A WD

14

15

16

17

18

19

20

21

22

23

24

Supporting Information
for
Measurement report: Aerosol and cloud nuclei properties along the Central and
Northern Great Barrier Reef: Impact of anthropogenic emissions

E. Johanna Horchler”, Joel Alroe!, Luke Harrison?, Luke Cravigan®, Daniel P. Harrison??,
Zoran D. Ristovski!

YInternational Laboratory for Air Health and Quality, Queensland University of Technology, Brisbane, 4001,
Australia

2National Marine Science Centre, Southern Cross University, Coffs Harbour, 2450, Australia

3School of Geosciences, University of Sydney, Sydney 2006, Australia

“Now at: Department of Chemistry, Faculty of Natural Science, Aarhus University, Aarhus C, 8000, Denmark

Correspondence to: Eva Johanna Horchler (eva.horchler@qut.edu.au)

S1. Details on the instrumental set-up and data analysis

Particle number concentration (> 7 nm) and size distribution were obtained using a Mixing
Condensation Particle Counter (mCPC 1720, Brechtel Manufacturing Inc.), a Scanning
Electrical Mobility Spectrometer (SEMS 2100, Brechtel Manufacturing Inc.) combined with a
mCPC 1720, and an Aerodynamic Particle Sizer (APS 3321, TSI Inc.). The SEMS was
operated at a sheath flow rate of 5 L min' and set to scan 150 aerosol diameter bins from 5 to
1081 nm, in both up and down scanning modes, with a 5-minute scan time. The APS captured
size distributions from 0.5 to 5 pum, with a time resolution of 2 minutes. The APS data was
exported with Stokes correction turned on and an assumed density of 1.3 g cm™. The density

was chosen under the assumption that the particles are composed of sea salt and an inlet relative
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humidity of approximately 50 %. APS measurements for particle diameters less than 700 nm
were removed due to known measurement biases at these diameters (Beddows et al., 2010).
APS aerodynamic diameters were converted to the volume equivalent diameter (DeCarlo et al.,
2004). The particle density required for the conversion was modelled as a function of relative
humidity using E-AIM (Wexler and Clegg, 2002) and an assumed particle composition of NaCl
with 1.3 g cm2at 50 % RH. The APS and SEMS diameters were further corrected for the
relative humidity dependent growth factor (GF), which is computed taking the measured RH
by the SEMS, and assuming a composition of ammonium sulfate for the SEMS and sea salt for
the APS based on the size-dependent chemical composition typically observed in marine sea
spray aerosols (Heintzenberg et al., 2000). In the absence of RH data, an RH of 48 % was
estimated as the average value across the entire period. The APS and SEMS data were corrected
for size-dependent inlet losses (Fig. S1), combined into a single size distribution ranging from
5 nm to 5000 nm and re-binned onto a 32-channel per decade set of particle diameters.
Overlapping bins were averaged. Due to instrument artifacts, concentrations for particles

smaller than 10 nm were not reliable and thus were not considered.

The CCN-100 measured the total CCN number concentration at a range of supersaturations
(0.1 %, 0.2 %, 0.3 %, 0.5 %, 0.7 % for 10 minutes each). The data are processed to remove the

first 150 seconds of data at supersaturations 0.2 to 0.7 % and 300 seconds at 0.1 %
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supersaturation to ensure that the supersaturation has stabilised in the instrument. The k-Kéhler
model was used to determine the hygroscopicity parameter for the background aerosol (Petters
and Kreidenweis, 2007). Therefore, the critical diameter for cloud droplet activation was
determined by integrating the size distribution, from the largest diameter to the diameter at
which the integration is equal to the measured CCN number concentration at the measured
supersaturation. The measured CCN was taken as the average of the CCN measured during the
averaging period for the size distribution. The measurement uncertainty in the computed
critical diameter was computed as a sum of the standard deviation in the mean of the CCN
number concentrations and the relative uncertainty in the size distribution. The size distribution
uncertainty was assumed to be equal to the standard deviation in the mean of the CPC
concentrations over the averaging period, which assumes that the uncertainty in the distribution
is not dependent on particle diameter. The hygroscopicity parameter was then computed for
the above calculated critical diameter (Petters and Kreidenweis, 2007). The Hoppel Minimum,
which is formed due to the in-cloud growth of aerosol, was calculated as the global minimum
between 30 nm and 150 nm if present. The corresponding effective maximum in-cloud
supersaturation at the Hoppel minimum can be approximated via «k -Kdéhler theory using the

hygroscopicity parameter k (Gong et al., 2023).
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The time zone was set to UTC time for all measurements. The times were adjusted for time
delays between the individual instruments. For comparison reasons, all instruments, except the

SEMS were averaged onto the same timescale of one hour unless stated otherwise.

NOAA’s Hybrid-Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) dispersion
model (Stein et al., 2015) was used to calculate back trajectories, representing the path taken
by each air mass during the three days prior to reaching the ship. Because air masses that passed
over land within three days before reaching the ship showed a clear land signature, but
associated HYSPLIT back-trajectory errors are proportional to 15 to 30 % of the trajectory
travel distance (Draxler and Rolph, 2007), the back-trajectory duration was thus limited to three
days. The dispersion model was underpinned by meteorological data obtained from the Global
Data Assimilation System (GDAS) dataset at 1° spatial resolution. To ensure that the trajectory
starting height is representative of the airmass pathways, starting heights of 0.5 of the planetary
boundary layer (PBL) height, and 10 m above mean sea level, which corresponds to the
sampling inlet height, were evaluated. Because both approaches yield similar trajectories, a
starting height of 10 m above sea level was chosen to account for the actual sampling height
and allow for greater variations in the vertical dimension within the PBL. This is required for
the calculation of HYSPLIT ensemble trajectories, which apply small spatial perturbations

based on user-defined grid offsets to the end point prior to estimating the trajectories. In this
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study for each hour of sampling, an ensemble of 27 trajectories was generated. Each ensemble
was then averaged to give a trajectory that best represented the path taken by the air mass. To
identify periods that may have been influenced by continental emissions, continental
boundaries were sourced from the ArcGIS Hub (Esri, 2021). Any air masses that passed over

land within three days of reaching the ship were classified as “continental”.



104
105 Figure S1. (a) Exterior of the Cloud-Cube (b) data logging, inlet control systems, UHSAS,

106 filter sampler, airconditioner (c) APS, SEMS, TAP, CPC’s and CCNec.
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Figure S2. Particle number loss as a function of diameter for the aerosol sampling equipment
during the Atmospheric Survey in February and March 2022 as modelled using the Particle
Loss Calculator. All instruments running together made up a total flow rate of 11.2 L min. In
the case where the filter sampler was not running, the total flow rate was 8.2 L min. The
corresponding particle loss correction was applied for each flow rate, even though differences
in the particle losses are only significant for supermicron particles.
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115 Figure S3. Schematic of the set-up. Arrows indicate the flow directions.
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Figure S4. Aerosol hygroscopicity parameters k for the MP (blue) and CP (red) averaged on a
minute timeframe at different supersaturations. The black horizontal line at 0.53 indicates the
hygroscopicity parameter k for pure ammonium sulfate (Petters and Kreidenweis, 2007). The
black horizontal line in a box displays the median of the individual data. The lower and upper
hinges represent the 25" and 75" percentiles. The upper and lower whiskers extend from the
hinge to the largest or smallest measured values, respectively, but not more than 1.5 times the
difference between the 25" and 75™ percentiles. The mean is shown as grey points for the MP
and grey triangles for the CP. Outliers are individual data points that fall outside of this range

and are color-coded black.
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Figure S5. Average aerosol number size distributions (top) and the three-day back-trajectories
(bottom) for the eight continental low CN number concentration periods (LCP1-8). The lines
in the size distribution plots represent lognormal fits for the nucleation mode (dotted orange),
Aitken mode (dashed red), accumulation mode (dot-dashed blue), and total (solid black). The
black vertical line indicates the critical diameter (Dcrit). No CCN data for 0.3% SS were
available during LCP4. Back-trajectories are coloured by their altitude in respect to the
planetary boundary layer height. Black data points represent air masses travelling through the
free troposphere. The precipitation amount determines the size of the trajectory points. The
ship location marks the start point of each trajectory. The GBR was provided in the gisaimsr

package by the Geoscience Australia (GA) and the Great Barrier Reef Marine Park Authority

10



137 (GBRMPA). The continental boundaries were obtained from the ozmaps package
138 (doi:10.32614/CRAN.package.ozmaps).
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146
147 Figure S6: Spearman correlation coefficient (p < 0.05) between CCN number concentration,

148 CN number concentration inferred from the total fit, number concentration in the accumulation
149 mode, number concentration in the Aitken mode, number concentration in the nucleation mode,
150 averaged precipitation along one trajectory, and the percentage of time the trajectory spent in
151 the FT for the seven continental high CN number concentration periods (HCP1-7).
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152
153 Figure S7: Spearman correlation coefficient (p < 0.05) between CCN number concentration,

154  CN number concentration inferred from the total fit, number concentration in the accumulation
155 mode, number concentration in the Aitken mode, number concentration in the nucleation mode,
156 averaged precipitation along one trajectory, and the percentage of time the trajectory spent in
157 the FT for five continental low CN number concentration periods (LCP1-2, LCP5, LCP7-8).
158 LCP3-4, and LCP6 do not include enough data points to perform a correlation analysis.
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Figure S8. Average aerosol number size distributions (top) and the three-day back-trajectories
(bottom) for the two marine high CN number concentration periods (HMP1-2). The lines in
the size distribution plots represent lognormal fits for the nucleation mode (dotted orange),
Aitken mode (dashed red), accumulation mode (dot-dashed blue), and total (solid black). The
black vertical line indicates the critical diameter (Dcrit). Back-trajectories are coloured by their
altitude in respect to the planetary boundary layer height. Black data points represent air masses
travelling through the free troposphere. The precipitation amount determines the size of the
trajectory points. The ship location marks the start point of each trajectory. The GBR was
provided in the gisaimsr package by the Geoscience Australia (GA) and the Great Barrier Reef
Marine Park Authority (GBRMPA). The continental boundaries were obtained from the
ozmaps package (doi:10.32614/CRAN.package.ozmaps).
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Figure S9. Average aerosol number size distributions (top) and the three-day back-trajectories
(bottom) for the marine low CN number concentration periods (LMP1). The lines in the size
distribution plots represent lognormal fits for the nucleation mode (dotted orange), Aitken
mode (dashed red), accumulation mode (dot-dashed blue), and total (solid black). The black
vertical line indicates the critical diameter (Dcrit). Back-trajectories are coloured by their
altitude in respect to the planetary boundary layer height. Black data points represent air masses
travelling through the free troposphere. The precipitation amount determines the size of the
trajectory points. The ship location marks the start point of each trajectory. The GBR was
provided in the gisaimsr package by the Geoscience Australia (GA) and the Great Barrier Reef
Marine Park Authority (GBRMPA). The continental boundaries were obtained from the
ozmaps package (doi:10.32614/CRAN.package.o0zmaps).
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Figure S10: Spearman correlation coefficient (p < 0.05) between CCN number concentration,
CN number concentration inferred from the total fit, number concentration in the accumulation
mode, number concentration in the Aitken mode, number concentration in the nucleation mode,
averaged precipitation along one trajectory, and the percentage of time the trajectory spent in

the FT for the two marine high CN number concentration periods (HMP1-2).
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Figure S11: Spearman correlation coefficient (p < 0.05) between CCN number concentration,
CN number concentration inferred from the total fit, number concentration in the accumulation
mode, number concentration in the Aitken mode, number concentration in the nucleation mode,
averaged precipitation along one trajectory, and the percentage of time the trajectory spent in

the FT for the marine low CN number concentration periods (LMP1).
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Figure S12. CCN activation ratios CCN/CN for the MP (blue) and CP (red) averaged on a
minute timeframe at different supersaturations. The black horizontal line in a box displays the
median of the individual data. The lower and upper hinges represent the 25" and 75"
percentiles. The upper and lower whiskers extend from the hinge to the largest or smallest
measured values, respectively, but not more than 1.5 times the difference between the 25" and
75" percentiles. The mean is shown as grey points for the MP and grey triangles for the CP.
Outliers are individual data points that fall outside of this range and are color-coded black.
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Figure S13: CCN activation ratios (CCN/CN) at 0.3 % SS for the MP (blue) and the CP (red)
for the low CN number concentration periods (LCP1-8 and LMP1). The black horizontal line
in a box displays the median of the individual data. The lower and upper hinges represent the
25" and 75" percentiles. The upper and lower whiskers extend from the hinge to the largest or
smallest measured values, respectively, but not more than 1.5 times the difference between the
25" and 75" percentiles. The mean is shown as grey points for the MP and grey triangles for
the CP. Outliers are individual data points that fall outside of this range and are color-coded
black.
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