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Abstract

The micro-orifice uniform deposit impactor-droplet freezing technique (MOUDI-DFT)
combines particle collection by inertial impaction (via the MOUDI) and a microscope-
based immersion freezing apparatus (the DFT) to measure atmospheric concentrations
of ice nucleating particles (INPs) as a function of size and temperature. In the5

first part of this study we improved upon this recently introduced technique. Using
optical microscopy, we investigated the non-uniformity of MOUDI aerosol deposits at
spatial resolutions of 1, 0.25 mm, and for some stages when necessary 0.10 mm.
The results from these measurements show that at a spatial resolution of 1 mm and
less, the concentration of particles along the MOUDI aerosol deposit can vary by10

an order of magnitude or more. Since the total area of a MOUDI aerosol deposit
ranges from 425 to 605 mm2 and the area analyzed by the DFT is approximately
1.2 mm2, this non-uniformity needs to be taken into account when using the MOUDI-
DFT to determine atmospheric concentrations of INPs. Measurements of the non-
uniformity of the MOUDI aerosol deposits were used to select positions on the15

deposits that had relatively small variations in particle concentration and to build
substrate holders for the different MOUDI stages. These substrate holders improve
reproducibility by holding the substrate in the same location for each measurement
and ensure that DFT analysis is only performed on substrate regions with relatively
small variations in particle concentration. In addition, the deposit non-uniformity was20

used to determine correction factors that take the non-uniformity into account when
determining atmospheric concentrations of INPs. In the second part of this study, the
MOUDI-DFT utilizing the new substrate holders was compared to the continuous flow
diffusion chamber (CFDC) technique of Colorado State University. The intercomparison
was done using INP concentrations found by the two instruments during ambient25

measurements of continental aerosols. Results from two sampling periods were
compared and the INP concentrations determined by the two techniques agreed within
experimental uncertainty. The agreement observed here is commensurate with the
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level of agreement found in other studies where CFDC results were compared to INP
concentrations measured with other methods.

1 Introduction

Ice formation in the atmosphere can occur via two different processes: homogeneous
and heterogeneous nucleation. Below approximately −37 ◦C, ice can form by5

homogeneous nucleation. At higher temperatures ice forms by a heterogeneous
process, which can be initiated by ice nucleating particles (INPs). These INPs have
surface properties that lower the energy barrier to the formation of crystalline ice.
Heterogeneous ice nucleation can be divided into four categories (Pruppacher and
Klett, 1997; Vali et al., 2014) and are briefly described as follows: deposition nucleation10

where ice forms on the surface of the INP directly from the vapor phase without the
occurrence of liquid water; condensation freezing where ice forms as water vapor
condenses onto the INP; contact freezing whereby an INP collides with a supercooled
liquid droplet; and immersion freezing whereby an INP within a supercooled liquid
droplet initiates freezing.15

Possible atmospheric particles that can act as INPs include mineral dust, black
carbon, glassy aerosols, and biological particles such as bacteria, lichen, fungal
spores, pollen spores, and marine diatoms (for details see reviews by Szyrmer and
Zawadzki, 1997; Després et al., 2012; Hoose and Möhler, 2012; Murray et al., 2012;
and references therein). Information on the concentrations and activity of INPs is20

needed to predict the frequency and properties of mixed-phase and ice clouds in
the atmosphere and hence the effect of aerosol particles on climate and precipitation
(Lohmann, 2002; Zeng et al., 2009; Storelvmo et al., 2011; Gettelman et al., 2012;
Costa et al., 2014).

Over the past several decades there has been a significant effort to develop25

instrumentation for measuring INP concentrations in the atmosphere (DeMott et al.,
2011). While much of this research has focused on measuring the total concentration
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of INPs in the atmosphere in real time, determining their concentration as a function
of size has also been a subject of interest. Knowing the size of INPs may be useful in
identifying their source or modeling their transport in the atmosphere. In addition, size-
resolved measurements would be useful to determine if some current techniques for
measuring the total concentration of INPs are missing an important fraction of the INP5

population. For example, instruments based on the continuous flow diffusion chamber
(CFDC) design of Rogers et al. (2001) limit the size of particles analyzed to sizes
≤ 0.75 µm in some cases (DeMott et al., 2003) and ≤ 2.4 µm in others (Garcia et al.,
2012).

Most approaches to measuring the concentration of INPs as a function of particle10

size involve either particle size-selection by inertial separation (Prodi et al., 1980;
Rosinski et al., 1986, 1987, 1988; Berezinski et al., 1988; Santachiara et al., 2010)
or particle size-selection by filtration (Vali, 1966; Langer and Rodgers, 1975), both
followed by freezing measurements. These methods have all been limited to freezing
temperatures of approximately −25 ◦C or greater. Furthermore, the separation of15

aerosol particles by filter pore size provides only limited size resolution. Another
approach for determining the size of INPs involves the analysis of ice crystal residuals
as a function of size using single-particle mass spectrometry or electron microscopy
(Chen et al., 1998; Petzold et al., 1998; Cziczo, 2004; Targino et al., 2006; Richardson
et al., 2007; Pratt et al., 2010).20

In addition to the approaches mentioned above, Huffman et al. (2013) recently
introduced the micro-orifice uniform deposit impactor-droplet freezing technique
(MOUDI-DFT) for measuring the concentration of INPs as a function of size. This
technique addresses some of the limitations of previous size-resolving instrumentation.
A rotating MOUDI (MSP Corp., Shoreview, MN, USA) capable of obtaining ten size-25

fractionated samples spanning 0.056–18 µm (Marple et al., 1991) is used for aerosol
collection. The ice nucleating properties of collected particles are then determined
in the laboratory by a microscope-based droplet freezing technique (the DFT) that
is capable of measuring the concentrations of INPs in the immersion mode to
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a temperature of approximately −37 ◦C, which is roughly the homogeneous freezing
temperature of 100 µm diameter water droplets (Chernoff and Bertram, 2010; Iannone
et al., 2011; Wheeler and Bertram, 2012; Haga et al., 2013, 2014; Wheeler et al., 2014).
The MOUDI-DFT permits measurements at a higher size resolution and over a wider
range of temperatures than most of the size-resolved instrumentation discussed above.5

As an offline technique, the MOUDI-DFT is also suitable for remote measurements
where a dedicated operator may not be available to continuously monitor a real-time
instrument.

When particles are collected with a rotating MOUDI the concentration of particles
on a collection substrate is not uniform, rather the concentration varies with distance10

from the center of the aerosol deposit. For example, Maenhaut et al. (1993) analyzed
the uniformity of MOUDI samples using particle induced X-ray emission (PIXE) and
showed that particle concentrations on the MOUDI aerosol deposits varied by at
least 25 % at a spatial resolution of 2 mm. Since a MOUDI aerosol deposit covers an
area of 425–605 mm2 (depending on the stage) while the area of the MOUDI aerosol15

deposit analyzed by the DFT and 5× magnification objective lens is only 1.2 mm2, non-
uniformity can lead to significant uncertainty in atmospheric concentrations of INPs.
Huffman et al. (2013) used the non-uniformity results of Maenhaut et al. (1993) to
estimate uncertainties in the INP concentrations determined with the MOUDI-DFT.
However, the uncertainty was poorly constrained since the non-uniformity was not20

known at a sufficient spatial resolution, e.g. 0.25–1 mm. Non-uniformity at these scales
can influence calculations of atmospheric INP concentrations from the MOUDI-DFT
data (see below).

In the following paper we improve on the MOUDI-DFT approach. First, we measured
the concentration of particles on the MOUDI aerosol deposits as a function of distance25

from the center of the deposits at spatial resolutions of 1, 0.25 mm, and for some
stages 0.10 mm. Measurements of the non-uniformity of the MOUDI aerosol deposits
were then used to select regions on the substrates that exhibited relatively small
variations in particle concentrations and build substrate holders for the different MOUDI
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stages. These substrate holders ensure that only locations on the MOUDI aerosol
deposits that had relatively small variations in particle concentration were used for
estimation of INP concentrations. In addition, the non-uniformity results were used
to determine correction factors when determining INP concentrations using the new
substrate holders.5

In addition to improving the MOUDI-DFT, for method validation we compare results
from the MOUDI-DFT using the new substrate holders with results from a continuous
flow diffusion chamber (CFDC) operated by Colorado State University (CSU) during
a measurement campaign at CSU. The CFDC technique is a well-accepted approach
for quantifying INP concentrations in the atmosphere. When comparing results from10

the two instruments, only particles collected onto MOUDI stages with an upper range
≤ 2.4 µm are considered here to ensure the particle size ranges measured by the two
instruments corresponded. As highlighted by DeMott et al. (2011), intercomparison
studies of INP instrumentation are important for finding potential biases or deficiencies
present in the methods, relating independent data sets, and identifying where efforts15

for instrument improvement should be focused.

2 Experimental

2.1 Micro-orifice uniform deposit impactor (MOUDI)

The MOUDI is a standard device for sampling aerosol particles (Chow and Watson,
2007). The version used here (MOUDI II 120R) contains a sample inlet to remove20

particles greater than 18 µm, ten collection stages spanning a size range of 0.056–
18 µm, and an after-filter to collect any remaining particles. All reported sizes are the
50 % cutoff aerodynamic diameter. Each stage contains a nozzle plate that consists of
a series of nozzles that direct the sample and an impaction plate upon which substrates
are located for collecting particles. A detailed description of MOUDI operation can be25
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found in Marple et al. (1991) with corresponding theoretical considerations in Marple
and Willeke (1976).

In this work, hydrophobic glass cover slips (HR3-215; Hampton Research, Aliso
Viejo, CA, USA) were used as the collection substrates. These substrates were chosen
because they do not cause significant heterogeneous freezing of water droplets, which5

is a prerequisite for freezing experiments. For instance, in Fig. 9 the results of five blank
experiments are shown where no freezing above −33.7 ◦C was observed. To determine
the non-uniformity on the collection substrates, the collection substrates were located
roughly in the center of the impaction plates and held in place by a small piece of tape
running along one edge of the hydrophobic glass cover slip. For the field measurements10

at CSU, substrate holders were used to position the sampling substrate at a location on
the impaction plate where particle concentrations varied by a relatively small amount
(see below for details on the design of the substrate holders). As the hydrophobic glass
cover slips are thicker than the aluminum foils with which the manufacturer calibrated
the cut-point of each stage, spacers were added between the stages to compensate15

for the reduced nozzle plate-to-impaction plate distance.

2.2 Droplet freezing technique (DFT)

Particles collected by the MOUDI were analyzed for their ability to act as INPs in the
immersion freezing mode. The DFT used here has been employed previously to study
immersion freezing by biological particles and mineral dust (Chernoff and Bertram,20

2010; Iannone et al., 2011; Wheeler and Bertram, 2012; Haga et al., 2013, 2014;
Wheeler et al., 2014). The technique is based in part on the earlier design of Koop
et al. (2000). A flow cell with temperature and humidity control was coupled to an
optical microscope equipped with a CCD camera. This setup is illustrated in Fig. 1.

The flow cell consists of a base, Teflon spacer, body, and top window. A groove is25

located within the base of the flow cell to position the hydrophobic glass cover slip. The
location of the groove is such that the center of the hydrophobic glass cover slip is at
the center of the flow cell and can be aligned with the optical axis of the microscope.
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A Teflon spacer sits on top of the hydrophobic glass cover slip to provide thermal
isolation between the base of the flow cell and the body of the flow cell. This ensures
that the hydrophobic glass cover slip is the coldest spot within the flow cell and therefore
the location where ice will form. The body of the flow cell contains channels through
which humidified air can flow. A resistance temperature detector (RTD) was located5

within the base of the flow cell directly beneath the hydrophobic glass cover slip. The
RTD was calibrated against the melting point of pure water droplets of approximately
120 µm in diameter and the measured offset from the expected 0 ◦C was used to correct
all freezing temperatures.

The optical microscope used in the experiments was an Axiolab (Zeiss, Oberkochen,10

Germany) with an EC Plan-Neofluar 5× objective (Zeiss). This resulted in a viewing
area in the DFT of 1.2 mm2. Based on the accuracy of the substrate holders (discussed
below), the location of the groove in the base of the flow cell, and the alignment of the
hydrophobic glass cover slip with the optical axis of the microscope, the center of the
microscope viewing area in the DFT experiment was at the center of the hydrophobic15

glass cover slip ±0.5 mm.
In the DFT, a hydrophobic glass cover slip that contained particles collected with the

MOUDI was placed on the base of the flow cell, the rest of the components of the flow
cell were then assembled, and video images of the particles were initiated (Fig. 2a).
The center of the flow cell was then aligned with the optical axis of the microscope.20

Next, the temperature of the flow cell was decreased to 0 ◦C. A humidified gas flow with
a dew point of approximately 3 ◦C was then passed over the hydrophobic glass cover
slip to condense water onto the collected particles and grow droplets (Fig. 2b). After
reaching a size of approximately 140 µm, the relative humidity (RH) was lowered to
partially evaporate the droplets and increase the spacing between adjacent droplets25

(Fig. 2c). The reason for increasing the spacing between droplets is discussed in
Sect. 2.3. Upon reaching the desired droplet size, the cell was isolated by closing
valves upstream and downstream of the cell. The cell temperature was then lowered at
a constant rate of −10 ◦C min−1 to a temperature of −40 ◦C. During the condensation,
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evaporation, and cooling processes, a digital video was continuously recorded. The
freezing of each droplet was manually identified by an increase in the droplet’s opacity
in the digital video (Fig. 2d) and its corresponding freezing temperature was retrieved
using the video timestamp.

As there is a stochastic component to immersion freezing (Vali and Stansbury, 1966),5

the cooling rate used may influence the measured number of ice-active particles at
a given temperature. In the DFT, the sample is cooled at a relatively fast rate of −10
vs. the 1 ◦C min−1 or slower rate often used in droplet freezing assays. An increase in
the cooling rate by an order of magnitude can shift the median freezing temperature
of a sample to colder temperatures by approximately 1–2 ◦C (Murray et al., 2011; Welti10

et al., 2012; Wright and Petters, 2013; Wright et al., 2013; Wheeler et al., 2014). While
this influence has not been explicitly considered when interpreting the results, it is not
expected to alter the conclusions of the intercomparison.

2.3 Calculating INP concentrations

The number of INPs active at a given temperature, #INPs(T ), in each freezing15

experiment was determined using the following equation based on the method of Vali
(1971):

#INPs(T ) = − ln
(
Nu(T )

No

)
Nofnu,0.25−0.10 mm (1)

whereNu(T ) is the number of unfrozen droplets at temperature T ,No is the total number
of droplets, and fnu,0.25−0.10 mm is a non-uniformity factor which corrects for aerosol20

deposit inhomogeneity at a scale of 0.25–0.10 mm (see Sect. 3.4 for more details).
Equation (1) takes into account the possibility of multiple INPs being contained in
a single droplet (Vali, 1971). The atmospheric concentration of INPs was then found
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using the following equation:

[INPs(T )] = #INPs(T )

(
Adeposit

ADFTV

)
fnu,1 mmfne (2)

where Adeposit is the total area of the aerosol deposit on the hydrophobic glass
cover slip, ADFT is the area of the hydrophobic glass cover slip analyzed in the DFT
experiments, V is the total volume of air sampled, fnu,1 mm is a non-uniformity factor5

which corrects for aerosol deposit inhomogeneity at the 1 mm scale (see Sect. 3.3 for
more details), and fne is a correction factor to account for uncertainty associated with
the number of nucleation events in each experiment where fewer frozen droplets results
in greater experimental uncertainty. Values of the non-uniformity correction factors
fnu,0.25−0.10 mm and fnu,1 mm were based on the non-uniformity of particle concentrations10

on the hydrophobic glass cover slips determined below, and fne was calculated
following the error analysis of Koop et al. (1997) at the 95 % confidence level.

During an ice nucleation experiment, after a droplet froze it could grow by vapor
diffusion at the expense of surrounding liquid droplets because of the lower saturation
vapor pressure over ice compared to liquid water. If given sufficient time, the growing15

ice crystal can come into contact with a neighboring liquid droplet, causing it to freeze.
Alternatively, a neighboring liquid droplet may completely evaporate since it can lose
water to the growing ice crystal. These two processes were accounted for during
data analysis by (i) calculating an upper limit to the concentration of INPs active
in the immersion mode as a function of temperature by assuming that all droplets20

which underwent the processes discussed above froze by immersion freezing, and
(ii) calculating a lower limit to the INP concentration by assuming that all droplets which
underwent the processes discussed above remained liquid until the homogeneous
freezing temperature of −37 ◦C (Wheeler et al., 2014). To minimize the occurrence
of these contact and evaporation events in the DFT, which can introduce large25

uncertainties to the INP concentration, the spacing between droplets was increased
by partial evaporation and a rapid cooling rate of −10 ◦C min−1 was used (Sect. 2.2).
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2.4 Measurements of MOUDI aerosol deposit non-uniformity

For measurements of non-uniformity of the MOUDI aerosol deposits, particle collection
was done at the Marine Boundary Layer (MBL) site near Ucluelet, British Columbia,
Canada (48.92◦ N, 125.54◦ W, approximately 20 ma.s.l.) during August of 2013 as
part of the larger NETCARE (NETwork on Climate and Aerosols: addressing key5

uncertainties in Remote Canadian Environments) project. Environment Canada, the
British Columbia Ministry of Environment, and Metro Vancouver operate the MBL site
for the continuous monitoring of aerosols and trace gases. Four MOUDI samples
were collected through a louvered TSP inlet (BGI Inc., Waltham, MA, USA) and mast
extending 5.5 ma.g.l.10

After returning to the laboratory, the hydrophobic glass cover slips were mounted
on an optical microscope with an XY translational stage (Zeiss LSM). Images were
recorded with one of three objective lenses depending on the MOUDI stage: an EC
Plan-Neofluar 20× for stages 2–4 (particle sizes of 10–1.8 µm); an LD Plan-Neofluar
40× for stages 5–6 (particle sizes of 1.8–0.56 µm); and an EC Plan-Neofluar 63× for15

stages 7–8 (particle sizes of 0.56–0.18 µm). Aerosol deposit non-uniformity was not
measured for the inlet or stages 1, 9, and 10 as the former two contained insufficient
particles for quantitative analysis and individual particles could not be identified with
the threshold method in the latter two stages.

Once the hydrophobic glass cover slips were mounted on the optical microscope,20

images were taken along a line passing through the center of the MOUDI aerosol
deposit. These images were recorded in steps with the dimensions of the steps
dependent on the magnification used to record the images. The dimensions (x length
by y length) of these steps were 520µm×690 µm for stages 2–4, 260µm×340 µm
for stages 5–6, and 170µm×230 µm for stages 7–8. Images were recorded in such25

a manner that they could be superimposed to produce continuous images of the
particle concentration across the MOUDI aerosol deposits. Shown in Fig. 3 is part
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of the aerosol deposit of stage 8 as an example of a subsection of a continuous image,
where lighter regions show zones where more particle deposition occurred.

Using the continuous images, particle concentrations as a function of distance from
the center of the MOUDI aerosol deposit were determined. The particle concentration,
in units of cm−2, was determined using the threshold function of the image processing5

software ImageJ (Rasband, 2014). Concentrations were determined using step sizes
of 1 and 0.25 mm for all stages analyzed. A spatial resolution of 1 mm was used since
this is roughly equal to the dimensions of the area analyzed in DFT experiments.
A spatial resolution of 0.25 mm was used to determine if there is non-uniformity at
a spatial resolution smaller than the area analyzed in the DFT. Visual inspection of10

aerosol deposits showed that there was spatial variability of the particle concentrations
at a spatial resolution as low as 0.10 mm for MOUDI stages 6, 7, and 8, so these stages
were also analyzed at this spatial resolution. A total of three hydrophobic glass cover
slips were analyzed for stages 2 and 8 and four hydrophobic glass cover slips for stages
3 through 7. Results presented below in Sect. 3.1 are averages and 95 % confidence15

intervals determined from these hydrophobic glass cover slips.

2.5 Substrate holders for individual MOUDI stages

For each MOUDI stage a substrate holder was constructed to position the hydrophobic
glass cover slip in a unique and reproducible position on the MOUDI impaction plate.
The location of the hydrophobic glass cover slip was chosen based on the non-20

uniformity results such that the region analyzed in the droplet freezing experiment
had minimal variation in the particle concentration at the 0.25 mm spatial resolution.
Substrate holders were constructed out of 6061-T561, an aluminum alloy, and had
a thickness of 0.41 mm.
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2.6 Comparison of MOUDI-DFT and CFDC measurements

For method validation we compared INP concentrations found using the MOUDI-
DFT with INP concentrations found using the CFDC operated by CSU during
a measurement campaign at CSU. Detailed descriptions of the CFDC design and
operation can be found in Rogers (1988), Rogers et al. (2001), and Eidhammer5

et al. (2010). Briefly, air sampled by the instrument was first dried and passed through
a two-stage impactor to remove large particles. For the experiments described here
a two-stage impactor with a 50 % cutoff aerodynamic diameter of 2.4 µm (the same
for each stage) was used. After the two-stage impactor the sampled air entered an
annular chamber where the particles were exposed to a specific temperature and10

supersaturation with respect to water (SSw). Under the conditions used, any ice will
quickly grow to sizes between 3 and 10 µm. The sample then entered a region of
reduced relative humidity to evaporate any liquid droplets that formed but did not
contain an INP. At the chamber outlet, ice was discriminated from other particles using
an optical particle counter where particles exceeding 3 µm in size were classified as15

ice.
The measurements for intercomparison involved sampling ambient aerosols at

the Department of Atmospheric Science’s Atmospheric Chemistry building (40.59◦ N,
105.14◦ W) of CSU over three days in November 2013. The MOUDI was located
directly outside the building while the CFDC was located in an adjacent laboratory20

(approximately 5 m away) with ambient air drawn through conductive rubber tubing
(Simolex, Plymouth, MI, USA). The MOUDI and CFDC were operated simultaneously
to ensure any variations in INP concentrations would be captured by both techniques.
The CFDC temperature and SSw were kept constant throughout the sampling period
to obtain an average INP concentration for later comparison to the INP concentration25

obtained offline by the MOUDI-DFT.
Two sampling periods from the CSU campaign were chosen for comparison

purposes (Table 1). An additional sampling period was carried out during this
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campaign, but it was not included because of poor temperature overlap between the
CFDC and the DFT. In sample CSU-1 the average CFDC temperature and SSw were
−21.7 ◦C and 5.5 %, respectively, while in CSU-2 the CFDC conditions were −26.6 ◦C
and 5.8 % SSw. MOUDI samples were collected for stages 2 through 8 (particle sizes of
10 to 0.18 µm), stored at 4 ◦C, and analyzed by the DFT within two weeks of collection.5

INP concentrations were not found for samples collected on the inlet and stages 1, 9,
and 10 of the MOUDI as we were unable to measure aerosol deposit non-uniformity
for these stages (see Sect. 2.4).

DeMott et al. (2015) found that CFDC measurements of mineral dust where particles
were exposed to an SSw of approximately 5 %, as was used in this study, resulted in10

an under prediction of INP concentrations by a factor of three when compared to the
use of a higher SSw (approximately 9 %). It was therefore suggested that a correction
factor of three be applied to INP concentrations of mineral dust samples determined by
the CFDC using an SSw of 5 %. However, the aerosol composition was not measured
during sampling at CSU and because it was not established that mineral dust was15

a major component of the samples used for the intercomparison, no correction factor
has been applied to the CFDC data.

As mentioned above, the CFDC used here measures INP concentrations for particle
sizes ≤ 2.4 µm. When comparing the MOUDI-DFT and CFDC results we included
only MOUDI stages 4–8, covering a size range of 3.2–0.18 µm. In addition, the INP20

concentrations measured in stage 4 (particle sizes of 1.8–3.2 µm) were multiplied by
a factor of 3/7, the fraction of the particle size range of stage 4 which overlaps with the
size range measured by the CFDC, to ensure the size range covered by the MOUDI-
DFT was as close as possible to the size range covered by the CFDC. In all cases
the CFDC measured smaller particles than the MOUDI-DFT, which could result in25

differences between the two instruments.
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3 Results and discussion

3.1 MOUDI aerosol deposit non-uniformity and size

Shown in Figs. 4–6 are the normalized concentrations of aerosol particles as a function
of distance from the center of the MOUDI aerosol deposit for spatial resolutions of
1, 0.25, and 0.10 mm, respectively. Particle concentrations have been normalized to5

the maximum particle concentration measured at the stated spatial resolution. Particle
concentrations at a spatial resolution of 0.10 mm are shown only for stages 6 though 8
and only for the region of the aerosol deposit that corresponds to the region analyzed
in the DFT experiments when using substrate holders in the MOUDI. Figures 4 and 5
illustrate that the particle concentration can vary by more than two orders of magnitude10

across the aerosol deposit. In comparison, the particle concentration measured in the
PIXE analysis of Maenhaut et al. (1993) varied by less than an order of magnitude.

To calculate atmospheric concentrations of INPs using Eq. (2), the total area of the
MOUDI aerosol deposit is needed. In their instrument paper describing the MOUDI,
Marple et al. (1991) state that a surface with a diameter of 27 mm is required for sample15

collection in stages 2 through 8, but no other details were provided and some deposits
were found to be larger than 27 mm in this study. Aerosol deposit sizes were reported
in Maenhaut et al. (1993) but the criteria used to define the deposit edge were not
given. Here, the area of each aerosol deposit was determined using the normalized
particle concentrations of Fig. 5 where the edge of the deposit was defined as the20

point where the normalized particle concentration transitioned from above to below the
detection limit of the technique (the average plus three SDs of the normalized particle
concentration in non-deposit regions of the hydrophobic glass cover slip). Aerosol
deposit diameters and areas are reported in Table 2.
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3.2 Substrate holder design

As the concentration profiles found using the microscope analysis revealed that MOUDI
deposits can be highly non-uniform, substrate holders were designed to position the
hydrophobic glass cover slips at specific places on the MOUDI impaction plates. Details
of the dimensions of the substrate holders are given in Fig. 7. Each holder has the same5

diameter, height, and thickness to fit securely onto the impaction plate of the MOUDI.
In addition, each holder had a square piece of the material of the same dimensions as
the hydrophobic glass cover slip removed from the holder. When the substrate holder
was secured onto the impaction plate this region of removed material created a square
well where the hydrophobic glass cover slip could be precisely located (see Fig. 7c).10

The dimensions of the substrate holder were chosen such that the aerosol deposit at
the center of the hydrophobic glass cover slip (once the cover slip was located in the
substrate holder) had a relatively small variation in particle concentrations at the 0.25
and 0.10 mm spatial resolution. The distances from the center of the hydrophobic glass
cover slip to the center of the substrate holder when the hydrophobic glass cover slip15

is located in the holder, termed the offset, are listed for MOUDI stages 2 through 8 in
Table 2 and are also represented by the shaded regions in Figs. 4–6.

3.3 Correction for aerosol deposit non-uniformity at a spatial resolution of
1 mm

Figure 4 shows that the particle concentrations across the MOUDI aerosol deposits can20

vary by more than an order of magnitude at a spatial resolution of 1 mm. This variation
in particle concentration is taken into account when calculating INP concentrations
using the correction factor fnu,1 mm. This correction factor was determined using the
following equation:

fnu,1 mm =
average particle concentration over the entire aerosol deposit

average particle concentration in the microscope viewing area
(3)25
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where fnu,1 mm is the correction for non-uniformity at the 1 mm spatial resolution.
Since the substrate holders position the hydrophobic glass cover slips in a known

and repeatable position, and the region of the sample analyzed by the DFT is always
within 0.5 mm of the center of the hydrophobic glass cover slip due to the design of
the flow cell in Fig. 1, the correction factor in this case always remains the same for5

each MOUDI stage. The fnu,1 mm correction factors that are applicable when using the
substrate holders mentioned above are listed in Table 2. The stated uncertainty in
fnu,1 mm is due to the uncertainty in the location of the hydrophobic glass cover slip in
both the DFT experiments and sample collection with the MOUDI, and the uncertainties
in the normalized particle concentrations shown in Figs. 4 and 5.10

3.4 Correction for aerosol deposit non-uniformity at a spatial resolution of 0.25
and 0.10 mm

The second correction factor needed when calculating INP concentrations is
fnu,0.25−0.10 mm, which corrects for aerosol deposit non-uniformity at the 0.25 and
0.10 mm scale. Equation (1) with fnu,0.25−0.10 mm = 1 assumes that the particles are15

deposited uniformly in the area analyzed in the DFT experiments, and the distribution
of INPs within the droplets can be described using Poisson statistics. Shown in Fig. 8 is
the relationship between the #INPs(T ) and the fraction of droplets unfrozen in the DFT
experiment (Nu(T )/No) if these conditions hold (i.e. particles are deposited uniformly
in the area analyzed in the DFT experiments and INPs within the droplets can be20

described using Poisson statistics). The range in droplet number used in Fig. 8, 28 to
56, covers one SD from the average number of droplets in a DFT experiment.

Figures 5 and 6 show that in experiments using MOUDI samples the particles are not
always uniformly deposited in the viewing area of the DFT, even when substrate holders
are used. For example, Fig. 6a illustrates that for stage 6 the particle concentration can25

vary by a factor of 3.4 in the microscope viewing area of the DFT.
To quantify the effect of non-uniformity within the area analyzed by the DFT, we first

calculate the relationship between #INPs(T ) and Nu(T )/No using the measured aerosol
2240
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deposit non-uniformity within the microscope viewing area for each stage when using
the substrate holders. For stages 2–5 we considered the non-uniformity at a spatial
resolution of 0.25 mm and for stages 6–8 we considered non-uniformity at a spatial
resolution of 0.10 mm. A resolution of 0.10 mm was used for stages 6–8 as some
aerosol deposit non-uniformity is not captured at a spatial resolution of 0.25 mm for5

these stages as discussed above. The following is an example of how we calculated
the relationship between #INPs(T ) and Nu(T )/No for the case of non-uniform aerosol
deposits. For stages 2–5 we assumed that the microscope viewing area was divided
into four equal sections with a width of 0.25 mm (consistent with the spatial resolution
of non-uniformity measurements in Fig. 5) and a height of 1.3 mm. These sections10

are labeled 1–4. We also assumed that the droplets were uniformly distributed over the
viewing area and the number of INPs in each 0.25 mm wide section was #INPs(T )δi/4,
where δi was given by the following equation:

δi =
average particle concentration in the 0.25mm wide section i

average particle concentration in the microscope viewing area
(4)

with i varying from 1 to 4. To get the relationship between #INPs(T ) and Nu(T )/No for15

the entire microscope viewing area, we applied the following equation to each section
of the slide to calculate the fraction of droplets unfrozen for each section:(
Nu(T )

No

)
i
= exp

(−#INPsδi
No

)
(5)

again with i varying from 1 to 4. Equation (5) is based on Eq. (1), but with fnu,0.25−0.10 mm
set to 1. (Nu(T )/No)i from each section was then used to calculate Nu(T )/No for the20

entire microscope viewing area. To determine the relationship between #INPs(T ) and
Nu(T )/No for stages 6–8, we applied a similar procedure as described above for stages
2–5 but the microscope viewing area was divided into ten equal sections with a width of
0.10 mm and the non-uniformity measurements shown in Fig. 6 were used to determine
δi .25
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The results of these calculations for MOUDI stage 6 for different values of #INPs(T )
are shown Fig. 8a and b. Figure 8 shows that if fnu,0.25−0.10 mm is not applied when
calculating #INPs(T ), the #INPs(T ) will be under-predicted, and this under-prediction
increases in magnitude as Nu(T )/No decreases.

To determine the correction factor fnu,0.25−0.10 mm for use in Eq. (1), the relationship5

between #INPs(T ) and Nu(T )/No determined for a non-uniform sample is divided by
the relationship between #INPs(T ) and Nu(T )/No determined under the assumption of
a uniform aerosol deposit. For example, for stage 6 this involved dividing the solid lines
of Fig. 8a and b by the dashed lines. These corrections for stage 6 are plotted in Fig. 8c
and d for 28 and 56 droplets in the microscope viewing area, respectively. These panels10

illustrate that the correction factors are a function of Nu(T )/No but are independent of
the number of droplets used in the calculation. The above procedure together with
the non-uniformity information shown in Figs. 5 and 6 were used to determine the
correction factors for the different substrate holders. The fnu,0.25−0.10 mm correction factor
for each substrate holder is given in Table 2.15

3.5 MOUDI-DFT and CFDC intercomparison

The INP concentrations found using the MOUDI-DFT were compared with those
detected in real-time by the CFDC during the CSU measurement campaign. INP
concentrations found by the two instruments are shown in Fig. 9. Also included in Fig. 9
are the INP concentrations determined for a blank hydrophobic glass cover slip. In this20

case, a new hydrophobic cover slip was processed the same way as samples collected
during the CSU measurements except the cover slip was not exposed to atmospheric
particles. The result for the blank illustrates that heterogeneous ice nucleation by the
hydrophobic glass cover slip was not contributing to the measured INP concentrations
during the CSU measurement.25

Figure 9 also shows that during CSU-1 the average value of the INP concentration
obtained by the CFDC was a factor of approximately 3.8 larger than the median
value determined with the MOUDI-DFT at a temperature of −21.7 ◦C. However, the
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two values are not in disagreement if the uncertainties in the measurements are
considered. During CSU-2, the median INP concentration of the MOUDI-DFT was
a factor of approximately 1.1 larger than the average value from the CFDC at
a temperature of −26.6 ◦C. Again, the two measurements are not in disagreement if
the uncertainties in the measurements are considered.5

The agreement observed in Fig. 9 is comparable to results of previous
intercomparison studies of INP instrumentation. For example, during the 2007
International Workshop on Comparing Ice Nucleation Measuring Systems (ICIS-2007)
in Germany (DeMott et al., 2008; Möhler et al., 2008), instruments encompassing
continuous flow diffusion chambers (e.g. the CFDC of CSU), static diffusion chambers,10

mixing chambers, and expansion chambers were used to investigate different particle
types including mineral dust and bacteria (Snomax®, hereafter Snomax). In general,
the fraction of aerosols serving as INPs as a function of temperature and RH between
all instruments agreed within a factor of 4–5 (DeMott et al., 2008, 2011, 2015; Jones
et al., 2011). Similar differences were observed between the aerosol interactions and15

dynamics in the atmosphere (AIDA) cloud expansion chamber (Möhler et al., 2006)
and the CFDC of CSU during the Third Aerosol–Cloud Interaction (ACI03) campaign
with samples of ambient aerosols and coated and uncoated Asian dust (DeMott et al.,
2015). Additional intercomparison studies by Hiranuma et al. (2014) using the mineral
dust illite NX and Wex et al. (2015) using Snomax found that instruments measuring20

INP concentrations could disagree by more than an order of magnitude.

4 Conclusions

The MOUDI-DFT is a recent approach to measuring concentrations of INPs as
a function of size in the atmosphere. Here we have improved on the technique as
presented in Huffman et al. (2013). First, the non-uniformity of the MOUDI aerosol25

deposits has been characterized for stages 2–8 using optical microscopy. The results
show that the particle concentrations can vary by more than two orders of magnitude
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across the aerosol deposit. In comparison, the particle concentration measured in the
PIXE analysis of Maenhaut et al. (1993) varied by less than an order of magnitude
due to the lower spatial resolution used in their experiments. Second, using these non-
uniformity measurements substrate holders were designed to position the hydrophobic
glass cover slips in a known and reproducible position in the MOUDI that has5

a relatively uniform concentration profile. Lastly, using the non-uniformity results,
correction values were calculated to improve the accuracy of INP concentrations found
using the MOUDI-DFT.

An intercomparison between the MOUDI-DFT and the CFDC was conducted using
samples from a campaign measuring ambient continental aerosols. Results from this10

study indicate a reasonable agreement between the two techniques for the limited
conditions examined thus far. INP concentrations found using the MOUDI-DFT and the
CFDC during this intercomparison study agreed within experimental uncertainty in both
of the samples investigated. The agreement observed here is similar to or better than
the agreement observed in other intercomparison studies of INP instrumentation. This15

reasonable agreement and consistency with a currently used method suggests that the
MOUDI-DFT is a promising technique for measuring INP concentrations as a function
of size in the atmosphere, although additional validation experiments are warranted.
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Table 1. CSU sampling conditions.

Sample Sample MOUDI MOUDI Number of Mean CFDC Mean Temporal
ID composition sampling size range CFDC temperature CFDC overlap

(min) (µm) measurements (◦C) SSw
∗ (%) (%)

CSU-1 Ambient aerosols 410 0.18–10 66 −21.7 5.5 90
CSU-2 Ambient aerosols 256 0.18–10 52 −26.6 5.8 98

∗ SSw: Supersaturation with respect to water in the sample region of the CFDC.
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Table 2. Deposit diameters and areas, hydrophobic glass cover slip offsets, and non-uniformity
correction factors fnu,1 mm and fnu,0.25−0.10 mm for MOUDI stages 2 through 8 when using substrate
holders. The uncertainty in fnu,1 mm was found at the 95 % confidence level.

MOUDI Deposit Deposit Hydrophobic fnu,1 mm with fnu,0.25−0.10 mm
stage diameter area glass cover slip uncertainty

(mm) (mm2) offset (mm)

2 23.25 424.6 9.13±0.50 0.74, +0.20, −0.13 0.1225exp(−11.29µ)+1.065exp(−0.06412µ)
3 26.25 541.2 6.38±0.50 0.72, +0.08, −0.08 0.04718exp(−14.15µ)+1.023exp(−0.02347µ)
4 26.25 541.2 3.25±0.50 1.18, +0.10, −0.15 0.04252exp(−13.06µ)+1.024exp(−0.02386µ)
5 26.25 541.2 8.25±0.50 0.97, +0.03, −0.10 0.03023exp(−14.97µ)+1.015exp(−0.01515µ)
6 27.75 604.8 7.50±0.50 0.75, +0.19, −0.02 0.5799exp(−10.57µ)+1.148exp(−0.1408µ)
7 27.25 583.2 7.00±0.50 0.84, +0.07, −0.11 0.1151exp(−10.66µ)+1.072exp(−0.07029µ)
8 27.25 583.2 5.63±0.50 1.01, +0.03, −0.12 1.03exp(−12.79µ)+1.268exp(−0.2422µ)

µ = Nu(T )/No
Nu(T ) is the number of unfrozen droplets at temperature T in the freezing experiment.
No is the total number of droplets in the freezing experiment.
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Figure 1. Schematic diagram of the droplet freezing apparatus used in measurements of INPs:
(a) the base of the flow cell with a groove to position the hydrophobic glass cover slip; (b) the
body of the flow cell; and (c) the cross-section of the flow cell aligned with the optical axis of
the microscope.
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Figure 2. Images recorded during a freezing experiment: (a) collected particles sitting on the
hydrophobic glass cover slip at room temperature; (b) droplets after the condensation of water
at 0 ◦C; (c) droplets after partial evaporation to reduce their size; (d) frozen droplets after the
cell temperature was reduced to −40 ◦C over a period of 4 min.
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Figure 3. A subsection of the continuous cross-section of the aerosol deposit of MOUDI stage
8. The images have been background corrected by subtracting the sample image from a particle
free image. Background correction was done to remove spots on the image from dust on the
optics. When overlapping individual images to produce the continuous image, the individual
images do not align perfectly in the vertical dimension because moving the hydrophobic glass
cover slip in the x direction using the XY translation stage of the microscope causes slight
movement in the y direction.
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Figure 4. The deposit profiles for MOUDI stages 2–8 found at a spatial resolution of 1 mm.
The normalized particle concentration is the quotient of the particle concentration of a given
step divided by the maximum particle concentration. The experimental uncertainty is the 95 %
confidence interval and the shaded area is the region of the aerosol deposit in the microscope
viewing area of the DFT using the substrate offset given in Table 2 with an uncertainty of
±0.5 mm.
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Figure 5. The deposit profiles for MOUDI stages 2–8 found at a spatial resolution of 0.25 mm.
The normalized particle concentration is the quotient of the particle concentration of a given
step divided by the maximum particle concentration. The experimental uncertainty is the 95 %
confidence interval and the shaded area is the region of the aerosol deposit in the microscope
viewing area of the DFT using the substrate offset given in Table 2 with an uncertainty of
±0.5 mm.
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Figure 6. The deposit profiles for MOUDI stages 6–8 found at a spatial resolution of 0.10 mm.
The normalized particle concentration is the quotient of the particle concentration of a given
step divided by the maximum particle concentration. The experimental uncertainty is the 95 %
confidence interval and the shaded area is the region of the aerosol deposit in the microscope
viewing area of the DFT using the substrate offset given in Table 2 with an uncertainty of
±0.5 mm.
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Figure 7. General substrate holder design specifications for positioning the hydrophobic glass
cover slips in the MOUDI: (a) top-down view of the substrate holder; (b) bottom view; (c) the
substrate holder positioned onto the impaction plate of the MOUDI stage.
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Figure 8. The influence of aerosol deposit non-uniformity on the calculated number of INPs in
MOUDI stage 6. Panels (a) and (b) are the #INPs(T ) calculated for a non-uniform deposit (solid
line) and assuming a uniform aerosol deposit (dashed line). The calculations were carried out
for (a) 28 uniformly distributed droplets and (b) 56 uniformly distributed droplets. Panels (c)
and (d) show fnu,0.25−0.10 mm, calculated by taking the ratio of the solid line to the dashed line in
panels (a) and (b), respectively.
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Figure 9. Comparison of INP concentrations found by the MOUDI-DFT and the CFDC under
concurrent sampling. The grey shaded region marks the upper and lower bounds to the INP
concentration in MOUDI-DFT measurements as defined by our experimental uncertainty with
points showing median values. The uncertainty in temperature for MOUDI-DFT measurements
is not shown but is ±0.3 ◦C. The blue shaded region shows the upper and lower bounds to
the INP concentrations in found in five blank DFT experiments (hydrophobic glass cover slips
without atmospheric particles) with points showing median values. Average CFDC values are
in red with uncertainties in the vertical dimension shown as the 95 % confidence interval and in
the horizontal dimension as the temperature uncertainty of ±1 ◦C.
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