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Abstract. Oceanic vertical velocity (w) is often neglected due to its small magnitude compared to horizontal currents. How-

ever, it plays a fundamental role in coupling the ocean surface with its interior, with major implications for a wide range of

physical and biogeochemical processes. In this study, four ADCPs were deployed on fixed Eulerian moorings and collected w

measurements over slightly less than one year, covering the water column from 50 to 410 m depth. Using a combined approach

based on Fourier spectral analysis and Ensemble Empirical Mode Decomposition, the variance distribution was characterized.5

The spectral analysis highlights the fundamental anisotropy of the flow, as vertical and horizontal velocities exhibit distinctly

different spectral properties. While horizontal currents are mainly constrained by topography, vertical motions are primarily

driven by internal gravity waves and intermittent small-scale processes. Furthermore, a persistent w signal at synoptic scales

shows that the velocity is not purely geostrophic at all temporal scales. The results show that the variability of w time se-

ries is primarily dominated by short timescales, on the order of a few days or less. The data are also strongly influenced by10

biologically driven diel vertical migrations, which impose a pronounced periodic signal. The overall dynamics of the study

area, strongly influenced by a canyon-incised slope topography, is characterized by a prevailing weak downwelling regime (3–

4 mm s-1), intermittently disrupted by short-lived (few days) strong upwelling events (exceeding the 90th percentile of 1-day

moving averaged w data). Finally, our results suggest that the canyons could act as an efficient tracer sink (e.g., carbon), with

vertical velocities reaching several mm s-1.15

1 Introduction

Ocean dynamics are inherently non-linear and span a wide range of spatial and temporal scales, making them particularly

challenging to fully characterize. Within this complex three-dimensional system, vertical velocity (denoted w) plays a funda-

mental role. Although often neglected in studies of ocean circulation because its magnitude (mm s-1) is several orders smaller

than that of horizontal currents (cm s-1 to m s-1), vertical motion constitutes a key mechanism linking the ocean surface to its20

interior. This vertical connectivity has major implications across multiple spatial and temporal scales, particularly in biogeo-

chemical processes: vertical velocities can directly influence phytoplankton distribution (Denman and Gargett, 1983; Strass,

1992; Rodríguez et al., 2001; Rousselet et al., 2019; Tzortzis et al., 2021; Fuchs et al., 2023), regulate nutrient transport and
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diffusion (Lilover et al., 2003; Barceló-Llull et al., 2016; Freilich and Mahadevan, 2019), and modulate carbon cycling and

export (Dall’Olmo et al., 2016; Nowicki et al., 2022; Siegel et al., 2023; Burd, 2024).25

Despite its importance, the multiscale dynamics of the vertical component w remains poorly understood. This knowledge gap

stems in part from the intrinsic difficulty of measuring vertical velocities in the ocean (Liang et al., 2017; Comby et al., 2022;

Zhu et al., 2023; Carli et al., 2024; He and Mahadevan, 2024; Arnaud et al., 2025). For a long time, direct observations of w were

considered nearly impossible because of their weak amplitude relative to instrumental noise and platform motion. As a result,

vertical velocities have often been inferred indirectly from dynamical balances (e.g., geostrophic theory, quasi-geostrophic30

omega equation, horizontal divergence/convergence through mass continuity) or derived from numerical models, rather than

measured in situ. However, indirect estimates are generally limited by underlying assumptions and may fail to capture the

full spectrum of variability, particularly at submesoscale and smaller scales where ageostrophic processes become significant.

Although Acoustic Doppler Current Profilers (ADCPs) have long been used to measure ocean currents, recent advances in

extracting the faint vertical velocity signal from high-resolution mooring data now provide new opportunities to directly observe35

w over extended periods (e.g., D’Asaro et al., 1996; D’Asaro, 2001; Thurnherr, 2011; Thurnherr et al., 2015; Houpert et al.,

2016; D’Asaro et al., 2018; Comby et al., 2022; Arnaud et al., 2025). Such observations open the door to a more comprehensive

characterization of w variability across scales, from high-frequency fluctuations to longer-term modulations. Yet, a detailed

multiscale description of in situ vertical velocity time series remains scarce, especially in oligotrophic oceanic regions where

biogeochemical sensitivity to vertical exchanges is particularly high. In such nutrient-limited environments, vertical exchanges40

represent a primary mechanism by which subsurface nutrient reservoirs can influence surface biological activity (Lewis et al.,

1986; Calil and Richards, 2010; Pan et al., 2012; Landou et al., 2023; Ma et al., 2023). Even moderate vertical motions, if

organized over specific temporal scales, may therefore have significant ecological consequences. Characterizing the temporal

structure of w variability is thus essential to better constrain its potential role in regulating biogeochemical fluxes. Addressing

this gap is therefore key to improving our understanding of the physical–biogeochemical coupling that governs ecosystem45

functioning and carbon export in these environments.

Despite the growing availability of long-term moored observations, fundamental questions remain regarding the temporal

organization of vertical velocity variability. In particular, it is still unclear which temporal scales dominate the observed signal,

how robust these dominant frequencies are over time, and to what extent different dynamical regimes can be distinguished

within a single time series. Most existing studies either focus on specific frequency bands or rely on model-based diagnostics,50

leaving a gap in the comprehensive characterization of in situ vertical velocity records across the full accessible spectrum of

variability. Addressing these questions is essential for placing local observations within a broader dynamical framework and

for better constraining the physical drivers of vertical exchanges. The objective of this study is to conduct a multiscale analysis

of several w time series recorded in the Western Subtropical South Pacific Ocean, in order to characterize their variability

across a broad range of temporal scales, identify dominant frequency bands, and examine their temporal modulation using55

complementary spectral and time–frequency approaches.

The study area, data acquisition methods, and statistical analyzes are described in Section 2. The results are presented in

Section 3. We first provide a data presentation in Section 3.1, then examine the multiscale variability of vertical velocity in
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Figure 1. Map of the study area located in the Coral Sea (Western Subtropical South Pacific) off Nouméa (Grande Terre island, New

Caledonia, France). The location of the four ADCPs and of the RBR© sensors is shown.

Section 3.2, and next focus on selected specific events in Section 3.3. Finally, the results are discussed in Section 4, and the

main conclusions are summarized in Section 5.60

2 Materials and methods

2.1 ADCPs measurements

2.1.1 Vertical velocity

Four Teledyne Marine© RD Instruments (RDI) 75 kHz 4 Beams ADCPs were deployed on four fixed moorings from 4 March

2024 to 22 February 2025 off Nouméa (New Caledonia, France) in the Coral Sea (Western Subtropical South Pacific Ocean).65

A map of the study area is shown in Figure 1. This region was selected because of its intense atmospheric dinitrogen (N2)

fixation activity, among the highest observed in the global ocean (Bonnet et al., 2017; Shao et al., 2023). Through this pro-

cess, small organisms such as Trichodesmium spp. enriches the surrounding oligotrophic waters with bioavailable nitrogen,
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thereby supporting the growth of other phytoplankton and enhancing primary production (Berthelot et al., 2016; Bonnet et al.,

2016; Benavides et al., 2017, 2022; Bonnet et al., 2026). Nitrogen fixation in this region is therefore closely linked to key70

biogeochemical processes, particularly the stimulation of carbon sequestration and enhanced particulate carbon export to the

deep ocean (Savarino et al., 2025; Bonnet et al., 2026). It is within this framework that the European Research Council HOPE

project (principal investigator Sophie Bonnet) was established, aiming to investigate the role of diazotrophy in oceanic bio-

geochemical cycles. The present study is part of the AMidex HOPE-VV project (principal investigator Anne A. Petrenko),

which constitutes the physical oceanography component of HOPE and focuses specifically on characterizing vertical velocity75

variability and its implications for physical–biogeochemical coupling.

Water depth varies substantially across the study area, ranging from 396 m at Site NE, the most coastal location, to 762 m at

Site SW, the most offshore site. Sites NW and SE lies at intermediate depths of 635 m and 687 m, respectively (see Figure 1).

The ADCPs were deployed at depth, upward-looking, with the instrument head positioned at 450 m (except for site NE,

due to shallower bathymetry). This configuration provides velocity time series covering depths from 50 to 410 m, with an80

approximate vertical resolution of 20 m. In our case, the time resolution of the ADCPs was 2 hours, yielding time series of

4,272 observations at each depth with a missing value ratio ranging between 1 % and 2 %.

Each of these ADCPs was composed of four acoustic beams that measure the Doppler shift of sound scattered by particles

in the water column to derive velocity profiles. To obtain reliable estimates of the vertical velocity component w, the ADCPs

measure velocities over 2-minute intervals and retain the averaged value. We followed the processing approach described85

by Comby et al. (2022). This method includes strict quality criteria on the returned signal and the projection of along-beam

velocities into the Earth reference frame, with corrections for instrument orientation (pitch, roll, and heading). These processing

steps are critical because the amplitude of w in open-ocean conditions is on the order of 10−3 m s-1, making it particularly

sensitive to measurement noise and mooring motion without careful treatment (Comby et al., 2022).

2.1.2 Cartesian rotation90

Processed in the Earth reference frame, the ADCP data also yielded zonal (u) and meridional (v) velocities. To align these

velocity components with the south-western coast of New Caledonia, we applied a Cartesian coordinate rotation. Following

the coastal orientation described by Ganachaud et al. (2010), the coordinate system was rotated such that the positive along-

shore axis points northwestward (geographic heading of 315°). The resulting cross-shore (positive offshore) and along-shore

(positive northwestward) velocities were computed as follows:95


ucross

valong


=


 cosθ sinθ

−sinθ cosθ




u

v


 (1)

where θ = π/4 radians (= 45◦) represents the corresponding trigonometric rotation angle applied to the standard East-North

reference frame, and ucross and valong represent the rotated cross-shore (perpendicular to the coast) and along-shore (parallel

to the coast) velocity components, respectively. This rotation is illustrated in Figure 1 by the orange axes, which are rotated

relative to the standard geographic reference frame (black axes). As an example, the typical southeastward-flowing current in100
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this region, known as the Alis Current of New Caledonia (ACNC; Ganachaud et al., 2010; Marchesiello et al., 2010; Cravatte

et al., 2015), is therefore characterized by valong < 0 m s-1 (flowing southeastward along the coast).

2.2 Statistical analyses

2.2.1 Fourier spectral analysis

Vertical velocity time series are often characterized by a superposition of signals associated with different dynamical regimes,105

whose relative contributions may vary over time. Internal waves, mesoscale variability, and lower-frequency modulations can

coexist within the same record (Garrett, 1979; Garrett and Munk, 1979; Skyllingstad et al., 1996; Wunsch and Ferrari, 2004;

Taylor and Thompson, 2023), making their identification non-trivial. A rigorous multiscale analysis is therefore required to

disentangle the dominant temporal components and to assess how energy is distributed across frequencies. For this purpose,

we used Fourier spectral analysis. The analyzed time series contain data gaps due to technical failures (1–2 %). To estimate the110

Fourier spectral density despite these discontinuities, we applied the Wiener–Khinchin theorem (Wiener, 1930; Khintchine,

1934). Under the assumption of weak stationarity, this theorem states that the power spectral density is given by the Fourier

transform of the autocorrelation function. The autocorrelation is defined as:

C(τ) =
〈
X̄(t)X̄(t+ τ)

〉
, (2)

where ⟨·⟩ denotes the statistical average, and X̄(t) denotes the standardized time series X(t), normalized to zero mean and115

unit variance prior to the analysis. The resulting autocorrelation function is then Fourier-transformed (using the fast Fourier

transform, FFT) to obtain the spectral density:

E(f) =

+∞∫

−∞

C(τ)e−i2πfτ dτ , (3)

where f is the frequency and E(f) denotes the power spectral density. Under this normalization, the total variance of the time

series is conserved in the spectral domain according to the Parseval-Plancherel theorem (variance-preserving decomposition;120

Parseval des Chênes, 1806; Plancherel, 1910). Mathematically, this implies that the integral of the spectral density equals the

variance of the time series:
+∞∫

−∞

E(f)df =
〈
|X̄(t)|2

〉
(4)

For a standardized stationary process, this yields:
+∞∫

−∞

E(f)df = C(0) = 1, (5)125

since the autocorrelation at zero lag equals the variance. Due to this property, the normalized spectral density can be rescaled

by the original variance (σ2) of the time series X(t) to obtain the absolute variance associated with each specific scale:

S(f) = E(f)σ2 (6)
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For these spectra, a power-law behavior is classically expected (Schmitt and Huang, 2016) such that:

E(f)∼ f−β , (7)130

where “∼” denotes proportionality. For example, the value β = 5/3 is expected for velocities in the framework of homogeneous

and isotropic 3D turbulence (Kolmogorov, 1941; Obukhov, 1941).

2.2.2 Ensemble empirical mode decomposition

Classical Fourier spectral analysis provides a robust and widely used framework to characterize the global frequency content

of a time series and to identify its dominant periodicities. To further examine how variance is distributed across characteristic135

temporal scales, we complement this global description with Ensemble Empirical Mode Decomposition (EEMD; Wu and

Huang, 2009). EEMD extends Empirical Mode Decomposition (EMD; Huang et al., 1998), a fully data-adaptive method that

decomposes a signal into intrinsic mode functions (IMFs), representing oscillatory components directly extracted from the

data without imposing a priori basis functions. EEMD enhances the robustness of this decomposition by adding white-noise

realizations to the signal and averaging over an ensemble, thereby mitigating mode mixing and stabilizing the identification140

of physically meaningful scales. EEMD decomposes the time series X(t) into a finite set of nearly zero-mean intrinsic mode

functions Ci(t) and a residual term rn(t):

X(t) =
n∑

i=1

Ci(t)+ rn(t), (8)

where rn(t) represents the low-frequency residue, typically associated with the trend of the time series. These IMFs isolate

oscillatory modes with locally defined amplitude and frequency content.145

The spectral properties of each mode are then characterized using Fourier analysis in order to estimate a representative mean

temporal scale (Huang et al., 1998, 2009):

ti =

(∫∞
0

fSi(f)df∫∞
0

Si(f)df

)−1

, (9)

where Si(f) is the Fourier spectral density of Ci(t). This combined EEMD–Fourier framework enables (i) the identification

of intrinsic oscillatory modes, (ii) the attribution of each mode to a characteristic mean timescale, and (iii) the quantification of150

the variance associated with each scale component (σi
2 = σ(Ci)

2). The approach thus provides a scale-resolved description of

variance distribution while remaining fully consistent with the global Fourier spectrum of the original signal.

2.2.3 Cross-correlation function

Cross-correlation analyses were performed between the IMFs of different time series in order to investigate their relationships

at different time scales. For two time series X(t) and Y (t) with zero mean and unit standard deviation, the cross-correlation155

function is defined as:

ρX,Y (τ) = ⟨X(t)Y (t+ τ)⟩ (10)
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The cross-correlation function quantifies the statistical similarity between the two time series as a function of the time lag τ .

Positive values of ρX,Y (τ) indicate that the two signals tend to vary in the same direction, whereas negative values indicate an

opposite behavior.160

2.2.4 Probability density functions quotient

To further characterize the statistical dependence between time series, we analyze the quotient of their probability density

functions (PDFs). Probability density functions provide a compact description of the distribution of a time series. The PDF

quotient between two time series X(t) and Y (t) in the (x,y) plane is defined as (Xu et al., 2007):

Q(x,y) = log10

(
PX,Y (x,y)

PX(x)PY (y)

)
, (11)165

where PX,Y (x,y) is the joint PDF of X(t) and Y (t), and PX(x) and PY (y) are their respective marginal PDFs. Under

statistical independence, PX,Y (x,y) = PX(x)PY (y), and therefore Q(x,y) = 0. Positive values of Q indicate combinations

of amplitudes that occur more frequently than expected under independence (a “positive” dependence), while negative values

indicate combinations that are less likely than expected (a “negative” dependence). This method has for example been used in

oceanography to analyze environmental time series relationships (Robache and Schmitt, 2025a, 2026b, a).170

2.2.5 Moving average

A moving average was applied to smooth the time series and highlight the underlying variability. For a time series X(t), the

moving average X̃(t) is defined as

X̃(t) =
1

N

m∑

k=−m

X(t+ k), (12)

where N is the window length and m= (N−1)/2. This procedure reduces high-frequency variability while preserving longer-175

term trends in the data. It therefore acts as a low-pass filter.

3 Results

3.1 Data presentation

3.1.1 Diel vertical migrations

It is well known that biological vertical motions can affect the w values estimated by the ADCP (Schott and Johns, 1987; Flagg180

and Smith, 1989; Ott, 2005; van Haren, 2007; van Haren and Compton, 2013), thereby preventing the observation of purely

“physical” variability. This bias, particularly linked to diel vertical migrations (DVMs), is periodic and follows the solar cycle

(Forward, 1976; Hays, 2003). Visually, it is evident that this bias is present in our data. An example is shown in panel (a) of

Figure 2. The DVMs are clearly visible as high positive (at sunset) and negative (at sunrise) vertical velocities (on the order of

cm s-1) that are periodic and coherent with depth.185
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Figure 2. Diel vertical migration signal in ADCP-derived vertical velocities. (a) Time–depth distribution of vertical velocity w from 1 to 8

January 2025 (SW site). (b, c) Vertical velocity relative to local sunrise (b) and sunset (c); orange points and red dashed lines indicate data

within ±1 h of the solar transitions used to identify first-order DVMs. (d) Seasonal evolution of local sunrise and sunset times (±1 h range

indicated by the shaded area), illustrating how variations in sampling time (dashed lines) relative to these transitions lead to differences in

the observed DVM amplitude.

To try to isolate these DVMs, we used local sunset and sunrise times from the SunEarthTool website (https://www.sunearthtools.

com/, last access: 26 January 2026). By comparing the sampling time with these times, we obtained the results presented in

8
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Figure 3. (a) Probability density functions (PDFs) of the vertical velocity w with (wraw) and without (wprocessed) first-order DVMs, and (b)

vertical profiles of the mean (lines) and standard deviation (shaded areas) of wprocessed for the NE, NW, and SE sites. Black dashed lines in

(a, b) indicate w = 0, and the solid black line in (a) represents the site mean wprocessed value. The bandwidths used to calculate the PDFs are

equal to 2 % of the difference between the maximum and the minimum value of the considered data set. The value represented on the x axis

is the middle value of each range. In (a), the stations are classified from top to bottom corresponding to increasing location depths.

panels (b), (c), and (d) of Figure 2. First, a one-hour window was chosen empirically after sensitivity tests before and after

sunrise and sunset to select the data most affected by the DVMs. These data are shown as colored points in panels (b) and (c).

For the remainder of the study, we refer to wraw (wprocessed) the velocity data including (respectively filtering) these “first-190

order DVMs”. Second, the amplitude of the captured DVMs is not constant throughout the year. This can be due to biological

variability but is is also due to the times at which sunrise and sunset occur relative to the sampling times (every two hours).

This is illustrated in panel (d). Studying for example the case of sunrise, sampling always occurs at 5:00 h and 7:00 h (local

time). The closer sunrise occurs to 5:00 h or 7:00 h, the stronger the DVM is detected. But if sunrise occurs just in between

(around 6:00 h), it can go relatively undetected as in late March 2024 and early September 2024. Similarly, sunset occuring195

around 17:00 h, between the ADCP sampling times of 16:00 h and 18:00 h, can go undetected late March and mid-October

9
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Figure 4. Fourier spectral density S(f) = E(f)σ2 of wraw time series for each site. The spectra were smoothed using a mean per decade.

The vertical black line indicates the Shannon-Nyquist frequency (i.e., the highest frequency resolved with at least two samples per period).

2024. For these periods, the measurements are therefore further from the core of the first-order DVM, and a weaker influence

of these migrations on the data can be expected.

3.1.2 Distributions and mean profiles

Figure 3 shows the distribution of wraw and wprocessed data (panel a) as well as the means and standard deviations (wprocessed;200

panel b) as a function of depth for each site.

First, considering the distributions (panel a), an asymmetry is observed for each PDF, with larger values on the negative

side than on the positive side. This feature is even more pronounced for the PDFs where the values associated with first-order

DVMs have been removed (black curves). These curves also allow us to identify the sites where the impact of DVMs is the

strongest in the w data. Indeed, the NW, SW, and SE sites appear to be more affected when comparing the distributions with205

and without these first-order DVMs. The distributions are generally similar across the NW, SW, and SE sites. In contrast, the

10
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Figure 5. (a) Fourier spectral density E(f) for the w time series with (wraw) and without (wprocessed) first-order DVMs, as well as for the

dI and V time series. The β = 1 and β = 1/3 power laws are shown by gray dashed lines. The vertical black dashed lines represent the

boundaries used to estimate the scaling. (b) Hourly means of wraw and wprocessed. The horizontal dashed lines indicate the mean values.

NE site, which is closest to the coast, exhibits a more pronounced negative tail in its distribution compared to the other sites.

Finally, the overall means for each site are also indicated in the same panel (for wprocessed). One can note that the mean values

are negative for all sites. They are larger and more variable at the coastal site NE (−0.004± 0.009 m s-1), and similar for the

SW and SE sites (−0.003± 0.007 m s-1). The NW site shows a mean similar to the last two sites, but exhibits slightly greater210

variability (−0.003± 0.008 m s-1). Although variability exceeds the mean in magnitude at all sites, the consistently negative

values indicate a persistent background downward motion. This suggests that vertical transport results from the combination of

a weak mean downwelling and strong intermittent fluctuations. The proportions of values above and below w = 0 m s-1 were

calculated for each site, and the results are reported in Table 1. The majority of values are negative at all sites, both for wraw

and wprocessed, with proportions consistently exceeding 63 %, while positive values account for only about 27.4–31.5 %. This215

asymmetry is consistent across all sites and remains largely unchanged after the removal of first-order DVMs, indicating that

this feature is robust and not primarily driven by DVM-related variability.

Next, considering the mean values of wprocessed as a function of depth (panel b), they remain negative at all depths. The

mean vertical structure at the NW, SW, and SE sites is similar, with slightly weaker values between 150 and 250 m and more

pronounced negative values between 250 and 370 m. Finally, weaker values are again observed, at least down to approximately220

400 m. The structure at the NE site is somewhat different. While the values become weaker between 250 and 370 m at the other

sites, they become stronger at this site. Between 250 and 370 m, the values at this site then become weaker again, contrary to
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Figure 6. Multiscale variability of wraw from EEMD decomposition. (a) Cumulative relative variance as a function of the characteristic time

scale ti of each IMF. The dashed line shows the fitted power-law saturation model. (b) Standard deviation σi associated with each IMF. (c)

Characteristic time scale of each IMF, showing the dyadic relation ti ∼ 2i (red line). Colors represent the depth of the observations, and

black dots indicate the mean value of each IMF.

the behavior observed at the two other sites. However, the numerical values remain of the same order of magnitude for all sites

(around 3–4 mm s-1).
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Figure 7. Cross-correlation ρw,y at τ = 0 d between the IMFs Ci of wraw and those of dI (left panel) and V (right panel).

Table 1. Percentage of values above and below w = 0 m s-1, with (wraw) and without (wprocessed) first-order DVMs. Values equal to 0 are

not counted.

wraw wprocessed

Site w > 0 w < 0 w > 0 w < 0

Global 30.9 63.6 28.7 65.4

NE 31.5 63.3 30.0 64.7

NW 31.4 63.1 29.3 64.9

SE 30.6 63.8 28.3 65.7

SW 30.0 64.2 27.4 66.4

3.2 Multiscale variability225

3.2.1 Fourier spectra

Fourier spectra of wraw, weighted by the variance according to the Parseval–Plancherel theorem, are shown in Figure 4. These

spectra were smoothed using a decade averaging, since raw Fourier spectra are often quite noisy due to the limited number of

data points. The spectra are generally similar regardless of the depth or the site considered. Strong peaks are visible at the 1-day

timescale. These peaks correspond to the solar cycle timescale and are related to the cycle of biological vertical movements.230

They are stronger at depth than at the surface and are more intense at the SW, NW, and SE sites. This daily peak is accompanied

by subharmonics, notably at 12 hours, 8 hours, and 4 hours. A broad peak is also observed at the annual scale (≃ f−2.56 d-1),

again more pronounced at the NW and SE sites than at the NE site. However, this cycle should be interpreted with discretion.
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The finite length of the time series limits the reliability of the extracted information at low frequencies, specifically below

f = 10−2.25 d-1, corresponding to long periods (≈ 180 days) for which only about two cycles are captured over the duration of235

the record.

The spectra were estimated again after excluding data categorized as first-order DVMs. Since the spectra were very similar

regardless of site or depth, only a global mean spectrum (all depths and sites combined) was considered. In addition, the

spectrum of the acoustic backscatter echo intensity dI from the ADCPs (related to the concentration of particles in the water)

and the spectrum of the horizontal velocity V =
√
u2 + v2 were also estimated. These spectra are presented in panel (a) of240

Figure 5. When comparing the spectra of w with (wraw) and without (wprocessed) the first-order DVMs, differences can be

observed in the peaks. The diurnal peak is still present in the spectrum of wprocessed but it is less pronounced than for wraw.

The associated subharmonics are also reduced. This diurnal peak and its subharmonics are also visible in the spectrum of dI.

A diurnal peak is also visible in the spectrum of V , but it is weaker and not associated with the same subharmonics. This

highlights the role of biological processes in the presence and strength of these peaks. Hourly averages of wraw and wprocessed245

were computed and are shown in panel (b) of the same figure. It is clear that although most of the DVMs have been removed,

a biological signal remains in the time series. This signal is cyclic and close to a sinusoidal shape around the mean value. For

wprocessed, the amplitude of this cycle reaches approximately 9 mm s-1, amounting to 2.5 times the series mean (≃ 3.5 mm s-1).

This underscores its prominent role in driving the temporal dynamics.

The spectral scalings were also estimated (see panel a). The spectrum of V follows a slope of β = 1.13 between approx-250

imately 1.5 days (f ≃ 10−0.2 d-1) and 16 days (f ≃ 10−1.2 d-1), and a slope of β = 0.37 between 16 days and 250 days

(f ≃ 10−2.4 d-1). For the spectra of w, a slope close to β = 1/3 (β = 0.4 for wraw and β = 0.3 for wprocessed) is found for both

spectra between 1.6 days and 63 days (f ≃ 10−1.8 d-1).

3.2.2 EEMD analysis

The EEMD analysis was applied to the time series of wraw. This analysis cannot be directly applied to wprocessed due to255

the presence of too many missing data, which are distributed in a non-random manner. This analysis decomposed the time

series into 11 IMFs (Intrinsic Mode Functions). The variance of each IMF was estimated and a characteristic time scale was

associated with each component using Fourier spectral analysis.

The results are presented in Figure 6. Panel (a) shows the cumulative relative variance as a function of scale, computed for

IMF i as follows:260

RVi = 100 ·
∑i

k=1σ
2
k∑n

k=1σ
2
k +σ2

n

, (13)

where σ2
n denotes the variance of the residual rn. This calculation quantifies the relative contribution of IMFs 1 to i with

respect to the total variability represented by all IMFs 1 to n. This analysis shows that the majority of the variability in the

wraw time series is contained at small scales equal to or shorter than 1 day, regardless of the site considered or the depth. On

average, these scales account for about 90 % of the variance of the time series. The scatter plot follows the form of a power-law265

relationship. In order to quantify this behavior, an asymptotic saturation model was fitted to the data. This model can be written
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as y = a− bx−c, where x represents the considered time scale and y the cumulative variance. The parameter a corresponds

to the asymptotic value toward which the cumulative variance converges as the scale increases, while b controls the amplitude

of the deviation from this limit and c describes the rate of convergence toward saturation. Here, the parameters a= 99.4 %,

b= 13.8 % d-0.99 and c=−0.99 were obtained (R2 = 0.96). The exponent c=−0.99 indicates that the relationship closely270

follows a x−1 scaling, reflecting a rapid decrease in the marginal contribution of increasing temporal scales. Consequently,

most of the variance is captured at small scales, while larger scales contribute increasingly marginally. This model reproduces

the observed behavior: a rapid increase of explained variance at small scales followed by a progressive slowdown as the scale

increases, eventually approaching the total variance of the signal.

Panels (b) and (c) of Figure 6 show the standard deviation and the characteristic scale of each IMF. Overall, the fluctuations275

of wraw are on the order of 10−2–10−3 m s-1 for scales shorter than 10 days, and below 10−3 m s-1 at larger scales. Finally,

it can be noted that the IMFs follow a relationship ti ∼ 2i (see panel c), meaning that the period of an IMF is approximately

twice that of the preceding one, reflecting the fact that the EEMD behaves as a dyadic filter. This behavior has previously been

reported, for example, for fractional Gaussian noise (Flandrin et al., 2004; Flandrin and Gonçalvès, 2004) or turbulent velocity

time series (Huang et al., 2008). This also partly explains why the maximum number of IMFs found is 11: it corresponds to a280

limit imposed by the size of the dataset (4,272 observations; log2(4272)≃ 12.04).

The EEMD analysis was also applied to the time series of the echo intensity anomaly dI and the horizontal velocity V . The

same number of IMFs was obtained for these variables as for wraw. A comparison between the IMFs of wraw and those of

dI and V was performed using the cross-correlation function evaluated at a lag τ = 0 d. The results of this comparison are

presented in Figure 7. Correlations are found for some IMFs of wraw and dI. In particular, a link is observed for the IMFs C3285

of both series, which correspond to the daily cycle in the series (see panel c of Figure 6). This link is not observed between the

time series of wraw and V , suggesting a biological origin. Another link is observed between the IMFs i= 9 to i= 11 of dI and

wraw. These IMFs correspond to time scales ranging from about 100 days to 1 year. They therefore reveal a common dynamics

between dI and wraw at these scales. Once again, this link is not particularly observed with V , suggesting rather a biological

influence.290

3.3 Rare events recorded

The value of long-term high-frequency monitoring also lies in its ability to detect rare events of a variable relative to its

distribution. In this study, we focus on the relationship between w and ucross. A 1-day moving average was applied to both

series to retain only fluctuations on time scales longer than a day (thus excluding DVMs). The PDF ratio was then estimated

from these filtered series and is shown in panel (a) of Figure 8. This ratio indicates that the two variables are mostly independent.295

However, strongly positively dependent values (Q> 1.1) appear for positive w and ucross. In this range, Q reaches values up to

4.1, indicating that the simultaneous occurrence of these events is 12,500 times more likely than if they occurred independently.

These events are rare, as illustrated in panel (b) of the same figure, representing only 0.04 % of the data, and correspond to

ucross above the 99th percentile and w above the 90th percentile (after applying the moving average).
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During these events, w being positive with some of the highest values encountered, one could be tempted to call them strong300

upwelling events associated with shoreward-directed currents. While these events were recorded at the SW site, they were

not observed with the same amplitude at the other three sites. Two periods were identified: the first during the austral autumn

between 15 and 16 March 2024 (UTC), and the second during the austral summer between 7 and 9 February 2025 (UTC). These

periods were isolated, and the mean w, valong, and ucross profiles were calculated (Figure 8; panels c, d, and e). The mean state

(black lines) exhibits negative velocities. In contrast, during these events (blue lines), the flow displays a strongly sheared305

vertical structure. In the upper 200 m, a surface-intensified negative along-shore jet develops, reaching up to −0.4 m s−1. The

cross-shore velocity is positive throughout this layer, indicating onshore transport towards the coast. Meanwhile, the vertical

velocity w is positive, with values up to 6 mm s−1. Below 200 m, a marked transition occurs. All velocities reverse signs.

The along-shore velocity weakens and reverses, as well as the cross-shore velocity which also becomes negative, indicating

offshore transport between 250 and 400 m depth. At the same depths, the vertical velocity becomes strongly negative, reaching310

approximately −5 mm s−1 at 330 m.

To further illustrate the temporal dynamics of these phenomena, Figure 9 presents the time series surrounding the March

2024 upwelling event. Panel (a) describes the ERA5 10-m wind conditions (Hersbach et al., 2020), showing a period of strong

winds peaking near 15 m s-1 with a direction (Wd) predominantly between 300° and 320° prior to the event, corresponding to

the trade winds. Approximately at the same time, the 50-m depth temperature drops by 2 degrees, from 25 °C to 23 °C (panel315

b). Panel (c) shows the 1-day moving average of the vertical velocity w. The sharp reversal of the vertical flow (delimited by

purple lines), where w rapidly peaks at approximately 7 mm s-1, is highly episodic and abrupt. Concurrently, the horizontal

flow undergoes a drastic intensification (panel d). The stick plot, derived from the moving averages of ucross and valong,

reveals that this upwelling pulse coincides with a sudden acceleration of the horizontal currents V , with velocity magnitudes

abruptly exceeding 0.5 m s-1 (indicated by the bright yellow vectors). During this window, the vectors are strongly oriented in320

the negative along-shore and positive cross-shore directions, visually confirming the intense shoreward-directed jet described

previously. Immediately following this event, both vertical and horizontal velocities rapidly drop.

4 Discussion

In this study, current velocity data were measured using ADCPs every two hours throughout the water column at four sites

offshore of Nouméa over a period of nearly one year. These time series proved to be rich in information and enabled us to325

characterize the dynamics of vertical velocities, w, within this ecosystem. The main results obtained through the analyses

performed are summarized in the paragraphs below.

It is nevertheless important to emphasize a key point here before discussing these results: the uncertainty associated with

ADCP measurements. The measurement accuracy provided by the manufacturer only applies to horizontal velocities. An error

of ±1 % ±5 mm s-1 is therefore expected for these velocities (corresponding to the most pessimistic case). The accuracy is330

not directly specified for vertical velocities. However, this measurement is expected to be more precise because it relies on

the cosine of the instrument beam angle (20◦, in our case) rather than the sine, and because the vertical velocity is derived
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Figure 8. (a) PDF of the ratio Q and (b) 2D joint PDF of w and ucross, both smoothed using a 1-day moving average (all sites and depths).

The black line indicates the empirical relationship y =−0.1x+0.03, above which a positive dependence is observed. The bandwidths used

to calculate the PDFs are equal to 1 % of the difference between the maximum and the minimum value of the considered data set. (c–e) Mean

vertical profiles at the SW site for (c) w, (d) valong, and (e) ucross, also smoothed with a 1-day moving average. Black lines indicate the full

dataset, and blue lines correspond to strong upwelling conditions.

from the four beams simultaneously. One may estimate the vertical precision from the horizontal specification using a factor

sin(20◦)/cos(20◦)≈ 0.364. Thus, assuming a horizontal precision of 0.5 cm s-1 (manufacturer specification), the correspond-

ing vertical precision would be approximately 1.8 mm s-1. This is probably an overestimated value. Although this uncertainty335

is not negligible, it does not invalidate the results obtained in this study nor the points discussed in the following sections. Ac-

counting for this uncertainty rigorously remains difficult, since the measurement error is not linear. Nevertheless, it is important

to keep these limitations in mind throughout the analysis.
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Figure 9. (a) ERA5 10-meters wind data (Hersbach et al., 2020), (b) conservative temperature (CT) from the RBR© sensor at 50 m depth,

(c) 1-day moving average of w and (d) stick plot of ucross and valong (also smoothed using a moving average) over the period from 6 to

31 March 2024 at 50 m depth. A displacement of the arrows along the x axis indicates a variation in ucross, while variations along the

y axis indicate a variation in valong. The color represents the horizontal velocity. The vertical purple lines indicate the period from 15 March

(starting at 12:00 h UTC) to 16 March 2024 (ending at 16:00 h UTC), corresponding to the upwelling period.

4.1 Weak global downwelling circulation

The Alis Current of New Caledonia (ACNC) flows southeastward along the western coast of the island, which characterizes a340

left-bounded coastal flow in the Southern Hemisphere. Away from the canyons, the along-shore flow is in (quasi-)geostrophic

balance at a large scale. Diminished Coriolis force (directed onshore) or increased pressure gradient force (offshore) can favor
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downwelling conditions on the shelf slope. Here vertical velocities exhibit a systematic negative average (w < 0, indicating

downwelling) that is probably favored by the submarine topography (see Figure 1), disrupting the geostrophic balance, follow-

ing the mechanisms described by Klinck (1996) and briefly summarized here. Indeed, as the ACNC flows over the submarine345

canyons, the along-shore velocity (valong) is reduced due to interactions with the canyon walls and increased bottom friction.

Because the Coriolis force Fc is proportional to velocity (with magnitude fcv, where fc is the Coriolis parameter), this local

deceleration leads to a weakened Coriolis force within the canyons. Consequently, the offshore pressure gradient force remains

unbalanced. This uncompensated gradient drives an offshore-directed flow at depth. To satisfy mass conservation, this local-

ized offshore transport forces the overlying water column downward, leading to downwelling. Therefore, the average negative350

vertical velocity values observed in our results are consistent with the topographically-induced downwelling regime expected

for a left-bounded flow in the Southern Hemisphere. Moreover, applying the incompressible continuity equation between our

sites lead to the nullity of the velocity divergence, such that:

∂w

∂z
=−∂u

∂x
− ∂v

∂y
(14)

Under strong assumptions, we were able to estimate theoretical vertical velocities of −0.09 mm s-1 at 50 m, and −0.008 mm s-1355

at 100 m. This is consistent with the presence of a downwelling in the study area.

This topographic control is further supported by the numerical findings of Spurgin and Allen (2014), who demonstrated that

submarine canyons significantly enhance downward advection in downwelling-favorable regimes. Their study shows that the

magnitude of this vertical flux is primarily driven by the Burger number (stratification) and the Rossby number (flow intensity).

Specifically, they found that higher Rossby numbers—corresponding to stronger along-shore currents like the ACNC—lead to360

more intense negative vertical fluxes at the shelf break depth. We estimated the Rossby and Burger numbers, which respectively

characterize the relative importance of rotational effects and stratification in the flow. The dimensionless Rossby number is

estimated as follows:

Ro=
V

fcL
≃ 0.06 (15)

where V = 0.1 m s−1 is the mean horizontal velocity, and L= 3×104 m is the characteristic length of the surrounding canyons.365

At our latitude, the Coriolis parameter is fc = 2Ωsinϕ= 5.58×10−5 rad s−1, where Ω= 7.2921×10−5 rad s-1 is the angular

speed of Earth’s rotation and ϕ is the latitude (in radians). The Burger number can be estimated according to the following

formula:

Bu=

(
NH

fcL

)2

≃ 9.8 (16)

where H = 500 m is the characteristic depth at our sites, and N = 0.01 s−1 is the Brunt-Väisälä frequency, estimated empiri-370

cally from RBR© sensors data (see the location of the mooring in Figure 1) between 14 m and 463 m, as follows:

N =

√
− g

ρ0

∂ρ

∂z
(17)
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where g = 9.81 m s−2 is the acceleration due to gravity, ρ0 = 1025 kg m−3 is the reference potential density of seawater,

ρ is the density, and z is the depth. The density was estimated using conservative temperature and absolute salinity (Fig-

ure 10), following the TEOS-10 equation of state (see McDougall, 2026 for more details). Note that in Spurgin and Allen375

(2014), the Burger number corresponds to the square root of the above definition. The combined analysis of the dimensionless

Rossby (Ro≃ 0.06) and Burger (Bu≃ 9.8) numbers reveals a marine environment that is both highly energetic and strongly

constrained by its vertical structure. This is further reflected in the low Froude number, Fr =Ro/
√
Bu≃ 0.02, which is char-

acteristic of flows where rotational and stratification effects jointly dominate (Cushman-Roisin, 1994). Moreover, this abrupt

topographic forcing in such a stratified environment is also a recognized driver of internal wave generation (Bell Jr., 1975;380

Gordon and Marshall, 1976; Petruncio et al., 1998; Allen and Durrieu de Madron, 2009; Baines, 2022).

4.2 Multiscale dynamics

Since the time series are sufficiently long, it was possible to investigate their multiscale dynamics from a statistical perspective.

First, a Fourier spectral analysis was performed. This analysis revealed a strong similarity in the multiscale dynamics of the

time series across the four sites and for the different depths considered.385

At first, a spectral slope close to β = 1.1 was identified for the horizontal velocity over time scales ranging from 1.5 to

16 days. This decay, very close to the theoretical f−1 scaling (β = 1), has already been documented in several previous

studies of geophysical flows (e.g., Katul and Chu, 1998; Katul et al., 2012; Renosh et al., 2014; Schmitt and Huang, 2016).

The emergence of this power law departs from the classical isotropic inertial cascade (−5/3; Kolmogorov, 1941; Obukhov,

1941) and constitutes a characteristic signature of a dynamics strongly constrained by the boundaries, particularly topography.390

Indeed, at the sub-inertial time scales considered here, the horizontal structures advected by the flow have dimensions much

larger than the fluid depth. These large vortical structures therefore strongly interact with the bottom boundary. This geometric

confinement, together with the resulting shear, inhibits the development of a homogeneous and isotropic three-dimensional

energy cascade. The variance is then redistributed according to an f−1 slope, a spectral equilibrium that theory could explain

through the action of a Heisenberg eddy viscosity, reflecting the continuous internal damping exerted by smaller scales on395

these large bottom-sheared structures (Katul et al., 2012). For time scales larger than 16 days (up to at least 250 days), a flatter

spectrum is observed, with a spectral slope close to β = 1/3. This flattening may correspond to the synoptic scales of energy

injection into the system, in the sense of Richardson’s energy cascade (Richardson, 1922). These scales are, for instance,

referred to as the “geostrophic eddy range” (or “synoptic-scale eddy range”) by Ferrari and Wunsch (2009), highlighting the

presence of large-scale structures generated by processes such as pressure and Coriolis forces, characteristic of geostrophic400

turbulence at the global scale (Charney, 1971; Stammer, 1997). However, it is worth noting that a weak but non-negligible

dynamical signal is still observed at these scales for the vertical velocity component w, indicating that these structures are not

purely geostrophic, but rather ageostrophic.

In contrast to the horizontal component, the spectrum of the vertical velocity w exhibits a much weaker decay, characterized

by a slope of β ≈ 1/3 over a range of scales from 1.5 to 63 days. This reduced spectral attenuation highlights the fundamental405

anisotropy of the flow. Indeed, stratification and geometric confinement strongly suppress the development of large vertical
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motions at low frequencies, a classical decoupling in confined geophysical flows (Katul et al., 2012). As a result, the variance

of the vertical velocity is distributed much more uniformly across the frequency band. This behavior reflects the signature

of a field dominated by internal gravity waves. The canonical model of Garrett and Munk (1979) predicts a theoretically flat

temporal spectrum (β = 0) for this component, while other approaches based on the conversion of spatial spectra suggest410

a theoretical slope around β = 0.5 (Klymak and Moum, 2007a). The observed decay of β = 0.4 for wraw (and β = 0.3 for

wprocessed) therefore falls well within this expected range, suggesting an intermediate regime in which wave propagation and

nonlinear energy transfers coexist. The slight deviation from purely linear equilibria may be explained by the presence of

nonlinear wave–wave interactions or by local intermittency of turbulence (e.g., Polzin and Lvov, 2011; D’Asaro et al., 2007;

D’Asaro, 2014).415

A first element of insight into intermittency can be provided here. Indeed, if one considers the expected scaling of the

first-order structure function ⟨∆τX⟩ ∼ τH (not shown here), where ∆τX = |X(t+ τ)−X(t)|, the Hurst exponent H can be

estimated. This exponent describes how the temporal increments of the series evolve with the considered time scale. For the

mean structure function of w, a value H =−0.28 is obtained using the Extended Self Similarity method (used here to reduce

the effect of periodicities on the scaling; Benzi et al., 1993). Negative values of H are not commonly observed, but they have420

already been reported in previous studies (e.g., Lovejoy and Schertzer, 2012, 2013; Renosh et al., 2015; Schmitt and Huang,

2016). This indicates that small-scale fluctuations are larger than large-scale ones and dominate the dynamics of the time series.

From these values of H and β, an intermittency indicator can also be derived as µ= 2H−(β−1). For a non-intermittent series,

µ= 0 (Kolmogorov, 1962), and µ > 0 if the series is intermittent (i.e., there are extremes at different scales in the series). For

the w series, a mean value µ= 0.04 can be estimated. This value is close to what can typically be expected for velocities or425

passive scalars in turbulence (Schmitt, 2006; Robache et al., 2025). This indicates that the series are multifractals.

However, our results (and particularly those concerning intermittency) should be interpreted with a certain degree of nuance.

As seen previously, the w data are not purely driven by physics, but are biased by biological movements. For the signal to be

purely physical, the particles detected by the ADCPs would need to be strictly passive. However, our data are “contaminated”

by the active behavior of certain small organisms. This was highlighted, for example, by the Fourier spectral analysis, where430

a diurnal peak associated with various sub-harmonics was observed. Furthermore, it is likely that these biological peaks mask

other physical periodicities in the time series, such as the semi-diurnal tide (M2 wave with a 12.4 h period) and the lunisolar

declination tide (K1 wave with a 24.96 h period), which are observed in the horizontal velocity V (see Figure 5), and the

sea surface height in our study area (Bendinger et al., 2023, 2025). In practice, it is difficult to separate the physical and

biological components of the measured w. Here, a method was tested to at least provide an indication of the origin of the435

observed phenomena: the Ensemble Empirical Mode Decomposition (EEMD). Through this analysis, it was highlighted that

biological effects are mainly expected at the diurnal and seasonal scales. Moreover, these two scales are also found in the

Fourier spectra of w, in the form of more or less localized peaks. The diurnal influence is due to the daily migrations of

these small organisms, aligned with the solar cycle (Cohen and Forward Jr., 2009; van Haren and Compton, 2013; Clements

et al., 2026). It was noted here that even when removing the highest values associated with these migrations (on the order440

of cm s-1), a diurnal component persists. This could therefore indicate that, although intense active migration phases can be
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Figure 10. Temperature-Salinity (T-S) diagram (conservative temperature versus absolute salinity) of the data recorded by the RBR© sensors.

identified, these organisms nevertheless move throughout the day. The seasonal influence, on the other hand, is possibly linked

to several factors. First, DVMs almost certainly possess their own multiscale dynamics that are embedded within the w series,

and seasonal effects could therefore be expected in connection with, for example, plankton bloom periods. However, two other

factors could also be at the origin of this seasonality: our sampling time step, which causes us to sample at varying temporal445

distances from the exact time of sunset or sunrise (see Figure 2d), thereby sometimes sampling the core of the migration or its

end (and in a dissimilar manner between sunrise and sunset); and a potential non-linear effect of these migrations on the ADCP

bias. Indeed, it cannot be ruled out that the higher the abundance of these organisms, the stronger the biases will be (due to

their patchiness, in particular). This observation also raises an important point regarding the optimal sampling frequency for

DVMs, which must be high enough to mitigate these issues.450

The link between the dI and w series is certainly non-linear, but it nevertheless offers an interesting perspective for attempting

to separate the physical and biological components of w. The analyses could be further developed in this direction in other

studies (particularly for sites also equipped with echosounders), to observe how this relationship between the series evolves

over time. To do this, the time-dependent intrinsic correlation method, based on EMD (Chen et al., 2010), could be used to

obtain initial insights. This method has already highlighted relationships between time series in oceanography, for example455

between temperature and oxygen (Huang and Schmitt, 2014), or between temperature series at different locations (Kbaier

Ben Ismail et al., 2015; Derot et al., 2016).

4.3 Episodic upwellings

In this study, the PDF quotient analysis was used to identify rare events (i.e. infrequently observed values) highlighting depen-

dencies between the distributions of different variables. A dependence between relatively high positive values of w and ucross460

was identified. These events, which can be classified as strong upwelling events (relative to the mean dynamical state of the
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study area), were further investigated. First, these strong upwelling events were not observed at all four sites, but only at the

SW site. During the year of study, these events were observed twice and only lasted a few days. Longer time series would

obviously be needed to check whether these episodic events occur every year, and at which frequency. Yet, this does not imply

that the other sites do not respond to the forcing responsible for these upwellings. Indeed, values of w remain negative at the465

other sites, but are closer to zero compared to their mean state. Rather, this suggests that each site exhibits a distinct response,

particularly in terms of amplitude. The difference between the responses is sufficiently large to modify the interpretation of the

observed event (i.e., upwelling or downwelling), despite the sites being separated by only a few kilometers (between 1.8 and

2.7 km). This highlights a strong small-scale spatial heterogeneity in the vertical velocity response, at least during these rare

events. Second, these strong upwelling events are primarily confined to the upper 200 m of the water column. A reversal in470

the sign of both ucross and valong, relative to their typical values, is observed below this depth. This suggests the presence of

two oppositely directed flows within the water column, potentially inducing strong vertical shear and the development of two

distinct overturning cells. The upper cell (above approximately 200 m) is characterized by a strong horizontal flow (exceeding

0.4 ms−1) directed onshore and southeastward. Within this layer, w exhibits positive values (w > 0) opposite to the mean state,

consistent with upwelling conditions. In contrast, the deeper cell is characterized by weaker values of ucross and valong, flowing475

in the opposite direction. The current is directed offshore and northwestward. At this stage, the in situ available variables do not

allow us to fully explain the mechanisms driving this structure. However, the observed upwelling is likely associated with a ver-

tically sheared along-shore current and a secondary cross-shore circulation, suggesting that processes beyond classical Ekman

dynamics, such as baroclinic adjustment, topographic effects, or frontal dynamics, may play a significant role. Complementary

satellite-derived observations suggest that these strong upwelling events at the SW site coincide each time with the passage of480

a large cyclonic circulation offshore of the island, migrating from South to North, and reinforcing the ACNC along the coast

(see Appendix A for more details). At the same time, a strong 12-hour periodicity is observed in the horizontal velocity data, as

well as in the depth data from the RBR© sensors (with amplitudes reaching up to 30 m). These features could be the source of

the intensified horizontal velocities, potentially triggering topographically-induced upwelling (shelf-break upwelling; Kämpf

and Chapman, 2016) and internal tides. Under these conditions, the strong currents along the topographic slope may overcome485

the otherwise downwelling average condition, ultimately resulting in the observed upward vertical motion.

Note that the strong trade winds were concomitant with the drop in surface temperature (about 2 °C) and reduction of

the ACNC signal (see Figure 9) corresponding to the description of wind-driven coastal upwellings, well described in the

literature (Ganachaud et al., 2010). While, in our data, the episodic strong positive w studied here occurs after the strong

trade winds while temperature starts warming again. Such vertically structured circulation, characterized by the coexistence490

of oppositely directed flows and enhanced shear, has already been reported in coastal systems and is often associated with

the presence of overturning secondary circulation and topographic effects (Song and Chao, 2004; Relvas and Barton, 2005;

Kämpf, 2017; Chen et al., 2023). Finally, it should be noted that the present analysis focuses exclusively on strong upwelling

events. Other upwelling occurrences (of weaker intensity), potentially related to the regional dynamics previously described

by Alory et al. (2006), Ganachaud et al. (2010), and Marchesiello et al. (2010), may also be present in the w time series, but495

are not considered here. A dedicated study would be required to fully characterize their properties and underlying dynamics.
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This would be particularly valuable, as episodic upwelling events occurring within predominantly downwelling regions may

exert significant impacts on local biogeochemical processes (e.g., Hanson et al., 2005).

5 Conclusions

In this study, year-long ADCP measurements collected at high temporal and vertical resolution provided new insights into the500

dynamics of vertical velocities in a marine environment influenced by complex bathymetry offshore New Caledonia. Year-wise,

the vertical velocity field is dominated by persistent downwelling (3–4 mm s-1), consistent with a canyon-induced mechanism

resulting from the disruption of geostrophic balance as the along-shore current interacts with steep topography. At smaller

temporal scales, the analysis reveals a rich multiscale dynamics. The horizontal velocity exhibits a characteristic f−1 spectral

slope, reflecting the strong influence of topographic confinement and bottom shear on the flow. In contrast, the vertical velocity505

displays a much flatter spectrum (f−0.4 slope), consistent with a regime dominated by internal wave dynamics and anisotropic

turbulence. The intermittency analysis further suggests that vertical motions are governed by multifractal dynamics, although

the interpretation of these results must be nuanced due to the influence of biological processes. Beyond this mean and statistical

description, the identification of rare events highlights the presence of intense and spatially heterogeneous upwelling episodes.

These events are confined to specific locations and are associated with vertically structured flows characterized by strong shear510

and the coexistence of oppositely directed currents. Such structures point toward the importance of secondary circulation,

internal tides, baroclinic processes, and topographic interactions, extending beyond the classical Ekman framework. Overall,

this study emphasizes that the vast majority of vertical velocity variability unfolds at small temporal scales. Consequently,

these motions cannot be interpreted solely through large-scale or mean dynamics. Instead, they emerge from the interplay

between topography, stratification, multiscale variability, and episodic processes. Ultimately, characterizing these complex515

vertical motions provides a critical foundation for understanding regional biogeochemistry. In this environment where primary

productivity is fueled by diazotrophic cyanobacteria (through N2 fixation), such multiscale physical dynamics are likely key

drivers of both the supply of limiting nutrients and the subsequent export of carbon to the deep ocean. In this context, future

studies should combine high-frequency measurements of vertical velocity with simultaneous observations of organic matter

export to better quantify the impact of vertical velocity on the biological carbon pump. Moreover, future work should aim at520

better disentangling the physical and biological contributions to the measured vertical velocities, for instance through com-

bined acoustic and optical observations. In addition, higher-resolution and higher-frequency observations would allow for the

exploration of other scaling regimes for w (e.g., Klymak and Moum, 2007b; van Haren, 2008, 2015) in this region. Together

with numerical simulations, they would be highly valuable to further investigate the mechanisms driving the observed episodic

upwelling events and their role in vertical exchanges and ecosystem functioning.525
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Appendix A: Additional SPASSO and SWOT analyses of the March 2024 upwelling event

To provide additional context on the large-scale cyclonic circulation associated with the strong upwelling events identified in the

main analysis (March 2024 example), DUACS L4 satellite-derived products computed with the SPASSO software (Rousselet

et al., 2025) were examined. In particular, absolute dynamic topography (ADT) and surface geostrophic currents were used

to characterize the regional ocean dynamics around the study area. Figure A1 shows the temporal evolution of ADT and530

associated surface circulation on 4, 16, and 30 March. On 4 March (panel a), the cyclonic circulation, southwest of the area

of study, is relatively weak, with no clear signature of coastal anomalies. On 16 March (panel b), the cyclonic circulation

is strongly reinforced (ADT weakening) west and northwestward of Nouméa. This structure coincides with a strengthening

of the surface currents and enhanced gradients in ADT near the coast, particularly in the vicinity of the study area. By 30

March (panel c), the low-ADT region has kept on intensifying and expanding northwestward. The persistence of this structure535

suggests the development and propagation of a consistent mesoscale cyclonic feature offshore of the island. Considering the

low resolution of L4 gridded data (DUACS product) and poor reliability near the coast, the presence and precise location of

the cyclonic feature is investigated using higher resolution SWOT L3 observations available in March 2024 in our study area.

These observations are shown in Figure A2. The cyclonic structure, represented by the blue patch, is located to the south of

the study area on 8 March (panel a), then farther northwest on 19 March and 29 March (panels b and c). Hence the study area540

is influenced by a transient cyclonic circulation during mid-March, which may contribute to the modification of the local flow

field and enhance along-shore velocities,as mentioned in the article.

Code and data availability. The mooring velocity data are freely available online (Petrenko et al., 2026). The bathymetric data used in

this study are publicly available (0.001° resolution; SHOM-IRD, 2021). The SWOT (Level-3 KaRIn Low Rate SSH Expert v3.0, CNES,

https://doi.org/10.24400/527896/A01-2023.018; AVISO/DUACS, 2025b) and DUACS (global Level-4 gridded data, Copernicus Marine545

Service, https://doi.org/10.48670/moi-00148; AVISO/DUACS, 2025a) products are freely available online. The Python code for Fourier

spectral analysis was developed by Gao et al. (2021b) and is available on GitHub (Gao et al., 2021a). The R code used for probability density

function (PDF) estimation and PDF quotient analysis is also available on GitHub and Zenodo (Robache and Schmitt, 2025b). The R packages

tidyverse (Wickham and RStudio, 2023), Rlibeemd (Helske and Luukko, 2025), and gsw (Kelley et al., 2024) were used in this study.
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Figure A1. Temporal evolution of absolute dynamic topography (ADT) and surface circulation in the vicinity of the study area during March

2024. Panels show conditions on (a) 4 March, (b) 16 March, and (c) 30 March. Colors represent ADT (m), while arrows indicate surface

geostrophic currents (m s-1) derived from satellite altimetry (DUACS products, SPASSO software; Rousselet et al., 2025). The red square

highlights the study area. The grey area represents areas where the depth is less than 50 m, not considered here.
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Figure A2. Temporal evolution of absolute dynamic topography (ADT) and surface circulation in the vicinity of the study area during

March 2024. Panels show conditions on (a) 8 March, (b) 19 March, and (c) 29 March. Colors represent ADT (m), while arrows indicate

surface geostrophic currents (m s-1) derived from satellite altimetry (SWOT products). The red square highlights the study area. The grey

area represents areas where the depth is less than 50 m, not considered here.
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