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S1 Previous Literature 

The dependence of sea spray aerosol (SSA) production on sea surface temperature (SST) has long been investigated 15 

in the laboratory and field. To target specific processes and elements of this complicated relationship, laboratory 

studies have used a variety of wave breaking analogues, complicating the comparisons of findings. A summary of 

previous studies is included in Table S1. Of the 19 previous studies encompassing 22 independent SSA-SST 

relationships, seven identified a positive dependence, eight identified a negative dependence, and seven identified a 

non-monotonic dependence.  20 

 Reference Study Type Wave Breaking Analog SSA-SST Dependence 

1 Callaghan et al. (2014) Laboratory MART Positive 

2 Christiansen et al. (2019) Laboratory 
Plunging Jet 

Diffuser 

Jet: Non-monotonic 

Diffuser: Negative 

3 Forestieri et al. (2018) Laboratory miniMART Positive 

4 Hu et al. (2024) Laboratory 
Plunging Jet 

Plunging Waterfall 

Jet: Non-monotonic 

Waterfall: Positive 

5 Mårtensson et al. (2003) Laboratory Sintered Glass Filter Non-monotonic 

6 Nielsen & Bilde (2020) Laboratory Pipette Bubbler Negative 

7 Salter et al. (2014) Laboratory Plunging Jet Negative 

8 Salter et al. (2015) Laboratory Plunging Jet Negative 

9 Sellegri et al. (2023) Laboratory Plunging Jet Negative 

10 Sofieva et al. (2022) Laboratory Diffuser Non-monotonic 

11 Zábori et al. (2012) Laboratory Plunging Jet Non-monotonic 

12 Zinke et al. (2022) Laboratory N/A Non-monotonic 

13 Grythe et al. (2014) Field N/A Positive 

14 Jaeglé et al. (2011) Field N/A Non-monotonic 

15 Lehahn et al. (2014) Field N/A Negative 

16 Liu et al. (2021) Field N/A Positive 
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17 Markuszewski et al. (2024) Field N/A Negative 

18 Ovadnevaite et al. (2014) Field N/A Positive 

19 Saliba et al. (2019) Field N/A 
Number: Negative 

Mass: Positive 

20 This study Laboratory 
Wind-Wave Interactions  

(SOARS) 

Submicron: Negative 

Supermicron: Non-

monotonic 

Table S1: Summary of previously documented SSA-SST relationships and method of investigation. 

S2 Experimental Conditions 

Experimental Summary Channel Conditions SSA Sample Conditions 

    SST Range Salinity  RH Flow Rate 

Experiment Dates [°C] [PSU] [%]  [L min-1] 

Cooling 11 - 16 February 2024 2.2 - 20.0 36.4 ± 0.2 19 ± 4 6.2a  

          2.6b 

Warming 17 February - 01 March 2024 2.5 - 23 36.2 ± 0.2 20 ± 3 6.2a  

          2.6b 

Table S2: Summary of experimental conditions. Both experiments were conducted with filtered seawater filled to a channel 

depth of 1.2 m. Wind speed was 11 m s-1. Wave stroke height was 0.42 m. a Sampling system consisting of 2x SMPS and 1x 

APS. b Sampling system consisting of SM, OPS, MAGIC CPC, NanoScan SMPS.  25 

Sea spray aerosol (SSA) particle number size distributions (PNSDs) are reported for equilibrium wind-wave 

conditions in SOARS. SOARS includes two makeup fans that maintain positive pressure within the channel and 

minimize room air contamination. To account for background aerosol concentrations and ensure minimal 

contamination, PNSDs were measured during each period shown in Error! Reference source not found.b in the 

main text. PNSDs of each period were measured across three days, each with an SST of 20 °C (Figure S1a-c).  Multi-30 

day mean PNSDs for each period are exhibited in Figure S1d and probability density functions (PDFs) of the multi-

day mean PNSDs are shown in Figure S1e, demonstrating that Wind & Waves is distinct from the other events. The 

PNSDs observed during Wind & Waves have a similar bimodal shape as other laboratory measurements of SSA 

(Prather et al., 2013; Stokes et al., 2013). The remaining events, Room Air, Aerosol Mode, and Wind Alone show 

higher variability. This highlights two features: (1) SOARS’s precision in generating SSA under wind-wave 35 

interactions (relative standard deviation of ~20% compared to ~50% for other conditions) and (2) that the SSA 

population produced by SOARS is minimally influenced by contamination. Further discussion of SSA measurement 

considerations is provided in Sect. S5. 

 

 40 
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Figure S1: (a) Condition-averaged PNSDs for cooling experiment day 1, (b) cooling experiment day 2, and (c) warming 

experiment day 5. (d) 3-day average PNSDs across SOARS events. (e) Probability density function (PDF) of 3-day average 

PNSDs across SOARS events. Total number concentrations ± 1 standard deviation are shown in (a-d). 

S3 Sea Spray Aerosol Sampling & Corrections 45 

 
Figure S2: Sampling schematic. (a) Primary instruments and (b) secondary instruments. The sampling inlet of the 

secondary instruments (b) was positioned 2 m downstream of the primary instruments (a). Sampling lines were constructed 

of stainless steel and black conductive tubing. Sample inlets were positioned in the direction of wave breaking to achieve 

near-isoaxial sampling. 50 



4 

 

 
Figure S3: Sampling efficiency determined using the Particle Loss Calculator (PLC, Von Der Weiden et al., (2009)) for the 

aerosol sampling instruments used in this study.  

S4 Measurement Considerations 

SOARS allows for extensive controls of experimental variables; however, achieving SSTs near the upper and lower 55 

limits of its operational limit was time-intensive, reducing the number of data points achieved at the lowest and highest 

SSTs. Weighted least squares regressions were applied to reduce the influence of the number of runs within each SST 

bin. The weighting factor (w) is equal to the inverse of the measurement variance (σ2):   

𝒘 =
𝟏

𝝈𝟐,             (S1) 

The influence of weighted and unweighted least squares regressions is shown in Figure S4. Non-weighted regressions 60 

show high coefficients of determination (R2 ≥ 0.92) for both linear and quadratic models, except for the supermicron 

linear model. Weighted least squares regression shows a slight improvement in performance due to the higher 

uncertainty associated with measurements at moderate SSTs (i.e., between 5 and 15 °C). The weighting process was 

applied to the PNFDs and PMFDs in the main text.  
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 65 

Figure S4: (top row) Non-weighted least squares regression based on Aitken, Accumulation, Supermicron and total number 

concentrations. (bottom row) Same as top row but weighted using Eq. S1. Linear models are shown by dashed lines, and 

quadratic models are shown by dotted lines. 

S5 Theoretical Framework 

The framework described in the main text relies on known quantities of subsurface bubbles (n) and surface bubbles 70 

(ñ) to estimate the net number of SSA of a given Dp, dry that enters the atmosphere per square meter of ocean surface 

(N). Equation 4 summarizes the dependence of N on n and ñ, which are also time dependent. Equations S1 and S2 

describe their change in concentrations: 

𝑑ñ

𝑑𝑡
=  𝑍 ∗ 𝑅 ∗ 𝑛 − (𝐵 + 𝐶 + 𝐷2) ∗ ñ ,         (S2) 

𝑑𝑛

𝑑𝑡
= 𝐹 − (𝑅 +  𝐷3) ∗ 𝑛,           (S3) 75 

Where Z is the depth of the subsurface bubble plume [m], R is the rate of breeching of subsurface bubbles on the 

surface [s-1], C encompasses the rate of the net effects of surface bubble coalescence [s-1], D2 is the rate of dissolution 

of surface bubbles [s-1], F is a function describing the formation of subsurface bubbles [#bubble m-3 μm-1 s-1], and D3 is 

the rate of subsurface bubbles lost to dissolution and removal [s-1].  

 80 

Equations S1 and S2 can be rearranged for ñ and n, respectively, which can then be substituted into Eq. 4 to solve for 

𝑑𝑁

𝑑𝑡
. However, this method of solving the equations relies on knowledge of the concentration changes over time (

𝑑ñ

𝑑𝑡
 & 

𝑑𝑛

𝑑𝑡
), which can be determined experimentally. 
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Similar to Eqs. 5 and 6, here we document the dependencies of terms of Eqs. S1-S2 on SST. The rate at which 85 

subsurface bubbles breach the ocean surface (R) is known to be proportional to surface tension (γ) and inversely 

proportional to viscosity (ν) and solubility (κ) (Jaeglé et al., 2011; Nielsen and Bilde, 2020; Ovadnevaite et al., 2014; 

Sellegri et al., 2023; Song et al., 2023; Zábori et al., 2012): 

𝑅 ∝  
𝛾

𝜈𝜅
,            (S4) 

Surface bubble coalescence (C) could be positive or negative, depending on the net effects of combining bubbles and 90 

shifting the bubble size distribution. C is expected to be primarily related to the size and number of surface bubbles, 

the area over which they extend, and γ holding bubbles together: 

𝐶 ∝  𝛾−1,            (S5) 

The rate of subsurface bubbles lost to dissolution and removal (D3) and the rate of dissolution of surface bubbles (D2) 

are expected to be proportional to solubility (κ) and viscosity (ν), but inversely proportional to surface tension (γ) 95 

(Song et al., 2023; Zábori et al., 2012). Additionally, surface bubble dissolution is likely to be small, instead favouring 

bubble coalescence or bursting. 

𝐷2  ∝  
𝜅𝜈

𝛾
 ≪  1,           (S6) 

𝐷3  ∝  
𝜅𝜈

𝛾
,           (S7) 

The subsurface bubble formation rate is proportional to air entrainment (ε) (Callaghan et al., 2014): 100 

𝐹 ∝  𝜀,             (S8) 

S6 Particle Number Size Distributions 

 
Figure S5: Steady-state PNSDs for each SST experimental run across five ranges:(right to left) 0-5 °C, 5-10 °C, 10-15 °C, 

15-20 °C, 20-25 °C. (top row) SMPS-APS measurements and (bottom row) SM-OPS measurements. Mean PNSDs for each 105 
SST range are shown by a black line. 
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SST [°C] Dg [µm] σg Dmode [µm] N [cm-3] 

- SMPS-APS SM-OPS SMPS-APS SM-OPS SMPS-APS SM-OPS SMPS-APS SM-OPS 

2.4 ± 0.2 0.1119 ± 0.0011 0.0938 ± 0.0003 1.97 ± 0.02 2.216 ± 0.001 0.1343 ± 0.0011 0.116 ± 0.004 5222 ± 127 4289.1 ± 0.4 

8 ± 2 0.110 ± 0.008 0.096 ± 0.009 2.06 ± 0.04 2.28 ± 0.04 0.142 ± 0.008 0.129 ± 0.014 3254 ± 613 3212 ± 527 

14.25 ± 0.07 0.114 ± 0.005 0.104 ± 0.003 1.98 ± 0.04 2.168 ± 0.019 0.1185 ± 0.0011 0.103 ± 0.004 2471 ± 476 2534 ± 85 

19.95 ± 0.07 0.112 ± 0.017 0.104 ± 0.015 2.04 ± 0.02 2.202 ± 0.003 0.136 ± 0.042 0.13 ± 0.05 1798 ± 61 1828 ± 309 

22 ± 2 0.104 ± 0.014 0.091 ± 0.003 2.162 ± 0.005 2.40 ± 0.11 0.134 ± 0.044 0.11 ± 0.05 1576 ± 96 1514 ± 332 

Table S3: Summary of binned results. An additional significant digit is retained when the last significant digit is 1.  
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S7 Parameters of the Particle Number Size Distribution 

 
Figure S6: Key parameters of the particle number size distribution: (a) total number concentration, N, (b) geometric mean diameter, 

Dg, (c) geometric standard deviation, σg, and (d) mode diameter, Dmode. Linear (dashed) and quadratic (dotted) best-fit lines are 5 
shown in each panel. Error bars represent 1 standard deviation.  

S8 Sea Spray Aerosol Mode Fitting 

Aerosol size distributions have been previously described by a tri-modal scheme (Dedrick et al., 2024; Modini et al., 2015; 

Williams et al., 2024). Here, we separate the PNSDs, PNFDs, and PMFDs at the extreme temperatures in a tri-modal scheme 

comprised of the Aitken (≤ 0.1 μm), accumulation (0.1-1 μm), and supermicron (≥ 1 μm) modes as described in the main text. 10 

Table S4 describes the results of tri-modal fitting on the lowest (0-5 °C) and highest (20-25 °C) SST bins.  

SST [°C] Aitken Accumulation Supermicron 

PNSD N [cm-3] Dg [μm] σg N [cm-3] Dg [μm] σg N [cm-3] Dg [μm] σg 

0-5 500 0.038 1.65 4468 0.130 1.82 142 0.416 1.61 

20-25 325 0.046 1.71 1132 0.154 1.83 91 0.423 1.68 

Difference -175 0.008 0.06 -3336 0.024 0.02 -51 0.007 0.07 

PNFD FN [m-2 s-1] Dg 

[μm] 

σg FN [m-2 s-1] Dg [μm] σg FN [m-2 s-1] Dg [μm] σg 
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0-5 5.613e6 0.055 1.80 5.009e6 0.171 1.80 3.995e5 0.800 1.55 

20-25 1.010e6 0.043 1.40 2.090e6 0.151 1.83 1.772e6 0.800 1.54 

Difference -4.603e6 -0.012 -0.40 -2.919e6 -0.021 0.03 1.373e6 0 -0.02 

PMFD FM [m3 m-2 s-1] Dg 

[μm] 

σg FM [m3 m-2 s-1] Dg [μm] σg FM [m3 m-2 s-1] Dg [μm] σg 

0-5 3.094e-6 0.068 1.80 8.175e-4 0.360 1.80 0.0058 1.073 1.66 

20-25 1.639e-7 0.035 1.32 6.028e-5 0.199 1.60 0.0157 1.542 1.76 

Difference -2.930e-6 -0.033 -0.48 -7.572e-4 -0.161 -0.20 0.0099 0.471 0.10 

Table S4: Magnitude, geometric mean diameter, and geometric standard deviation information for tri-modal fitting to temperature 

extremes PNSDs, PNFDs, and PMFDs.   

S9 Higher-Order Size Distributions 

Laboratory measurements of SSA are influenced by the breaking wave proxy. In this study, SOARS was operated with 15 

continuously recirculating winds, unlike previous studies, which employed flow-through systems (Christiansen et al., 2019; 

Hu et al., 2024; Sauer et al., 2022). A thorough analysis comparing flow-through and well-mixed SSA generators is beyond 

the scope of this work, so we provide probability density functions (PDF) of measured size distributions (Figure S7) to aid in 

comparisons to other breaking wave proxies. Particle number, surface area, and volume size distributions can be reconstructed 

by the interested reader using the total number, surface area, and volume estimates included in the legends. The prevalence of 20 

the secondary mode at the warmest SSTs accounts for the differences in PDF shapes.  

   

 

Figure S7: PDF of (a) number, (b) surface area, and (c) volume size distributions at the lowest and highest SST. PDFs are normalized 

by the total concentrations indicated in each respective legend.  25 
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Sea spray aerosols are the largest natural source of aerosol mass, and changing sea surface temperature, as shown here, will 

have profound effects on Earth’s climate (Grythe et al., 2014; de Leeuw et al., 2011; Lewis and Schwartz, 2004). Figure S8 

demonstrates that shifts in SST will have size-dependent effects on the mass of SSA produced.  

 

Figure S8: Particle mass flux distributions (a) for the warmest and coldest SST bins. Accompanying mode fitting included. Total 30 
mass flux as a function of SST for Aitken mode (b), accumulation mode (c), and supermicron (d) SSA. 

S10 Experiment Comparisons 

The analysis and figures of the main text condense measurements across the two experiments for simplicity and to account for 

the daily variability of the system. The dependencies of modal number flux (FN) and mass flux (FM) are included here, separated 

into Aitken, accumulation, and supermicron modes, along with total flux. They are also separated into the cooling experiment, 35 

the warming experiment, and combined. Figure S9 showcases the separation of number flux and Figure S10 showcases the 

separation of mass flux. In the combined column (panels c, f, i, and l) of each figure, the temperature-binned estimates are 

overlaid, and the best-fit line from the main text figures is included as a bolded line. It is important to note that the R2 value 

for the temperature-binned data is close to 1 due to the limited number of input data points (n = 5), however, the regression of 

the temperature-binned data closely aligns with the regression of the combined data points from both experiments (n = 13). 40 

While the regressions and figures in the main text are simplified versions to aid in clarity, they represent the trends well despite 

the low number of input data points.  
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Figure S9: Total number flux (FN) by experiment (columns) and size range (rows). Dashed lines indicate linear regressions, and 

dotted lines indicate quadratic regressions. The recommended regression based on temperature-binned data is included in panels c, 45 
f, i, and l as bolded lines. 
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Figure S10: Total mass flux (FM) by experiment (columns) and size range (rows). Dashed lines indicate linear regressions, and dotted 

lines indicate quadratic regressions. The recommended regression based on temperature-binned data is included in panels c, f, i, 

and l as bolded lines. 50 
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