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Abstract: The thin layers in the ocean are temporally-coherent aggregations of phytoplankton with
high concentrations at small vertical scales, presenting important hotspots of ecological activity.
Lidar could identify thin phytoplankton layers at a large spatial scale due to its capabilities of profile
detection with a high efficiency. However, studies that linked thin layers to environmental factors
are few, which limits our understanding of the layer formation mechanism. This paper investigates
the characteristics and formation conditions of thin phytoplankton layers in the northern Gulf of
Mexico using airborne lidar. The results depict that the chlorophyll concentration determines the
formation probability of the phytoplankton layer. The layer is mainly formed at concentrations less
than 6 mg m−3 and mostly distributed at 2 mg m−3. In addition, layer thicknesses were within 5 m
and layer depths were mainly in the range of 10–15 m. Layer depths in the nearshore region were
shallower than those in the offshore region. We conclude that the characteristics and formation
conditions of the thin phytoplankton layers depend on the nutrients and light that are related to the
seabed topography, turbidity, eddies and upwelling. The findings of this paper will enhance the
understanding of layer formation mechanisms.
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1. Introduction

The thin layer is a special phytoplankton cluster located in the subsurface of the water
column, with a high concentration of photosynthetic microorganisms typically with a
thickness of a few centimeters to meters and extending horizontally for kilometers [1], and
the ratio of horizontal to vertical scales can exceed 1000 [2]. As an important component
of primary productivity in the food chain, thin layers have a significant impact on biogeo-
chemical processes such as carbon fixation, transfer of organic matter [3], and are associated
with toxic algal blooms [4]. The distribution and characteristics of thin layers reveal the
most likely suitable areas in the water column for phytoplankton growth and provide
information for studies related to marine ecosystems, ocean circulation, fisheries [5], and
algal bloom monitoring and early warning [6].

A traditional method for detecting thin layers is to sample seawater with bottles and
analyze it in the laboratory [7]. Thin layers can be also found using the chlorophyll fluores-
cence method [8], which is more efficient than the water sampling. With the development
of underwater sensing technology, more methods including optical sensors [9], acoustic
systems [10] and underwater imaging [11] have emerged to detect thin layers. However,
most of these methods are carried on vessels or autonomous underwater vehicles, which
have to be inside water for measurement. Therefore, the survey efficiency is limited, making
it unsuitable for a large-scale detection.

It has been demonstrated that the lidar offers superior capability of ocean remote
detection, providing details on the vertical distribution of seawater optical properties [12].
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For this advantage, it has been extensively used in the detection of fish [13], plankton,
chlorophyll concentration [14] and ocean internal waves [15], playing a critical role in fields
of the marine ecosystem and biogeochemistry. Studies on lidar detection of thin layers are
recently reported. Churnside et al. analyzed the link between thin layers with currents and
ice cover using airborne lidar in the eastern Pacific Ocean [16] and the Gulf of Alaska [17],
respectively. In a more recent study, flight experiments were conducted in Sanya Bay,
South China Sea [18], demonstrating lidar effectiveness for phytoplankton layer detection.
However, studies relating the characteristics of thin layers to environmental factors are still
few, which greatly limits our understandings of layer formation mechanisms.

This paper describes the process of obtaining subsurface thin phytoplankton layers
information using lidar data acquired by the National Oceanic and Atmospheric Ad-
ministration (NOAA) in the northern Gulf of Mexico. Furthermore, we investigate the
characteristics of the layer distribution and analyze how it interacts with the surrounding
factors such as ocean depth, chlorophyll concentration, eddies and water turbidity.

2. Materials and Methods
2.1. Experimental Area

The Gulf of Mexico is southeast of the North American continent and is the marginal
sea of the Atlantic Ocean, with a sea area of 1,507,639 square kilometers, an average depth
of 1615 m, and a maximum depth of 4400 m. The shape of the Gulf of Mexico is a semicircle,
with about one third being a deep basin, one third the slope, and the rest a flat continental
rim with a depth less than 200 m [19]. The Gulf of Mexico has strong northerly cold winds in
winter. Tropical storms are more frequent in the summer. The Gulf of Mexico is frequently
hit by hurricanes, peaking around September [20]. Phytoplankton are widespread in the
Gulf of Mexico. The Gulf of Mexico has a large deep water area, but primary production
is concentrated in the shallower bays, accounting for 70% of the total [21], and the carbon
fixation in the Gulf of Mexico is largely controlled by the margin. Nitrogen and phosphorus
are closely related to phytoplankton growth. The main source of nitrogen and phosphorus
in the northern Gulf of Mexico is the Mississippi River and its tributaries, which provide
62% and 88% of terrestrial nitrogen and phosphorus sources. As the population grows,
large amounts of trash and industrial wastewater are discharged into the Gulf of Mexico. In
2010, an oil spill from the Deepwater Horizon well damaged the Gulf of Mexico ecosystem,
harming nearly 2100 km of shoreline and a wide range of coastal habitats [22].

During late September and early October 2011, NOAA conducted flight surveys of
zooplankton, phytoplankton and fish by airborne lidar in the northern Gulf of Mexico from
87◦W to 90.5◦W and 28◦N to 30◦N. The flight route is shown as the black line in Figure 1.
The lidar was mounted on a KingAir 90 twin-engine aircraft with a nominal altitude
of 300 m and a flight speed of 80–100 m/s [13]. NOAA Chemical Sciences Laboratory
provided the raw LIDAR data.

2.2. Lidar Data Processing

The NOAA lidar system is called FLOE (Fish Lidar, Oceanic, Experimental). It uses a
Q-tuned, frequency-doubled Nd: YAG laser that emits green polarized light at a wavelength
of 532 nm with a laser pulse length of about 12 ns. The penetration depth of the lidar can
reach more than 30 m in offshore waters, 20–30 m on the shelf, and less than 20 m in the
Mississippi River plume, with a depth resolution of 11 cm in the water [23].
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Figure 1. The flight route map for the airborne lidar detection in the northern Gulf of Mexico.

The perturbation method, which assumes that the lidar attenuation coefficient is
constant and ignores its variation component with depth [24,25], is utilized here to obtain
characteristics of the thin layers. The depth corresponding to the maximum value of
the photocathode current Im(z) was taken as the ocean surface, and the logarithm of
the photocathode current was fitted to the depth by linear regression to estimate the
background signal

IB(z) = IB(0) exp(−2αz) (1)

where z is the depth and α is the lidar attenuation coefficient. The depth range for the
regression fit was from the ocean surface to the depth at which the photocathode current
was 50 dB lower than the surface value. The signal from the layer was obtained by
subtracting the background signal and adjusting for background attenuation

IL(z) = [Im(z)− IB(z)] exp(2αz) (2)

the layer depth and thickness were calculated from the depth of the maximum value of IL(z)
and its full width at half maximum. According to the existing bio-optical model [26], the
background backscattering coefficient βB can be estimated from the attenuation coefficient
α. The ratio of Im(z) to IB(z) is defined as the intensity S, and the corresponding volume
backscattering coefficient βL = SβB.

This method estimates the background signal by considering the thin layer as a
perturbation to the background signal. When the signal does not meet the requirements of
a 50 dB drop in shallower positions, it is necessary to combine the water depth data and
apply the bottom as the lower limit of the regression range.
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3. Results
3.1. Data Processing

The processing of the lidar data is shown in Figure 2. In this example, one lidar echo
signal is processed by fitting the photocathode current Im(z) to obtain the background
signal IB(z) from 0 m to 22 m depth. The layer depth and thickness from this example are
14.6 m and 3.5 m, respectively. Since the perturbation method ignores the inhomogeneous
scattering attenuation, this method will underestimate the layer signal, because the fitted
background signal will be affected by the layer and slightly higher. However, the variation
of the attenuation coefficient is relatively small, which will not have a substantial effect on
the results.
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Figure 2. The processing of the lidar data. (a) Logarithm of photocathode current and background
signal. The solid black line is the photocathode current Im(z), the dashed blue line is the background
signal IB(z) from linear fit, and the red part represents the range of layers; (b) The signal after
subtraction. The black line is the signal from the layer, and the red part represents the range of its full
width at half maximum.

The retrieved backscattering coefficients are shown as a three-dimensional plot on the
route in Figure 3, from which the distribution of the layers can be visualized. Numerous
areas of strong scattering were found on 24 September 2011. Similar thin layer structures
were detected near 29◦N, 88◦W, and 88.5◦W, suggesting a possible distribution of thin
layers up to 40 km long. A larger number of thin phytoplankton layers were also detected
in the latitude line of 30◦N, where the depth of the seafloor varies rapidly. Since the water
depth under some of the detection routes is less than 10 m, the scattering peak at the bottom
are caused by the seafloor.

Figure 4 shows the results on 24 September and 4 October 2011. A thin layer extends
about 5 km horizontally near 28◦30′N, 87◦30′W in deep water, as shown in Figure 4a,b. It is
a typical pelagic layer with no contact with the seafloor. The corresponding layer depth
varies as shown by the blue curves in Figure 4b, between 15 and 30 m, while the thickness
is represented by the red lines, which are all less than 5 m. Figure 4c shows the results near
30◦N, 88◦20′W with a water depth of approximately 20 m on 4 October 2011. This thin
layer extends over 4 km, with larger backscatter coefficients than that on 24 September. The
strong scattering part near 0 m in Figure 4a is caused by the ocean surface, and the red part
below 20 m in Figure 4c is the seafloor. Combined with the ocean depth data, the layer
depth and thickness are obtained in the range from 1 m below the surface to 1 m above the
seafloor, avoiding the error of identifying the ocean surface or seafloor as a layer. Note that
the coordinate scales are not the same.
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Figure 4. Vertical slices of volume backscattering coefficient and the corresponding thin layer depth
and thickness expressed as the blue and red lines, respectively. (a) Vertical slice of βL on 24 September;
(b) Corresponding layer depth and thickness on 24 September; (c) Vertical slice of βL on 4 October;
(d) Corresponding layer depth and thickness on 4 October.

3.2. Occurrence Probability of Thin Layers

The location information of layers is obtained from the lidar data according to the
methods in Section 2.2, which is displayed on the seawater depth map as in Figure 5a
and on the monthly average sea surface chlorophyll concentration map as in Figure 5b.
Scattered thin layers were discovered in areas with very deep seawater and very low
chlorophyll concentrations. Dense thin layers were found in inshore areas north of 29◦N,
where depths were less than 1000 m and chlorophyll concentrations were over 1 mg m−3.
These areas are around the Mississippi Delta and it is possible that the Mississippi River
plume provides enough nutrients for phytoplankton. However, only a small number of
thin layers were found in Chandeleur Sound. Although chlorophyll concentrations are
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high in Chandeleur Sound, water depths are less than 10 m, making it difficult to form
nutrient concentration stratification and to evolve into thin layers [27].
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The formation of thin layers is related to surface chlorophyll concentration. We
calculated the probability of thin layers forming at different sea surface chlorophyll con-
centrations and various ocean depths, as shown in Figure 6. Chlorophyll concentrations
in seawater greater than 1 mg m−3 can be considered as high concentrations [28], and the
occurrence probability of phytoplankton thin layers in the Gulf of Mexico was highest at
about 2 mg m−3.
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ocean depths.

The in situ growth [29] mechanism can provide some explanation for this phenomenon:
light is more abundant at the surface of seawater, while nutrients containing elements such
as nitrogen and phosphorus are more abundant in deep water; when both nutrient and
light levels are satisfied at a certain depth, a thin layer is formed. Chlorophyll concentra-
tion is generally positively correlated with nutrient concentration. When the chlorophyll
concentration is less than 1 mg m−3, it indicates that there is a nutrient deficiency in the
water column and the phytoplankton population is low. Therefore, the probability of
forming a highly aggregated thin layer in the ocean subsurface is also low. When the
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surface chlorophyll concentration is high (about 2 mg m−3), the subsurface water is rich
enough in nutrients to form a large number of thin layers, so the probability is highest here.

As the chlorophyll concentration continued to increase, the probability of detecting
a thin layer decreased instead, and no thin layer was found when it was greater than
6 mg m−3. In areas where surface chlorophyll concentration exceeded 6 mg m−3, the
nutrient content of the sea surface is sufficiently high that it may lead to large aggregations
of phytoplankton, forming surface thin layers or even algal blooms that absorbed a larger
fraction of light [30]. However, the aggregation of phytoplankton on the surface is not
regarded as a thin layer. As a result, the light level underwater is inadequate for the
formation of thin layers. Another possible reason is the absence of nutrient concentration
gradients in seawater, which is one of the conditions for the formation of thin layers.
Moreover, the low total number of detections in the high chlorophyll concentration region
may also make the results inaccurate.

The relationship between the occurrence probability of thin phytoplankton layer and
water depth was not significant. The detection was mainly concentrated in the area of
water depth less than 500 m, and the probability was higher in this range. The penetration
depth of lidar was limited to about 40 m, and only the subsurface phytoplankton could be
detected, while layers in deep water were missed. There is a peak near 900 m water depth
in Figure 6b, corresponding to the vicinity of 29◦N, 88.5◦W in Figure 5a. Since the ocean
depth here changes rapidly from 100 m to 1000 m, thin layers may migrate from shallow
waters by currents or swimming, with randomness in direction [31], so this result has some
occasionality. The lidar signal at the seawater surface is substantially enhanced due to the
reflection from the air-water interface, and the presence of oceanic breaking waves makes it
difficult to distinguish thin layers within 2 m depth from the signal [32]. Due to the strong
waves affecting the optical properties of seawater [33], some shallow thin layers may be
missed or destroyed.

3.3. Depth and Thickness of Thin Layer

The joint probability distribution of layer depth and thickness is shown in Figure 7.
The depth and thickness of the thin layer in the northern Gulf of Mexico showed a normal
distribution, respectively. The thickness varies from 1 m to 6 m, but is mainly concentrated
within 4 m, and the depth is mainly distributed in 10–15 m. Ryan et al. detected thin layers
in areas of Monterey Bay where the depth was less than 500 m in summer. Monterey Bay
is the largest open bay on the west coast of the United States and is located in the central
California Current System with abundant seasonal wind-driven upwelling, which is similar
to the Gulf of Mexico. The vertical thickness of the thin layers ranged from 1–5 m and
the depth from 12–33 m [34]. Johnston et al. obtained similar results in a larger area of
Monterey Bay [35].

The detection area was divided into patches according to latitude and longitude, and
the average layer depth and thickness within each patch were calculated, as shown in
Figure 8. From nearshore to offshore, the color patches of layer depth change from blue
to red gradually. Instead, the pattern of change in thickness is the reverse. The depth of
the thin layer was shallower in the nearshore area, with an average depth of 11.5 ± 4.8 m,
while the average depth in the deep area was 16.9 ± 7.75 m. The average thickness of the
thin layer in the shallow water area is 3.5 ± 1.7 m, while in the deep area it is 3.0 ± 1.6 m.

Mixed layer depth (MLD) data are available from the Estimating the Circulation and
Climate of the Ocean (ECCO) database [36]. In late September and early October, the MLD
in the Gulf of Mexico was about 30 m [37]. According to ECCO data, in 2011 the MLD was
less than 35 m in the detection area, as shown in Figure 9a. The mixed layer is a surface
layer characterized by uniform to near-uniform density [38], and below the mixed layer
is the pycnocline whose density increases rapidly with depth. The thin layer in the Gulf
of Mexico mostly forms at the bottom of the mixed layer, which is closely related to the
rich nutrients below it, as shown in Figure 9b. The correlation coefficient between MLD
and thin layer depth was 0.72. In a study by Dekshenieks [39], 71% of the thin layers were
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found to be directly related to the pycnocline. Another factor in the formation of thin
layers is the shear of the ocean currents. Due to the influence of the internal waves of the
ocean, the water velocity changes rapidly with depth, and the strong lateral shear makes
the phytoplankton thickness smaller and forms a thin layer with a thickness below 5 m [40].
However, due to the lack of ocean internal wave data for 2011, it is a pity that no suitable
data were found for in-depth analysis.
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The correlation coefficient between layer depth and ocean depth was 0.63, while only
−0.11 between thickness and ocean depth, as shown in Figure 10a,b. The characteristics
of the layers were also related to the chlorophyll concentration, showing that the layer
depth decreased with higher chlorophyll concentration, while the thickness increased. The
correlation coefficients were−0.82 and 0.36 respectively. In deeper areas of seawater, where
most of the nutrients were deposited on the bottom [41], thus the thin layers were also
located deeper. The high chlorophyll concentration at the sea surface indicates that the
nutrient content at the surface is high enough to allow phytoplankton to grow [42], and
the layer depth becomes shallower. The strong correlation between the layer depth and
ocean depth and chlorophyll suggests that the layer depth is mainly controlled by the
ocean topography and the distribution of nutrients in water column, consistent with the in
situ mechanism. Layer thickness may be influenced by complex factors such as gyrotactic
trapping, buoyancy, shear and other hydrodynamic processes [40].
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High nutrient concentrations at the sea surface are also associated with eddies and
upwelling. The water velocity in the eddy’s core is low, while the surrounding water
velocity is high. The water pressure in the center of the eddy is greater than the surrounding
area, so the water spreads around, causing a rise in nutrient salts at the bottom of the ocean
in that area, leading to an increased possibility of thin layers forming around it. According
to the sea surface height anomaly (SSHA), at 29◦N30′, 88◦W30′, there exists a central region
of lower sea surface height where eddies may exist. In the research of He’s team [43], the sea
surface height anomaly data in the South China Sea had been used to determine the eddies.
Combined with the water flow velocity data, the presence of eddies can be confirmed, and
there is another eddy with the same rotation direction on the east, as shown in Figure 11a.
Upwelling caused by eddies carries nutrients to the subsurface, and this vertical exchange
is more likely to form in regions with lower seawater surface temperatures in Figure 11b.
Nutrients rise more easily to the surface where the sea is shallow. The combination of
currents and topography contributed to the formation of the thin layer in this region.
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(a) Sea surface height anomaly and current velocity on 4 October 2011. Arrows represent water flow
vectors, SSHA is distinguished by the color bar; (b) Sea Surface Temperature on 4 October 2011.

3.4. Layer Variation in Two Detections

Two repeated detections in the same area were conducted in the afternoon and evening
on 4 October. The first measurement started at about 14:00 pm and the second measurement
started at about 19:30 pm, each lasting about 3 h. The aircraft made intensive flights from
the east to the west in both detections, and widespread thin layers were found as shown in
Figure 12a,b. Thin layers were detected in 12% of the lidar pulses in the first measurement,
and 21% in the second measurement, suggesting that more thin layers were detected
at night. In a study by Li [44], the phytoplankton abundance was at a low level in the
afternoon and increased rapidly from 18:00 onwards. Light is considered to be the key
driver of this change.

The same repetitive variation in the layer depth was observed in both detections,
indicating that it is the same thin layer which lasted for at least 8 h. The depths of the thin
layer during detection are shown by the blue dots in Figure 12c and the corresponding
water depths are shown by the red dots in Figure 12d. The average thin layer depth was
7.1 m in the first detection and 8.7 m in the second. The seafloor in the flight area is highly
undulating, and the water depth varies between 10–40 m during the detection process.
A rise and a fall of the red dots represent the aircraft flying over the detection area once,
respectively. Along with the topographic relief, there is a similar variation in the thin layer
depth. This indicates that in shallow water, the thin layer depth is mainly influenced by the
water depth.
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Figure 12. The maps of layer distribution and layer depth variation with time in the two detections
on 4 October. (a) Layer distribution of the first detection. The black line is the flight route. The yellow
lines are the positions where thin layers were detected; (b) Layer distribution of the second detection.
The black line is the flight route. The yellow lines are the positions where thin layers were detected;
(c) Layer depth variation during both detections; (d) Ocean depth variation during both detections.

4. Discussion

Lidar is widely noted for its high efficiency in remote sensing detection and profiling
capabilities among various methods. The penetration depth of lidar depends on the laser
wavelength and the turbidity of the water. The lidar system in this paper emits 532 nm
green light and can only penetrate to 20 m depth in some areas, which is more suitable for
coastal waters. In the open ocean, a shorter wavelength of blue light is required to achieve
the optimal penetration depth [45]. In the inversion algorithm, the perturbation method,
the background signal is assumed to be ideally exponentially attenuated, which differs from
the reality. This causes unavoidable errors in the results. The high-spectral-resolution lidar
can provide richer information with higher accuracy to solve this problem, which is still
under research [46–48]. In addition, Lidar responds to organisms such as phytoplankton,
zooplankton, and fish in the ocean, but the species cannot be identified from the echo
signal. Pre-measurement of large areas by lidar to provide guidance for subsequent field
measurements, is an effective solution.

Our results show that lidar can effectively acquire scattering information of the ocean
and identify thin phytoplankton layers from it. The occurrence probability of the layers and
their characteristics were strongly correlated with the surface chlorophyll concentration,
ocean depth and currents. One obvious point is that the thin layer occurs more nearshore
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and is shallower, which is consistent with Churnside’s conclusion [23]. These results can be
useful for other phytoplankton detection programs. For example, the use of ocean color
remote sensing can be combined to find those areas with a high probability of thin layers
based on ocean surface chlorophyll concentrations. This will further improve the efficiency
of detecting thin layers.

Most of the surveys in the Gulf of Mexico were carried out in two periods from
afternoon to evening, as shown in Figure 13, and only lasted 13 days. Information of the
thin layer variability over large scale time and seasonal variability is difficult to obtain.
Repeated detections over months, seasons, and years are necessary. This will play a critical
role in further work, such as identifying changes in phytoplankton species, predicting
algal blooms, guiding fisheries development, etc. We analyze the layer’s characteristics
and find that the occurrence of thin layers is consistent with in situ growth mechanism
and is related to topography, eddy currents, and temperature. In fact, the formation
of thin layer is a complex process related to biochemistry, physics, and oceanography.
Environmental factors such as salinity, wind, internal waves, anoxia, etc., phytoplankton
motility and zooplankton predation all influence the formation of thin layers, and the
pattern of thin layer formation varies from region to region. The current explanation for
the mechanism of thin layer formation is mostly limited to the analysis of independent
factors. A summary and universal mechanism is expected to be proposed in the future.
The thin phytoplankton layer is a concentrated area of intense biological activity, which
attracts predation by zooplankton and subsequently affects fish activity. The relationship
between these organisms has not been fully revealed.
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5. Conclusions

In this paper, we analyzed the spatial distribution characteristics of the thin phyto-
plankton layer from NOAA measurements in the northern Gulf of Mexico and tried to
provide a reasonable explanation for its formation. In the northern Gulf of Mexico, thin
layers were more frequently found at chlorophyll concentrations below 6 mg m−3, with the
highest probability of occurrence between 2–3 mg m−3, and the probability of occurrence
decreased or even became zero at higher chlorophyll concentrations. The distribution of
thin layers showed aggregation in general, more densely distributed in shallow water,
with shallower depths and thicker thicknesses. In the inversion algorithm used in this
paper, the lidar attenuation coefficient is considered as constant, but in fact the attenuation
coefficient varies slightly with depth, and the accuracy of the inversion needs to be further
improved. Measurements in the northern Gulf of Mexico have only been conducted for
13 days and some information such as diurnal and seasonal variation are missing. In the
future, more large-scale, high-precision, and long-duration measurements are needed to
verify our conclusions. The result will deepen our knowledge and understanding of the
characteristics and formation mechanism of the thin phytoplankton layer.
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