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1. Introduction
Earth System model simulations as well as mesocosm experiments indicate that in response to increased ocean 
stratification and reduced vertical mixing caused by global warming, diatoms are likely to decline or be replaced 
by smaller phytoplankton (Barton et al., 2016; Frémont et al., 2022). However, these model predictions do not 
account for the role of the physical environment at scales smaller than 100 km in structuring the distribution of 
phytoplankton functional types. Understanding the role played by the ocean circulation at these scales in the 
development of diatoms in stratified and oligotrophic waters is essential to accurately predict the future evolution 
of primary production and carbon export (Falkowski et al., 1998; Field et al., 1998; Tréguer et al., 2018).

In contrast to other groups of smaller plankton, such as dinoflagellates, which are favored under stratified, 
low-nutrient conditions, diatoms are known to thrive in high nutrient systems (e.g., polar, upwelling and coastal 
areas). They are, however, not exclusive to these systems, and recent observations revealed that short-living 
spatially-restricted diatoms blooms may occur in oligotrophic, nutrient limited waters (Malviya et  al.,  2016). 
These blooms are fueled by transient meso- and submesoscale dynamical turbulent structures such as eddies, 
fronts or filaments (Hernández-Carrasco et al., 2020; Tréguer et al., 2018), that modulates the mixed layer depth 
(Gaube et al., 2019), and thus, temporally bring nutrients into the euphotic zone. While these turbulent structures 
are often characterized by vertical velocities on scales small enough to have ageostrophic contributions—which 
are hard to detect and measure—, they also have an imprinting on the mesoscale flow (Liu et al., 2021). This 
imprinting is the focus of our investigation. Because of the small scale ageostrophic contributions, it is not yet 
possible to link specific dynamical structures to functional phytoplankton groups. On one hand, model-based 
studies are strongly dependent on the modeling formulation and how the interactions between biological and 

Abstract Diatoms are among the most efficient autotrophic organisms for oceanic primary production 
and carbon sequestration. Yet, the spatial distributions of these planktonic organisms remain puzzling and 
the underlying physical processes poorly known, especially in oligotrophic open waters. Here we investigate 
what dynamical conditions are conducive to episodic diatom blooms in oceanic deserts based on Lagrangian 
diagnosis and satellite-derived phytoplankton functional types and currents. The coherence of the flow 
is diagnosed in space and time simultaneously through the Lagrangian coherence rate (LCR) to identify 
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(40 days or longer) in areas with elevated eddy kinetic energy and vorticity sustain high diatom concentrations 
in the sunlit layers. Our findings show that the integration of Eulerian kinematic variables into a Lagrangian 
frame reveals new dynamical aspects of geophysical turbulence and unveil their biological impacts.
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play an important role in the oxygen cycling and the removal of carbon dioxide from the atmosphere. However, 
their abundance is predicted to decline as a result of the increasing ocean stratification induced by global 
warming. Understanding the underlying physical processes that are conducive to diatom blooms is crucial to 
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physical processes are parameterized (Barton et al., 2010; D. J. McGillicuddy, 2016). On the other hand, obser-
vational studies remain scarce due to the lack of simultaneous measurements of velocity fields and phytoplankton 
taxonomy at large scale (Hernández-Carrasco et al., 2020). Furthermore, most monitoring studies occur at a fixed 
location, linking the characteristics of the local phytoplankton communities to some properties of the Eulerian 
(”frozen” in space) flow (Cotti-Rausch et al., 2016). Contrasting with the Eulerian view, an important issue when 
studying bio-physical interactions in fluid environments is that any physically-driven phytoplankton community 
shift or change in activity (Lévy et al., 2014; Wilkins et al., 2013) would reflect the cumulative effects of coherent 
transport dynamics affecting nutrient supply and other growth-limiting factors.

In this study we propose a methodology to classify the flow structures according to their Lagrangian coher-
ence rates. The method is based on the Lagrangian assessment F of an Eulerian kinematic variable f, which 
provides information on the cumulative effect of f along trajectories, as it integrates the observed variable over the 
time-evolution of moving water parcels arriving to a specific point. The finite-time dynamical systems theory has 
shown that relevant information regarding the dynamical properties of the flow can be inferred from F, especially 
when f is chosen to be a function related to the velocity field (Haller & Poje, 1998; Mezić et al., 2010). Here 
we chose to assess coherent transport processes through the finite-time Lagrangian integration of vorticity and 
eddy kinetic energy (EKE), denoted by ΩT and KT, respectively. This methodology allows for investigating the 
impact of Lagrangian persistent lateral turbulent properties of the underlying flow structures on the phytoplank-
ton community structure. In particular, the combination of ΩT and KT allows to accurately assess the spatial and 
temporal coherence rates (i.e., LCR) of turbulent structures that do or do not favor a sustained growth of diatoms, 
providing a robust diagnostic to identify, among all the eddies, those associated with a biological response. Previ-
ously developed Lagrangian flow diagnostics, such as Lyapunov exponents based Lagrangian coherent structures 
(Hernández-Carrasco et al., 2011) have shown to be very useful to identify dynamical boundaries separating 
different functional phytoplankton groups (d’Ovidio et al., 2010). The proposed methodology allows to identify 
not only the boundaries but also to quantify the characteristic dynamical scales of the underlying flow associated 
with a particular functional phytoplankton group.

We apply this framework to data from two independent sources of satellite observations. Specifically, we use data 
of dominant phytoplankton functional type (PFT) from a regional adaptation of the PHYSAT algorithm (Navarro 
et al., 2017) and daily velocity fields at 1/8° of spatial resolution derived from a Ssalto/Duacs multimission altim-
eter regional product. We focus on the Mediterranean Sea, which is characterized by intense mesoscale activity 
(d’Ovidio et al., 2009; Morales-Márquez et al., 2023) and by high productivity only during spring time, between 
February and April (Basterretxea et al., 2018), with dominance of large phytoplanktonic cells such as diatoms 
(Navarro et  al.,  2017). During the rest of the year is on average oligotrophic and highly stratified, disrupted 
by local—in time and space—events of elevated phytoplankton growth. The Mediterranean Sea is therefore a 
good proxy for ocean deserts, which cover most of the global ocean, offering an ideal laboratory to explore the 
biological response of an oligotrophic and highly stratified environment to intermittent, dynamical changes in the 
physical structure of the upper ocean.

2. Finite-Time Lagrangian Diagnostics
Given an Eulerian descriptor f, its Lagrangian counterpart F can be obtained by computing the path-integral of 
f. It can be expressed in a general way by the material integration of f along the fluid parcel trajectory, RT(r0, t0), 
initially located at r0(t0) over a finite time interval of integration T as, 𝐴𝐴 𝐴𝐴𝑇𝑇 (𝐫𝐫0, 𝑡𝑡0) =

1

𝑇𝑇
∫

𝑡𝑡0+𝑇𝑇

𝑡𝑡0
𝑓𝑓 (𝐑𝐑𝑡𝑡(𝐫𝐫, 𝑡𝑡0), 𝑡𝑡)𝑑𝑑𝑡𝑡 . The 

ergodic theory of dynamical systems asserts that when T → ∞ such Lagrangian functions should be constant along 
invariant manifolds, independently of the Eulerian function chosen. This property has been used to extract the 
flow geometry in autonomous or periodic dynamical systems (Haller & Poje, 1998). Nevertheless the ocean flow 
is dynamically an aperiodic and finite system; consequently this kind of functions can only be path-integrated 
(or averaged in a Lagrangian sense) over a finite time period (T ≪ ∞). Even so, relevant information regarding 
the dynamical properties of the flow can still be inferred from F, especially when f is chosen to be related to the 
velocity field, v (Haller & Poje, 1998; Mezić et al., 2010). Here we quantify transport coherent processes extend-
ing the choice of f to relative vorticity (ω) and EKE, since EKE informs on the turbulent component of the flow 
associated with eddy activity, while ω takes into account the shear and the rotation of the flow.

Considering the motion of a fluid parcel on the time interval [t0, t0 + T], we define the finite-time Lagrangian 
vorticity (FTLV), denoted by ΩT, at the position r0 = (x0, y0) at time t0 based on the objective (i.e., invariant with 
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respect to Euclidean frame changes) definition of relative dynamic rotation angle for two-dimensional flows 
reported in Haller (2016), as:

Ω𝑇𝑇 (𝐫𝐫0, 𝑡𝑡0, 𝑇𝑇 ) = ∫

𝑡𝑡0+𝑇𝑇

𝑡𝑡0

(𝜔𝜔(𝐑𝐑𝑡𝑡(𝐫𝐫, 𝑡𝑡0), 𝑡𝑡) − ⟨𝜔𝜔(𝑡𝑡)⟩) 𝑑𝑑𝑡𝑡, (1)

where ω is the z-component of the vorticity vector: 𝐴𝐴 𝐴𝐴(𝐫𝐫, 𝑡𝑡) =
𝜕𝜕𝜕𝜕(𝐫𝐫,𝑡𝑡)

𝜕𝜕𝜕𝜕
−

𝜕𝜕𝜕𝜕(𝐫𝐫,𝑡𝑡)

𝜕𝜕𝜕𝜕
 and 𝐴𝐴 ⟨𝜔𝜔⟩ its spatial average, which is 

averaged over a domain to be chosen large enough so that the averaged vorticity is representative of the overall 
mean rotation of the flow under study. For geostrophic flows, the mean rotation is expected to be zero, which has 
been confirmed for the Mediterranean Sea (not shown), and ΩT takes the form:

Ω𝑇𝑇 (𝐫𝐫0, 𝑡𝑡0, 𝑇𝑇 ) =
1

𝑇𝑇 ∫

𝑡𝑡0+𝑇𝑇

𝑡𝑡0

𝜔𝜔(𝐑𝐑𝑡𝑡(𝐫𝐫, 𝑡𝑡0), 𝑡𝑡) 𝑑𝑑𝑡𝑡, (2)

The Lagrangian description of the vorticity was also used to develop an objective identification of coherent vortex 
boundaries based on well-defined contours of Lagrangian-averaged vorticity deviation (LAVD) (Haller et al., 2016). 
While LADV provides a measure of the intrinsic dynamical rotation (Haller, 2016) (which is always positive) the 
FTLV also allows the quantification of the net rotation angle, accounting for changes in the sign of the rotation.

Furthermore, we use a complementary metric to analyze the evolution of the EKE along fluid parcel trajectories. 
Specifically, we compute the finite-time Lagrangian EKE (FTLK), denoted by KT, as follows:

𝐾𝐾𝑇𝑇 (𝐫𝐫0, 𝑡𝑡0, 𝑇𝑇 ) =
1

𝑇𝑇 ∫

𝑡𝑡0+𝑇𝑇

𝑡𝑡0

𝜅𝜅(𝐑𝐑𝑡𝑡(𝐫𝐫, 𝑡𝑡0), 𝑡𝑡)𝑑𝑑𝑡𝑡, (3)

where κ is the Eulerian EKE given by, 𝐴𝐴 𝐴𝐴(𝐫𝐫, 𝑡𝑡) =
(
𝑢𝑢(𝐫𝐫, 𝑡𝑡) − ⟨𝑢𝑢(𝐫𝐫)⟩Δ𝑇𝑇

)2
+
(
𝑣𝑣(𝐫𝐫, 𝑡𝑡) − ⟨𝑣𝑣(𝐫𝐫)⟩Δ𝑇𝑇

)2 , obtained through 
the instantaneous anomaly of the zonal and meridional components of the velocity field with respect to the steady 
mean of the total kinetic energy, which is achieved averaging over a time period ΔT = 10 years. High values of 
KT identify therefore regions where the flow is concentrating mesoscale activity. The LCR is, therefore, obtained 
from the time integration T associated with a Lagrangian-persistent value of KT and ΩT. These diagnostics allow 
classifying the flow, in the domain under consideration, in subregions according to the LCR values.

3. Satellite Data
The identification from satellite observations of the dominant phytoplankton functional type (PFT), is performed 
using the PHYSAT algorithm (Alvain et al., 2005). Here we use a regional adaptation of this algorithm to the 
specific bio-optical characteristics of the Mediterranean Sea, PHYSAT-Med (Navarro et al., 2014, 2017). The 
PHYSAT-Med identifies nanoeukaryotes, coccolithophorids, Prochlorococcus, Synechococcus-like cyanobacte-
ria, diatoms and Phaeocystis-like phytoplankton through the analysis of the specific signatures in the normalized 
water-leaving radiance (nLw) spectra measured by ocean color sensors. For this study, we use the PHYSAT-Med 
version published in 2017 (Navarro et al., 2017), in which the authors used the OC-CCI v3.0 data set gener-
ated from merged normalized remote-sensing reflectance derived from four satellite sensors (Storm et al., 2013): 
SeaWiFS, MODIS, MERIS, and VIIRS. PHYSAT-Med retrieves the dominant group for a given satellite image 
pixel (4 km for the Mediterranean Sea) by identifying which phytoplankton group is the major contributor to the 
radiance anomaly. In other words, it associates a given phytoplankton type with its main bio-optical signature, 
while taking into account biases induced by other optically-active components, such as dust deposition events 
and rivers discharge. From this high-resolution database (about 6,600 daily images), 10-day and monthly maps 
of dominant phytoplankton groups were obtained by calculating the phytoplankton group that was dominant 
during the integration period (10-day or monthly, respectively) at each geographical pixel, not including “uniden-
tified” pixels. The regional PHYSAT-Med product was validated by comparing the outputs of the algorithm with 
more than 5,000 in situ measurements analyzed by high-performance liquid chromatography (HPLC) (Navarro 
et al., 2014, 2017). This PFT grouping model gathers all the wide range of diatoms within a single PFT, simpli-
fying the complex ecological relationship between different diatom species and other environmental conditions 
such as temperature.

The current flow field is derived from daily absolute geostrophic surface velocities at 1/8° of spatial resolu-
tion derived from a Ssalto/Duacs multimission altimeter regional product released in 2016 specific for the 
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Mediterranean Sea. This product is currently distributed by the Copernicus Marine Environment Monitoring 
Service (CMEMS).

4. Results
4.1. Dynamical Co-Coherence of Oceanic Flow Features

We first discuss how the flow characterization inferred from a given kinematic quantity differs when evaluated 
through either Eulerian or Lagrangian functions. The latter are not directly related to instantaneous measurements 
of such functions, unless some kind of dynamic equilibrium or ergodicity-type property is established. In this 
case, the time-integrated effect can be effectively related to the instantaneous or averaged spatial patterns (for 
instance, if the spatial arrangement of eddies at a given time provides information about the typical time evolution 
of a water parcel). Using daily gridded geostrophic velocities derived from altimetry we compare daily snapshots 
of the Eulerian vorticity and EKE, denoted by Ω0 and K0, respectively (Figures 1a and 1c), and their Lagrangian 
counterpart evaluated for T = 40 days, Ω40 and K40 (Figures 1b and 1d). Spatial patterns of ΩT and KT differ 
significantly from their Eulerian equivalence whenever the integration time is greater than 15 days (see Figure 
S1 in Supporting Information S1). Filamentary structures of intense accumulated vorticity and EKE around and 
within the eddies that could originate from eddy-flow or eddy-eddy interactions are unveiled by the Lagrangian 
diagnostic but not by the Eulerian one. Furthermore, some structures with high values of vorticity and EKE iden-
tified by Ω0 and K0 vanish in Ω40 and K40, suggesting that these structures are not dynamically persistent, while 
only the highly coherent flow structures remain as T increases (Figure S2 in Supporting Information S1). The 
above analysis suggests that the Lagrangian characterization of the marine turbulent flow unveils supercoherent 
structures, that is, singular structures of high dynamical coherence (high LCR values), that cannot be identified 
in the classical Eulerian framework.

To assess how the ΩT and KT scale with the duration of integration, we analyze their statistical behavior compar-
ing the probability density functions (PDF) of ΩT and KT for different T values for the whole Mediterranean 
Sea (Figures  1e and  1f). As T increases the peak of the PDFs increases while their width narrows, and the 
PDFs become more and more asymmetrical, with a pronounced tail for negative vorticity values and high EKE 
values. This behavior—that of a time-dependent histograms whose peak becomes sharper as the time integration 
lengthens—is characteristic of multifractal scaling (Falconer, 1990; Hernández-Carrasco et al., 2011), often used 
to interpret spatial scales but extended here to temporal scales.

Given that in the ocean nearly 80% of the total kinetic energy is captured in vortical coherent structures (Klein 
et al., 2019), a relationship between Eulerian EKE and vorticity may be expected. However when comparing 
the spatial patterns of both Eulerian quantities (Figures  1a and  1c), we do not find a clear correspondence. 
Conversely, the spatial distribution of the filamentary structures obtained from their Lagrangian counterparts, 
although with peaks that do not perfectly coincide, are very similar (Figures 1b and 1d). To further study the 
relationship between ΩT and KT we examine the histograms of ΩT conditioned by the value of KT for different 
values of T (Figure 2). It allows exploring which aspects of the flow dynamical coherence is well-captured by 
the Lagrangian assessment but missed by the Eulerian approach. We observe a dispersed cloud of points for 
T = 0 days (Figure 2a), while a modal line (e.g., line of maximum conditioned probabilities) formed by two differ-
ent, nearly straight, segments is clearly evident for T = 40 days (Figure 2b). These segments are associated with a 
slowly increasing and faster decreasing dependency of ΩT with KT, respectively. In order to verify if a functional 
dependence between vorticity and EKE could hold for our data set, we compute various conditioned averages 

𝐴𝐴 Ω̂𝑇𝑇 (𝐾𝐾𝑇𝑇 ) for different integration times T (Figure 2c). The plot shows conditioned averages, but the conditioned 
standard deviation is not negligible as reflected by the correlation coefficients R 2 and associated slopes reported 
in the caption of Figure 2. While there is a very weak relationship among Eulerian quantities (black curve), we 
observe more robust relationships as T increases (green curves). The resulting conditional mean is a constant 
value for KT smaller than 0.13 m 2/s 2 suggesting that ΩT and KT are statistically independent, and there is not a 
functional relationship between the two variables at low values of EKE. A functional relationship, on the other 
hand, exists for values of KT greater than 0.13 m 2/s 2. Overall, Figure 2c suggests that we can approximate ΩT in 
terms of 𝐴𝐴 (𝐾𝐾𝑇𝑇 )

1∕2 allowing to infer a spatial scale, L, from the slopes A after fitting: ΩT = 𝐴𝐴 𝐴𝐴 ⋅ (𝐾𝐾𝑇𝑇 )
1∕2 (L = 1/A) 

for high values of 𝐴𝐴 (𝐾𝐾𝑇𝑇 )
1∕2 . L has units of length (m) and provides an estimation of the spatial scale associated 

with the coherence of these Lagrangian structures and their evolution as a function of the time integration. It 
could be interpreted as the typical length-scales of the vortical structures that contribute most, and for longer 
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times, to the turbulent energy. Values of L decreases as T increases, with values ranging between [60–15 km] for 
T = [0–80 days], indicating that when T increases smaller structures are captured. The minimum L value in the 
flow considered converges to 15 km, which represents the smallest length-scale of the Lagrangian dynamical 
structures that can be inferred from this velocity field.

Figure 1. Panels (a) and (b) show snapshots corresponding to 22 March 2016 of Ω0 and Ω40 divided by Coriolis parameter. Panels (c) and (d) show K0 and K40 for the 
same date. Panels (e) and (f) show the normalized PDF for ΩT and KT, respectively, using values from weekly snapshots over 2006–2016 for different integration times, T.
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The high correlation between ΩT and KT for T > 40 days, indicates that spatial variations of Lagrangian coherent 
vorticity are closely related to spatial variations of Lagrangian coherent mesoscale activity. This suggests that 
fluid parcels originated from the persistent anticyclonic eddies analyzed in the Mediterranean Sea area accumu-
late high mesoscale turbulent energy. Consequently, ΩT for T > 40 days is a more suitable Lagrangian diagnostic 
to link turbulence properties to phytoplankton dynamics than its Eulerian counterpart (T = 0 days), whenever the 
analyzed flow is derived from altimetry at the currently available resolution.

4.2. Influence of Oceanic Coherence on the Phytoplankton Community Composition

Here we dive on the response of diatoms to the ocean physical conditions focusing on the LCR of the marine 
flow structures unveiled by this novel methodological approach. Figure  3a shows a patchy spatial distribu-
tion of chlorophyll-a concentration, a proxy of total phytoplankton, with local maxima dominated by diatoms 
(Figure  3b), located at 38.5°N/5.5°E. In order to compare with PHYSAT-Med images, which correspond to 
the distribution of phytoplankton types retrieved from 10 days-averaged images of ocean color, we show the 
spatial patterns of time averaged snapshots of Eulerian vorticity, Ω0, and EKE, K0, over the same 10 days in 
Figures 3c and 3e. The two subplots reveal different structures of high vorticity and EKE distributed throughout 
the entire area. These maps are significantly different from their Lagrangian counterparts Ω40 (Figure 3d) and K40 
(Figure 3f) for T = 40 days. Note that T is a Lagrangian time scale (namely LCR) associated with the material 

Figure 2. Probability distributions of ΩT conditioned by KT for two different time periods of integration, T = 0 days (panel 
a) and T = 40 days (panel b). The brightest color (light blue) corresponds to the maximum probability at each column; the 
darkest color (pure black) corresponds to zero. Panel (c) shows functional dependence between ΩT versus 𝐴𝐴 𝐴𝐴

1∕2

𝑇𝑇
 for different 

integration times T. Correlation coefficient are computed from co-variance dependence, obtaining R 2 = 0.19 for T = 0 days; 
R 2 = 0.52 for T = 20; R 2 = 0.69 for T = 40 and R 2 = 0.76 for T = 80 days. Slopes resulting from the linear regression fit 
analysis of the functional dependencies between ΩT versus 𝐴𝐴 𝐴𝐴

1∕2

𝑇𝑇
 for T = 0, 20 and 80 days are shown as gray lines in (c). Their 

corresponding length scales are L0 = 56 km, L20 = 29 km, and L80 = 15 km.
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average, while the time average over 10 days are associated with an Eulerian average (i.e. at the same position). 
In Ω40 and K40 only one intense eddy-like structure stands out among all the structures inferred from Ω0 and K0. It 
indicates again that while Eulerian flow structures assess coherence in the spatial domain, Lagrangian structures 
can assess material coherence in space and time simultaneously. As such, most-eddy like structures identified 
by Ω0 and K0 and vanishing in the ΩT and KT fields for T > 40 days exhibit spatial coherence only; conversely, 
the central eddy is unique exhibiting high coherence over both space and time. By combining both Lagrangian 
metrics we can identify singular supercoherent vortical objects associated with high mesoscale turbulent energy 
which should impact plankton communities.

Comparing the maps of Ω0 and K0 (Figures 3c and 3e), respectively with the spatial distribution of the dominant 
phytoplankton groups (Figure  3b) we observe that the confined and circular patch dominated by diatoms is 

Figure 3. Panel (a) shows a Chlorophyll (a) (in mg/m 3) derived from Ocean color; Panel (b) map of dominant phytoplankton functional types retrieved from the 
PHYSAT-Med product corresponding to the period: 28 May 2009–07 June 2009; Panels (c) and (e) are the Eulerian vorticity, Ω0, divided by Coriolis, and Eulerian 
EKE, K0 (in m 2/s 2), both averaged over 10 daily snapshots (28 May 2009–07 June 2009); Panels (d) and (f) are the Lagrangian vorticity, Ω40, and Lagrangian EKE, K40 
(in m 2/s 2), for T = 40 days, and averaged over the same period.
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associated with local maxima of EKE and extrema (both positive and negative) of vorticity. However, the recipro-
cal statement is not true: not all local maxima of both Eulerian quantities are characterized by diatoms. Focusing 
on the ΩT and KT diagnostics (Figures 3d and 3f), the singular structure associated with high Lagrangian turbulent 
kinetic energy and vorticity uniquely identifies the diatoms bloom. In the Eulerian framework, many structures of 
high EKE and vorticity are present in the domain without a clear correspondence with any dominant phytoplank-
ton group. Conversely, the Lagrangian diagnostics distinguish singular coherent structures that support specific 
biological response from the other transient features that have no clear biological signal. Further examples of the 
correspondence between these coherent dynamical objects and diatom blooms are shown in Supporting Informa-
tion S1 (Figures S3 to S11).

The co-occurrence between diatoms blooms and these singular dynamical structures suggests a relationship 
between the abundance of diatoms and the degree of coherence of the oceanic features. To further explore this 
relationship and in order to estimate the optimal LCR that maximizes bio-physical interactions, we compute the 
normalized number of pixels where diatoms dominate (i.e., the number of pixels identified as diatoms divided 
by the total number of pixels in the area of high ΩT and high KT, henceforth referred to as P(diatoms) which is 
a proxy of diatoms relative abundance) over regions characterized by high values of ΩT and KT fields (defined 
as ΩT/f > 0.1 or <−0.1 for negative vorticity and KT > 0.1 m 2/s 2) as a function of T. The abundance of diatoms 
increases in regions of high negative ΩT  (Figure 4a) while decreases in regions of positive ΩT as T increases 
(Figure 4c). This asymmetric behavior is opposite to that recovered through Eulerian analyses (Ω0) in which 
diatoms appear associated predominantly with coherent (in space only) positive vorticity. This counter-intuitive 
behavior is explained by the fact that fluid parcels with positive/negative vorticity at time t0 may have had oppo-
site sign vorticity when the whole history of the parcel is considered (i.e., integrating the relative vorticity back-
ward in time from t0 to t0 − T > 0 days). For example, fluid parcels coming from an anticyclonic/cyclonic eddy 
can be absorbed by an cyclonic/anticyclonic eddy (Hernández-Carrasco et al., 2020). By time-integrating over 
the flow parcel motions, we are bringing out the overall impact of the submesoscale upwelling associated with 
mesoscale anticyclonic structures, which has been shown, from both modeling and observational studies, to be 
persistent (Zhong et al., 2017) and to have a large impact on the primary production (Brannigan, 2016; Hong 

Figure 4. Normalized diatom abundances, P(diatoms), as a function of the time integration T found in regions of high 
negative ΩT (panel a); of high positive ΩT (panel c); of high KT (panel b); and finally of both high negative ΩT and high KT 
simultaneously (panel d).
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et al., 2023; Lévy et al., 2012). For both high negative and positive ΩT we observe a plateau in P(diatoms) for 
T > 70 days. A similar behavior is identified when looking at P(diatoms) in regions of high Lagrangian turbulent 
kinetic energy (KT > 0.1 m 2/s 2) for different T. The probability to find high abundance of diatoms increases with 
T and reaches its maximum value for T = 30 days (Figure 4b). By simultaneously conditioning the abundance of 
diatoms in regions of high ΩT (either positive or negative) together with KT (Figure 4d), we find that P(diatoms) 
associated with these mesoscale turbulent flow conditions initially increases over integration time and reaches a 
plateau for T (LCR) > 40 days. The drifting fluid parcels that largely contribute to promoting diatom growth are 
those that preserve high negative vorticity and EKE while they move with the flow for a sufficiently long amount 
of time. From this LCR threshold, one can infer the optimal coherence time of vortical structures for diatoms 
blooms under stratified, oligotrophic conditions.

5. Discussion and Conclusions
To understand the effects of global warming on global ocean physical and biogeochemical properties, it is essen-
tial to identify the scales that are relevant for dynamical and biological interactions, and then predict their evolu-
tion. The coherence analysis of the surface ocean dynamics through the LCR computed from the Lagrangian 
descriptors KT and ΩT, provides for the first time a theoretically-grounded and objective measure of the range of 
dynamical coherence time and spatial scales associated with mesoscale ocean features. We show that the relation-
ship between EKE (KT) and vorticity (ΩT) emerges for topological structures characterized with high LCR. As T 
increases the Lagrangian vorticity and the EKE field emerge organized in filaments of high values. In the case 
of the altimetry velocity field analyzed here, we find a dynamical resolution barrier with Lagrangian flow struc-
tures size converging and collapsing at spatial scale L = [15–20 km] for time scales of coherence T > 40 days. At 
these scales the filamentary dynamics associated with the fine-mesoscale turbulence becomes relevant. This is 
likely due to the vortex filaments induced by the (mesoscale) eddy-eddy interactions and their contribution to the 
energy cascade from large to small scales (in nature down to the submesoscales, which are not well captured by 
current altimetry, but will be partially resolved by the future SWOT mission (Morrow et al., 2019)). This Lagran-
gian similarity between different kinematic flow properties can be used to assess the finest effective scales of the 
Lagrangian dynamics captured in a given velocity field. Although the generality of the methodological approach 
should be investigated in other oceanic regions using global products. In this work, we present the method, its 
potential and its application to the Mediterranean basin as a case study.

The Lagrangian description of vorticity and eddy kinetic energy through ΩT and KT does offer advantages over 
the conventional Eulerian description. The Lagrangian objects uniquely identified as high-coherent mesoscale 
eddies track the favorable dynamical conditions, namely a hydrodynamic environment that is materially (in the 
Lagrangian sense) coherent in space and for a sufficiently long time, favoring diatoms growth. This allows to 
differentiate the mesoscale structures that effectively promote diatoms blooms from those that only stir existing 
communities (d’Ovidio et al., 2010). Analyzing the accumulated effect of the flow dynamical properties along 
fluid parcel trajectories hosting phytoplankton cells allows for estimating the typical time and length scales at 
which the interactions between the dynamical flow and the fast-growing opportunist planktonic groups (diatom-
like in our case) are most significant. We observe that LCR = 40 days is a critical coherence time scale at which 
the mesoscale turbulent conditions (i.e., vorticity and EKE) influence phytoplankton community composition 
by promoting diatoms, by favoring both persistent cell re-suspension and nutrient vertical fluxes in the euphotic 
zone.

The time scale of 40 days found for the Mediterranean Sea is of the same order of magnitude but slightly smaller 
than the 60 days of mean life associated with non-linear eddies that display the maximum correlation with high 
concentrations of surface Chl a reported in previous studies (Chelton et al., 2011). Other works also showed a 
time scale of 86 days associated with a sustained diatom bloom observed in the Southern Ocean based on in-situ 
Si isotopic measurements (Closset et al., 2014). We cannot exclude that different time scales may be found in 
other ocean basins. The scale may depend on the physical characteristics of the mesoscale structures governing 
the flow in the area considered or in the biological response given local light and temperature. The methodology 
presented in this paper is, however, general and can be extended to any other region.

Although the objective of the study is to provide evidence of the dynamical coherence scales of the flow associated 
with the growth of diatoms, the satellite-derived geostrophic velocity fields do not allow a detailed investigation 
of the small scale processes that delineate coherent upwelling/downwelling or convergence/divergence, which 
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have been shown to be important by previous studies (Hernández-Carrasco et al., 2018; Huntley et al., 2015). The 
limited resolution of the altimetry currents implies that we cannot quantify the biological response to submesos-
cale dynamics. It should be noted that using a coarse velocity field (coarser than in the real ocean) may introduce 
spurious Lagrangian dynamics at small scales (Haza et al., 2016), but does not impact the dynamics at scales 
larger than resolution, which remains robust (Beron-Vera et al., 2019; Hernández-Carrasco et al., 2011). This 
ensures that the resolution in the altimetry dynamical fields is not affecting the evaluation of the temporal scales 
at or above 40 days at which diatoms ’feel’ the flow coherence. This is evident in Figure 4c, where the concentra-
tion of diatoms in structures of high vorticity increases as a function of Lagrangian integration up to T = 70 days, 
which is longer than the critical scale of 40  days identified by the Lagrangian effective resolution analysis. 
Although a further generalization to other systems should be performed, our findings, based on satellite obser-
vations, provide a robust target against which models developed for the Mediterranean Sea can be now tested 
to verify their ability to properly represent physical-biogeochemical interactions. Mesoscale resolving regional 
simulations should indeed capture the diatom preferences, at the relevant spatial and temporal coherence scales, 
that we identified in the satellite observations.

Finally, we stress that in interpreting our results, we excluded the possibility that the fluid parcels with high diatom 
concentrations are composed of nutrient rich coastal waters by analyzing the origin maps shown in Supporting 
Information S1 (Figures S12–S14). This suggests that diatom growth occurs in the open ocean whenever rest-
ing diatoms spores, likely present in most of the surface ocean (Rynearson et  al.,  2013) (even oligotrophic), 
are entrained in coherent physical structures and can exploit vertical mixing events (e.g., ephemeral hot spots 
of intense vertical fluxes (D. McGillicuddy et al., 1998; Falkowski et al., 1998; Klein & Lapeyre, 2009; Lévy 
et al., 2018)) induced by specific mesoscale eddies that persist for enough time (in the Mediterranean Sea for 
more than 1 month). Indeed, our analysis allows for identifying these short-living and moving diatoms habitats 
despite high-stratification conditions typical of “oceanic deserts,” as the major oligotrophic gyres of the world 
ocean.

Data Availability Statement
Absolute geostrophic velocity data are available on the CMEMS web platform https://data.marine.copernicus.
eu/products, https://doi.org/10.48670/moi-00141. PHYSAT-Med data are referenced at Navarro et  al.,  2017 
and are available at https://nimbus.imedea.uib-csic.es/index.php/s/6w6YzWBpTmWD8BW. The code to 
compute the particle trajectories and the Finite-Time Lagrangian diagnostics are available at https://zenodo.org/
record/7705122, https://doi.org/10.5281/zenodo.7705122 (Hernandez-Carrasco, 2023) with Creative Commons 
Attribution 4.0 International licence. Figures are plotted using Matlab v2021 software available under licence at 
https://es.mathworks.com/academia/tah-portal/uib-31521075.html.
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Erratum
In the originally published version of this article, Section 4.2 contained errors in the seventh sentence of the first 
paragraph. Ω10 and K40 should read Ω40 and K40, respectively. The errors have been corrected, and this may be 
considered the authoritative version of record.
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