from aerosol particle properties when immersion freezing parameterizations are available. However, when 

the aerosol population is physicochemically complex and parameterizations for representative INP types 

are not yet available, accurate prediction of INP number concentrations is still challenging. Below we 

summarize our lessons learned. 

The first aerosol–ice formation closure calculations described here have been published (Knopf et 

al., 2021) and all campaign data has been uploaded to the U.S. DOE ARM Data Archive 

(AEROICESTUDY) to allow further closure analyses by the community. 

 

Lessons learned 

This field-based aerosol–ice formation closure pilot study allowed the community to acquire novel 

experience and insights how to conduct a bottom-up evaluation of our predictive capability of immersion 

freezing. In addition to general conclusions outlined in the overview section above, we learned: 

• Since only few aerosol particles serve as INPs and larger particles are likely to exert greater ice 

nucleation efficiencies, the entire aerosol PSD including the coarse mode has to be sampled without 

significant particle transmission losses. In addition, the particle size range and corresponding sampling 

efficiency of each analytical instrument has to be accurately known.  

• Aerosol composition and mixing state analyses should accompany aerosol PSD measurements and 

should include the coarse mode particle sizes. 



• To improve immersion freezing parameterizations and identification of INP types, long term INP 

measurements would benefit to be accompanied by concurrent measurements of aerosol PSD and 

composition. 

• This closure pilot study identified a couple of INP types for which immersion freezing 

parameterizations are not known or are uncertain. Laboratory studies should focus on characterizing 

secondary inorganic and organic aerosol and organic and biological matter from soil-dust serving as 

INPs. Further development of methods is needed to differentiate these influences in field 

measurements. 

• The closure calculation demonstrates how immersion freezing parameterizations based on the same 

laboratory study diverge in their prediction of INPs when applied to ambient particles. Laboratory 

studies typically do not reflect every atmospheric condition exactly. Hence scaling analysis and 

different parameterization approaches should be applied to evaluate the range in INP predictions. 

• The aerosol fields provided by climate models need to be sufficiently accurate in terms of aerosol 

particle numbers and sizes to predict INP number concentrations.   
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groups. The PI and co-PIs have communicated on the progress and findings of this aerosol - ice formation 

closure pilot field study by means of ARM and ASR newsletters and highlights. All campaign data has been 

submitted to the ARM Data Center in a timely manner. 
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