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Supplementary Text

Aerosol modeling in E3SM

Sea spray and dust aerosol source functions were simulated using the Energy Exascale Earth
System Model version 1 (E3SMv1; (79)). The E3SM Atmosphere Model version 1 (EAMv1;
(80)) is the atmospheric component of E3SM. EAMv1 has a horizontal grid spacing of
ca.~110~km in standard resolution, with 72~vertical levels between the surface and the
tropopause. The land surface model was configured to use prescribed seasonally-varying
vegetation fields (81).

EAMvV1 simulations were run at standard resolution using meteorological input fields from
2014-06-01 to 2015-12-01. Specifically, in order to match the meteorology of the observed time
period, we nudge the simulated winds towards the Modern Era Retrospective-Analysis for
Research and Applications reanalysis product (MERRA-2) (82). Our nudging implementation
follows (83), and the impacts of different nudging strategies in E3SM are described in (84). Sea
surface temperature, sea ice, and other input fields were prescribed as described in (80), but using
a perpetual year 2010 to represent nominal near-present-day conditions.

Aerosol microphysics is simulated using the four-mode version of the Modal Aerosol Module
(MAM4; (85, 86)). The MAM4 module treats the major aerosol species, including sulfate, black
carbon, mineral dust, sea salt aerosol, primary organic aerosol, secondary organic aerosol, and
marine organic aerosol (MOA). It also simulates aerosol microphysics and loss processes,
including condensational growth, coagulation, and wet and dry deposition.

Natural wind-driven dust emissions in E3SMv1 are calculated using the Dust Entrainment
and Deposition model (87). Emitted dust follows a prescribed size distribution, with emissions
varying as a function of surface wind speed, friction velocity, and a prescribed soil erodibility
index.

Sea salt emission fluxes are simulated as a function of near-surface wind speed and prescribed
sea surface temperature, with a fixed emission size distribution. Sea salt emissions follow (88)
from 20 nm—2.5 yum, and (89) from 2.5—10 um. MOA emissions are simulated using the
OCEANFILMS parameterization (90). Emitted MOA is assumed to be internally mixed with sea
salt, and the relevant surface area for use in the M18 sea spray INP parameterization is assumed
to be the surface area of these internally-mixed organic-salt particles. However, the impacts of
MOA on E3SM-simulated sea spray are minor in this study, and are generally minor in the North
Pacific and coastal California (90), despite having important impacts elsewhere.

The instantaneous dust and sea spray mass emissions simulated by E3SM were saved at 3-
hourly intervals for use in the source-receptor analysis. Emissions were assumed to follow the
fixed size distributions of the respective emissions parameterizations. Additionally, aerosol fields
simulated at the nearest neighboring grid point to the observation site were archived at high
frequency for comparison with observed aerosol and INPs.

Deriving source-receptor footprints using Lagrangian dispersion modeling

Source-receptor influence footprints (hereafter S-R footprints) (41) are commonly used in air
quality modeling to relate the concentration of an atmospheric constituent at one location to the
potential influence of source regions on the observed concentration. Source-receptor analysis is
appropriate for relating emission functions to observations in situations where the sources are
regionally widespread, observations are made at a single point, and relevant atmospheric
transformation and removal processes can be adequately represented by the Lagrangian model.

We use the Lagrangian dispersion models FLEXPART v 10.4 (40) and FLEXPART-WRF
(91) to derive S-R footprints for our sampling periods. A full description of the model(s) is beyond
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the scope of this study, but in brief, FLEXPART(-WRF) uses meteorological input data to drive
the transport of inert parcels through time and space. These two models have the same
computational framework but use different input data to drive the simulations. We ran the
FLEXPART simulations using the National Center for Environmental Prediction (NCEP) Climate
Forecast System Version 2 (https://rda.ucar.edu/datasets/ds094.1/) to drive global simulations. We
ran the FLEXPART-WRF simulations using a WRF simulation centered over the Western United
States (described below). Parcel advection is driven by mean winds from the meteorological data,
with a turbulent diffusion component that is parameterized based upon its position in the
atmosphere. Each parcel is assigned an initial aerosol mass; mass can subsequently be removed by
dry and wet deposition. Parcels are also assigned physical properties, including aerosol size and
density, which dictate their susceptibility to deposition processes.

To derive the S-R footprints, we ran 10-day simulations backward in time. FLEXPART(-
WRF) simulations were conducted for the impinger sampling (98 in total) and the PCVI sampling
periods (7 in total). We released 10,000 parcels, evenly distributed in time over the course of the
given sampling period, and tracked them backward in time for 10 days. S-R footprints were
calculated at 15-minute intervals, at 1 degree resolution, assuming an envelope height of 300 m.
Figures S8 and S9 show the average S-R footprints for FLEXPART simulations run using NCEP
and WRF meteorology respectively.

Regional scale modeling for input into Lagrangian modeling

The WRF model version 3.9.1 (ARW, (92)) is used to conduct the regional atmospheric
simulations which provide input data for the Lagrangian simulations performed using
FLEXPART-WRF. The domain (Fig. S10) encompasses part of the western U.S. and adjacent
Pacific Ocean with its center at Bodega Bay. The domain uses a horizontal grid spacing of 4 km
(1000 x 1000 grid points) and a stretched vertical coordinate with 60 levels up to the model top at
100 hPa. The model simulations use the Thompson microphysics parameterization (93), Mellor-
Yamada-Nakanishi Niino (MYNN) boundary layer parameterization (94), Mellor-Yamada-Janjic
surface layer parameterization (95), Unified Noah land-surface parameterization (96), and the
RRTMG longwave and shortwave radiation parameterization (97). The NCEP FNL operational
model global tropospheric analysis with 1° grid spacing is used to initialize the model’s
atmosphere and soil variables.

The WRF simulations are constrained by coupling with a three-dimensional variational
(3DVar) assimilation scheme provided in the Community Gridpoint Statistical Interpolation (GSl,
(98). We assimilated observations from the NCEP Global Upper Air and Surface Weather
Observations dataset (http://rda.ucar.edu/datasets/ds337.0/) following a previously established
methodology (99). These observations include, but are not limited to, radiosonde profiles, surface
meteorology, aircraft, and ship measurements. The assimilation cycle assimilation was carried out
every 12 hours from January 6 through March 11 of 2015. Model variables such as zonal and
meridional winds, specific humidity, temperature, and pressure are updated at 00 and 12 UTC
based on analyzed increments, and the updated analysis at each time is used to initialize the
subsequent 12-hour forecast.

Particle source functions for predicting INPs

Particle source functions during the CalWater-2015 study were generated for the relevant INP
sources: dust, SSA, bacteria, and fungal spores. The instantaneous emissions of dust and SSA were
simulated by E3SM, and saved at 3-hourly intervals (see section on aerosol modeling in E3SM).
Particle surface areas were calculated by assuming a spherical geometry with a diameter of 2 um
for bacteria-bearing particles and 4 um for fungal spores, and assuming a geometric standard
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deviation of 1.5 for both species. Bacteria emission fluxes were taken from a time-independent
emission map (42). For fungal spore emissions, we follow a recently-developed emissions model
(43), wherein emissions are parameterized as a function of specific humidity at 2m (qzm), the leaf
area index (LAI), and the friction velocity (u*). We used hourly North American Mesoscale
Forecast System (NAM) Analysis data for gm and u*, and the 4-day LAI observations from
MODIS (100). All data was down-scaled to 1° x 1° resolution prior to the calculation of fungal
spore emission fluxes.

All INP concentrations were calculated using the active site density (ns), which is a
deterministic (i.e. time-independent) surface area based metric of IN-activity. INP concentrations
for dust were calculated using the N12 parameterization (27). INP concentrations for SSA were
calculated using a parameterization developed using ambient measurements at Mace Head
Observatory in Ireland (28). INP concentrations for bacteria and fungal spores were calculated
using empirical parameterizations fit from ambient measurements (45).

Alignment of ice nucleation measurements

Bulk immersion mode ice nucleating particle (INP) concentrations were measured using two
instruments: (1) the North Carolina State University (NCSU) cold stage (CS) and (2) the Colorado
State University (CSU) ice spectrometer (IS). The two instruments both sampled ambient air but
using different collection methods. The NCSU CS used impinger samplers (SKC Inc.
BioSampler®) to sample ambient air (33) for approximately four hour sampling periods. The CSU
IS used open-faced filters to sample ambient aerosol, with sampling periods lasting from 4-38
hours, but most frequently around 15-16 hours. The higher time resolution of the impingers
allowed us to collect 98 samples, compared to the 56 from the filters. Thus the impingers were
able to observe greater variability in both INP concentrations and composition, and it is
advantageous to use in our analysis. However, the impingers were located approximately 10 m
away from the sampling trailers containing the other instruments, with a difference in sampling
height of 3-4 m. The filter unit was located on top of the sampling trailer, next to the aerosol inlet,
making it directly comparable. We observed a 5-fold difference in the concentrations measured by
the two instruments over the course of the study (Fig. S11). We note that we are unaware of any
studies have shown significant spatial heterogeneity in INP concentrations over such short
distances. We also found that despite the difference in sampling durations, the key particle
composition metrics used in our study had the same concentration distributions for both sampling
methods (Fig. S12) and therefore we look to other explanations for the difference in INP
concentrations between the two datasets.

We find it plausible that the different aerosol collection methods could have contributed to
some of the difference in INP concentrations as bioaerosol may be especially sensitive to the
sample collection methodology. Compared to filter sampling, impingers exert less physiological
stress on cells, allowing them to more effectively sample culturable bioaerosol (101). The loss in
viability associated with filter sampling also increases with sampling duration (102), which may
be pertinent here due to the long sampling times associated with the filter collections. While we
are not aware of any studies that directly link a loss in viability with decreased IN activity, it is
plausible that viability indirectly reflects the structural integrity of bioparticles, and which may
affect their IN-activity. However, direct comparisons between INP measurements from samples
collected with filters and those collected with impingers found that they agreed broadly, with
measurements within one order of magnitude (103, 104). This agreement varied depending on the
case, and the more important question is whether the techniques systematically disagree over a
long time period. Presumably, if there was no bias to either collection method then these
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differences would even out over the course of the study. However, as we do see bias in our results
we cannot eliminate this possibility.

Finally, we note that intercomparison efforts assessing the replicability of different ice
counters have generally found that the ice spectrometer and cold stage to broadly agree (103-105),
with measurements generally being within an order of magnitude of each other. Similar to the
aerosol collection method, the important question is whether there is a systematic disagreement
between the instrument performance. If there is a bias with the temperature measurement for either
instrument then this could help explain the difference in INP concentrations. Previous work has
noted a small bias between the IS and CS for samples with temporal overlap, which averaged out
to a difference of roughly 2-3x. However, the sampling there took place over a much shorter
duration than this study and it is not clear if the bias would have been observed when sampling
over a longer duration. Therefore, we cannot rule out systematic bias due to differences in
instrument performance.

As we cannot rule out systematic bias, we have elected to downscale the CS measurements
by a factor of 5 to bring them into alignment with the IS measurements. We chose this approach
because it provides a more conservative measure of INP concentrations while retaining temporal
resolution. We tested the implications of this choice on our findings by repeating all analyses
presented in this paper using the IS measurements in place of the CS measurements. The major
conclusions of the study were insensitive to the choice of dataset. Specifically, bioaerosols remain
the dominant source of warm-temperature INPs (Fig. S13) and the dominant source of prediction
error regardless of which INP measurement is used.

Metrics to evaluate predicted INP concentrations.

We use two metrics to assess model predictive skill. The first is the modified normalized
mean bias (MNMB), which describes the average difference between predictions and
measurements. It ranges from -2 to 2, with O indicating perfect prediction. The MNMB is
calculated by the following:

mnmp = 25 LM
B n 4 Pi +Ml
2
where n is the number of samples, Pi is the predicted value for sample i, and M; is the measured
value for sample i. The second skill score we use is the fractional gross error (FGE), which
describes the total average absolute error. The FGE ranges from 0 to 2, with O indicating perfect
agreement between predictions and measurements. The FGE is given by

B n 4L Pi + Mi
l
where n is the number of samples, P; is the predicted value for sample i, and M; is the measured
value for sample i. These metrics have been recommended for evaluating predictions of

atmospheric composition measurements because they are symmetrical to relative over- and under-
prediction (106).
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Fig. S1.

Scatter plot of the measured surface area concentration for sea spray aerosol (Assa) vs the measured
surface area concentration for dust particles (Adust). Values are calculated for the INP sampling
periods. Dashed black lines shows the 1:1 line, while the grey dashed lines show the 10:1, 5:1, 2:1,
1:2, 1:5, and 1:10 lines.
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Fig. S2.

Scatter plot of bioparticle-INP scalar vs temperature (green). The Pearson r correlation coefficient

is also shown (red).
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Fig. S3.

Metrics for comparing total speciated INPs vs total INP concentrations. Panel A shows the fraction
of measurement periods where predicted INP concentrations fall within a factor of 2 (F»; black)$
and within a factor of 10 (F1o; blue) of observed INP concentration, as a function of temperature.
Panel B shows the modified normalized mean bias (MNMB; red) and fraction gross error (FGE;
green).
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Fig. S4.

Fraction of INPs determined to be biological from the heat treatment of samples measured by the
ice spectrometer. Panels A-D show samples with high bioparticle concentrations, while panels E
and F show samples with low bioparticle concentrations. P-values calculated using Fisher’s Exact
Test are displayed on the right axis.
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Fig. S5.

Time series for meteorological measurements and observed and predicted bio-INPs. (A) Top panel
shows the timeseries for the precipitation rate (black) and the relative humidity (blue). Middle
panel shows. (B) Middle panel shows the timeseries of observed bioparticle (Bio) ice nucleating
particle (INP) concentrations active at -15 °C (Bio INP-z5; green) along with the predicted INP
concentrations from bacteria (orange) and fungal spores (teal). (C) Bottom panel shows the
fraction of predicted Bio INP-1s coming from bacteria and fungal spores.
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trace) concentrations. The continuous line shows particle concentrations for particles simulated
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data.
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Fig. S7.

Heat maps of the ratios of predicted to observed INPs as a function of temperature for (A) Dust,
(B) SSA, (C) Bio, and (D) total INPs. Red lines show the median values for each temperature.
Dashed black lines show the 1:1 line where predicted INPs agree with observed INPs. INP
concentrations were predicted using source-receptor footprints derived from the simulations driven
by limited-area simulations.
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Average S-R footprint from all FLEXPART simulations run using NCEP meteorology.
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Average S-R footprint from all FLEXPART simulations run using WRF output meteorology.
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Fig. S12.

Heat maps of the distribution of particle composition measurements for INP sampling periods.
Panel A shows SSA surface area concentrations vs dust surface area concentrations for the time
periods corresponding to the cold stage impinger measurements. Panel B shows SSA surface area
concentrations vs dust surface area concentrations for the time periods corresponding to the ice
spectrometer filter measurements. Panel C shows the concentration of FP3 particles measured by
the WIBS vs dust surface area concentrations for the time periods corresponding to the cold stage
impinger measurements. Panel D shows the concentration of FP3 particles measured by the WIBS
vs dust surface area concentrations for the time periods corresponding to the cold stage impinger
measurements.
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Fig. S13.

Heat maps of the fraction of speciated INPs as a function of temperature. Speciated INPs are
derived from the ice spectrometer measurements. Panels show the fraction for (A) Dust, (B) SSA,
and (C) Bio (bio-INPs). Figure shading shows the fraction of INP samples between the upper and
lower bounds of that bin. Panel (D) shows the median estimated fraction of INPs from dust
(brown), SSA (blue), and Bio (green). The horizontal bars show the interquartile ranges. Also
shown is the Pearson correlation coefficient r for the fit between the total speciated INPs and
measured INPs.
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