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              Abstract The formation of ice in clouds can strongly impact cloud properties and precipitation processes

              during storms, including atmospheric rivers. Sea spray aerosol (SSA) particles are relatively inef cient as icefi

               nucleating particles (INPs) compared to mineral dust. However, due to the vast coverage of the Earth's

                surface by the oceans, a number of recent studies have focused on identifying sources of marine INPs,

              particularly in regions lacking a strong in uence from dust. This study describes the integration, validation,fl

               and application of a system coupling a continuous ow diffusion chamber with a single particle massfl

            spectrometer using a pumped counter ow virtual impactor to remove nonnucleated particles and selectivelyfl

            measure the composition of INPs with a detection ef ciency of 3.10 10fi × −4     . In situ measurements of

               immersion freezing INP composition were made at a coastal site in California using the integrated system.

               Mineral dust particles were the most abundant ice crystal residual type during the sampling period and

              found to be ice active despite having undergone atmospheric processing. SSA were more abundant in

              ambient measurements but represented only a minor fraction of the ice crystal residual population at

              −31 °C. Notably, the SSA particles that activated were enriched with organic nitrogen species that

               were likely transferred from the ocean. Calculations of ice nucleation active site densities were within good

        agreement with previous studies of mineral dust and SSA.

 1. Introduction

           Atmospheric aerosol particles capable of initiating heterogeneous ice nucleation (IN), ice nucleating

                particles (INPs), are rare but play an important role in affecting the amount, type, and spatial distribution

                  of precipitation (Fan et al., 2014; Fan et al., 2017; Ralph et al., 2016). Atmospheric rivers (ARs) are long

               and narrow storm systems which are typi ed by strong horizontal vapor transport (Zhu & Newell, 1998).fi

                 ARs are particularly important in California, because two or three ARs can account for half of the state's

                 annual water budget in addition to being responsible for ooding events on the west coast of the Unitedfl

              States (Dettinger et al., 2011). INP formation and subsequent cloud microphysical processes are possible fac-

                 tors that have been hypothesized to positively affect precipitation totals in ARs (Ault et al., 2011). While local

               and long range transported aerosols can be important sources of INPs, landfalling ARs also bring in marine‐

                and coastal air masses with their own distinct aerosol populations (Creamean et al., 2013) that have been

                hypothesized to affect the cloud and precipitation properties of these storms (Ralph et al., 2016). This study

              investigates the INP populations present in marine and coastal air masses that may in uence ARs.fl

              Previous studies of INPs in marine environments suggest that elevated INP concentrations could be corre-

                lated to regions of ocean water upwelling and high biological activity (Bigg, 1973; Schnell & Vali, 1976).

               These ndings have been supported in laboratory studies of nascent marine INPs, in which increases infi

              INP activity were observed during phytoplankton blooms (DeMott et al., 2016; McCluskey et al., 2017;

               McCluskey, Hill, et al., 2018) and in measurements of marine phytoplankton and exudates (Knopf et al.,

                2011; Wilson et al., 2015). Sea spray aerosol (SSA) composition is a complex mixture of inorganic salts,

             particulate organics (including bacteria and viruses), and organic matter found in the ocean (Cochran,

                Laskina, et al., 2017; Cochran, Ryder, et al., 2017). An observed increase in SSA IN activity has been‐

               attributed to either microbes (McCluskey, Hill, et al., 2018) or surface active molecules such as proteins or‐

                long chain fatty acids (DeMott et al., 2018; McCluskey, Hill, et al., 2018; Wilson et al., 2015). McCluskey,‐
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               Ovadnevaite, et al. (2018) identi ed a period of elevated heat labile INP concentrations in pristine marine airfi ‐

             associated with elevated marine organic aerosol arising from the North Atlantic Ocean. Other measure-

                ments of INPs at coastal sites concluded that local terrestrial bioaerosol and dust were the major sources

                  of INPs with little evidence for marine sources of INPs (Mason et al., 2015). INP measurements at a coastal

                  site in the Arctic (Creamean et al., 2018) suggested that the major source of INPs were dust and primary

              marine aerosol, while shipborne measurements in the Arctic determined dust to be the primary contributor

               to INP concentrations (Irish et al., 2019). However, all of these studies lacked direct measurements that

      conclusively identi ed the composition of individual INPs.fi

   Typically, 1 in 10
5

               atmospheric particles in the free troposphere acts as an INP at 30 °C (DeMott et al.,−

             2010). Therefore, bulk aerosol chemistry measurements are unable to provide insights into INP composition.

                In this study, we build upon previous studies that have devised a methodology to measure INP composition

                using single particle mass spectrometry (Corbin et al., 2012; Cziczo et al., 2003; DeMott et al., 2003;

             Gallavardin et al., 2008; Richardson et al., 2007). An aerosol time of ight mass spectrometer (ATOFMS),‐ ‐fl

            which provides real time, size resolved chemical composition of individual particles (Gard et al., 1997),‐ ‐

              was coupled to a continuous ow diffusion chamber (CFDC) which measures INP concentrations in realfl

                 time by creating a cold, humid environment where INPs can nucleate into ice crystals (Rogers, 1988). In a

                  CFDC, ice crystals are grown to exceed the sizes of other aerosols as the means of differentiating the numbers

                 of INPs in a volume of air. Connecting the CFDC and ATOFMS with a pumped counter ow virtual impactorfl

                 (PCVI), which separates particles on the basis of inertia (Kulkarni et al., 2011), allows for the selective mea-

              surement of ice crystal residuals (the INPs) without interference from non INPs. To our knowledge, cou-‐

                 pling a CFDC to a single particle mass spectrometer such as the ATOFMS to sample INP composition has

                not previously been attempted in a marine or coastal environment. While the INP population at the surface

                in coastal California is not necessarily expected to be representative of the INP population at the altitudes

                where clouds form, Creamean et al. (2013) showed that aerosol from the marine boundary layer can seed

               clouds during ARs and thus these aerosols may be important sources of INPs under certain conditions.

            This paper describes the development and characterization of an integrated instrumental con guration forfi

             the real time characterization of INPs. This technique was subsequently applied to investigate INP composi-‐

               tion at the University of California, Davis Bodega Marine Laboratory, from 12 19 February 2015. The CFDC–

              was operated in order to nucleate INPs through the immersion/condensation freezing mode, which is the

              most relevant IN mechanism for mixed phase clouds such as those found in winter orographic storms‐

            in California. Instrument con gurations, validation experiments, and the eld campaign are detailed infi fi

              section 2. Results from the validation experiments and eld measurements are presented and discussed infi

        section 3, while section 4 provides a short summary.

   2. Materials and Methods

                  This work focuses upon integrating a CFDC with an ATOFMS and a PCVI to characterize INPs in both lab

                 and eld experiments. Here we provide a short overview of the materials and methods to clarify what wasfi

                 done. The operation and data analysis of the CFDC and the ATOFMS will be described in sections 2.1

                 and 2.2, respectively, while a description of the integration of the two instruments using a PCVI to isolate

              ice nucleating particles from unactivated particles and an overview of validation experiments are given in

                section 2.3 (results for these experiments are in section 3.1). Section 2.4 details the measurements taken at

                 a coastal site in California during February 2015. Section 2.5 describes IN active site densities for dust and

           SSA using the integrated CFDC PCVI ATOFMS and an aerodynamic particle sizer (APS). Finally,‐ ‐

             section 2.6 discusses the uncertainties and associated with the measurements performed in this study.

    2.1. CFDC Operation and Analysis

                The Colorado State University (CSU) CFDC (Eidhammer et al., 2010; Rogers, 1988) was used to make real‐

            time INP concentration measurements. The CSU CFDC is a vertically mounted system with cylindrical‐

                 walls 1.1 cm apart. The walls are chemically treated to be wettable by water, and each cylindrical column

                  is independently temperature controlled. To form a thin layer of ice on each wall, the annular gap is oodedfl

                 with water, while each wall is held at approximately 27 °C. After icing, aerosols are introduced into the−

                 annular gap via ow through a cylindrical knife edge inlet, which is surrounded by a dry, particle free sheathfl ‐

                  fl fl flow. Both the knife edge and the sheath ow focus the minor aerosol ow into a lamina, where the
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        temperature and relative humidity with respect to water (RHw        ) can be controlled by controlling the tempera-

              ture of each cylindrical column. For immersion mode freezing experiments, the wall temperatures were set

   to a sample RHw              of nominally 105% to ensure that aerosol activates into droplets. Those droplets that contain

                 INPs at the aerosol lamina temperature or warmer nucleate to form ice. The bottom third of the CSU CFDC‐

               is the droplet evaporation section, where the ice coated walls are held at the same temperature. Here, the‐ ‐

             aerosol lamina adjusts toward ice saturation and is therefore water subsaturated. Thus, droplets will

                  evaporate in this section and ice crystals will persist. All particles larger than ~500 nm are detected by an

               optical particle counter at the bottom of the evaporation section. Under the conditions in these experiments,

                  ice crystals are assumed to be larger than 3.0 m based on expected growth rates of ice particles andμ

                  previous observations of the ice crystal size mode. The CFDC was operated for this study with a 1.5 mμ

                  (50% cutoff) impactor in front of the inlet in order to ensure that large aerosol particles were not erroneously

  counted as INPs.

            Methods for accounting for CFDC measurement uncertainty and background follow previous work (Schill

           et al., 2016) and are summarized here. Number concentrations of INPs (N INPs     ) and particles larger than

  500 nm (N 500             ) were determined for 3 5 minute subsampling period within a given sampling period.–

    Standard error associated with NINPs  and N 500      were determined following Poisson counting statistics

            (Taylor, 1997). Periods between sampling were dedicated to measuring background concentrations by mea-

    suring ltered air. Background Nfi INPs  and N 500        were determined by calculating a time weighted average of‐

                the lter periods before and after the sampling period. This value was subtracted from the sample Nfi INPs

 and N 500            , and the standard errors were added in quadrature. Statistically signi cant Nfi INPs  were de nedfi

               herein as those that were higher than the background concentration plus two times the standard deviation.

               An aerosol concentrator (Model 4240, MSP Corporation; Romay et al., 2002) was placed upstream of the

               CFDC to improve INP sampling statistics, as described in Tobo et al. (2013). Enhancements in aerosol

             concentrations are obtained in this concentrator using virtual impactors which affect only particles with

               diameters larger than 0.5 m. In previous studies, the enhancement factor for aerosol particles varied fromμ

                     40 at 0.5 microns up to about 140 at diameters above 1 m (Tobo et al., 2013). Following Tobo et al. (2013),μ

             the INP concentration factor (ICF) for INPs was de ned using the ratio of Nfi INP    sampling with versus with-

               out the concentrator, as measured within 15 minutes before or after the 3 5 minute subsampling period.–

NINPs            measured without the concentrator were often not statistically signi cantly different from backgroundfi

                concentrations, and the calculated ICFs were highly variable from day to day with an average and standard

                deviation of 7.7 ± 10.2. Therefore, an ICF was calculated for each subsampling period when possible (i.e.,

 when N INP               were statistically signi cant), and a daily mean and standard deviation of ICF was used forfi

                 other subsampling periods. Daily ICFs ranged from 1.2 to 22.9, lower than previous studies (e.g., 90 ± 3,

              Suski et al., 2018) due to changes in the concentrator performance experienced during this study.

           Standard error associated with the ICF was propagated in the nal Nfi INP      , calculated by dividing the subsam-

 ple NINP   by the ICF.

    2.2. ATOFMS Operation and Analysis

               Size resolved single particle mixing state was measured using an ATOFMS (Gard et al., 1997). Single particle‐

                mass spectra and size data were imported into MATLAB (The MathWorks, Inc.) and analyzed via the soft-

               ware toolkit FATES (Sultana, Al Mashat, et al., 2017; Sultana, Cornwell, et al., 2017). Particles were divided‐

               into clusters based on their mass spectral features via an adaptive neural network and recombined based

               upon their characteristic mass spectra and size distributions (Rebotier & Prather, 2007; Song et al., 1999).

                Similar to previous eld studies using ATOFMS analysis (Cahill et al., 2012; Pratt & Prather, 2010; Sullivanfi

                et al., 2007), particle types were manually regrouped upon inspection of the clusters based on spectral simi-

                larities. Particle type number, fraction, and standard error of measurement for each particle type are shown in

                  Table 1, while representative spectra of the eight particle types detected in this study are shown in Figure 1.

                The characteristic ion markers for all types and assignments from the literature are given in Table 1.

    2.3. Integration of the CFDC PCVI ATOFMS‐ ‐

               Prior to the eld study, initial optimization experiments integrating the CFDC and the ATOFMS with thefi

                  PCVI were conducted prior to the eld study at CSU in Fort Collins, CO. Block diagrams for the instrumen-fi

                 tal setup and the ow con guration are shown in Figure 2. The ows of the PCVI (Brechtel Manufacturingfl fi fl
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              Inc., Model 8100) were optimized in order to eliminate transmission of particles with aerodynamic diameters

(Da                      ) below 3 m. The pull ow of the PCVI was set to 12 vlpm, while the chilled counter ow was set toμ fl fl

               6 vlpm. The transmission ef ciency (TE) of the PCVI (Figure 3) was determined by passing atomizedfi

  ammonium sulfate ((NH4) 2SO4            , dried) particles through the PCVI into an APS (TSI 3321). Transmission

               ef ciencies were calculated for particles with diameters larger than 500 nm by determining the ratio offi

                 number of particles detected over a 5 minute period without the PCVI to the number of particles detected

               over a 5 minute period with the PCVI. The TE of particles larger than 3 μm was 5 × 10−3   ± 11%. Particles

                 smaller than 500 nm were not measured due to the lower size limit of the ATOFMS. The ATOFMS speci c‐ fi

                   TE (described more in section 2.2) is also shown in Figure 3 (green line). Diameters for the 10th, 25th, and

  50th percentile (D10, D 25, and D 50            ) were calculated using the maximal measured TE (0.05 at 5 m).μ

 Table 1

            Description of ATOFMS Particle Types, Including Common Ion Marker Assignments and Literature References

    Particle type Characteristic ion markers

Dust
7

Li
+

,
23

Na
+

,
27

Al
+

,
39

K
+

,
48,64

Ti,TiO
+

,
54,56

Fe
+

,
60

SiO2
 − 76

SiO 3
−

,
79

PO 3
−

   (Silva et al., 2000)

Na/K
23

Na
+

,
39

K
+

   (Pratt & Prather, 2010).
   Sea spray aerosol (SSA) 23 Na+ , 24 Mg+ , 39K + , 46 Na2

+ , 81,83 Na2 Cl+ , 35,37Cl
−

, 46 NO 2
−

, 58NaCl
−

, 62NO 3
−

, 93,95,97 NaCl2
−

   (Gard et al., 1998)

   Primary biological (Bio) Strong 39K + and 79PO 3
−

    , minor contributions from 59+ , 74+      , nucleoside fragment peaks at 66
−

, 71
−

, 90
−

             (Fergenson et al., 2004; Sultana, Al Mashat, et al., 2017; Sultana, Cornwell, et al., 2017)‐

        Elemental carbon (EC) Clusters every 12 m/z at Cn
+

 and Cn
−

       (Moffet & Prather, 2009; Spencer & Prather, 2006)

  Organic carbon (OC)
27

C2 H3
+

,
29

C2H5,
37

C 3 H
+

,
43

CH 3CO
+

/CHNO
+

            (Qin et al., 2012; P. Silva & Prather, 2000; Spencer & Prather, 2006)
 Elemental carbon

  organic carbon (ECOC)

12 C+ , 24C2
+ , 27 C 2H 3

+, 36 C 3
+ , 37C3 H+ , 43CH 3 CO+ /CHNO +        (Moffet & Prather, 2009; Qin et al., 2012)

   Biomass burning (BB) Intense
39

K
+

and
97

HSO4
−

   , minor contributions from
12

C
+

,
26

CN
−

,
46

NO 2
−

,
62

NO 3
−

,
125

H(NO 3) 2
−

   (Silva et al., 1999)

                        Figure 1. Representative spectra for the ATOFMS particle types observed during this study given in relative peak area (RPA): sea spray aerosol (SSA), dust, elemen-

                  tal carbon organic carbon (ECOC), primary biological (Bio), elemental carbon (EC), organic carbon (OC), biomass burning (BB), and Na/K.
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            Additional validation experiments were conducted using Arizona Test Dust (ATD) suspended from a

    fluidized bed and atomized (NH4) 2SO 4          . 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 eld campaign was conducted in order to better under-fi

          stand how aerosols interact with landfalling ARs in the Western United

        States and in uence precipitation amount, phase, and spatial distributionsfl

           (Ralph et al., 2016). As part of this effort, ground based measurements 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 ~100 m ENE of 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 (N APS,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 (N ATOFMS,i   ). The TE

     of a given size bin (TE i     ) is thus given by

TE i 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 counter ow‐ ‐ fl

              virtual impactor. ATOFMS stands for aerosol time of ight mass spectrometer, and APS stands for aerodynamic particle‐ ‐fl

                sizer. MFC stands for mass ow controller, and HEPA stands for high ef ciency particulate air lter. Qfl fi fi Sample, Q Sheath,

QPCVI,in , Q tot, QCF   , and Q ATOFMS                are the ow rates of the sample, sheath, air into the PCVI, total CFDC ow, PCVIfl fl

              counter ow, and ATOFMS ow rate. The purple dashed line shows the instrumental con guration during ambientfl fl fi

            sampling. (b) Detailed schematic of how ows were controlled during the integrated experiments.fl

            Figure 3. Transmission ef ciency curve for the PCVI as a function of aero-fi

  dynamic diameter (D a         ). The green line shows the transmission ef ciency forfi

          the ATOFMS. Observations are shown in the square markers, while the

             dashed black line shows the power law t. The blue, purple, and red dashedfi

      lines show the diameters for the 10
th

, 25
th

  , and 50
th

 percentiles (D 10, D 25 ,
 and D 50         ) of the maximum observed PCVI transmission ef ciency. Thefi

           dark grey dashed line shows the 1.5 m impactor upstream of theμ

    continuous ow diffusion chamber (CFDC).fl
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               The CFDC PCVI ATOFMS system was used to measure the composition of INPs. The CFDC was operated at‐ ‐

                approximately 31 °C. This temperature is typical of the upper levels (6 10 km) of deep orographic clouds− –

                that form over the Sierra Mountains in California (Creamean et al., 2016). Additionally, due to the low

                sampling ef ciency of this system, the CFDC was operated in order to maximize the number of icefi

              crystals created (i.e., at a lower temperature to favor higher INP concentrations). INP composition was

                measured for a few hours each day, from 12 19 February 2015 (hereafter referred to as the INP–
−31 sampling

       period). Time periods immediately before and after INP
−31      sampling were selected for comparison based

       upon the wind directions and speeds during INP
−31         sampling, indicating they were of the same air mass

              (hereafter ambient). Ambient periods totaled 30 hours and 6 minutes, during which the composition of

              39,314 individual particles were measured with the ATOFMS. A complete listing of sampling periods can

                   be found in Table 2. Figure 4a shows the time series of wind direction and wind speeds during the INP
−31

               sampling periods (red boxes) and the ambient sampling periods (black boxes). Wind rose plots for the

               composite sampling periods also show that the conditions were very similar for ambient (Figure 4b) and

INP
−31                (Figure 4c) sampling. It should be noted that from 12 February to 17 February, BML experienced

               a persistent land/sea breeze pattern, and while the air masses measured here were primarily onshore, they

       likely contained a moderate in uence from terrestrial particles.fl

     2.5. Calculation of Active Site Density

    The active site density (ns     , expressed here as m−2           ) for INPs can be expressed as the number concentration of

 INPs (N INP         ) per particle surface area per unit volume (S):

n s ¼

N INP

S
 : (2)

              This calculation is typically applied to single INP species, and this approach requires either laboratory

                 studies in which a single particle type can be characterized (Niemand et al., 2012) or ambient air masses

         dominated by a single particle type such that the n s        can be attributed to one particle type (McCluskey,

 Table 2

         Times for Ambient (AMB) and Ice Nucleating Particle Sampling (INP
−31            ) Periods During Operation of the Integrated CFDC PCVI ATOFMS System, As well as‐ ‐

            the Number of Particles Observed by the ATOFMS and CFDC with Positive Spectra

               Date Start time End time Sampling type ATOFMS particles INP detected by CFDC Total detection ef ciencyfi

      12 Feb 2015 21:00:00 23:59:59 AMB 4,730 N/A N/A‐ ‐

   13 Feb 2015 00:14:30 03:12:32 INP‐ ‐
−31     25 49,730 6.0 10× −4

      13 Feb 2015 21:20:54 01:14:02 AMB 2,079 N/A N/A‐ ‐

   14 Feb 2015 01:38:13 03:35:51 INP‐ ‐
−31     21 44,379 5.4 10×

−4

      14 Feb 2015 03:48:52 05:20:00 AMB 1,376 N/A N/A‐ ‐

      14 Feb 2015 22:00:00 22:41:18 AMB 995 N/A N/A‐ ‐

   14 Feb 2015 23:11:32 01:23:25 INP‐ ‐
−31     11 40,469 3.0 10× −4

      15 Feb 2015 01:31:57 03:20:00 AMB 2,114 N/A N/A‐ ‐

      15 Feb 2015 20:00:00 21:21:22 AMB 1,632 N/A N/A‐ ‐

   15 Feb 2015 21:24:15 22:56:30 INP‐ ‐
−31     4 12,011 3.3 10×

−4

      15 Feb 2015 22:56:30 02:00:00 AMB 1,086 N/A N/A‐ ‐

      16 Feb 2015 18:00:00 19:48:15 AMB 393 N/A N/A‐ ‐

   16 Feb 2015 19:48:16 21:38:12 INP‐ ‐
−31     3 20,060 1.5 10×

−4

      16 Feb 2015 21:44:36 00:58:12 AMB 1,169 N/A N/A‐ ‐

      17 Feb 2015 18:00:00 21:00:09 AMB 8,856 N/A N/A‐ ‐

   17 Feb 2015 21:00:00 00:09:47 INP‐ ‐
−31     25 43,619 6.0 10× −4

      18 Feb 2015 00:19:21 03:20:00 AMB 6,060 N/A N/A‐ ‐

      18 Feb 2015 18:50:00 23:36:10 AMB 5,816 N/A N/A‐ ‐

   18 Feb 2015 23:36:10 02:26:29 INP‐ ‐
−31     18 67,466 3.3 10×

−4

      19 Feb 2015 2:26:29 05:10:00 AMB 3,008 N/A N/A‐ ‐

     Note. All times are in UTC.
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                    Ovadnevaite, et al., 2018; Price et al., 2018). Neither of these conditions applies to this data set, so we use the

     integrated CFDC PCVI ATOFMS to separate the n‐ ‐ s     for dust and SSA. ns,dust  and ns,SSA     can be de ned as thefi

following:

ns dust;

¼

N INP dust;

Sdust

n s SSA;

¼

N INP SSA;

SSSA
(3)

           In this case, we assume that the number of dust INPs (N INP,dust     ) and SSA INPs (NINP,SSA    ) can be described

  via the following:

N INP dust;

 ¼ N INP f dust N INP SSA;

 ¼ N INP f SSA (4)

 where NINP                is the number concentrations of INPs measured by the CFDC as discussed in section 2.1 and

f dust  and fSSA     are the fraction of INP
−31          particles measured by the ATOFMS determined to be dust and

   SSA (see Table 3).

            The total surface area (per unit volume) for a given particle class, Sx  (i.e., Sdust  or SSSA   ), calculated from

          tandem measurements of the ATOFMS and APS, can be expressed as:

                Figure 4. (a) Timeline of wind direction and speed from NOAA/ESRL surface meteorology station. Black boxes indicate
       ambient sampling periods, while red boxes indicate INP

−31         . sampling periods. Wind rose for (b) ambient and

 (c) INP
−31  sampling periods.

 Table 3

         Particle Type Number, Fraction, and INP Relative Enhancement Factor (EF)

      Particle type Ambient number Ambient fraction INP
−31  number INP

−31   fraction INP EF

      Dust 1,730 0.051 74 0.705 1.000 (0.768 1.232)–

      Na/K 533 0.016 7 0.067 0.307 (0.156 0.550)–

      SSA 30,000 0.888 16 0.152 0.013 (0.008 0.019)–

      Bio 107 0.003 5 0.048 1.093 (0.402 2.183)–

      EC 616 0.018 1 0.010 0.038 (0.004 0.165)–

      OC 142 0.004 2 0.019 0.329 (0.087 0.973)–

      BB 536 0.016 0 0 0 (0 0.106)–

      ECOC 127 0.004 0 0 0 (0 0.449)–

          Note. Ambient indicates particles measured during control time periods, and INP
−31     indicates time periods when ice

         crystal residuals were measured. Parentheses indicate the 90% con dence intervals.fi
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S x  ¼ ∑
51

i¼1

D
2
p x i; ;

 π ni f x i; (5)

 where D p,x,i               is the particle physical (spherical equivalent) diameter for that bin for particle class x, n i  is the

               number concentration of particles in that size bin (from measurements made by the APS during INP
−31

  sampling), and f x,i              is the fraction of particles of a given particle class (from ambient measurements made

        by the ATOFMS) for that same size bin. Dp,x        can be calculated from the aerodynamic diameter, D a, using

 the following:

Dp x;  ¼ Da

ffiffiffiffiffiffiffiffiffi

ρo χx

ρx

r

(6)

       where is the dynamic shape factor,χ ρ 0          is the reference density (1 in this case), and ρx    is the particle density.

         For our calculations, we assumed that dust had a χx         of 1.25 (Kaaden et al., 2009) and a ρ x    of 2.65 g cm
−3

       (Kanji et al., 2013), SSA had a χx     of 1.25, and a ρx    of 2.2 g cm
−3

       (King et al., 2012), while all other particles

           were calculated using an effective density of 1.35. ATOFMS measured values of D‐ a,x   were calculated from

  the particle Dva,x   using the following:

Da x;  ¼ Dva

ffiffiffiffiffi

χ x

ρx

r

(7)

             and assuming that the dynamic shape factors for the continuum and free molecular regime are‐

 roughly equal.

               While the ATOFMS can have composition based biases due to matrix effects, these biases are unlikely to‐

    affect the calculation of ns           because the comparisons are within individual particle classes. In other words,

                because the ATOFMS's sensitivity to a speci c particle type, x, would affect the calculation of both Nfi INP,x

 and Sx       , this sensitivity can effectively be discounted.

   2.6. Uncertainties in Measurements

             While using a particle concentrator in tandem with the integrated CFDC PCVI ATOFMS system is a‐ ‐

             powerful tool for measuring INP composition, there are some uncertainties and limitations with this

            technique. First, particle concentrators do not uniformly concentrate particles. As shown by Tobo

              et al., (2013), the concentration factors are strongly size dependent for particles with diameters smaller

                 than approximately 1.5 m and may thus lead to the selective enhancement of INPs in a variable man-μ

                 ner at sizes between about 0.5 and 1 m. The concentrator performance (ICF ranging from 1.2 to 22.9)μ

                 during this study was also lower than what has been reported previously, for example, ~90 (Suski et al.,

                 2018). In this study, we assume that the size related effects on aerosol and INP composition due to the‐

   concentrator are relatively minor.

                Another limitation to this technique is the necessity for larger particles to be removed prior to measurement

                    by the CFDC with the use of an impactor. This is to ensure that large particles are not erroneously counted as

              INPs or transmitted through the PCVI and potentially resulting in false positives. However, this doubtlessly

                    leads to an undersampling of INPs as over 50% of INPs measured at surface sites may be larger than 1 mμ

               (Santachiara et al., 2010). This is re ected in the difference between ATOFMS size distributions for ambientfl

               particles and ice crystal residuals (Figures S2 and S3 in Supporting Information). Therefore, we cannot rule

             out that we may have been unable to measure contributors to the INP population.

               Finally, it should be noted that the ATOFMS, like other single particle mass spectrometers (SPMS), provides

               qualitative information. This is because the ionization potentials of materials within a particle can be quite

                 different and thus signals from components that are dif cult to ionize may be swamped out by signals fromfi

              substances with lower ionization potentials (Thomson et al., 1997). Additionally, the ATOFMS has a lower

                   size limit of ~200 nm, and thus we may have failed to measure some smaller INPs. However, as shown by

                  DeMott et al., (2010), most INPs are larger than 0.5 m, and thus the uncertainty due to the ATOFMSμ

     detection ef ciency is also likely minor.fi
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   3. Results and Discussion

      3.1. Validation of CFDC and ATOFMS Integration

            The CFDC PCVI system was validated by measuring transmission characteristics of a non INP, (NH‐ ‐ 4)2SO 4,

                   and a known IN active material, ATD particles, with an APS (Figure 5). The rst set of experiments was con-fi

  ducted using (NH4 )2SO 4            without the CFDC being iced in order to determine transmission of different sized‐

                 particles through the PCVI as a function of ow parameters. This was done to optimize ows for assuringfl fl

                PCVI selection of only larger ice particles. Figure 5a shows that for counter ows less than 6.0 vlpm,fl

   substantial numbers of (NH 4)2 SO 4            particles were measured by the APS at sizes below the desired PCVI

                cut point diameter (3 m). However, at a counter ow of 6.0 vlpm, virtually no particles are transmitted, a‐ μ fl

                sign that the system was working as intended. A second set of experiments using ATD particles was

              conducted to demonstrate proper transmission of known (activated) INPs with the CFDC set to operational

               temperature and water supersaturated conditions. The expected reduction or loss of INP activity of ATD at

             water subsaturation was also examined in proof of concept experiments. Figure 5b shows that no particles‐ ‐

           were detected under subsaturated conditions (T = 32.8 ± 0.1 °C, SS− w      = 18.7 ± 0.2%), while under−

        supersaturated conditions (T = 32.6 ± 0.1 °C, SS− w         = 8.4 ± 0.4%), particles were transmitted through to

                the APS. It should be noted that particles larger than the upstream impactor (50% cutoff diameter of

              1.5 m) were transmitted through the PCVI under supersaturated conditions. These could be particles thatμ

                 still retained water as the APS was situated immediately after the PCVI with no active method applied to

                evaporate residual ice. It is unlikely to be large particles not being removed by the upstream impactor

          because no particles of these sizes were observed under subsaturated conditions.

                 This second experiment was repeated using the ATOFMS instead of the APS in order to ensure that particle

              composition could be measured with this instrumental con guration. Figure S1 shows the number of parti-fi

                 cles detected by the ATOFMS, as well as the number concentrations of total particles greater than 500 nm

(N500        ) and INPs measured by the CFDC (NINP        ). During this experiment, CFDC chamber temperature was

               maintained between 27 and 28 °C, while water supersaturation was maintained between 3 and 7% and− −

                then later reduced to <0%. Particles were observed by the ATOFMS only when the CFDC was supersaturated

                (early period in Figure S1) and ice crystals were detected, indicating that the PCVI only transmitted ice

                crystal residues. A total of 12 particles were measured by the ATOFMS, while the CFDC detected 38,682

            INPs during that same time interval, a detection ef ciency of 3.10 × 10fi
−4

.

                A small percentage of particles below the PCVI cut point can get through the counter ow, which is known‐ fl

                as breakthrough. Due to the scarcity of INPs in the atmosphere, this small amount of breakthrough particles

      Figure 5. APS number size distributions (dN/dlogDp          ) measured through the CFDC and PCVI during validation experi-

           ments: (a) testing transmission of particles with different counter ows (CF) with (NHfl 4) 2SO 4    and (b) testing transmis-
                sion of ice crystals formed from ATD in subsaturated and supersaturation conditions. Measurements of controls for both

                  experiments were collected upstream of the CFDC (and its 1.5 m 50% cut size impactor, indicated by the vertical dashedμ ‐

                   line). Error bars indicate the standard deviation. The detection limit of the APS is shown by the horizontal dashed line.
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         can overwhelm the true INP signal and necessitates an aggressive

           approach for ltering out particles that are not INPs. A conservative coun-fi

           ter ow for the PCVI was used to ensure that non INPs were eliminatedfl ‐

           and only ice crystals were transmitted through the PCVI and into the

        ATOFMS. This conservative approach reduces the probability of false

        positives from breakthrough of smaller particles but likely contributed

           to a poor transmission of INPs. Another contributing factor in the poor

               TE is the TE of the ATOFMS which at its peak is roughly ~1% (seen in

           Figure 3). As a result of these factors impacting the transmission and

           detection of INPs, the system is limited to a theoretical INP detection

    ef ciency of ~5 × 10fi
−4

.

   3.2. Ambient and INP
−31   Composition at Bodega

 Marine Laboratory

          The compositions of ambient particles and ice crystal residuals from the

           CFDC were measured using ATOFMS at BML (Figure 6). As shown in

           Figure S3, the impactor upstream of the CFDC greatly affected the size

  distribution of INP
−31        measured by the ATOFMS, with ~95% of particles

  having a D a         below 1.7 m. Thus, to facilitate the comparison betweenμ

  ambient and INP
−31        particles, we ltered out ambient particles with Dfi a

           larger than 1.7 m, resulting in the removal of approximately 4,000 parti-μ

           cles. 88.8% of the ambient particles were classi ed as SSA (Figure 6a,fi

           Table 3), which was unsurprising due the site's proximity to the Paci cfi

               Ocean and onshore ow observed during most of these sampling periods (Figure 4b). The other particlefl

              types measured during ambient sampling were dust (5.1%), elemental carbon (EC, 1.8%), Na/K (1.6%), bio-

             mass burning (BB, 1.6%), elemental carbon/organic carbon (ECOC, 0.4%), organic carbon (OC, 0.4%), and

                  primary biological (Bio, 0.3%). We note that while it can be dif cult to distinguish between y ash and dustfi fl

               using single particle mass spectrometer (SPMS) measurements, a lack of y ash sources and the dominantfl

            land sea breeze meteorological pattern (Figure 4) suggests that these particles are overwhelmingly likely‐

                to be dust. The Na/K type are particles that were softly desorbed and thus have lower overall
23

Na
+

and
39

K
+

                 ion intensities. They cannot be assigned to a speci c particle type due to the limited number of ionfi

                peaks. These results are summarized in Table 3. It should also be noted that the particle type percentage‐

                 is partially a re ection of the ATOFMS TE bias toward measuring larger particles ( 0.5 m) and does notfl ≥ μ

            accurately provide the distribution of sources without proper scaling with auxiliary measurements of

                   particle size and mass (Bhave et al., 2002; Qin et al., 2006), as well as the fact that nonspherical particles

            may be transmitted less ef ciently than spherical particles due to particle beam divergence.fi

            The compositions of ice crystal residuals detected by the ATOFMS from all INP
−31   periods were distinct

                from the dominant ambient particle types (Figure 6b). Ice crystal residual sampling consisted of a total time

                  of 16 hours and 28 minutes during which the composition of 107 ice crystal residuals was measured. Due to

                 the presence of the impactor upstream of the CFDC, particles smaller than 1.9 m (the estimated diameter atμ

             which 100% of particles are removed by the impactor) were removed from the INP
−31   analysis. This lteringfi

                 removed two particles, for a total of 105 ice crystal residuals. During this same time period, 277,734 INPs

              were detected by the CFDC corresponding to a total detection ef ciency of 3.78 × 10fi
−4

   , comparable to the

        detection ef ciency from the validation experiments (3.10 × 10fi
−4

      ; see section 3.1). This detection ef ciencyfi

                 is lower than the capture ef ciency of the PCVI because the total detection ef ciency is also dependent uponfi fi

                    the TE of the ATOFMS, which at its peak is ~1% (Figure 3). The most abundant INP particle type was dust

     which comprised 70.5% of all INP
−31            particles, while SSA was the second most abundant type at 15.2%. The

               Na/K (6.7%), Bio (4.8%), EC (1.0%), and OC (1.9%) particle types were minor contributors. Cell fragments

              and/or biogenic organic compounds are known to be incorporated into aerosol such as dust (Creamean

                 et al., 2013) and SSA (Wang et al., 2015) and have sometimes been described as biological. However, the“ ”

                Bio type particles identi ed at BML in this study are primary biological particles such as bacterial or fungal‐ fi

                  cells, and these mixed type particles would be classi ed as dust or SSA. It should once again be noted that‐ fi

                    these results are biased toward types in the larger sizes due to the TE of the ATOFMS (see section 2.6 and

           Figure 6. ATOFMS particle type fraction for (a) ambient and (b) INP
−31.

          (c) shows the enhancement factor for each particle type detected during
INP

−31   (see Table 3).
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            Figures S2 and S3). However, the size range of particles measured in this

           study (0.5 3.0 m) overlaps well with the typical size range reported for– μ

           previous INP size measurements (Kanji et al., 2017). BB and ECOC were

   not detected during INP
−31     sampling periods. Previous studies utilizing

      the CFDC PCVI SPMS technique observed particles containing copper‐ ‐

         and other metals, which were hypothesized to be artifacts originating

            from either the walls of the CFDC or ice crystal impaction within the

          PCVI (Cziczo et al., 2003), though we observed no particles containing

   Cu during this study.

         The ef ciency with which particles nucleate ice can be determinedfi

           by comparing the prevalence of a particle type in the ice residuals

         to their abundance during ambient periods. Here, we de ne thefi

          IN relative enhancement factor (EF) for a particle type using the

 following relationship:

 EF ¼
N INP

N ambient
(8)

 where N INP                is the fraction of particles for a given type out of all INP particles and Nambient    is the fraction of

                   particles for a given type out of all ambient particles. EF values for all types were normalized relative to dust.

                The particle types with the highest EFs (90% con dence intervals) were the dust and biological types, withfi

             1.000 (0.768 1.232) and 1.093 (0.402 2.183), respectively, while SSA was depleted in ambient aerosol com-– –

  pared to INP
−31                with an EF of 0.013 (0.008 0.019) (Figure 6c). The high EF values for dust and biological–

                particles are consistent with previous reports of these particle types serving as effective INPs across a range

                  of different temperatures (Atkinson et al., 2013; Boose, Welti, et al., 2016; Garcia et al., 2012; Huffman et al.,

                     2013; Knopf et al., 2011; Niemand et al., 2012; Pratt et al., 2009; Stopelli et al., 2017). The depletion of SSA in

                 ice crystal residuals is also consistent with reports showing that SSA particles have active site densities two to

               three orders of magnitude lower than mineral and soil dust (DeMott et al., 2016; McCluskey, Ovadnevaite,

         et al., 2018). In general, the major source of INP
−31         was identi ed as mineral dust particles, while the majorfi

       source in ambient particles was identi ed as SSA.fi

           The extent, and under which conditions, that atmospheric processing affects immersion mode

              IN activity of dust are still uncertain. Lab experiments have shown that treatment with sulfuric acid‐

                impairs the IN activity of dust particles (Augustin Bauditz et al., 2014; Cziczo et al., 2009; Wex et al.,‐ ‐

               2014; Sullivan, Petters, et al., 2010; Sullivan, Miñambres, et al., 2010) and has been hypothesized to

              result from the chemical modi cation of important surface features on dust particles. In contrast, labfi

              studies of dust aging by nitric acid have showed no impairment of immersion mode IN activity‐

                (Kulkarni et al., 2015; Sullivan, Miñambres, et al., 2010). Field evidence of the effect of particle mixing

              state upon IN activity has been more limited. SPMS measurements of dust composition in ice crystal‐

             residuals at Storm Peak Laboratory, a high altitude observatory, were determined to have little sulfate‐

            or nitrate present, suggesting that heterogeneous reactions may indeed impair IN activity of dust‐

               particles. The colorstack plots in Figure 7 show the fraction of dust particles (both ambient and

INP
−31            ) with relative peak areas (RPAs) ion markers corresponding to nitrate (

46
NO 2

−

,
62

NO 3
−

 ) and

 sulfate (
97

HSO 4
−

               ). For particles of the same type, the RPA for an ion marker qualitatively re ects thefl

                 amount of that species within a given particle (Cahill et al., 2012). The potential effect of sulfate coatings

                 is dif cult to assess in this study due to the minimal presence of sulfate on ambient dust particles.fi

         However, there was ample nitrate on both ambient and INP
−31     dust, implying that nitrate coatings

            did not impair the immersion mode freezing activity of the measured dust particles.

                   While SSA may have been a relatively minor source of INPs during this study relative to dust, the ocean may

                indeed be an important source of INPs, particularly over the remote ocean (Burrows et al., 2013; Vergara ‐

              Temprado et al., 2017). SSA are mixtures of inorganic salts, particulate organics (including bacteria and

                viruses), and organic matter found in the ocean (Cochran, Laskina, et al., 2017; Cochran, Ryder, et al.,

         2017). ATOFMS ion markers for organic nitrogen and phosphate (
26

CN
−

,
42

CNO
−

 , and
79

PO 3
−

  ) are elevated

                  in SSA with higher amounts of bio organic species (Lee et al., 2015). The colorstack plots in Figure 8 show‐

           Figure 7. Colorstack plots of nitrate and sulfate ion markers on dust

      particles for (a) ambient and (b) INP
−31     . Colored bars indicate the

           fraction of particles that have a relative peak area (RPA) within the
 corresponding bounds.
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        the fraction of SSA particles (both ambient and INP
−31    ) with RPAs for

         these organic markers. These peaks were signi cantly elevated in SSAfi

         particles detected in ice crystal residuals when compared to ambient

         SSA. While some caution should be exercised when interpreting these

           results due to the low number of SSA particles measured during INP
−31

           (16), these results suggest that the organic species in SSA play an

            important role in their ability to act as INPs. The enrichment of organic

           markers in SSA measured by the ATOFMS is also consistent with eldfi

       measurements collected at Mace Head Research Station (McCluskey,

          Ovadnevaite, et al., 2018) which found elevated organic INPs during a

          marine transport event. However, we found no evidence (such as mixing

          with salt species) that the primary biological particles detected in INP
−31

         were oceanic in origin. Interestingly, nearly 12% of dust particles

  detected in INP
−31       contained markers indicative of sea salt (

81
Na2Cl

+

and
93

NaCl 2
−

          ). While we do not currently have a methodology or the

         capability to distinguish between dust resuspended from the ocean and

         dust that becomes internally mixed with sea salt through in cloud‐

         processing in the marine boundary layer, this warrants future study.

  3.3. Atmospheric Implications

               The most striking nding in this study is the prevalence of dust particles serving as INPfi
−31    , despite the fact

               that the majority of ambient aerosols measured by the ATOFMS were SSA. Active site density (n s   ) has pre-

               viously been determined for a number of different particle sources, including mineral dust (Niemand et al.,

                 2012; Ullrich et al., 2017) and SSA (DeMott et al., 2016; McCluskey, Ovadnevaite, et al., 2018). While ns has

               also been determined for ambient aerosol where it was deemed that evidence strongly supported a domi-

                nance of one particle type (McCluskey, Ovadnevaite, et al., 2018; Price et al., 2018), decomposing the relative

   contributions to the ns             from different particle sources in an externally mixed aerosol scenario has not been

      attempted previously. Figure 9 shows the n s      value calculated from the integrated CFDC PCVI ATOFMS‐ ‐

          results (see section 2.5 for more details) for mineral dust (~10
10

m
−2

     ) and SSA (~5 × 10
8

m
−2

  ). Also shown

               in Figure 9 are parameterizations for dust (N12; Niemand et al., 2012) and SSA (M18; McCluskey,

         Ovadnevaite, et al., 2018), as well as an exponential fit o f n s  values for

            desert dust dominated air masses (P18; Price et al., 2018). Our results for

 SSA, n s,SSA           , are in relatively good agreement with M18, within a factor

   of 3.0 (evaluated at
−

        31.5 °C, the median temperature for all INP measure-

             ments). Our results for dust active site density were within a factor of 3.0

          of the N12 parameterization (also evaluated at 31.5 °C). However, N12−

           was determined in a laboratory setting from a limited selection of dust

           types and may not accurately represent the ambient dust at Bodega Bay

           in 2015 due to the importance of both atmospheric aging (Boose, Sierau,

          et al., 2016; Sullivan, Miñambres, et al., 2010) and mineralogy (Atkinson

            et al., 2013; Boose, Welti, et al., 2016) for the IN activity of dust.‐

      Figure 9 also shows an exponential fit o f n s    of desert dominated air masses‐

        from Price et al. (P18; 2018). The CFDC PCVI ATOFMS derived n‐ ‐ ‐ s,dust

               (evaluated at 31.5 °C) is within a factor of 1.6 of the P18 t. This differ-− fi

           ence in activity could be due to mineralogy, atmospheric aging, or some

          combination thereof. DeMott et al. (2015) noted a correction factor for

            sampling mineral dust INPs to account for the fact that the CFDC may

            not fully activate these INPs until instrument lamina RH values of up to

            109% are used (105% nominal used in this study). DeMott et al. (2015)

           expressed that it was unclear if similar correction factors would apply to

            other INP types or to ambient INPs in general. The application of the

             DeMott et al. (2015) correction factor is indicated in Figure 9 by an upper

            bar on the data point for mineral dust and shows that the N12

           Figure 8. Colorstack plots of organic ion markers for SSA particles for

    (a) ambient and (b) INP
−31        . Colored bars indicate the fraction of particles

          that have a relative peak area (RPA) within the corresponding bounds.

     Figure 9. Active site density (n s       ) versus temperature for dust (brown) and

         SSA (blue) as determined by the CFDC PCVI ATOFMS. Also shown are‐ ‐

n s           parameterizations for dust (N12, brown; Niemand et al., 2012), SSA (M18,

           blue; McCluskey, Ovadnevaite, et al., 2018), and an exponential t of dustfi ‐

           dominated air masses (P18, brown dashed line; Price et al., 2018). The

            application of the DeMott et al. (2015) correction factor is indicated by the

    black bar above the n s,dust value.
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              parameterization may better describe the IN activity of dust. This decomposition of active site densities to‐

               their sources highlights the importance of dust in the coastal boundary layer INP population at Bodega

        Bay during the period of observations in February 2015.

 4. Conclusions

                The Colorado State University CFDC was integrated with an ATOFMS using a PCVI to directly measure INP

            composition. Validation experiments con rmed that the ATOFMS only detected particles when the CFDCfi

             chamber was producing ice crystals and the typical detection ef ciency was 3.10 × 10fi
−4   . The integrated

     system was deployed to measure INP
−30           composition at a coastal site in Bodega Bay, California. Ice crystal

             residuals were enriched with dust particles compared to ambient measurements, which were dominated by

               SSA. Ice crystal residuals were also comprised of SSA and bioparticles, though in much lower abundance

         than dust. However, primary bioparticles were also enriched in INP
−31      relative to ambient, while SSA was

       not. Dust particles in both ambient and INP
−31        sampling contained nitrate markers. Lab studies have shown

               that atmospheric processing by nitric acid does not impair immersion mode freezing (Kulkarni et al., 2015;

                  Sullivan, Petters, et al., 2010), though this is the rst time this has been observed in eld measurements. SSAfi fi

                 particles found in the ice residual samples were found to be enriched in organic species relative to ambient

                SSA. While the IN activity of SSA has previously been tied to organic species produced by biological activity‐

                 in lab (DeMott et al., 2016; McCluskey, Hill, et al., 2018) and eld experiments (Creamean et al., 2018;fi

                 McCluskey, Ovadnevaite, et al., 2018), this is the rst time that it has been directly measured in ambientfi

      particles. Finally, the active site density (n s           ) for dust and SSA particles was calculated using the combined

        data from the CFDC and ATOFMS. The SSA ns        agreed well with the ambient SSA parameterization from

       McCluskey, Hill, et al. (2018). The dust n s           may agree better with values estimated from ambient data on dust

               off Africa (Price et al., 2018), compared to a laboratory based parameterization (Niemand et al., 2012). The‐

           CFDC PCVI ATOFMS technique developed and validated in this study illustrates promise for determining‐ ‐

               the composition and sources of INPs in ambient environments due to its ability to classify individual

          particles as well as its ability to probe particle mixing state.
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