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The deep scattering layer (DSL), a stratum of the marine diel vertical migration
(DVM) organisms inhabiting the mesopelagic ocean, plays a crucial role in
transporting carbon and nutrients from the surface to depth through the
migration of its organisms. Using 18 months of in-situ observations and
altimeter sea level data, we reveal for the first time the intraseasonal variations
and underlying mechanisms of the DSL and the DVM to the east of the Taiwan
Island. Substantial vertical speeds acquired from the Acoustic Doppler Current
Profiler were used to examine the distribution and variation of the DVM.
Innovatively, the results for the power spectrum analysis of the scattering
intensity demonstrated a significant intraseasonal variability (ISV) with an 80-
day period in the DSL. Furthermore, the variation in the DVM was closely linked to
the DSL and showed an 80-day ISV during the observation. A dynamic
relationship between the ISV of the DSL east of Taiwan Island and the
westward-propagating mesoscale eddies was established. Anticyclonic
(cyclonic) eddy movement toward Taiwan Island triggers downward (upward)
bending of the local isotherms, resulting in a layer of DSL warming (cooling) and
subsequent upper boundary layer deepening (rising). These findings underscore
the substantial influence of mesoscale eddies on biological activity in the
mesopelagic ocean, establishing a novel understanding of ISV dynamics in the
DSL and their links to eddy-induced processes.
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deep scattering layer, diel vertical migration, intraseasonal variation, mesoscale eddies,
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Abbreviations: ADCP, Acoustic Doppler current profilers; AE, Anticyclonic eddy; AVISO, Archiving,
Validation, and Interpretation of Satellite Data in Oceanography; CE, Cyclonic eddy; CTD, Conductivity
temperature depth; DSL, Deep scattering layer; DVM, Diel vertical migration; HYCOM, HYbrid Coordinate
Ocean Model; ISV, Intraseasonal variability; LBD, Lower boundary depth; PSD, Power spectrum density;
SLA, Sea level anomaly; SSL, Surface scattering layer; UBD, Upper boundary depth.
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1 Introduction

The deep scattering layer (DSL) is a ubiquitous acoustically
dense layer in mesopelagic, and is a horizontally extensive and
vertically narrow layer. The DSL serves as a prominent signature of
marine organism distribution across the global ocean, typically
situated at depths from 200 to 1,000 m, with a thickness of 50 to
200 m (Aksnes et al., 2017; David and Richard, 2018; Kaartvedt
et al., 2019). The DSL exhibits its deepest distribution in the
southern Indian Ocean and shallowest at the oxygen minimum
zone in the eastern Pacific. Additionally, the majority of the
migration organisms in the Western Pacific remain at a relatively
wide depth range of 300-700 m (Klevjer et al., 2016). The depth of
the DSL is mostly influenced by the dissolved oxygen concentration,
integrated fluorescence, and average turbidity (Irigoien et al., 2014).
The depth can be predicted from the primary productivity and
surface wind stress (Proud et al., 2017). DSL organisms are
important components of the marine food web. They feed on
phytoplankton in the surface scattering layer (SSL) and serve as
bait for larger animals (Turner, 2015). Moreover, DSL organisms
significantly contribute to the transport of organic carbon during
their daily migration; this transport is one of the main processes in
the “biological pump” (Kozlow, 1995; Davison et al., 2013; Irigoien
et al,, 2014). Migration organisms induce the downward flux of
particles, which include particulate organic carbon and calcium
carbonate (Steinberg et al., 2012; Hansen and Visser, 2016). This
migration-generated particle flux is equal to approximately 10-20%
of the annual downward flux of particles in the North Pacific
subtropical gyres (Ducklow et al., 2009).

The global DSL exhibits rich biodiversity, primarily comprising
small mesopelagic fish, with a smaller proportion of cephalopods,
crustaceans, and jellyfish (Barham, 1996; Yang et al., 1996; Zhang
et al, 2018; Wang et al, 2019). A key feature for organisms
comprising the DSL is that they inhabit the mesopelagic zone
(200-1,000 m) in the day and the epipelagic zone (0-200 m) in
the night (Church et al, 2013; Klevjer et al, 2016). The daily
migration of mesopelagic organisms, known as diel vertical
migration (DVM), constitutes the largest animal migration on
Earth. Global estimates suggest that the mesopelagic organism
biomass ranges from 1 to over 15 billion tons (McGillicuddy
et al.,, 2007; Behrenfeld et al., 2019). However, not all mesopelagic
residents migrate. Migration can also vary among species,
individuals, life stages, regions, and seasons (Neilson and Perry,
1990; Cohen and Forward, 2016; Klevjer et al., 2016; Olivar et al.,
2018). Previous studies have identified the major migrators as
zooplankton and micronekton in the global oceans (Seki and
Polovina, 2001; Judkins and Haedrich, 2018). In the South China
Sea, the majority of Myctophiformes and the Perciformes undertake
daily migration, while most Salmoniformes and Beryciformes
remain in deep water during both the day and night (Catul et al,
2011; Wang et al., 2019).

Many observational methods disclosed the prevalence of DSL in
the ocean. Various observational methods have documented the
prevalence of the DSL in the ocean. These methods of the DSL and
vertical organism migration observation include sampling or
collection methods, in-situ observation methods, and tracking and
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simulation methods. Compared with collection, tracking, and
simulation methods, in-situ observation methods typically use
acoustic and optical techniques, which have low disruptivity and
simple operation (Benoit-Bird and Lawson, 2016; Bandara et al.,
2021). The acoustic technique is an approach of in-situ observation,
providing observation data at high temporal and spatial resolutions.
It has thus been widely applied in DSL studies (Johnson, 1948; Lv
et al,, 2007; Cisewski et al., 2010). The main types of acoustic
equipment used at this stage include fish-finding echo sounders, fish
and acoustic Doppler current profilers (ADCPs). Fish-finding echo
sounders can aid in distinguishing particle sizes (Moran et al.,
2022), while ADCPs can accurately identify velocity and trajectory.
In previous methods, DVM trajectories were usually observed
through ADCP echo intensity, in which the migration velocity is
calculated based on the migration depth and time (Irigoien et al.,
2014). However, vertical ADCP velocities can be used to directly
observe the DVM velocities of organisms. This method is
occasionally used in the long-term deployment of moored ADCPs
(van Haren and Compton, 2013; Wang et al., 2014). Unfortunately,
there has been negligible explorations on the period of the long-
term DVM velocity.

DVM is usually caused by spatial and temporal changes in
resources and risks, which balances the functions of food gathering
and predator avoidance (Kaartvedt et al., 1996; Cresswell et al., 2011).
Researches have indicated that the DVM of organisms is primarily
controlled by ambient irradiance, as well as other influencing factors
including temperature, food availability, and predation risk (Gehring
and Rosbash, 2003; Gaten et al., 2008; Bandara et al., 2021).
Furthermore, to explain the partial migration of migratory species,
Bos et al. (2021) suggested that the DVM mechanism could be
attributed to the Hunger-Satiation hypothesis. DVM typically occurs
within the 20 min preceding sunrise and the 20 min following sunset,
with a migration speed of approximately 6-8 cm/s, which correlates
with the migration depth (Bianchi and Mislan, 2016).

Previous studies have indicated that mesoscale eddies can
influence the biomass and distribution of upper-ocean organisms
(Chen et al., 2015; Devine et al.,, 2021). Mesoscale eddies are
characterized by currents that flow in a roughly circular motion
around the center of the eddy. Eddies can transport nutrients, heat,
salt, and biochemical tracers between different water masses
(Doblin et al,, 2016; Della et al., 2022). The physical processes of
eddies increase plankton abundances and biological production in
upwelling regions and along frontal zones (Chelton et al., 2011). Tt
has been shown that mesoscale eddy pairs in the ocean generate
submesoscale flows in response to geostrophic flows (Hu et al,
2023), and flows filament has also been observed at the edges of
mesoscale eddies (Gula et al., 2014). These submesoscale filaments
have led to chlorophyll-a filament within the eddies, including the
enhancement of vertical nutrient transport, leading to increased
primary productivity (Qiu et al, 2023). Changes in primary
productivity are necessary for modifying the structure of biomass
and vertical distribution. Additionally, the migrating biomass in
eddies is different from that of surrounding waters, which leads to
varying carbon fluxes inside and outside of the eddies (Yebra et al.,
2005; Brannigan, 2016). However, core cyclonic eddies (CEs) and
anticyclonic eddies (AEs) have different effects on organisms. CEs
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are usually characterized by high levels of primary productivity and
plankton biomass due to nutrient upwelling in the core
(Vaillancourt et al., 2003). Simultaneously, the cold core region of
CEs is an aggregation zone for zooplankton and micronekton
(Zimmerman and Biggs, 1999). In contrast, the core of AEs
typically have a depressed permanent thermocline and become a
biologically infertile area (Franks et al., 1986; Chen et al.,, 2015).

The subtropical Pacific Ocean is one of the world’s most active
regions for mesoscale eddies (Qiu and Chen, 2010; Hiromichi et al.,
2023). In the ocean to the east of Taiwan Island, where westward-
propagating mesoscale eddies encounter the Kuroshio Current, the
hydrodynamic environment is quite complex. Presently, research
on the ecological effects of mesoscale eddies has largely focused on
the mixed layer (Chelton et al., 2011), while investigations into the
impact of mesoscale eddies on biological communities in the DSL
remain relatively unexplored. Additionally, research on the DSL has
mainly focused on daily and seasonal variations. For example,
changes in the light period have led to a non-24-h period in
DVM and DSL (Kim et al,, 2016), while the DSL in the mid-
latitudes is under the influence of the seasonal cycle of the ocean
thermal structure, which shows significant seasonal variations (van
Haren and Compton, 2013; Bandara et al., 2021). However, studies
on the intraseasonal variability (ISV) of the DSL or the variability
under the impact of sequential mesoscale eddies pale in comparison
with studies focusing on daily and seasonal variations.

In this study, we first analyze the ISV character of the depth and
intensity of the DSL and DVM based on in-situ mooring
observations east of Taiwan Island. Our analysis shows that the
ISV of the DSL and DVM is mainly influenced by westward-
propagating mesoscale eddies. Mesoscale dynamic processes play
an equally significant role in influencing the DSL and DVM. The
remainder of this paper is organized as follows. The data and
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methodology are discussed in Section 2. Section 3 presents the
observational results on the spatial-temporal characteristics of the
DSL and DVM. Section 4 discusses the different effects of CEs and
AEs on DSL variation. Section 5 summarizes our main findings.

2 Data and method
2.1 In-situ observations

A mooring system was deployed at 23° N, 122° E (Figure 1A)
from January 2016 to May 2017 to observe the interaction between
mesoscale eddies and the Kuroshio Current. The depth of the
mooring system was approximately 4,900 m. Two acoustic
ADCPs (75 kHz transducers fixed at a mooring of 350 m, one
facing up and one facing down) collected acoustic and current data
from the sea surface to 800 m. The vertical profiles consisted of
hourly measurements with a vertical resolution of 8 m in 70 bins.
The two ADCPs were installed back-to-back, with the installation
structure shown in Figure 1B. There was a 17 m blank zone on the
first layer closest to the ADCP. Section 2.3 describes the method for
converting the echo intensity into scattered matter in water to
remove power attenuation caused by propagation losses and some
environmental and equipment-characteristic effects. Strict quality
controls were applied to the data. Retained data needs to satisfy the
following criteria. Current speeds and echo intensity variations
should be anomaly-free and reasonable (current speeds ranging
from -2 to +2 m/s; echo intensity > 40 counts). The data goodness
rate (Percent Good) needs to be 70%, and the roll and pitch angles
need to be less than 15°. After quality control and interpolation, the
echo intensity and vertical velocity at 23°N, 122°E were obtained to
observe the organism migration process.

B
><1104

400m —
75 kHzADCP*2

Depth[m]

(A) Topographic map (depth; shading; unit: m) east of Taiwan Island derived from the Global Ocean Multi-Observation Products (https://marine.
copernicus.eu/). The black arrow denotes the pathway of the Kuroshio Current and the brown arrow denotes the pathway of mesoscale eddies in
the Kuroshio extension region. From January 2016 to May 2017, a mooring was located at 122° E, 23° N (green triangle), where water depth is

approximately 4,900 m). (B) The 1,000 m mooring structure.

Frontiers in Marine Science

03

frontiersin.org


https://marine.copernicus.eu/
https://marine.copernicus.eu/
https://doi.org/10.3389/fmars.2024.1367410
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Wang et al.

Temperature and salinity were measured using conductivity
temperature depth (CTD) sensors. The CTD sensors were deployed
between 400 and 1,000 m every 100 m on the mooring. Under the
impact of vertical ocean currents, the CTD sensors and ADCP-
equipped floating body were pressed down and vibrated (Wang
et al, 2018). To ensure data quality, the depth vibration of the
ADCP itself was removed with pressure data from the CTD sensor
deployed at the same depth with the ADCP. The fluctuation speed
of the ADCP ranged from -0.01 to 0.01 m/s. The vertical velocity at
the ADCP was obtained after subtracting the speed fluctuations of
the ADCP. The ADCP-equipped floating body was pressed down
by 100-200 m when the mesoscale eddies passed by the mooring.
The circulation of mesoscale eddies and velocity variation in the
Kuroshio Current influenced by the mesoscale eddies induced the
pressing depth. These vibrations resulted in the loss of some surface
data, which did not influence the results of this study.

2.2 Satellite altimeter data

The dataset from Archiving, Validation, and Interpretation of
Satellite Data in Oceanography (AVISO) was used and processed to
investigate the effect of mesoscale eddies on the ISV of the DSL.
Geostrophic velocity anomalies and sea level anomalies (SLAs) were
obtained from the AVISO product Global ARMOR3D L4
reprocessed dataset (http://marine.copernicus.eu/services-
portfolio/access-to-products/). The daily satellite data from
January 2016 to May 2017 from 115°-145° E and 10°-35° N were
extracted, with a horizontal resolution of 0.25° x 0.25°.

2.3 Calculation of acoustic
scattering intensity

Based on the ADCP data, the biological distribution can be
assessed by calculating the acoustic scatter strength (S,), which was
used to determine the existence of the DSL (RDI, 1996; Maclennan
et al., 2002; Mullison, 2017):

S, =C+10 lg [(Ty +273.16)R*] — Lppu — Popw

(1)
+20R +10 1g (10%<EE)/10 _ 1)

The parameters are based on the technical specifications for the
75 kHz ADCP provided in Deines (1999) and Mullison (2017).
Here, C (= -163.3 dB) is the built-in system constant, including
transducer and noise features, T, is the real-time transducer
position temperature (°C), R (= D/cosP) is the range along the
beam (slant range) to the scatterers (m), D is the depth cell length
(m), and B (= 20°) is the beam angle from the system. Furthermore,
Lppar is 10IgL, where L (= ADCP transmit pulse time x sound
speed) is the transmitted pulse length (m), Ppgy is 101gP, where P
(= 23.8 W) is the transmitted power (W), E is the echo intensity
(count) returned by the ADCPs, E, is the received signal strength
indicator value when no signal is present (typically 40 counts), K, (=
0.45 dB/LSB) is a conversion factor for the ADCP returned signal
strength indicator slope (used to ensure that the expected error in S,
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is + 3 dB), and K, and E, are measured and recorded as part of
factory testing. Finally, o is the sound absorption coefficient of
water (dB/m), as determined by the frequency, depth, temperature,
salinity, and acidity (Yang et al., 2019), calculated as Equation (2):

2 2
o =0.106 ngfze%+0.52(1+4—€)(%)%e_%
+1 f+h )

T,z

+0.00049 f2¢~ ()

= 0.78(5/35)1/26T/26 (for boron), and f;= 42T/
(for magnesium).

Where S is the salinity of sea water (PSU), T is the temperature
of sea water (°C), z is depth (km), and f denotes the sound frequency
(kHz). In this study, the seawater salinity and temperature were
observed by the CTD from 400-1,000 m. The salinity and
temperature from 0-400 m were inverted and compared with the
HYbrid Coordinate Ocean Model (HYCOM) assimilation data
from the Naval Research Laboratory from January 2016 to May
2017. The assimilation data were used to study the vertical profile of
the salinity and temperature at 23° N, 122° E east of Taiwan, China.
The acidity was set at the default value of pH = 8 (Yang et al., 2019).

However, some areas of extremely anomalous scattering
intensity were found based on the results calculated with
Equation (1). The abnormally low values were found in the upper
and lower 100 m interval of the ADCP depth, whereas the
abnormally high values were found below 700 m. To avoid the
occurrence of abnormally low values, we adjusted the abnormal
interval by comparing different ADCP depths. All positions less
than no signal (40 counts) were removed to avoid abnormally high
values below 700 m.

3 Spatial and temporal characteristics
of the DSL and DVM

3.1 Distribution of the observed DSL
and DVM

Figure 2A shows the time-depth section of the daily S, at 23°N,
122° E from January 2016 to June 2017. Figure 2 specifically shows
the S, values from 50 to 800 m, elucidating the strong scattering
zone in the surface layer, presumably due to the presence of
substantial bubble concentrations. There were two scattering
layers detected during the observation: the upper layer, referred to
as the SSL, and the bottom layer, referred to as the DSL.

To examine the depth variation in the DSL and SSL, the maximum
depth and boundary depth were calculated (Cisewski et al., 2021).
Please refer to the appendix for details on the calculation method
(Equations 3, 4). The upper boundary depth (lower boundary depth) of
the SSL was in the 50-150 m (100-200 m) layer; the upper boundary
depth (lower boundary depth) of the DSL was in the 300-450 m (400-
550 m) layer. The SSL was observed in the 60-180 m, near the
chlorophyll maximum layer, showing a mean intensity of -82 to -74
dB (Figure 2B). The DSL was in the 380-520 m layer in the
mesopelagic zone, with a mean intensity ranging from -82 to -69 dB.
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(A) Time—depth plot of the observed acoustic scattering intensity (S,; unit: dB) east of Taiwan Island (23° N, 122° E) from January 2016 to June 2017.
The black line represents the isogradient line (10 dB). (B) Vertical profile of the temporally averaged S, during the observational period.

The DVM process could be measured based on the variation in
the S, between the SSL and DSL (Zhou et al., 1994). The vertical
speeds were strong when the DVM was active between the SSL and
DSL (Figures 3A, B). The range of speed in the vertical ocean
current was generally within 107 to 10° m/s and the vertical
current velocity was barely measurable by the ADCP (Pilo et al,
2018). The vertical speed acquired from the ADCP was
approximately 0.1 m/s, which is significantly larger than that of
the vertical current velocity. In the mesopelagic ocean, the vertical
speeds measured by ADCPs cannot be regarded as the vertical
current velocity, but rather represent the vertical speed associated
with the DVM caused by organisms (Cisewski et al., 2021; Liu et al.,
2022). Additionally, variations in the vertical speed corresponded
with the S,. As a result, the ADCP-measured vertical speeds were
used to describe the variation in the DVM in this study.

Figures 3A, B shows that the S, and vertical speed appear to
have the same diurnal variation. The local sunrise and sunset times
on that day were 5:38 and 17:58. According to Figure 3A, strong
vertical migration occurred during the sunrise (4-8 a.m., UTC + 8)
and sunset periods (4-8 p.m., UTC + 8), corresponding to S,
strengthening in the 200-400 m layer during those two periods.
Generally, the Sv at night (8 p.m. to 4 a.m., UTC + 8) in the 200-400
m layer was 5-10 dB stronger than that during the day (8 a.m. to 4
p.m., UTC + 8), indicating higher biomass during the night, to the
east of Taiwan Island. The vertical speed, representing the direction
of the DVM, varied regularly in the 200-400 m layer during the day.
The vertical speed was negative from 200-400 m 20 min before
sunrise, with a magnitude of -0.02 to -0.08 m/s, corresponding to
the downward phase of DVM. The DVM became upward at sunset;
therefore, the vertical speed was positive from 200-400 m, ranging

Depth[m]

S, [dB]

Wm s!]

FIGURE 3

Time[hour]

Time—depth plots of the (A) acoustic scattering intensity (S,; unit: dB) and (B) vertical speed (W; unit: ms™) observed by the mooring on September
13, 2016. Positive values represent upward velocity and vice versa. Sunrise at 5:38 and sunset at 17:58 on September 23, 2016, as indicated by the

black line.
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from 0.02 to 0.07 m/s. This indicates that organisms in the SSL
respond to light earlier than organisms in the DSL.

The migration speed of the DVM can be confirmed by the S,
and vertical speed, indicating that organisms migrated between the
DSL and SSL within the observation area. The DSL depth is
controlled by the variable primary productivity, temperature, and
dissolved oxygen (Bandara et al., 2021). The chlorophyll maximum
exists in the 100-200 m layer in the western Pacific Ocean (Ding
etal., 2022), which represents the optimal range for DVM organism
predation. Consequently, these observation results could describe
the DSL distribution and DVM process.

3.2 Intraseasonal variability in the
observed DSL

The results of the power spectrum density (PSD) analysis (p<
0.05) showed two predominant periods of S,. One was 24-h and the
other was approximately 80 days, indicating diurnal and
intraseasonal variations, respectively. The 24-h signal, as shown in
Supplementary Figure S1, was the daily period caused by the DVM
process. Returning to the mooring data (Figure 3), the migration
trajectory and proportion were inferred from the S, results. The
direction and magnitude of the migration speed were justified by
the vertical speed.

The 80-day period signal was significant in the upper boundary
depth and lower boundary depth of the DSL (Figure 4A), indicating
that DSL exhibited ISV during our observations. The S, was thus
filtered by a 20-90-day bandpass filter to further investigate the ISV
of the DSL. As shown in Figure 4B, the S, varied regularly with the

10.3389/fmars.2024.1367410

ISV signal, especially in the DSL. Figure 4B indicates a notable 2-3
months distribution of a peak S,. This peak was strongest both at
the upper boundary depth and lower boundary depth of the DSL,
indicating active migration of organisms in these layers. The
intensity anomalies of upper and lower boundary depths were out
of phase. Combined with Figure 2, this opposite phase indicates that
the ISV of the DSL showed an overall increase and decrease in the
DSL between 350 and 500 m.When the DSL is depressed, the Sv at
the upper boundary location is weakened and the Sv at the lower
boundary is enhanced, and vice versa. This period of weakening and
strengthening is 80-days.

3.3 Intraseasonal variability in the
observed DVM

Figures 5A, B shows the daily speeds in the downward and
upward DVM between the SSL and DSL. The downward (upward)
speed was the average speed during the sunrise (sunset) period.
Figures 5C, D shows the temporal average of the vertical speeds
during the observation. Unlike the vertical speed of the upward
DVM, the speed of the downward DVM remained strong in the
250-350 m layer; therefore, the average downward speed of the
DVM (-0.068 m/s) was stronger than the average upward speed of
the DVM (0.045 m/s). This result agrees with previous studies, in
which the speed of the DVM was calculated from the S, but not
from observed vertical speeds (Bianchi and Mislan, 2016).

To investigate the relationship between variations in the DVM
and the scattering layers, correlation coefficients for the start (end)
position of the DVM with the lower boundary depth of the SSL (red
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FIGURE 4

(A) Power spectrum density (PSD) of the acoustic scattering intensity (unit: dB d™%) from 0 to 100 days in the 50-800 m layer (95% confidence
level). (B) Time—depth plot of the acoustic scattering intensity (S,; unit: dB; 20—90-day band-pass filtered) anomaly. The black-dashed lines indicate
the upper boundary depth (UBD) and lower boundary depth (LBD) of the deep scattering layer (DSL).
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FIGURE 5

Time—depth plots of the observed daily (A) upward and (B) downward speeds (W; unit: cm s™% 20-day low-pass filtered). The solid red and blue
lines in a) and b) represent the lower boundary of the SSL and upper boundary of the DSL, respectively. The red (purple)-dashed line in
(A, B) indicates the maximum upward (downward) speed line. Temporal average of the (C) upward and (D) downward speeds calculated during the

observation period.

line in Figure 5) and the upper boundary depth of the DSL (blue line
in Figure 5) were calculated. The boundaries of the DVM were
defined as the depths where the vertical speed was 0.01 m/s (-0.01
m/s) in the upward (downward) DVM process. During the upward
process, the upper boundary depth (lower boundary depth) of the
DVM represented the position where organisms approximately
began (stopped) upward migration. During the downward
process, the lower boundary depth (upper boundary depth) of the
DVM was the position where organisms began (stopped)
downward migration. The upper boundary depth of the DSL
showed a strong correlation with both the lower boundary depth
of the upward DVM (n = 518, r = 0.82, and p< 0.05) and the lower
boundary depth of the downward DVM (n = 518, r = 0.80, and p<
0.05). However, the lower boundary depth of the SSL showed a
relatively weak correlation with both the upper boundary depth of
the upward DVM (n = 518, r = 0.31, and p< 0.05) and the upper
boundary depth of the downward DVM (n = 518, r = 0.61, and p<
0.05). The boundaries of the DVM were the positions of organisms
moving in and out of the dense habitat, i.e, the DSL and SSL.
Variations in the DSL and SSL thus led to variations in the
boundaries of the DVM. During the sunset period, when the DSL
rises (deepens), organisms from the DSL move out of the upper
boundary depth at a higher (lower) depth; organisms begin upward
migration at a higher (lower) depth. During the sunrise period, the
starting point of the downward DVM changes in accordance with
the lower boundary depth of the SSL, where organisms move out
from that layer. Due to the higher speed of the downward DVM,
organisms moving from the SSL would stop moving near the upper
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boundary depth of the DSL (Figure 5B); therefore, the lower
boundary depth of the DVM was also well correlated with the
upper boundary depth of the DSL. Numerous studies have indicated
that the environment in which the SSL is located may be affected by
various factors, such as temperature, wind, waves, and currents
(Rykaczewski and Checkley, 2008; Sunday et al., 2012; Morioka
et al., 2019). Furthermore, the speed of the DVM at the lower
boundary of the SSL significantly decreased. In contrast, the
mesopelagic zone (i.e., location of the DSL) was relatively stable;
the period of the S, in the DSL layer was notable and single. The
variation in the lower boundary depth of the DVM was dominated
by the DSL.

As the vertical range of the DVM was affected by the variation
in the DSL, the PSD analysis was applied to detect the variation in
the upward and downward speeds of the DVM below 50 m
(Figure 6). The ISV signals of the upward and downward DVM
were found at a depth of 50 m above the upper boundary depth of
the DSL (average depth of approximately 394.3 m). The
strongest signal was at approximately 350 m at the location of
the maximum DVM speeds (dashed lines in Figures 5A, B). The
mean depths of the maximum speeds in the upward and downward
DVM were 317.2 and 330.7 m, respectively. The upper boundary
depth of the DSL exhibited a good correlation with both the
maximum speed depth of the upward DVM (n = 518, r = 0.60)
and downward DVM (n = 518, r = 0.62). The location of the
maximum speed was influenced by the variation in the upper
boundary depth of the DSL; hence, the DVM speeds also
exhibited a significant ISV signal.
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Power spectrum densities (PSD) of (A) downward and (B) upward velocities (unit: m 2 s d™Y) display from 150 m to 450 m (95% confidence level).

4 Effect of mesoscale eddies on the
ISV of DSL

Mesoscale eddies have considerable impacts on the ISV of
hydrological elements east of Taiwan Island (Zhang et al., 2001;
Gilson and Roemmich, 2002; Liu and Li, 2013; Mensah et al., 2015).
As this study focuses on the DSL east of Taiwan Island, we
investigated the effects of mesoscale eddies on the DSL. Figure 7
shows that the SLA at 23°N, 122°E exhibits a significant ISV with an
83.5 days period (p< 0.05), which is consistent with the ISV of the
DSL. This indicates that the ISV of the DSL is related to mesoscale
eddy activity. Figure 8 shows the correlation coefficients of the time-
lagged correlation between the S, above 800 m and the SLA at 23°N,
122°E. The strongest positive (negative) correlation appeared at the
lower boundary depth (upper boundary depth) of the DSL. A
negative correlation between the S, at the upper boundary depth
of the DSL and the SLA was the largest when the SLA changed 10
days in advance (r

-0.68, p< 0.05). The strongest positive
correlation appeared at the lower boundary depth of the DSL
when the S, changed 23 days later than that of the SLA (r = 0.49,
p< 0.05).

As is shown in Figures 9A, B, the upper boundary depth
anomaly of the DSL has a significant negative correlation with the
SLA, with a correlation coefficient reaching -0.63. The Sv anomaly
at the upper boundary depth of the DSL was also significantly
correlated with the SLA, with a correlation coefficient of —0.58. The
correlation of the SLA with the upper boundary depth of the Sv was
stronger during the eddy periods than that during non-eddy
periods. During eddy periods, the correlation coefficients of the
SLA with the upper boundary depth and Sv at the upper boundary
depth reached 0.67 and 0.62 (p< 0.05), respectively. In contrast, the
correlation coefficients of the SLA with the upper boundary depth
and Sv at the upper boundary depth were only 0.21 and 0.26 (p<
0.05), respectively, during non-eddy periods. As a result, the
appearance of mesoscale eddies will cause noticeable changes in
the DSL; this can be traced back to the modifications that eddies
have on the local ecology (McGillicuddy, 2015).

Changes in the DSL are controlled by the variation in the
dissolved oxygen (Klevjer et al., 2016; Liu et al., 2022). Variations in
the dissolved oxygen are highly correlated with the oceanic
temperature (Deutsch et al., 2005; Mavropoulou et al., 2020);
both of them show corresponding changes under the effects of
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(A) Power spectrum densities (PSD) of the sea level anomaly (SLA; unit: m? d™}) at 122°E, 23°N. The red-dotted indicates 95% confidence level. (B)
Time-longitude plots of the SLA along the 23°N section from January 2016 to May 2017.
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eddies (Kouketsu et al., 20165 Ren et al., 2020, 2022). The isotherm
was calculated based on linear interpolation across the CTD sensors
deployed every 100 m. Figure 9C shows the variation in the 10°C
isotherm depth in the mesopelagic ocean and the upper boundary
depth after 20-90-day bandpass filtering. The 10°C isotherm depth
changed in accordance with the upper boundary depth (r = 0.56, p<
0.05), indicating that temperature is an important predictor of DSL

variation, which agrees with Proud et al. (2017). Therefore,
although dissolved oxygen data are not available in this in-situ
observation, temperature was used to investigate the dynamic of
eddy effects on the DSL in this study.

Figure 10A shows four cases of two AEs and two CEs arriving
east of Taiwan Island. Figure 10B is the corresponding process
temperature variation. Figure 10C shows the upper boundary depth
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FIGURE 9

Time-series (January 2016 to May 2017) of the anomalies of the (A) daily upper boundary depth (UBD) in the deep scattering layer (DSL; red) and sea
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indicate the periods during which anticyclone and cyclone eddies occurred (n = 185).
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2017

Distributions of the (A) sea level anomaly (SLA; shading; unit: cm) and sea surface current (black arrows) during cases when mesoscale eddies occurred
to the east of Taiwan Island. Anticyclonic eddies occurred on April 20, 2016, and November 14, 2016, while cyclonic eddies occurred on June 4, 2016,
and January 6, 2017. The numbers in a) are the sea surface height (m) at the location of mooring (black dots). (B) Time-depth plots of the temperature
during the four cases with the passing of mesoscale eddies. (C) Time-series of the upper boundary depth of the DSL anomalies during four cases with

the passing of mesoscale eddies passing. Time—depth plots in b) were measured via the CTD deployed at depths of 400-1 000 m.

variation in the DSL during these four cases. As shown in
Figures 10B, C, the arrival of eddies leads to variations in the
vertical structures of the temperature in the 400-600 m layer; thus,
the DSL changes east of Taiwan Island. As AEs move toward
Taiwan Island, the upper boundary depth of the DSL gradually
deepens when the isotherms bend downward, resulting in warming
in the 400-600 m layer: a warm environment favors organisms that
live in the deep ocean (Proud et al., 2017). Conversely, CEs cause
the bending upward of isotherms and thus cooling of the 400-600
m layer. The cooling condition is unfavorable to organisms
migrating in the DSL, thereby promoting an increase in the upper
boundary depth of the DSL. Consequently, there is stronger
variation in the DSL during the eddy-period than that of the non-
eddy period. The DSL exhibited a significant ISV, which agrees with
the predominant variability in the eddy activity.

5 Summary and discussion

Based on in-situ observations from January 2016 to May 2017
obtained east of Taiwan Island, we found a significant ISV in the
DSL. Furthermore, vertical speeds from the ADCP were used to
innovatively describe the process and variation in the DVM, while
previous studies generally calculated the speed with the acoustics
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intensity and migration trajectory (Bianchi and Mislan, 2016). The
mean speed of the downward DVM was stronger than that of the
upward DVM, identical to previous studies (Bianchi and Mislan,
2016). As shown in Figure 11, the DVM occurred between the DSL
and SSL, with strong downward and upward migration occurring
during the sunrise (4-8 a.m., UTC + 8) and sunset periods (4-8
p.m., UTC + 8), respectively. During the sunrise (sunset) period,
organisms move downward (upward) from the SSL (DSL). We also
proved that the interval of the DVM corresponded with the
variations in the upper boundary depth of the DSL and lower
boundary depth of the SSL. The maximum speed depth and
lower boundary depth of the DVM varied with the depth of the
upper boundary depth of the DSL. In summary, we demonstrated
that the upper boundary depth of the DSL plays a more important
role in variations in the DVM; thus, the vertical speed of the DVM
also exhibited notable ISV.

Mesoscale eddies occur frequently east of Taiwan Island, and
the ISV of the DSL is related to mesoscale eddy activity. According
to Figure 9, the DSL changes noticeably when there is mesoscale
eddy arrival at the location of the ADCP. Xiu and Chai (2020) and
Qiu et al. (2022) pointed out the negative and positive temperature
anomalies in the mid-ocean of 200m-500m under the influence of
cyclones and anticyclones, which fit the results of this paper. When
the AEs move toward the ADCP location, isotherms bend
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an ISV with the change in the upper boundary depth of the DSL.

downward, and the temperature increases in the 400-600 m layer.
This warming condition is beneficial to the marine organisms
moving out of the scattering layers, leading to a gradual
deepening of the upper boundary depth of the DSL. In contrast,
CEs cause decreases in the temperature in the 400-600 m layer, and
this result is not beneficial to organisms migrating in the DSL; thus,
there is an increase in the upper boundary depth of the DSL. DSL
organism contains a very large number of nighttime non-migratory
populations. This implies that the lower boundary of diurnal
migration is the DSL, and that changes in the depth of the DSL
are responsible for changes in diurnal migration distances.

The SSL and DSL are regarded as two habitats for DVM
organisms; and their intensity are notably the strongest in the
epipelagic and mesopelagic zones. Average data from all oceans
suggest that the SSL has the strongest S, in the 50-800 m layer
(Irigoien et al.,, 2014). However, our data in the western Pacific
shows that the intensity of the DSL is stronger than that of the SSL.
The S, of the DSL is also the strongest layer in 50-800 m layer of
north Atlantic and east Pacific (Song et al., 2022). The difference in
the S, of the SSL and DSL at different areas may be caused by the
vertical distribution of organism. Suboxic and hypoxic conditions
occur in regions where the S, SSL is weaker than that of the DSL
(Keeling et al., 2010).

Eddies can change to the local carbon flux (Hernandez-Leon et
al., 2001; Yebra et al., 2005); the ISV of the depth and intensity in
the DSL induced by eddies is the biological reason for the change in
the carbon flux. The mooring observations could better show the
time evolution of the hydrographic impact (especially eddies) on the
DSL east of Taiwan Island. However, in previous observations,
numerous shipboard ocean time-series provided data, such as the
depth and intensity of the global DSL (Proud et al., 2017), which
suggest that the depth and intensity of the DSL is variable in
different areas. As a result, biological factors that induce the
change in the carbon flux differ from region to region, but we are
far from realistically quantifying them. Therefore, we must focus on
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local observations. For example, the particle size distribution of
organisms can be measured via trawling, which can correct the S,,
followed by calculating the local biomass. Additionally, we can
measure the export flux of particulate organic carbon in the local
mesopelagic ocean, thus allowing further quantification of the
relationship between the ISV and carbon cycle.

Overall, although some studies have found that the DSL has an
important influence on the oceanic carbon cycle (Kozlow, 1995;
Davison et al., 2013), the influence of multi timescale oceanic
hydrology variations on the DSL remains underestimated. Our
results demonstrated that mesoscale processes have an impact on
DSL in the oceanic mesopelagic zone, but there is still a lack of local
netting results to help us complete the composition of local DVM
organisms. At the same time, quantifications of the influence of
DVM organism life processes on the variation in DSL are also
scarce. Therefore, more observation and biological activity research
on DSL organism should be performed in future studies.

6 Appendix

Referring to Cisewski et al. (2021), the weighted mean depth of
the backscatter was used to determine the mean depth of the DSL
and SSL. The SSL and DSL were divided into two intervals by the
300 m layer. The weighted mean depths were both calculated for
each S, profile interval as follows:

Dy = 388 zi/ 2 S 3)

where Dy is the maximum depth of the SSL and DSL, S,; is the
volume backscattering intensity, and z; is corresponding depths.

Further, to obtain the upper and lower boundaries of the SSL
and DSL, the S, was subjected to gradient analysis to obtain the
upper and lower increasing and decreasing intervals of the SSL and
DSL. Similarly, the weighted mean depth of the backscatter was
used to determine the mean depth of the DSL and SSL boundaries.
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We divided the boundary region for the gradient analysis results of
S, into four intervals by three lines, which were the maximum depth
of the DSL and SSL and the 300-m depth layer. From shallow to
deep, each of the four intervals contained the upper and lower
boundaries of the SSL and DSL. The weighted mean depths were
calculated for each gradient analysis result of the S, profile interval
as follows:

DB = Eililsvgi Zi/zilsvgi (4)

where Dy is the upper and lower boundary depths of the SSL
and DSL, S.g
backscattering coefficient, and z; is the corresponding depth.

is the volume gradient analysis result of the
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