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Today’s talk
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• Former fixed facilities and applications at CSU and research made 
possible by such facilities
• Isothermal cloud chamber
• Dynamic cloud chamber
• Applications for cloud seeding and fundamental research

• Developed instruments for applications in lab or field for ice 
nucleation research (ongoing)
• Continuous flow diffusion chambers
• Ice spectrometer

• Other unique facilities for aerosol-cloud research we have used that 
should be considered in any overall plans for major facility capabilities



Cloud Seeding Research at the Cloud Simulation and Aerosol 
Laboratory
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• Past cloud chamber studies have provided:
• Cloud chamber activation spectral 

(#particles/g)
• Rates of ice crystal formation (ice formation 

mechanisms and quantification)
• New types of agents that express specific 

behaviors tested under operational conditions
• Calibrating in-situ ice nucleating particle 

counter to lab “standard”
• New methods for sampling and 

characterizing ice nucleating particles

William 
Finnegan 
circa 2010

Feng Daxiong -
1984

Lewis O. Grant



Producing “AgI-type” aerosols
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Solution combustion:  Vonnegut (1949)
AgI + NH4I (solubilizing agent) + acetone 

(solvent)

Pyrotechnic combustion: St. Amand et al.  
(1970)
AgIO3 + 2Al (+ other metals, oxidizer 
such as KIO3+ binder) →AgI + Al2O3 + 
…

2% by weight 
typical 0.64% by weight 97% by weight

+ H2O

Almost never simply AgI as a product



Varied mounting of field generators

Wind tunnel

Collection 
and 
Dilution 

~3.2 million l min-1 natural air
55 m s-1 tunnel flow at midpoint

Aircraft combustion 
generator (Lohse)mounted 
to accelerate airflow

CSU standard solution 
combustion generator

Boe, B. A. and P. J. DeMott, 1999: Comparisons of Lohse Wing-tip nuclei 
generators and burn-in-place pyrotechnics in the North Dakota Cloud 
Modification Project. Journal of Weather Modification, 31, 109-118.

Workshop on laboratory facilities for cloud researchSeptember 24, 2021 Beijing/Virtual



CSU Cloud Simulation Laboratory
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Static, isothermal chamber 
(Garvey et al. 1975; 
DeMott et al. ,1982)

30-120 l min-1 flow



Calibration of seeding aerosols (Yield, Effectiveness, Activity)

Yield = Nic * (Ac/Av) * (Rd/Rg) * (Ds/Vs) = # g-1

Nic: total # ice crystals collected per            
microscope slide viewing area

Ac: chamber cross-sectional area(cm2)
Av: microscope viewing area(cm2)
Rd: wind tunnel dilution rate(l min-1)
Rg:  AgI generation rate(g min-1)
Vs: volume of collected sample (l)
D: sample dilution factor

• In all cases, there was an attempt not to 
“overseed”

Yield was the key factor determining 
decisions on seeding materials.
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Able to explore aerosol size and droplet concentration impacts – to 
provide hints at nucleation mechanisms
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4300 cm-3

2100 cm-3

Varied wind 
speed past 
combustion 
flame

Varied LWC via 
varied cloud 
droplet 
concentration

DeMott (1982 – thesis) 
DeMott et al. (1983, J. 
Clim. Appl. Meteor.).



Size distribution impacts Yield for most ice nuclei from combustion –
flame quenching impact
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Size distribution from combustion can also be controlled by AgI mass à
size effects on ice nucleation
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Larger 
particles 
more active



Rates and mechanisms of ice formation reflect changes in particle sizes 
and cloud droplet concentration (LWC)

NICt= NIC∞ (1-exp(-kappt))
NICt: cumulative ice crystal count at time t
NIC∞: total count at time infinity
kapp = kact + kdilution

Ln (100-%IC) = -kapp t

kapp

Ice formation is 
faster for smaller 
particles!

kact

DeMott et al. (J. Clim. 
Appl. Meteor.,1983)

Ice formation is psuedo-first order process. 
Faster for higher droplet concentrations!

à Contact freezing 
by AgI and AgIxCly
systems
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“Complexed,  AgI-alkali halide nuclei systems were “slow” for condensation 
freezing, motivating designing “fast” hygroscopic AgIxCly-zNaCl system

AgI-AgCl-4NaCl (Feng Daxiong and W.G. Finnegan, JWMA, 1984)AgI·NaI complex (Blumenstein et al. 1987)

- - - 0.5 g m-3

1.5 g m-3

Water saturation

Transient 
supersaturation

90% ice formed

No sensitivity to 
droplet 
concentration 
à condensation 
freezing nucleation

Slow freezing at water saturation Fast freezing at water saturation

However…
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CSU Dynamic Cloud Chamber
Dynamic  cloud chamber (Garvey, 1975; DeMott and Rogers, 1990)

NCAR Electra air 
sample delivered to 
laboratory (circa 
1992)
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CSU Dynamic Cloud Chamber

Could reproduce adiabatic profile through cooling rate to form clouds
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Mechanistic behaviors preserved when AgI-AgCl and AgI-AgCl-NaCl
aerosols are seeded into supercooled clouds

Inject
Into 
cloud

Corroborates primary action by contact 
freezing versus condensation freezing of the 
hydrophobic versus hygroscopic systems 
seeded into a cloud

Sulfate 
CCN 
added

DeMott et al. (JWMA1988)

AgI-AgCl seeding AgI-AgCl-4NaCl seeding
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Supercooled cloud base supersaturations can switch AgI-AgCl 
mechanism from contact-freezing to condensation/immersion freezing

> 20 µm ice crystals settle to coneAgI-AgCl are contact freezing nuclei but also express condensation freezing behavior in response to water 
vapor supersaturations at supercooled cloud base (calculated for varied cooling rate in dynamic chamber).

-7°C

-13°C

Deposition 
nucleation

Condensation 
freezing
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How seeding agents are “tested” can affect estimate of their utility, as 
can their conditions of exposure after seeding

> 20 µm ice crystals settle to cone

Transient water vapor supersaturation 
enhances yield of “complexed” AgI

As does low steady state supersaturation 
in dynamic cloud chamber

Hygroscopic 
particles

See Blumentstein
et al. (JCAM, 1987) 
for demonstration 
of impact in 2D 
orographic cloud 
scenario.
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Special studies at Cloud Simulation and 
Aerosol Laboratory – comparison of 
portable instruments to fixed devices (a 
paradigm carried forward to present day)



Portable INP counters (Langer et al., 1973)

~10 x ice crystal losses on bottom cone

> 20 µm ice crystals settle to cone

Potential 
losses in 
humidifier

Super et al. (2007)

Jim Heimbach in 
photo, built these
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Comparisons between portable INC and Isothermal cloud chamber 
gives confidence and calibration (DeMott et al. ,JWMA, 1995)

NCAR = ICC * 0.34
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DeMott, P. J., A. B. Super, G. Langer, D. C. 
Rogers, and J. T. McPartland, 1995: 
Comparative characterizations of the ice 
nucleus ability of AgI aerosols by three 
methods. J. Wea. Mod., 27, 1-16. 



Continuous Flow Diffusion Chamber
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refrigerated walls set 
processing temperature particles encounter controlled 

ice supersaturation

Conditions may also be water 
supersaturated to activate particles 
into droplets 

a fraction of particles freeze 

evaporation section reduces any 
liquid droplets back to haze sizes

optical counting of ice crystals 

temperature gradient 
controls ice and water 

supersaturations

warm wall temperature 
matched to cold wall

ice saturated, water 
subsaturated

See Rogers et al. (1988; 2001) for 
fundamentals
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IN measurement by CFDC as function of supersaturation. These 
instruments are now well understood and mature
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40% active fraction 
within factor 2 of ICC 
values



Future Needs, Possibilities, Recommendations for cloud seeding 
laboratory studies applications
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• Need to understand natural ice nucleation processes in 
order to place seeding in context
• More realistic testing of INP behavior should be done

• Lab tests designed to mimic generation conditions as well as 
considering all IN mechanisms

• Detailed modeling of dynamics of aerosol generation like what 
has been done for aircraft engines?

• Major facilities for research and testing seeding agents are 
limited or no longer active to quality control product
• AgI solution combustion and pyrotechnic generation methods 

have probably been exploited to their maximum extent, though 
not fundamentally understood (opinion)



Future Needs, Possibilities, Recommendations for cloud seeding 
laboratory studies applications
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• Specialized new INPs with high ice formation efficiency 
and rates should be investigated (coatings, biological)

• Models should include detailed information on 
nucleation processes, so that seeding hypotheses 
can be tested
• In-situ INP detection as part of field research 

programs would be beneficial and the technology 
is ready



Non-weather modification related studies at CSAL cloud chamber: 
Homogeneous and heterogeneous freezing
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-40°C

0°C

Drops 
freeze 
to ice in 
strong 
updrafts

5 µm

Drop diam. 
Freezes in 1 s

20 µm

35 µm

DeMott and Rogers (J. Atmos. Sci.,1990)
©1990 American Meteorological Society

Acetylene soot freezing as a 
function of updraft



CSU laboratory studies (natural aerosol activation and freezing; 
instrument testing)
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Laboratory-field interface for ice nucleation studies
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There is a continuing need to understand our 
ability to measure ice nucleation and capture 
INP properties via online and offline methods 
at a variety of tropospheric conditions, with 
different ways of capturing INPs, different 
activation times, capturing different aerosol 
systems etc…



Low temperature (e.g., cirrus ) CFDC applications for a variety of 
relevant aerosol systems – as for any large cloud chamber
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• Richardson et al. (2010) [Copyright [2010] 
American Geophysical Union. Reproduced 
by permission of American Geophysical 
Union.]

Freezing fraction of ambient particles at 
indicated T versus water activity prediction 
of homogeneous freezing (dashed). 

Conditions of 1% particles freezing for biomass 
combustion particles versus water activity 
prediction of homogeneous freezing (dashed lines)

DeMott, P. J., et al., Ice nucleation behavior of biomass 
combustion particles at cirrus temperatures, J. Geophys. Res. 
114: D16205, doi:10.1029/2009JD012036, 2009.
Copyright [2009] American Geophysical Union. Reproduced 
by permission of American Geophysical Union.

-40°C
-45°C

-50°C

= RHw-100

Natural air from outside of home 
laboratory

USFS Fire Sciences Laboratory Seawater sea spray particles

SSA

NaCl

Patnaude, R., et al. (2021), Is ice formation by sea 
spray particles at cirrus temperatures controlled by 
crystalline salts? ACS Earth and Space Chemistry, 
Article ASAP, 
https://doi.org/10.1021/acsearthspacechem.1c00228

Homogeneous 
freezing

Heterogeneous 
freezing

https://doi.org/10.1021/acsearthspacechem.1c00228


Development of empirical parameterizations for mixed-phase clouds 
through combining lab and field measurements
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DeMott et al. (ACP, 2015)

))16.273(exp()()( ))16.273((
5.0, dgba
µ +-= +-

> k
T

maTINP Tncfn k

k

CFDC measurements at 
mixed phase cloud 
temperatures of regional 
mineral dust in the laboratory 
at KIT compared to field data 
in aerosol layers from Saharan 
and Asian deserts



Development and testing of systems for characterizing INP composition 
(indoor/outdoor laboratories)
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Single particle laser ablation mass spectrometry of 
INPs using pumped CVI (DeMott et al. 2003b)

Kreidenweis, S. M., Y. Chen, P. J. DeMott, and D. C. Rogers, 1998: 
Isolating and identifying atmospheric ice-nucleating aerosols: A new 
technique. Atmospheric Research, 46, 263-278.

Impaction collection for TEM analyses

Additional validation experiments were conducted using Arizona Test Dust (ATD) suspended from a
fluidized bed and atomized (NH4)2SO4. For some of these experiments, aerosol size distributions were
measured using an APS. The results of these experiments are detailed in section 3.1.

2.4. Sampling Location and Selection of Control Periods

The CalWater 2015 field campaignwas conducted in order to better under-
stand how aerosols interact with landfalling ARs in the Western United
States and influence precipitation amount, phase, and spatial distributions
(Ralph et al., 2016). As part of this effort, ground‐basedmeasurements and
air samples were collected from 14 January 2015 to 9 March 2015 at
Bodega Marine Laboratory (BML, 38° 19'N, 123° 4') in Bodega Bay,
California (Martin et al., 2017). The sampling site at BML included two
instrumented trailers located ~100mENEof the seashore. Aerosol compo-
sition, INP concentrations, and APS size distributions were measured in a
trailer operated by the University of California, San Diego (UCSD).

The TE for the ATOFMS was determined via comparison with an APS
during ambient sampling at BML. Distributions of ambient aerosol aero-
dynamic diameter are measured by the APS, and the average number of
particles per bin, per unit volume is calculated (NAPS,i). ATOFMS, size‐
resolved data are binned using the APS size bins, and the average number
of particles per bin (i), per unit volume is calculated (NATOFMS,i). The TE
of a given size bin (TEi) is thus given by

TEi ¼
NATOFMS;i

NAPS;i
: (1)

Wind speed and direction were determined using a 10 m surface meteor-
ology tower located ~100 m North of the two trailers and operated by the
Earth System Research Laboratory, National Oceanic and
Atmospheric Administration.

Figure 2. (a) Instrumental setup for the integrated CFDC‐PCVI‐ATOFMS system. Purple marks samples with both INPs
and non‐INPs in it. Blue denotes ice crystals while red marks ambient non‐INPs. PCVI stands for pumped counterflow
virtual impactor. ATOFMS stands for aerosol time‐of‐flight mass spectrometer, and APS stands for aerodynamic particle
sizer. MFC stands for mass flow controller, and HEPA stands for high efficiency particulate air filter. QSample, QSheath,
QPCVI,in, Qtot, QCF, and QATOFMS are the flow rates of the sample, sheath, air into the PCVI, total CFDC flow, PCVI
counterflow, and ATOFMS flow rate. The purple dashed line shows the instrumental configuration during ambient
sampling. (b) Detailed schematic of how flows were controlled during the integrated experiments.

Figure 3. Transmission efficiency curve for the PCVI as a function of aero-
dynamic diameter (Da). The green line shows the transmission efficiency for
the ATOFMS. Observations are shown in the square markers, while the
dashed black line shows the power law fit. The blue, purple, and red dashed
lines show the diameters for the 10th, 25th, and 50th percentiles (D10, D25,
and D50) of the maximum observed PCVI transmission efficiency. The
dark grey dashed line shows the 1.5 μm impactor upstream of the
continuous flow diffusion chamber (CFDC).

10.1029/2019JD030466Journal of Geophysical Research: Atmospheres

CORNWELL ET AL. 12,161

Cornwell, G. C., McCluskey, C. S., Levin, E. J. T., Suski, K. J., 
DeMott, P. J., Kreidenweis, S. M., & Prather, K. A. (2019). 
Direct online mass spectrometry measurements of ice 
nucleating particles at a California coastal site. Journal of 
Geophysical Research: Atmospheres, 124, 12,157–12,172. 
https://doi.org/10.1029/2019JD030466



New CFDC developments (automation and commercialization)
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Bi, K et al., 2019: Measurements of ice nucleating particles in Beijing, China. Journal of 
Geophysical Research: Atmospheres, 124, 8065–8075, https://doi.org/10.1029/2019JD030609. 

New aircraft 
CFDCs:
• For mixed 

phase 
conditions

• For cirrus 
conditions



coolant

Frozen well Unfrozen well

50 μL  
aliquots 

Samp A
Samp B

Samp C

Samples cooled at 0.33℃ min-1

and frozen wells recorded until ~ -
28 °C

Heat

T = 95 °C
20 minutes

H2O2 digestion

T = 95 °C
20 minutes

U
V U

V

+ 1 mL 30% H2O2

Offline treatments:

Inline or 
open-faced 
filter

Offline (post processing of filters) immersion freezing INP 
measurement with the CSU Ice Spectrometer (IS) and similar devices

Methods: Tom Hill (CSU)

September 24, 2021 Beijing/VirtualWorkshop on laboratory facilities for cloud research

Biological INPs
Organic INPs

Inorganic INPs



Soil particles tested in laboratory examining the ability H2O2 digestions 
and high heat to target organic C-containing INPs
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8524 Y. Tobo et al.: Organic matter matters for ice nuclei of agricultural soil origin
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Figure 3. Same as Fig. 2a, but for the data for untreated and heated
samples.

�30 �C despite the use of the same Clay Minerals Society
kaolinite (Fig. A1b). The difference may be related to dif-
ferent experimental techniques and/or application of the par-
ticles of different size ranges (e.g., mono- vs. poly-disperse
particles); however, further speculation concerning this issue
is beyond the remit of this study and is not pertinent to the
major conclusions drawn from the comparison of our exper-
imental results obtained using the CFDC. Around �36 �C
(near to the limit for homogeneous freezing temperature of
water in droplets; Koop et al., 2000), all samples presented
here show relatively similar ns values.

3.2 Identification of particle types

To identify particle types in the agricultural soil dusts used
here, we examined the elemental composition of individ-
ual particles using SEM/EDX analysis. A major difficulty in
the EDX analysis of submicron particles is their high trans-
parency for the primary electron beam (Laskin and Cowin,
2001). Since the electron beam penetrates the entire particle,
the EDX spectrum from the particle projection area contains
the background signal from the Butvar film supported by Ni
mesh grids as well as the signal of the particle coated with
Au. For this reason, as illustrated in Fig. 4, we compare the
EDX spectrum of the particle projection area with that from
the particle-free area (i.e., background signal). We found that
the majority of the analyzed particles can be classified as ei-
ther “organics” or “minerals”. The major elements of parti-
cles categorized as organics are C, N and S (e.g., Fig. 4a, b;
some of the elements found in smaller amounts: O, F, Na, Cl
and K). It has long been known that SOM serves as a reser-
voir of nutrients, such as N, P and S (Paul, 2007). As for the
samples analyzed here, all the particles categorized as organ-
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Figure 4. Exemplary SEM/EDX images of sugar beet soil dust par-
ticles. (a)Organic particle (crystalline-shape type). (b)Organic par-
ticle (amorphous-shape type). (c) Organo–mineral mixture particle.
(d) Mineral particle. (e) Soot-like particle. The SEM/EDX images
were acquired after Au coating. Scale bars, 300 nm. Red X-ray spec-
tra show the elemental composition of each particle, and grey X-ray
spectra represent the background signal caused by a Butvar film
supported by Ni mesh grids and Au coating.

ics contained both N and S, but P was not found. It should
also be noted that we classify carbonaceous particles lacking
N and S (e.g., soot-like particles as shown in Fig. 4e) as “oth-
ers” and not organics. The major element of particles catego-
rized as minerals is Si (e.g., Fig. 4d; some of the elements
found in smaller amounts: C, O, F, Na, Mg, Al, Cl, K, Ca,
Mn, Fe and Ti). We consider that the detection of the C peak
in particles categorized as minerals may be attributable to
the presence of carbonates (e.g., CaCO3 and CaMg(CO3)2).
In this study, only particles containing the major elements of
both organics and minerals (i.e., C, N, Si and S) are cate-
gorized as “organo–mineral mixtures” (e.g., Fig. 4c). There-
fore, the possibility remains that Si-rich particles containing
N- and S-free organics or very small amounts of organics are
categorized as minerals and not organo–mineral mixtures.
In Fig. 5a, we summarize the results of SEM/EDX analy-

sis for the total dust aerosol particles (n = 95) and IN active
at temperatures of �36, �30 and �24 �C (n = 58, 52 and
68) in the untreated agricultural soil dust particles. The re-
sults show that mineral particles account for more than half
of the total dust aerosol population and organic-rich parti-
cles for about 40%. However, the number fraction of mineral

Atmos. Chem. Phys., 14, 8521–8531, 2014 www.atmos-chem-phys.net/14/8521/2014/

CFDC

 
 
Figure S5. Ice nucleating particle fraction plotted against CFDC operating temperature for a laboratory 
generated sugar beet soil sample. Results from Tobo et al. (2014) are shown with solid square markers and 
results from this study are shown with open square markers. 

  

Suski et al. (2018)

CFDC single 
heated particles = 
bulk heated 
particles 
resuspended

Tobo et al. (2014): CFDC tests of equivalence of heat and 
peroxide impact on INPs from bulk soil particles and desert 
dusts
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Figure 2. Effect of removal of SOM by H2O2 digestion upon INP concentrations of soils. Soils are (a) sugar beet, (b) organic grass/alfalfa
fallow, (c) pasture, (d) sagebrush shrubland, (e) lodgepole pine forest, and (f) pure kaolinite. The sugar beet, organic grass/alfalfa, and
kaolinite figures include data of aerosolized soil dusts (0.6 µm diameter) from Tobo et al. (2014) measured using a continuous flow diffusion
chamber.

over a wide range of temperatures in dusts raised from these
agricultural soils.

3.2 INPs in fulvic and humic acids

Soil organic matter comprises a spectrum of forms ranging
from fresh plant inputs to ancient, refractory organic matter.
It is often divided into the broad classes of decomposable
plant material, resistant plant material, microbial biomass,
humus, and inert organic matter (Coleman and Jenkinson,
1999). The humus fraction, a complex mixture of biolog-
ically transformed plant and microbial debris, usually pre-
dominates and has itself been classically sub-divided into
three groups: fulvic acids, humic acids, and humin. Fulvic
acids are the fraction that dissolve in 0.1 M HCl, humic acids
the fraction that subsequently solubilize in 0.1 M NaOH, and
humin the residue (Powlson et al., 2013). These three groups
delineate broad and “operationally defined” – as opposed to
“ecologically defined” – pools of humic substances (Wander,
2004).

Humic and fulvic acids are of particular interest because
of their apparent similarity to atmospheric HULIS (HUmic-
LIke Substances), the often significant constituent in water-
soluble organic carbon extracted from aerosols (Graber and
Rudich, 2006; Wang and Knopf, 2011). However, Graber
and Rudich (2006) concluded that HULIS are both smaller

(MW < 1000) and less aromatic than terrestrial humic sub-
stances and more likely to be the product of the oligomeriza-
tion of smaller molecules while airborne or the breakdown
and reassembly of fulvic and humic acids lofted from soil
surfaces. HULIS thus appears to be similar to, but not the
same as, humus. Studies using commercially available ful-
vic and humic acids as surrogates for HULIS found they
possessed unremarkable ice nucleation activities (Kanji et
al., 2008; O’Sullivan et al., 2014; Wang and Knopf, 2011).
O’Sullivan et al. (2014) recorded the warmest activity with
sieved suspensions: onset of activity for Suwannee River ful-
vic acid was ⇡ �14 �C and for Leonardite humic acid it was
⇡ �19 �C. Fornea et al. (2009) measured onset of freezing
temperatures of �10.5 �C for Pahokee peat, but they used in-
dividual particles of the intact soil. It should be noted that
the standard extraction method used would also solubilize
and remove most atmospheric HULIS forms from the SOM
(Feczko et al., 2007).

In the pasture soil, removal of fulvic acids had no ap-
parent impact upon INPs, while removal of humic acids
only reduced INPs active � �7 �C (Fig. 3), and these may
have been biological macromolecular INPs denatured by the
pH 13 extractant. The small molecular weights and the di-
versity of forms of fulvic and humic acids make it improb-
able that they posses significant ice nucleation activity. By
contrast, the residual humin is compromised in large part of

www.atmos-chem-phys.net/16/7195/2016/ Atmos. Chem. Phys., 16, 7195–7211, 2016
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Southern Ocean Cloud, Radiation and 
Aerosol Transport Experimental Study 
(SOCRATES-2018), DOE MARCUS and 
MICRE (2017-2018), CSIRO CAPRICORN, 
(2016, 2018) NIWA Tangaroa (2015, 2018)

INPs sampled in a variety of marine and continental locations in both 
hemispheres with the CSU CFDC and IS instruments
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Application of online and offline measurements in field studies and 
international intercomparison efforts (lab studies – See Möhler presentation)
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Knopf et al. (2021). Aerosol–Ice Formation Closure: A Southern Great 
Plains Field Campaign, Bulletin of the American Meteorological Society 
(published online ahead of print 2021), https://doi.org/10.1175/BAMS-D-
20-0151.1

Lacher et al., in preparation
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Associating with other laboratory facilities for ice nucleation studies 
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USFS Fire Sciences Laboratory (e.g., Levin et al., 2016)

Workshop on laboratory facilities for cloud researchSeptember 24, 2021 Beijing/Virtual

x-30°C = log (nin/ncn)RHw ~105%



Development of integrated methods in same setting (e.g., SP2-CFDC) 
and subsequent application in field 
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Levin, E. J. T et al., 2014: A New Method to Determine the Number Concentrations of Refractory Black Carbon Ice Nucleating Particles, Aerosol Science and 
Technology, 48:12, 1264-1275, DOI: 10.1080/02786826.2014.977843.

Levin, E. J. T. et al., 2016: Ice-nucleating particle emissions from biomass combustion and the potential importance of soot aerosol, J. Geophys. Res. Atmos., 121 
(10), 5888-5903, doi:10.1002/2016JD024879.

Schill, G. P., P. J. DeMott, E. J. T. Levin, and S. M. Kreidenweis, 2018: Use of the Single Particle Soot Photometer (SP2) as a pre-filter for ice nucleation 
measurements: Effect of particle mixing state and determination of SP2 conditions to fully vaporize refractory black carbon, Atmos. Meas. Tech., 11, 3007-3020,  
https://doi.org/10.5194/amt-11-3007-2018.

Schill, G. P.  et al., 2020: The contribution of black carbon to global ice nucleating particle concentrations relevant to mixed-phase clouds. Proceedings of the 
National Academy of Sciences, 117 (37), 22705–22711, DOI: 10.1073/pnas.2001674117

Lab Western U. S. fires

https://doi.org/10.5194/amt-11-3007-2018


Use of specialized labs: CSU Engines Laboratory (e.g., Schill et al., 2016) 
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Schill, G. P., S. H. Jathar, J. K. Krodos, E. J. T. Levin, A. M. Galang, B. Friedman, D. K.
Farmer, J. R. Pierce, S. M. Kreidenweis, and P. J. DeMott, 2016: Ice nucleating
particle emissions from photo-chemically-aged diesel and biodiesel exhaust,
Geophys. Res. Lett., 43, 5524-5531, doi:10.1002/2016GL069529.

in Figure 2. For comparison, we
show in Figure 2 ξ!30 determined
for the emissions from the com-
bustion of biomass fuels during
the fourth Fire Laboratory at
Missoula Experiment (FLAME4)
[Levin et al., 2016]. Figure 2 also
includes data from this study for
two proxies of mineral dust and
ice nucleation active bacteria,
NX-Illite and SnoMax, respectively.
Each of these samples was size
selected to 500 nm using a differ-
ential mobility analyzer.

From Figure 2, the range of calcu-
lated significance limits (high-
lighted in grey) for ξ!30 for all
diesel experiments was between
!6.5 and!8.6. This range of signif-
icance for ξ-30 depends on both
the absolute significance levels
(Text S1) and the total particle
concentration. For the 151 time-
averaged sampling periods, the
total particle concentration varied
from ~3000 cm3 to 180,000 cm3.
Of these, the majority (n= 148)
were under 90,000 cm!3. Above

90,000 cm!3 and at T=!30°C, the vapor flux from the warm to the cold wall may not be sufficient to maintain
the intended supersaturation leading to reductions >3% [Levin et al., 2016]. Such conditions have been
shown to result in systematic undercounting of INP activated fractions by 1 order of magnitude. Since our
counts were below the significance level in all cases, it is impossible to correct for this potential undercount-
ing. We note, however, that INPs were not shown to significantly increase during the supersaturation scans
done in this study (Text S2). This suggests that undercounting due to reductions in the RH below 105%
was likely minimal. All of the individual sampling periods for aged and unaged diesel and biodiesel under
both idle conditions and 50% load in Figure 2 are below their individual significance level. Thus, nomore than
~1 in 5× 106 to 5× 108 diesel exhaust particles will act as INP. This fraction is well below the fraction of INP in
ambient aerosol in the free troposphere, as measured in previous studies [Rogers et al., 1998]. Consequently, it
is not likely that aged or unaged diesel and biodiesel exhaust will contribute significantly to atmospheric INP
concentrations. In contrast, Figure 2 indicates that emissions from laboratory burns of some biomass fuels
can produce ξ!30 above our range of significance. Thus, biomass burning may be a more important source
of INP depending on the fuel type. Finally, all of the combustion particles are much less efficient than the
laboratory proxies for mineral dust and ice-active proteins.

Although we did not investigate the temperature dependence of ξT, it is likely that INP concentrations
decrease with increasing temperature, similar to previous field observations [DeMott et al., 2010]. Thus, our
measured ξ!30 are expected to be near the upper limit of the fraction of diesel-exhaust INP active as
condensation/immersion-freezing nuclei under mixed-phase cloud conditions.

4. Limit-of-Detection Parameterization for Diesel-Derived INPs

Since ξ!30 from diesel and biodiesel exhaust are lower than our experimental significance levels, we can use
our results to bound the maximum contributions to potential INP concentrations from these sources. To
explore this further, we developed a new limit-of-detection (LOD) parameterization for BC particles

Figure 2. Ice nucleation efficiency of diesel (red sticks) and biodiesel (blue
sticks) exhaust under idle and 50% load conditions. Also shown are time-
averaged data for laboratory burns of biomass fuels from FLAME4 [Levin
et al., 2016] (dark grey markers) and from 500 nm size-selected SnoMax and
NX-illite particles (this study; black markers). The range of significance for all
diesel-exhaust sampling periods is highlighted in grey.

Geophysical Research Letters 10.1002/2016GL069529

SCHILL ET AL. DIESEL EXHAUST ICE-NUCLEATING PARTICLES 5527

Smog 
chamber



Isolated Ocean-
Atmosphere 
Studies in the 
Laboratory

• Prather et al. PNAS 2013

Marine aerosol 
reference tanks 
(MARTs)
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CFDC and IS studies using wave flume and portable sea spray 
devices for ice nucleation studies
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Mitts, B. A., Wang, X., Lucero, D. D., Beall, C. M., Deane, G. B., DeMott, P. J., & 
Prather, K. A. (2021), Geophysical Research Letters, 
https://doi.org/10.1029/2020GL089633

DeMott et al., 2016: Sea spray aerosol as a unique source of ice nucleating 
particles. Proc. Natnl. Acad. Sci., 113 (21), 5797-5803, 
doi:10.1073/pnas.1514034112.
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SeaSCAPE Overview

Properties of Nascent 
Sea Spray Aerosol (SSA)

Emission of Reactive 
Gases

Photochemical oxidation 
of SSA and formation of 
secondary marine 
aerosol (SMA)

SeaSCAPE (2019) was designed to replicate the chemical complexity of the 
marine atmosphere and surface ocean in the laboratory.
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Timeline of Oxidation Impact on Ice Nucleating Particles 
in SeaSCAPE 2019 Studies

Oxidation imposes up to 5x 
loss of INPs following 
emissions, equivalent to up to 
~2°C degradation on basis of 
IS temperature spectra

(DeMott et al. In Prep)

0.01

0.1

1

22-Jul 25-Jul 28-Jul 31-Jul 3-Aug 6-Aug 9-Aug 12-Aug

IN
P 

co
nc

 (s
L-1

)

INPs-nascent INPs-OFR

1 d
0.5 d

3 d
3 d

T = -25oC

1 d 5 d
5 d

5 d

1 d

Peak
Chl a

Peak
Hetbact

0.1

1

10

22-Jul 25-Jul 28-Jul 31-Jul 3-Aug 6-Aug 9-Aug 12-Aug

IN
P 

co
nc

 (s
L-1

)

CFDC-nascent CFDC-OFR

1 d

3 d0.5 d
3 d

3 d

5 d

T = -30oC

5 d5 d
1 d

5 d 5 d
5 d

5 d 1 d

Fresh 
seawater

Nutrients
added

Tank
addition

Wall 
cleaning

Ice Spectrometer

43

Nascent SSA 
Sampling

PAM-OFR

Aged SSA 
Sampling

Bea
ch

SIO Waveflume

UV lamps (185 nm)

Workshop on laboratory facilities for cloud researchSeptember 24, 2021 Beijing/Virtual



Simulate future (and past) 
climate scenarios with full 
environmental control (T, 
RH, winds)

Wind speeds up to 19 m/s
T = -15 to 25ºC (ocean)

RT2

RT3

Guiding mechanistic studies
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