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Section S1.

During the sample collection, we need a suitable particle loading on the substrates for the single
particle analysis and ice nucleation experiments. A good particle loading with sufficient particles
should be achieved for single particle analysis to obtain statistically significant information. Over-
loaded sampling and particle aggregation should be avoided. Thus, we adjusted the sampling time
according to the particle concentrations in different regions during the field campaign. As shown
in Table S1, close to the continent of East Asia, the sampling time was 10 min for S1 to S4. From
S5 to S20, the sampling time was about 240 min. Over the SO region, the sampling time was about

360 min for S21 to S29.

Section S2

Ice nucleation activated fraction

We report the ice nucleation activated fraction as the ratio between the number of particles that
nucleated ice to the total particle number available for each ice nucleation experiment (i.e., the
number of particles deposited). The number of ice crystals determined by OM images is typically
one to three ice crystals at the onsets. IN-activated fractions of each sample were summarized in
Table 1. It ranges from 0.01%o to 0.24%o with the maximum value appearing in S1. It should be
noted that the IN-activated fraction determined here should be interpreted as a higher limit at the
ice nucleation onset conditions since the number of small particles deposited on the substrate can

be underestimated by optical microscopy (OM).

Ice nucleation active site density (n)

The singular hypothesis (SH) assumes that heterogeneous ice nucleation occurs on active sites
located on the particle surface where one active site can form one single ice crystal (Vali, 1971;
Connolly et al., 2009). n is temperature dependent and time independent. Having units of cm™2, g
is defined as ng = Njce/Ator, Where N is the number of the observed ice nucleation events that
occurred in a temperature interval and A, is the total particle surface area available for ice
nucleation experiment. In this study, the interval of 0.02 K was applied corresponding to the
temperature difference between the recorded subsequent OM images. The ensemble of
experiments at similar 73 were combined for analysis. Experimentally derived for ns DIN and IMF

as a function of temperature for different types of samples are presented in Fig. S17. ns



demonstrates a strong temperature dependence increasing by about 1 — 2 orders of magnitude as
temperature decreases within a few degrees. The parameterizations for ns as a function of
temperature are provided in Table S2. For DIN, the Dust dominated sample demonstrated the
highest median ns of about 2x10° cm 2 whereas the BBA influenced sample had the lowest median
ns of about 5x10? cm™2. This suggests that particles of the Dust dominated sample are more efficient
INPs than the particles of the BBA influenced sample. We provide the exponential fits (solid lines)
for ns as a function of temperature (7), ng = 10(@XT+P)_at different temperature ranges (Fig. S17).
Values of a and b are listed in Table S3. Compared with the other samples, the a (negative value)
is larger for the FreshSS and AgedSS dominated samples indicating a weaker dependence of ng
on temperature. Fig. S18 shows the median ng with 25® and 75" percentiles for all types of

samples.

Heterogeneous ice nucleation rate coefficient (Jhet)

The uncertainty of Jnet has contributions from stochastic freezing (statistical uncertainty) or the
number of ice nucleation events, and the uncertainty in temperature, RHice, and surface area. We
followed the method by Alpert and Knopf and quantified the total uncertainty of Jnetin the form of
Alhet = Jhet ff, indicating the upper and lower limits of a factor & times higher or j times lower
(Alpert and Knopf, 2016; China et al., 2017). Statistical uncertainty for the Dust, BBA, CNOS and
SS/Sulf, and the FreshSS and AgedSS dominated samples were Jpet X2, Jhet o, Jhet 22, and

Jhet X2, respectively. AJnet for IMF of FreshSS and AgedSS dominated samples were Jpor X8, AJhet

from a temperature uncertainty of = 0.3 K were Jet X5. AJhet from the maximum RHice uncertainty

0.11c . . . .
of = 11% were [ et ﬁgo_nc, where c is one of the parameters for Juet parameterizations in Table 2.

If considering the uncertainty of about a factor of 2 in surface area, AJnet Was Jpet x5. Combining
all the uncertainties, the DIN AJpet of the Dust, BBA, CNOS and SS/Sulf, and the FreshSS and

AgedSS dominated samples wWere Jher X35, Jhet <33, Jhet <28, and Jher <52, respectively. The IMF

Jhet of the FreshSS and AgedSS dominated samples was Jpo X35 .

In our previous study, 8 was parameterized as a function of RH;.. including a set of various particle
types (Wang and Knopf, 2011). 4 for various particle types fall tightly into the parameterization.

Here, we propose new parameterizations of 6 as a function of T3In[RH;c.]? to include the ice



nucleation onset temperature and RH,.., represented by 8 = a + b X In(T3In[RH;..]* + ¢). As
shown in Fig. S17, @ for the same particle types shows very similar trends. All fitting correlation
coefficients, R?, were larger than 0.99. The values of a, b, and ¢ for each parameterization are listed

in Fig. S17. It is worth noting that the parameterization only applies to the DIN.

Section S3

NaCl particles were generated by nebulizing NaCl solution and passing through a silicone dryer
to form particles. NaCl particles were collected on silicon wafers for ice nucleation experiments.
The surface area range of NaCl samples was 1.0 x 10% to 13.2 x 10* um? with the particle size

range of 1 —4.5 um, which was comparable to the investigated field samples.



Table S1. Information for the particle samples collected aboard the R/V Araon including the collecting date, time, and location; collection time (sampling
duration); the mean values (average) of air temperature, relative humidity (RH), air pressure, black carbon (BC) concentration and relative wind speed; and
the range of relative wind direction. The number of particles examined by CCSEM/EDX was listed and the samples used for ice nucleation experiments

were marked.

on SIS SO Cotig g Ol Colng st Colktng nd e g D e iad e e 0%,
(UTC) time (UTC) (mins) (latitude, longitude) longitude) ¢ (°C) RH (%) (hPa) wind speed dlrecm:n concentrati cxammfd by experiment
(m/s) range (°) on (ng/m3) CCSEM
WP-I SI 1031 1919 1031 1929 10 3496°N, 12561°E 3493°N, 12561°E 18600 855:02 10176200 07103  68-75 19633+420 1270 v
S2 1101 20:57 1101 21:07 10 3029°N,12867°E 3026°N, 12869°E  224+0.1 564+1.6 1014.1:0.0 09.8:03  357-9 217.0:127.5 910
S3 11002 21:52 1102 2202 10 2559°N,131.56°E 25.57°N,131.57°E 26500 80305 1009.8+0.1 14.1+0.1 337-342 189.8+1742 1002
S4 1103 21:06 11/03 21:16 10 21.90°N,134.75°E 21.87°N,134.77°E  27.740.0 802402 1007.9:00 12402 355-358 92498 914 v
S5 1103 21:33  11/04 0133 240  2183°N,13481°E 21.12°N,13528°E 280402 77.042.6 1007.1:02 10004  337-4  259+154 1191
S6 1104 23:14 1105 03:14 240  17.23°N,137.58°E  1640°N, 13829°E  286+04 802:22 1001.3+08 11.2+1.6 305-325 359:46.4 928
ST 11005 23:48 11006 03:48 240  13.03°N,141.09°E 1236°N, 141.56°E 288+02 779+15 1000408 05.9+0.5 346-22 222303 908
""" WPl S8 11/08 0201 11/08 0607 246  04.26°N,147.22°E 0345°N, 147.54°E  293+0.1 765:2.0 1003.40.5 134%1.5  67-80 107.4+706 1247
SO 11/08 0800 1108 12:00 240 0325°N,14809°E 0243°N,14842°E 292+0.1 80419 10052+0.7 107:0.7 11-67 503315 1064
SI0 1108 13:00 1108 1700 240  0232°N,14850°E O1.51°N,14922°E 288+0.1 81.5:1.6 1004.9:0.6 072+17 347-20 17.6+133 986 v
SIT 1110 0531 11710 1004 273 0445°S,15402°E 0546°S,154.12°E  28.1+03 79429 1005008 08.1:1.6 326-10 263298 1075 v
SI2 11/11 0504 11/11 09:04 240  09.12°S,15536°E  10.02°S,156.02°E 282405 72.8+56 1005.108 169407 359-15  60.9+47.1 1409 v
SI3 1112 0501 11/12 0901 240  1330°S,15755°E  14.11°S, 158.17°E  27.3+0.1  68.1+1.5 1007.140.9 16404  353-5 161.5+50.1 979
SI4 1113 0347 1113 0749 242 17.19°S,16001°E  18.02°S,16025°E  25.7+0.1 64.3+14 1007.8404 136403  352-3 674.7459.3 966 v
SIS 11/14 0338 11/14 0738 240  20.59°S,16204°E 21.47°S,16221°E  23.5:0.1  62.6£12 1009.5:04 12204  1-22 3568+1229 1483
SI6 11/14 2039 1115 0039 240  2429°S,163.03°E  2520°S,163.12°E  22.1:0.1 741308 1013.0+02 07.7+12 331-353 31.1:20.0 1027
SI7 1117 1931 1117 2331 240 37.13°S,169.01°F  37.52°S,169.39°E 147407 78747 10082:02 09.9+29 69-112 30.4+31.5 730
""""" SO SIS 1128 1915 1128 2315 240  6133°S,174.10°W 62.17°S,173.58° W  17+0.5  97.9:03 9829+02 11.8425 26-344 52.14812 666
SI9 1129 0728 1129 1128 240  63.52°S,173.16°W 6438°S,172.58° W -0.9+02 938:07 9668+73 17914 325-341 65.6:106.6 794
S20 1129 1943 1129 2343 240  66.14°S,172.17°W 6655°S,171.59° W  -3.5+0.1 88116 973.5+57 133%14 323-11  4.4%56 1011 v
S21 1201 0426 1201 1030 364 7118°S,171.49° W 72.04°S,172.07° W -4.6+04 809+69 992013 078407 3-356 36360 992
S22 1202 0546 1202 1147 361  7326°S,17620°W 7421°S,17858°E  -42+1.1 819+14.4 990.7+140 093%52 19-61  17.0+884 924
$23 12/02 1600 12002 22:02 362 7407°S,177.09° W 75.12°S,17334°E 22403  758+28 984.1+1.0 132424 349-49  35:202 978
S24 1203 01555 12/03 07:53 358  75.08°S,17107°E  7455°S,16626°E  -23+02  69.1402 9639+0.7 156+17  8-67  $9.2+283 638
S25 12008 21:18  12/09 0321 363  7443°S,16449°E  74.59°S,16933°E  -27+02 792+2.1 9934+03 07.5+11  7-359  14.9+204 861
S26 1209 0826 1209 1426 360  7457°S,173.14°E  74.18°S,177.20°E  -32+07 79.6+34 9904+07 11026 305-331 14.3+369 944
S27 12009 1948 12/10 0149 361  73.42°S,179.06°W 73.07°S,17526°W -4.3+04 85739 9927+0.5 09.02.4 344-36 254+545 928 v
S28 1210 19:56 12/11 0158 362 7039°S,171.00°W 6934°S,171.11°W  -4.1£0.1 68629 993.9+1.0 12318 19-108 387+21.5 922
$29 1211 2003 1212 0203 360 6659°S,17824° W 6624°S,179.52°E  -03+04 98.6+60 9802494 11819  0-359 363624 814




Table S2. Enrichment factors for different types of INPs. The lower and upper limits of EFs were calculated by

Poisson distribution at 95% confidence level.

EF  FrehsSS AgedSS SS/Sulf CNOS  CNO Dust  Mixture ‘88
process
2.29 6.53 2.83 1.64 2.68 1.41 2.59
WP-I-S1 \ 0.89 2.53 1.09 0.00 1.48 0.45 1.31
0.24 0.69 0.30 0.00 0.74 0.08 0.57
WP-1I- 1.03 13.05 495 2.23 16.48 227 145
\ 0.00 2.75 1.57 1.34 0.00 0.48 0.31
S14 0.00 0.14 0.28 0.75 0.00 0.02 0.02
TT. 1.59 221 2.17 8.35 0.83 1.93
WP-II \ 0.00 1.52 1.03 \ 0.00 0.17 1.33
S10 0.00 1.01 0.41 0.00 0.01 0.88
1.66 1.60 572 8.15 32.58 10.32 1.55 1.87
WP-I-S4 0.95 0.91 2.72 0.00 0.00 2.18 0.00 1.20
0.50 0.48 1.07 0.00 0.00 0.11 0.00 0.72
WP-II- 1.63 1.66 457 8.14 12.88 32.55 1.63 1.80
0.52 1.06 2.17 0.00 2.72 0.00 0.00 1.23
S11 0.09 0.64 0.86 0.00 0.14 0.00 0.00 0.80
WP-1I- 1.65 1.75 2.75 26.09 32.96 16.48 2.75 1.62
0.94 1.14 0.00 5.50 0.00 0.00 0.58 1.05
S12 0.49 0.70 0.00 0.28 0.00 0.00 0.03 0.65
525 495 9.22 20.12 7.42 9.92 2.54 5.84
All INPs 0.88 0.93 1.86 0.90 1.09 1.21 0.28 1.26
0.57 0.70 1.24 0.61 0.66 0.75 0.11 0.95

Note: ‘\’ indicates that there was no such class in all particles.



Table S3. The a and b values in the parameterizations of ng for the DIN and IMF, ng = 10(@xT+b),

Temperature Type a b
205K-DIN FreshSS+AgedSS —0.46 98.38
Dust - 1.08 229.50
BBA -0.93 197.79
210K-DIN CNOS+SS/Sulf ~0.33 72.72
FreshSS+AgedSS -045 96.37
Dust ~1.89 410.07
BBA ~1.05 228.38
2I5K-DIN CNOS+SS/Sulf ~2.35 505.43
FreshSS+AgedSS -0.55 121.04
Dust ~0.73 163.69
BBA ~3.34 738.29
220K-DIN CNOS+SS/Sulf ~2.65 587.31
FreshSS+AgedSS -0.32 72.87
Dust ~1.62 368.58
225K-DIN BBA ~1.29 293.44
CNOS+SS/Sulf —1.40 317.75
225K-IMF FreshSS+AgedSS —0.89 204.49
Dust —1.42 328.27
230K-DIN BBA —1.47 340.32

235K-DIN Dust —0.54 130.47
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Figure S1. Meteorological data and BC concentrations for all samples. Mean values with one standard deviation
for the relative wind speed (WS), relative wind direction (WD), air temperature (Temp.), RH, pressure (Press.),
and BC concentration. Samples of S1 —S7, S8 — S17, and S18 — S24 were located in 35°N — 10°N, 10°N —40°S,
and 60°S — 80°S regions, respectively.
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Figure S2. The CI/Na of NaCl particles and fresh sea salt particles by nebulizing seawater based on
CCSEM/EDX analysis. The Cl/Na was slightly higher than 0.8 for particles at about 0.3 pm. This is partially
due to electron beam damage on small particles. The Cl/Na increases as particle size increases close to the Cl/Na
of 1.17 in seawater. This is consistent with previous studies using CCSEM/EDX analysis on NaCl particles
(Laskin et al., 2012; Ghorai et al., 2014).
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Figure S3. The size distribution of all types of particles for all samples. The inset plot shows the fractions of all

types of particles.
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Figure S4. Aerosol optical depth (AOD) of dust (A and B), sulfates (D — F), and smoke (G and H) produced by
Navy Aerosol Analysis and Prediction System reanalysis (NAAPS-RA, at 550nm) overlaid with HYSPLIT 72h
backward trajectories (green line). (C) and (I) are the accumulated fire spots from Nov. 2™ to Nov. 8", 2019 and
from Nov. 8" to 14", 2019, respectively, from Fire Information for Resource Management System (FIRMS).

Sample labels are shown on the top right of each panel.

Figure S5. SEM images (A and B) and EDX elemental maps (C — J) indicate characteristics of BBA particles
from S14 sample. (A) SEM image of a larger field was captured on the darkfield mode using scanning
transmission electron microscopy (STEM) detector. (B) SEM image of a smaller field for chemical mapping (C
— J) by collecting EDX signals. Intense carbon signals within the particle (B) indicated high density of carbon

inclusions which likely are aged soot. The scale bar for all images is 2 pm.
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Figure S6. The average number percentages of all particle classes for samples that were collected in the middle
of Ross Sea (S28, S21, S22, S27, and S23), the north part of Ross Sea (S18, S19, S20, and S29), and the
southwest part of Ross Sea (S25, S26, and S24).

Figure S7. Sea ice concentration over the third sample region (SO) (data retrieved from https://seaice.uni-

bremen.de/sea-ice-concentration/amsre-amsr2/) overlaid with HYSPLIT 120 h backward trajectories (white

lines). The stars represent the sampling locations. The sample number is shown in the upper right corner of each
panel. (A) north of the Ross Sea (S18, S19, S20, and S29), (B) middle of the Ross Sea (S28, S21, S22, S27, and
S23), (C) southwest of the Ross Sea (S28, S21, S22, S27, and S23).
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Figure S8. The number percentages of different particle classes (A), mass percentages of elements (B), and
mixing state (C) of super-micron particles (diameter > 1 pm). Light blue, gray, and red points represent the

average particle elemental diversity (D.), bulk population elemental diversity (D), and mixing state index (y),

respectively.
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Figure S9. The number percentages of different particle classes (A), mass percentages of elements (B), and
mixing state (C) of submicron particles (diameter between 0.2 and 1 pm). The light blue, gray, and red points

represent D, D,, and y, respectively.
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Figure S11. SEM images of INPs of the Dust dominated samples (S1) and BBA influenced samples (S14)
identified at different freezing temperatures. The frame color of images represents the types of INPs and uses
the same color codes in Figure 2. Blue, light blue, yellow, light orange, brown, and gray represent the FreshSS,
AgedSS, SS/Sulf, CNOS, CNO, Dust, and Mixture particle classes, respectively. The number on top represents
the sequence of ice nucleation experiments. The number on the SEM image indicates the temperature and number
of INPs at the onset conditions. For example, the label “225K-3(2)” means this is the second INP nucleated ice

at the same RH,c. for the 3™ ice nucleation experiment at 225 K. The scale bar for all images is 2um.
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Figure S12. SEM images of INPs of the CNOS and SS/Sulf dominated sample (S10) identified at different
freezing temperatures. The label without SEM image indicates the same INP nucleated ice at a different ice
nucleation experiment at the same temperature. For example, the label “210K-2"" means at the fifth ice nucleation
experiment the INP is the same as the second run at 210 K. Other descriptions of the labels are the same as in

Figure S11. The scale bar for all images is 2 pm.
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Figure S13. SEM images of INPs of the FreshSS and AgedSS dominated samples (S4, S11, and S12) identified
at different freezing temperatures. Other descriptions of the labels are the same as in Figure S11 and Figure S12.

The scale bar for all images is 2 um.
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Figure S14. SEM image and EDX elemental maps for a typical AgedSS particle from S11 sample. The scale

bar is 2 um for all images.
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Figure S15. Elemental composition of INPs and non-INPs for each particle type (mean with one standard
deviation). Narrow gray bars and wider color bars represent INPs and non-INPs, respectively.
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Figure S16. The SEM images of particles from S1 sample using scanning transmission electron microscopy

(STEM) detector. (A) on the bright field mode, (B) on the dark field mode. The scale bar is 5 um.
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Figure S17. The n_of all types of samples. Circles and triangles represent DIN and IMF, respectively. Lines

indicate the fittings according to log,o(ns) = a X T + b.
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Figure S18. Median n, with 25" and 75" percentiles for all types of samples. Circles represent DIN and triangles

represent IMF. Brown, purple, orange, and green symbols represent Dust, BBA, CNOS and SS/Sulf, and the
FreshSS and AgedSS dominated samples, respectively.
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Figure S19. Parameterizations of 6 as a function of T3In[RHj.e]? including the ice nucleation onset

temperature (7) and RHj.e for DIN by the Dust, BBA, CNOS and SS/Sulf, and the FreshSS and AgedSS

dominated samples.
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Figure S20. The DIN Jh that calculated based on CNT for NaCl, Err of £5% (A) and Err of £10% (B), and
their ratio to Jiet of NaCl (C) at different temperature and humidity conditions.
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