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1. EXECUTIVE SUMMARY / ABSTRACT

A major intensive multi-platform and multidisciplinary experiment was completed
in May 2014 as a part of PERSEUS EU funded project, lead by CSIC and with strong
involvement of SOCIB, OGS, CNR, WHOI and McGill U. The multi-platform ALBOREX
experiment conducted during 8 days, included 25 drifters, 2 gliders, 3 Argo floats,
one ship and 50 scientists. The week long experiment was designed to capture the
intense but transient vertical motion associated with mesoscale and sub-mesoscale
features such as ocean eddies, filaments and fronts, in order to fill gaps in our
knowledge connecting physical process to ecosystem response, and so facilitate
the sustainable management of our ocean resources and MFSD policy
implementation.

The ALBOREX experiment fulfilled all its objectives of sampling the intense front
where Atlantic and Mediterranean waters meet in the Eastern Alboran Sea. In situ
systems, including R/V, gliders and drifters were coordinated with satellite data to
provide a full characterization of the physical and biochemical scenario during the
ALBOREX experiment: Surface salinity samples revealed the frontal location with
gradients ranging from 36.6 (Atlantic Waters) to 38.2 (Mediterranean Waters),
drifters followed a massive anticyclonic gyre for a few days. The glider data
revealed submesocale structures associated with the frontal zone. 3 Argo floats
were deployed and transmitting high frequency and interdisciplinary data. More
than 500 samples (chl and nutrients) were collected at 66 CTD stations. Near real
time data from ADCP showed coherent patterns with currents up to 1m/s (2
knots) in the southern part of the sampled domain.

This intensive multi-platform and multidisciplinary experiment is an example of
the new integrated and quasi real time approach to Ocean Observation thanks to
joint and collaborative efforts of scientists and technicians from diverse
international institutions.

2. SCOPE

Within Subtask 3.3.4 of PERSEUS project it was proposed to design and conduct a
multi-platform synoptic experiment (ALBOREX) in the eastern Alboran Sea, an
area characterized by sharp gradients that lead to the appearance of intense
mesoscale and submesoscale features with correspondingly raised levels of eddy
kinetic energy, but relatively low sampled by previous studies. The final goal is to
monitor and establish the vertical exchanges associated with mesoscale and
submesoscale (e.g fronts, meanders, eddies and filaments) and their contribution
to upper-ocean interior exchanges.



3. RELATED TASK PROJECT

Subtask 3.3.4: Multi-Platform Experiment
Lead: CSIC

Improving our knowledge on the relationship between the physical, chemical and
biological processes in the upper ocean is essential for understanding and
predicting how the ocean and the marine ecosystems respond to changes in the
climate system. Advection and mixing associated with mesoscale and sub-
mesoscale oceanic features such as fronts, meanders, eddies and filaments are of
fundamental importance for the exchanges of heat, fresh water and
biogeochemical tracers between the surface and the ocean interior. The challenges
associated with mesoscale and sub-mesoscale variability (between 1-20 km),
imply therefore high resolution observations (both in situ and satellite) and multi-
sensor approaches.

Accordingly, a multi-platform synoptic experiment under Spanish funding, yet in
close coordination with WP1 and WP4 (mostly), will be designed in an area
characterized by intense density gradients and strong mesoscale activity to
monitor and establish the vertical exchanges associated with mesoscale and sub-
mesoscale structures and their contribution to upper-ocean interior exchanges. In
situ systems, including R/V, gliders and drifters will be coordinated with satellite
data to provide a full description of the physical and biogeochemical variability.
Phytoplankton size is vital to understanding the functional role of phytoplankton
in the trophic flows of the ecosystem. Phytoplankton size spectra are known to be
particularly sensitive to dynamics fields under high mesoscale forcing such as
those associated with the Atlantic Jet of the Alboran Sea (Rodriguez et al., Nature,
2001). At the same time, as indicated in Task 3.2.4, remote sensing of
phytoplankton populations is evolving from the bulk estimation of chlorophyll
content at the surface ocean to the exploration of spectral reflectance for
diagnosing the size structure of primary producers. Therefore, these are critical
test bed areas to validate the remote sensing algorithms of phytoplankton size
structure (from WP4) and to implement new CAL/VAL measurements from space
through an intensive combined field and space monitoring exercise. The

SMOOS potential will also be addressed.



4. INTRODUCTION

Mesoscale dynamics have significant impacts on large-scale circulation (Lozier, 1997)
as well as on energy, heat flux transfers (Wunsch, 1999). Understanding the
relationship between the physical and biological processes is crucial for predicting the
marine ecosystems response to changes in the climate system (McGillicuddy et al
2007). Vertical motion associated with mesoscale and submesoscale features plays a

major role in the exchanges of properties between the surface and the ocean interior

(Klein and Lapeyre 2008).
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Figure 1.Vertical velocities at 90 m from primitive equation simulations, from Lévy et al., (2001).

Modelling studies of frontal regions (Lévy et al 2001; Mahadevan and Tandom 2006)
suggest that vertical exchange is enhanced at density fronts (Figs. 1 and 2).
Unfortunately, it is not yet possible to make direct measurements of vertical velocities
of values less than 1000 m/day. Instead, it can be inferred from a 3D field of the

density field by assuming a few simplifications in the QG formulation (Hoskins et al.

1978).
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Figure 2. Surface density, vertical velocity at 15 m and 69 m depth from primitive equation

simulations (Mahadevan and Tandon, 2006).

In the Western Mediterranean, the transition region between the Alboran Sea and the
Algerian sub-basin to the east is characterized by strong fronts (1.5 sigma-t differences

and mostly governed by salinity) and mesoscale anticyclonic eddies (Fig. 3).

Figure 3. Sea Surface Temperature in the Western Mediterranean from ROMS model.

Transient fronts, such as the Almeria-Oran front, separate Atlantic Water (AW) flowing
into the Mediterranean Sea, and recirculating Mediterranean Water (MW) that
intrudes southwestward along the Spanish coast. Quasi-geostrophic vertical motions
estimated from a combination of altimetry and glider observations south of Cartagena

by Ruiz et al. (2009) are of the order +1 m/day (Figs. 4 and 5), although higher
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velocities (up to +20-25 m/day) can be assumed for smaller submesoscale structures
embedded within the front, Tintoré et al. (1991). The challenges associated with
mesoscale and submesoscale variability (between 1-10 km), imply therefore high-
resolution observations (both in situ and satellite) and multi-sensor approaches

(Pascual et al. 2010; Pascual et al. 2013).
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Figure 4. Night AVHRR SST images for 23 July 2008 in the Eastern Alboran Sea (left), the temperature
scale is in °C. Interpolated altimeter maps of ADT for same date with surface geostrophic currents

(right).

Within Subtask 3.3.4 of PERSEUS we propose to design and conduct a multi-platform
synoptic experiment (ALBOREX) in the eastern Alboran Sea. The final goal is to monitor
and establish the vertical exchanges associated with mesoscale and submesoscale (e.g
fronts, meanders, eddies and filaments) and their contribution to upper-ocean interior

exchanges (Mahadevan and Tandom 2006; Buongiorno Nardelli et al. 2012).
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Figure 5. Vertical section of chlorophyll (ug/l) from glider (left) and quasi-geostrophic vertical velocity

(right) at 75 m (m/day), from Ruiz et al., (2009). The dashed line corresponds to an 0STM/Jason-2

track.



5. FIELD EXPERIMENT

A synoptic multi-sensor experiment was designed to be conducted onboard SOCIB
coastal vessel (Fig. 6) between 25 and 31 May 2014 in the eastern Alboran Sea
(Western Mediterranean). In situ systems, including gliders, drifters and Argo floats
were coordinated with satellite data and modeling simulations to provide a full
description of the physical and biochemical variability. Two high-resolution grids were
sampled with the ship (area covered 40 km x 40 km). At each station one CTD cast and
water samples for Chl and nutrients analysis were collected. Additional ADCP data was
registered in continuous mode. Two gliders sampled an intense front. Details of the
sampling for each of the platforms are given below, in the observing multi-platform

capabilities section.

Figure 6. Coastal Ocean Research Vessel SOCIB. See further details about this vessels at

http://socib.es/?seccion=observingFacilities&facility=vessel
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5.1. Participants
INSTITUTION CONTRIBUTION
CSIC (ES) Lead partner

Ananda Pascual; Benjamin Casas; Ana
Massanet; Félix Magirier; Margarita Palmer;
Joaquin Tintoré; Simdn Ruiz; Alejandro
Orfila; Antonio Tovar; Emma Heslop; Evan
Mason; Miguel Martinez; Juan Carlos Alonso

Scientific and technical coordination
Gliders

Drifters

Argo

Biochemical samples

Remote sensing

Modelling (ROMS, delayed time)

SOCIB (ES)

Joaquin Tintoré; John Allen; Carlos Castilla;
Pau Balaguer; Mélanie Juza; Marc Torner;
Temel Oguz; Charles Troupin; Irene Lizaran;
Kristian Sebastian; Baptiste Mourre;

Ship

Glider facility

Modelling (ROMS operational, Biochemical)
Data management

OGS (IT)
Pierre Poulain, Giulio Notarstefano

Drifters, Argo
Drifter deployment strategy and data analysis

CNR (IT) Glider deployment strategy and data analysis
Antonio Olita Ocean color images
WHOI (USA) Physical-Biochemical modelling

Amala Mahadevan

McGill U (CANADA)
Mariona Claret

Physical-Biochemical modelling

Table 1. Participants involved in the Alborex experiment.
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5.2. Oceanographic context from satellites

Sea Surface Temperature (SST), Ocean Colour (OC) and Sea Surface Height (SSH) from
remote sensing provide a synoptic view of the meso and submesoscale activity at the
study area, and helps to determine the position of interesting features (meanders,
eddies and front) to be sampled. Satellite data were essential for the design of the

mission.

5.2.1. Sea Surface Temperature

The SST images at 1 km spatial resolution showed below corresponds to
Level-2 SST acquired by the Moderate-Resolution Imaging Spectroradiometer

(MODIS) sensor on board Aqua and Terra satellites were obtained from Ocean

Color Level 1&2 server (http://oceancolor.gsfc.nasa.gov/cgi/browse.pl?sen=am).
During the week before the experiment SST images were checked to track the
evolution of the mesocale and submesocale structures in the study area. A clear
frontal zone between warm and cold waters were identified between 0 and 1° W
longitude. Moreover, the presence of an anticyclonic eddy with associated small

structures (filament) was evident in the images (Fig. 7).

SST images contemporaneous with the field experiment (Fig. 8) confirmed the
presence of a clear anticyclonic eddy and the presence of submesocale filaments.
Those images, together with ocean colour and altimetry images helped to determine

the final positions of the 2 CTD surveys conducted during the experiment.

12
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Figure 7. From top to bottom and left to right: SST images corresponding to days 14, 15, 22 and 25

May 2014.
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Figure 8. SST images contemporaneous with the field experiment: 27 (left) and 30 (right) May 2014.

5.2.2. Ocean colour

MODIS level-2 single swaths provide among others, ocean colour products

(Chlorophyll-a concentration for example). The Ocean Colour data were processed and

provided by Dr. A. Olita (CNR). Figure 9 shows an ocean colour image corresponding to

29 May 2014. This image reveals the frontal area in the northern margin of the
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anticyclone. At the same time a Chl filament detaching from the coast seems to feed

the eddy (Olita, 2014).

Figure 9. Chl-a image corresponding to May 29, 2014. (Courtesy: A. Olita, CNR).

5.2.3. Sea Surface Height

During the Alborex experiment, we benefited from the availability of up to 4 altimeter
missions (OSTM/Jason-2, Cryosat, SARAL/AIltiKa, HY-2). DUACS gridded altimeter
products (Sea Level Anomaly, SLA) produced by CNES were used to estimate surface
currents in the area of study. We use the SMDT-MED-2014 (Rio et al., 2014) to obtain
Absolute Dynamic Topography (ADT) and derive the corresponding Absolute

Geostrophic Currents.

A few months before the field experiment, there are not evidences of anticyclonic

structures around O degrees longitude in the altimetry maps (Fig. 10). Instead, the
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presence of the Algerian Current flowing eastwards along the African coast is so clear.
From 10 April onwards, an instability of this current is observed around 1.5° W
longitude. At the beginning of May 2015, this instability of the flow has evolved

forming a clear anticyclonic structure, propagating eastwards, near the area of the

field experiment.

2°W 1°W 0° 1°g °M )
Longitude - Longitude
rigure 1v. AUV (CmM) witn associatea geostrophlc currents (Cim/s) In tne stuay dre corresponaing

to 15 and 30 March, 10, 17 April and 1, 10 May 2014. The grey box corresponds to the boundaries of

the domain covered during ALBOREX experiment (CTD grid).
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A few days before starting the field experiment, altimetry data also confirmed the

presence of a well-defined anticyclonic eddy near the study area with maximum

velocities larger than 50 cm/s (Fig. 11).
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Figure 11. ADT (cm) with associated geostrophic currents (cm/s) in the study area for 19 and 23 May

2014. Alborex experiment started on 25 May 2014.
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Figure 12. From left to right and top to bottom; ADT (cm) with associated geostrophic currents

(cm/s) for 25 and 27, 29 and 31May 2014.
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During the date of the field experiment (Fig. 12) the eddy appear to be centered
around longitude 0.5° W and slightly advecting eastwards. Small structures such as
filaments previously observed in SST and OC data, are not present in altimetry

maps due to the limited resolution (filtering applied to the AVISO product).
5.3. Observing multi-platform capabilities

CTD, ADCP and water samples (chl, nutrients) were gathered from the R/V SOCIB (Fig
13). All physical and biochemical in situ data were quality controlled and delivered by
SOCIB data center. As mentioned in the previous section, the exact location of the CTD
stations was fixed based on the presence of mesoscale and submesoscale features
present in SST data from remote sensing. Maximum depth reached at all the CTD casts
was 600 m and water samples were collected at each station at the following depths:
5, 20, 40, 60, 90, 100, 120, 150 m. Salinity samples were collected at different depths
in one out of two stations. An additional sample at 350 m was collected at certain
stations for salinity calibration. First CTD survey 1 consisted of 34 CTDs distributed on 5
North/South legs, performed on 26-27 May 2014 (Fig. 14). During survey 2, 28 CTDs
were done on 29-30 May 2014 in almost the same positions of CTDs done during
survey 1 (Figs. 15). ADCP were continuously registered during the night (22:00 UTC —
6:00 UTC) at a speed of 10 knots and also during CTD surveys (at stations and between

stations).

Figure 13. CTD operations and water samples analysis.
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Figure 14. SST for 26 May 2014 and CTD positions during survey 1 (26-27 May 2014).
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Figure 15. Right: SST for 29 May 2014 and CTD positions during survey 2 (29-30 May 2014)

Two gliders (1 deep Slocum, 1 shallow Slocum, Fig. 16) were deployed to sample an
intense front. Glider profiles reach down to 200 m for the shallow unit (as part of a
TNA Jerico proposal from A. Olita —CNR) and down to 500 m for the deep unit. Gliders
collect high-resolution temperature, salinity, oxygen and fluorescence profiles. The
sampling strategy was based on two parallel north-south transects of 50 km shifted 10
km. Each transect (one way) should be covered in approximately 2 days (depending on
currents) and therefore it was expected that the gliders repeat the transects about 4

times during the entire ALBOREX cruise.
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Figure 16. Gliders used during Alborex experiment and deployment operations.

However, due to the intense currents in the area gliders were advected eastwards and
the sampling strategy was modified in real-time. Glider performed several transects

crossing the frontal zone but not following always the same track (Fig. 17).
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Figure 17. Left: Real trajectories (dashed lines) performed by coastal and deep gliders during

the Alborex experiment. Dots correspond to initial glider deployment, located 10 km apart, squares
indicate recovery glider positions. The background field corresponds to an SST image for 28 May 2014.

Right: Idem, zoom view.
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25 surface drifters (Fig. 18) were deployed within the domain. Surface currents derived
from drifters can be used to study the temporal and spatial variability of fronts and
filaments and ideally to detect convergence and divergence. In addition, drifter
observations are useful to validate altimetry, glider, models and CTD derived
geostrophic velocities. The deployment strategy addressed the goal to sample frontal
areas and even try to detect any convergence/divergence. For that purpose, the
drifters were deployed over a uniform initial array across the frontal areas and/or in
convergence/divergence zones with drifter separation distance less than the major
scale of variability (a few km, see Figure 19). The exact position of deployment was
determined based on the position of frontal areas determined from satellite imagery.

The drifters were followed and tracked at http://apps.socib.es/dapp/.

Drifter data were transmitted in real time to SOCIB data center and to OGS to

contribute to the Med-SVP program.

Figure 18. Drifter preparation and deployment on board R/V SOCIB.
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3 Argo floats (Fig. 20) were deployed in a line along the frontal zone (with a separation

of a few kms). The Arvor-C was programmed with 3-h cycles down to 400 m. The

Arvor-A3 was initially configured to have daily cycles. At the end of the campaign, it

was left at sea and its cycle was changed to 5 days (MedArgo standard) using the

downlink of the Argos 3 telemetry.

Figure 20. Left: Deployment of Argo float.

SOcCiB.

Right: Thermosalinograph installed on board R/V
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Both the Arvor-C and Arvor-A3 measured temperature and conductivity (salinity) in the
water column. The Prov-bio float had initial daily cycles synchronized to profile near
local noon time. It was left at sea after the campaign and its cycle was changed to 5
days using the Iridium downlink. In addition to temperature and salinity, the Prov-bio
measure dissolved oxygen, chlorophyll-a, CDOM, backscattering at 700 nm,

downweling irradiance at 380, 410, 490 nm and PAR.

Surface temperature and salinity was measured during all the cruise time using a

thermosalinograph, which also helped to detect the location of the front.
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OBSERVATIONS & NUMERICAL MODELLING CAPABILITIES

* CTDs (2 regular surveys on a regular grid of 10x5 km)
* ADCP (continuous during night)
* Gliders (2 IMEDEA)
* Drifters (25 SVP drifters: 1+7+6+6 IMEDEA [14 DBI + 6 Pacific Gyre], 5 OGS)
* Argo floats (3: 1 IMEDEA [Arvor-C], 2 OGS [1 Arvor-A3, 1 Prov-Bio] )
*  Nutrients
*  Chlorophyll
* Remote sensing (sub-basin and local scale):
o SST
*  Ocean Colour
e Altimetry
* Modeling:

* SOCIB WMOP (ROMS operational real-time specific simulation Alboran sub-
basin, http://socib.es/?seccion=modelling)

* SOCIB Biochemical modeling (POM + NPZD2)

* Ocean Process Study numerical model (Mahadevan et al., 1996a,b).

Details about data processing of data collected by the different platforms are given in

the annexes.
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5.4. Modelling capabilities

High-resolution numerical models are able to represent the full evolution of oceanic
structures in the three spatial dimensions, thus providing a complementary and very
valuable source of information to describe and understand mesoscale and
submesoscale processes. At the same time, the realistic generation and evolution of
such processes stills remains very challenging due to the chaotic nature of the oceanic
flow, making direct model-data comparisons often hazardous at the smallest scales.
Different models and setups will be used in the framework of this experiment.

First, high-resolution operational model forecasts will be used to support the
preparation and execution of the sea trial.

Then, several retrospective simulations will be carried out over the sea-trial period
using different modeling nesting techniques and data assimilation approaches, with
the aim to simulate the small scale oceanic fields as realistically as possible so as
support the analysis and interpretation of the collected dataset. These simulations will
be inter-compared to better understand the strengths and limitations of the different
approaches.

Finally, a Process Study Ocean Model will be run to help understanding and isolating
the mechanisms of vertical transport at the front observed in the multiplatform

experiment ALBOREX.

1) WMOP operational model

The WMOP model is run operationally at SOCIB since the end of 2010, producing a
daily 72-hour forecast of the coastal and ocean currents and eddies, as well as surface
and subsurface ocean properties. Validation procedures based on inter-comparison of
model outputs against observations have been implemented to assess the capability of
the model to reproduce the features observed from in-situ systems and remote

sensing.
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Model configuration

Latitude (deg N)

ROMS (http://www.myroms.org, Shchepetkin and McWilliams, 2005)

Covering the Western Mediterranean from the Strait of Gibraltar to Sardinia channel
(from 69W to 99E and from 359N to 44.52N, Fig. 21).

32 sigma levels, bottom topography from 30" database (Smith and Sandwell, 1997)
Spatial resolution ~1.8-2km

Boundary conditions from MFS/MOON (Tonani et al., 2012) or Mercator-Océan.
Forced by AEMET Hirlam atmospheric forcing , 3hours, 5-6km

Rhone and Ebro river runoffs from a climatology based on the RivDis (UNESCO)
database.

In the absence of data assimilation, the model is re-initialized every week from the
parent model (alternatively MFS or Mercator-Océan) after a 3-week spinup period

Outputs already available at: http://socib.es/?seccion=modelling

Daily images (SST, SSS, SSH, surface UV) over the experimental area are available at

http://dataserver.imedea.uib-csic.es/~balop/Figures WMOP operational/

wit names (here SST):

last. ROMS_WMOP_MER_T_AlboranWestAlgerian_avg 00 24h.png

V WMOP ocean forecast
average from 20-May-2014 00:00 to 21-May-2014 00:00
Surface salinity (psu) and currents

38

137.5

137

136.5

36

35.5

35

Longitude (deg E)

Figure 21. WMOP simulation.
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2)  WMOP retrospective simulation including data assimilation

The WMOP model will be retrospectively re-run over the experimental period using
the analysis forcing fields. The collected data will be assimilated in the model to
produce a reanalysis of the oceanographic scenario. Details of the data assimilation

approach still need to be determined.

3) One-way nested downscaled retrospective simulation

A series of one-way nested ROMS solutions is to be focused on the sampled region.
These simulations will enable increased spatial (horizontal and vertical) and, if needed,
temporal resolutions across the features of interest. We use established nesting
techniques that have been proven at submesoscale resolutions down to below 100 m
(e.g., Uchiyama et al., 2014).

Envisaged model configuration:

. ROMS AGRIF (Shchepetkin and McWilliams, 2009)
. 1-3 nested grids in the Alboran Sea

. Spatial resolutions to < 1 km

. Boundary forcing: WMOP or suitable alternative

. Surface forcing: AEMET or WREF if available

4) Ocean Process Study numerical model.

Ocean Process Study (OPS) model has been implemented to study submesocale
processes associated with intense frontal zones. OPS is a non-hydrostatic and free-
surface numerical model that simulates the volume-preserving flow of a rotating and

stratified fluid under the Boussinesq approximation (Mahadevan et al. 1996a,b).
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6. FIRST RESULTS

6.1. Hydrographic fields

The Eastern Alboran Sea is characterized by strong gradients in salinity due to the
confluence of recent Atlantic water (recent AW) entering from Gibraltar and the
more saline resident Mediterranean Water, which is referred here as old Atlantic
Water (old AW). During the Alborex experiment the thermosalinograph measured
differences in salinity of about 1.5 in less than 5 km (Fig. 22). The northern part of
the sampling area is characterized by salinity around 38.2 while below 37°N

latitude, salinity is around 37.5 or fresher.

Salinity Leg1 (PSU)

40" 38
& 375
37°N
37
40"
- 36.5
1w * 0°
Figure 22. Surface salinity from thermosalinograph installed on board R/V SOCIB.

T-S diagram for survey 1 (Fig. 23) confirms the presence of both type of waters,
not only at the surface but also at deeper levels (note that with the aim of reducing
time, the casts were performed only down to 600 m and in consequence the
presence of deep waters - Levantine Intermediate Water and Deep Mediterranean
Water - is only partially detected). Both recent and old AW can also be identified
with data from survey 2, but with a higher degree of mixing in the upper layer with

respect to survey 1 (Fig. 23).
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Hydrographic data have been interpolated at 1 km resolution using an optimal
interpolation scheme with a correlation length scale of 12 km. Structures larger 20
km have been filtered out with a low-pass filter (Pedder et al. 1993). See further

details about CTD data processing in the annex .

Temperature C)

20

20

Temperature C)

366 368 37 372 374 376 378 38 382 384 386 366 368 37 372 374 376 378 38 382 384 386

Salinity Salinity
Figure 23. T-S diagrams from survey 1 (left) and survey 2 (right).

Potential temperature, salinity and density fields at 50 m depth from surveys 1 and
2 (Fig. 24) confirm the marked front. The comparison between hydrographic
fields from survey 1 and survey 2 reveals the rapid evolution of the salinity front. It
suffers a clear deformation during days 29 and 30 May, evolving with the
anticyclonic structure and modifying significantly the salinity pattern observed
during survey1 (Fig. 24). Vertical sections of salinity (Fig. 25) from survey 1 and 2

reveal that salinity front is present until 120 m depth.
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Figure 24. Potential temperature (°C), salinity and density (kg/m®) at 50 m depth from CTD

survey 1 (left) and survey 2 (right)
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Figure 25. Vertical section of salinity (Longitude 0.58° W) from CTD survey 1 (left) and survey 2
(right)

6.2. Horizontal velocity fields

Surface drifters (SVP) deployed during the Alborex experiment allow to
investigate several aspects of the surface dynamics such as the mesoscale
circulation in the area or relative dispersion by surface waters. Figure 26 displays
the trajectories of drifters deployed during the ALBOREX 2014 campaign with
their initial (circles, on 25 May 2014) and final (asterisks, on 14 July 2014)
positions. Drifters deployed more to the south were quickly captured by the
Algerian Current (Fig. 26) and transported along the Algerian coast for ~500 km
(Poulain et al., 2015).

2014-05-25 — 2014-07-14

- o S ; 5'" d 1 21
38°N *‘ - s : ;'.\\\‘ ;f, A e

_ 120 °C
37°N| | W

A 119

361 %ery 05°F 25°F 15°E 18
Figure 26. SVP drifters tracks between 25 May 2014 and 14 July 2014. Colour indicates SST

measured by drifters.
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At ~5°E they turned northward describing an anticyclonic eddy located between
37.5°-38.5°N and 4-5°E (Fig. 27). Drifters deployed more to the north were
transported south-eastward for ~100 km, then were deflected northward and split
in two directions (Fig. 28): some of them moved eastward and traced an
anticyclonic eddy whereas the others moved north-eastward and described a
cyclonic pathway (Poulain et al., 2014). See furthers details about the weekly
displacement of the drifters during the period 25 May 2014 - 12 July 2014 in the

annex V.

O first point
* last point

36°N
1°w 0° 1°E 2°E 3°E 4°E 5°E 6°E

Figure 27. Trajectories of the 11 SVP drifters captured by the Algerian Current.

300 O Airst point
I * last point

1°W 0° 1°E 2°E

Figure 28. Trajectories of the 13 SVP drifters deflected northward at ~0.8°E.
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Direct current measurements were obtained from a VM-ADCP 153kHz, having an
accuracy of about 1 cm/s. The instrument was calibrated to correct the
misalignment angle and scaling actor as described in Pollard and Read (1989).
Original profiles were collected every 2 minutes, which produce approximately 1
profile very 0.5 km. In the vertical, data were also averaged over 8 m depth bins.
Velocity from the first bin (16 m depth) reached values near 1 m/s (Fig. 29). At
deep levels, the quality of ADCP data is usually low due to the weak intensity of the
echo signal. The index ‘percent-good’ (Fig. 29) represents the percent of pings
received with a noise-to-signal ratio below a threshold. During the Alborex
experiment, the perfect good was high (> 90%) in the upper 200 m, which gives

confidence about the quality of data. See more technical details in Annex II.

Figure 29. Percent-good index (left) for Alborex Experiment and velocity field from ADCP at 16
m depth (right).

Geostrophic velocity has been computed from CTD data, using a reference level of
550 m depth, which is assumed as the level of no motion. This hypothesis seems to
be not very critical, previous authors have reported very small velocities (2-4
cm/s) at those depths (Allen et al., 2001). Figure 30 shows geostrophic velocities at
50 m depth from survey 1 and survey 2. The signal of an anticyclonic eddy is
clearly identified and is coherent in terms of pattern with the velocities registered
from VM-ADCP (Fig. 29). For the second survey the deformation of the front
mentioned above is also visible and velocity field is stronger in the southeastern

part of the domain.
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Figure 30. Dynamic height (cm, background colour) and geostrophic velocity (cm/s, vectors) at

50 m depth from survey 1 (left) and survey 2 (right).

It is worth to note that mean geostrophic flow at 50 m depth (~40 cm/s) is smaller
than those from ADCP, which is about 50 cm/s (not shown). That is expected since
ADCP measured actual velocity, including all velocity components (geostrophic,
ageostrophic, etc). Moreover, in the southern part of the domain, geostrophic and
actual velocity patterns show some difference in the path of the flow. This needs to
be investigated carefully; the initial hypothesis is that actual flow includes a
cyclostrophic acceleration, which also produces an additional deformation of the
flow. This component has been evaluated in previous studies in the area to be of

the order of 20% (Gomis et al., 2001).

Regarding the first modeling results, figure 31 shows the impact of glider data
assimilation in a vertical section of salinity. The characterization of the frontal zone
between the Atlantic and Mediterranean waters is clearly improved in the model

after the assimilation process.
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Figure 31. Vertical section of salinity from WMOP model without glider data assimilation (top)

and with glider data assimilated (bottom).

6.3. Quasi-Geostrophic vertical velocities

The diagnostic QG Omega equation is used to quantify the vertical motion (Tintoré
et al., 1991). Assuming boundary conditions for w and from a snapshot of the
density field, the vertical velocity can be inferred. We set w=0 at the upper and
lower boundaries and Neumann conditions at the lateral boundaries. Figure 32
shows the QG vertical velocity field estimated at 50 m depth for survey 1. The
pattern is coherent having upwelling/downwelling upstream/downstream of the
flow. The magnitude is about *20 m/day. These vertical velocities are associated

to structures larger that 20 km, the energy and potential contributions from
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smaller structures (which are present as it revealed by gliders) have been filtered

out in the QG analysis using a low-pass filter.
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Figure 32. QG vertical velocity (m/day) at 50 m depth from density field of survey 1.

35



6.4. Submesoscale processes

Gliders were able to sample at high-resolution the frontal zone. The coastal glider
(CG) was configured to collect hydrographic and biochemical data at about 0.5 km
while resolution of data from the deep glider (DG) was of about 1 km along track.
Figures 33 shows the temperature and fluorescence from DG. Small scales (less
than 10 km width) filaments subducting are observed in different parts of the

sampled area. These small structures are also observed by the CD in temperature,

salinity and oxygen (Fig. 34).
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Figure 33. Temperature and chlorophyll concentration collected by deep glider.
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7. PERSPECTIVES

The analysis of data collected by ALBOREX multi-platform experiment will provide
new insight on the potential mechanism governing the upward/downward motion
in frontal zone. As mentioned above, the QG theory can partially explain vertical
exchanges at the mesoscale, however at smaller scales (submesocale), with Rossby
number higher than 1, other mechanisms such as frontogenesis and mixed layer
instability may play an important role and need to be investigated in detail.
Moreover, the effect of winds on vertical motion (Ekman pumping contribution)

also should be considered and quantified.

Further steps consist in isolating mechanisms using a Process Study Ocean Model
that would aim to resolve vertical transport at the front. Preliminary results
obtained from initializing the model with observational data show that lateral
buoyancy gradients in the area are large enough to trigger submesoscale mixed
layer instabilities (MLIs). Once MLIs develop, vertical velocities are enhanced.
These are likely to support the subduction of tracers from the surface mixed layer

to the pycnocline beneath.

In order to model frontal mechanisms that will help interpret ALBOREX

observations the following steps need to be taken:

1. Expand the model domain in order to resolve both mesoscale and
submesoscale dynamics. Since the observations cover a region of 40km in
spatial extent, we will use the SOCIB Western Mediterranean ROMS
configuration (WMOP) model output to initialize a larger domain for our
model. This ROMS simulation assimilates ALBOREX observations. Our
model will examine processes over a region that extends ~100 km in
extent.

2. Restore buoyancy in order to maintain the front since MLIs act to restratify

it at a time scale smaller than that of the mesoscale.
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Annexes

Annex I: CTD technical report
Authors: Felix Margirier, Margarita Palmer and Simon Ruiz, IMEDEA-CSIC,

Esporles, Spain

This partial report includes information regarding the CTD data processing during the

Alborex experiment.

Data acquisition

Overall, 2 surveys were conducted in the study area. During survey 1 a total of 5 N/S

transect were performed in less of 2 days, collecting data at 34 CTD stations. In survey

2 4 N/S transects were repeated in the area with 28 CTD stations. At each station CTD

data were recorded at 24 Hz on both down cast and up cast for all parameters. In

addition water bottle samples were acquired at each station, with a spread of depths

from surface, mid and deep waters, for future salinity calibration. The CTD rosette

carried the following instruments:

- Sea-Bird SBE 911Plus CTD, with 2 conductivity and temperature sensors and 1
pressure sensor units

- SBE 43 oxygen sensor

- Seapoint [FTU] fluorescence and turbidity sensor

Data processing ships CTD

Processing Overview - Steps

The CTD data underwent a 4 stage processing process:

Step 1: The raw data was processed using the SeaBird Seasave software, the 24 Hz
data was saved as an ascii file.

Step 2: The data output from Step 1 was processed using a set of standard processing
routines from the SeaBird Seasave software. The data output were averaged into 0.5

db bins and saved as an ascii file.
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Stage 3: The data output from Step 2 were read into MATLAB routines created to
enable data visualisation and quality control, see below for details. As problems were
identified, the data was re-viewed and action taken depending on the issue. Through
this iteration a set of SOCIB standard parameters were selected for Step 1, based on
generally accepted internationally standards, but adapted for the ALBOREX mission. In
this case we followed the BODC recommendations for parameters and processing
sequence. Any changes made to the raw data or to the standard processing

parameters to solve the identified problems were noted, see Table 1.

When all transects had been quality controlled and corrected, the 6 transects (45

stations), were processed sequentially to produce a ‘mission’ data file.

Step 4: Data calibration from bottle samples. Not yet completed. This is to calibrate
the salinity using the water samples collected at each station, and apply corrections as

required.

Processing Details

Following each cast the data was saved to the ships data server, in the form:
D:\OCEANO\CTD\DATOS\SOCIB-ALBOREX\Station_S2-16.hex
D:\OCEANO\CTD\DATOS\SOCIB-ALBOREX\Station_S2-16.con
D:\OCEANO\CTD\DATOS\SOCIB-ALBOREX\Station_S2-16.btl

The raw data files were processed using the SeaBird Software, Seasave V 7.22, using a
script created by Benjamin Casas, SOCIB ETD Team Leader and following BODC

standard processing recommendations.

Step 1: Conversion with Seabird Software
This step (step01_cnv_files) converts the .hex files using the manufacturer supplied
sensor calibrations and then splits the files into upcast and downcast, essentially

outputting raw data files.
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1. datcnv - A raw data conversion routine. Datcnv reads in the raw data file (*.hex)
output by the SeaBird sensors and converts the raw binary data to engineering units

using manufacturer supplied calibration constants.

2. split - to split up and down casts. Bad data were excluded.

Data output was 24 Hz, upcast and downcast, per station, as ascii files. Saved as

u*.cnv, d*.cnv.

Step 2: Standard Seabird processing routines
The second step (step02_cnv_files) applies a series of Seabird processing routines, in

order, to identify spikes, apply standard corrections and finally bin the data for output.

1. wildedit - A de-spiking routine, was run on pressure, the 2 temperature sensors and
the two conductivity sensors; The data was scanned twice calculating the standard
deviation (SD) of a set number of scans, setting values that are outside a set number of
standard deviations of the mean to bad data values. The scan range was set to 100
measurements (equivalent to 4 s of data), with first pass of 2 x SD (2 sigma) as the
threshold and a second pass 7 x SD (7 sigma). The second pass is lower than the BODC
norm, however it performed slightly better for the ALBOREX datasetd. Bad data were

excluded.

2. filter — This performs a low pass filter of the data. Following BODC standards filter is
run on pressure to smooth out any instrument response time issues, with a time

constant set to 0.15 s low pass filter A and to 0.5 s for low pass filter B.

3. alignctd - This program aligns conductivity, temperature and/or oxygen relative to
pressure. The BODC shift the Oxygen sensor relative to the pressure data by 2 seconds
compensating for lags in the sensor response time, in ALBOREX the oxygen sensor was

set to advance by 3 s.
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4. celltm - The effect of thermal ‘inertia’ on the conductivity cells was removed using
the conductivity thermal mass correction routine, celltm. This routine uses the
temperature variable to adjust the conductivity values. It should be noted that if spikes
exist in the former they are amplified in the latter thus this routine should only be run
after wildedit and other routines that flag or exclude ‘bad’ data values. The parameters
used were: thermal anomaly amplitude, a = 0.03, and thermal anomaly time constant,

1/B =7 for both sensors.

5. loopedit — This routine marks a scan with badflag if scan fails pressure reversal or
minimum velocity test, or to eliminate surface soak data. As we included a pressure
reversal edit in Step 3 the options for this should be re-evaluated. Minimum CTD
velocity was set at 0.25 ms, window size is 300 s, the surface soak depth is 10 m, with

a minimum soak depth of 5 m and a maximum od 20 m.

6. derive - this calculates depth, salinity, density and sigma, based on EOS-80 equations
(Practical Salinity) for plots etc. These derived variables are later recalculated from the

corrected potential temperature and salinity in Step 3.

7. binavg — the 24 Hz data was averaged in 0.5 db bins. Note this binning routine is the

last routine performed, after ‘bad’ data had been excluded by the previous routines.

The output files from this process are per station downcast and upcast file (e.g.
upcast_s2-30.cnv, downcast_s2-30.cnv), containing header information and data. In
addition standard figures were output by Benjamin Casas to compare the output from

the sensors per station using in-house MATLAB routines.

Screen shots of the Seabird processing routines with parameters and options selected

are provided as a reference in Digital Annex 1.

Step 3: Data quality control and visualisation
The following MATLAB script, ctdDataDevelopment_ALBOREX.m, was created to
visualise the data. The ascii files from each transect were placed in transect folders and
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the program reads all the .cnv files in that folder to visualise the data per transect. The
data can be interrogated through this script, with the processing of upcast or downcast
profiles, the different sensors, per profile figures and standard figures per transect.

The data can be output and saved as a MATLAB matrix, per transect or per mission.

Within the program the following selections can be made; select data from sensor 1 or
2, to identify a station to create figures for a specific profile. The stations (*.cnv files)
are read from folders called T1, T2 and T3 etc. and they can be a mix of upcast and
downcast. Note: normally only the down cast is processed, as this is less affected by
heave of the vessel. However for this mission the ability to mix upcast and downcast
profiles was provided, due to the need to use the upcast profiles for some stations
(Note when using this option, place only one upcast or downcast in the folder per
station, not both). The quality controlled and corrected data, were were saved as

transects, e.g. T1_processed_ctd.mat.

The main MATLAB routine is ctdDataDevelopment_ALBOREX.m, and this calls the

following subroutines:

* cnv2mat_2013.m to convert the data, taking information from the header and data
lines/section, and placing this within a matrix structure (dataCTD) as follows:

* createWaterFigs_ ALBOREX: creates transect overview figures (prefix a2), 6/S,
temperature and conductivity profiles (‘strings’), colour plots of temperature,
salinity, fluorescence and turbidity.

* createWaterFigs_ ALBOREX_profile: creates figures (prefix a2), to view detail of
individual profiles, this has a option selection. This option can be switched on and
off at the start of the script (options.checkProfile = true/false).

* correctDepthlnversions_ALBOREX: this removes pressure inversion problems at
the base of profiles by removing pressure inversion data points from the end of the
profile

* correctProfiles_ ALBOREX: this removes sections od data that have been deemed
un correctable — the corrections are hard coded into this file. This option can be
switched on and off at the start of the script — options.checkProfile = true/false.
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When all transects the had been quality controlled and corrected, the transects were
processed sequentially to produce a ‘mission’ data file, saved as

ALBOREX092013_processed_ctd.mat, with the following format:

missionCTD.sciTime = time (mean serial time since 01-Jan-0000)
missionCTD.latitude = latitude (mean latitude in degrees for the profile)
missionCTD.longitude = longitude (mean longitude in degrees for the profile)
missionCTD.profile = station number e.g. s2-30

missionCTD.transect = transect numbere.g. 1

missionCTD.mission = cruise name ALBOREX 09/2013;
missionCTD.temperature = temperature (°C)

missionCTD.salinity = salinity (PSU);

missionCTD.conductivity = conductivity (mScm-1)

missionCTD.fluorescence = fluorescence(¢é?);

missionCTD.turbidity = turbidity(¢?);

missionCTD.maxDepth = maximum depth of profile (m);
missionCTD.minDepth = minimum depth of profile (m)
missionCTD.pressure = pressure from CTD unit (db)

Additional variables derived using the standard SEAWATER Libraries v3.2.

missionCTD.ptemp = potential temperature (°C);
missionCTD.pdensity = potential density (kgm-3);
missionCTD.sigma = (potential) sigma (kgm-3);

Note: The last two subroutines ‘correction’ subroutines are specific to ALBOREX data,
however can be easily altered to correct other datasets:

General options selected ALBOREX

downcast

sensor 2

Standard processing parameters for Step 2 (Seabird Seasave software)

datcnv  Manufacturers calibration

split up and down cast
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wildedit 2 sigma, 7 sigma, scan range 100
filter 0.15sand 0.5s
alignctd oxygen advanced by 3 s
celltm  thermal anomaly amplitude 0.03, thermal anomaly time constant 7
Min CTD velocity 0.25 ms-1, window size 300 s, surface soak depth 10 m, min soak
loopedit depth 5 m, max 20 m
derive  calculates depth, salinity, density and sigma

binavg 0.5db
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Annex II: ADCP, Navigation, Ship’s Attitude and Position technical
report

Authors: John Allen, SOCIB, Palma de Mallorca, Spain and Benjamin Casas-
Perez, IMEDEA-CSIC, Esporles, Spain

In this report, we look at the collection of vessel mounted acoustic Doppler current
profiler (VM-ADCP) data from the 150 kHz RDI VM-ADCP fitted to B/O SOCIB
during the PERSEUS Alborex cruise 24th May - 1st June 2014.

Ship’s position and attitude data

Meaningful water velocities from the vessel-mounted acoustic Doppler current
profiler (VM-ADCP) can only be obtained when the ADCP data are corrected for the
ship’s direction, speed and attitude; in effect removing the ship’s motion from the

ADCP’s initial estimate of water column movement.

There are three principle sources of error when attempting to derive ocean
currents from a VM-ADCP instrument. The first is the error in the attitude of the
VM-ADCP relative to the attitude of the vessel, the second is the error in the
knowledge of the ship’s heading and the third is the error in the knowledge of the
vessel’s velocity through the water. Typically a vessel’s velocity through the water
is between one and two orders of magnitude greater than the currents we are
trying to measure and therefore these sources of error can easily dominate the
signal. The first of these errors is overcome through calibration, discussed in a
later section. The second and third of these sources of error are corrected for on
B/0 SOCIB through the use of an Ashtech ADU800 3D GPS instrument, fitted in July
2013. The ADU8O0O0 uses a system of three antennas mounted on the bridge roof to
provide geographical positions to better than around 10-20 cm accuracy, and
heading, pitch and roll to better than 0.1°.

The ship’s position and attitude was setup to be measured at 1Hz by the new
ADUBO00 3D GPS Ashtech. This is the latest Trimble-AshTech system measuring the
phase difference, at three antennas, between incoming satellite signals from which
the ship’s heading, pitch and roll are determined through ultra short baseline

navigation principles. Launched in February 2013, unlike previous systems it only
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uses three antennas; assuming only a slowly varying or invariant altitude the
ADUB800 reduces both the uncertainty error in attitude calculation and affords one

less antenna.

150 kHz Vessel Mounted Acoustic Doppler Current Profiler (VM-ADCP)

Summary
SOCIB is a well equipped research vessel

(http://www.socib.es/?seccion=observing Facilities&facility=vessel) with a 150

kHz, RDI Ocean Surveyor, VM-ADCP transducer located in the port hull just
forward of the accommodation bulkhead in front of the fuel tanks at a depth of ~ 2
m. The RDI deck unit is mounted in the computer rack on the port “dry” side of the
Laboratory. It is connected to PCLABO2 for VMDas control and WinADCP software.
The VM-ADCP was operated and logged throughout most of the cruise. The deck
unit had firmware upgrades to VMDas 23.17 and PCLABOZ ran RDI software
VmDAS v1.46.

Calibration
To calibrate the installation of the VM-ADCP in the vessel hull, bottom track STA

files are examined for mis-alignment calibration checks. The ancillary navigation
and bottom tracking data are saved as text files through WinADCP, The text files
are read into Excel and sections of the data are copied and pasted into a prepared
Excel VM-ADCP calibration spreadsheet. The sections of data pasted into the
spreadsheets are chosen on the basis of relatively constant ship velocity and
bottom depth. The spreadsheet calculations follow the standard theory for VM-
ADCP installation calibration from bottom track information, which is as follows
(Joyce, 1989; Pollard and Read, 1989).

In the following diagram, let us consider AUg and AVg the velocity components of
the bottom past the VM-ADCP as measured by the VM-ADCP, and Us and Vs the
velocity components of the vessel from GPS navigation data. Now trigonometry

tells us that

, . - . ~ .
A - tan{cc - 9} - sinfa - ¢) _sinacosg C(')SQS'm(ﬁ,
U, cos(a - ¢} COSQCOSQ + sinasing
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vV, V,cos¢-U sing
Uy, Ucosg+V sing

therefore,

If we cross multiply, divide through by €95¢, and re-arrange, we can show that the
mis-alignment angle ? is given by

Now we observe also that
U, = AU _cosg+ AV sing,
and

Vi = AV cos¢ - AU sing,

V‘.(AU‘ cosg+ AV, sin ¢} -U, (AV‘ cosg - AU sinq:)
fang = — ' ‘ ‘ ;
VV.+U U,

which, after expanding, simplifying, dividing through by sin¢ and inverting both
sides, gives the amplification factor, 4,

!V‘V,, +U U, '
Am :

(U: +V;)cos¢
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Vessel mounted 150 kHz acoustic doppler current profiler data acquisition and
processing

B/0 SOCIB left the port of Cartagena at ~ 06:00 GMT on the 25/05/2013 and the
150 kHz RDI VM-ADCP was started shortly afterwards in bottom track mode ~
06:15 GMT; files ALBOREXMay14001_000000.***. The initialisation file
ALBOREX May2014_BT8m.ini was used with the following configuration set.

Transducer depth =2 m

Blank beyond Transmit = 8 m (As determined in the acceptance trials)
Number of bins = 50

Bin Thickness = 8 m

long range (narrowband) mode

Bottom tracking = on

Maximum bottom track distance = 400 m

Ping as fast as poss