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Abstract Sea spray aerosol (SSA) emissions are an important source of natural aerosol particles, in
particular over the remote Arctic Ocean. However, measurement data on SSA fluxes in the Arctic are sparse,
such that these fluxes remain poorly constrained in atmospheric models. Utilizing simultaneous particle and
turbulence measurements onboard the novel platform T-Bird, we quantitatively derive size-resolved SSA flux
densities (dry diameter range 222-3,525 nm), representing the first airborne study on aerosol particle fluxes in
the Arctic. In the accumulation mode size range, the measurements suggest roughly 100% higher emissions than
predicted by commonly used sea salt generating functions. Our results constitute important information to
evaluate model results, especially for the future Arctic, in which the magnitude of SSA fluxes is projected to
increase as the sea ice retreats.

Plain Language Summary Aerosol particles emitted from the ocean to the atmosphere by wind-
induced processes are an important component of the Arctic climate system. Quantifying these emissions is
difficult such that corresponding data for the Arctic are sparse. We have successfully derived and quantified the
rate of particle emission over the Arctic Ocean from airborne measurements for the first time. Our results may be
used to assess the performance of atmospheric models in the Arctic, where more particles are expected to be
emitted in the future as the sea ice melts due to global warming.

1. Introduction

Primary sea spray aerosol (SSA) production is a significant source of natural aerosol particles in marine envi-
ronments, particularly in pristine locations such as over the Arctic Ocean (Willis et al., 2018). These SSA particles
are emitted from the ocean to the atmosphere by wind-induced mechanisms and commonly comprise both organic
matter and inorganic sea salt (De Leeuw et al., 2011). The mixing state between organics and inorganics and the
size distribution of SSA affect, for example, the aerosol particles' optical properties as well as their ability to act as
cloud condensation nuclei (CCN) (Ovadnevaite et al., 2011), and/or ice nucleating particles (INP) (DeMott
etal., 2016). This carries significant implications concerning the Earth's radiative balance since SSA may directly
interact with radiation by scattering and absorption processes, and indirectly (as CCN and INP) by mediating the
formation, phase state, life time, and precipitation behavior of clouds (Andreae & Rosenfeld, 2008). Hence, SSA
particles play a crucial role for aerosol-climate interactions in marine environments (Murphy et al., 1998; Pierce
& Adams, 2006).

The Arctic is changing rapidly in response to climate change, a phenomenon commonly referred to as Arctic
amplification (Serreze & Francis, 2006). One prominent manifestation of this process is the drastic decrease of sea
ice (Stroeve et al., 2007), which entails dramatic consequences for the Arctic atmosphere (Wendisch et al., 2023).
For example, the importance of SSA is expected to increase in the future Arctic as the sea ice retreats, resulting in
expanding open water areas and thus increased SSA production (Browse et al., 2014; Gilgen et al., 2018; Struthers
et al., 2011). Although studies widely agree that the emission of SSA will increase in the future, significant
quantitative discrepancies between different modeling results exist, specifically with respect to the resulting
radiative effects. Besides varying scenarios for the sea ice cover, these different outcomes largely result from
uncertainties in the parametrization of SSA production fluxes and the SSA particle number size distribution
(PNSD) (Lapere et al., 2023; Willis et al., 2018).

SIMON ET AL.

1 of 11


https://orcid.org/0000-0002-9135-9646
https://orcid.org/0000-0001-6518-0717
https://orcid.org/0000-0001-9700-1701
https://orcid.org/0000-0003-2466-9086
https://orcid.org/0000-0001-7094-3280
https://orcid.org/0000-0001-9267-7825
mailto:simon@tropos.de
https://doi.org/10.1029/2025GL117094
https://doi.org/10.1029/2025GL117094
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2025GL117094&domain=pdf&date_stamp=2025-11-12

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL117094

10°E 15°E 20°E 25°E

e Flight track
e MBL legs
¢ Longyearbyen

77.5°N

77°N

76.5°N

12.5°E 15°E 17.5°E 20°E 22.5°E 25°E

Figure 1. (a) Overview of the track of RF09. Several legs (cf. Figure 2) were flown in the same region such that the
corresponding lines overlap. The green section highlights the legs inside the marine boundary layer considered in the further
analysis (shaded areas in Figure 2). The arrows indicate the wind direction. The Moderate-resolution Imaging
Spectroradiometer-TERRA satellite image was retrieved from https://wvs.earthdata.nasa.gov on 25 April 2024. (b) Fish-eye
camera image facing downwards from the P6, taken during one of the low-level legs (11:17:27 UTC). The image shows the
T-Bird as well as whitecaps on the sea surface.

Despite its importance, few in situ measurements of aerosol fluxes in the Arctic exist (Held et al., 2011;
Markuszewski et al., 2024; Mathes et al., 2025; Nilsson et al., 2001). Mostly, eddy covariance systems have been
used, set up at a fixed location on ice floes or ships. Such experiments are limited to the specific measurement
location and influenced by the local environmental footprint (Buzorius et al., 2006). Moreover, flux measure-
ments often employ condensation particle counters which do not provide any size-resolved information but can
merely report integral particle number concentrations (Petroff et al., 2018). Aircraft measurements represent an
alternative approach to stationary experiments, can inherently reach remote locations, and provide information on
a regional scale (Buzorius et al., 2006). However, the lowermost part of the atmosphere remains inaccessible to
aircraft, in particular during highly turbulent conditions. Here, towed-bodies such as the recently developed T-
Bird (Juranyi et al., 2025) can extend the vertical sampling range and facilitate atmospheric measurements at
low altitudes close to the surface, that is, the particle source in the case of SSA. To date solely two studies have
utilized airborne platforms to determine aerosol fluxes (Buzorius et al., 2006; Liickerath et al., 2022), none of
which in the Arctic.

Here, we report on aerosol fluxes derived from simultaneous particle and turbulence measurements at low alti-
tudes over the open ocean onboard the T-Bird (T-Bird altitude /g;q = 50 m). To our knowledge, our study
constitutes the first direct quantitative as well as size-resolved measurements of SSA fluxes from an airborne
platform in the Arctic.

2. Methods
2.1. Campaign and Flight Overview

The airborne measurement campaign Boundary layer and Aerosol and Cloud Study in the Arctic, based on aircraft
and T-Bird Measurements II took place from 5 April 2024 to 2 May 2024 and was based in Longyearbyen,
Svalbard. Here, we focus on research flight 09 (RF09) on 25 April 2024 during which we encountered meteo-
rological conditions with strong winds over the open ocean southwest of Svalbard (Figure 1a). Located in a region
of pressure gradient between a high-pressure system to the north and a low-pressure system to the south, the target
region was subject to strong easterly winds. In the northern sector, air masses from the ice-covered Storfjorden
flowed over the Svalbard Mountains toward the Fram Strait (Figure S1 in Supporting Information S1, Kirbus &
Wendisch, 2024; Spreen et al., 2008), where a marine boundary layer (MBL) developed, extending up to
approximately 500 m above sea level (Figure S2 in Supporting Information S1), and resulting in sparse scattered
cumuli clouds due to the foehn effect and mixing with warm and dry free tropospheric air. Further south, air
masses from the sea ice flowed directly over the ocean south of Svalbard, resulting in increasing humidity,
decreasing temperatures, and a lower cloud base with overcast conditions. The strong winds led to the formation
of whitecaps on the sea surface (Figure 1b), indicative of breaking waves and bubble entrainment.
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2.2. Measurement Instrumentation
2.2.1. T-Bird

The T-Bird is a towed-body system dragged by the research aircraft Polar 6 (P6) and was developed by the Alfred
Wegener Institute, Helmholtz Center for Polar and Marine Research, with part of its aerosol payload as a
contribution by the Leibniz-Institute for Tropospheric Research. It has been specifically designed to conduct
simultaneous aerosol (Section 2.2.2) and turbulence measurements (Section 2.2.3) close to the surface (down to
hgiramin & 10 m, depending on the atmospheric conditions). The T-Bird is introduced in detail in Jurdnyi
et al. (2025).

2.2.2. POPS

The Portable Optical Particle Spectrometer (POPS, Handix Scientific Inc., USA) is an optical particle counter,
which sizes particles in a diameter range of approximately 140-3,300 nm based on their elastic light scattering
intensity (Gao et al., 2016; Mei et al., 2020). POPS, which operates at a wavelength of 405 nm, measures the
PNSDs at a high temporal resolution (1 Hz), and as a single-particle instrument is well suited for Arctic aerosol
measurements (Pilz et al., 2022).

The diameter range reported above refers to the size of polystyrene latex spheres with which POPS is calibrated.
We have converted the particle diameters based on the refractive index of dry sea salt particles (Text S4 in
Supporting Information S1, Cotterell et al., 2017; Seinfeld & Pandis, 2006) and, throughout this paper, restrict our
analysis to the range 222-3,525 nm.

2.2.3. Turbulence Measurements

An Aventech 5-hole-probe at the tip of the T-Bird is used for turbulence measurements. Pressure transducers are
Setra 239 for alpha, beta and the dynamic pressure, and Setra 278 for the static pressure. Alpha and beta pressures
are linked to the angles of attack and sideslip (see Hartmann et al., 2018). An open wire Pt100 in an unheated
Rosemount housing is used for fast temperature measurements. These data are sampled at 100 Hz. Position and
altitude are recorded by an iNAT-M200 that combines inertial measurements with a dual-antenna GNSS. GPS
position is available at 1 Hz, inertial data is available up to 500 Hz. Data processing and system calibration is very
similar to that used for the turbulence measurements of P6. See Hartmann et al. (2018) for further details.

3. Results and Discussion
3.1. Flight, Meteorology, and Aerosol Overview

The time series of the T-Bird's flight altitude is given in Figure 2a, together with the prevailing horizontal (b) and
vertical wind speeds (c, both 100 Hz data). Figure 2b shows the air temperatures (100 Hz data) and, for the legs at
low altitudes, sea surface temperatures (SSTs, 1 Hz data). Furthermore, POPS’ measured particle number size
distributions (d), and integral particle number concentrations (e, both 1 Hz data) in the size ranges 222-3,525 nm
(Ny2,) and 396-3,525 nm (N3g6) are depicted. In addition to the data at high temporal resolution, we show
running means with a time window of At = 30 s in the subplots (b), (c), and (e).

We will focus our analysis on the flight sections highlighted by the shaded areas in Figure 2. These sections
correspond to the flight leg outside of the MBL (“outside MBL”, hg;q & 1430 m) and to those parts of the four
low-level legs inside the MBL close to the sea surface (“inside MBL 1-4”, hg;,q &~ 50 m, cf. vertical profiles in
Figure S2 in Supporting Information S1 regarding the stratification) which feature reasonably constant horizontal
wind speeds and SSTs.

Throughout these parts of the MBL legs, which amount to a total measurement time of 3,587 s, both horizontal
wind speeds and SSTs remained approximately constant at about 15 ms~' and 4°C, respectively. The strong
horizontal winds resulted in the presence of white caps (Figure 1b), and hence favorable conditions for SSA
production (De Leeuw et al., 2011). This is supported by an elevated sodium concentration (540 ngm~>)—a
conservative chemical tracer for SSA emissions (Barthel et al., 2019; White, 2008)—measured from an offline
filter sampled at the T-Bird throughout all MBL legs. The concentration is consistent with typical atmospheric
sodium levels in PM;, or PM, 5 observed near the sea surface over a moderately rough, ice-free ocean (Kawana
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Figure 2. (a) Flight altitude above sea level of the T-Bird. (b) Horizontal wind speed (left y-axis), air temperature (right
y-axis), and sea surface temperature (right y-axis). (c) Vertical wind speed. (d) Portable Optical Particle Spectrometer particle
number size distribution. (e) Integral particle number concentrations No,, (left y-axis) and N;g6 (right y-axis). The shaded areas
denote the flight sections considered in the analysis.

et al., 2021a, 2021b; Zeppenfeld et al., 2021, 2023) and much higher than measured at this day within the free
troposphere onboard the P6 (Text S5 in Supporting Information S1, Grawe et al., 2023).

Strong fluctuations in vertical wind speeds inside the MBL can be seen in Figure 2c. Shear production dominated
the turbulence near the surface, but buoyancy also contributed, as shown by a Monin-Obukhov length of —132 m
at the measurement altitude (50 m). With respect to the encountered PNSDs, increased numbers of particles are
found inside the boundary layer (Figure 2d). Integral particle number concentrations, N, and N3g6 are shown as
examples, were found to be significantly higher inside the MBL (Welch's ¢-test, p < 0.0001), with mean values of
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Figure 3. (a) Median particle number size distribution for the legs inside and outside of the marine boundary layer (MBL),

fitted with log-normal distributions. The individual modes of the bi-modal distribution in the case of the MBL legs are shown

as dashed lines. (b) The lower panel shows the same data as in (a) but on a linear ordinate and only up to a y-limit of 18 cm™3.

Ny = (58 £ 11) cm™ and N3g6 = (6 = 2) cm™ close to the sea surface, and N,y ~ (16 = 9) cm™ and
Nige =~ (0.5 = 0.4) cm™ outside of the MBL (Figure 2e).

An increase of air temperature in horizontal direction from approximately - 2°C to 0°C was present in the region
chosen for analysis (Figure 2b). Nevertheless, as wind is by far the dominant driver of SSA production (Lewis &
Schwartz, 2004), we expect the variations in the PNSDs and particle fluxes due to the temperature gradient to be
negligible. For example, Markuszewski et al. (2024) recently reported that the observed number flux densities in
their large shipborne data set did not show significant correlations with air temperature over the Atlantic Ocean
and merely a weak linear dependence over the Baltic Sea, while the particle flux densities depended exponentially
on wind speed, with the latter in line with previous studies (e.g., Geever et al., 2005; Nilsson et al., 2001).

3.2. Particle Number Size Distribution

Figure 3 depicts the PNSD measured by POPS inside (green) and outside (gray) the MBL. The median distri-
butions (markers) were calculated from the original PNSDs sampled at 1 Hz. The shaded areas correspond to the
respective interquartile ranges. Additionally, fitted log-normal distributions are given (solid lines). For conve-
nience, the size distributions are plotted on both a logarithmic (a) and linear (b) ordinate and shown only in the
size range up to 2,000 nm as for larger diameters the number concentrations approach zero.

Comparing the size distributions measured in the MBL to those found aloft, it can be seen that in the boundary layer
an additional mode in the size range above approximately 500 nm appeared (mean size around 690 nm). We
interpret this as the sea salt mode, resulting from sea spray generation, in line with previous studies which reported
mean dry diameters of the salt mode between about 500 and 750 nm from both in situ measurements and chamber
experiments (Clarke et al., 2003; Heintzenberg et al., 2004; Salter et al., 2015; Zinke et al., 2022, 2024). In terms of
number concentrations, this mode constitutes about 4.4% of the total aerosol particles in the size range between 222
and 3,525 nm, and 2.0% of the CCN measured at a supersaturation of S = 0.2% (Text S6 in Supporting Infor-
mation S1, Roberts & Nenes, 2005). However, the sea salt mode accounts for 40.3% of the particle volume in this
size range. In the size range below 500 nm, that is, in the accumulation mode size range, number concentrations
were increased in the MBL as well. Following for example De Leeuw et al. (2011), this increase could result from
small organic particles which are commonly emitted along with the salt particles. The hygroscopicity parameter of
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k =~ 0.3 found inside the MBL for accumulation mode particles points toward the respective direction (Text S6 in
Supporting Information S1, Petters & Kreidenweis, 2007; Herenz et al., 2018; Pohlker et al., 2023).

3.3. Turbulent Heat and Aerosol Flux Densities
3.3.1. Measured Flux Densities

Figure 4a shows the variance density spectra of vertical wind speed and temperature as a function of frequency v.

Indicative of the inertial subrange, both spectra follow a scaling of oz ™3

over two orders of magnitude. The
Pearson correlation coefficient between w and T is clearly positive over the entire spectrum (Figure 4b,
p <0.0001) and lies in the typical range of a heat flux driven boundary layer (e.g., Arya, 2001). We can derive the
turbulent sensible heat flux density by integrating the individual covariance density spectra (cf. Figure 4c) for
each of the four MBL legs over v, which yields a mean upward flux density of Fye, &~ (99 = 7) Wm™2. Cor-
responding mean environmental conditions for all flux densities derived in this section are
U, = (152 = L.7) ms™!, T, = (0.8 £ 0.5)°C, and SST = (4.3 = 0.5)°C. The spectral analysis further-
more shows that eddies with a horizontal extent of about 300 m (flight altitude /g;,4 ~ 50 m) contribute most to
the vertical transport (vertical line denoted “scale” in Figure 4).

Before attempting to quantitatively calculate particle flux densities, we first evaluate the correlation between the
vertical wind speed and the integral particle number concentrations Ny», N3og, Nags, N3, and No44. Larger
particle sizes were not considered, as due to the low number concentrations, and the related low counting sta-
tistics, correlations between vertical wind speed and particle number concentration diminished. Generally, due to
the inherently high noise level of the particle data, we cannot expect a similar level of correlation of particle
number concentration with the vertical velocity as for temperature and vertical wind. Nevertheless, in all size
ranges our data clearly show a positive correlation over the entire scale range available (Figure 4b). Considering a
5% significance level, all correlations were significant, except for Ny, (p ~ 0.3). Interestingly, the correlation
coefficient increases with particle size. We interpret this as a clear indication that these larger particles pre-
dominantly comprise freshly emitted SSA, while the total particle number concentration is influenced by
background aerosol present in the lower size bins.

Similar to the calculation of the heat flux density, according to the eddy covariance method, we integrate the
covariance density spectra (cf. Figure 4c, Text S7 in Supporting Information S1) and arrive at net particle flux
densities of Fyay, = (0.31 £ 0.06) x 10° m™2 57!, Fyses = (0.17 £ 0.06) x 10° m™2s7!, Fyug = (0.11
+0.05) X 10° m™2s7!, Fygs = (0.08 £ 0.03) x 10° m=2s7!, and Fy744 = (0.05 £ 0.02) x 10° m~2s7".
The positive sign indicates upward fluxes, confirming that the ocean indeed acts as a source of aerosol particles in
the MBL.

Note that we cannot resolve particle transport in the high-frequency range above the Nyquist frequency of POPS
(vny = 1/2 s), indicated by the line “2s” in Figure 4), and thus slightly underestimate the true flux densities.
However, we clearly capture the dominant length scales of the turbulent particle transport (“scale” in Figure 4). To
estimate the uncaptured particle flux density at high frequencies, we have integrated the well resolved heat flux
density spectrum (a) up to the Nyquist frequency of the POPS data and (b) from that frequency up to the highest
resolvable one (for the heat flux density). The former yields about 83% and the latter 17% of the total value.
Assuming that the particle flux behaves similarly, we have increased the flux density values by 20% in Figure 4d.
See Text S8 in Supporting Information S1 for further details on flux-related corrections and uncertainties (Ahlm
et al., 2010; Buzorius et al., 2003; Coe & Gallagher, 1992; Horst, 1997; Lenschow & Raupach, 1991; Nilsson
et al., 2021; Von der Weiden et al., 2009; Webb et al., 1980; Zinke et al., 2024).

Integral particle number concentrations measured by POPS partly deviated from those measured by a mobility
particle size spectrometer (MPSS, Wiedensohler et al., 2018) operated onboard the P6. The discrepancies are
small for particles in the sea salt size range but increase toward smaller diameters (Text S4 in Supporting In-
formation S1). To account for these measurement uncertainties, we provide a range of flux densities in Figure 4d.
The lower/upper values therein represent the lowest/highest values possible if we assume the POPS/MPSS
measurements to correctly represent the true particle number concentrations.
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Figure 4. (a) Variance density spectrum of vertical wind speed and air temperature. The dashed line indicates the scaling in
the inertial subrange. (b) Correlation coefficients between w and 7', and w and Nyyj/396/486/623/744- (¢) Covariance density
spectrum of 7" and w (left y-axis), and w and Ny,5,/396/486/623/744 (right y-axis), multiplied by frequency. The bold vertical lines
show the Nyquist frequency of Portable Optical Particle Spectrometer (POPS) (vxy = 1/(2 s), “2s”) and the frequency of the
w-T-covariance spectrum's maximum, which corresponds to the length scale of maximum heat transport (“scale”).
(d) Comparison of derived cumulative (integral) particle flux densities to sea salt generating functions. The black lines denote
the range of mean values based on the POPS/MPSS-measured particle number concentrations, and the gray lines the
corresponding standard deviations together with the uncertainty due to discrete particle counting. All data displayed in (a)—(d)
represent the mean of the four marine boundary layer sections.
3.3.2. Discussion
Of the few studies on Arctic aerosol fluxes (Held et al., 2011; Markuszewski et al., 2024; Mathes et al., 2025;
Nilsson et al., 2001), a comparison is only feasible in the case of Markuszewski et al. (2024), as the boundary
conditions in the other studies differ significantly from those in this paper (Text S9 in Supporting Information S1).
The measurements by Markuszewski et al. (2024) were conducted over open ocean for particles with dry diameters
larger than approximately 250 nm, and flux densities were derived based on the gradient method. Using the given
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function for a wind-dependent particle flux density, we obtain a value of Fy parkuszewski & 0.20 X 105 m=2 571,
similar to the result we have determined for Fy 3g¢, that is, at somewhat larger diameters. Here, as well as in the
subsequent paragraph, we have first converted the mean horizontal wind speed measured at Ag;q & 50 m to a
reference height of 10 m using a logarithmic wind profile (Lewis & Schwartz, 2004).

Furthermore, we compare our results to various sea salt source functions commonly used in climate models
(Grythe et al., 2014; Lapere et al., 2023). The functions tested include Monahan et al. (1986); Gong (2003);
Martensson et al. (2003); Lewis and Schwartz (2004); Clarke et al. (2006); Long et al. (2011); Norris et al. (2012);
Grythe et al. (2014); Salter et al. (2015). Because the source functions only consider salt emissions, except for
Long et al. (2011) (Text S10 in Supporting Information S1), we refer to them as sea salt functions (in contrast to
sea spray) and restrict the following discussion to the size range above 396 nm. Figure 4d depicts cumulative
particle number flux densities, where we integrated the respective flux functions from 3,525 nm to 396 nm, since
our measured flux densities also represent integral values in the ranges from 3,525 nm to 744/623/486/396 nm.

Our results lie at the upper end of the literature values, except for the formulation by Clarke et al. (2006), which
predicts higher emissions over the entire size range. In the size ranges above 623 and 744 nm, which are
dominated by sea salt, our results agree with several source functions, but differ when we include smaller particles
in the calculations. The discrepancies might result from the increasing number of (non-sea salt) accumulation
mode particles being present, which are not captured by the pure salt source functions. Another factor that might
have contributed to the enhanced emissions is that the analyzed air mass spent relatively little time over the ocean
(Figure S1 in Supporting Information S1), likely leading to low wave ages, which has been shown to be connected
to increased SSA emissions (Markuszewski et al., 2024). Overall, our results exceed the emissions predicted by
commonly used sea salt emission schemes by roughly 100% in the accumulation mode, and point toward the
potentially important role of organics within accumulation mode sized sea spray particles. To further quantify the
amount, composition, and emissions of such particles, additional measurements, in particular for smaller particle
diameters and a larger range of wind speeds, are needed, and should be the objective of future studies.

4. Conclusion

In summary, using the towed-body T-Bird in the Arctic, we successfully carried out simultaneous turbulence and
aerosol particle measurements. We derived, for the first time, SSA particle flux densities from airborne mea-
surements at low altitudes (hg;q & 50 m) over the ice-free Arctic Ocean. Our results highlight the importance of
size-resolved investigations, and confirm the emissions produced by different sea salt source functions for particle
sizes larger than 623 nm. For smaller particles, in particular in the accumulation mode size range (diameters
smaller than about 500 nm), the measurements suggest higher emissions than predicted by several sea salt
generating functions, likely due to the increased emission of organic material in that size range. Our results
constitute important information to evaluate and/or drive current Arctic atmospheric models. Prospective studies
could target the marginal sea ice zone, where aerosol particle fluxes are poorly characterized (Schmale
et al., 2021), or other remote areas such as Antarctica. In the longer run, monitoring the changes of SSA fluxes
expected in a changing climate can contribute to increasing the quality of future weather and climate models.
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