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A small-scale oceanic eddy, which was generated in autumn 2011 at the headland of Cap-Vert off the coast of
Senegal, West Africa, and then propagated westward into the open North Atlantic Ocean, is studied by
multi-sensor satellite and surface drifter data. The eddy was generated after a sudden increase of the trade
winds causing an enhanced southward flow and upwelling at the coast of Senegal. After this wind burst event,
an extremely nonlinear cyclonic eddy with a radius of about 10 to 20 km evolved downstream of Cap-Vert
with Rossby number larger than one. Our analysis suggests that the eddy was generated by flow separation at

Keywords:
Sn%n/all—scale eddy the headland of Cap-Vert. The eddy was tracked on its way into the open North Atlantic Ocean from satellites
Trade winds over 31 days via its sea surface temperature and chlorophyll-a (CHL) signature and by a satellite-tracked surface

Coastal upwelling drifter. The satellite images show that this small-scale eddy transported nutrients from the upwelling region
SST westward into the oligotrophic North Atlantic thus giving rise to enhanced CHL concentration there. Maximum
Chlorophyll-a CHL concentration was encountered few days after vortex generation, which is consistent with a delayed plank-

MODIS ton growth following nutrient supply into the euphotic zone within the eddy. Furthermore, the eddy was imaged
SAR . by the synthetic aperture radar (SAR) onboard the Envisat satellite. It is shown that the radar signatures of cold
Surface drifter . . . . . . .

West Africa eddies result from damping of short surface waves by biogenic surface films which arise from surface-active
Cap-Vert material secreted by the biota in the cold eddy as well as by the change of the stability of the air-sea interface.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Oceanic eddies of horizontal scales ranging from several hundred
meters to several hundred kilometers have often been observed from
satellites. An excellent means to study eddies with horizontal scales
above 100 km are radar altimeters which presently fly on several satel-
lites. Radar altimeters measure eddies via sea level anomalies (SLA) and
use the geostrophic approximation to retrieve current velocities (see,
e.g., Chelton et al,, 2011a; Scott et al,, 2010). Eddies are encountered
all over the World's ocean (see, e.g., Cresswell & Legeckis, 1986;
Stevenson, 1998; Siegel et al., 2001). Chaigneau et al. (2008) have inves-
tigated eddy activity in the Canary upwelling area (10-45°N; 40-5°W)
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by using 15 years of satellite altimetry data. Restricting their analysis to
long-lived eddies having SLA larger than 2 cm and lifetimes larger than
35 days, they found that, on the average, around 60-100 eddies with di-
ameters of 140-320 km are present on weekly maps and that 4-7
eddies are generated each week in this area. Preferred regions of eddy
generation are those of strong currents, like the Gulf Stream, and up-
welling regions, like the Canary upwelling area.

However, eddies with horizontal scales below 50 km (or more
realistically: below 100 km) cannot be resolved by conventional altim-
eters (Fu & Ferrari, 2008), but they can be observed from space by
high-resolution optical/infrared sensors and by synthetic aperture
radars (SARs). In this paper we call eddies with diameters smaller
than 50 km small-scale eddies, although, in the literature, their names
are often chosen according to their dynamical or morphological proper-
ties. Sometimes such features are called sub-mesoscale eddies (Bassin
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et al,, 2005; Fu & Ferrari, 2008; McWilliams, 1985) or spiral eddies
(Eldevik & Dysthe, 2002; Karimova, 2012). We have refrained here
from using the term sub-mesoscale eddy because oceanographers
define the dividing line between mesoscale and sub-mesoscale eddies
in terms of the baroclinic Rossby radius of deformation, which depends
on latitude and oceanographic parameters (see, e.g., Chelton et al.,
1998) and thus has not a fixed length.

Small-scale oceanic eddies having horizontal scales below 50 km
have first been observed from space on sunglint images (Scully-
Power, 1986; Soules, 1970), and later also on synthetic aperture radar
(SAR) images (DiGiacomo & Holt, 2001; Fu & Holt, 1983; Ivanov &
Ginzburg, 2002; Johannessen et al, 1993, 1996; Karimova, 2012;
Munk et al., 2000; Yamaguchi & Kawamura, 2009). Small-scale eddies
are much less understood than mesoscale eddies, which can be
modeled quite well by present-day global ocean models which have a
resolution of the order of 10 km (Capet et al, 2008; Le Galloudec
et al.,, 2008; Maltrud & McClean, 2005). However, small-scale eddies
cannot be modeled by using traditional quasi-geostrophic theory
which applies to mesoscale eddies (Thomas et al., 2008). By using
high-resolution simulations, Eldevik and Dysthe (2002) show that
small-scale eddies produced by the instability of a geostrophic surface
flow are restricted to the very upper ocean and that they are a source
of kinetic energy for the larger scale flow. Like mesoscale eddies, also
small-scale eddies can be generated by several processes, like interac-
tion of large-scale currents with the bottom topography, islands or
headlands, by barotropic or baroclinic instability of currents and fronts,
or by atmospheric forcing (vorticity input from wind stress). Further-
more, also small-scale eddies can transfer heat, salt, trace gases, nutri-
ents, and chlorophyll-a (CHL) across frontal zones (see, e.g., Morrow
etal., 2003; Olson, 1991). In particular, they also can transport nutrients
from upwelling regions into oligotrophic ocean regions causing
enhanced CHL concentration there.

Small-scale eddies are particularly often encountered in enclosed
and semi-enclosed seas, like the Caspian Sea, the Mediterranean Sea,
the Black Sea, and the Baltic Sea. In a recent study, Karimova (2012)
has analyzed over 2000 SAR images acquired by the European Remote
Satellites ERS-1 and ERS-2 and the European Envisat satellite over the
Baltic, the Black and the Caspian seas in 2009-2010. She detected on
them more than 14,000 radar signatures of vortical structures with
diameters between 1 and 75 km. About 99% of them had diameters in
the range of 1-20 km and 98% had a cyclonic rotation.

In this paper we report about a single small-scale eddy which was
generated at the headland of Cap-Vert off the coast of Senegal (14° 45’
N, 17° 31’ W) following a sudden freshening of the trade winds. Due
to favorable cloud conditions, we were able to track the time evolution
of the eddy for 31 days by satellite images acquired in the visible/
infrared bands. Furthermore, during this period the eddy was also
imaged by a space-borne SAR. The satellite data we are using are from
the MODIS (Moderate Resolution Imaging Spectroradiometer) sensor
onboard the American Aqua satellite, the AVHHR (Advanced Very
High Resolution Radiometer) sensor onboard the European MetOp
satellite, and the Advanced SAR (ASAR) onboard the European Envisat
satellite. While MODIS and AVHRR are optical/infrared sensors, which
can retrieve information on sea surface temperature (SST) and CHL
concentration only over oceanic areas with no or little cloud coverage,
the SAR is an active microwave instrument which can take images inde-
pendently of cloud coverage and the time of the day. SST and CHL maps
are derived from these images which show the westward motion of the
eddy from the Senegal upwelling region into the open North Atlantic
Ocean. During the 31 days of satellite observations, the eddy moved
200 km westward thereby carrying nutrients from the upwelling
region into the oligotrophic North Atlantic, where it caused enhanced
CHL concentration. Furthermore, we recorded the movement of the
eddy by a satellite-tracked surface drifter. To our knowledge, this is
the first time where a small-scale eddy moving from an upwelling re-
gion into an oligotrophic ocean has been tracked by its SST, CHL, and

radar signatures over such a long time by using simultaneously
acquired satellite and surface drifter data.

The paper is organized as follows: In Section 2 we give a short sum-
mary of the importance of small-scale eddies on the redistribution of
heat, nutrients, and CHL in the ocean. Sections 3-6 are devoted to the
study of a small-scale eddy generated around 23 October 2011 at the
headland of Cap-Vert. In Section 3 we present simulations carried out
with the Mercator assimilation model showing how the small-scale
eddy was generated by atmospheric forcing caused by freshening of
the trade winds. In Section 4 we present data of a satellite-tracked
surface drifter deployed in the eddy and derive from them parameters
describing characteristics of the eddy. In Section 5 we present SST and
CHL maps showing the path and the evolution of the eddy on its way
from the generation region into the Atlantic. In Section 6 we present
three SAR images showing radar signatures of the eddy and discuss
what information they contain. In Section 7 we discuss and summarize
the results, and in Section 8 we give an outlook on how to monitor
small-scale eddies from space in the future.

2. Small-scale eddies in the ocean

High-resolution satellite images and oceanographic field measure-
ments have revealed intense, transient, small-scale motions associated
with eddy activity in many parts of the ocean (Lévy et al., 2010) and
in lakes (Karimova, 2012). Typically, these motions with horizontal
scales of the order of 10 km are difficult to observe by in-situ methods
(D'Asaro, 1988; Kaz'min & Kuz'mina, 1990; Marullo et al., 1985;
McWilliams, 1985) and difficult to model. By comparing models of dif-
ferent horizontal resolutions, including an extremely high-resolution
model of 1/54°, Lévy et al. (2010) have shown that with increasing
resolution smaller and smaller eddies are generated. The small-scale
flow field, which is largely ageostrophic, strongly affects the large-
scale ocean circulation.

Mesoscale eddies as well as small-scale eddies are instrumental in
transporting cold water and nutrients from upwelling regions into
oligotrophic ocean regions. Although more than 30 years ago,
Gower et al. (1980) have pointed out that phytoplankton patchiness
is linked to mesoscale eddies, it has been realized only recently that
eddies play a key role in the variability of the CHL distribution in the
World's ocean (Lathuiliére et al., 2011; Williams, 2011). Chelton et al.
(2011b) state that most of the variability of CHL distribution results
from redistribution of CHL caused by advection with the mesoscale
flow field and not from changes in the local phytoplankton growth. At
the beginning of their life, eddies cause horizontal and vertical transfers
of heat and nutrients as they form in regions of strongly sloping density
surfaces. At a later stage, they often move far away from their region of
origin as coherent structures. Finally, they die and release their proper-
ties to the environment. Often the CHL distribution associated with
eddies consists of dipoles with maximum and minimum CHL values
outside of the eddy cores (Chelton et al,, 2011a,b). However, also mono-
poles, where the positive or negative CHL anomalies are located in the
center of the eddy, are frequently observed on satellite images. In
cyclonic eddies, whose isopycnal doming allows nutrients to reach the
euphotic zone, maximum CHL concentration is usually located in the
center. This paper deals with this kind of eddies. Occasionally, also
large-scale eddies with diameters of the order of 600 km have been
observed which transport nutrients and CHL from a coastal area hun-
dreds of kilometers away into oligotrophic regions (Lin et al., 2010).

Thus cyclonic eddies contribute to stimulate phytoplankton growth
and transport phytoplankton from nutrient-rich to nutrient-poor
regions. They are also oasis for higher trophic marine life, since they
provide optimal conditions for enriched feeding in the open ocean
(Atwood et al., 2010; Godg et al., 2012). On the other hand, mesoscale
eddies are also responsible for the reduction of the biological activity
in coastal upwelling regions since they transport nutrient-rich water
away from the coast (Gruber et al.,, 2011).
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Most of the literature dealing with the transport of nutrients and
CHL by eddies from upwelling into oligotrophic regions refer to meso-
scale eddies with diameters above 50 km (Falkowski et al., 1991;
Greenwood et al.,, 2007; Heywood & Priddle, 1987; Ladd et al., 2009;
Levy et al,, 2001; Lin et al., 2010; Perissinotto & Rae, 1990). However,
we anticipate that the same transport mechanism applies also to
small-scale eddies with diameters below 50 km. Due to the reasons
listed above, there exist only relatively few papers dealing with mea-
surements of small-scale eddies; among them are the papers by
D'Asaro (1988), Bassin et al. (2005), DiGiacomo and Holt (2001), and
Kasajima et al. (2006). In the first paper, small-scale eddies were inves-
tigated in the Beaufort Sea by using helicopter-borne expendable
current profiler and conductivity-temperature-depth (CTD) data, in
the second paper they were studied in the Southern California Bight
by using synthetic aperture radar (SAR) images as well as surface drifter
and mooring data, in the third paper they were studied in the Southern
California Bight by using shore-based HF radar data, and in the fourth
paper they were studied in the Greenland Sea by using hydrography,
chemical tracer, and velocity profiler data.

In this paper we study a small-scale eddy by using multi-sensor
satellite data and data from a surface drifter moving with the eddy.
Like for larger scale eddies, also this eddy constitutes a source of
nutrient anomaly which is transported over long distances, in this
case from the upwelling area of the Senegalese coast westward into
the open North Atlantic Ocean. Thus this small-scale eddy served as a
vehicle to transport plankton into the oligotrophic East Atlantic Ocean.
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3. Generation of the small-scale eddy at Cap-Vert

The small-scale eddy analyzed in this paper has its origin in the
upwelling area off the coast of Senegal in West Africa. The coast of
West Africa between 12° and 25°N is a well-known upwelling area,
located in the large marine system influenced by the Canary current
and driven by the trade winds. Between 20° and 25°N, upwelling is
a permanent phenomenon, but between 11° and 20°N it occurs only
in winter and spring (Demarcq, 1998). Since the eddy investigated
in this paper originated from the coastal waters near Cap-Vert, we
suspect that the headland of Cap-Vert played a key role in its genera-
tion. It is well known from other parts of the World's ocean that head-
lands are birthplaces of eddies (Davies et al, 1995; Denniss et al.,
1994; Munchow, 2000; Murdoch, 1989; Pattiaratchi et al, 1987
Signell & Geyer, 1991). Also DiGiacomo and Holt (2001) noted that
most of the small-scale eddies in the Southern California Bight are
observed in close proximity of islands and headlands, which suggests
that they are topographically generated. Since eddy generation at
Cap-Vert does not occur on a regular basis, it must have been caused
by a sudden change in environmental conditions. One would expect
that the most likely cause was a wind burst directed southward along
the coast which caused an increase of the surface flow. This was indeed
the case as revealed by the four wind maps depicted in Fig. 1. The maps
show near-sea surface wind fields provided by the National Climatic
Data Center (NCDC) of the National Oceanic and Atmospheric Adminis-
tration (NOAA), which generates them from a blend of satellite data,
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Fig. 1. Near sea surface wind fields provided by the National Climatic Data Center of NOAA generated from a blend of satellite data for 00 UTC on (a) 21 October, (b) 22 October,
(c) 23 October, and (d) 24 October 2011. a shows a wind field typical for this time of the year and Fig. 1b,c, and d shows the time evolution of the wind burst advancing southward

along the coast of West Africa toward Cap-Vert (marked by an arrow).
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including data from the scatterometer ASCAT onboard the European
MetOp satellite (Zhang et al., 2006, http://www.ncdc.noaa.gov/oa/
rsad/air-sea/seawinds.html). The four wind maps, which all refer to
00 UTC, show the time evolution of the wind field which caused the
generation of the eddy. Fig. 1a shows the wind field on 21 October
2011 before the onset of the wind burst and Fig. 1b,c, and d the wind
fields on 22, 23 and 24 October, respectively, showing different stages
of the time evolution of the wind burst approaching Cap-Vert. On 23
October at 00 UTC (Fig. 1c) the maximum wind speed was 11 m s~ !,
and on 24 October, when the wind burst had reached Cap-Vert, the
wind speed had dropped to 9 m s~ ! (Fig. 1d).

In order to investigate the ocean circulation forced by the wind
burst, we have analyzed simulations performed with the “Mercator
Global Operational System PSY2V4R2” (Lellouche et al., 2012). This
model assimilates sea level anomalies, SST, and temperature/salinity
(T/S) profiles. It is forced by wind and surface heat and freshwater
fluxes provided by the European Centre for Medium-Range Weather
Forecasts (ECMWEF). It has a horizontal resolution of 1/12° (9 km at
the equator and 3 km at 70°N) and thus is well suited to study the
generation and propagation of mesoscale eddies of scales above
50 km, but cannot simulate small-scale eddy dynamics.

However, here we have used the Mercator model only to shed light
on the onset of a southward wind-induced coastal current which we
suspect to be responsible for the generation of the small-scale eddy at
the headland of Cap-Vert. In Fig. 2a—c the surface current fields (repre-
sented by arrows) superimposed on the SST field (represented by
colors) simulated by the Mercator model for 00 UTC on 23, 27, and 31
October 2011, respectively, are depicted. On 23 October (Fig. 2a), the
flow at the approaches to Cap-Vert is dominated by northward flow
associated with high SST values within the region. Four days later
(Fig. 2b), a strong southward directed surface current, forced by
the wind burst, dominated the coastal region north of Cap-Vert.
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Fig. 3. Time series of the position of the satellite-tracked surface drifter from 29 October to
27 November 2011. The colors in the circles denote the water temperature at a depth of
20-30 cm below the sea surface. The black line denotes the motion of the center of the
eddy.

Accordingly, upwelling occurred which is clearly visible as a coastal
band of reduced SST on the SST map depicted in Fig. 2b. Note that max-
imum surface velocities are centered next to Cap-Vert, where also the
SST is reduced. The map depicted in Fig. 2c shows that cold water has
intruded the area southwest of Cap-Vert and that south of Cap-Vert
warm water was flowing northward along the coast. This flow forms,
together with the southward flow further west, a cyclonic flow pattern.
Such a recirculation of water behind an obstacle is typical for eddy gen-
eration by flow separation. The onset of the along-shore flow on 23 Oc-
tober can also be seen on the plot depicted in Fig. 2d, which shows how
the simulated SST (black curve) and along-shore surface current (red
curve) varied with time. The plot applies for the grid point 15.39°N,

October 31, 2011
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Fig. 2. Upper panels a, b, and c: simulated sea surface current field (black arrows) superimposed on the simulated SST field (colors) calculated by the Mercator model for 00 UTC on (a) 23
October, (b) 27 October, and (c) 31 October 2011, respectively. The maps show the surface current fields before and after the onset of the enhanced surface flow caused by the wind burst.
Panel ¢ shows that cold water has intruded the area southwest of Cap-Vert (marked by a thick black arrow) and that south of Cap-Vert warm water is flowing northward along the coast.
This cyclonic circulation pattern suggests that flow separation has taken place. Lower panel d: time series of the sea surface temperature (black curve) and the along-shore surface current
(red curve) at the grid point 15.39°N, 16.83°W, which is the grid point next to the coast slightly north of Cap-Vert (marked by a white plus sign in panels a, b, and c), simulated by the
Mercator model. It shows the development of a strong southwestward near coastal current starting on 23 October 2011. The dashed lines mark the times of the simulations depicted

in panels a, b, and c.
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16.83°W, which is the grid point next to the coast slightly north of
Cap-Vert (see Fig. 2). The three dashed lines inserted in Fig. 2d mark
the times at which the simulations shown in Fig. 2a-c were carried
out. The plot shows the onset of a strong near coastal current on 23
October (marked by the first dashed line from the left) and a drop in
SST due to upwelling and southward advection of colder water masses.
We suspect that flow separation at Cap-Vert, as visible in the simulated
flow field depicted in Fig. 2b, represents the initial stage of the highly
nonlinear eddy generation process. However, the model is not capable
to reproduce the cyclogenesis in detail and cannot describe the genera-
tion of highly nonlinear eddies. But the model is capable of describing
the upwelling induced by the northerly wind burst and the environ-
ment in which the small-scale eddy was generated.

4. Satellite-tracked surface drifter data

A surface drifter was deployed on 29 October 2011 in the core of the
eddy at 17°43'W, 14°33’'N southwest of Dakar. The drifter is a mini
Surface Velocity Program (SVP) drifter manufactured by Clearwater
Instrumentation, Watertown, MA, USA (Lumpkin & Pazos, 2007). It is
equipped with an SST sensor and a pressure sensor for monitoring the
vertical position of the drogue centered at a nominal depth of 15 m.
The surface drifter was tracked by the Argos Data Collection and Loca-
tion System with horizontal position accuracy better than 1500 m.
The drifter position data were first edited for spikes and outliers and
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Fig. 4. (a) Azimuthal velocity of the drifter around the eddy core, (b) radius of the drifter
trajectory, (c) Rossby number of the eddy, and (d) water temperature at a depth of
20-30 cm below the sea surface as function of time as obtained from the surface drifter
data.

then linearly interpolated at regular 2-h intervals by using the kriging
technique (Hansen & Poulain, 1996). The interpolated positions were
low-pass filtered by using a Hamming filter (cut-off period at 36 h) in
order to remove higher frequency current components and were finally
sub-sampled at 6-h intervals. Velocity components were then estimat-
ed from centered finite differences of 6-h sub-sampled data. The trajec-
tory of the drifter between 29 October and 27 November 2011 is
depicted in Fig. 3. The colors in the circles denote water temperature
measured by the drifter at a depth of 20-30 cm below the sea surface.
In order to extract the properties of the eddy from this time series, the
wavelet ridge analysis developed by Lilly and Gascard (2006) and Lilly
et al. (2011) has been applied. In this analysis the time series is
decomposed in a time-varying elliptical signal and a residual. The ellip-
tical signal is associated with the intrinsic eddy rotation, and the resid-
ual represents the eddy translation (thick solid line in Fig. 3). Lilly and
Gascard (2006) provided with their paper a software package, written
in Matlab, for performing the analyses and generating plots (http://
www.jmlilly.net).

Based on such flow decomposition, the mean azimuthal velocity V,,
and the mean radius Ry, of the drifter rotation around the eddy core
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Fig. 5. SST retrieved from MODIS data acquired (a) at 1440 UTC on 29 October 2011
and (b) at 1430 UTC on 31 October 2011. The white areas are land (on the right),
clouds where no SST could be retrieved, or regions where no data were acquired.
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have been estimated. We used these values to calculate the eddy Rossby
number:

Ro=V,/(f*R,) (1)

where f is the Coriolis parameter.

These parameters (V,, Rm, and Ro) as extracted from the time series
depicted in Fig. 3 are plotted in Fig. 4. Furthermore, also the water
temperature as measured by the surface drifter is plotted as a function
of time in Fig. 4d. Fig. 3 shows that the eddy propagated in a northwest-
ward direction. According to the linear theory, a cyclonic eddy should
propagate westward on a beta-plane (see e.g., Cushman-Roisin et al.,
1990; Korotaev & Fedotov, 1994; Lam & Dritschel, 2001). However,
cyclonic eddies tracked in a nonlinear quasi-geostrophic model show
a poleward deflection from purely westward shift that was found to
be consistent with satellite observations (Early et al., 2011) and which
is also observed for the present eddy.

After an initial stage, we observe two different phases of the drifter
movements around the eddy. During the week from 1 to 8 November,
the drifter rotated close to the eddy center (about 5 km apart, see
Fig. 4b). Accordingly, the measured water temperature was relatively
low, which is typical for upwelled water located in the core of the
eddy. After a short transition phase, during which the drifter rapidly de-
parted from the eddy center, a second, almost stationary stage lasting

/11/05 14:45
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for about 2 weeks followed (mean radius about 15 km, see Fig. 4b).
The water encountered by the drifter at this distance from the eddy
core was substantially warmer and barely exhibited eddy core proper-
ties. More importantly, the eddy as measured by the drifter was highly
nonlinear as inferred from the value of Rossby number (Ro) which
exceeded 1 (Fig. 4c). The Rossby number stayed above 1 until 19
November and did not drop below 0.5 until 29 November. Note, however,
that the Ro estimation crucially depends on the assumed structure of the
azimuthal velocity of the eddy (Rubino & Brandt, 2003; Rubino et al,
1998). For comparison, typical Rossby numbers of known mesoscale oce-
anic eddies, like, e.g., Gulf Stream rings, rarely exceed 0.2. Hence the
observed eddy, particularly during its initial stage, was extremely
nonlinear with a maximum Rossby number of Ro=1.8. Its nonlinear
terms overwhelmed the Coriolis term in the momentum balance.

5. Sea surface temperature and chlorophyll-a maps

Figs. 5-7 show the time evolution of the small-scale eddy between
29 October and 28 November 2011 in the form of SST and CHL maps re-
trieved from Aqua MODIS data. The SST maps show sea surface signa-
tures of the eddy, while the CHL maps show the CHL distribution in
the upper layer of the ocean. These maps show that the cyclonic eddy
drifted first southwestward and then northwestward into the open
Atlantic. Sea surface signatures of the cold eddy are visible on all SST
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Fig. 6. Maps of the SST in degrees C and of the chlorophyll-a (CHL) concentration in mg/m?> retrieved from MODIS data. Upper maps: at 1445 UTC on 5 November 2011. Lower maps:
at 1435 UTC on 7 November 2011. The arrows point to the SST and CHL signatures of the small-scale eddy.
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Fig. 7. Same as Fig. 6, but at 1445 UTC on 21 November 2011 (upper maps) and at 1450 UTC on 28 November 2011 (lower maps).

maps. The SST maps depicted in the lower left panel of Fig. 6 and in 8
show spiral arms emanating from the core of the eddy which are warm-
er than the core of the eddy, but still about 1.0-1.5 °C cooler than the
surrounding waters.

When comparing the SST and CHL maps in Figs. 6 and 7, we see that
the centers of the patches with strongly reduced SST (about 2 °C colder
than the surrounding waters) and with strongly enhanced CHL concen-
tration (about 3 mg m~> higher) coincide. While the diameter of the
core of the eddy in the SST maps is estimated to vary between 15 and
30 km, the diameter of the eddy in the CHL maps is more difficult to es-
timate. In these maps the patch of strongly enhanced CHL distribution is
surrounded by a broad band with medium enhanced CHL (about
1 mg m~3). The SST maps (acquired during daytime, see captions to
Figs. 6 and 7) show that the maximum reduction of the SST in the
core of the eddy relative to the surrounding waters is about 2.5 °C.
However, this does not necessarily correspond to the maximum tem-
perature difference between the upwelled water in the eddy core and
the surrounding water. Typically, the SST measured during night time
over the eddy is lower than the SST measured during day time and
hence more representative for the true temperature of the upwelled
water. Wang and Tang (2010) have studied this phenomenon and ar-
gued that, during daytime, absorption of solar radiation is enhanced
by the presence of phytoplankton, which leads to higher daytime SST
over phytoplankton bloom areas. These authors have estimated that
the difference between daytime and nighttime SST depends on the

CHL concentration and is of the order of 1 °C for a concentration of
3 mg m~>. In Fig. 8 two pairs of SST maps are shown that were derived
from MetOp AVHRR data acquired shortly before noon (local time is
equal to UTC) and during the night. They clearly show that at daytime
the SST has increased everywhere due to diurnal warming, but they
also show that this increase is stronger in the eddy area, which is agree-
ment with the observations of Wang and Tang (2010).

6. Synthetic aperture radar images

In Figs. 9a-11a three SAR images are depicted, which were acquired
between 30 October and 2 November 2011 by the ASAR onboard the
Envisat satellite (http://envisat.esa.int/handbooks/asar/). Two of them
(Figs. 9a and 11a) were acquired in the Global Mode (GM) with a reso-
lution of 1 km (500 m pixel spacing) and one (Fig. 10a) in the Wide
Swath Mode (WSM) with a resolution of 150 m (75 m pixel spacing).
All SAR images show radar signatures of the small-scale eddy in the
form of patches of reduced image intensity. The SAR images are calibrat-
ed with respect to normalized radar cross section (NRCS), which is a
measure of the backscattered radar power (see, e.g., Valenzuela,
1978). Thus the SAR images represent NRCS maps. From these SAR
images we have retrieved near-surface wind fields by using the
CMOD4 wind scatterometer model (Stoffelen & Anderson, 1997) and
the wind directions from the National Center of Environmental
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Fig. 8. Maps of the SST retrieved from MetOp AVHRR data acquired (a) at 1128 UTC on
5 November 2011 and (b) at 2234 UTC on the same day. Note that during the night
(b) the core of the eddy is about 0.5 °C colder than during daytime.

Predictions (NCEP) model (Alpers et al.,, 2011; Sikora et al.,, 2006). The
wind fields are depicted in Figs. 9c-11c.

Not only quantitative information on near-surface wind fields can be
extracted from SAR images, but also information on eddies and
upwelled cold water via the reduction of the NRCS. For this purpose
we have made NRCS scans along transects through the radar signatures
of the small-scale eddy visible on all three SAR images These scans are
shown in Figs. 9b-11b. We have refrained from normalizing the plots,
i.e,, we have not corrected them for the incidence angle dependence
of the NRCS, which is of no relevance for this investigation. In order to
render the NRCS reductions better visible on the plots, we have chosen
different NRCS dB scales in the plots. The plots have been generated
from the SAR images by digitizing them with a 500 m pixel spacing
and by averaging over 5 pixels by using a mean filter. Inspection of
the plots depicted in Figs. 9b-11b shows that the dark patches visible
on the SAR images give rise to dips in the NRCS curves. Although the
curves exhibit large variations, estimates of the maximum reduction
of the NRCS over the eddy can be obtained. On the NRCS plot depicted
in Figs. 9b-11b, the measured reductions are estimated to be 3 dB,
13 dB, and 10 dB, respectively. Maximum NRCS reduction was found

not in the eddy core but near the southwestern rim of the eddy (cf.
Figs. 5b and 10).

There are two mechanisms that can cause reductions of the NRCS
over cold eddies. Both of them are associated with damping of the
short-scale sea surface roughness. Short-scale roughness denotes in
this context short surface waves with wavelengths in the centimeter
to the decimeter range which, according to the Bragg scattering theory,
determine the radar backscattering (Valenzuela, 1978). The damping
can be caused by 1) surface films floating on the sea surface or by 2) a
change of the stability of the air-sea interface due to upwelled cold
water. In general, the reduction of the NRCS due to surface films is
much larger (typically 6 and 15 dB) than that due to the change of the
stability of the air-sea interface (typically 0.5-3.0 dB).

6.1. Reduction of the NRCS by surface films

As shown in Section 5, the small-scale eddy analyzed in this paper is
associated with a high CHL concentration and thus with high biological
productivity. Unfortunately there are no CHL maps available from the
early stages of eddy development, i.e., before 5 November 2011. How-
ever, the maximum NRCS reduction near the southwestern rim found
during the early stage of eddy development, is most likely connected
to enhanced nutrient supply in the frontal region of the cold eddy.
Such a supply of nutrients to ocean eddies was found to be affected by
submesoscale processes that act along the periphery of eddies and can
induce vertical velocities several times larger than those associated
with other processes like e.g., eddy-wind interactions (Mahadevan
et al., 2008). Therefore we expect that much surface active material is
secreted by the biota near the rim of the eddy, which ascends to the
sea surface and forms there surface films. These so called biogenic
surface films are usually only mono-molecular layers, but they can
damp the short-scale ocean waves as strongly as mineral oil films
(Alpers & Espedal, 2004; Wismann et al, 1998). According to the
Bragg scattering theory (Valenzuela, 1978), damping of these waves
causes a reduction of the NRCS. There exist only few measurements of
the reduction of the C-band NRCS by biogenic surface films (Espedal
et al,, 1998; Huehnerfuss et al., 1996), which show that this reduction
is quite variable, depending on wind speed and type of biogenic surface
films. The measurements show that the reduction is typically larger
than 6 dB in the wind speed range from 2 to 6 m s~ '. Even NRCS reduc-
tions of 17 dB have been measured (Espedal et al., 1998). At wind
speeds larger than about 8 m s~!, the surface films disappear from
the sea surface because they get entrained in the underlying water by
wave breaking (Alpers & Espedal, 2004; Romano & Marquet, 1991)
and thus cannot contribute to the NRCS reduction anymore. On the
other hand, at wind speeds below 1-2 m s~ !, no short surface waves
(“Bragg waves”) are generated by the wind that can cause radar back-
scattering. Thus, also in this case, the presence of surface films cannot
reduce the NRCS anymore.

6.2. Reduction of the NRCS by change of the stability of the air-sea
interface

Usually the air-sea interface is neutrally stable, which is the case
when the water and air temperature are equal. However, when the
water temperature becomes lower than the air temperature, the air-
sea interface becomes stable. As a result the friction velocity (or wind
stress) decreases and thus less short waves are generated (see,
e.g., Kozlov et al,, 2012; Large & Pond, 1981). Measurements of the re-
duction of the NRCS as a function of air-sea temperature difference
were carried out by Keller et al. (1989) with a C band scatterometer
mounted on a platform in the North Sea. The data show that the NRCS
decreases with increasing air-sea temperature difference approximate-
ly by 1.2 dB/°C for wind speeds between 6and 7 m s~ !, by 1.0 dB/°C for
wind speeds between 8 and 9 ms™!, and by 0.75 dB/°C for wind
speeds between 11 and 12 m s~ . Clemente-Colon and Yan (1999)
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Fig. 9. (a) Section of an ASAR image acquired in the Global Mode (GM) at 1112 UTC on 30 October 2011 during a descending satellite pass. Cap-Vert, which has the form of a hook, is
visible in the right-hand section of the image. The patch of slightly reduced image intensity southwest of Cap-Vert is the radar signature of the small-scale eddy, and the patch of
strongly reduced image intensity (black patch) northeast of Cap-Vert the radar signature of an area in the coastal upwelling zone covered by surface films. (b) Variation of the NRCS
along the dashed line inserted in the ASAR image. The vertical scale ranges from — 19 to — 13 dB. The eddy causes a drop of the NRCS of about 3 dB. (c) Near-surface wind field is

derived from the ASAR image.

have obtained from their analysis of ERS-2 SAR images acquired over
the US Mid-Atlantic coastal ocean in combination with the SST data
acquired by the AVHRR sensor onboard NOAA satellites values between
0.5 and 1.0 dB/°C. Given the fact that they did not specify the wind
speed range, we consider their values to be compatible with the values
measured by Keller et al. (1989). Recently Yang et al. (2011) proposed
a new relationship between reduction of the NRCS and the sea-air
temperature difference and wind speed. They analyzed Radarsat-1

SAR images in combination with AVHRR SST and buoy data from the
National Data Buoy Center and derived the following relationship:

AGo = 0.105AT + 11.207 (AT/U' 7). )

Here A60 denotes the variation of the NRCS in dB, AT = Tsea — Tair is
the sea-air temperature difference, and U is the wind speed measured
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Fig. 10. (a) ASAR image acquired in the Wide Swath Mode (WSM) at 2317 UTC on 31 October 2011 during an ascending satellite pass. The dark patch southwest of Cap-Vert is the radar
signature of the small-scale eddy. Maximum NRCS reduction is observed near the southwestern rim of the eddy (cf. Fig. 5b). (b) Variation of the NRCS along the dashed line inserted in the
ASAR image. The vertical scale ranges from — 30 to — 10 dB. The eddy causes a drop of the NRCS of about 13 dB. (c¢) Near-surface wind field is derived from the ASAR image.
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Fig. 11. (a) Section of the ASAR image acquired in the Global Mode (GM) at 1101 UTC on 2 November 2011 during a descending satellite pass. The dark patch southwest of Cap-Vert
is the radar signature of the small-scale eddy. (b) Variation of the NRCS along the dashed line inserted in the ASAR image. The vertical scale ranges from —32 to — 18 dB. The eddy
causes a drop of the NRCS of about 10 dB. (c) Near-surface wind field is derived from the ASAR image.

at a height of 10 m. Note that this relationship applies only for negative
values of AT.

6.3. Interpretation of the radar signatures of the small-scale eddy

The SST maps derived from the MODIS data show that the difference
between the SST in the core of the cold eddy and the SST in the sur-
rounding waters, which we assume to be equal to the air temperature,
is about 2.5 °C. When we apply the rate of reduction of the NRCS appli-
cable for the wind speed range of 6-7 m s~ !, which, according to Keller
et al. (1989) is 1.2 dB/°C, to the SAR image of 30 October (Fig. 9a), we
obtain for the reduction of NRCS over the eddy the value of 3 dB,
which is just the measured value (Fig. 9b). However, when we apply
Eq. (2) and insert the values U=6 m s~ and AT=2.5 °C, we obtain
for the NRCS reduction the value of 1.5 dB. If we assume that the
value of 3 dB based on the data of Keller et al. (1989) is correct, than
we could conclude that at this early stage of the development of the
eddy (on 30 October) the biological activity was so low that no appre-
ciable amount of surface active material ascended to the sea surface to
form surface films. In this case we would conclude that the reduction
of the NRCS was solely caused by the change of the stability of the
air-sea interface from neutrally stable to stable. However, if we assume
that the value of 1.5 dB based on the formula of Yang et al. (2011) is
correct, then, in addition to the reduction of the NRCS by the change
of the stability of the air-sea interface, a small fraction of the eddy
area must have been covered with biogenic surface films.

On the other hand, for the two SAR images of 31 October and 2
November (Figs. 10a and 11a), the reductions of the NRCS are 13 and
10 dB, respectively, which clearly points to the presence of biogenic
surface films. Subtracting from these values of 3 dB to account for a
reduction in NRCS due to cold water, we are left with the NRCS reduc-
tions of 10 and 7 dB caused by surface films. These values are well
within the range of previously measured reductions of the NRCS by bio-
genic surface films (Espedal et al., 1998; Huehnerfuss et al., 1996). In
addition to the scans through the radar signatures of the eddy, we
have also made an NRCS scan through the dark elongated patch

northeast of Cap-Vert visible on the ASAR image of 30 October depicted
in Fig. 9a. The reduction of the NRCS was measured to be 14 dB, which
clearly indicates that this area located northeast of Cap-Vert in the
upwelling region is covered by biogenic surface films.

7. Discussion and summary

Near-surface mesoscale eddies having diameters above 100 km can
often be detected by conventional radar altimeters of the Topex/Poseidon
or Jason type (http://sealevel,jpl.nasa.gov/missions/) via their sea surface
height anomalies. However, eddies with diameters typically from few
km to 100 km are not resolved by them, but they can be detected
from space by high-resolution optical/infrared sensors and by SAR.
While optical/infrared sensors can acquire data only when there are
no or only few clouds, SAR is capable of providing data independently
of cloud coverage and time of the day. However, also SAR has its limita-
tions in imaging small-scale oceanic eddies. The most important ones
are 1) the poor coverage of ocean areas by present-day spaceborne
SARs and 2) the difficulty to identify unambiguously features (usually
dark areas) visible on SAR images as radar signatures of oceanic eddies.

In this paper, we have investigated a small-scale eddy which was
tracked for 31 days from its birth place in an upwelling area into an ol-
igotrophic ocean. For this investigation we have used SST, CHL, and sea
surface roughness (measured by SAR) data obtained from satellites, and
surface drifter data. The eddy was generated at the Cap-Vert headland
at the West coast of Africa (Senegal) by enhanced surface flow caused
by a wind burst of the trade winds which led to flow separation behind
the headland. While moving westward due to the beta effect, the eddy
changed its shape, but kept its low SST of 24.5°-25 °C in its center
during the entire observation period. This shows that little mixing
with the surrounding waters took place. Simultaneously the acquired
CHL data show that the eddy transported nutrients from the upwelling
region westward into the oligotrophic North Atlantic thus giving rise to
enhanced CHL concentration there. Note that the area of lowest SST in
the core of the eddy corresponds also to the area of the highest CHL
concentration.
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In addition to imaging by optical/infrared sensors, the small-scale
eddy was also imaged by SAR via the damping of the short-scale surface
waves, which causes a reduction of the backscattered radar power or
the NRCS. The damping can be caused by 1) surface films floating on
the sea surface or by 2) a change of the stability of the air-sea interface
due to upwelled cold water. Surface films of biogenic origin are encoun-
tered almost always over areas of high biological productivity, i.e., over
upwelling areas and over cold eddies. The reduction of the NRCS due to
a change of the stability of the air-sea interface above the cold eddies
usually causes a weak reduction of the NRCS, at most by 1.2 dB/°C.
Since the SST in the center of an eddy, like the one investigated in this
paper, is typically 1.5-2.5 °C lower than the SST of the surrounding
waters, this implies a maximum reduction of the NRCS by 1.8 to 3 dB.
On the other hand, when the reduction is caused by biogenic surface
films, the reduction of the NRCS is much larger, typically between 6
and 15 dB.

The SAR image depicted in Fig. 9a shows that, in the very early stage
of the development of the eddy, the area above the eddy was not or was
only slightly covered with biogenic surface films. This suggests that the
phytoplankton growth was not fully developed. However, the SAR
images depicted in Figs. 10a and 11a show that, at later stages of the
development of the eddy, the southwestern portion of the eddy surface
area was covered by biogenic surface films which suggests a high
concentration of biota in the eddy. Therefore we suspect that strong
CHL growth has taken place after 30 October.

8. Outlook

As stated before, small-scale eddies play an important role in ocean
dynamics, but, unlike mesoscale eddies, they cannot be measured at
present on a global scale. Therefore all present studies of small-scale
eddies can only be case studies. The hope is that with the future
instrument SWOT (Surface Water and Ocean Topography) (http://
swot.jpl.nasa.gov/) small-scale eddies can be measured on global scale
independently of cloud coverage and time of the day. This instrument
is scheduled to be launched in 2020. It is a wide-swath altimeter using
the SAR principle. The goal is to achieve an accuracy of geostrophic
velocity measurements (via SLA measurements) of 0.03 m s~ ! at a
horizontal scale of 10 km at 45° latitude (Fu & Ferrari, 2008). Thus
SWOT would allow, in conjunction with high resolution ocean models,
the study of small-scale oceanic eddies on a global scale and thus
improve fisheries and ecosystem management strongly linked to
primary production.
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