10

15

20

25

https://doi.org/10.5194/egusphere-2026-2182
Preprint. Discussion started: 19 May 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

First observations of aerosol mass fluxes over open water using a
large-aperture scintillometer

Renjie Liu!, Yuhong Pu', Renmin Yuan?, Chaoxun Hang'"

'School of Oceanography, Shanghai Jiao Tong University, Shanghai 200030, PR China
2School of Earth and Space Sciences, University of Science and Technology of China, Hefei 230026, PR China

Correspondence to: Chaoxun Hang (hangchaoxun@sjtu.edu.cn)

Abstract. Near-surface aerosol fluxes over open water are critical for understanding air—sea interactions and atmospheric
radiative budgets, yet direct micrometeorological observations remain very limited. To address this gap, this study presents
the first application of a large-aperture scintillometer (LAS) for retrieving aerosol mass fluxes over open-water environments,
including an inland lake and a coastal bay. LAS-derived fluxes were compared with conventional eddy-covariance (EC)
measurements and independent dry-deposition calculations. Under conditions without severe optical attenuation, the LAS-
derived fluxes exhibited temporal variations broadly consistent with EC measurements, with normalized root-mean-square
errors (NRMSEs) to 15.0%—-16.8%. The coastal campaigns revealed the operational boundary of this optical approach: dense
fog and persistent high humidity severely attenuated the LAS signal and caused extended data gaps. Comparisons with dry-
deposition calculations further showed that the path-averaged LAS measurements may better capture site-scale variability at
the coastal site. Overall, these results demonstrate the potential of LAS as a valuable complements to traditional point

measurements for characterizing aerosol exchange over open water.

1 Introdution

Aerosols influence climate and boundary-layer processes through their roles in radiation, cloud microphysics, and vertical
exchange. Acting as cloud condensation nuclei, they modify droplet number concentration and size and affect cloud albedo
and precipitation development (Sasakawa et al., 2003; Seinfeld et al., 2016). By scattering and absorbing solar radiation,
aerosols also perturb surface energy balance (Twomey, 1977). In particular, absorbing aerosols can heat the air aloft (Huang
et al., 2018), stabilize the lower troposphere, suppress turbulent mixing, and reduce boundary-layer depth (Ding et al., 2016),
thereby feeding back on the accumulation and transport of particles near the surface (Li et al., 2021).

The ocean covers about 71% of the Earth’s surface and is a major natural source of atmospheric aerosols (Kiehl and
Briegleb., 1993). Marine aerosol populations are dominated by sea salt, with additional contributions from marine organic
matter and secondary aerosol formed from ocean-emitted precursor gases. Owing to their high hygroscopicity, marine
particles efficiently act as cloud condensation nuclei, and influence sea fog, low clouds, and radiative transfer (Sasakawa et

al., 2003; Gaston et al., 2018). Sea-salt particles also participate in heterogeneous halogen chemistry (Lewis and Schwartz,
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2004; Hsu et al., 2007; Laskin et al., 2012), while marine sulfur emissions such as dimethyl sulfide (DMS) contribute
indirectly to sulfate aerosol formation, with an annual flux exceeding 2.8x107 t (Lana et al., 2011). Collectively, these
processes make aerosol exchange across the air-sea interface an important component of marine boundary layer chemistry
and climate.

Most previous marine aerosol studies have focused on concentration, chemical composition, or optical properties measured
with filter sampling, beta-attenuation methods, scanning mobility particle sizers, and optical particle counters. In contrast,
direct observations of aerosol fluxes, particularly mass fluxes across the air—sea interface, remain scarce. Existing constraints
are derived predominantly from terrestrial, coastal, or short-duration campaigns, leaving the open-water surface layer
insufficiently sampled. This observational gap limits the evaluation of air-sea exchange parameterizations and aerosol—
cloud-radiation interactions in marine environments (Revell et al., 2019; Huang and Ding, 2021).

Over the ocean, the net vertical aerosol mass flux reflects the combined effects of sea-spray production, deposition, transport,
and local processing. For coarse-mode marine aerosol, upward production by wave breaking and bubble bursting is often the
dominant source term, but the measured net flux at a given height also includes downward deposition and advective
influences (Monahan et al., 1986; Andreas, 1998; 2002). Widely used whitecap-based source functions parameterize sea-
spray emission mainly as a function of 10-m wind speed (Monahan et al., 1986; Gong, 2003; Ovadnevaite et al., 2014; Salter
et al., 2015). These schemes are convenient for estimating source strength, but they do not directly provide observed net
mass fluxes, and their uncertainty can remain large because sea state, humidity, and aerosol composition are only partly
represented (De Leeuw et al., 2011; Fuentes et al., 2010; Hultin et al., 2010; Zabori et al., 2013).

The eddy-covariance (EC) technique provides a direct micrometeorological framework for measuring aerosol exchange by
correlating turbulent vertical velocity with aerosol fluctuations (Geever et al., 2005; Norris et al., 2008; Yang et al., 2016;
Zinke et al., 2024). However, most marine EC studies emphasize number fluxes because fast-response particle counters are
more readily available than direct mass measurements. Converting number flux to mass flux requires additional assumptions
about particle size distributions, density, shape, and hygroscopic growth, all of which can vary strongly over water. Direct
observations of aerosol mass fluxes over open water therefore remain very limited.

Large Aperture Scintillometers (LAS) offer path-integrated measurements over hundreds of meters to kilometers and are
attractive for heterogeneous surfaces where single-point measurements may not be regionally representative (Chehbouni et
al., 1999; Ward et al., 2014). Previous studies have shown that LAS can be used to infer aerosol mass fluxes over land from
the high- and low-frequency components of optical scintillation, and recent work reported broad agreement with EC for
temporal trends and diurnal cycles over terrestrial surfaces (Yuan et al., 2016; 2019; 2024). Whether this approach remains
valid over open water is still unknown. Marine conditions introduce additional challenges, high humidity and fog-induced
beam attenuation, hygroscopic growth of sea-salt particles, and difference in spatial representativeness between path-
averaged and point measurements.

To address this gap, we conducted four open-water field campaigns over an inland lake and a coastal marine site. We applied

the LAS method to retrieve aerosol mass fluxes over water and compared the results with concurrent EC measurements and
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aerosol particle sampling. Our goal is to evaluate the feasibility of LAS-based aerosol mass flux retrieval over open water
and to identify the conditions under which it can provide useful measurements. Rather than treating the EC system as a strict
truth standard, we used the LAS-EC comparison to assess consistency in temporal variability and to examine how footprint
differences affect agreement between two methods. We further compared both micrometeorological estimates with filter-

based dry-deposition calculations as an additional, non-equivalent observational constraint.

2 Observation setup and methods
2.1 Study site and observation configuration

A total of four field campaigns were conducted at two open-water sites in eastern China: Siyuan Lake at Shanghai Jiao Tong
University, Shanghai (31°01'15" N, 121°25'48" E), and a coastal bay site on Sijiao Island in the Shengsi Archipelago,
Zhejiang Province (30°42'15" N, 122°31'10" E). Two campaigns were conducted at each site. Continuous LAS and EC

observations were performed during each campaign, together with intermittent filter-based aerosol sampling.

Figure 1. (a) Map of eastern China showing the locations of the two study sites; (b) Siyuan Lake site. Points A and B are the transmitter
and receiver of the large aperture scintillometer (LAS), respectively; C is the eddy covariance (EC) system. (¢) The study site of Sijiao
Island. Point D is the transmitter of LAS, and E denotes both the LAS receiver and the EC system. Inset photographs display the actual site
layout. Map data in (a) © 2026 Google; satellite imagery in (b) and (¢) © 2026 Google Earth.
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The first site, Siyuan Lake, is located on the Shanghai Jiao Tong University campus in an urban environment. As shown in
Fig. 1b, The LAS transmitter was installed on the southern side of the lake (point A), and the receiver was located on the
northern side (point B), yielding a path length of 290 m. The transmitter and receiver were mounted on 3 m towers, giving
effective path heights of 4.35 m and 4.65 m above the water surface during the first and second campaigns, respectively. The
LAS system (Aiutyl-LAS, Sciencesky) has an aperture diameter of 0.15 m and operates at a wavelength of 625 nm, and
records data at a sampling frequency of 500 Hz. A co-located EC system was installed on a bridge over the lake (point C),
mounted at heights of 3.85 m and 4.15 m above the water surface during the first and second campaigns, respectively. The
system consisted of a 3-D sonic anemometer (CSAT3B, Campbell Scientific) sampling at 20 Hz, along with a visibility
sensor (PWD50, Vaisala), a temperature-humidity sensor (HMP155A, Vaisala) and a barometric pressure sensor (CS106,
Vaisala), all recording at 1 Hz. The two campaigns at this site were conducted from 11 August to 17 September 2024, and
from 26 December 2024 to 28 February 2025.

The second site was located at a coastal bay on the eastern side of Sijiao Island in the East China Sea. Natural vegetation
dominates the eastern part of the island, whereas urbanized areas are concentrated in the west. As shown in Fig. 1c, the LAS
transmitter was installed on the eastern side of the bay (point D), while the LAS receiver and the EC system were located on
the western side (point E). The LAS path length was 1300 m, and the effective path height was 6.5 m above the sea surface.
The EC system was mounted at a height of 6.13 m, with its instruments and supporting meteorological configured identically
to those described above to ensure the comparability of the different datasets at Siyuan Lake. This site is far from the main
urbanized area of the island and is therefore less directly affected by local traffic emissions. The two campaigns at this site

were conducted from 16 to 21 April 2025 and from 30 August to 4 September 2025.

2.2 Data processing and quality control

All observational data were subjected to a unified quality-control procedure before flux calculation. The primary variables
included air temperature, wind speed, visibility, relative humidity, barometric pressure, and the LAS optical signal.

Spikes were identified using a +3 standard deviation criterion relative to a 2 h moving average. Any data point deviating by
more than three standard deviations from this moving average was flagged as a spike and replaced with NaN. Additional
filtering was applied to the LAS data. Periods with precipitation (rainfall rates >0.1 mm h™"), persistent heavy fog causing
signal loss or unstable operation, and intervals without clear spectrum separation in the log-intensity signal were discarded.
For the EC calculations, wind directions within £20° of the supporting tower were excluded to reduce flow distortion. A 30
min averaging period was adopted for EC flux calculations to retain the turbulent contribution while filtering out low-
frequency motions. The rationale of this averaging period is provided in Appendix A. After all quality-control procedures
were applied, 70.8% of the original observations were retained for the Siyuan Lake campaigns and 80.5% for the Sijiao

Island campaigns.
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2.3 LAS-based retrieval of aerosol mass flux

LAS obtains the atmospheric equivalent refractive index structure parameter (C2) by measuring fluctuations in light intensity
along an optical path. According to complex refractive index theory (van de Hulst, 1957; Yuan et al., 2021), the atmospheric
equivalent refractive index n consists of a real component (#p,) and an imaginary component (7,,,). The np, is sensitive to
temperature, and the n,,, is sensitive to the concentration of light-absorbing aerosols. Accordingly, the C2 also comprises a
real part (Cﬁ’ re) and an imaginary part (Cﬁ, m)- The temporal spectrum of the log-intensity obtained from LAS can be
decomposed into high-frequency and low-frequency components (Yuan et al., 2024). The high-frequency variance (o7, I Re) 18
caused by the real part of the structure parameter, whereas the low-frequency variance (a3, 1, 1m) 18 due to the imaginary part.

The Cﬁ’ re and Cﬁ’ m can be derived from these variances as follows (Yuan et al., 2015):

Ca re=1.1205, x, L D]* D]° (1)
Co jn=0.3400, 1, 2 L7 L7, @)

where o%nl’ re and o%nl’ m represent the variances at the high-frequency and low-frequency ends, respectively; L is the path
length; D, and D, are the transmitter and receiver aperture diameters, respectively; L is the outer scale of turbulence; # is the
optical wavenumber. Cﬁ’ re and Ci m are the structure parameters for the real and imaginary parts of the atmospheric
equivalent refractive index, respectively.

To relate these optical structure parameters to the aerosol mass flux, two conversion factors are required. represents the
ratio of the equivalent real refractive index change to temperature fluctuations, and relates the imaginary refractive

index to the aerosol mass concentration (Tatarskii, 1961; Yuan et al., 2021):

Rpy=129x10%x (1+ 7-52*10’3)_1 r 3

w=1. ) =, (3)
4z M,

Ryy =2 4

MN ot ( )

where 4 is the light wavelength; P is atmospheric pressure; T is temperature; M, is aerosol mass concentration approximated
3.912
).

as PM; P 1s the extinction coefficient, inversely proportional to visibility visib (8,,; = s
VISL

Based on these optical and meteorological relationships, the aerosol mass flux can be calculated as follows (Yuan et al.,

2024):
Fy ras=a (D" RIF (Cop)"* Ruy (Crp)'? 2= ), (5)

where @ =0.567 (De Bruin et al., 1995); g is gravitational acceleration; z is instrument mounting height; d is zero-plane

displacement.
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2.4 EC-based estimation of aerosol mass flux

The EC method is a commonly used technique for quantifying turbulent exchange fluxes in the atmospheric surface layer. It
estimates the aerosol mass flux by calculating the covariance between high-frequency vertical wind velocity fluctuations and

extinction coefficient fluctuations. The aerosol mass flux can be calculated by EC method as follows (Wilczak et al., 2001):
A e

FaiEC = RMN 4 Wﬁext > (6)

where w'f,,,' is the covariance between vertical wind velocity W and extinction coefficient f,,,.

2.5 Filter-based aerosol sampling and dry-deposition calculation

To provide an independent methodological reference, filter-based aerosol sampling was conducted alongside the
micrometeorological measurements. A medium-flow air sampler (TH-150H, Tianhong) operating at 100 L min~' was
deployed to collect particles on glass fiber filters with PM, s and PM;, impactors. Both before and after sampling, filters
were equilibrated in a constant temperature environment (45 + 1°C) for 3 hours and weighed using an analytical balance
(EAB 125i, Adam) with a precision of 0.1 mg. The mass of collected particulate matter was determined by the weight

difference of the filter before and after sampling, allowing the calculation of particulate mass concentration as follows:
_ M2 x T myx
Cx - v s (7)

where the subscript x denotes the specific size fraction (i.e., PM, s or PM;5+110); My, . 1s the mass after sampling; m, , is the
mass before sampling; V is the sampling volume.
According to size-resolved deposition models (Slinn et al., 1978; Petroff and Zhang, 2010; Seinfeld and Pandis, 2016), the

dry-deposition velocity (v,) is parameterized using a traditional resistance framework:

1
Ry+Rg’

®)

Va = Vs +

where v, is the particle settling velocity; R, is the aerodynamic resistance; R, is the surface resistance, which includes
Brownian diffusion and inertial impaction over water surfaces.

Based on this theoretical framework and the typical size characteristics of marine aerosols, the representative deposition
velocities for PM, 5 and PM, 5419 were derived. With these deposition velocities and the mass concentrations determined

above, the dry-deposition flux can be calculated as follows:
Fa,DD:CPMz.sVPM2,5+CPM2.5—1OVPM2.5to10 > ©

where Cpyy, 5 and Cpyy, 5, are the mass concentrations of PM, 5 and PM, sy, 1 separated by the impactors, respectively;

Ve, s and vpyy, 5., are the deposition velocities for PM, s and PM, st 19, respectively.
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2.6 Footprint analysis for LAS and EC

For the single-point EC measurements, the footprint was determined using a two-dimensional footprint parameterization
model (Kljun et al., 2015). This model calculates the relative contribution fzc(x,y) of each upwind surface pixel to the
measured flux.

In contrast, LAS represents a path-averaged measurement. The footprint of the LAS can be determined by taking the product
of the localized flux footprints along the optical path and the normalized spatial weighting function of the scintillometer

(Meijninger et al., 2002; Hartogensis et al., 2003):
ﬁAS (xayazm):_]'iT W(x)f(x_x'a)/—J"a Zm)dx7 (10)

where W(x) is the weighting function; x; and x, are the positions of transmitter and receiver of LAS, respectively; x and y are
the points along the optical path; x' and )" are the points in the up-wind areas; Z,, is the effective height (z — d); f is the flux

footprint at a single point.

3 Results
3.1 Overview of meteorological conditions

To provide environmental context for the aerosol flux analysis, the main meteorological conditions during the four field
campaigns are summarized in Table 1. At Siyuan Lake, the first campaign was characterized by weak wind speeds (mean
1.19 m s™"), predominantly southeasterly flow (78%). warm condition (mean 31.8 °C), and RH ranging from 40% to 100%.
Mean pressure was 1006.7 hPa; with a marked drop to 991.8 hPa during the typhoon passage on 16 September 2024. The
second lake campaign was colder (mean 5.7 °C), similar weak wind (mean 0.96 ms'), and more strongly affected by
synoptic winter high pressure, pressure increased to 1026.1 hPa; RH ranged from 20% to 100%. Several precipitation events
occurred during both lake campaigns, and data affected by rainfall or the typhoon were excluded from the subsequent flux
analysis.

At Sijiao Island, both campaigns were characterized by stronger winds than at Siyuan Lake (2.31 ms™' and 2.07ms™!,
respectively) and predominantly southerly flow (72% and 89%). The first and second coastal campaigns had mean air
temperatures of 16.7 °C and 26.9 °C, respectively, with relatively small diurnal differences ( ~4 °C and ~2 °C). RH
remained persistently high, especially in the second campaign (80% — 100% ), while mean pressures remained relatively
stable between the two campaigns. No rainfall occurred during either coastal campaign. However, dense fog (visib <5000m)
during 18 - 19 April 2025, and 00:00-02:00 LST on 21 April caused severe LAS signal attenuation and is therefore

important for interpreting the first coastal campaign.

Table 1. Summary of the meteorological conditions during the four observational campaigns at Siyuan Lake and Sijiao Island.
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Site Siyuan Lake Sijiao Island
First (Aug - Sep Second (Dec Second (Aug -
Observation Period First (Apr 2025)
2024) 2024 - Feb 2025) Sep 2025)
Mean T (°C) 31.8 5.7 16.7 26.9
Diurnal T Range
>7 >12 ~4 ~2
°C)
Mean WS (ms™) 1.19 0.96 2.31 2.07
Prevailing WD (%) SE (78%) NW (51%) S (72%) S (89%)
RH Range (%) 40 - 100 20 - 100 60 - 100 80 - 100
Mean P (hPa) 1006.7 1026.1 1008.8 1008.5
Typhoon (16
. Fog (18 - 19 Apr

Sep 2024; 991.8 Rain (Jan 26,

Notable Weather hPa): Rain (Aug 31 - Feb 1, Feb 2025; 21 Apr None
Events 00:00 - 02:00
27 - 28, Sep 3, 11,14 - 15,27)
LST)
10-11,15-16)

Note. T: air temperature; WS: wind speed; WD: wind direction; RH: relative humidity; P: atmospheric pressure. The diurnal T range

represents the approximate maximum daily temperature difference.

3.2 Comparison of LAS and EC aerosol fluxes over Siyuan Lake
3.2.1 Temporal variations and footprint analysis over Siyuan Lake

Siyuan Lake provides a relatively simple inland open-water setting for the initial comparison between LAS and EC. Fig. 2
shows the temporal variations of aerosol fluxes derived from LAS and EC in the two Siyuan Lake campaigns. The
background transparent points represent the original 30-min data, whereas the solid lines denote 2 h block averages used to
emphasize broader temporal variability. At the block-averaged scale, LAS and EC show similar temporal evolution, with
broadly coincident periods of increasing and decreasing flux. Both methods also resolve the seasonal contrast between the
two observation campaigns, with higher fluxes in the warm season and lower fluxes in cold season. During the first
campaign, the mean aerosol fluxes measured by LAS and EC are 0.127 uygm2s' and 0.086 ugm2s™', respectively,
corresponding to a mean bias error (MBE) of 0.041 pg m 2 s™'. During the second campaign, the mean fluxes decrease to
0.068 ugm2s™! and 0.049 pgm 2 s™!, with an MBE of 0.019 pg m 2 s™!. In both lake campaigns, aerosol fluxes from LAS
were larger than those obtained from EC, consistent with the terrestrial comparison reported by Yuan et al. (2024). Despite

this systematic difference in magnitude, the normalized root-mean-square error (NRMSE) of the 2 h block averages remain
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limited to 16.3% and 15.0% in the first and second lake campaigns, respectively, indicating reasonable agreement at the
macroscopic timescale.

In contrast, the correlation between the original 30-min time series was weak (»=0.104 and 0.301 for the first and second
lake campaigns, respectively. This weak short-timescale correlation is consistent with differences in spatial
representativeness between the two methods. As shown by the footprint analysis in Fig. 3, the relatively short LAS path over
the lake yields a footprint scale comparable to that of the EC system, but the two source areas still do not fully overlap. The
EC footprint is strongly modulated by local wind conditions and may extend asymmetrically, whereas the LAS footprint is
weighted along the fixed optical path. Given the spatial heterogeneity of the site, this mismatch likely causes the two systems

to sample different source areas at a given time, thereby reducing point-to-point agreement.
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Figure 2. Temporal variations of aerosol fluxes derived from LAS and EC measurements in (a) the first campaign (11 August to 17
September 2024) and (b) the second campaign (26 December 2024 to 28 February 2025) at Siyuan Lake. The solid lines with red circles

and blue squares denote the 2 h block averages for LAS and EC, respectively. The transparent points indicate the original data at a 30-min
resolution.
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Figure 3. Spatial footprint climatology of the EC (blue solid lines) and LAS (red solid lines) systems over Siyuan Lake in (a) the first
campaign and (b) the second campaign. The contour lines denote the cumulative spatial contribution to the measured aerosol fluxes,
representing the 10% to 90% source areas from the inside out at 10% intervals. Map tiles provided by © 2026 AutoNavi.

3.2.2 Ensemble diurnal cycles of aerosol fluxes over Siyuan Lake

To investigate the diurnal behavior of aerosol fluxes, ensemble average cycles were conducted for both lake campaigns. As
shown in Fig. 4, the ensemble diurnal cycles of LAS and EC are broadly synchronized. The correlation between the
ensemble mean curves increases 0.645 and 0.656 in the first and second lake campaigns, respectively, indicating a consistent
agreement between the two methods.

Both methods show higher fluxes during daytime and lower values at night, a pattern consistent with stronger daytime

I and

turbulent exchange over the lake. For the second lake campaign, the daytime peak fluxes were 0.145 ugm2 s~
0.108 ugm2s! for LAS and EC respectively, and both occurred at 12:30 LST. In the first lake campaign, the
corresponding peak fluxes increase to 0.297 ugm2s™! and 0.223 ygm2s™!. In contrast, the first campaign shows a
difference in peak timing, with LAS peaking at 11:00 LST and EC peaking at 14:00 LST. This offset is consistent with the
footprints mismatch discussed earlier, although the specific mechanism cannot be isolated from the present dataset. The
shaded boxes in Fig. 4 show the interquartile ranges (IQR) for each half-hour bin. During daytime, the LAS IQRs are
generally wider and centered at higher values than those of EC, indicating that both greater day-to-day variability and a
systematically positive offset in the LAS-derived fluxes.

The diurnal pattern revealed by the ensemble averages suggests the underlying physical mechanisms driving aerosol

exchange over the inland water body. The daytime increases in aerosol fluxes indicate the dominant role of thermal

10
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convection. As solar radiation heats the surface, the atmospheric stratification becomes unstable, enhancing turbulent mixing
and facilitating the transport of aerosols. Conversely, the suppressed fluxes during the nighttime reflect the stabilization of

the boundary layer due to radiative cooling, which inhibits turbulent exchange.

—e—LAS Ensemble —— EC Ensemble
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Figure 4. Ensemble diurnal variations of aerosol fluxes derived from LAS and EC measurements in (a) the first campaign and (b) the
second campaign at Siyuan Lake. The solid lines with red circles and blue squares represent the ensemble mean values for LAS and EC,
respectively. The shaded vertical boxes indicate the interquartile ranges of the 30-min data for each corresponding half-hour interval.
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3.3 Comparison of LAS and EC aerosol fluxes at Sijiao Island
3.3.1 Temporal variations and footprint analysis at Sijiao Island

After the lake comparison, the analysis was extended to the coastal open-water site at Sijiao Island. Fig. 5 presents the
temporal variations of aerosol fluxes derived from both methods during the two coastal campaigns. The first coastal

I and

campaign shows a markedly different behavior from the lake case (Fig. 5a). The mean fluxes were 0.168 uygm2 s~
0.176 ugm2s™! for LAS and EC respectively, with an MBE of —0.008 uyg m2 s~ and a substantially larger NRMSE of
27.9%. The slightly higher mean EC flux in this campaign is largely explained by fog events on 18 - 19 April, and early
hours (00:00-02:00 LST) of 21 April, during which LAS data were missing due to optical attenuation. The fog events
created extended gaps in the LAS record, whereas the EC system continued to operate and captured elevated fluxes. The
exclusion of these high-value periods from the LAS series therefore biases the mean comparison for the first coastal
campaign. By contrast, the second campaign was not affected by severe signal attenuation (Fig. 5b). The mean LAS and EC
fluxes for were 0.091 pgm s and 0.067 pgm2s™!, respectively, with an MBE of 0.024 uygm2s' and an NRMSE of
16.8%. As in the lake campaigns, LAS yields larger mean flux than EC. Overall, the coastal results suggest that LAS and EC
can still track similar macroscopic temporal trends, but this agreement is clearly more robust in the second campaign than in
the fog-affected first campaign.

Over the coastal environment, the observed flux variations suggest physical processes distinct from those over the inland
lake, likely pointing to dynamic marine forcings. The episodic increases and sustained high values of aerosol fluxes are
indicative of enhanced exchanges of marine aerosols. In the marine boundary layer, elevated wind speeds and subsequent
wave breaking mechanically drive the bursting of entrained air bubbles, a well-documented source of sea spray aerosols (De
Leeuw et al., 2011). Consequently, the flux variations captured by LAS at the coastal site likely reflect these wind-driven
events and the active air-sea mass exchange.

A footprint analysis was used to evaluate the spatial representativeness of the two systems at the coastal site. As shown in
Fig. 6, the source areas of the LAS and EC systems differ substantially in both campaigns. The EC footprint is confined to
the immediate vicinity of the instrument, whereas the LAS footprint extends across the bay and integrates over a large open-
water area. This mismatch is consistent with the weak first-period correlation (»=0.218), as the two systems frequently
sampled different source areas. Despite a similar footprint mismatch, the second coastal campaign shows a markedly higher
correlation (7= 0.612). This improvement likely reflects the absence of severe fog attenuation and a more temporally
coherent measurement period, although the specific role of surface-state homogeneity cannot be isolated here. This behavior
is qualitatively consistent with previous LAS — EC comparisons for sensible heat flux studies (Li et al., 2017). More
importantly, it shows that the aerosol flux comparison is strongly condition dependent, with substantially better agreement

when optical attenuation is weak.

12



285

https://doi.org/10.5194/egusphere-2026-2182

Preprint. Discussion started: 19 May 2026 EG U h .

© Author(s) 2026. CC BY 4.0 License. spnere
Preprint repository

—e—LAS (2h avg) ——EC (2h avg)

100 L(2) | |

o 102} 1
= 107
an | | | | |

6 A % Q N
= & > & e Y
. 3 3 5 5 = 3
Eo 100 ) T I T T T
g
)
<

ERURRILLL B b (L R

D 5,9 N O D> 3
) " \} QD Q Q
Nl o ) ) ) )
Q Q Q Q ) QS
o W o o o W
LST (YYMMDD)

Figure 5. Temporal variations of aerosol fluxes derived from LAS and EC measurements in (a) the first campaign (16 to 21 April 2025)
and (b) the second campaign (30 August to 4 September 2025) at Sijiao Island. The solid lines with red circles and blue squares denote the
2 h block averages for LAS and EC, respectively. The transparent points indicate the original data at a 30-min resolution.
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3.3.2 Ensemble diurnal cycles of aerosol fluxes at Sijiao Island

An ensemble-diurnal analysis was also applied to the coastal site. Because both coastal campaigns were short, the ensemble
averages and IQRs (shaded boxes in Fig. 7) are strongly influenced by individual events and therefore should be interpreted

cautiously.
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Figure 7. Ensemble diurnal variations of aerosol fluxes derived from LAS and EC measurements in (a) the first campaign and (b) the
second campaign at Sijiao Island. The solid lines with red circles and blue squares represent the ensemble mean values for LAS and EC,
respectively. The shaded vertical boxes indicate the interquartile ranges of the 30-min data for each corresponding half-hour interval.

In the first coastal campaign, the ensemble diurnal cycles are highly irregular and poorly synchronized (Fig. 7a). The LAS

ensemble mean reveals a single sharp peak at 11:00 LST (0.550 ug m 2 s™!), whereas the EC measurements exhibit multiple

discrete and lower peaks, including 0.245 pg m2 s~ at 09:30 LST and 0.209 pg m 2 s™! at 17:00 LST. The IQRs of the EC
14
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system are generally wider and centered at higher values than those of LAS. This difference is largely explained by the
missing LAS data during the fog-affected high-flux periods (as discussed in Sect. 3.3.1), which distort the ensemble
distribution. The first-period diurnal comparison therefore should not be treated as a robust measure of method agreement.

In the second coastal campaign (Fig. 7b), the two ensemble diurnal cycles are more comparable. Both methods show higher
fluxes during daytime and lower values at night. The LAS curve exhibits a broad daytime maximum from 10:00 to 15:00
LST with an average of 0.125 ug m 2 s™!, whereas the EC series shows a distinct morning enhancement between 07:00 and
09:00 LST (averaging 0.147 ug m2s™!). The IQRs indicate anomalously high values during morning periods. Field notes
indicate that barbecue smoke was present near the EC installation site between 30 August and 1 September, making
localized anthropogenic interference a plausible explanation for this feature. Both methods also show a small evening
increase near 20:00 LST. Outside of this likely interference period, the LAS IQRs are generally wider and centered at higher
values than those of EC during daytime, suggesting greater day-to-day variability and a persistent positive offset in the LAS-

derived fluxes.

3.4 Comparison with independent dry-deposition calculations

To provide an additional observational constraint, the micrometeorological fluxes estimated from LAS and EC were
compared with dry-deposition calculations derived from filter sampling. Because the dry- deposition calculation is not
physically identical to the micrometeorological fluxes, the comparison is used here to assess broad consistency in temporal
variability rather than absolute agreement.

At Siyuan Lake (Fig. 8a), both LAS and EC show similar levels of correlation with the dry-deposition calculations, with
values of 0.592 and 0.588, respectively. The mean dry-deposition flux over the lake (0.1335 ugm2s™!) is substantially
higher than the corresponding micrometeorological fluxes (0.0464 and 0.0416 pgm™2s! for LAS and EC, respectively).
Despite this difference in absolute magnitude, the similar correlation values suggest that both methods capture broadly
comparable temporal variability at the lake site. The magnitude discrepancy likely reflects differences in measurement
principle and in the aerosol size fractions represented by the respective approaches.

At Sijiao Island (Fig. 8b), the three mean flux estimates are of the same order of magnitude (0.1014, 0.0692, and
0.0727 pgm 25! for LAS, EC, and dry-deposition, respectively). LAS shows a somewhat higher correlation with the dry-
deposition calculations (7 =0.442) than EC (» = 0.346). This result is consistent with the idea that the path-averaged LAS
may better represent site-scale variability at the coastal station, but the difference is not large enough to be treated as a

definitive validation of method superiority.
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Figure 8. Comparison of aerosol fluxes derived from LAS and EC measurements against independent dry-deposition calculations at (a)
Siyuan Lake and (b) Sijiao Island. The red circles, blue squares, and green triangles represent the LAS measurements, EC measurements,
and dry-deposition calculations, respectively. Because the filter sampling was conducted discontinuously, the horizontal axis is
represented by a sequential sample index rather than continuous time. The linear correlation coefficients (7) between the respective
micrometeorological fluxes and dry-deposition calculations are annotated in the bottom right corner of each panel.

4 Conclusions

In this study, a large-aperture scintillometer (LAS) was deployed to retrieve aerosol mass fluxes over open-water
environments (an inland lake and a coastal ocean) for the first time. To evaluate the applicability and operational boundaries
of this optical technique, the LAS measurements were compared against conventional eddy covariance (EC) method and
independent filter-based dry-deposition calculations.

Results indicate that the LAS is capable of capturing aerosol flux dynamics over water surfaces under specific conditions.
During periods without severe optical attenuation, the LAS-derived fluxes exhibited consistent macroscopic temporal trends

with the EC measurements, with the normalized root-mean-square error (NRMSE) constrained between 15.0% and 16.8%.
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Because the path-averaging LAS integrates fluxes along a fixed optical line, whereas the point-measurement EC system
samples a dynamic and wind-driven footprint, this fundamental difference in spatial representativeness led to footprint
mismatches that likely reduced short-timescale correlations. However, ensemble diurnal analyses demonstrated that long-
timescale temporal averaging bridges this spatial scale gap, improving the correlation between the two techniques.
Importantly, the coastal campaigns revealed the operational boundaries of the LAS over open-water environments. Dense
fog and persistent high-humidity conditions severely attenuated the optical signal, resulting in extended data gaps during
periods when the EC system remained functional. This highlights that the application of the LAS method over open water is
limited by its dependence on atmospheric visibility and optical transmission.

Comparisons with independent dry-deposition calculations provided an additional observational constraint. While both
techniques captured temporal variability comparably over the lake, the spatially integrated LAS fluxes maintained a higher
correlation with the deposition calculations at the coastal site. Rather than demonstrating absolute methodological superiority,
this result is consistent with the capacity of path-averaging scintillometers to better represent regional-scale aerosol exchange.
Ultimately, this exploratory study shows that LAS offers a spatially integrated perspective that complements traditional

single-point measurements for marine aerosol research, provided that local optical boundary conditions are met.

Appendix A: Rationale for selecting a 30-min averaging period

To ensure physically representative turbulent fluxes while minimizing contamination from non-turbulent motions, an
appropriate averaging period must be selected for EC calculations. In this study, we determine the averaging period using the
bimodal structure of the velocity variance spectra (Liang et al 2014, Stiperski et al 2019).

The variance spectrum of velocity under non- stationary boundary-layer conditions typically exhibits two distinct energy
regimes separated by a spectral gap: a high- frequency peak corresponding to turbulent eddies within the inertial subrange,
and a low- frequency peak associated with mesoscale or sub- mesoscale motions. Between these two peaks, a flattened region
or energy minimum is usually present, representing the scale separation where neither turbulent nor mesoscale processes
dominate. Averaging times chosen within this spectral gap effectively filter out non- turbulent motions while retaining the
turbulent contribution to fluxes (Barbano et al., 2022).

Figure Al presents the pre-multiplied variance spectra of the horizontal (u, v) and vertical (w) velocity components,
illustrated here using data from the first field experiment at Siyuan Lake as an example (results from the other three
experiments are consistent with this case). Across all analyzed periods, the spectra display a consistent bimodal shape, with:
a well- defined inertial subrange at frequencies higher than approximately 10~ to 1 Hzcharacterized by a —2/3 slope, and
enhanced low- frequency variance below approximately 10™* Hz. Three vertical dashed lines corresponding to the commonly
used averaging windows of 1 min, 5 min, and 30 min are superimposed on the variance spectra. It is evident that both the
1-min and 5-min thresholds lie close to, or partly within, the high- frequency side of the inertial subrange, indicating that

turbulent eddies at these scales may still contribute energy and potentially bias the computed fluxes. In contrast, the 30- min
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threshold is positioned entirely within the spectral- gap region, well separated from the inertial-subrange peak and well
before the mesoscale energy increase. This placement confirms that the 30-min averaging window is neither affected by
inertial- subrange turbulence nor influenced by mesoscale or sub- mesoscale motions, providing a reasonable separation

between turbulent and non- turbulent variability.
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Figure Al. Pre-multiplied variance spectra of horizontal (u, v) and vertical (w) velocity components for the first experiment period at
Siyuan Lake. The vertical dashed lines indicate the corresponding frequency for 30-, 5- and 1-min averaging periods from left to right. The
characteristic —2/3 slope of the inertial subrange is indicated by the solid lines.
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