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1.0 Summary

During the Cloud, Aerosol, and Complex Terrain Interactions (CACTI) Experiment, a project with the
overarching goal to improve understanding of cloud life cycle and organization in relation to
environmental conditions so that cumulus, microphysics, and aerosol parameterizations in multi-scale
models can be improved, our group was tasked with providing and assisting the collection of aerosol filter
samples for measuring ice nucleating particle (INP) concentrations. This included ground-based and
aircraft measurements. This report details the efforts and results from the Atmospheric Radiation
Measurement (ARM) Aerial Facility (AAF) Gulfstream-159 (G-1) aircraft.

The INP measurements were especially focused around research needs for addressing the major CACTI
science questions regarding the role of aerosols as one factor affecting the properties and life cycles of
orographically generated cumuli, and the initiation of deep convection and mesoscale organization. As the
primary means for first initiation of the ice phase in clouds, absent remnant ice particles from prior
convection or overseeding from higher clouds (cirrus) where homogeneous freezing can occur, the
abundance of INPs can play a powerful role in the formation of precipitation. The INP data collected may
ultimately be related in future investigations to other G-1 measurements of aerosol properties and location
with respect to storm systems. This data can serve as the basis for developing and improving numerical
model parameterizations of ice nucleation.

Within efforts to measure INPs in CACTI, the AAF G-1 measurements provided the unique ability to
capture INPs above the surface layer, in both inflow and cold pool regions around storms that were also
penetrated for cloud property measurements. CACTI INP measurements on the G-1 were collected from
varied altitudes on different flights over the region of the Sierras de Cérdoba mountain range of north
central Argentina. Within this region, a vast array of aerosol influences was expected to be encountered,
from local soil and plant emissions, long range transported desert dusts, regional pollution, and even
biomass burning. Twenty-two research flights were conducted from November 4 to December 8, 2018.

This report describes the installation, collections, processing, and archiving of data from this effort. A
filter sampling system was deployed on the G-1 to collect aerosol particles for post-processing for
measuring their immersion freezing ability once returned to Colorado State University (CSU). Images of
the filter sampler system installed in a rack tray on the G-1 are shown in Figure 1. This configuration
mimics that used by Levin et al. (2019). Filter holders were 47-mm anodized aluminum in-line units
(Pall). Pre-cleaned (to remove any INPs present after manufacture) and pre-sterilized (to remove any
biologically active material) Nuclepore polycarbonate filters (0.2-um pore size, backed by clean 10-um
pore size filters) were provided wrapped in aluminum pouches and double-bagged for transport to
Argentina, and use in the in-line holders. The holders were loaded pre-flight, and used holders were also
cleaned/sterilized after each use. Dr. Thomas Hill coordinated the first three weeks of collections during
the intensive operational period, and trained Department of Energy personnel (Lexie Goldberger, Mikhail
Pekour, and Kaitlyn Suski) to complete sampling until the end of the campaign. Filters were drawn for
varied times, resulting in varied volumes collected. Mass flow rate was recorded (Figure 1) in real-time so
that total sampled volume (at standard temperature and pressure) could be determined for each filter. A
total of 34 sample filters were collected over the intensive operational period, as listed in Table 1,
including five blanks (installed with no flow) at intervals throughout the project. Filters were stored
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temporarily in parafilm-sealed petri dishes in a -20°C freezer prior to return to CSU at the end of the
campaign with a dry nitrogen shipper (Cryoport.com).

Initial processing to obtain spectra of INP number concentration active via the immersion freezing
mechanism versus temperature was conducted using the CSU ice spectrometer (1S) instrument system
(McCluskey et al. 2018). For processing, each filter was placed into a 50 mL Falcon polypropylene
centrifuge tube with 7 mL of 0.1 pum-filtered deionized (DI) water and shaken in a Roto-Torque rotator
for 20 min to create a suspension. Thirty-two aliquots of 50 pL (i.e., 1.6 mL) of each sample, plus a series
of dilutions, were then dispensed into polymerase chain reaction (PCR) trays that were then fitted into
aluminum blocks in the IS. Samples were cooled at a rate of approximately 0.33°C min. Freezing
temperatures of wells were recorded using a camera and software system on each of three IS instrument
systems. The lowest freezing temperature archived for each sample was defined by the temperature for
which the number of sample wells frozen significantly exceeded those frozen in a 32-well,

0.02 um-filtered DI water blank tested simultaneously in the same tray. This final temperature was
generally between -26 and -29°C for the CACTI AAF sample set. Cumulative INP concentrations were
determined by first calculating the INPs per mL of suspension based on Vali (1971) and then converting
to concentration per standard liter of air using the proportion of the total liquid sample dispensed and the
air sample volumes. The number of INPs on the average of all blank filters that had been handled and
processed identically, with exception of air flow, were subtracted from the calculated number of INPs on
each sample filter (Figure 2) before the conversion to number concentration per standard liter. While the
numbers of INPs collected on filters significantly exceeded blank filter background numbers at most
times, increasing the limited sample volumes possible in the aircraft sampling configuration used in
CACTI remains as a future need. Confidence intervals (95%) for binomial sampling were calculated
based on Agresti and Coull (1998).
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Figure 1. Filter sampler on the G-1 aircraft. Two filters could be loaded at any time into anodized
aluminum or stainless steel holders (Pall), and sequentially sampled through the use of
switching ball valves during flight. Airflow entered from the G-1 isokinetic inlet into interior
3/8-inch conductive tubing (2-m length), and through the flowmeter shown in the upper left
of the righthand figure before passing to either filter (typically one for above and one for
below cloud sampling). Mass flow rate was recorded at 1 Hz. When filters were not being
sampled, a bypass flow (plastic line to “dummy” filter) was run. A LabView program was
used to monitor the mass flow rate, temperature, and pressure, so that volume flow rate at
standard conditions could be calculated, and integrated sample volume determined.
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Figure 2. INP number per filter for all unamended samples and blanks, and the average fit used to
correct data over the study period.
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To gain insights into the biological proportion of INPs, a portion of a selected number of original
suspensions was heated to 95°C for 20 min, prior to determining the immersion freezing temperature
spectra. This thermal treatment should denature most heat-labile organics, such as proteins. Hydrogen
peroxide (H-0-) digestions were also performed on portions of suspensions for selected samples to
remove all organic carbon INPs following methods detailed in McCluskey et al. (2018) and

Suski et al. (2018). This was typically done for the same filter samples for which thermal treatments were
done. The peroxide treatment is also done at 95°C, thus incrementally removing all remaining organics.
The difference in the INP concentrations versus temperature after heat or peroxide treatment determines
the contributions of biological and organic INP types, respectively, for each filter sample period. For
archival and completion of tasks under this ARM proposal, all 34 original filter particle collections were
processed for basic temperature spectra, with 13 of these 34 also tested for thermally removing
microbial/proteinaceous contributions toward INPs, and 10 also treated to remove of all organic carbon
(Table 1); more samples were heat treated because it was found that heat alone typically reduced INPs to
near-background levels Metadata for processed filters is shown in Table 2. All data have been added to
the ARM Data Center.

Table 1.  Comparison of the anticipated filter collections to those obtained and processed.

Campaign Base Blanks 95C H,0, Processes
CACTI AAF Antkipated 60

Promised 60 12* 12*

Obtained 34 5

Processed 34 5 13 10 62

* = promised processing of 1/3 of total collected

2.0 Results

Results are at an early stage of evaluation, as final processing was completed just prior to the drafting of
this report. Some first results are shown in Figures 3 to 5. In Figure 3, all flight data and all INP
processing condition data are shown as a function of processing temperature. The results indicate the
presence aloft at times of apparent biological INPs, removed with thermal processing, with a special role
in accounting for not only most immersion freezing INPs active in the temperature regime higher than
~-17°C (Figure 3), but also often to much colder temperatures (not apparent in this composite figure).
These biological INPs are largely responsible for the “hump” in INP activity that leads the INP spectra to
diverge positively from exponential at these higher temperatures, consistent with other reports attributing
such impact to this category of INPs (Hill et al. 2018, O’Sullivan et al. 2018). Other organic entities
typically contribute the bulk of INPs below -23°C and were (surprisingly) dominant over inorganic INPs
(presumed as those left after peroxide treatments of suspensions) in that temperature range. The INP
spectra of the inorganic populations of INPs, indicated by the INPs remaining after H,O- treatments in
Figure 3, are highly exponential versus temperature, with an approximate 1 order of magnitude increase
in atmospheric concentrations for each 4°C of cooling. The temperature spectra, represented by the
A[INP]/dT following treatments, are remarkably consistent with laboratory measurements made on
Argentinian soil dust from La Pampa province, the province just south of Cérdoba province, reported by
DeMott et al. (2018). These same results were noted in the first ARM Mobile Facility (AMF1)
measurement record (DeMott et al. 2020), as discussed later.
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Table 2. List of filter sample metadata for the AAF G-1 CACTI campaign, including altitude and
fractional latitude and longitude at the start and stop of each leg (a filter collection period),
and the standard liter volume (SL) collected per leg and total (multiple legs constituted some

filters).
Start Stop LegsL TowmlS
Start Start Start Starttime Start Start dtitude Stoptime Stop Stop altitude {1013 hifa, {1013 hPa,
day month year RF No. Leg UTC) Latitud: longitude  {m} {urc) Latitud, longitude  {m]) 273 K) 273 Type
3 11 2018 2 1 1 151121 3271133 6491508 57244 1535322 3202121 6474/58 25003 1828
2 1600:15 -32.21453 -65.09025 1682.2 160722 3197230 6510403 13536 833 2660 Belowcloud
6 11 2018 2 - - - Blank
10 11 2018 3 1 1 123522 3218914 6474392 23812 134252 3240457 6£5.10541 37008 553.2 5532 Abovecloud
10 11 2018 3 2 1 134838 3245472 6514573 17901 14:01:58 3185073 65.10229 17598 1359 Below cloud
2 14:5350 3185015 -64.74895 259L0 14:57:31 3204902 5471306 23089 348 1707 Belowcloud
12 11 2018 4 1 1 1727:11 3197407 6492657 33525 17:4606 3183609 64.69260 24174 159.9 Abovecloud
2 17:49:18 31.99638 -64.74927 21983 18:09:440 3236651 5492567 33304 183.1 343.0 Abovecloud
12 11 2018 4 2 1 18:43:18 3240366 6511016 12618 18:51:57 3189935 6510633 12547 1050 1050 Belowcloud
14 11 2018 5 1 1 14:1709 32.88336 £4.52911 28742 17:36:47 3253067 6470702 32993 15706 15706 Clearsir
14 11 20018 5 2 - - - Blank
15 11 2018 6 1 1 13:13:33 32.85679 6457030 23186 15:36:12 3248554 64.66909 22280 13896 13896 Clearair
16 11 2018 7 1 1 143524 3235830 6474367 15593 14:4208 3211522 64.74929 19655 691 Below cloud/clear air
2 14:4653 3239887 64.72894 20644 15:33:15 3238299 5490659 3436.0 386.7 4558 Below cloud/clear air
17 11 2018 8 1 1 12:44:46 -32.28419 £5.10967 19421 12:54:58 3181421 £5.10151 22254 1073 Belowcloud
2 134722 3191919 64.72114 27053 13:55:329 3238936 5469919 27037 771 Below cloud
3 15:1839 32.25082 -64.71779 22863 15:25:42 3184839 £472067 22161 722 2567 Belowcloud
20 11 2018 9 1 1 16:4622 3243739 6510998 12825 17:1109 3245374 6£5.13042 21911 263.6 2636 Below cloud/clear air
20 11 2018 9 2 1 1801:13 32.37606 6491571 40101 18:10:39 3184587 -54.92447 45072 744 744 Abovecloud
21 11 2018 10 1 1 184511 3232132 6471639 25873 18:53:10 3181116 64.63630 29316 722 722 Belowcloud
21 11 2018 10 2 - - - Blank
22 11 2018 11 1 1 153249 3194365 5471620 28308 3221077 6471509 27207 1457 Between |layers
2 17212338 3189647 -64.71824 4266.7 3247764 £4.64513 39133 80.5 2262 Between layers
22 11 2018 11 2 1 160349 32.19455 £4.71583 15610 16:1507 3210880 £4.73921 17453 105.7 Belowcloud
2 17:37:46 3LEV091 64.71097 21553 17:47:35 3239273 5471107 16724 89.9 1956 Belowcloud
24 11 2018 12 1 1 164858 3215203 6475927 15789 17:22:32 3183934 64.71533 22534 327.7 3277 Belowcloud
24 11 2018 12 2 1 195003 3177650 6467577 25189 20:01:14 3241867 -54.69834 23255 115.7 1157 Belowcloud
25 11 2018 13 1 1 16:17:54 3209240 6473722 28623 16:44:41 3180441 64.70287 28823 1742 1742 Belowcloud
25 11 2018 13 2 1 1826:36 3211219 £4.71995 25754 18:44:33 3217313 654.71853 23492 184.4 134.4 Belowcloud
28 11 2018 14 1 1 1536:19 3212040 6474030 16750 15:59:44 3241310 64.70400 18570 252.0 2520 Belowcloud
28 11 2018 14 2 1 1700:34 3240570 £5.11950 32240 17:24:36 3227220 -£5.03620 30540 245.5 2455 Clear air profile
29 11 2018 15 1 1 144512 3211816 6476373 16730 14:54:39 3237263 64.73439 25870 1056 1056 Belowcloud
29 11 2018 15 2 1 155825 -32.23359 6471485 20279 16:1809 3249981 5451640 20057 199.7 1997 Belowcloud
1 12 2018 16 1 1 1806:17 3191953 6471538 32003 18:3809 3273367 64.43026 21282 3129 3129 Between layers
1 12 2018 16 2 - - Blank
2 12 2018 17 1 1 150624 3178860 £4.65550 28980 15:17:11 3236060 -54.71380 28970 103.2 1032 Abovecloud
2 12 2018 17 2 1 1527:11 3234880 6468880 4586.0 15:35:13 3185000 64.71520 45520 628 628 Abovecloud
3 12 2018 18 1 1 1632:39 32.10455 6473497 15956 17:10:14 3243625 -54.78689 33438 336.0 336.0 Belowcloud
3 12 2018 18 2 1 182851 3217772 6479398 33427 19:19:50 3184991 64.99249 33296 4283 4283 Abovecloud
4 12 2018 19 1 1 1834:32 32.30410 6470303 33252 18:40:42 3215457 6487276 35377 513 513 Belowcloud
4 12 2018 19 2 1 191501 3234629 6492248 36715 19:29:31 3256339 64.72018 36637 120.7 1207 Belowcloud
5 12 2018 20 1 1 123840 3178460 6£4.65598 62362 12:5609 3208061 £4.73116 60358 1065 1065 Abovecloud
5 12 2018 20 2 1 14:4232 3238212 64728629 23803 14:54:39 3188951 64.71431 20345 1272 1272 Belowcloud
7 12 2018 21 1 1 153257 3223972 6472219 16417 154408 3210182 £4.71991 21249 109.7 Belowcloud
2 1602:16 3244209 64.65562 2957.1 16:12:56 3188133 5471802 34067 853 Abovecloud
3 16:33520 -32.02982 -64.72033 2434.0 16:45:10 -32.04993 H471638 22261 90.6 Belowcloud
4 1B0826 -32.41625 -64.67908 23113 18:25:11 3189865 5471647 27643 153.2 Belowcloud
5 18:37:15 -32.29837 -64.72101 16362 18:5306 3273273 HA50075 16445 1600 5589 Belowcloud
7 12 2018 21 2 1 171751 3240716 64.66961 32978 17:2808 3192904 64.71931 37157 877 87.7 Abovecloud
8 12 2018 22 1 1 162633 3237527 6486849 33320 19:1624 3261694 6457518 15452 16672 16672 Clearsir
8 12 2018 22 2 - - Blank
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Figure 3. Ice nucleating particle number concentrations versus processing temperature for all samples

from the AAF G-1 sampling period (November to December 2018), corrected for filter
blanks. From left to right are all processes, unamended and thermally treated (95°C) only,
and unamended and H.O,-treated only processes. Uncertainties are shown only for the middle
panel. Results show the moderate presence of biological and organic INPs, especially
dominant at temperatures higher than about -17°C.

One striking result shown in Figure 3 is from the filter collected in the boundary layer during Research
Flight 10, with INP concentrations of several hundred per standard liter evident at -15°C. No special
event, or real or potential artifact, was noted in the flight notes for this collection, so the high INP
concentration for this boundary-layer flight period is still under investigation. The nature of the spectra,
rising to a plateau, is suggestive of the influence by a single INP type, such as might be expected for
capturing airborne pollen on the filter, which could then burst within the liquid suspension to create
additional INPs (Pummer et al. 2012). However, the only previous investigation of pollen impacts on
boundary-layer INPs found very modest increases in average INP concentrations during high-pollen
periods, and only one event of INPs increasing to 30 sL* at -20°C following a heavy rain event, leading
the authors to conclude that such bursting release of macromolecular INPs from pollen was “not prevalent
for the pollen types and meteorological conditions typically encountered in the southeastern US”

(Hader et al. 2014). Presently, the results are considered valid for now, triggered by an unusual INP event.

A comparison of AMF1 and AAF CACTI results is shown in Figure 4, for the unamended and thermally
treated samples only, to demonstrate the relative consistency between the two data sets, the resolution of
which is only limited by the much lower sample volumes for the AAF samples (note the higher
uncertainties in the regime > -20°C for the AAF data). Nevertheless, even without intercomparing on a
daily basis, it is evident that the concentration ranges and heat impacts at the higher temperature end are
consistent between the data sets.
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Figure 4. Comparison of AMF1 INP filter samples (DeMott et al. 2020) during AAF intensive
operations flight period (left) versus AAF flight samples (right), including unamended and
heat treatment results. Higher-volume samples at the AMF site allow for wider dynamic
measurement range, while AAF filters include both sub-cloud boundary layer and samples
from above clouds in the mid-troposphere.

Finally, in Figure 5, results from two days are shown to compare INP temperature spectra obtained on the
G-1 versus at the AMF1 site during the general time of overflight periods. On both days, the spectral
shapes are similar at the surface and aloft, and the impact of biological INPs is indicated across a broad
temperature range by the loss of activity with heating to 95°C. The November 12 case, a day of deeper
convection and heavy rain in the area, suggests a well-mixed boundary layer, with near perfect
correspondence of unamended and heated AAF and AMF samples over the more limited sensitivity range
of the lower-volume AAF samples. This was the case for a number of days, but also many days reflected
a greater decrease of INPs at higher altitude than could be explained by correction to standard liters.
Hence, at other times, as on November 17, the boundary layer appears to have been decoupled from the
sub-cloud layer, or there were additional factors that led to the dilution of air aloft and closer to cloud
base. In general, above-cloud samples reflected the lowest INPs (not shown).
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Figure 5. Two specific flight day comparisons to ground-based AMF1 data. November 12 was a day of
deep convection and heavy rain, showing an excellent comparison of ground-based versus
sub-cloud INPs. November 17 was a drier and dustier day at the surface, but with a clear
decoupling/dilution of air in the boundary layer compared to the surface, where local soil
emissions were enhanced.

3.0 Publications and References

No publications have been prepared at the time of this report. First presentation of results is planned to
occur at the Department of Energy ARM/Atmospheric System Research Principal Investigators meeting
in June 2020. Publications are in preparation, and advanced analyses have been proposed at the time of
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