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A B S T R A C T

Acoustic Doppler Current Profilers (ADCPs) provide backscatter strength data, which can be used to detect 
suspended materials in the water column. This study developed a novel approach to detect and distinguish 
between zooplankton diel vertical migration (DVM) and sediment resuspension by applying Complex Empirical 
Orthogonal Function (CEOF) analysis to 24-hour bandpass-filtered ADCP backscatter data. The temporal CEOF 
mode scores serve as objective scalar indices of the intensity of each phenomenon, enabling quantitative com
parisons with environmental factors. We applied this approach to year-round ADCP array observations in the 
western Sea of Okhotsk. At most sites, DVM activity is represented by the first CEOF mode. Temporal variations 
of the first mode revealed that, during the sea-ice season, DVM significantly weakens over shelf regions but 
persists in offshore regions, even though shelf regions exhibit more active biological productivity than offshore 
regions during the warm season. This contrasting seasonal behavior likely reflects differences in the dominant 
zooplankton species and their traits. The quantitative assessment of our method revealed clear relationships with 
tidal currents through spectral analysis. In the northwestern Okhotsk Sea, where tidal currents are strong, DVM 
activity, represented by the first mode, was consistently reduced during spring tides. At Kashevarov Bank, where 
tidal currents exceed 1 m/s, the first mode represents sediment resuspension and intensifies ~ 1–1.5 days after 
peak tidal current velocities, and the second mode captures DVM. Given the vast quantity of unused ADCP 
backscatter data worldwide, the method proposed here can help unlock the potential of these dormant datasets.

1. Introduction

The Sea of Okhotsk is a marginal sea of the North Pacific and rep
resents the southernmost sea with a sizable seasonal sea ice cover in the 
Northern Hemisphere. In winter, cold northwesterly winds from the 
Eurasian continent drive extensive sea ice production along the coastal 
regions (Nihashi et al., 2009). Sea ice begins to form over the north
western shelf in late November and is transported southward by the 
prevailing northwesterly winds and the East Sakhalin Current (ESC) 

(Simizu et al., 2014). The ice extent reaches its maximum in Februar
y–March. Melting and retreat of the sea ice begin in the south in March, 
and all sea ice in the Sea of Okhotsk melts by the end of June. According 
to global sea-ice production estimates, the Okhotsk Northwestern 
polynya exhibits the largest ice production in the Northern Hemisphere 
(Ohshima et al., 2016).

Until the 1990s, ocean circulation in the Sea of Okhotsk had been 
described only schematically (e.g., Moroshkin, 1966). Quantitative un
derstanding has been significantly advanced by the joint 
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Japanese–Russian–U.S. study of the Sea of Okhotsk. In the central and 
northern parts of the sea, a cyclonic gyre dominates, with a strong 
southward flow of the ESC along the Sakhalin Island coast (Mizuta et al., 
2003). The ESC consists of two branches: a nearshore branch and an 

offshore branch (Ohshima et al., 2002). Both branches exhibit strong 
seasonal variations, with maximum transport in winter and minimum 
transport in summer (Mizuta et al., 2003; Simizu and Ohshima, 2006).

Seasonal sea ice zones, such as the Sea of Okhotsk, generally provide 
rich biological resources, mainly originating from extensive phyto
plankton blooms associated with sea-ice melt (hereafter referred to as 
the spring bloom). The increased vertical stability from freshwater 
supplied by sea-ice melt enhances light availability, providing favorable 
conditions for phytoplankton growth (Niebauer et al., 1990; Sorokin and 
Sorokin, 1999), in addition to the enhanced nutrient supply provided by 
convective mixing during the preceding winter. Moreover, micro
nutrients such as iron released from sea ice and ice algae are considered 
to contribute to the prominent spring bloom (Kanna et al., 2014; 2018; 
Yan et al., 2020). The relationship between sea-ice melt and the spring 
bloom has also been suggested by satellite observations in the Sea of 
Okhotsk (Nihashi et al., 2012). Kishi et al. (2021) showed that the 
prominent spring bloom in the southern Sea of Okhotsk is strongly 
linked to sea-ice melt, based on net community production estimated 
from profiling float oxygen data.

With regard to biological resources, mesozooplankton are of prime 
importance. A comprehensive review of zooplankton in the Sea of 
Okhotsk was provided by Pinchuk and Paul (2000). Concerning diel 
vertical migration (DVM) of zooplankton in the Sea of Okhotsk, Pinchuk 
and Paul (2000) introduced early studies by Vinogradov (1954), who 
listed copepods such as Metridia spp. (M. okhotensis and M. pacifica), and 
euphausiids as species exhibiting strong DVM. The vertical distribution 
of zooplankton was also investigated through net sampling during the 
aforementioned joint Japanese–Russian–U.S. study of the Sea of 
Okhotsk (Itoh et al., 2014; Tsuda et al., 2015), which revealed 
geographic variability in the vertical distribution of dominant species, 
especially copepods, However, because sampling at each station was 
conducted only once, these studies could not assess DVM or its 
geographic variability. Yamaguchi (2015) and Arima et al. (2016)
showed that M. okhotensis dominates the copepod community as major 
zooplankton abundance in the Sea of Okhotsk. Although there has been 
a series of investigations on zooplankton in the Sea of Okhotsk, the 
interaction between sea ice and zooplankton dynamics remains poorly 
understood.

It has been shown, through both numerical model simulations 
(Kowalik and Polyakov, 1998; Nakamura et al., 2000; Ono and 
Ohshima, 2010) and observational studies (Rabinovich and Zhukov 
1984; Ohshima et al. 2002), that the Sea of Okhotsk is characterized by 
strong diurnal tidal currents. This is partly because the natural oscilla
tion period in the region is close to diurnal periods (Kowalik and Poly
akov, 1998). Additionally, the high-latitude location of the Sea of 
Okhotsk permits the existence of topographic Rossby waves at diurnal 
periods. Amplification of diurnal tidal currents over the northern 
Sakhalin shelf can be explained by diurnal coastal-trapped waves 
(CTWs) (Ono et al. 2008), and particularly strong amplification over 
Kashevarov Bank (Fig. 1) arises from resonance with seamount-trapped 

Fig. 1. Bathymetry of the study area based on the General Bathymetric Chart of 
the Oceans (GEBCO) data, showing locations of the ADCP observations (red 
solid circles). Observations at M1, M3, M5, and M6 were conducted from July 
1998 to September 1999, and at M4, M6, M7, M8, M9, and M15 from 
September 1999 to June 2000. For mooring M7, which was displaced by strong 
currents, red and orange circles denote the deployment and recovery locations, 
respectively. Bathymetric contours of 100, 200, 500, 1000, 2000, and 3000 m 
are indicated by solid lines.

Table 1 
Summary of ADCP observation details: location, bottom depth, nominal depth, time interval, bin size, instrument type, and observation period.

Station Lattitude Longitude Water depth Nominal depth Time interval Bin size ADCP type Period

​ (◦N) (◦E) (m) (m) ​ (m) ​ ​
M1 53.0 144.0 100 100 1 h 4 Workhorse 1998/07/27–1999/07/11
M3 53.0 144.8 970 190 1 h 8 BroadBand 1998/07/28–1999/09/07
M4 53.0 145.5 1720 180 1 h 8 BroadBand 1999/09/06–2000/06/17
M5 49.5 144.5 130 130 1 h 4 Workhorse 1998/08/01–1999/07/15
M6 49.5 146.5 790 180 1 h 8 BroadBand 1998/08/02–1999/09/04
M6 49.5 146.5 790 180 1 h 8 BroadBand 1999/09/24–2000/06/15
M7 54.9 143.9 480 200 1 h 8 BroadBand 1999/09/10–1999/12/09
M7 ​ ​ 440 160 1 h 8 BroadBand 1999/12/10–2000/03/19
M7 54.6 143.9 620 340 1 h 8 BroadBand 1999/03/20–2000/06/27
M8 54.7 143.5 110 110 30 min. 4 Workhorse 1999/12/12–2000/03/24
M9 54.5 143.0 90 90 15 min. 4 Workhorse 1999/09/19–2000/03/16
M15 55.6 145.0 138 138 1 h 4 Workhorse 1999/09/20–2000/06/20
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waves (Ono et al., 2006). These strong tidal currents likely influence 
ocean circulation, water mass transformation, sea ice processes, material 
transport, and biological activity (Rogachev et al., 2001; Martin et al., 
2004).

Mooring-based ADCP observations have revealed both circulation 
and tidal variability in the Sea of Okhotsk. In addition to velocity profile, 
ADCPs also provide volume backscatter strength data, which can detect 
suspended particles in the water column. In this region, signals associ
ated with underwater frazil ice (Ito et al., 2017, 2020, 2021), sediment 
resuspension (Ito et al., 2017), and DVM of zooplankton have been re
ported. Among these, DVM appears to be the dominant backscatter 
signal at most mooring sites, as will be shown. Nevertheless, no studies 
have yet analyzed DVM using ADCP data in the Sea of Okhotsk. 
Although backscatter signatures from frazil ice, sediment resuspension, 
and DVM are often recognizable, few robust methodologies exist for 
distinguishing among these signals. In particular, it is challenging to 
distinguish between DVM, which has a diurnal cycle, and sediment 
resuspension, which also exhibits a diurnal cycle due to tidal currents. 
Furthermore, no objective indicator has been proposed to quantify the 
intensity of these processes.

In this study, we apply complex empirical orthogonal function 
(CEOF) analysis as a method to distinguish between DVM and sediment 
resuspension and to quantify their respective intensities. Section 2 out
lines the data and observations followed by derivation of the volume 
backscatter strength from the ADCP data. Section 3 presents the appli
cation of CEOF analysis to the time series data of vertical profiles of the 
backscatter strength, using two sites as examples. In particular, we 
demonstrate the effectiveness of the CEOF analysis to discriminate be
tween DVM and sediment resuspension for one site. Section 4 applies the 
method to the ADCP array data set in the ESC region to elucidate the 
spatial and seasonal variability of DVM with its relationship to sea ice 
and chlorophyll concentration. Section 5 applies the CEOF analysis to 
ADCP data acquired over the northern Sakhalin shelf to investigate the 
DVM variation with its relationship to tidal currents.

In other sea-ice-covered oceans, such as the Arctic Ocean, there have 
been a series of studies on DVM in relation to sea ice using ADCP 
backscatter (Berge et al., 2015; Cohen et al., 2015; Petrusevich et al., 
2016; 2020; Dmitrenko et al., 2020; 2024; Flores et al., 2023). Petru
sevich et al. (2020) applied wavelet analysis to ADCP-derived horizontal 
and vertical velocities to examine the relationship between zooplankton 
DVM and spring–neap as well as seasonal variability in Hudson Bay, a 
seasonally ice-covered region. The present study likewise focuses on the 
relationship between DVM and sea ice.

Fig. 2. Time series of vertical profiles of (a) original ADCP volume backscatter strength (SV) and (b) vertical velocity (positive upward) from the ADCP at M5 from 10 
to 29 August 1998. Ticks on the horizontal axis correspond to 00:00 (local time: UTC + 9h).

Fig. 3. Vertical profiles of 24-hour composites of (a) ADCP volume backscatter 
strength (SV) and (b) vertical velocity at M5 over the 31 days of August 1998. 
Ticks on the horizontal axis correspond to the top of the hour (local time). Since 
the vertical velocity distant from the ADCP contains large errors, layers with the 
distance of > 70 m from the ADCP are masked.
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2. Observation and data

The ADCP observations were conducted between 1998 and 2000 as 
part of the joint Japanese–Russian–U.S. study of the Sea of Okhotsk. 
Deployment locations are shown in Fig. 1. Two ADCPs were deployed 
along 49.58◦N (M5, M6), three along 53.8◦N east of Sakhalin Island 
(M1, M3, M4), three along a northeastward line from the northern tip of 
Sakhalin Island (M7, M8, M9), and one over Kashevarov Bank (M15), a 
shallow submarine bank on the northern continental slope. Sites M1, 
M5, M8, M9, and M15 were located on the continental shelf, where 
upward-looking 300-kHz ADCPs (RD Instruments Workhorse Sentinel) 
were mounted on the seafloor, enabling full water-column profiling. 
These instruments were installed using trawl-resistant bottom mounts 
(TRBM; Flotation Technologies AL-200) to protect against fishing ac
tivity. Sites M3, M6, and M7 were located on the slope, and site M4 was 
located in the deep offshore basin; at these sites, upward-looking 150- 
kHz ADCPs (RD Instruments Broadband) were moored, allowing 
profiling of the upper ~ 200 m. Mooring M7 was displaced by strong 
currents and recovered approximately 29 km downstream from its 
original deployment site (Fig. 1). The depth data from the ADCP showed 
two significant shifts during the observation period. The estimated 
bottom depths at M7 were approximately 480 m (September–No
vember), 440 m (December–March), and 620 m (March–June).

Details of the ADCP observations are summarized in Table 1. Data 
were recorded at intervals ranging from 15 min to one hour. For anal
ysis, we assumed that the instruments remained at the nominal depths 
listed in Table 1 throughout the observation periods. The acoustic cell 
length was set to either 4 m or 8 m. We calculated the volume back
scatter strength, SV, from the acoustic backscatter strength (echo 
amplitude) data obtained by the ADCPs, following the sonar equation of 
Deines (1999) and the near-field correction of Downing et al. (1995).

SV, defined as the target strength per unit volume, is expressed as: 

SV = 10 log10 σ,                                                                                 

where σ is the net backscatter cross-section per unit volume. The 
detailed calculation procedure follows Ito et al. (2017; 2021). The ADCP 
frequencies used in this study (300 kHz and 150 kHz) correspond to 
wavelengths of approximately 5 mm and 10 mm, respectively. These 
wavelengths are suitable for detecting copepods with body lengths of 
about 1–5 mm and krill with body lengths of about 1–10 mm.

We used daily sea-ice concentration data derived from the Special 
Sensor Microwave Imager (SSM/I) to assess sea-ice conditions near the 
ADCP sites. Ice concentration was calculated using the bootstrap algo
rithm (Comiso et al., 1995) at a spatial resolution of 25 km. We used 
chlorophyll-a concentration data obtained from the SeaWiFS sensor 
onboard the OrbView-2 satellite, which is equipped with eight spectral 

Fig. 4. Time series of vertical profiles at M5 of (a) original ADCP volume backscatter strength (SV), (b) 24-hour bandpass-filtered SV, (c) scores of the first (red) and 
second (blue) CEOF modes, and (d) reconstructed first CEOF mode, over the entire observation period. (e) Spatial amplitudes and (f) spatial phases of the first and 
second CEOF modes. The gray bar in (a) indicates the sea-ice-covered period (ice concentration > 15 %).
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bands (412–865 nm). These data were provided by NASA’s Ocean 
Biology Processing Group.

3. CEOF analysis with bandpass filtering

In this section, we explain the methodology and effectiveness of 
CEOF analysis using two example sites: M5, where only the diurnal cycle 
of DVM dominates, and M15, where both DVM and diurnal sediment 
resuspension are prominent. As an example of the time series of vertical 
profiles of SV (volume backscatter strength) when DVM clearly appears, 
we present the August data for M5 (Fig. 2a). M5 is located on the con
tinental shelf at a depth of 130 m, where an ADCP was installed on the 
seafloor, allowing full-depth profile acquisition.

Fig. 2a shows that strong signals rise to the near-surface layer toward 
nighttime and descend to deeper layers toward the daytime. This pattern 
indicates that the backscatter arises from the diurnal vertical migration 
(DVM) of zooplankton. Fig. 2b shows the corresponding time series of 
vertical velocity from the ADCP. The observation at M5 used a trawl- 
resistant bottom mount (TRBM), ensuring the ADCP remained fixed 
and allowing relatively reliable vertical velocity measurements. When 
compared with the SV data (Fig. 2a), downward velocity frequently 
occurs in the morning as strong SV signals move downward, while up
ward velocity is observed in the evening as SV signals rise. These ve
locities typically range from 15 to 20 mm/s (54 to 72 m/h) and are 
interpreted as the swimming speeds of suspended zooplankton rather 
than water velocities. The DVM observed here is likely caused by 

Fig. 5. Time series at M15 from 1 to 30 October 1998 of (a) original ADCP volume backscatter strength (SV), (b) 24-hour bandpass-filtered SV, (c) reconstructed first 
CEOF mode, (d) reconstructed second CEOF mode. (e) Time series of scores of the first (red) and second (blue) CEOF modes with the current speed at the deepest bin 
(green) at M15 during October–November 1998. (f) Spatial amplitudes and (g) spatial phases of the first and second CEOF modes. The CEOF calculation is based on 
the entire ~ 10-month time series.
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copepods (Vinogradov, 1954; Kojima et al., 2022), and the swimming 
speeds roughly align with previous reports, which range from 8 to 25 
mm/s (29 to 90 m/h) for M. pacifica (Enright, 1977; Wong, 1988; 
Mauchline, 1998).

Fig. 3 shows a 24-hour composite of the vertical profiles of SV and 
vertical velocity over the 31 days of August. For SV (Fig. 3a), a clear 
DVM pattern is evident: during daylight hours (04:00 to 19:00), strong 
signals appear from the seafloor up to 20 m, while at night, strong sig
nals are confined to shallower than 30 m. For vertical velocity (Fig. 3b), 
downward and upward flows correspond to the downward and upward 
movements of SV signals, respectively. As the velocities are averaged, 
the composite velocities tend to be smaller than the instantaneous ve
locities in Fig. 2b, typically around 10–15 mm/s (36–54 m/h). Taken 
together with the raw vertical velocity data shown in Fig. 2b, these re
sults demonstrate that the swimming speed of zooplankton can be 
measured using ADCP.

To extract a spatially consistent structure, such as DVM, from the 
vertical profile time series, CEOF analysis offers distinct advantages, 
compared with other methods such as wavelet analysis. First, CEOF 
simultaneously extracts temporal amplitude and phase variability, 
allowing coherent representation of a vertically propagating signal such 
as DVM. Wavelet analysis is primarily designed for time–frequency 
localization and is less effective in isolating such spatially consistent 
structures. Second, CEOF decomposes the dataset into dominant vari
ability modes and quantifies their relative contributions.

In this study, we propose a method combining bandpass filtering and 

CEOF analysis to extract the DVM component and represent its intensity 
as a time series. Specifically, the method first applies a strong bandpass 
filter with a center frequency of 24 h to the original SV data, and then the 
CEOF analysis is performed. As will be demonstrated later, in regions 
with strong tidal currents, this method may also capture sediment 
resuspension events; however, due to differences in phase, they are 
clearly distinguishable from DVM. In this study, we apply this method to 
ADCP data obtained in the western part of the Sea of Okhotsk to quantify 
zooplankton DVM and analyze its relationship with environmental fac
tors such as tidal currents and sea ice.

Fig. 4 illustrates the application of this method to year-round SV data 
at M5. First, we applied a bandpass filter with cutoff periods of 23 and 
25 h using the Hamming window function from Python’s SciPy library to 
isolate diurnal signals. Next, we performed CEOF analysis on the 
bandpass-filtered SV time series of Fig. 4b. The necessary Hilbert 
transformation and eigenvalue calculations were conducted also using 
Python’s SciPy library. Specific procedure of CEOF analysis is briefly 
described in Appendix, and an example of Python code for the CEOF 
analysis of SV vertical profile timeseries is provided in the Supplemen
tary material. The CEOF analysis showed that the first, second, and third 
modes account for 72 %, 18 %, and 5 % of the variability, respectively, 
indicating that the first mode explains most of the variability. Figs. 4e 
and 4f present the spatial amplitude and phase of the first/second CEOF 
modes, respectively. The spatial amplitude of the first mode peaks near 
the surface at nighttime and near the seafloor during the daytime, with 
an approximate 180-degree phase difference, clearly reflecting the DVM 

Fig. 6. Time series at M15 over the entire ~ 10-month observation period of (a) sea ice concentration, (b) original ADCP volume backscatter strength (SV), (c) 
reconstructed first CEOF mode, and (d) reconstructed second CEOF mode. (e) Time series of the scores of the first (red) and second (blue) CEOF modes and the 
absolute velocity with a fortnightly bandpass filter at the near-bottom bin (green).
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pattern. Fig. 4c shows the time series of the first and second mode scores 
over the entire data period (approximately one year). The weakening of 
DVM activity during the sea ice season (December to March) is quanti
tatively captured in the first mode score. To visually represent the DVM 
activity quantified by the first mode along with the phase information, 
the time series of the reconstructed first CEOF mode is shown (Fig. 4d). 
For subsequent analyses, we will use this reconstructed CEOF mode to 
better visualize DVM behavior.

We next present the analysis of M15 as an example where both DVM 
and sediment resuspension occur simultaneously. M15 is located on 
Kashevarova Bank, where strong diurnal tidal currents of up to 2.0 m/s 
are generated due to excitation of sea-mount trapped waves (Ohshima 
et al., 2002; Ono et al., 2006). Fig. 5a is the time series of the original SV 
for October at M15, displaying a clear diurnal signal. However, unlike 
M5 in Fig. 2, the vertical phase difference of SV is small, and the signal 
appears to fluctuate nearly in phase across depths.

We applied a bandpass filter with cutoff periods of 22 and 26 h and 
CEOF analysis to approximately 10 months of SV data at M15. The CEOF 
results show that the first, second, and third modes account for 81 %, 11 
%, and 4 % of the variability, respectively, indicating that over 90 % is 
captured by the first two modes. The October portion of the CEOF results 
is shown in Fig. 5, including the time series of the bandpass-filtered data 
(Fig. 5b) and reconstructed first and second modes (Figs. 5c and 5d).

Fig. 5e shows the October–November time series of the first and 
second mode scores, along with the absolute current velocity at the near- 
bottom bin of the ADCP. Figs. 5f and 5g present the spatial amplitude 
and spatial phase of the first/second CEOF modes, respectively. The first 
mode exhibits little vertical phase difference and stronger amplitude 
near the seafloor. Fig. 5e demonstrates that the amplitude of the first 
mode becomes large during spring tides or shortly afterward, while it 
becomes small during neap tides. In the shelf area (M8 and M9) adjacent 
to the bank, Ito et al. (2017) showed that sediment suspension and 
dispersion occurred during periods of strong current of around 1.0 m/s, 
from the ADCP backscatter, and rationalized its occurrence by 

calculating the critical shear stress for sediment resuspension, based on 
the particle size reported by Sakamoto et al. (2005). If we assume that 
sediment particle size at M15 is similar to that at M8 and M9, sediment 
suspension and dispersion would occur during spring tides at M15, when 
near-bottom current velocities reach around 1.0 m/s (Fig. 5e). All these 
considered, the first CEOF mode represents sediment resuspension 
induced by strong bottom currents. On the other hand, the second mode 
shows a phase difference of approximately 180 degrees between depths 
shallower than 80 m and the near-seafloor (Fig. 5g). The amplitude 
becomes its maximum near the seafloor during the daytime (Fig. 5f). 
Based on these amplitude and phase characteristics, the second mode is 
considered to represent zooplankton DVM.

Fig. 6 presents the time series of the original SV and the results of 
CEOF analysis at M15 over the entire 10-month observation period. 
Fig. 6e shows the first and second mode scores and near-bottom current 
speed with a bandpass filter centered at fortnightly periods. The first 
mode score exhibits a clear relationship with the 14/15-day spring-neap 
tidal cycle observed in the currents. The first mode score increases when 
tidal currents strengthen or shortly afterward and decreases when tidal 
currents weaken. On the other hand, the second mode score, which 
represents DVM, becomes small during the sea-ice period (December to 
March), similar to the case of M5, and increases during the ice-melt 
period and immediately afterward (April–May), reaching a magnitude 
comparable to the first mode. These characteristics remain consistent 
when the same CEOF analysis is performed on a monthly basis. The 
CEOF analysis not only allows for the clear separation of sediment 
resuspension and DVM but also enables the quantification of their in
tensities as time series of the first and second mode scores, facilitating 
various time series analyses.

As a specific example, Fig. 7 shows the cross-spectrum between the 
first mode score and the absolute current velocity to quantify the rela
tionship between sediment resuspension and current velocity, where we 
calculated the cross-spectrum for the period from September to 
February, when the first mode dominated. The results showing very high 
coherence at fortnightly periods statistically confirm a strong relation
ship between sediment resuspension and tidal currents. A phase lag of ~ 
30 degrees indicates that sediment resuspension (CEOF mode 1) reaches 
its peak about 1–1.5 days after the peak in tidal currents. As seen in 
Fig. 6e, this lag may vary seasonally. However, it remains unclear 
whether these phase relationships are statistically significant, and even 
if they are, the underlying physical mechanisms are still uncertain.

4. Application to the region of the east Sakhalin current

In this section, we apply the CEOF-based method developed in this 
study to the ADCP data widely obtained off the east Sakhalin coast. 
Before showing the results of the CEOF analysis, we present the year- 
long time series of original SV data at observation sites in the East 
Sakhalin Current region and offshore (M1, M3, M4, M5, M6) (Fig. 8). 
M1, M3, and M4 were located at 53◦N, while M5 and M6 were located at 
49.5◦N (Fig. 1), allowing for north–south comparisons. Additionally, 
comparisons can be drawn between different regions: coastal sites (M1: 
bottom depth 100 m; M5: bottom depth 130 m), continental slope sites 
(M3: 970 m; M6: 790 m), and the basin site (M4: 1720 m). Notably, SV 
sensitivity depends on the individual ADCP instruments, implying that 
absolute SV intensities cannot be directly compared across sites; how
ever, seasonal variations and depth-dependent differences within each 
site can still be effectively analyzed.

In Fig. 8, the strong signals observed are mostly attributed to DVM 
activity, which fluctuates on a daily cycle. A notable and consistent 
feature across all sites is the sharp increase in backscatter strength 
immediately after sea-ice melt. This is likely due to the spring bloom 
triggered by enhanced stratification and the release of micronutrients 
such as iron upon ice melt (Kanna, 2014; 2018; Kishi et al., 2021), which 
promotes the rapid growth of zooplankton feeding on phytoplankton.

Another common feature is that during the sea-ice season (indicated 

Fig. 7. (a) Squared coherence and (b) phase of the cross-spectra between the 
first CEOF mode and near-bottom current speed at M15 for the period from 
September to February. A positive phase indicates that the first CEOF mode 
leads the bottom current. The 95% confidence level is shown in (a).

K.I. Ohshima et al.                                                                                                                                                                                                                             Progress in Oceanography 241 (2026) 103630 

7 



by gray bars in Fig. 8), the backscatter strength tends to decrease, or 
relatively strong signals are confined to the near-surface layers. This is 
because, in addition to the inherently weak solar radiation during this 
period, the presence of sea ice further reduces the penetration of sun
light into the water column and weakens the diurnal cycle of light 
variation. As a result, DVM behavior, which serves to avoid visual pre
dation, becomes weaker, and the migration depth becomes shallower 
(Takahashi et al., 2009). The seasonality of DVM and its regional dif
ferences can be quantitatively assessed through the CEOF analysis pre
sented below.

Here, we present the results of the CEOF analysis for all sites off the 
east Sakhalin coast. As in Fig. 4, we conducted the CEOF analysis with a 
24-hour bandpass filtering for the entire time series of SV at each site. At 
all sites, the first CEOF mode consistently exhibits a pattern of large 
amplitude near the surface at night and large amplitude near the sea
floor or in the lower layer during the daytime, as seen in Fig. 4 for M5, 
representing DVM. The contribution of the first mode at M1, M3, M4, 
M5, and M6 is 63 %, 82 %, 94 %, 72 %, and 81 %, respectively, indi
cating that at all sites, the first mode representing DVM accounts for 
most of the variability.

Accordingly, Fig. 9 presents the time series of the reconstructed first 
CEOF mode at all sites off the east Sakhalin coast. providing a clear vi
sual representation of both the vertical structure and temporal changes 
in amplitude. Time series of sea-ice concentration at each site are also 

shown in Fig. 9. Note that only M4 data correspond to the 1999/2000 
season, while the other sites are from the 1998/1999 season (Table 1). In 
both the M1–M3/M4 and M5–M6 pairs, coastal sites exhibit a marked 
weakening of DVM during sea-ice season, whereas offshore sites exhibit 
continued DVM activity even in sea-ice season. When comparing the 
reconstructed first mode at the shelf sites M1 and M5, DVM activity 
recovers from April at the southern site (M5) as sea-ice reduction and 
melt progress, whereas DVM recovers from early June at the northern 
site (M1), corresponding to the delayed sea-ice reduction and melt.

Satellite-observed chlorophyll-a concentrations (Fig. 10) show that 
the spring bloom has not yet started at the northern M1 site in May, 
while the southern M5 site already exhibits high chlorophyll-a levels, 
indicating active blooming. These results suggest that blooming asso
ciated with sea-ice melt and the subsequent activation of zooplankton 
occur progressively from the southern to the northern regions, following 
the shift in the sea-ice melt season.

At the shelf sites (M1 and M5), bottom-mounted ADCPs enabled full 
water-column observations. The first CEOF mode exhibited a structure 
characterized by large amplitudes near the seafloor during the daytime 
and near the surface at night, with a 180-degree phase difference be
tween upper and lower layers. This pattern likely represents DVM by 
copepods (Pinchuk and Paul, 2000). In the shelf regions, the first mode 
amplitude and thus DVM activity becomes weak during the winter sea- 
ice season. In contrast, at the slope sites (M3 and M6) and the basin site 

Fig. 8. Time series of vertical profiles of original volume backscatter strength (SV) off the east Sakhalin coast at (a) M1, (b) M3, (c) M4, (d) M5, and (e) M6. 
Observations were conducted from July 1998 to September 1999 for M1, M3, M5, and M6, and from September 1999 to June 2000 for M4. The gray bar at the top of 
each panel indicates the sea-ice-covered period (ice concentration > 15 %).
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(M4), the first mode, unlike at M1 and M5, maintained similar ampli
tudes even during the winter sea-ice season, suggesting that DVM ac
tivity is not weakened by sea ice in these regions. The ADCP installation 
depths were ~ 190 m below the sea surface at M3 (bottom depth 970 m), 
~180 m at M6 (bottom depth 790 m), and ~ 180 m at M4 (bottom depth 
1720 m) (Table 1), meaning that backscatter strength data were avail
able only from the surface down to the ADCP installation depths of 
180–190 m. At these offshore sites, the vertical structure of the first 
mode showed no clear nodal points like at M1 and M5, and there were 
no large vertical phase differences. This suggests that zooplankton were 
diving deeper than the ADCP installation depths of 180–190 m during 
the daytime as part of their DVM. Based on this deep-diving behavior, 
the DVM observed at these sites is presumed to be driven by krill 
(Mauchline and Fisher, 1969). Based on previous reports and the 
observed temperature range along the eastern Sakhalin coast, candi
dates of the dominant krill species exhibiting DVM are Euphausia 
pacifica, Thysanoessa longipes and T. raschii (Tomiyama et al., 2017; 
Mauchline, 1980). Although ecological information on krill in the Sea of 
Okhotsk—particularly regarding their life cycles and seasonal abun
dance—has been reported (e.g., Tomiyama et al., 2017), there is limited 
information on their DVM behavior. This study is the first to quantify the 

intensity of DVM throughout an entire year and to examine its regional 
variability.

We next discuss the results off the east Sakhalin coast. As seen in 
Fig. 10, from spring through summer, chlorophyll-a concentrations are 
relatively high along the Sakhalin coastal area and relatively low in 
offshore areas. This spatial pattern is likely attributable to greater inputs 
of micronutrients such as iron in the shelf regions from resuspended 
sediments and/or coastal-origin sea ice (Nishioka et al., 2014; Kuga 
et al., 2023; 2024). During winter sea-ice season, our ADCP backscatter 
data suggest that zooplankton activity is possibly more vigorous in the 
offshore region than over the shelf region. If this is the case, it demon
strates contrasting dynamics between the two regions across summer 
and winter.

One possible explanation for the winter differences between these 
regions is differences in the dominant zooplankton species and their 
characteristics. The dominant zooplankton in the offshore regions are 
presumed to be krill, based on their deep-diving DVM, and are consid
ered to maintain DVM activity even in winter. On the other hand, co
pepods are thought to dominate on the shelf regions, and they are 
presumed not to perform prominent DVM in winter. Another factor 
could be sea-ice thickness. Coastal shelf regions tend to have thicker, 

Fig. 9. Time series of (upper panels) sea ice concentration and (lower panels) reconstructed first CEOF mode vertical profiles off the east Sakhalin coast at (a) M1, (b) 
M3, (c) M4, (d) M5, and (e) M6. The SSM/I ice concentration at the grid point closest to the observation site is shown.
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more developed sea ice than offshore regions (Nihashi et al., 2018; 
Honda et al., 2024), which greatly reduces light penetration and may 
suppress DVM activity. Additionally, thick sea ice promotes the 

development of ice algae, and if copepods feeding on ice-associated 
algae (Yan et al., 2020) are the dominant species, prominent DVM 
behavior would not be expected.

Fig. 10. Monthly maps of (a) MODIS-Aqua chlorophyll-a concentration from April to August 1998 and (b) sea ice concentration from April to June 1998. Bathy
metric contours of 200, 1000, and 2000 m are indicated by solid lines.

Fig. 11. Time series at M8 from December 1999 to March 2000 of (a) sea ice concentration, (b) vertical profiles of original volume backscatter strength (SV), (c) 
reconstructed first CEOF mode, and (d) temporal amplitude of the first mode score (red) and the absolute velocity with a fortnightly bandpass filter at the near- 
bottom bin (green).
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5. Application to the region of the northern Sakhalin shelf with 
strong tidal currents

The northern Sakhalin shelf region, similar to M15 at Kashevarova 
Bank, is an area with extremely strong tidal currents. According to the 
dispersion relation characteristics of coastal-trapped waves, diurnal 
coastal-trapped waves can exist only on the shelf north of 51–52◦N in 
northern Sakhalin, generating strong tidal currents (Ohshima et al., 
2002; Ono et al., 2008; 2010). Due to the strength of these tidal currents, 
sediment resuspension has been reported at M8 and M9 during periods 
of strong currents when the East Sakhalin Current overlaps with the tidal 
currents (Ito et al., 2017). Fig. 11 presents the original backscatter 
strength and CEOF analysis results at M8. When the TRBM (trawl- 
resistant bottom mount) installing an ADCP was deployed at M8 in 
September 1999, it was unintentionally installed upside down on the 
seafloor, preventing data acquisition until mid-December 1999. Fortu
nately, during a strong current event, the TRBM was restored to its 

normal orientation, allowing data collection from mid-December 1999 
to March 2000. The CEOF analysis over this three-month period shows 
that the first CEOF mode has large spatial amplitudes in the surface and 
near-bottom layers, with a phase difference of 180 degrees, clearly 
representing DVM. The time series of the first mode reveals a semi- 
monthly periodicity. Fig. 11d represents the time series of the first 
mode score and the absolute velocity with a fortnightly bandpass filter at 
the near-bottom bin, showing a clear inverse relationship—when the 
current velocity increases, the first mode amplitude decreases. Fig. 12
presents the cross-spectrum of the first mode score and the absolute 
velocity, showing high coherence at fortnightly periods. The phase dif
ference suggests that the DVM represented by the first CEOF mode 
weakens approximately two days after peak tidal currents during spring 
tides. Similar results (not shown) were obtained at M9, which is located 
slightly closer to shore than M8.

We also conducted similar CEOF analysis for M7, located on the 
continental slope. Due to strong currents, the ADCP at M7 was displaced 
southward twice, resulting in changes in its position and depth (Fig. 1; 
Table 1). Accordingly, the analysis was conducted separately for three 
different periods. Examination of the first CEOF mode across these pe
riods shows that, although the ADCP depth range varied significantly, 
the node consistently appeared around 150 m below the surface, and the 
phase behavior remained largely unchanged. These findings might 
imply that the CEOF analysis captures the DVM of a common 
zooplankton species across the different positions and periods. Fig. 13b
shows the time series of the first and second mode scores and the ab
solute velocity with a fortnightly bandpass filter at the lowest ADCP bin, 
again indicating an inverse relationship—stronger currents correspond 
to a lower amplitude in the first mode. Fig. 14 presents the cross- 
spectrum of the first mode score and the absolute velocity for each of 
the three periods (three different positions). As in the case of M8, high 
coherence is observed at fortnightly periods, with a phase difference of 
180 degrees. These results indicate that DVM, as represented by the first 
CEOF mode, is at its weakest during spring tides, when tidal currents are 
strongest.

Consistent weakening of DVM under strong tidal currents was 
observed at five locations (M8, M9, and three positions of the drifting 
M7), suggesting that this marked correlation is not due to local advec
tion but reflects a region-wide phenomenon across the strong tidal 
current area. Regarding the relationship between zooplankton and tidal 
currents, several studies have reported that surface swarming tends to 
occur only during spring tides (e.g., Brown et al., 1980; Gómez-Gutiérrez 
and Robinson, 2006). Although the mechanisms behind such swarming 
have not been well understood, one hypothesis is that it arises passively 
due to convergence and upwelling induced by strong tidal currents. If 
surface swarming is induced also in this region by strong tidal currents, 
the resulting decrease in zooplankton abundance within the subsurface 
layer during spring tides could account for the observed reduction in 

Fig. 12. (a) Squared coherence and (b) phase of the cross-spectra between the 
first CEOF mode score and absolute near-bottom current velocity at M8. A 
positive phase indicates that the first CEOF mode leads the bottom current. The 
95% confidence level is shown in (a).

Fig. 13. Time series at M7 from September 1999 to June 2000 of (a) sea ice concentration, (b) temporal amplitude of the first (red) and second (blue) CEOF mode 
scores of SV and the absolute velocity with a fortnightly bandpass filter at the deepest bin (green). The CEOF analysis was conducted separately for three periods, 
September–November 1998, December 1998–March 1999, and March–June 1999, as indicated by gray bars.
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DVM intensity.

6. Concluding remarks

Acoustic Doppler Current Profilers (ADCPs) provide not only velocity 
profiles but also backscatter strength data, which can be used to detect 
suspended materials in the water column. Specific suspended materials 
detectable include zooplankton associated with diel vertical migration 
(DVM), sediment resuspension, and underwater frazil ice. However, no 
established method exists to reliably distinguish among these 
components.

In this study, we developed a novel approach to detect and distin
guish between zooplankton DVM and sediment resuspension linked to 
tidal current variability by applying CEOF (Complex Empirical 
Orthogonal Function) analysis to 24-hour bandpass-filtered ADCP 
backscatter data. DVM is extracted as a mode characterized by large 
amplitudes near the surface at nighttime and near the seafloor or lower 
layers during the daytime. In contrast, sediment resuspension is 
extracted as a mode with little phase difference across depths and larger 
amplitudes closer to the bottom. Although both signals share a 24-hour 
periodicity, CEOF analysis allows clear separation by resolving phase 
differences. Notably, the temporal CEOF mode scores provide objective 
scalar indices of the intensity of each phenomenon, enabling quantita
tive comparisons with environmental factors such as sea ice and tidal 
currents.

We applied this approach to year-round ADCP backscatter strength 
data from nine sites in the western Okhotsk Sea. The analysis success
fully quantified DVM and revealed its seasonal and regional differences. 
At most sites, DVM activity is represented by the first CEOF mode and 
tended to intensify immediately after sea ice melt. As noted in previous 
studies, sea ice melt enhances stratification and releases iron, triggering 
phytoplankton blooms, which subsequently feed zooplankton. DVM 
activation, represented by the first mode, begins earlier in the south. 
This is because sea ice melt occurs earlier in southern regions. During 
spring and summer, the shelf regions exhibit much higher chlorophyll 
concentrations than the offshore basin regions (Fig. 10), indicating more 
active biological productivity over the shelf regions. However, temporal 
variations of the first mode revealed that during the winter sea-ice 

season, DVM significantly weakens over the shelf regions but persists 
in the offshore regions. This contrasting seasonal behavior between shelf 
and offshore regions likely reflects differences in the dominant 
zooplankton species and their traits. According to the spatial structure of 
the first CEOF mode, offshore DVM reaches depths exceeding ~ 200 m. 
Thus, this DVM is likely associated with krill (euphausiids), which are 
thought to continue DVM even during winter. In contrast, the shelf re
gions, covered by thicker sea ice, are likely dominated by copepods that 
may feed on ice algae adhering to the ice underside, with little or no 
DVM activity.

Furthermore, the quantitative assessment of DVM revealed, through 
spectral analysis, a clear relationship with tidal currents. In the north
western Okhotsk Sea, where tidal currents are strong, DVM activity, 
represented by the first CEOF mode, consistently reduces during spring 
tides. At Kashevarov Bank, the first mode represents sediment resus
pension, and the second mode captures DVM. Spectral analysis showed 
that the first CEOF mode (sediment resuspension) at Kashevarov Bank is 
strongly correlated with tidal currents, with sediment resuspension 
intensifying ~ 1–1.5 days after peak tidal current velocities.

Although this study applied CEOF analysis to the entire observation 
period for all sites, shorter-term analyses may be more appropriate when 
DVM behavior changes seasonally. For example, at site M3, the daytime 
migration depth of DVM varied seasonally, suggesting that monthly 
CEOF analyses could help resolve the structural changes in DVM. 
Alternatively, as shown in Fig. 3 and used in previous studies, con
structing 24-hour composites over specific periods can also be effective. 
It is noted that the CEOF approach is not universally effective and should 
be selected carefully according to the specific context. Given the vast 
quantity of unused ADCP backscatter (SV) data worldwide, we antici
pate that the application of generalized methods such as the one pro
posed here will help unlock the potential of these dormant datasets.
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Appendix 

We performed Complex Empirical Orthogonal Function (CEOF) 
analysis on the time series of volume backscatter strength (SV) obtained 
at m depth bins. First, for each bin, we calculated the anomaly time 
series by subtracting the long-term mean over the full observation 
period. A strong band-pass filter centered at 24h was then applied to 
each bin. For the M5 mooring, we used a filter with cutoff periods of 23h 
and 25h. The filtered data were subsequently multiplied by a Hamming 
window. Next, each time series was transformed using the Hilbert 
transformation, yielding complex-valued time series with n time samples 
for each of the m bins. These m sets of complex time series were arranged 
into an n × m matrix, with rows representing time and columns repre
senting depth bins. From this matrix, we computed the covariance ma
trix C (a Hermitian matrix). The eigenvalues (real) and eigenvectors 
(complex) of C correspond to the variance contributions and mode 
structures of the CEOF decomposition, respectively.

In the Supplementary material, we provide the Python codes 
implementing the above procedure, as well as the following additional 
scripts: (1) Plotting the raw SV vertical profile time series (Fig. 4a), (2) 
Calculating the contribution rates of each CEOF mode (eigenvalue), (3) 
Plotting the time series of CEOF mode scores and phases (Fig. 4c), (4) 
Plotting the spatial amplitude distribution of each CEOF mode (Fig. 4e), 
(5) Plotting the spatial phase structure of each CEOF mode (Fig. 4f), (6) 
Reconstructing and plotting each CEOF mode as a time series (Fig. 4d).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.pocean.2025.103630.

Data availability

Sea-ice concentration data from SSM/I are provided by the National 
Snow and Ice Data Center (https://nsidc. 
org/data/nsidc-0079/versions/4). Chlorophyll-a concentration data 
from the SeaWiFS are provided by NASA’s Ocean Biology Processing 
Group (https://oceandata.sci.gsfc.nasa.gov/l3/).
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