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Abstract. Sea spray aerosols (SSAs) play a pivotal role in influencing radiative effects over oceanic regions,
making it essential to accurately quantify their optical properties, particularly the real part of the refractive index
(RRI) under varying relative humidity (RH) conditions. This study employs an aerosol optical tweezer (AOT)
system coupled with Mie scattering theory to precisely measure the RRI of sea spray aerosols at 650 nm across
a range of RH levels. First, standard ammonium sulfate particles were used to validate the AOT measurements
against thermodynamic models and previously established parameterizations, confirming the reliability of the
optical tweezers’ measurements. Measurements of SSA from offshore and open-sea samples show consistent
RRI values, independent of seawater salinity, with artificial sea salt particles effectively representing the optical
properties of real SSA at RH > 70 %. A least-squares linear regression scheme linking RRI and RH was devel-
oped, allowing for accurate RRI estimation under varying RH conditions. Additionally, our scheme’s intercept
at RH= 0 potentially represents the molten-state RRI for sea spray aerosols, validated against standard particles.
Results highlight that traditional volume-weighted mixing rules underestimate RRI and aerosol optical depth
(AOD), thus reinforcing the need for direct measurement-based parameterizations. This study underscores the
importance of accurately representing sea spray aerosols’ radiative properties in climate models. We suggest
incorporating the proposed linear regression scheme into aerosol and radiative transfer models to improve model
accuracy and enhance the understanding of the effects of sea spray aerosols on radiative processes.

1 Introduction

The real part of the refractive index (RRI, n) is a fundamen-
tal optical parameter that governs aerosol particles’ interac-
tion with light, such as light scattering coefficients, single
scattering albedo, and backscatter fraction (Wang and Rood,
2008). It plays a pivotal role in atmospheric models and re-
mote sensing applications, where accurate RRI values are
needed to assess aerosol impacts on climate (Kahn et al.,
2010; Myhre et al., 2013; Zhao et al., 2017). Despite its
importance, the refractive index of aerosols remains inade-
quately constrained, especially under conditions of elevated
relative humidity (RH), creating significant uncertainties in
understanding how aerosols affect radiative forcing (Wang
and Rood, 2008; Zarzana et al., 2014; Zhao et al., 2019).

Sea spray aerosols (SSAs), formed when strong winds
break ocean surface waves and entrain air into seawater,
stand out due to their significant global contribution to light
scattering (Richter and Veron, 2016). Globally, the annual
flux of SSA is estimated between 1 and 3× 1016 g, making it
one of the most significant primary aerosol sources (O’Dowd
and de Leeuw, 2007; Ault et al., 2013; Quinn et al., 2017).
SSA, which consists primarily of sea salt, organic material,
and seawater, plays a crucial role in the Earth’s radiation bud-
get. These particles directly scatter solar radiation at the top
of the atmosphere (TOA), with global average scattering ra-
diation ranging from −0.08 to −6 W m−2. The large uncer-
tainties in this range arise from variability in sea salt load and
the limited availability of optical property data for SSA, such
as the RRI (Haywood et al., 1999; de Leeuw et al., 2011;
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Aldhaif et al., 2018). In addition, due to their hygroscopic-
ity, SSA can act as cloud condensation nuclei or ice nuclei,
indirectly affecting cloud formation and radiative forcing (de
Leeuw et al., 2011; Quinn et al., 2017). Despite the critical
role of SSA in climate processes, uncertainties in the optical
properties of these particles, particularly RRI, remain a sig-
nificant challenge. Perturbations of just 0.05 in n can result in
approximately 10 % changes in aerosol optical depth (AOD),
emphasizing the need for accurate SSA refractive index data
(Aldhaif et al., 2018).

However, current measurement techniques, such as thin
disk bulk measurement and electrodynamic balance suspen-
sion, suffer from limitations including poor representation of
natural SSA and assumptions about particle density, which
can introduce substantial errors (Volz, 1972; Tang et al.,
1997). Moreover, model calculations typically estimate the
refractive index of SSA using the RRI of pure sea salt and ap-
ply volume-weighted mixing rules based on known compo-
nent properties (Shettle and Fenn, 1979; Wang et al., 2019).
While computationally efficient, this approach risks large
inherent errors due to its divergence from physical reality.
Therefore, direct measurements of the RRI of real SSA under
varied atmospheric conditions are essential to reduce these
uncertainties and improve climate model accuracy.

In addition to the methodological challenges, SSA’s chem-
ical composition significantly affects its refractive index
(Tang et al., 1997; Ming and Russell, 2001). While sea salt
constitutes the majority of SSA, organic compounds are also
present, especially in submicron particles (O’Dowd et al.,
2004; Gantt and Meskhidze, 2013). These components’ con-
centrations and relative proportions vary across oceanic re-
gions and change seasonally (O’Dowd et al., 2004; Rhein
et al., 2013). Furthermore, due to the inherent similarity be-
tween the composition of SSA and the seawater from which
it is derived, SSA from offshore and open-sea areas may dis-
play distinct properties (Lewis and Schwartz, 2004; Keene
et al., 2007). It is also critical to evaluate whether artificial
sea salt particles, commonly used in laboratory settings, can
accurately represent natural SSA. These uncertainties con-
tribute to the difficulty of estimating SSA’s true radiative ef-
fects (Gantt and Meskhidze, 2013).

To address these gaps, we developed an aerosol optical
tweezer (AOT) system to directly measure the RRI of SSA
particles under controlled RH in real time. This system over-
comes the limitations of bulk measurement methods by al-
lowing us to isolate individual SSA particles produced by an
ultrasonic nebulizer through the pattern of jet drops (Richter
and Veron, 2016). It provides accurate, in situ measurements
without the need for density assumptions, and the particles
generated in this manner are micron-sized, exhibiting a sim-
ilar size and composition to supermicron SSA. In contrast to
another well-established nephelometer method for measur-
ing aerosol scattering coefficients, optical tweezers circum-
vent the potential inconsistencies arising from ensemble av-
eraging and multi-particle interactions by capturing and mea-

suring individual particles. This ensures that each measure-
ment reflects the intrinsic optical properties of individual par-
ticles and reveals the physicochemical characteristics of par-
ticles from a distinct perspective, particularly the influence
of humidity on the refractive index.

In this study, we conducted experiments using both arti-
ficial sea salt and natural SSA particles in the coarse mode,
which contribute significantly to the total SSA mass and ra-
diative forcing (Kleefeld et al., 2002). Our primary objective
was to investigate potential differences in the refractive in-
dex of SSA generated from offshore and open-sea regions in
the Pacific Ocean, though in a narrow range at 650 nm. Addi-
tionally, we aimed to assess the suitability of artificial sea salt
particles as proxies for natural SSA. This research represents
the first use of the AOT system to directly measure the RRI of
natural SSA and sea salt particles. Furthermore, it is the first
study to compare the optical properties of SSA from offshore
and open-sea regions within the Pacific, providing valuable
insights into the potential optical differences and their im-
plications for the Earth’s radiative balance. We also provide
direct measurements of the RRI of actual SSA at different
RHs, along with parameterization schemes. Compared to the
traditional volume-weighted mixing rule, this approach can
offer better constraints on the radiative uncertainties of SSA
in climate models.

This article is structured as follows. In Sect. 2, we describe
the materials and methods, including details of the seawater
sampling, aerosol generation, and the AOT system used for
measuring the RRI of sea spray aerosols at varying relative
humidity levels. Section 3 presents the results and discussion,
where we validate the accuracy of the AOT measurements,
compare observed RRI data for offshore and open-sea SSA,
and develop a parameterization scheme linking RRI to rela-
tive humidity. We also evaluate the limitations of traditional
volume-weighted mixing rules by comparing them with our
measured data. In Sect. 4, we provide conclusions, highlight-
ing the significance of these findings for climate models and
radiative transfer processes, and suggest potential directions
for future research to further enhance our understanding of
SSA’s radiative effects.

2 Methodology

2.1 Samples and chemicals

The seawater samples used in this experiment are identical to
those used in previous research and are briefly summarized
here (Qiu et al., 2024). Samples were collected from surface
waters (< 5 m depth) at various locations along the research
vessel Tan Kah Kee cruise track (Fig. 1). The South China
Sea sample was obtained during the KK1702 expedition in
September 2017, while the remaining six samples were col-
lected during the NORC2022-306 expedition between June
and July 2022. The South China Sea and Kuroshio samples
are categorized as offshore waters, while the other five sta-
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tions are considered open-sea regions. The primary differ-
ence between the offshore and open-sea samples is salinity,
with offshore regions closer to land exhibiting lower salin-
ity due to freshwater dilution. The salinity of the seawater
samples, which ranged from 34 ‰ to 35 ‰, was automati-
cally measured onboard during sampling and is depicted in
Table S1 in the Supplement. The seawater samples were col-
lected in 125 mL high-density polyethylene (HDPE) bottles
and frozen immediately at−20 °C, effectively preserving the
integrity of the samples until analysis and ensuring reliable
and accurate results for our research. It should be noted that
salt exclusion may occur during freezing, concentrating dis-
solved salts in the remaining liquid as the ice forms. To min-
imize this effect, we allowed the samples in sealed bottles to
thaw completely at room temperature and mixed the samples
thoroughly before measurement. We believe this slow thaw-
ing process ensures minimal impact on sample composition
and subsequent results.

Besides the natural seawater samples, inorganic reference
solutions were prepared using artificial sea salt (ASTM D
1141-98; Lake Products Company LLC), high-purity ammo-
nium sulfate ((NH4)2SO4, 99.0 % AR; Sinopharm Chemical
Reagent Co., Ltd.), and sodium chloride (NaCl, 99.5 % AR;
Shanghai Titan Scientific Co., Ltd.). The artificial sea salt
contains 58.490 % mass of sodium chloride (refractive index,
RI= 1.544) along with other salts such as magnesium chlo-
ride, sodium sulfate, and calcium chloride, each contribut-
ing different refractive indices. Ultrapure water (18 M� cm;
SIMGEN; Hangzhou SIMGEN Biotechnology Co., Ltd.)
was utilized to prepare nebulization solutions.

2.2 Aerosol optical tweezer system

The AOT system used in this study has been described in
previous literature (Cai and Zhao, 2018; Qiu et al., 2024;
Preston and Reid, 2013) and is briefly summarized here.
As shown in Fig. 2, the system employs a semiconductor
laser (Laser Quantum, Opus-6000, 532 nm) that produces
a Gaussian beam with an initial power output of approx-
imately 200 mW. This beam is collimated, expanded, and
focused using convex lenses before being directed through
an oil immersion objective lens (Olympus UIS2 PlanC N,
100×, 1.25 N.A.). A custom-built sample chamber is uti-
lized to confine aerosol droplets generated by a medical ul-
trasonic nebulizer (Yuyue 402AI model), which can simulate
the formation of SSA using small amounts of seawater. The
chamber’s bottom aperture allows the laser to pass through,
applying a gradient force that stabilizes the droplet within
the trap and induces its Raman signal. The scattered Raman
signal from the droplet is collected by a spectrograph (Zolix
Omni λ-300i, 1200 grooves mm−1 grating) and a CCD cam-
era (Andor Solis 256, pixel array 1024× 256) at a recording
rate of 1 frame per second, enabling precise measurements
of the particle’s refractive index subsequently.

It is important to note that the nebulizer generates fine bub-
bles in the seawater solution through ultrasonic vibration.
When these bubbles grow and burst, the resulting surface
cavities induce surrounding liquid flow and splashing, cre-
ating jet drops. This process simulates the jet drop mecha-
nism in forming real sea spray aerosols, producing micron-
sized particles. In our experiments and subsequent fitting cal-
culation, the AOT system usually stabilized particles within
the size range of 3–7 µm, aligning with the expected parti-
cle size generated by the nebulizer. Real sea salt aerosols
are typically categorized into small, medium, and large SSA,
with the medium SSA size range being 1–25 µm (Lewis and
Schwartz, 2004). These particles, mainly produced through
the jet drop mechanism, contribute significantly to sea salt
aerosol mass and optical scattering. Therefore, using the par-
ticles generated by the nebulizer as surrogates for real SSA to
study radiative properties is a reasonable approach. Regard-
ing chemical composition, while organic components can
make up over 50 % of the dry mass of submicron SSA, they
account for less than 5 % of supermicron SSA particles (de
Leeuw et al., 2011). In our study, reducing the environmen-
tal RH to 70 % still showed no detectable C–H peaks (around
2800–3100 cm−1) in the Raman spectra (Fig. S1), indicating
that the organic content in the micron-sized particles is min-
imal, similar to that of real supermicron SSA. Given that the
solution used for aerosol generation was real seawater and
the organic content is negligible, the chemical composition
of the particles generated by the nebulizer is also unlikely to
differ significantly from real supermicron SSA.

The relative humidity inside the sample chamber is con-
trolled by manipulating the ratio of dry and water-saturated
nitrogen gas flows, which are thoroughly blended before
being introduced into the chamber. The gas flow rates
are regulated in real time using mass flow controllers
(Dmass, DFC10-1/4-N2-3000SCCM-B01). Two humidity–
temperature probes (Rotronic, HC2A-S) are positioned at
the inlet and outlet of the chamber to monitor RH and tem-
perature continuously throughout the experiments. All mea-
surements are carried out at room temperature (20 °C) and
under ambient pressure conditions. The uncertainty in RH
data, attributed to temperature fluctuations, is estimated to be
±0.16 % during the experiment.

2.3 Characterization of the real part of the refractive
index

Once the SSA particles are stably trapped by the optical
tweezers, their radius and refractive index are determined si-
multaneously by analyzing the Raman spectra collected by
the spectrometer. The method is based on the principle that
when the wavelength of light is comparable to the particle
size, the micron-sized spherical droplets trapped by the op-
tical tweezers function as high-quality optical microcavities
(Preston and Reid, 2013). At specific wavelengths, the Ra-
man scattered light undergoes multiple total internal reflec-
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Figure 1. Map showing specific stations where surface seawater was sampled, with the color representing its salinity. Symbols plotted on
the map represent the sampling locations.

Figure 2. Schematic of the optical layout for aerosol optical tweez-
ers.

tions within the spherical particle, forming standing waves
with optical paths equal to integer multiples of the wave-
length. These sharp, narrow spontaneous Raman scattering
peaks enhanced by the cavity resonances and superimposed
on the broad spontaneous Raman scattering background, as
shown in Fig. 3, are known as whispering-gallery modes
(WGMs) (Benner et al., 1980). The wavelengths of these
WGMs are dependent on the particle’s size, morphology, and
refractive index.

Each WGM is characterized by three parameters for spher-
ically symmetric particles: mode number, mode order, and
polarization state (either transverse electric (TE) or trans-
verse magnetic (TM) mode), which corresponds to Mie scat-
tering theory. In this study, all measured refractive indices
are at the wavelength of 650 nm using the fitting method
of Preston and Reid (2013). Briefly, a table of resonance
size parameters is constructed for different refractive indices
and WGMs. Experimental spectral peak values are then con-
verted into size parameters for the given radius. Next, a pa-
rameter space of radius and refractive index is explored to
minimize the total error between the calculated and observed
peak positions under dispersion-free conditions. Following
this, a narrow range of dispersion is considered, and a new
table is generated for a smaller parameter space, with fitting
performed to minimize the overall error and obtain the best
parameters. By selecting appropriate parameter boundaries
and intervals, the Mie scattering series can be optimized us-
ing a recursive approach, enabling the calculation of parti-
cle size and the RRI. Given that the imaginary part of SSA’s
refractive index is negligible, the typical precision of the fit-
ted particle size and RRI derived from this method can reach
±20 nm and ±0.005, respectively, and an example of fitting
is shown in Fig. S2.

3 Results and discussion

3.1 Validation of the method for measuring the real part
of the refractive index using aerosol optical tweezers

To validate the accuracy of the RRI obtained using the AOT
system combined with Mie theory fitting, this study first mea-
sured the RRI of ammonium sulfate particles under different
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Figure 3. Example of enhanced Raman scattering signal on the broad spontaneous Raman scattering background.

RH conditions. These results were then compared with pre-
viously reported data and the E-AIM IV (Extended Aerosol
Inorganics Model, version IV) thermodynamic model, as
shown in Fig. 4 (Wexler and Clegg, 2002; Cotterell et al.,
2017). The E-AIM IV model provides solute concentration
and water content in particles at specified RH, which, com-
bined with the molar refraction approach, enables the calcu-
lation of the corresponding RRI as Fig. S3 and Table S2 show
(Moise et al., 2015; Cai et al., 2016). Compared to volume-
weighted and mass-weighted mixing rules, the molar refrac-
tion approach has the advantage of theoretical support in
physical chemistry, specifically through the additive property
of molar refraction as a molar quantity. The average error for
the molar refraction method is within 0.75 % and is adopted
as uncertainty here (Wang and Rood, 2008). Figure 4 demon-
strates that the RRIs obtained by the AOT system and the E-
AIM IV model are consistent within this uncertainty range.
Although the E-AIM IV model underestimates the RRI to
some extent at RH below 75 %, this may be because the data
of the E-AIM IV model are extrapolated from unsaturated
solutions, which can introduce a certain bias when predict-
ing the composition of supersaturated particles. This, in turn,
leads to discrepancies between the calculated and measured
RRI values.

Cotterell et al. (2017) provided a parameterization of am-
monium sulfate RRI under different RH and wavelength con-
ditions, showing excellent agreement with the AOT system
within the 60 %–75 % RH range. At RH above 75 %, the val-
ues provided by the parameterization are slightly higher than
those measured by the AOT system (about 0.5 %). This dis-
crepancy was also observed by Cotterell et al. (2017) and
attributed to the lack of measurement data at wavelengths
longer than 600 nm, which leads to inherent overestimations
in the parameterization at these wavelengths. Additionally,
errors in the humidity–temperature probes and inconsisten-
cies in environmental conditions may also contribute to this

Figure 4. Variation in the real part of the refractive index of ammo-
nium sulfate particles with RH. Data from the E-AIM IV model at
293.15 K and the previous parameterization scheme by Cotterell et
al. (2017) are shown for comparison.

deviation. Therefore, by comparing the RRI of ammonium
sulfate particles measured by the AOT system, calculated us-
ing the E-AIM IV model, and parameterized by Cotterell et
al. (2017), we confirmed the reliability of RRI measurements
obtained from the AOT system.

3.2 Results of the real part of the refractive index

A series of experiments were conducted on seawater samples
from seven sampling stations to obtain the Raman spectra of
SSA particles. Using Mie fitting, the diameter and RRI of the
particles were determined. At the end of each experiment, the
used seawater was discarded, and all instruments were thor-
oughly cleaned before generating new particles with fresh
seawater. Each RRI result was derived from Raman spec-
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tra collected over at least 3 h (18 000 frames) of equilibrium
state, and the average RRI was calculated along with 1 stan-
dard deviation.

The RRI results for SSA particles from the seven stations,
along with the corresponding salinity data of their bulk sea-
water samples, are summarized in Fig. 5. At RH= 90 %,
the mean RRI for offshore SSA is 1.366, while for open-
sea SSA it is 1.367, with a standard deviation of 0.0012.
At RH= 80 %, the mean RRI for offshore SSA is 1.380 and
1.381 for open-sea SSA, with a standard deviation of 0.0008.
At RH= 75 %, the mean RRI for offshore SSA is 1.385,
while for open-sea SSA it is 1.386, with a standard devia-
tion of 0.0018. Data at lower RH were not directly measured
because SSA particles shrink as they lose water, eventually
becoming too small to be stably captured by the AOT system.
Additionally, WGMs indicating a uniform spherical particle
shape remained present throughout the capture of SSA parti-
cles, as shown in Fig. S1.

Across the three RH conditions, the SSA particles exhibit a
dependence on ambient RH. A clear trend is observed where
a decrease in RH corresponds to an increase in the RRI, con-
sistent with previous findings (Tang and Munkelwitz, 1994;
Cotterell et al., 2017). This trend arises from the particles’
hygroscopic nature: as RH decreases, water, which has an
RRI of 1.333, is lost, leading to an increased overall RRI, as
the refractive indices of dissolved salts are generally higher.

Comparing the RRI data for offshore and open-sea SSA in
this study, it is found that within the margin of error, the RRI
values for offshore and open-sea SSA are consistent, show-
ing no significant dependency on the salinity of the source
seawater. This finding aligns with previous research show-
ing that the hygroscopic properties of offshore and open-sea
SSA are nearly identical (Qiu et al., 2024). Reich et al. (2023)
reached a similar conclusion, noting that variations in sea-
water salinity do not affect droplets’ hygroscopic properties
when ion relative abundances are the same and small changes
in the relative abundance of ions in seawater have no signif-
icant effect on the hygroscopicity of the particles. This may
be similar to the RRI, given the nearly identical hygroscopic
growth factors and solute refractive indices for both types of
SSA.

3.3 Parameterization of the real part of the refractive
index and relative humidity

In this study, we also measured the RRI of artificial sea salt
particles at RH levels of 75 %–90 %, comparing these values
to those of real SSA measured from samples at the seven sta-
tions (Fig. 6). Results show that within this RH range, the
RRI values of real SSA are highly consistent with those of
artificial sea salt particles. At RH> 60 %, both real SSA and
artificial sea salt particles display a well-defined linear rela-
tionship between RRI and ambient RH.

Given the identical RRI values of offshore and open-sea
SSA, a combined least-squares linear regression scheme of

the RRI for real SSA as a function of RH is developed.

n=−1.298e−3
×RH+ 1.484 (1)

The coefficient of determination, R2, for this scheme is
0.974, and the p value for slope and intercept is 3.59e−26

and 1.19e−61, respectively, indicating a statistically signifi-
cant relationship. This regression scheme provides an accu-
rate estimation of n across various RH levels, particularly at
the typical marine relative humidity where SSA exists. The
95 % confidence interval for the slope and intercept ranges
from −1.375e−3 to −1.220e−3 and 1.478 to 1.490, respec-
tively. The slope reflects the hygroscopic growth ability of
particles to some extent. A stronger hygroscopic ability of
the components leads to greater water uptake with increas-
ing RH, resulting in a more pronounced decrease in refrac-
tive index and consequently a larger absolute value of the
slope. The intercept, corresponding to RH= 0, is interpreted
as potential RRI of molten SSA particles at 20 °C if we as-
sume that the sea salt particles do not undergo efflorescence
and remain in a dissolved molten state. Although the as-
sumed molten state may not occur in the real atmosphere,
the extrapolated values still provide a basis for further analy-
sis. Furthermore, the linear relationship and parameterization
scheme, which can be incorporated into climate models, are
valid and align well with measurements in marine environ-
ments with RH> 60 %. On the other hand, while structural
changes may occur, the RRI of molten sea salt appears to
closely match the dry sea salt refractive index of 1.49 re-
ported in previous studies (Shettle and Fenn, 1979).

The least-squares linear regression scheme for the RRI of
artificial sea salt particles with RH is

n=−1.355e−3
×RH+ 1.489. (2)

With an R2 of 0.990 and a p value of 4.22e−4 and 1.72e−7

for slope and intercept, respectively, the scheme shows a
strong fit. The 95 % confidence interval for the slope ranges
from −1.604e−3 to −1.105e−3. According to the method
proposed in this study, the RRI for molten artificial sea salt
particles is estimated to be 1.489 (1.469–1.509), differing by
only 0.4 % from the RRI of real SSA. Given the close match
between their RRI values across various RH conditions, we
conclude that artificial sea salt particles are a suitable proxy
for representing the radiative properties of real SSA. How-
ever, the RRI of molten sodium chloride, extrapolated from
high-temperature data to 20 °C, is 1.513 (Janz, 1967) and is
1.42 % higher than that of SSA. This is likely due to the pres-
ence of lower-refractive-index compounds like sodium sul-
fate in natural sea salt and indicates that sodium chloride is
not a perfect substitute for SSA in studies of radiative prop-
erties when greater accuracy is required. Therefore, we rec-
ommend using artificial sea salt instead of individual sodium
chloride particles as a substitute for real SSA in the labora-
tory or radiative transfer model.
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Figure 5. RRI values of sea spray aerosols generated from seawater samples of seven stations at different RH levels: 90 % (a), 80 % (b), and
75 % (c). The x axis represents the salinity of the bulk seawater samples.

Figure 6. The relationship between n and RH for real SSA and
artificial sea salt particles. The color of the real SSA data points
indicates the salinity of the bulk seawater sample at each station.
Lines are the linear regression of sea salt and sea spray aerosol data.

3.4 Comparison of measured RRI data with the
volume-weighted mixing rule

In the Community Earth System Model (CESM), Ghan and
Zaveri (2007) implemented a volume-weighted approach to
calculate the RRI of SSA at various RH levels:

ne =

∑
Vini∑
Vi
= nw+ (n0− nw)

r3
d
r3

w
, (3)

where ne represents the effective RRI, n0 is the RRI of sea
salt, nw is the RRI of water, rd refers to the dry particle ra-
dius of the particle, rw refers to the equilibrated particle ra-
dius at given RH, and Vi refers to the volume of the ith com-
ponent. This volume-weighted approach is convenient as it
does not require density or mass data for the particles, mak-
ing it widely used in various models. However, given that
this method lacks a physical basis as an empirical formula, it
is necessary to validate the accuracy of the volume-weighted
approach using the AOT-measured data.

For sea spray aerosols, the particle radius at RH= 80 %
is approximately twice the dry radius, compensating for the
AOT system’s inability to measure dry particle size (Lewis
and Schwartz, 2004; Qiu et al., 2024). Additionally, as-
suming that SSA components can be represented by arti-
ficial sea salt due to the similar RRI across various RH,
we considered the main components only: sodium chlo-
ride, magnesium chloride, and sodium sulfate, with origi-
nal mass fractions of 58.49 %, 26.46 %, and 9.75 %, respec-
tively. Using the fitting relationship for density based on so-
lute mass fraction, the densities of these components in the
molten state at room temperature are determined as 2.088,
2.492, and 2.540 g cm−3, respectively (Tang et al., 1997;
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Table 1. Summary of RRI calculation results. M35 is one of the five
stations in the open-sea regions.

Sample Offshore (South Open sea Artificial
China Sea) (M35) sea salt

rd (nm) 2118 2132 2335
rm (nm) 2137 2151 2356
n0 1.484 1.484 1.489
rw_90 % (nm) 4813 4794 5336
ne_90 % 1.346 1.347 1.346
nAOT_90 % 1.366 1.368 1.365
Absolute diff. 90 % 0.020 0.021 0.019
Relative diff. 90 % 1.45 % 1.56 % 1.36 %
rw_75 % (nm) 4056 4054 4474
ne_75 % 1.355 1.356 1.356
nAOT_75 % 1.385 1.387 1.388
Absolute diff. 75 % 0.030 0.031 0.032
Relative diff. 75 % 2.16 % 2.27 % 2.32 %

Clegg and Wexler, 2011). Applying the ideal density mix-
ing rule, the density of molten sea salt is then calculated to
be 2.236 g cm−3. Similarly, the density of dry sea salt is cal-
culated to be 2.297 g cm−3, which is used to convert the vol-
ume between dry and molten sea salt. The RRI and particle
size data for offshore, open-sea SSA, and artificial sea salt
particles from our AOT measurements are then input into the
volume-weighted calculation, discrepancies arising as shown
in Table 1, where rm refers to the molten particle radius
of the particle. Specifically, ne from the volume-weighted
approach underestimates n values by up to 0.032, approx-
imately 2.32 %. Previous studies incorporating field obser-
vations and models have shown that as n of SSA varies from
1.42 to 1.60, it can introduce a 41.9 % error in aerosol optical
depth (AOD) (Aldhaif et al., 2018). Therefore, at RH= 75 %,
our results indicate that using the volume-weighted approach
may lead to an AOD underestimation of up to 7.4 % as a sim-
ple estimate, significantly impacting estimates of SSA radia-
tive forcing.

As Table 1 shows, the RRI values derived from the
volume-weighted mixing rule are not accurate across vary-
ing RH levels for SSA. To reduce uncertainties in the radia-
tive contributions of SSA and other aerosols, it is critical to
incorporate experimentally measured RRI data into climate
models rather than relying solely on volume-weighted esti-
mates. We recommend embedding our least-squares linear
regression scheme of n as a function of RH from the AOT
measurements directly into aerosol models or remote sens-
ing algorithms. This approach could significantly enhance
our understanding of SSA’s impact on surface radiative pro-
cesses.

4 Summary and conclusions

Sea spray aerosols are major contributors to radiative effects
over oceanic regions (Murphy et al., 1998; Haywood et al.,
1999), making it essential to consider their impacts on radia-
tive transfer in aerosol remote sensing and ocean color atmo-
spheric correction algorithms (He et al., 2012; Sayer et al.,
2012). However, accurately quantifying SSA’s optical prop-
erties, particularly the real part of the refractive index, under
varying ambient RH conditions remains a significant chal-
lenge. This lack of precise RRI data for SSA under diverse
RH conditions limits our ability to accurately represent their
radiative impacts in climate models.

Using the aerosol optical tweezer system combined with
Mie scattering theory, we accurately measured the size and
RRI of trapped particles. In this study, we first validated RRI
measurements of ammonium sulfate particles using the E-
AIM IV thermodynamic model, molar refractivity, and pre-
viously published parameterizations based on measured data,
ensuring the reliability of the optical-tweezer-derived RRI
values. Subsequently, we measured n values of SSA at var-
ious RH levels at two offshore sites in the South China Sea
and Kuroshio Current and five open-sea sites in the western
Pacific. Results indicate that n values for offshore and open-
sea SSA are consistent within the error range. Moreover,
under RH> 70 % experimental conditions, artificial sea salt
particles effectively represent n values of real SSA, suggest-
ing their suitability in radiative transfer models as a proxy for
real SSA rather than pure NaCl particles.

By analyzing the relationship between the real part of the
refractive index of SSA and RH, we established a least-
squares linear regression scheme linking these variables.
This parameterization allows future researchers to estimate
the RRI of sea spray aerosols directly based on ambient RH.
Additionally, our study proposes that the intercept value of
this scheme, corresponding to RH= 0, can potentially repre-
sent the RRI of particles in the molten state. Optical tweezer
measurements yield an n value of 1.484 for real SSA in the
supermicron range, which also appears to closely match prior
field observations of the RRI of accumulation-mode SSA
(Shettle and Fenn, 1979; Shepherd et al., 2018), demonstrat-
ing the potentially wide applicability of our results.

Combining optical tweezer data with the volume-weighted
mixing rule for calculating RRI shows that traditional
volume-weighted methods may underestimate n values by
up to 2.32 % compared to our results, potentially leading to
a 7.4 % underestimation of SSA aerosol optical depth. This
suggests that the volume mixing rule cannot accurately rep-
resent SSA radiative properties, and actual measured values
should be used instead. Our least-squares linear regression
scheme enhances the accuracy of the RRI of SSA under dif-
ferent RH conditions, especially at the typical marine RH,
making it suitable for calculating the RRI of SSA in the am-
bient atmosphere and recommending its application in radia-
tive transfer models.
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Given the increasing relevance of climate change, this
study highlights the importance of accurately representing
SSA radiative properties in global climate models. This in-
sight can reduce uncertainties in aerosol radiative forcing,
aiding in climate prediction. While our research advances
the understanding of the scattering characteristics of offshore
and open-sea SSA in the supermicron range, it is important
to note that our measurements cover RRI at a single wave-
length only. To further quantify the radiative contributions of
SSA and other aerosols, measurement methods across the en-
tire solar spectrum should be urgently developed. Addition-
ally, to fully reveal the complexity of scattering by natural
sea spray aerosols with significant organic content, further
research is required on submicron natural sea spray aerosols.
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