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Supplementary Figure 1: Observational domain and vertical [CCN0.4] profiles. For
six airborne measurement campaigns: KORUS-AQ1 (2016), ARCTAS2 (2008), WE-CAN
(2018), SEAC4RS3 (2013), DISCOVER-AQTX (2013), and DC34 (2012). ATom1–4 (2016–
18), which has a global domain and indirect measurement of [CCN0.4] is not shown here
and can be found elsewhere5. Flights’ paths shown in color over satellite imagery (© 2020
TerraView obtained through the Google Maps Static API). Colorbar (log-scale) shows the
[CCN0.4] number concentration observed along the flight path only when all 9 variables of
atmospheric state and composition (RFRM predictors) are also available.
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Supplementary Figure 2: Empirical fit function for approximating [CCN0.4]. Ratio
of CCN at various supersaturation ratios to CCN at 0.4% supersaturation versus supersatu-
ration ratio from the SGP dual column CCNc. A polynomial fit is obtained to approximate
[CCN0.4] from airborne measurements of [CCN]. Points show the median and vertical error
bars show the median absolute deviation. Horizontal error bars show the supersaturation
ratio bin range. Logscale color bar shows the number of observations associated with each
supersaturation rounded to the nearest 0.05.
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Supplementary Figure 3: Example application of [CCN0.4] approximation when
ss 6= 0.4. Chosen is a day with largest variations in CCNc instrument supersaturations.
Points show [CCN0.4] approximated per the polynomial fit in Supplementary Figure 2 with
its colors corresponding to the instrument supersaturation. The 5 minute rolling mean is
shown by the lines: (black) [CCN0.4] approximated from measurements of [CCNss] and
(grey) RFRM-derived [CCN0.4] from the 9 predictors of atmospheric state and composition.
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Supplementary Figure 4: Approximating [CCN0.4] from PNSD when CCN is not
directly measured. Application to other campaigns of the same approach— count of
particles larger than a cut-off diameter of 60 nm —used to determine ATom [CCN0.4] from
PNSD data. a [CCN0.4] derived from airborne PNSD measurements versus that measured
using a CCNc. b [CCN0.4] derived by the RFRM versus that derived from PNSD. Inset are
the statistical metrics (%-G: %-Good and τ : correlation) corresponding to Figure 1d.
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LinReg-derived [CCN0.4] vs. its multi-campaign airborne measurements
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Supplementary Figure 5: Comparison of linear regression (LinReg) derived versus
airborne measurements of [CCN0.4]. Binned scatter plot for data at the 1Hz resolution
for a all campaigns and b–h each campaign. Central 99% range of the airborne-measured
[CCN0.4] shown for a zoomed-in view. The lines, in the order of decreasing y-intercept,
indicate MFB of (solid red) +1, (dashed light red) +0.6, (dotted white) 0 or 1 : 1 agreement,
(dashed light blue) −0.6, and (solid blue) −1, respectively. Logscale colorbar shows the count
per bin. Bin-width on the log-scale is 0.02 (for comparison with main manuscript Figure 1)
times the ratio of the square root of the total number of observations divided by the square
root of the number of observations corresponding to each campaign, such that bin area is
normalized to the number of observations. i Summary statistics for the degree of model–
observation agreement and correlation, in decreasing order of the number of observations
per campaign.
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RFRM-PM-derived [CCN0.4] vs. its multi-campaign airborne measurements
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Supplementary Figure 6: Comparison of RFRM-PM (with only PM1 speciation
predictors) derived versus airborne measurements of [CCN0.4]. Binned scatter plot
for data at the 1Hz resolution for a all campaigns and b–h each campaign. Central 99%
range of the airborne-measured [CCN0.4] shown for a zoomed-in view. The lines, in the order
of decreasing y-intercept, indicate MFB of (solid red) +1, (dashed light red) +0.6, (dotted
white) 0 or 1 : 1 agreement, (dashed light blue) −0.6, and (solid blue) −1, respectively.
Logscale colorbar shows the count per bin. Bin-width on the log-scale is 0.02 (for comparison
with main manuscript Figure 1) times the ratio of the square root of the total number of
observations divided by the square root of the number of observations corresponding to each
campaign, such that bin area is normalized to the number of observations. i Summary
statistics for the degree of model–observation agreement and correlation, in decreasing order
of the number of observations per campaign.
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RFRM-derived [CCN0.4] vs. its multi-campaign airborne measurements
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Supplementary Figure 7: Comparison of RFRM (with 9 predictors) derived versus
airborne measurements of [CCN0.4]. Binned scatter plot for data at the 1Hz resolution
for a all campaigns and b–h each campaign. Central 99% range of the airborne-measured
[CCN0.4] shown for a zoomed-in view. The lines, in the order of decreasing y-intercept,
indicate MFB of (solid red) +1, (dashed light red) +0.6, (dotted white) 0 or 1 : 1 agreement,
(dashed light blue) −0.6, and (solid blue) −1, respectively. Logscale colorbar shows the count
per bin. Bin-width on the log-scale is 0.02 (for comparison with main manuscript Figure 1)
times the ratio of the square root of the total number of observations divided by the square
root of the number of observations corresponding to each campaign, such that bin area is
normalized to the number of observations. i Summary statistics for the degree of model–
observation agreement and correlation, in decreasing order of the number of observations
per campaign.
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Supplementary Figure 8: Comparison of machine learning derived versus expected
values of [CCN0.4]. Binned scatter plot for [CCN0.4] derived using a RFRM trained
on airborne data using only PM1 speciation as predictors (Obs-RFRM-PM), b RFRM
trained on airborne data using all 9 predictors (Obs-RFRM) versus airborne measurements
of [CCN0.4].c Obs-RFRM derived [CCN0.4] using GEOS-Chem-APM (GCAPM) input pre-
dictors versus GCAPM [CCN0.4]. Inset in c is RFRM-derived versus GCAPM [CCN0.4].
x-axis limited to central 99% of the data for a zoomed-in-view. The lines, in the order of
decreasing y-intercept, indicate fractional bias (FB) of (solid red) +1, (dashed light red)
+0.6, (dotted white) 0 or 1 : 1 agreement, (dashed light blue) −0.6, and (solid blue) −1,
respectively. Logscale colorbar shows the count per bin. Bin-width is that of Figure 1 scaled
to the number of data points (n).
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Fractional Bias
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Supplementary Figure 9: Model performance along the tropospheric vertical extent.
RFRM-derived (dashed orange curves; borderless violins) and RFRM-PM-derived (dashed
purple; bordered violins) compared to airborne-measured (black) [CCN0.4] across the vertical
tropospheric extent. Vertical curves are the generalized additive model fits with confidence
interval shaded in grey. Violin plots show the distribution of fractional bias at each 1 km
layer. Color bar (log scale) shows the number of observations in each violin. Also shown
are the simple box plots, without the kernel density. Although average (generalized additive
model fits) for RFRM-derived and RFRM-PM are both in good agreement with airborne-
measurements and the fractional bias distributions are somewhat similarly centered for both
RFRM and RFRM-PM, the skew is significantly lower for RFRM in both directions, revealing
its higher performance.
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Supplementary Figure 10: Model performance along the tropospheric vertical ex-
tent. RFRM-derived (dashed orange curves; borderless violins) and RFRM-PM-derived
(dashed purple; bordered violins) compared to airborne-measured (black) [CCN0.4] across
the vertical tropospheric extent. Vertical curves are the generalized additive model fits with
confidence interval shaded in grey. Violin plots show the distribution of fractional bias at
each 1 km layer. Color bar (log scale) shows the number of observations in each violin.
Also shown are the simple box plots, without the kernel density. Although average (gener-
alized additive model fits) for RFRM-derived and RFRM-PM are both in good agreement
with airborne-measurements and the fractional bias distributions are somewhat similarly
centered for both RFRM and RFRM-PM, the skew is significantly lower for RFRM in both
directions, revealing its higher performance.
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Supplementary Figure 11: Mean PNSD w.r.t. tropospheric height and by model
performance. Aerosol number size distribution across the vertical corresponding to degree
of estimation of RFRM and RFRM-PM. Percentage within each class (Underestimation,
Good-Agreement, or Overestimation) are noted to the left of each panel heading. Note the
x and y axes and colorscale have different ranges for KORUS-AQ and ATom1–4 to capture
features.
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Supplementary Figure 12: k-means clustering of aerosol composition. Four-
dimensional plot of the composition of PM1 measured during all airborne campaigns. Shown
on the axes are the percentage mass of each inorganic species and for organic aerosol on the
colorscale. Axes for NO3 and NH4 are truncated to ≈99th percentile for a zoomed-in view.
The plot is separated into the three optimum clusters determined by the k-means clustering
algorithm. The clustering is also sound from the chemistry point-of-view— α: ↑ NH4NO3,
β: ↑ OA, and γ: ↑ SO4.
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Supplementary Figure 13: Selected aerosol composition clusters. a The chosen clusters
of maximum density and within a tolerance of ±2.5% for similarity of composition of each
PM1 component. b Schematic of how this choice of clusters was made by selecting these 5%
ranges of individual PM1 composition.
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Supplementary Tables12

Table 1: Details of airborne campaigns identified with RFRM’s 9 predictors’ measurements.
Campaign Agency Year Months Area Data
ARCTAS NASA 2008 Apr-Jul Arctic 6
ATom-1

NASA

2016 Jul-Aug

Global 7–10
ATom-2 2017 Jan-Feb
ATom-3 2017 Sep-Oct
ATom-4 2018 Apr-May

DC3 NSF/NCAR 2012 May-Jun
Mid-west and
South US

11

DISCOVER-AQTX NASA 2013 Sep Texas 12
KORUS-AQ NASA, NIER 2016 Apr-Jun Korean Peninsula 13

SEAC4RS NASA 2013 Aug-Sep
Southeast US,
Gulf of Mexico,
and California

14

WE-CAN NSF/NCAR 2018 Jul-Sep Western US 15
Abbreviations— ARCTAS: Arctic Research of the Composition of the Troposphere
from airborne and Satellites, ATom: Atmospheric Tomography Mission, DC3:
Deep Convection Clouds & Chemistry experiment, DISCOVER-AQ: Deriving In-
formation on Surface Conditions from Column and Vertically Resolved Observations
Relevant to Air Quality, KORUS-AQ: Korea-United States Air Quality Study,
SEAC4RS: Studies of Emissions and Atmospheric Composition, Clouds and Cli-
mate Coupling by Regional Surveys, WE-CAN: Western wildfire Experiment for
Cloud chemistry, Aerosol absorption and Nitrogen. NASA: US National Aeronau-
tics and Space Administration, NSF: US National Science Foundation, NCAR: US
National Center for Atmospheric Research, NIER: South Korea’s National Institute
of Environmental Research.
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Table 2: Details of instrumentation for the 1 Hz measurements of the 9 predictor variables
of atmospheric state and composition and of [CCN0.4].

Instrument Accuracy (±) Detection Limit Precision

T
Rosemount Inc.
102 E4AL

1.05 K 174–333 K 0.1 K

RH
Edgetech 3-Stage
Hygrometer

2% 0–100% 0.10%

Lyman-alphaw 5% 0–100% 0.20%
SO2 CIMS 10–15% 10 pptv NA

NOx

NOAA NOyO3* 5–7% 10 pptv 6–20 pptv
NCAR NOxyO3† 4% 10 pptv 30 pptv
NCAR NO-NO2w 4% 10 pptv 30 pptv

O3

NOAA NOyO3* 2% NA 15 pptv
NCAR NOxyO3† 2–3% NA 15–40 pptv
NCAR NO-NO2w 5% 0–300 ppbv 500 pptv

SO4

HR-ToF-AMSd

36% 40.3 ng·m−3 10–36%
NH4 34% 294 ng·m−3 10–34%
NO3 34% 22.5 ng·m−3 10–34%
OA 38% 170 ng·m−3 10–38%

CCN
DMT CCN-100a 10–20% 60000‡ cm−3 10 cm−3

CCNss 0.04 NA 0.04
Abbreviations— CIMS: Chemical Ionization Mass Spectrometer, DMT CCN-100:
Droplet Measurement Technologies CCN counter (scanning flow analysis mode),
HR-ToF-AMS: High Resolution Time-of-Flight Aerosol Mass Spectrometer; in-
strument quantification characteristics from 16,17 and accuracy ranges are ±2σ,
Lyman-alpha: Lyman-alpha absorption hygrometer, NCAR NO-NO2: NCAR
2-Channel Chemiluminescence Instrument, NCAR NOxyO3: NCAR 4-Channel
Chemiluminescence Instrument, NOAA NOyO3: National Oceanic and Atmo-
spheric Administration 4-Channel Chemiluminescence Instrument, CCNss: instru-
ment supersaturation during CCN measurement.
Superscripts— w for WE-CAN (2018). * for DC3, SEAC4RS, and ATom1–4.
† for ARCTAS, DISCOVER-AQTX , KORUS-AQ, and WE-CAN. d for DISCOVER-
AQTX , aerosol speciation measurements were using a BMI Particle-Into-Liquid Sam-
pler (PILS) with Ion Chromatograph (IC) for inorganics and with a Siever Total
Organic Carbon (TOC) Analyzer for organics. a for ATom1–4 CCN was not directly
measured but inferred from the particle number size distributions measured by the
Aerosol Microphysical Properties (AMP) package5. ‡ for upper limit of detection
for the lowest sampling flow-rate of 0.3 cm3s−1.
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