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Abstract Horizontal and vertical motions associated with mesoscale (10-100 km) and submesoscale
(1-10 km) features, such as fronts, meanders, eddies, and filaments, play a critical role in redistributing
physical and biogeochemical properties in the ocean. This study makes use of a multiplatform data set

of 82 drifters, a Lagrangian float, and profile timeseries of temperature and salinity, obtained in a ~1-

m/s semipermanent frontal jet in the Alboran Sea as part of CALYPSO (Coherent Lagrangian Pathways
from the Surface Ocean to Interior). Drifters drogued at ~1-m and 15-m depth capture the mesoscale

and submesoscale circulation aligning along the perimeter of fronts due to horizontal shear. Clusters

of drifters are used to estimate the kinematic properties, such as vorticity and divergence, of the flow

by fitting a bivariate plane to the horizontal drifter velocities. Clusters with submesoscale length scales
indicate normalized vorticity {/f > 1 with Coriolis frequency f and normalized divergence of 6 / f ~ O

(1) occurring in patches along the front, with error variance around 10%. By computing divergence from
drifter clusters at two different depths, we estimate minimum vertical velocity of O(—=100 m day ™) in the
upper 10 m of the water column. These results are at least twice as large as previous estimates of vertical
velocity in the region. Location, magnitude, and timing of the convergence are consistent with behavior of
a Lagrangian float subducting in the center of a drifter cluster. These results improve our understanding of
frontal subduction and quantify convergence and vertical velocity using Lagrangian tools.

Plain Language Summary Vertical transport generated by mesoscale and submesoscale
flows plays a key role in the exchange of physical and biogeochemical properties between the surface and
the ocean interior. Using multiple simultaneous drifter observations, we compute spatial gradients of
velocity to obtain estimates of the divergence field. Thanks to the fact that drifters were deployed at two
different depths, we can observe the vertical dependence of divergence in the upper 15 m and estimate
the associated vertical velocity. In this study, we estimate divergence and vertical velocity in a ~1-m/s
semipermanent frontal jet in the Alboran Sea by making use of a multiplatform data set including 82
drifters, a Lagrangian float, and along-shiptrack profile timeseries of temperature and salinity.

1. Introduction

The ocean’s role in transporting heat and carbon from the surface to depth is crucial to regulate Earth’s
climate. Although deep convection and mixed-layer deepening dominate the vertical transport on seasonal
timescales, vertical flows associated with mesoscale (10-100 km) and submesoscale (1-10 km) process-
es play a key role in the exchange of physical (temperature and salinity) and biogeochemical (nutrients,
organic carbon, dissolved gasses, and pollutants) properties between the ocean surface and interior on
shorter timescales. Previous studies that focused on vertical motion associated with mesoscale variability
(characterized by a small Rossby number (R, = {/f < 1, where {is the relative and f the planetary vortic-
ity) have reported vertical velocities of @(10-50 m day™") (Cotroneo et al., 2016; Estrada-Allis et al., 2019;
Pallas-Sanz et al., 2010; Pascual et al., 2004; Tintoré et al., 1991). At smaller scales, submesoscale flows are
characterized by R, ~ 1 providing a loss of balance of the mesoscale circulation and a cascade of energy
to 3D dissipative turbulence. Submesoscale flows develop an ageostrophic secondary circulation at fronts
that tends to restore geostrophic balance leading to surface convergences and vertical velocity. These flows
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have a horizontal extent less than O(10 km) and a life span of a few hours to days (Charney, 1971; McWil-
liams, 2016). Despite the fact that these are localized processes with short duration, recent studies have
shown that the high intensity of the vertical flows accounts for a significantly larger vertical exchange than
at the mesoscale (Ruiz et al., 2019; Siegelman et al., 2020; Yu et al., 2019).

However, vertical velocities represent a challenge to measure or estimate due to their small horizontal scales
and magnitude which is typically 3-4 orders of magnitude smaller than the mesoscale horizontal velocities.
Traditional Eulerian observing systems, such as shipboard acoustic Doppler current profilers (ADCPs), lack
the accuracy and resolution to capture the small-scale signal of these vertical velocity fields. Only recently,
with the development of new Lagrangian tools (D’Asaro, 2003; Novelli et al., 2017), it has become possible
to observe small-scale intense convergences. For example, D’Asaro et al. (2018) measured vertical veloci-
ties of O(1,700 m day ™) in the upper 30 m of the water column with a Lagrangian float designed to follow
the full 3D Lagrangian flow. Likewise, an increase in model resolution enables us to study these processes
numerically and to understand their importance for the vertical exchange of properties (Freilich & Ma-
hadevan, 2019; Mahadevan & Tandon, 2006).

The Alboran Sea, located in the Western Mediterranean, provides a favorable scenario to measure verti-
cal velocities. Where the inflowing Atlantic waters from the Gibraltar Strait encounter the denser Med-
iterranean waters, sharp density fronts are created (Tintoré et al., 1988) that are readily identified from
satellite imagery and can be observed year-round. These density fronts become unstable and generate
an intense ageostrophic secondary circulation associated with surface convergence and strong verti-
cal velocity (Lévy et al., 2001; Mahadevan & Archer, 2000; Mahadevan et al., 2016; McWilliams, 2016;
McWilliams et al., 2019). Evidence for these vertical motions in the Alboran Basin has previously been
observed by other authors (Allen et al., 2001; Flexas et al., 2006; Oguz et al., 2014; Pascual et al., 2017,
Tintoré et al., 1991) who found strong signals of subduction in physical and biogeochemical properties
(Ruiz et al., 2009, 2019).

Here, we use a large drifter data set in the Alboran Sea as part of the ONR Departmental Research In-
itiative, “CALYPSO” (Coherent Lagrangian Pathways from the Surface Ocean to Interior) (https://ca-
lypsodri.whoi.edu/), whose goal is to better understand the three-dimensional pathways of Lagrangian
particles in the ocean. Vertical advection of particles by submesoscale currents can significantly increase
the vertical flux of nutrients or organic matter (e.g., Mahadevan & Tandon, 2006; Omand et al., 2015).
Therefore, understanding submesoscale features that give rise to vertical motion is of crucial concern.
Several studies in the Mediterranean Sea have used drifters to map the currents and compute dispersion
(Alpers et al., 2013; Poulain et al., 2013; Sotillo et al., 2016), however, this study is the first with dense
drifter deployments to focus on the calculation of the kinematic properties of the flow in this region, such
as the vertical component of relative vorticity { = v, — u, and horizontal divergence § = u, + v,. The large
numbers of colocated drifter clusters available in this experiment is used to reduce the uncertainty in the
velocity gradient calculation. Paired with significantly improved GPS accuracy (5-10 m) and high tempo-
ral resolution (5 min), previous authors (Berta et al., 2016; LaCasce, 2008; Ohlmann et al., 2017) were able
to retrieve estimates of vertical vorticity, lateral strain rate, and horizontal divergence at submesoscales
in other regions.

In this study, we estimate the kinematic properties of the flow from a set of surface and near-surface drifters
deployed in a 2-km-wide front in the Eastern Alboran Gyre. Thanks to an optimized deployment scheme
that spans a wide range of scales (Figure 1b), it is possible to analyze the dynamics in the mesoscale and
submesoscale range. The estimation of kinematic properties at two different depths allows us not only to
observe the horizontal distribution but also get an idea of the vertical dependence in the upper 15 m. The
divergence estimated from drifters during a strong subduction event is compared to the trajectory of a
3D Lagrangian float which is able to measure vertical velocity from two methods: the high-frequency up-
ward-looking ADCP and the time derivative of the pressure measurement.

This study is structured as follows. First, in Section 2, brief introductions are given to the Alboran Sea as
well as the drifter and float deployments. In Section 3, we detail the methodology followed to estimate kine-
matic properties and vertical velocities from clusters of drifters. In Sections 4 and 5, we present and discuss
our results found at a subducting submesoscale front. We conclude our analyses in Section 6.
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Figure 1. (a) Absolute Dynamic Topography (ADT) (CMEMS, Ducet et al., 2000) for May 31, 2018 in the Alboran Sea. The black arrows represent the
geostrophic circulation. The black box indicates the region shown in panel (b) where the main measurements were taken (May 31 to June 2, 2018). (b)

Deployment locations for surface drifters (red squares), near-surface drifters (blue dots), and the Lagrangian Float (limegreen star). UCTD sampling is shown

with green dots. (¢) Vorticity

field derived from the ADT in (a). Arrows indicate the mean flow. (d) Trajectories of drifters deployed in (b) from May 31, 2018 to

June 4, 2018 with drifter velocity in color. UCTD, Underway-CTD.

2. Observations
2.1. Region of Study: Alboran Sea

The Alboran Sea is the westernmost basin of the Mediterranean Sea, a semiclosed sea connected to the
Atlantic Ocean through the Strait of Gibraltar. The imbalance caused by greater evaporation than precip-
itation and river runoff is compensated by a strong inflow of Atlantic waters into the basin. The strong
barotropic and baroclinic flow instabilities present in the Alboran Sea cause the inflowing waters to form a
sequence of gyres of high intensity (Allen et al., 2008). Except for certain periods of the year, the circulation
in the Alboran basin is dominated by a quasi-permanent Western Alboran Gyre and a more variable Eastern
Alboran gyre (EAG) (Renault et al., 2012). As these waters leave the Alboran Sea, they flow eastward at the
surface along the Algerian slope creating the Algerian Current (Figure 1a).

During spring and summer, as a consequence of positive air-sea heat fluxes, the region is thermally strat-
ified, manifesting in shallow mixed-layer depths (MLD) between 5 and 15 m (Houpert et al., 2015; Mason
et al., 2019). Due to strong shallow stratification, the mixed-layer dynamical processes might be disconnect-
ed from the layers below the MLD and vertical exchange between surface and interior is largely inhibited.
During fall and winter, however, stratification weakens and mixed-layer processes are able to penetrate
deeper, potentially reaching below the seasonal thermocline. In addition to seasonal variation in heat flux-
es, lagoonal dynamics of the Mediterranean Sea generate larger influx of Atlantic water in the summer
when the pressure gradient is largest.
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2.2. Data

The 2018 CALYPSO experiment took place in the eastern Alboran Sea between May 27 and June 2, 2018
on board of the NRV Alliance and RV SOCIB. Multiple platforms were used in the cruise (Mahadevan
et al., 2020). In this study, we make use of the drifter, Underway-CTD (UCTD), and a neutrally buoyant
Lagrangian float data sets.

2.2.1. Drifters

To compare kinematic properties at different depths, a total of 82 drifters drogued at three different depths
were deployed. To resolve the kinematic properties, we divided the data set into surface (0.6 and 1 m) and
near-surface (15 m) drifters. The surface drifters include the Consortium for Advanced Research on Trans-
port of Hydrocarbon in the Environment (CARTHE) and the Coastal Ocean Dynamics Experiment (CODE)
drifter. The CARTHE drifters consist of a buoy attached to a drogue that extends 60 cm below the surface,
designed to be ecofriendly (85% biodegradable), compact, and low cost (Novelli et al., 2017) and, therefore,
optimal for large array deployments (D’Asaro et al., 2018; Haza et al., 2016). During the experiment, a
total of 35 CARTHE drifters were deployed and transmitted their GPS position every 5 min. The CODE
drifters follow the top 1-m average current (Davis, 1985; Poulain & Gerin, 2019). Fourteen CODE drifters
transmitted their position every 10 min. Both sets of surface drifters experience a veering from the actual
current due to wind slippage. Previous work established this wind-current to be about 10% of the wind
speed experienced by the drifter (Mauri & Poulain, 2004; Niiler et al., 1995; Poulain et al., 2009; Rio & Her-
nandez, 2003). The Surface Velocity Program (SVP) drifters consist of a surface buoy attached to a drogue
centered at 15 m depth (Sybrandy & Niiler, 1991). During the experiment, a total of 33 SVP drifters were
deployed which transmitted their GPS position every 5 min. On May 31, an array of 51 drifters (9 CARTHE,
13 CODE, and 29 SVP) was deployed in a hexagonal shape on the upstream region of the EAG. This de-
ployment shape, with a maximum cross-array length of 12 km, was designed to resolve the submesoscale
and mesoscale kinematic properties of the gyre (Figure 1b). The data set, including all three drifter types,
was processed to remove spikes in velocity and acceleration, interpolated to 5 min, and filtered with a 1-h
hamming window.

2.2.2. Lagrangian Float

Vertical velocity was measured by a neutrally buoyant Lagrangian float (D’Asaro, 2003) designed to follow
the three-dimensional motion of water parcels by combining a density close to that of the water and a high
drag. Figure 2a shows data from the first few hours of the float deployment. The float was deployed in
the early morning of June 1 within a filament of dense water on the dense side of the front (Yellow dot 1,
Figure 2) and within the drifter array. It then surfaced, took a GPS fix, dove to 40 m and then near yearday
152.15, began a Lagrangian drift starting at the surface. The float remained at the surface until at about year-
day 152.23 when it left the surface, descended to about 10 m and then returned to the surface about 2,900 s
later. A major goal of this paper is to describe this event.

During the Lagrangian drift, the float continuously adjusted its density to match that measured by the
onboard CTDs. Depth is plotted in Figure 2a and density from the top and bottom CTDs in Figure 2b. The
density measured on the float is compared to that from the TSG (Figure 2b, magenta line) and the shallow-
est good data point from each UCTD profile (blue dots). Differences of up to 0.02 kg m~> between the UCTD
and ship intake values are evident perhaps due to stratification between the intake at a few meters depth
and the first good UCTD data at 6-m depth.

The only exact float position is obtained from the GPS fix near yellow circle one in Figure 2. Estimated float
positions over the next 20,000 s (5.5 h) are computed from the average position of four surface drifters that
were within about 1 km of the float at launch. Tracks of the ship, the four drifters and the estimated float
positions are shown in Figure 2c.

The float measures vertical velocity in two complementary ways. First, to the extent that the float moves
with the water, the vertical velocity of the float is the vertical velocity of the water. Second, the float carries
an upward-looking, 1,000-kHz five-beam Nortek Signature ADCP. Vertical velocity of the water relative to
the float is measured both by the fifth beam, which looks directly along the float, and from the four-slant
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Figure 2. Lagrangian Float deployment. (a) Depth of the CTD intake at the top of the float as a function of time for the first few hours (yeardays 152.1-152.33)
of the deployment (black line). A cartoon of the float is shown. After deployment, the float followed its program: first diving, reaching 27 m, then surfacing to
get a GPS fix, and then diving again, reaching 40 m before beginning a Lagrangian drift starting at the surface. From about yearday 152.23 to 152.26 (cyan/blue
shading on time axis), the float subducts to ~10 m before returning to the surface. During this event, the measured vertical velocity is shown in color, with the
float velocity plotted beneath and the ADCP velocity plotted above the black line. (b) Potential density timeseries, as measured by the CTD at the top of the float
(red dots), and at the bottom of the float (black dots), by the ship intake (magenta curve) and by the UCTD at its shallowest depth (=6 m). (c) Platform tracks:
shiptrack (colored by intake density and annotated with yellow circles) and float track (black annotated with white circles). The float track is estimated from the
average of the four closest drifters (gray with small magenta circles connected by magenta lines). For clarity, data are only shown through yearday 152.26 as six
overlapping repeat sections were then made along 36.30°N. (d) Potential density section extending northeast from about 36.1°N to 36.2 9°N. Top data are from
ship intake; bottom data from UCTD. Small “ + ” shows the location of the UCTD profiles. Black bar shows a 1 km cross-frontal distance. Cyan/blue rectangles
between (a) and (b) and in (c) show the duration of the float subduction. Cyan/blue arrow shows the vertical excursion of a water parcel during this event
starting near the surface as measured by the Lagrangian float. In all panels, yellow numbered circles mark times of local maximum surface density measured
by the ship, e.g., a crossing of the dense filament. White and magenta circles in (c) mark these times along the float and drifter trajectories, respectively. Circle
“1” correspond to the approximate float launch time; circle “3” to the approximate time of maximum float subduction. The time of sunrise is marked by the sun
image. ADCP, acoustic Doppler current profilers; UCTD, Underway-CTD.

beams that look at 25° from the float axis in a Janus configuration. For each beam, velocity measurements
are made in both a broadband (BB) mode, with a vertical resolution of 1 m and a single ping vertical velocity
accuracy of about 0.01 m s~ and a high-resolution (HR) mode with 0.025 m bins and single ping vertical
velocity accuracy of about 0.001 m s~ (Shcherbina et al., 2018), but a range of only 4 m. Long ranges are
not necessary, so the four-beam HR data, rotated to East, North and Up based on the ADCP’s magnetic and
tilt sensors, was used here. The absolute vertical velocity is obtained by adding the pressure-derived vertical
velocity of the float to the relative ADCP measurements. Results using the BB data, either the four-beam or
the fifth beam, are similar, but with less resolution and accuracy. The vertical velocity from both the float
pressure sensor and from the ADCP are shown in the color swath in the center of Figure 2a during the float
subduction event.
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2.2.3. Underway-CTD

Repeated timeseries profiles of temperature (7) and salinity (S) were collected using the Underway-CTD
(UCTD). The UCTD probe, which measures conductivity, temperature, and pressure (Rudnick &
Klinke, 2007), was deployed from the stern of the NRV Alliance, allowing it to free fall for 90 s and measure
T and S in the upper 200-250 m. The UCTD was calibrated against the ship’s Seabird 9/11 CTD at the be-
ginning and end of the cruise to an estimated accuracy of 0.006 psu and 0.005 °C (Dever et al., 2019). The
time needed for one profile was about 5 min, which at a steady ship speed of 6 kt corresponds to a horizontal
resolution of about 1 km. The vertical sampling rate was 16 Hz, which was filtered and binned to a 0.5-m
vertical grid (see Dever et al., 2019). After the drifter deployment, the ship repeatedly traversed back and
forth across the path of the drifters to produce UCTD sections for a high-resolution hydrographic context
(Figure 1b). An example is shown in Figure 4.

2.2.4. Altimetry Maps

We use daily delayed-time Absolute Dynamic Topography (ADT) and surface geostrophic current maps.
Altimeter satellite gridded ADT are computed with respect to a 20 2012 mean. The ADT is estimated by
Optimal Interpolation, merging the measurement from the different altimeter missions available into a
regular 1/8° grid. This product is processed by the DUACS multimission altimeter data processing system.
It processes data from all altimeter missions: Jason-3, Sentinel-3A, HY-2A, Saral/AltiKa, Cryosat-2, Jason-2,
Jason-1, T/P, ENVISAT, GFO, ERS1/2. The geostrophic currents are derived from ADT.

2.2.5. Ship Intake Thermosalinograph

The ship thermosalinograph (TSG) measured temperature and salinity of water drawn into the ship from a
few meters depth. To intercalibrate, the measured TSG salinity is increased by 0.02 psu and its temperature
reduced by 0.55 °C to best match the shallowest points in the UCTD profiles from the entire cruise.

3. Estimation of Kinematic Properties and Vertical Velocity

Different techniques have been proposed to estimate the velocity gradients of a flow field from observation-
al drifter data (Kawai, 1985; Molinari & Kirwan, 1975; Okubo & Ebbesmeyer, 1976; Saucier, 1955).In this
work, we will focus on the linear Least Squares (LS) method used by Molinari and Kirwan (1975) to obtain
the velocity gradients from a cluster of drifters. The advantage of this approach over other methods is that
there is no difficulty in extending the calculation to a larger number of drifters per cluster and it has previ-
ously been applied to Lagrangian data (Berta et al., 2020; Niller et al., 1989; Ohlmann et al., 2017; Paduan
& Niiler, 1990; Swenson et al., 1992). Furthermore, the statistical confidence in the results increases with
the number of drifters. In other words, the velocity gradient calculation is less sensitive to a single drifters’
position uncertainty.

_  Ou —.  Ou _ _
=+ (0 = F) + (= 3) + O(x, = 7).
ox oy

(€]
_ Ov . Ov _ —_0

V=T = D)+ oy = ) + Oy - D)

ox Oy

Since this is a linear method, the expansion is truncated at first order. The remaining higher orders include
measurement, process errors, and higher order components of the velocity field. (Molinari & Kirwan, 1975).
For each of the drifters, the position (x;, y;) and velocity (u;, v;) are known from the GPS data. The three
unknowns in each of Equation 1 are the velocity of the center of mass, and the two components of the ve-
locity gradient. Thus, three drifters are needed for this system to be solvable exactly. Increasing the number
of drifters per cluster, reduces the error of the fit in a least square sense. The details to solve this system of
equations to obtain the velocity gradients can be found in Molinari and Kirwan (1975).

The number of drifters, the length scale L, and the aspect ratio are important for the accuracy in the velocity
gradient estimate. The length scale L of the cluster is important since the LS method was devised for small
separation distances and/or a linear velocity field. A further detailed view of this can be gained from the
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Taylor expansion in Equation 1 where small-scale variability of O(Ax”) = O(Ay?) is assumed small and
truncated. We define the length scale of a cluster as the root mean squared distance of all pairs of drifters.
The method is accurate as long as the cluster is not larger than the scale to be resolved. The aspect ratio «
defines the regularity of a cluster. Mathematically, this is represented as the ratio between the minor and
major eigenvalues of the position covariance matrix, o = Adiyin/Amax (Choi et al., 2017). A regular cluster will
have an aspect ratio of one, while an elongated cluster will have an aspect ratio close to zero. Clusters with
aspect ratio close to zero will produce velocity gradient estimates with a low correlation with respect to the
actual velocity field. In other words, the cluster is no longer measuring the 2D velocity gradients properly
due to the irregular shape. Therefore, those clusters with an aspect ratio smaller than 0.1 will be excluded.

The accuracy of the method due to systematic GPS error can be quantified following the work by Spydell
et al. (2019). In particular, the vorticity error variance is given by

2

2 _ 1 o, 12
O’é’ = N?(l + E (1 - p“l”Z ), (2)

where N is the number of drifters per cluster, [, and [, are the lengths of minor and major axis of the drifter
cluster, o, is the velocity error due to the GPS error and Puuy 1 the velocity error correlation. We can assume
Puuy, = 0 as it tends to zero for spatial scales larger than O(10* m) and represents an upper bound for the
drifter observations presented here (Spydell et al., 2019).

We obtain cluster-averaged kinematic properties from the computed velocity gradients for all available clus-
ters. The total number of clusters is given by all combinations of six drifters without repetitions, given by the

K
binomial coefficient, (Z} where K is the total number of drifters. A total of nearly 14 million combinations

are obtained for the surface data set (49 drifters) and 1 million combinations for the near-surface data set (33
drifters). However, the actual number of results is less as many clusters are filtered out following the length
scale and aspect ratio criteria discussed above.

‘We obtain cluster-averaged kinematic properties from the computed velocity gradients for all available clus-
ters formed by six drifters. Molinari and Kirwan (1975) showed that the standard deviation of the kinematic
properties decreases with number of drifters per cluster. Furthermore, Equation 2 in Spydell et al. (2019)
shows that the vorticity error due to GPS uncertainty is inversely proportional to the number of drifters.
Therefore, we expect to obtain more precise results than when using three drifters per cluster. Larger num-
bers of drifters could raise two difficulties. First, we are interested in clusters with mesoscale and submesos-
cale length scales. However, the more drifters are used per cluster, the larger the cluster scale will be on
average. Second, the total number of clusters is given by all combinations of six drifters without repetitions,

given by the binomial coefficient (%j where K is the total number of drifters and N is the number of drift-

ers per cluster. With six drifters per cluster, a total of nearly 14 million combinations are obtained for the
surface data set (49 drifters) and 1 million combinations for the near-surface data set (33 drifters). Higher
numbers of drifters per clusters will increase the total number of clusters to a great extent, rapidly increas-
ing the computational cost needed to perform the calculation on all available clusters. However, the true
number of clusters used is less than the total number of possible combinations because many clusters are
filtered out following the length scale and aspect-ratio criteria discussed above.

The vertical velocity difference between two depth levels h; and h, can be estimated by integrating the di-
vergence vertical profile (Equation 3):

z=hy
Aw=wiz=h)-wiz=h)=—- ] (ux + vy)dz. 3

z=hy

Since we compute divergence from drifter clusters at two depths, we assume a linear profile. If we consider
h; = 0 m, we obtain an estimate of the vertical velocity at z = h, (Equation 4, since vertical velocity at surface
is assumed to be zero (i.e., w(z = h;) = 0)).
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4. Results

4.1. Float Subduction

After deploying the float (yellow circle “1”) the ship crossed the front twice (Figure 2c) moving ahead of a
dense drifter cluster and the float to avoid impacts. Repeated sections were then conducted along 36.3°N
to avoid ship traffic north of there. The float and four surrounding drifters moved north more slowly. The
float subducted at about 36.24°N (roughly at white circle “3”) with the cyan/blue rectangles (Figures 2a-2c)
marking the time during which the float was subsurface. The ship passes through this point (yellow circle
“27) about 63:00 s (1.74 h) before the float subduction. The associated section (Figure 2d) will be used to
interpret the float data.

The combination of UCTD sections and underway density along multiple frontal crossings shows the den-
sity structure in the subduction region. At the surface, the front separates lighter, colder, fresher Atlantic
water to the east and heavier, saltier, warmer Mediterranean water to the west, with the densest water
appearing in a 1-2 km wide filament just west of the front. The float was intentionally deployed in this
filament. Timeseries of density observed by the ship and float (Figure 2b) show the float density remaining
at 26.26 + 0.01 kg m ™ with the ship’s thermosalinograph and UCTD reaching within + 0.05 kg m™ of the
float value at the maximum density of each frontal crossing. Each of these times is marked by a yellow
circle in Figure 2. The vertical structure of the front is shown in Figure 2b. Isopycnals upwell to the surface
at the front to form the dense filament, with water-mass properties from just below the mixed layer to the
west. The mixed layer is about 15-m deep on the denser side to the west, shallowing to less than 6 m at the
front and then deepening to almost 20 m in the lighter side to the east. Similar structures are measured in
the other sections. Despite considerable variability, the dense filament is a persistent structure of this front
through the early morning of June 1 (yearday 152). However, by midmorning the surface layer begins to
rapidly warm and stratify due to solar heating, as is evident near crossing “5,” capping the dense filament
and likely inhibiting vertical exchange from the surface.

After deployment and two short profiles (Figure 2a), the float moves along the front within the dense
filament surrounded by the four tracking drifters. The drifters converge and, 94:00 s (2.4 h) after launch,
the float rapidly sinks to about 10 m and then returns to the surface. It moves downward with an aver-
age speed of 8.6 mm s™' (740 m day™") (blue on the color scale) and returns up with an average speed of
6.2 mm s~ (540 m day™') (orange on the color scale). ADCP measurements 0.5-1.5 m above the ADCP
measure average downward speeds 8.2-10.9 mm s~ (blue on the color scale) and average upward speeds
1.8-0.5 mm s~ (light yellow on the color scale). This implies that the float is slightly buoyant, with an
average upward velocity relative to the water of about 1 mm s™* on the downward leg and 5 mm s~ on the
upward leg. These correspond to a downward displacement of the water relative to the float of less than
1 m on the downward leg and about 7 m on the upward leg. Thus, although the float returns to the surface,
this motion is probably due to its buoyancy and does not reflect the motion of the water. The water proba-
bly descends somewhat deeper than the bottom CTD of the float at 11.5 m, perhaps to the base of the mixed
layer at 12-15 m. The water probably moves upward only a few meters during the float’s ascent. Thus, the
float measurements imply that water is subducted from within a few meters of the surface to 12-15m ata
mean downward speed of 9.5 + 1 mm s~ and probably remains below the surface while the float returns
to the surface. This is shown by the cyan/blue arrow in Figure 2d. The water’s motion after this time was
not measured.

4.2. Mesoscale Kinematic Properties

We divide up our analysis of kinematic properties based on length scale: first, we present the mesoscale
results; then, we present the submesoscale results in the following subsection together with a comparison
to simultaneous Lagrangian float and underway-CTD observations.
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The length scales chosen for the mesoscale analysis of the kinematic properties in the EAG are 10 <
L < 40 km. Since the radius of the gyre in which the drifters are deployed is about 50 km, we expect the
velocity gradients calculated from clusters of length scales lower than 40 km to keep correlation with the
mesoscale flow field. Although the smaller scales (L < 10 km) are filtered out by large clusters, we expect
small-scale variability to be aliased. Hourly kinematic properties are computed with clusters that meet the
length scale and aspect-ratio requirements. The calculation starting on 05-31 14:00 h is terminated after
72 h when most of the drifters left the gyre and entered the Algerian Current following the African north
coast. Binned maps of normalized divergence 8/f and vertical vorticity ¢/f are shown in Figure 3. The plotted
values are given by the median of all data points contained in each bin.

Just some hours after the drifter deployment, at ¢ = 7 h, surface clusters show two regions of opposite sign of
divergence at the beginning of the drift (western side of the gyre), with negative divergence (convergence)
at the outside edge and positive divergence in the interior. The absolute median divergence value at both
sides is around 0.25f. Near-surface clusters are located in the inner part showing divergence around 0.2f.
At t = 25 h, the divergence signal intensifies both at surface and subsurface reaching values of 0.4f. Finally,
on the eastern side of the gyre, at t = 70 h, the surface clusters show a large region of convergence with
minimum values of —0.4f. At this time, near-surface drifters have already passed through this point showing
a much weaker convergence (—0.1f). The divergence at the eastern edge is likely due to the eastward advec-
tion of drifters by the Algerian Current. Overall, the convergence is only present at the surface and appears
not to reach down to 15-m depth.

At the beginning of the drift the clusters generate positive values of relative vorticity of about 0.2f. Once
the drifters pass the 36.4°N latitude, vorticity starts to become more negative with —0.5f. As they reach the
easternmost part of the gyre, positive values dominate again.

4.3. Submesoscale Dynamics

‘We now focus on the first few hours of deployment, when the initial drifter array has not spread apart. It is
in this period of time when we have the largest amount of clusters in the submesoscale length scale range.
As drifters advance through the gyre, they spread apart, clusters get elongated and grow in size. Since we
want our results focused on the submesoscale, we not only select those clusters below the 10-km length
scale L (the Rossby radius in the region is around 14 km (Escudier et al., 2016), and we therefore expect
that the submesocale kinematic properties should be captured) but we also decrease the time step of the
LS method to 10 min. The increase in both space and time resolution should allow us to capture the high
variability of the kinematic properties.

Binned maps of horizontal divergence at surface at different timestamps are shown in Figure 4). As in Fig-
ure 3, each bin is represented by the median of the results contained on it. The results from the near-surface
clusters are not shown as they did not show variability from a uniform divergence of ~ 0.5f. The same is true
for the vorticity results, for which positive values ~ 1f were obtained consistently throughout the analysis.
However, the surface divergence results show a high space-time variability. This variability is particularly
visible between timestamps ¢, (05-31 10:40 h; Figure 4b) and f,; (06-01 00:30 h; Figure 4c). In the vicinity
of the frontal region at 36.15 N, in barely 2 h the divergence signal turns from positive (0.3f) to negative
(—0.6f). The variability is not only temporal but also spatial. The intense signal of convergence is just 4-5 km
wide, while the rest of the clusters still indicate weak divergence. This is also apparent in timestamp ¢, (06-
01 03:30 h; Figure 4d) which also shows the high spatial variability of the divergence field, where clusters
below 36.2°N show divergence up to 0.4f while the northern clusters measure week convergence (—0.2f).

We examine the drifter-derived submesoscale kinematic properties in the vicinity of the subduction lo-
cation of the Lagrangian float. This will test the capacity of drifters to characterize a subduction event,
occurring at high intensity, short duration, and small scale. Since the position of the float is unknown once
it is subsurface, it is assumed that the float follows the same patch of water as the four closest drifters. The
choice of threshold radius is a trade-off between having enough drifters to apply the LS method and keep-
ing the clusters length scale in the submesoscale range. With these criteria, all drifters inside a 6-km radius
were selected, which sum up to 18 surface drifters (18,564 clusters) and 10 near-surface drifters (210 clus-
ters). Although smaller threshold radius would decrease the cluster length scale, it would limit the number
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Figure 3. Normalized divergence §/f(a, b, e, f, i, and j) and vertical vorticity ¢/f(c, d, g, h, k, and 1) obtained from
drifters while traveling along the Eastern Alboran Gyre. The first and third column correspond to values at surface
while the second and fourth column show values at 15-m depth. Top row is at 7 h, the middle row 25 h, and the bottom
row is 70 h after the start of the analysis. Each bin represents the median value of the clusters that contains at least 10
data points. The black line is a representative trajectory of the drifters that followed the mean flow along the Eastern
Alboran Gyre.

of drifters for applying the LS method. In this case, considering a radius of 5 km, there were only seven
near-surface drifters available, lowering considerably the statistical stability of the results.

The probability density functions (PDF) of the normalized horizontal divergence calculated from the sur-
face and near-surface drifters around the float for different times are shown in Figures 5b—5g. Figure 6
shows the spatial distribution of the surface divergence (and vorticity) at times ¢, and t; from Figure 5
together with a UCTD section near the subduction location. Before the float subducts at ¢, (06-01 05:20 h),
the surface clusters show convergence with mean values of —1f and extreme values near the front of —2f
(Figures 5b and 6b). Unlike this strong convergence at the surface, the near-surface clusters at 15 m show
smaller divergence around 0.5f (Figure 5e). As the float reaches its maximum depth at ¢, (06-01 5:50 h),
there is an important change in the PDF of surface divergence (Figure 5¢). The divergence follows a bimod-
al distribution of near-zero mean but one peak located at —0.8fand the other at 0.3f. A large number of clus-
ters showed increasing divergence by 1f within just 30 min. Meanwhile at 15 m, the divergence only slightly
increased by 0.1f. Once the float is back at the surface (t;, 06-01 6:30 h), the divergence at the surface follows
a negatively skewed, single-peak distribution. The divergence values range from —1.5fto 0.5f. Clusters with
these divergence values are mostly located north of the UCTD track (Figure 6¢).

We focus on the vertical velocity calculation from drifter-computed divergence. As we explained in the
methods section, we need a vertical profile of divergence to integrate Equation 4. To be able to compare
with the vertical velocity measured by the float later, we focus on the drifter-computed divergence at ¢, in
Figure 5, just before the float subducts. If we use the median values of the PDFs in Figure 5 (—1f at the
surface and 0.35f at 15 m), we obtain a vertical velocity at 10-m depth of —45 m day ™. We can estimate the
vertical velocity from clusters measuring the strongest convergence. To minimize the possible noise due to
errors (specially at the surface), we select the 5% percentile of the PDFs (—2f at the surface and — 0.05f at
15 m). With these divergence values we obtain a vertical velocity at 10-m depth of —100 m day .
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Figure 4. Normalized divergence 6/f calculated with a 10-min timestep for surface clusters of length scale L < 10 km.
Colored points representing the potential density anomaly are plotted from UCTD data at the surface (z = —2 m). The
downward triangle shows the location of the float subduction. Panels (a) to (d) correspond to different timestamps: (a)
May 31, 2018 17:40 h, (b) May 31, 2018 22:40 h, (c) June 1, 2018 00:30 h, and (d) June 1, 2018 03:30 h.

UCTD data complements float and drifter data, providing information of the temporal and spatial varia-
bility of the front. The time evolution of the potential density in a repeated UCTD section (track located
at 36.3°N in Figure 6) is shown in Figure 7. The front location is determined by the maximum horizontal
gradient of surface density. In the first section, the front is located at 2.23°W and remains almost constant
for the first three timesteps (2 h). Just one hour later (Figure 7d), the isopycnals start to slant, continually
decreasing the intensity of the front over the following sections. By the last section, the state of the front has
largely changed in a period of just 3 h. The relaxation of the front, mainly by tilted isopycnals located at the
surface, is shown at Figures 7g and 7h. Before the relaxation of the front, at about 5 m, there is a maximum
horizontal gradient of 0.2 kg m™* over 2 km. Once the front weakens, the last section shows a gradient of
0.1 kg m~ over 4 km. Meanwhile at 10 m, the intensity of the gradient remains constant at 0.2 kg m~> over
3 km, although shifted to the west.

5. Discussion
5.1. Kinematic Properties Findings

In the mesoscale range, the divergence on the west side of the EAG implies upward vertical velocity. The
convergence on the east side of the EAG implies downward vertical velocity. These results match with the
quasi-geostrophic vertical velocities expected from such a meander. Previous studies have reported positive
vertical velocities where anticyclonic vorticity dominates and negative vertical velocities where cyclonic
vorticity dominates (Cotroneo et al., 2016; Gomis et al., 2001; Pascual et al., 2004; Tintoré et al., 1991). The
large-scale pattern is consistent with the vorticity field derived from the absolute dynamic topography (Fig-
ure 1c) (Ducet et al., 2000; Traon et al., 1998). The vorticity field is mostly negative due to the circulation of
the gyre and changes to positive when clusters run into the Algerian Current.

At the submesoscale, our results are consistent with previous drifter studies that focused on the kinematic
properties at this scale. Using triplets of drifters in the Golf of Mexico (Berta et al., 2016), computed di-
vergence and lateral strain rate using Saucier’s method. Although their computation is based on a limited
number of triplets, values of O(f) were found (Ohlmann et al., 2017). used the LS in the Gulf of Mexico but
on triplets of drifters. They found strong convergence and positive vorticity of multiple times f regions of
submesoscale fronts. In eddies, weaker magnitudes and smaller skewness of the probability density func-
tions were found.

From a dynamical point of view, the negative vertical velocities at the dense side of the front (Figure 6), to-
gether with the observed horizontal advection of the isopycnals (Figure 7), can be a result of the ageostrophic
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Figure 5. (a) Lagrangian float depth evolution during the subduction event. ¢, corresponds to June 1, 2018 5:20 h, t, to June 1, 2018 5:50 h, and t; to June 1,
2018 06:30 h. (b—g) Histograms of normalized divergence &/f calculated at high resolution at three instances: left column ¢;, middle column ¢t,, and right column
t;. Top row is divergence at the surface and bottom row is divergence at 15 m depth.

secondary circulation. The secondary circulation is a mechanism present at the submesoscale surface den-
sity fronts which acts to restore the geostrophic balance (Capet et al., 2008; Gula et al., 2015; Sullivan &
McWilliams, 2018). An ageostrophic secondary circulation acts as an overturning circulation that counter-
acts the steepening of isopycnals. It functions as a conduit from the balanced circulation to smaller scales,
and eventually to dissipation scales. Multiple dynamical mechanisms have been described that can generate
adeparture from geostrophic balance leading to an ageostrophic circulation such as turbulent thermal wind
balance, Ekman buoyancy fluxes, frontogenesis, mixed-layer instability, and interaction with topography
(McWilliams, 2016). Here, frontogenesis of the O(1 m/s) mesoscale flow is likely a dominant mechanism to
energize motions at submesocale and smaller scales that can lead to strong ageostrophic circulation.

5.2. Vertical Velocity Estimation

The vertical velocities from the drifter-computed divergence obtained in this study (45 m day™") are con-
sistent with values reported by previous studies in in the Alboran Sea with other methods (10-50 m day ™)
(Allen et al., 2001; Flexas et al., 2006; Oguz et al., 2014; Tintoré et al., 1991). We also studied vertical velocity
associated with the strongest convergence and obtained a downward speed of 100 m day . This value,
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Figure 6. (a) Lagrangian float depth evolution during the subduction event. As in Figure 5, t; corresponds to June 1,
2018 5:20 h and t; to June 1, 2018 06:30 h. (b-e) Normalized divergence &/f (top row) and vertical vorticity ¢/f (bottom
row) obtained from surface clusters. Left column shows values at ¢; and right column values at ,. The downward
green triangle in panels (b and d) indicates the estimated position of subduction of the float. In each bin, the median
value of all data points is plotted, containing at least 10 data points. The black dashed line shows the location of the
UCTD section shown in panel (f). (f) Vertical section of potential density anomaly obtained from UCTD data. UCTD,
Underway-CTD.

although smaller than the one measured by the float (740 m day " during the subduction), provides a sig-
nificantly larger downward speed than those measured previously in the region. Yet, for context, D’Asaro
et al. (2018) found vertical velocity of 1,700 m day " from a Lagrangian float in submesoscale turbulence in
the Gulf of Mexico.

The difference between vertical velocities obtained from drifters and the Lagrangian float is expected and
can be caused by several factors. First, the drifters may be under-resolving the kinematic properties due to
an anisotropic measurement along the gyre. This would be caused, not by the strong mean current, as we
remove this component in the LS method, but by the strong. Horizontal shear generated at the edges of the
gyre. The shear causes the clusters to elongate quickly in the direction of the mean current, and therefore
capture only one component of the horizontal divergence field. Still, this effect should be small at early times
thanks to the large number of drifters. Certainly, it will have an impact once all the clusters are elongated
by the gyre shear. Second, there is a scale difference between the measurements done by clusters of drifters
and by the Lagrangian float. Although we focused on the closest clusters around the float, the float measures
much smaller scales. The float observations have a resolution of meters and seconds while the drifters have
space-time resolution of hundreds of meters and minutes. Hence, this difference can come from the fact
that we are characterizing an intense event of subduction at two different scales or, that the float is actually
experiencing a region of strong convergence much smaller than the clusters of drifters can resolve.
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Figure 9. Quantity of clusters per bin in Figures 3 and 8.

5.3. Uncertainties in the Kinematic Properties

Although we selected the optimal parameters for the drifter clusters for the kinematic-property estimation,
we expect that our results have uncertainty.

We expect that gradient properties such as vertical vorticity, lateral strain rate, and divergence have a large
variability at the underresolved scales (Lien & Miiller, 1992; Lien & Sanford, 2019; Miiller et al., 1988). Con-
sequently, any polygon that is used to estimate gradient properties at a particular scale will alias the motions
at the smallest, unresolved scales. Aliasing is known to fold the variance that would occur at small scales
into the larger scales and, therefore, potentially affects the accuracy of the resulting gradient estimation.

Apart from this, the large number of clusters can imply large spread of values if the method is not precise
and robust enough. We reproduce Figure 3 by visualizing the standard deviation of all clusters in each bin
Figure 8. We obtain values mostly around 0.1f for both divergence and vertical vorticity. These values rep-
resent the standard deviation for all data points in each bin and have been calculated also for different grid
sizes to ensure that they are not gridsize-dependent (not shown). The standard deviations are not a function
of the number of clusters per bin either (Figure 9).
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Figure 10. Timeseries during the event of subduction for (a) the normalized vertical vorticity {/fand (b) the normalized vorticity variance error o;/f. At each
timestep, the PDF of all available values is used to find the 95% confidence interval. The results shown correspond to the surface clusters.

Acknowledging these potential sources of error, we cross-examine independent measurement platforms
to understand the robustness of our findings. First, we use surface and subsurface drifters and analyze
the trajectories for both in the same way. Both agree in terms of the qualitative patterns in the vorticity
and divergence distributions. Second, we compare the timing, magnitude, and location of drifter-derived
convergence with the behavior of a Lagrangian float. As shown in Figures 5 and 6. We then derive vertical
velocity smaller but about the same order of magnitude as vertical velocity from the Lagrangian float. Third,
the patterns and magnitude of the divergence and vorticity agree with our understanding of a submesoscale
meander gained from previous observation, theory, and modeling. Finally, we study the effect of the GPS
error on our results, we study the vorticity error variance in the submesoscale estimates. The results shown
in Figure 10 indicate an error of up to 10% of the kinematic-property value. If the flow field was not under-
resolved by the LS method, this would be the actual error of the results. The effect of the GPS error together
with the low variance of the cluster-estimates in each bin (Figure 8), indicate the robustness of the results
presented in this work.

6. Conclusions

Clusters of drifters were used to obtain spatial distributions as well as timeseries of vertical vorticity and
horizontal divergence at a surface density front in the Alboran Sea. The schemed deployment of 51 drifters
with a maximum cross-array length of 12 km allowed us to study both mesoscale and submesoscale length
scales. Thanks to the deployment of drifters at two different depths, we were able to evaluate the vertical
structure of divergence in the upper 15 m, allowing to estimate vertical velocity. In addition to the drifter
analysis, the deployment of a Lagrangian float and UCTD surveys provided a detailed context of the sub-
mesoscale dynamics on the west part of the gyre.

Our results with drifter clusters at the mesoscale length scales describe the expected circulation of the gyre.
Meanwhile, at the submesoscale length scale, high-resolution observations revealed a high spatiotemporal
variability in the divergence and vorticity field. In particular, a strong subduction event was measured si-
multaneously by clusters of drifters and a Lagrangian float. The subduction of the float was consistent with
the patterns of convergence measured from drifters. The high-density variability of the 2-km-wide front
also showed up in a repeated section of UCTD casts with subduction occurring where horizontal density
gradients were large.
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