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1. OBSERVED NEAR-SURFACE CURRENTS

Ocean currents connect local basins into the single Global
Ocean. Together with atmospheric circulation, they serve to
maintain the planetary balance of heat and freshwater. Cur-
rents are hard to measure. It required decades of interna-
tional effort and generations of scientists and engineers
before the observational network was built that monitors
today’s surface currents globally and in near real time.

1.1.  Global Drifter Program and History of
Lagrangian Observations

For many centuries, the large-scale pattern of ocean cur-
rents was inferred from the downstream fate of flotsam
and debris of identifiable origin (c.f.. Sverdrup et al..
1942). This information could be combined with in situ
current estimates from ship drift—derived from the dif-
ference between the absolute motion of a ship and its rel-
ative motion through the water—to create maps of ocean
currents and transport pathways. However, the speed of
ocean surface currents can only be poorly estimated from
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this approach. Without robust knowledge of travel times
and exact pathways, flotsam does not provide this infor-
mation; ship drift in the pre-Global Positioning System
(pre-GPS) period could suffer from relatively large naviga-
tional errors, resulting in surface current errors of
O (20cm s_') (Richardson and McKee, 1984). In addition,
the force of the wind on a ship is not negligible, creating
systematic biases in regions of large-scale, persistent winds
such as the Trades or Westerlies (Richardson and Walsh,
1986; Reverdin et al., 1994; Lumpkin and Garzoli, 2005).

To reduce the effect of wind forcing on surface current
measurements, investigators developed Lagrangian drifting
buoys (or drifters) that had a small drag area above the
waterline compared to the drag area below. They did this
by attaching a sea anchor, or drogue, to the floating surface
buoy. In the presatellite era, the drifter’s position was deter-
mined by triangulation from a fixed point (land or an
anchored ship). Observations of drogued drifters were col-
lected as early as the mid-1700s off the US northeast coast
(Franklin, 1785; Davis, 1991) and worldwide in the Chal-
lenger oceanographic survey of 1872-1876 (Thomson,
1877; Niiler, 2001).
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With the introduction of radio, visual observations were
no longer necessary to track drifters. Drifters with radio
transmissions could be tracked via triangulation from shore
receivers or from aircraft, allowing for larger arrays and
observations in harsher conditions. This technology was
used in the US Coastal Ocean Dynamics Experiment
(CODE) of 1981-1982, in which 164 radio-tracked drifters
were deployed off the US west coast (Davis, 1985a). These
CODE drifters (also known as “Davis™ drifters) had four
cruciform-shaped drogue panels centered at a depth of
~60 cm beneath the surface, attached to a central vertical
tube that contained the transmiiter, batteries, and antenna
(Davis, 1985a). Four floats at the upper, outer corners of
each drogue panel provided additional buoyancy.

In the 1970s, satellites opened the possibility of
worldwide drifter measurements. In the pre-GPS (mid-
1990s) era, drifter positions were determined from the
Doppler shift of the drifter’s transmissions as measured
by the satellite; the most prominent example of this tech-
nique is the Argos system created by the US agencies
National Oceanic and Atmospheric Administration
(NOAA) and National Aeronautics and Space Adminis-
tration (NASA) and the French space agency Centre
National d'Etudes Spatiales (CNES) and operated by Col-
lecte Localisation Satellites (CLS) in Toulouse, France.
Most of the modern drifters are tracked by the Argos
system. In recent years, a growing number of data buoys
are taking advantage of the Iridium satellite network to
relay data globally, with GPS for positioning.

Several independent groups developed and deployed
Argos-tracked drifters starting in the 1970s, leading to a
number of competing designs for the instrument. In 1975,
as part of the North Pacific Experiment (NORPAX), 165
drifters were released which were 3 m tall, 38 cm-diameter
cylinders, most drogued at 30 m with a 9 m-diameter
parachute (McNally et al., 1983). In 1976-1978, an array
of 35 drifters, drogued at 200 m with either a 25 kg weight
or a “window shade” drogue (a flat panel, usually weighted
at the bottom), was deployed in the Gulf Stream region
(Richardson, 1980). These drifters included a tether
strain sensor to indicate drogue presence, but this sensor
often failed shortly after deployment (Richardson, 1980).
A large array of over 300 drifters was deployed as part of
the Global Atmosphere Research Program (GARP) First
Global GARP Experiment (FGGE) in 1979-1980 in the
Southern Ocean (Garrett, 1980). FGGE drifters were not
all identical, but the majority had a 3.4-m surface float with
100 m line acting as a drogue, weighted at the end with
29.5 kg of chain (Pazan and Niiler, 2001). From 1981~
1984, 113 “HERMES” drifters, drogued with a window
shade at 100 m depth, were deployed in the eastern and
northern North Atlantic (Krauss and Boning, 1987). In
1983-1985, 53 “TIROS” drifters were deployed in the
tropical Atlantic as part of the programs Seasonal RespoLse
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of the Equatorial Atlantic (SEQUAL) and Programme
Francais Océan et Climat dans 1'Atlantique Equatorial
(FOCAL). These drifters had a 20-m” window shade drogue
at 20 m depth. or (for the “mini-TIROS™) a 2.2-m* window
shade drogue at 5 m depth (Richardson and Reverdin, 1987)
and did not include a sensor to indicate drogue presence. In
1987-1988. two arrays totaling 77 Argos-tracked drifters
were deployed off Point Arena, California. with rigid
“tristar” drogues resembling a radar reflector centered at
15 m depth (Brink et al.,, 1991). An array of 49 of these
drifters was also deployed off the coast of British Columbia
in 1987 (Paduan and Niiler, 1993). In addition to these
designs, the CODE drifter mentioned above was converted
to satellite positioning and used in the Gulf of Mexico
Surface Current Lagrangian Program (SCULP) deploy-
ments of 1993—1998 (LaCasce and Ohlmann, 2003).

It was clear by the early 1980s that a global array of
drifters would be invaluable for oceanographic and climate
research, but data from existing regional deployments could
not be easily combined due to the disparate water-following
characteristics of the various drifter designs (WCRP, 1988;
Niiler, 2001). Logistical demands for creating and main-
taining a global array also called for a design that was rel-
atively inexpensive to manufacture and transport and easy
to deploy. In 1982, the World Climate Research Program
(WCRP) declared that a standardized drifter should be
developed to meet these constraints (WCRP, 1988;
Niiler, 2001). This development took place under the
Surface Velocity Program (SVP) of the Tropical Ocean
Global Atmosphere (TOGA) experiment and the World
Ocean Circulation Experiment (WOCE). NOAA'’s Atlantic
Oceanographic and Meteorological Laboratory (AOML;
P.I. Donald Hansen), MIT’s Draper Laboratory (P.L. John
Dahlen), and the Scripps Institution of Oceanography
(SIO; P.I. Peter Niiler) proposed competing designs for
what was to become the Global Drifter Program (GDP)
drifter. In 1985-1989, the water-following characteristics
of a number of drogue designs were evaluated by attaching
vector-measuring current meters to the tops and bottoms of
the drogues (Niiler et al., 1987, 1995). Significant problems
were identified with several of the drogue types: window
shade drogues could twist at an angle and create a sailing
force across a current; parachute drogues could collapse
and subsequently provide very little drag; line-and-chain
drogues (such as used in the FGGE drifters) provided too
little drag area compared to the surface float, resulting in
significant wind- and wave-driven slip with respect to the
current at the drogue depth (Niiler et al., 1987, 1995;
Niiler and Paduan, 1995; Pazan and Niiler, 2001). The radar
reflector-shaped tristar drogue developed at SIO had
somewhat lower slip than the holey-sock drogue developed
at AOML (Niiler et al., 1995), but cost more and was more
difficult to ship and deploy. By 1993, a design for the GDP
drifter had emerged which combined the holey-sock drogue
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of the AOML drifter, centered at a depth of 15 m beneath
the ocean surface, with the reinforced tether ends and
spherical surface float of the SIO drifter. This design
{Sybrandy and Niiler, 1991) became the blueprint for future
GDP drifter development.

The 1991 GDP drifter design was extremely robust, but
was relatively expensive and heavy, with a surface float of
40 cm in diameter and a drogue of 6.44 m length, 92 ¢cm in
diameter and a total weight of 45 kg (Sybrandy and Niiler,
1991). A smaller, less-expensive redesign (Sybrandy et al.,
1992) was introduced to reduce manufacturing and shipping
costs. while retaining the same water-following character-
istics. This 20 kg “mini” drifter has approximately one-
third the manufacturing cost of the original design, has a
smaller surface float. thinner tether, and smaller drogue
(61 cm in diameter), while retaining the ratio of the drag
area (cross-sectional area) of the drogue to all other compo-
nents. This “drag area ratio” is 40:1 for a GDP drifter
(original or “mini”), which results in 0.7cms™' of
downwind slip in 10ms~' winds when the drogue is
attached (Niiler et al., 1995); for comparison, a standard
FGGE-type drifter had a drag area ratio of 10:1-12:1 and
a downwind slip of 8cms "in 10ms ' winds (Niiler
and Paduan, 1995; Pazan and Niiler, 2001). Since the col-
lection of Argos fixes is irregular in time and depends on
latitude, the drifters’ velocity data are interpolated to 6 h
intervals with a kriging algorithm (Hansen and Poulain,
1996). The slip of a drogued GDP drifter (original or “mini”
version) has not been measured at wind speeds greater than
{0ms~', but comparisons with altimetric observations
suggest that it may exceed 0.07 cms ' per I ms~' wind
in these conditions (Niiler et al., 2003b).

When a drifter loses its drogue, the downwind slip
increases by ~8cms ' per 10ms ' wind (Pazan and
Niiler, 2001), a result that can be exploited to recover
low-frequency currents from undrogued drifter data
(Pazan and Niiler, 2004). The presence of the drogue was
originally detected via a submergence sensor on the surface
float of the GDP drifter, as the float is frequently pulled
underwater by the drogue. However, this sensor could fail
or provide spurious results. In the late 2000s, the submer-
gence sensor was replaced by the more reliable tether strain
sensor at the base of the surface float. During the period of
faulty submergence sensors in the early to mid-2000s, many
undiagnosed drogue losses contaminated the velocity
observations of supposedly drogued drifters in the drifter
data base (Grodsky et al., 2011), explaining the time-
varying behavior of drifter motion noted by Rio et al.
(2011a). Subsequently, Rio (2012) developed a method to
segregate drogue-off data, although this methodology
tended to be overly conservative (i.e., it tended to discard
known drogue-on data from some drifters). Lumpkin
et al. (2013) adapted Rio’s methodology to estimate as
closely as possible the date of drogue loss for each drifter

285

in the dataset, and applied this methodology to demonstrate
that spurious low-frequency variations in current systems
such as the Antarctic Circumpolar Current (ACC) subse-
quently disappear. Lumpkin et al. (2013) also demonstrated
that the existing submergence records could be reinter-
preted in a number of cases, and showed that transmission
frequency anomalies could also be used to indicate drogue
loss. These results have now been exploited in a systematic
reevaluation of drogue presence for all drifters in the dataset
since October 1992. These multiple criteria (tether strain,
anomalous downwind motion, and frequency anomalies)
are now used operationally to evaluate drogue presence.

Most of the global array of drifters is managed by the GDP,
a component of NOAA’s contribution to the Global Ocean
Observing System (GOOS) and Global Climate Observing
System (GCOS) and a scientific project of the Data Buoy
Cooperation Panel (DBCP) of the World Meteorological
Organization (Needler et al., 1999). The DBCP constitutes
the data buoy component of the Joint WMO-IOC (Intergov-
emmental Oceanographic Commission) Technical Com-
mission for Oceanography and Marine Meteorology
(JCOMM). A full explanation of the structure and operating
principles of the DBCP can be found at http://www.
jcommops.org/dbep/. The GDP maintains approximately
90% of the global drifter array, and important contributions
are provided by several weather centers by way of barometer
upgrades of GDP drifters, purchases of drifters for specific
regional programs such as the Surface Marine observation
program of the European Meteorological Services Network
(E-SURFMAR) and deployment opportunities.

The scientific objectives of the GDP are to provide oper-
ational, near-real time surface velocity, sea surface temper-
ature, and sea-level pressure observations for numerical
weather forecasting, research, and in situ calibration and val-
idation of satellite observations. The GDP is managed in close
cooperation between NOAA/AOML in Miami, Florida, SIO
in La Jolla, California, and commercial drifter manufacturers.
AOML arranges and conducts drifter deployments with
numerous national and international partners, processes the
data, supervises data quality control, maintains files that
describe each drifter, and hosts the GDP website (www.
aoml.noaa.gov/phod/dac). SIO supervises the manufacturing
industry, acquires most of the drifters, upgrades the tech-
nology, and develops new sensors. The GDP is funded by
NOAA's Climate Program Office, and has considerable
synergy with the Office of Naval Research, which supports
instrument development at SIO and the deployment of addi-
tional drifters for regional circulation studies (c.f., Sections
4.1-4.4). Drifter data are made available in near-real time
on the Global Telecommunications System for weather fore-
casting efforts, and in delayed mode (approximately three
months, after quality control and interpolation) at the GDP
web page and (with an additional six months’ delay) at the data
archive at Canada’s Integrated Science Data Management
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(ISDM; formerly MEDS), a Responsible National Oceano-
graphic Data Center (RNODC) for drifting buoy data.

The modern dataset of GDP dritters includes all drifters
that had a holey-sock drogue centered at 15 m depth, with
a drag area ratio of ~40:1. AOML drifters with spar-shaped
surface floats and holey-sock drogues were first deployed in
February 1979 as part of the TOGA/Equatorial Pacific Ocean
Circulation Experiment (EPOCS) (Hansen and Poulain,
1996). Large-scale deployments of the first modern GDP
drifters took place in 1988 (WCRP. 1988) in the tropical
Pacific Ocean. This effort was expanded to global scale as
part of WOCE and the Atlantic Climate Change Program.
The first GDP drifter deployments in the tropical Indian
Ocean were conducted in 1985, and sustained North Atlantic
deployments began in 1989. Sustained South Atlantic deploy-
ments began in 1993, at which point the global array had
grown to over 500 drifters. Sustained Southern and Indian
Ocean deployments began in 1994 (Niiler, 2001), and tropical
Atlantic deployments in 1997 (Lumpkin and Garzoli, 2005).
In October 1999, when the global array had reached >700
drifters, the OceanObs’99 conference was held to define
research and operational oceanography needs, and translate
these into goals for various components of the GOOS and
GCOS (Needleret al., 1999). The GOOS/GCOS requirement
for drifters was determined to be a global array of 1250
drifters at a nominal resolution of 5% x 57, enough to provide
sufficiently dense drifter SST observations to keep the
globally averaged maximum potential SST satellite bias
error smaller than 0.5 “C (Zhang et al., 2009). In September
2005, the global array reached the goal size of 1250 instru-
ments, and the size of the array has subsequently fluctuated
between 875 and ~ 1350 drifters with an annually averaged
size near 1250. The density of quality-controlled observations
as of July 2011 is shown in Figure 12.1.
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1.2.

Currently, drifting buoys provide the most reliable mea-
surements of ocean currents at nearly global coverage. Tra-
jectories of even a few drifters can outline the structure of
surface circulation in a most graphical manner (McNally
et al., 1983). Observations with moored current meters,
with ship-borne or lowered acoustic Doppler current pro-
filers (ADCP) or with high-frequency radars (HFR) can
provide accurate velocity measurements at particular loca-
tions, along lines or near coast lines, but their global distri-
bution is very heterogeneous and these observations will
not be addressed in this chapter.

Mean streamlines, computed from the trajectories of
nearly 15,000 SVP/GDP drifters, ensemble-averaged in
1/4" bins, shown in Figure 12.2a, delineate the main fea-
tures of the large-scale surface ocean circulation. These
features range from large converging anticyclonic vortices
in all five subtropical oceans to narrow jets. some exceed-
ing Ims ' in average velocity and 2m s "in data of
individual drifters. Western boundary currents (WBC) are
apparent in Figure 12.2a along eastern shelves of all con-
tinents and the dynamics, inducing these currents, is
described in Chapter 13 of this book. Chapter 18 addresses
the complex system of currents, existing in the Southern
Ocean, Chapter 14 describes eastern boundary currents,
and Chapter 15 discusses the structure and dynamics of
tropical currents.

Perhaps the most striking feature of Figure 12.2a is the
complexity of the structure of many frontal zones emerging
from the ensemble of high-quality observations, even
though these data have been collected quasi-randomly in
space and in time. The typical ocean jet is unstable, varying
in time, and surrounded by an area of elevated eddy kinetic
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energy (EKE) (see Chapter 8). Eddies are known to eftec-
tively mix properties of the ocean. One would expect that
this mixing (and, correspondingly, averaging data in time)
would reduce all contrasts. would broaden fronts and jets,
and would eliminate small-scale details from their systems.
Yet, many jets remain narrow in the multiyear ensemble
average. The Agulhas return current demonstrates as many
as seven meanders in the long-time mean (Pazan and Niiler,
2004), while at various times the number of the meanders
may vary (Boebel et al., 2003). Centurioni et al. (2008)
report four permanent meanders of the California Current,
existing despite strong ocean variability in the region. The
Kuroshio Extension and Subarctic Front form a system of
meandering and branching fronts, visible in time or
ensemble averages (e.g., Niiler et al., 2003a). Although
the Azores Current exhibits tremendously complex
structure on snapshots, its signature in the multiyear
average extends all the way across the North Atlantic and
nearly reaches the American coast in the west (Klein and
Siedler, 1989; Niiler et al., 2003b). Multiple fronts/jets in
the ACC, anchored to features on the bottom topography,
create tremendously complex flow structure in the Southern
Ocean (Hughes, 2005).

The robustness of these mesoscale structures in the time
mean can be partly explained by their attachment to bathy-
metric features. The stability of the extensions may be pro-
vided by association of ocean jets with fronts. Baroclinic
fronts at the ocean surface are expressions of the three-
dimensional interface, separating large water masses. The
role of fronts as barriers was studied in the North Pacific
by Niiler et al. (2003a) and in the North Atlantic by
Brambilla and Talley (2006).

Even the statistics of “perfect” drifters are subject to a
number of biases (Davis, 1991), associated with heteroge-
neous distribution of buoys in space and in time
(Figure 12.1). Some heterogeneity results from the
deployment scheme of the drifters and induces biases
common to all kinds of in sit observations (high density
of observations in some regions and sparse coverage in
other, peak of observations in one season or year followed
by background activity at other time periods, etc.). Other
biases are essentially due to the Lagrangian nature of drifter
observations; in these cases, the sampling scheme is not
independent from the sampled velocity field. These effects
include dispersion of buoys from areas of high drifter density
to areas of lower density, stronger dispersion in the direction
of stronger mixing (Freeland et al., 1975), and the effects of
surface convergences and divergence that attract or repel
drifters from certain areas (e.g., see the pattern of drifter
density in the equatorial Pacific in Figure 12.1).

Additional biases may be introduced when Lagrangian
and Eulerian statistics are combined. For example,
Uchida et al. (1998) ffound that with a perfect correspon-
dence between driftLr- and altimetry-derived velocities
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collocated along the ASUKA (The Affiliated Surveys of
the Kuroshio off Ashizuri-Misaki) line, drifters preferen-
tially sampled focations/periods of larger velocities. As a
result, mean drifter currents were up to 30% stronger than
the Eulerian mean. Maximenko (2004) showed that this bias
appears only in the statistics of Lagrangian particles
crossing an Eulerian line (more drifters cross the line when
the current is stronger, and no drifter can cross the line at
zero velocity) and is eliminated if bin averages are used
or data are interpolated onto a space—time Eulerian grid.
In some cases, satellite observations, calibrated or refer-
enced using collocated in st measurements, can help to
mitigate biases by providing nearly uniform Eulerian
datasets in broad space and timescale ranges. Techniques
used to assess mean geostrophic and Ekman currents are
exemplitied in the following sections.

2. GEOSTROPHIC SURFACE
CIRCULATION

In most cases advection of properties by ocean currents
makes dynamic systems nonlinear and, therefore, complex.
However, there are a few regimes in the range of observed
ocean parameters which offer simple balances (see
Chapter 11). An example of such a regime is geostrophy,
in which the Coriolis force acting on a moving water parcel
is compensated by the horizontal pressure gradient. For
slow, low-frequency currents at the sea surface away from
the equator, for which temporal changes, nonlinearity, and
viscosity can be neglected, this balance can be simplified to

(k-f) x V,=—g-Vh, (12.1)
where & is the vertical unit vector, f is the Coriolis
parameter, g is the acceleration due to gravity, V, is the geo-
strophic velocity vector, /1 is the sea level, and V is the hor-
izontal gradient operator. Equation (12.1) is often used to
assess currents using sea level from satellite altimetry or
using dynamic topography derived from hydrographic ver-
tical profiles under the assumption that currents become
negligibly small at some depth.

2.1. High-Resolution Mean Dynamic
Topography

The straightforward way to calculate the mean absolute
dynamic ocean topography (MDOT), the signal in sea level
due to the ocean circulation, is through determining the
deviation of the mean sea surface (MSS), describing the
absolute shape of the ocean surface, from the geoid, the
equipotential surface defined by rotation and gravity of
the earth with its complex distribution of mass. Theoreti-
cally, the geoid coincides with the ocean surface in the
absence of currents. Both the MSS and the geoid models
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have severc limitations. The MSS products are derived by
combining many satellite altimetry missions, from repeat-
track to geodetic, providing very different horizontal reso-
lution and covering different time periods. On the planetary
scale. variations of the geoid due to gravity exceed 150 m,
while the range of the sea level due to the ocean dynamics
is only about 3m. The GRACE (Gravity Recovery and
Climate Experiment; Tapley et al, 2004) mission has
improved the model of the geoid, allowing derivation of
the MDOT with 400-500 km resolution. The GOCE
(Gravity Field and Steady-State Ocean Circulation Explorer;
Johannessen et al., 2003) satellite further advanced the geoid
model, allowing MDOT products with 150-250 km reso-
lution (c.f., Le Traon et al., 2001; Rio et al., 2011b:
Haines et al., 2011: Knudsen et al., 2011). In addition to
accurate measurements of gravity, satellite missions can also
measure changes in the gravity field caused by movement of
large water masses. These variations are beyond the accuracy
of and are not accounted for in the modern MDOT products.

To advance MDOT products to the smaller scales
resolved by a constellation of satellite altimeters, a few
groups around the world developed techniques that allow
assessment of the MDOT based on the synthesis of satellite
and in situ observations. The idea is largely based on the use
of Equation (12.1). The data from an altimeter, flying along
repeat tracks, can be freed from the unknown geoid by sub-
tracting the time-mean. The absolute reference for the time-
varying part (sea-level anomaly gradient) can then be
derived from in situ velocity measurements, for example,
-provided by drifters. Imawaki et al. (2001) successfully
applied this technique to study variations of transport of
the Kuroshio Current (KC) along the ASUKA line south
of Japan.

Two-dimensional velocity maps (Ducet et al., 2000) are
computed and distributed by AVISO (Archiving,
Validation, and Interpretation of Satellite Oceanographic
Data, 1996) as weekly maps on a global 1/3° or 1/4° grid.
On large scales, away from strong jets, the biggest error
in Equation (12.1) originates from Ekman currents (see
Section 3.1). Rio and Hernandez (2003, 2004) removed
Ekman currents from drifter velocities using correlations
with the local low-frequency wind in 5° boxes. Maximenko
et al. (2009) calculated latitude-dependent regression coef-
ficients, using mean NCEP reanalysis wind and the GRACE
model of the geoid. In both techniques, coarse-resolution
MDOT, derived with help of the geoid model, was refined
on mesoscale, using sea-level gradients, estimated from
Equation (12.1). To further improve spatial coverage of
the in situ observations, Rio and Hernandez (2004) added
historical hydrographic profiles. Recently, Rio et al.
(2011a) updated the Rio’05 MDOT, using accumulated
data and a more advanced Ekman model.

The MDOT map of Maximenko et al. (2009) is shown in
Figure 12.2b. Major fronts, jets, and currents, described in
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Section 1.2 are even more sharply delineated in this figure
than in the ensemble average of drifter velocities in
Figure 12.2a. This is because the “eddy noise.” significant
in the random ensemble of drifters, has been efficiently sup-
pressed by the technique, using (quasi-) continuous data
provided by satellite altimetry.

Outside of strong currents, streamlines of geostrophic
velocity differ significantly from streamlines of full
(or drifter) velocity. These differences are particularly
remarkable in the subtropics and tropics and are defined by
the mean Ekman currents, shown in Figure 12.2¢. Easterly
winds, dominant in the equatorial regions in the Pacific and
Atlantic, induce poleward Ekman currents on both sides of
the equator. This divergence in the upper ocean is compensated
by the upwelling waters fed by the subsurface geostrophic
flows, directed toward the equator as seen in Figure 12.2b.

Mean surface circulations in Pacific and Atlantic sub-
tropical gyres provide an excellent illustration of the
complex underlying dynamics and kinematics. Conver-
gence of Ekman currents along approximately 30 latitude
indicates production by the wind stress of anticyclonic vor-
ticity. According to Sverdrup (1947), the steady state under
such forcing can be achieved through the equatorward flow,
advecting planetary vorticity (see Chapter 11). Such flows
are seen in Figure 12.2b throughout all four subtropical
gyres with dynamic topography monotonously increasing
from east to west.

2.2, Striated Patterns

Improved MDOT not only allows enhancement of the details
ofknown currents, but alsoreveals new structures. Figure 12.3,
showing the map of zonal geostrophic velocity calculated
from such a MDOT and high-pass filtered in two-dimensional
(latitude—longitude) space, highlights a web of nearly ubiq-
uitous jet-like features (Maximenko et al., 2008). These fea-
tures (striations) also exist in long-time ensemble averages
of subsurface data of XBT (expendable bathythermograph)
and velocities of near-surface drifters. However, in the face
of eddy noise that is typically an order of magnitude stronger
than striations, the striations are only significant in time
averages of quasicontinuous datasets such as satellite
altimetry. XBT profiles suggest that the subsurface striations
extend to at least 400-800 m depth without noticeable tilt.
Numerical models suggest that striations may remain
coherent vertically throughout the entire water column
(Maximenko et al., 2008).

The dynamics of these striations is not understood yet.
Their zonal orientation and characteristics along with their
ubiquity lead Nakano and Hasumi (2005), Galperin et al.
(2004), and Richards et al. (2006) to conclusions on the rel-
evance of the “Rhines mechanism.” This mechanism
[Rhines, 1975) is based on the theory of two-dimensional
urbulence, whose free development induces zonal jets
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through inverse energy cascade toward larger scales, which
becomes limited in the meridional direction on the B-plane
by the Rhines scale Lg = /2u'f3, where i/ is the r.m.s. eddy
velocity and f§ the meridional gradient of the Coriolis
parameter. Baldwin et al. (2007) demonstrated how zonal
jets can be generated by breaking Rossby waves, homoge-
nizing potential vorticity within zonal bands.

Careful analysis of the characteristics of time-mean
(or stationary) striations reveals deviations from the predic-
tions of these theories. Most importantly, many of these
striations do not appear to be inertial jets. This is particu-
larly clear in the eastern parts of subtropical oceans, where
mean geostrophic flows are directed toward the equator
(Figure 12.2b). When moving across the striations, water
parcels only slightly deviate toward the east or west along
the axes of striations. In this sense, stationary striations in
the east demonstrate properties of waves rather than jets.
In addition, these striations appear to be not exactly zonal
but have their axes systematically tilted in the zonal
direction at angles, consistent with the dynamic of linear
Rossby waves trapped at their eastern edges.

Such dynamics can be described as the B-plume
(Pedlosky. 1996), generated by a local source of vorticity.
Classical B-plumes form a set of nearly zonal currents and
extend infinitely to the west from the forcing areas. B-plume
dynamics have been suggested to be responsible for the tor-
mation of the Azores Current (Kida et al., 2007) and the
Hawaiian Lee Countercurrent (Xie et al., 2001). Recently,
Centurioni et al. (2008) have found the link between the
striated pattern of zonal current velocity off the California
coast and areas of upwelling and downwelling, induced by
nonlinear interactionjof wind-forced Ekman currents and per-
manent meanders of 'the California Current. In support of the
B-plume mechanism, analysis of striations in Figure 12.3

shows that many of them have at their eastern tips features
(such as an island or sea mount or cape in the coast line.
etc.) that may anchor vorticity production by wind stress curl
or through a more complex dynamical process.

While averaging data in time to suppress the noise from
eddies is important (Huang et al., 2007), the very same aver-
aging may produce artificial striations by smearing moving
eddies (Schlax and Chelton, 2008; Scott et al., 2008).
Huang et al. (2007) and Scott et al. (2008) show that without
applying time averaging, the anisotropy of velocity data is
very low and increases with the increase of the averaging
period. Schlax and Chelton (2008) used a simple statistical
model to demonstrate that the signal from the strongest
eddies may remain significant even in very long time
averages. At the same time, Scott et al. (2008) showed that
the distribution of eddies in space is not random and that in
some regions the eddies are moving along preferred paths.
Although not included into the model of Schlax and Chelton
(2008), this heterogeneity is seen in eddy trajectories,
shown in their Figure 1.

Buckingham and Cornillon (2013) used data of Chelton
et al. (2011) to isolate contribution of eddies to striations.
They showed that time-averaged signal from correctly posi-
tioned eddies correlates highly with striations in MDOT. At
the same time, they found that, contrary to Schlax and
Chelton (2008), contributions from moderate-amplitude
eddies is important and amplitudes of striations signifi-
cantly exceed expectations from eddies.

Maximenko et al. (2005) discussed the role of time aver-
aging for a different kind of striation—quasizonal jet-like
features seen in the satellite sea-level anomaly as crests
and troughs propagatingjin the subtropical latitudes toward
the equator. They showed that eddy “streaks” in time
averages, corresponding to the distances traveled by
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individual eddies during the average time, are significantly
shorter than the length of the striations. In a wide range of
periods, individual streaks interact without canceling each
rther; this is only possible if eddies of the same sense of
rotation are aligned along the axes of striations.

The mechanisms that set these alignments or preferred
areas of eddy formation or preferred paths of their propa-
gation are not understood yet, but they point to the existence
of higher organization of the eddy field than suggested by
today’s theory. While eddy terms in the vorticity balance
of stationary striations are significant, their contribution to
the balance differs between the striations (Melnichenko
et al., 2010). Striations, having thermal signature at the sea
surface, seem to be able to sustain their structure through
the locally induced wind stress (Sasaki and Nonaka,
2006). A number of groups are currently working to under-
stand the correspondence between the striated patterns of
ocean currents, linear waves, nonlinear eddies, instability
of the large-scale flow, and various kinds of external forcing.

2.3.

EKE derived from AVISO geostrophic currents and from
drifter observations is shown in Figure | of Chapter 8. For
the drifter observations, only drogued drifters were used;
velocities were first low-pass filtered at 5 days to remove tides
and inertial oscillations, then the time-mean currents—
calculated in 1° bins—were removed. As noted by previous
researchers (Fratantoni, 2001), the drifter observations have
higher EKE throughout most of the world oceans, due to
the presence of ageostrophic motion (see Section 3) and geo-
strophic motion not resolved in the smoothed AVISO fields.

Long-term variations in surface EKE have been
observed in a number of regions. A southward shift in the
position of the Gulf Stream extension has been inferred
from altimeter-derived EKE for the period 1993-2008
(Lumpkin et al., 2009). The Kuroshio Extension has been
observed to vary in its stability on decadal timescales, tran-
sitioning from a relatively stable phase with lower EKE to
an unstable phase with higher EKE, an oscillation perhaps
driven by the Pacific Decadal Oscillation (Qiu and Chen,
2005). Over the time period 1993-2000, the confluence
of the Brazil and Malvinas Currents in the southwest
Atlantic Ocean shifted southward (Lumpkin and Garzoli,
2010), with a corresponding shift in the EKE maximum
of the confluence front. This trend may have been part
of a multidecadal oscillation forced by SST anomalies
imported from the Indian Ocean along the Agulhas—
Benguela pathway (Lumpkin and Garzoli, 2010).

The spatial pattern of the trend in the sea-level rise,
observed by satellite altimeters between 1993 and 2009
(Willis et al., 2010), has a complex structure and reflects
low-frequenqy changes in surface circulation. More on sea-
sonal and interannual variability can be found in Chapter 24
and decadal variations in Chapter 25.

Variability and Trends
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3. AGEOSTROPHIC CURRENTS

While geostrophy, discussed in the previous section, offers
a simplified description of an important class of currents,
most of the processes responsible for generation, equili-
bration, and damping of the currents are more complex.
The following subsections will discuss important examples
of ageostrophic currents,

3.1. Motion Driven by Wind

The most energetic ageostrophic currents near the ocean
surface are directly wind driven. The frequency of the ocean
surface’s inertial (resonant) response to large-scale wind var-
iations is set by the Coriolis effect, with potential modifi-
cation by the background vorticity (Kunze, 1985). The
resulting near-inertial oscillations are a prominent feature
of Eulerian (c.f., Alford and Whitmont, 2007) and
Lagrangian (c.f., Elipot and Lumpkin, 2008) spectra, and
may represent a significant portion of the energy input
needed to maintain the abyssal stratification via interior dia-
pycnal mixing (Munk and Wunsch, 1998). The distribution
of near-inertial variance in the mixed layer has been mapped
globally using surface drifter observations (Chaigneau et al.,
2008); compared to the planetary vorticity set by the Coriolis
parameter f, the peak frequency of near-inertial oscillations is
blue-shifted equatorward of 30° N/S latitude and is demon-
strably affected by the background geostrophic vorticity
(Elipot et al., 2010). It is uncertain how much of this energy
leaves the upper ocean in trapping regions (c.f., Polzin, 2008)
to propagate into the ocean interior.

At lower frequencies, the ocean response to wind forcing
was first described by Ekman (1905). With the assumption
of a constant diftusivity in an upper boundary layer, Ekman
showed that this response was 45" to the right (left) of the wind
at the surface in the northern (southern) hemisphere, with the
exponentially decaying currents rotating further to the right
(left) with increasing depth within the turbulent boundary
layer, and a net transport at 90 to the right (left) of the wind.
Subsequent research has questioned the assumption of a
constant diffusivity and the resulting specific details of the
Ekman spiral, although some observations are quantitatively
consistent with Ekman’s spiral and net transport (c.f.,
Chereskin, 1995). Using 1503 drogued GDP drifter observa-
tions in the period 1988—1996, Ralph and Niiler (1999) dem-
onstrated the validity of Ekman theory across the tropical
Pacific basin. Ralph and Niiler (1999) first removed time-
mean geostrophic currents using hydrography-based climatol-
ogies, along with the wind-driven downwind slip (0.07 cm s~
perl ms ' wind: Niiler et al., 1995), and low-pass filtered the
residual drifter currents at 5 days to remove near-inertial oscil-
lations and high-frequency tides. They then considered a
number of modely for regressing the residuals onto the winds
in 2° (meridional) by 5° (zonal) bins. They found that the best-
fit model was close to ugx = Au, /\/|7 , where ug, is the
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magnitude of the Ekman current. u, = \/r/_p is the friction
velocity due to the surface wind stress , p is the water density,
and the best-fit coefficient A=0.065+0.002s""> The
Ekman current was directed to the right (left) of the wind in
the northern (southern) hemisphere, with an off-wind angle
varying according to the ratio of the drogue depth to the Ekman
scale depth H*C\‘u*/\/IT in a manner consistent with a
rotating Ekman spiral (Figure 5 of Ralph and Niiler (1999):
Figure 4.1.9 of Niiler (2001)). Niiler (2001) updated this study
using drifter data through 1999, and found a similar result with
A=0.081+00135s ° for NCEP reanalysis winds.

Rio and Hernandez (2004) expanded upon Ralph and
Niiler's (1999) study by removing the time-varying geo-
strophic motion using altimetry. Rio and Hernandez (2004)
modeled the Ekman response as g, =h T exp(il)/\/|f]
(i.e., proportional to wind stress, not wind speed as in Ralph
and Niiler, 1999) and allowed the coefficients » and angle
off the wind 0 to vary spatially and seasonally on a 5° grid.
They found the angle 0 varied in 4 manner consistent with
spatial and seasonal changes in upper-ocean stratification
and consequent stretching/compressing of the Ekman spiral
compared to the 15 m drogue depth of the drifters. An update
of this Ekman parameterization was used to derive the 2009
CLS mean dynamic topography (Rio et al., 2011a).
Figure 12.2c shows the mean streamlines of Ekman currents
computed using the NCEP reanalysis wind and data from
drifters, altimetry, and GRACE.

Although drifter slip has been measured at wind speeds up
to8 m s~ ', little is known of their water-following character-
istics at higher wind speeds (Niiler et al., 2003a). Wind
models with spatially varying coefficients, such as that of
Rio and Hernandez (2004), indicate a larger downwind
motion at higher latitudes than suggested by the Ralph and
Niiler (1999) model with its constant coefficient. This may
indicate enhanced downwind slip at high wind and wave
states. A number of candidates could account for this: it is
possible that wave-driven Stokes drift is generating signif-
icant downwind motion in the extreme wave states found,
for example, in the ACC (Niiler et al., 2003b). Alternatively,
the drifters may be trapped in Langmuir jets at the conver-
gence of the wind- and wave-driven cells (c.f.,, Thorpe,
2005), and thus not exhibiting slip with respect to currents
at 15 m but rather biased sampling compared to an Eulerian
average. It is also possible that in extreme wave states the
drogue is jerked upward such that its mean depth is signifi-
cantly above 15 m. Direct measurements of pressure and cur-
rents at the top and bottom of the drogue are obviously needed
in these conditions to better understand the measurements.

3.2.

Eddy kinetic energy from altimetry is often compared to that
from drifters, with the difference attributed to wind-driven
motion and smaller scales not resolved by altimetry. Another
source of discrepancy, when altimetric currents are derived

Centrifugal Effects
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from pure geostrophy, is the centrifugal effect of the nonlinear
term in the momentum equation. This can play a nonzero role
in the mean momentum budget in a region if vortices of one
sign dominate, for example the cyclonic cold-core rings south
of the mean Gulf Stream jet. To see the effect of this term, con-
sider an azimuthally-symmetric vortex governed by the
momentum equition

i = g,

where r-is the distance from the center of the vortex, v the speed
of the vortex, g is gravity, f the Coriolis parameter, 1) is sea
surface height, and &, is its derivative along . Suppose
altimetry gives n = fa("—R?)/2g to radius R and n=0 for
r>R, with « constant, and geostrophy is assumed (the first
term in the momentum equation is dropped). Then v, =
ar within the solid-body vortex. However, when the cen-
trifugal term is included, a Taylor series expansion for small
Rossby number «/f gives v = ar(1—a/f+ .. .). For a cyclonic
vortex (a/f>0), the actual velocity is less than the estimate
from pure geostrophy; for an anticyclonic vortex, the mag-
nitude of the velocity is higher. For the Kuroshio south of
Japan, Uchida et al. (1998) showed that centrifugal effects
due to the curvature of the current axis explain well the
10% difference between drifter and geostrophic velocities.
Fratantoni (2001) compared EKE from altimeter-derived
geostrophic velocities and from 2-day low-passed drifter
velocities in the North Atlantic basin, and found that drifter
EKE was generally higher by O (100 cm® s %), He attributed
this to the directly wind-forced motion in the drifter veloc-
ities. However, he found a fascinating pattern in the drifter
minus altimeter EKE (his Plate 8) in the immediate region
of the Gulf Stream front: altimeter EKE exceeded drifter
EKE by >250 cm” s~ immediately south of the mean Gulf
Stream extension, while the opposite was true immediately
to the north. Fratantoni (2001) attributed this to differences
in the Gulf Stream location in the two datasets due to differ-
ences in resolution and smoothing between the data.
However, this pattern is exactly what one would expect if
the centrifugal term is playing a significant role in the surface
momentum budget, as noted by Niiler (2003a) who found that
the centrifugal term can alter the magnitude of currents on
either side of the Kuroshio jet by as much as 25%. Consistent
with this interpretation, Niiler (2003a) found maximum
values of altimeter-derived geostrophic EKE in the Kuroshio
extension region shifted south of the maximum indicated by
drifters (their Figure 7). Maximenko and Niiler (2006)
mapped dominant eddies using the skewness of the proba-
bility density function of sea-level anomaly (i'*)/(I'?)*?,
derived from satellite altimetry, and energy-weighted

(12.2)

angular velocity wg= <\_/ xd V/d1>/<\—/—> computed

from drifter trajectories. The two maps demonstrate
remarkable resemblance and reflect the prevalence of anti-
cyclonic eddTes north of the Gulf Stream and cyclones on
the southern side.
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3.3. Nonlinear Interactions with Baroclinic
Features

The ageostrophic component of ocean currents also plays a
major role in the three-dimensional upper-ocean circulation,
for which much of our knowledge derives from theoretical
and idealized, process-modeling, numerical studies.

The secondary circulation created by a wind blowing
parallel over a geostrophically balanced current was studied
by Lee et al. (1994) who concluded that, after the near-
inertial fluctuations dissipate, the Ekman vertical velocity
is enhanced by the horizontal shear of a geostrophic
flow when a nonlinear model is used. In this case, a down-
welling/upwelling pattern emerges in the mixed layer. For a
wind blowing in the direction of the current, the upwelling
area is narrow and confined in the region of positive relative
vorticity and the downwelling region is broad and on the
side of negative relative vorticity patch. The situation is
reversed if the wind and the jet flow in opposite directions.
While this mechanism could potentially play a role in deter-
mining the magnitude of the vertical fluxes of heat,
momentum, and nutrients, the observational evidence is
still scant.

When a wind stress is applied to a subtropical anticy-
clonic eddy (Lee and Niiler, 1998), cold water is advected
over warm water, which induces vertical mixing and
downwelling. A nonlinear numerical model solution
shows that a downwelling region results, which is larger
and more intense than the upwelling area located on the
opposite side of the eddy. The residual secondary circu-
lation induced by the nonlinear interaction between the
wind-induced Ekman flow and the eddy resembles a jet
that cuts across the eddy core. The ageostrophic velocity
computed from a Regional Ocean Modeling System
(ROMS) simulation of the California Current System
(CCS) (Marchesiello et al., 2003) shows a pattern that is
consistent with the effect described by Lee and Niiler
(1998) when a wind parallel to the coast is blown over
the permanent meanders of the CCS (Centurioni et al.,
2008), which are essentially a series of alternating
cyclonic and anticyclonic mesoscale features.

4. REGIONAL SURFACE OCEAN
DYNAMICS

The true complexity of the dynamics of surface currents can
be illustrated through more careful look at particular
regions, highlighted in the following sections.

4.1. Drifter Studies in the California Current
System

The CCS is a broad and generally southward eastern
boundary current of the subtropical North Pacific
(Chapter 14). Upwelling in the CCS region occurs in
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summer (i.e., when northwesterly winds occur) between
35 N-38 Nand 46° N, and downwelling primarily occurs
in winter in the same region (i.e., when the winds shift to the
SE). South of 35° N-38° N upwelling occurs throughout the
year (Huyer, 1983). In the past four decades, Lagrangian
drifters were used extensively to map the structure of the
surface circulation of the CCS and of the near-shore surtace
flow. Investigations of the CCS with Lagrangian drifters
include regional studies (e.g., McNally et al., 1983;
Davis, 1985b; Poulain and Niiler, 1989; Swenson et al.,
1992; Swenson and Niiler, 1996; Winant et al., 1999:
Austin and Barth, 2002) as well as studies leveraging on
the large historical dataset accumulated through nearly
three decades of deployments (Centurioni et al., 2008) of
GDP drifters (Niiler, 2001).

The drifter-derived. 15-m deep geostrophic velocity is
often approximated by subtracting the Ekman velocity
(e.g., Ralph and Niiler, 1999; Centurioni et al., 2009) from
the measured drifter velocity. Such an approximation holds
for most large-scale flows, including when currents are not
in cyclostrophic balance (Equation 12.2), when the flow is
weakly nonlinear, when drifters are not inside Langmuir
cells and when the Stokes’ drift is not a significant fraction
of the total velocity. Additionally, the tidal and near-inertial
components of the tlow are filtered out along the drifter
track. Because of their characteristic space and timescales,
the ageostrophic, non-Ekman currents, are in most cases fil-
tered out by averaging all of the available observations
within rather large spatial bins. An interesting aspect of
the CCS is that the vector correlation between the drifter-
derived geostrophic velocity residual, computed with
respect to the mean, and the corresponding quantity
obtained from satellite altimetry data is large offshore of
the US west coast (>0.8) and drops to low or negative
values in a near-shore strip about 200 km wide, suggesting
that the near-shore flow is either nongeostrophic or has time
and spatial scales, which are not adequately resolved by the
weekly, 1/3°, satellite altimetry maps (Centurioni et al.,
2008). Vigorous highly nonlinear eddies 600-800 m deep
(Chereskin et al., 2000) as well as cold water filaments
(Strub et al., 1991) have been observed in the upwelling
regions of the US west coast and the timescales of those
coherent structure range from 2 to 7 days near the coast
(Swenson et al., 1992; Chereskin et al., 2000), and are of
the order of 30 days and longer as the eddies move further
offshore (Swenson et al., 1992).

The combined analysis of SVP/GDP drifter and satellite
altimetry data has revealed the existence of at least four
permanent meanders of the CCS, which are connected to
a set of slanted bands of primarily eastward zonal flow
(Figure 12.4; see also Centurioni et al., 2008). The spatial
structure of the CCS meanders is seasonal (Figure 12.5),
with the strongest near-surface currents observed in
summer (JAS) and the most pronounced meanders
occurring in fall (OND).
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FIGURE 12.4 Near-surface unbiased geostrophic zonal flow in the eastern North Pacific. Year-long ensemble-average between July 1992 and June
201 1. Note the four bands of eastward velocity whose easternmost expression is colocated with the CCS meanders. Refer to Centuriom et al. (2008)

for the methodology used to compute the velocity field.

An interesting scientific question is which physical pro-
cesses are responsible for the meandering structure of the
CCS system. The acceleration of the near-surface water par-
ticles computed from drogued drifters is significantly larger
in the near-shore strip and where the meanders occur than
further offshore in the proximity of the “eddy desert” region
(Cornuelle et al., 2000). The implication of this finding is
that the departure from a pure geostrophic balance is
larger in the CCS meanders than elsewhere. Eddy and
mean vorticity fluxes are likely to act as one of the forcing
mechanisms that dictate the shape of the CCS (Centurioni
et al., 2008).

Direct velocity observations from Lagrangian GDP
drifters are therefore particularly important in regions
where the departure from geostrophy is largest or where
the time and space scales of the flow are not adequately
sampled by the ongoing satellite altimetry missions. The
residence time of the drifters in the CCS is short especially
near the coast because the surface flow there is highly
‘divergent. Long-term and sustainable deployment programs

are therefore important to further our understanding of the
dynamics of the near-shore part of the CCS.

4.2. Drifter Studies off Senegal

Another surface divergent region where drifters” deploy-
ments have begun in recent years is the tropical North
Atlantic off Senegal (Chapter 14). The Senegalese coast
has perhaps the largest seasonal and interannual variation
of oceanographic conditions of the entire west coast of
Affrica. It is also the African coastal region where the Pacific
El Nino’s influence is felt the strongest (Bhatt, 1989;
Roy and Reason, 2001). On a seasonal and interannual
basis. the surface waters from the equatorial region moving
northward are separated by a strong frontal region perpen-
dicular to the coast from the waters with origins in the sub-
tropical gyre (Wooster et al., 1976) that move generally
southward (Lumpkin and Garzoli, 2005). This frontal
region moves south to north along the Senegal coast on both
seasonal and interannual timescales (Wooster et al., 1976).

[
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FIGURE 12.5 Near-surface unbiased geostrophic velocity field in the California Current System. Year-long (a) and seasonal (b-e) ensemble-average
retween July 1992 and June 201 1. Note the increase of the intensity of the currents in summer (JAS) and the larger extent of the meanders in fall (OND),

Time-averaged confluence front can be seen in Figure 12.2a
around 15-20"N. Although the drifter observations are
sparser in this area than in any other part of the North
Atlantic (Figure 12.1), a time-mean geostrophic, near-
surface flow to the north, is indicated to exist by the data
(Figure 12.2a).

The strongest upwelling system appears to be associated
with the southward wind-driven circulation that is set up
north of Cape Verde during La Nifia years, generally in
the early spring season (Roy and Reason, 2001). Under
these conditions, a strong jet of upwelled water flows
southward and leaves the coast at the tip of Cape Verde,
and appears to set up a quasi-zonal frontal system nearly
10" of longitude into the eastern North Atlantic (Wooster
et al., 1976). The flow patterns off the coast of Senegal
express both upwelling and downwelling conditions and
are further complicated by seasonal fresh water inflow from
the Senegal, Gambia, and Casamance rivers (Bhatt, 1989).

Lagrangian GDP drifters are currently being used to
improve the description of the near-surface circulation off
the coast of Senegal. Lagrangian methods, when joined
together with satellite data. are very powerful in deter-
mining the patterns of flow. especially when repeated over
several years and seasons. But these data can be very mis-
leading when small numbers over short timescales are used
to make inferences. The emerging picture from more than
two years of targeted drifter deployment off ienegal is that
of a year-round, offshore directed near-surface flow north

of Cap Vert peninsula, the westernmost point of Africa.
In the ongoing project, the time-dependent sketches
obtained by combining the unbiased geostrophic velocity
field derived with the technique of Centurioni et al.
(2008). the time-dependent, altimetry-derived geostrophic
currents, and the Ekman flow were computed at weekly
intervals and have confirmed the existence of broad fila-
ments of intense (in excess of 15-20cm s ') currents and
rings off the coast of Senegal.

4.3. Interaction of the Kuroshio with the
South China Sea

The KC. a major WBC of the North Pacific (Chapter 13), is
about 140 km wide east of the islands of Luzon and
Taiwan (Figure 12.6) and flows essentially northeastward
with a speed of 1-1.5m s ! (Centurioni et al., 2009). The
Kuroshio emerges out of a region dominated by eddy-like
flow just north of where the North Equatorial Current ends
in the proximity of the Philippines coast (Centurioni et al.,
2004; Rudnick et al.. 2011). The volume transport of the KC
is between 23 and 32Sv (1 Sv=10°m’ ') at 18.5° N
(Yaremchuk and Qu, 2004) and averages 21.5 Sv through
the East Taiwan Channel (Johns et al., 2001). Part of the
KC seems to recirculate southward east of the Ilan Ridge
and northeastward east of the Ryukyu Islands (Nitani,
1972), as also suggested by the synthesis of drifter‘ and sat-
ellite altimetry data (Imawaki et al., 2003).
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FIGURE12.6 Map of marginal seas in the southwestern part of the North
Pacific. Interaction of the Kuroshio with the South China Sea is described
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The interaction of the KC with the South China Sea
(SCS, Figure 12.6) occurs primarily through the Luzon
Strait (LS), which has a sill depth generally above
2400 m and a bathymetry complicated by numerous islands
and channels. The KC usually flows straight north across
the LS, but occasionally it intrudes into the SCS, sometimes
forming a loop current (Hu et al., 2000). A somewhat
similar phenomenon occurs in the Gulf of Mexico where
the Gulf Stream leaps from Yucatan to Florida but occa-
sionally intrudes as a deeply penetrating loop current that
sheds eddies into the Gulf of Mexico (Hofmann and
Worley, 1986; Romanou et al., 2004).

Direct velocity observations from SVP/GDP drifters
between November 1986 and May 2002 have provided
further evidence of the occurrence of Philippine Sea water
(PSW) intrusions into the interior of the SCS between
October and January (Centurioni et al., 2004, 2009), with
15-m depth westward currents of the order of 1 m's ! within
the LS. Such strong current cannot be solely explained by
Ekman currents generated by the northeast monsoon. The
15-m depth Ekman velocity that would be produced by
monsoon winds is at most 0.25ms ' (Centurioni et al.,
2009), and the stronger surface currents observed by the
drifters indicate that a deeper current system to the west must
be present (Centurioni et al., 2004, 2009). The associated
westward Ekman transport through the LS computed frpm
satellite Special Sensor Microwave Imager (SSM/I) winds
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reaches a maximum of 0.6 Sv in December (Centurioni
et al., 2004). Drifter velocity data also confirm the existence
of a fall through winter anticyclonic circulation (loop)
southwest of Taiwan (Centurioni et al.. 2004), agreeing with
previous hydrographic observations (Nitani, 1972).

Many of the drifters that enter the SCS through the
LS during the northeast monsoon do not move back to
the Philippine Sea (PS) within the KC loop, but move
rapidly into a current along the western margin of the deep
SCS basin and continue to travel southward along the coast
of Vietnam, with speeds in excess of 1 ms " (Hu et al,
2000; Centurioni et al.. 2004, 2009). During the Asian
southwest monsoon, which occurs in boreal spring and
summer months, drifters deployed in the SCS have shown
that the exchange of surface water between the SCS and the
PS is reversed, with drifters now exiting the SCS through
the LS and the Taiwan Strait (Centurioni et al., 2007).

The swift jet off Vietnam, whose surface signature is
clearly revealed by the drifters, is mainly concentrated
inshore of the 200 m isobaths and has speeds two to three
times larger than previous estimates (Liu et al., 2004). The
downwelling region offshore of Vietnam that stretches par-
allel to the coast is probably responsible for maintaining
the pressure gradient balanced by the Coriolis force acting
on the southward flowing jet (Gill, 1982). New subsurface
observations are needed there to elucidate the vertical
structure of this boundary current. At about 11° N, offshore
southeast Vietnam, the current veers onto the continental
shelf probably as a consequence of the approximately
westward Ekman transport that develops during the northeast
monsoon and associated downwelling and an extended region
of Ekman pumping (Liu et al., 2004; Centurioni et al., 2009).
Because of the strong northeasterly monsoon wind blowing in
the direction of the sheared jet, a relatively strong secondary
circulation with upwelling concentrated to the east and
southeast of the jet should arise (Lee et al., 1994), thus
enhancing the slopes of the isopycnals that maintain the
dynamical balance of this current system (see also
Section 3.3).

The results mentioned earlier strongly suggest that a net
westward volume transport of PSW into the SCS occurs
through the LS in the top few hundred meters between October
and January. One interesting and still unanswered scientific
question is where does the compensating SCS outflow occur?
All the other straits that connect the SCS with the adjacent
basins from which the fall/winter PSW inflow could be bal-
anced by outflow are much shallower than the LS: the Taiwan
Strait is on average 60 m deep, the Malacca, Gaspar and Kar-
imata Straits have sills shallower than 50 m, and the Balabac
and the Mindoro Straits connect the SCS to the Sulu Sea with
passages that are about 100 and 450 m deep, respectively. Itis
still unclear how the volume balance of the SCS can be closed
only by way of outflow from shallow passages (or deep and
narrow in the case of the Mindoro Strait). Qu (2000) used
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hydrographic data to compute a geostrophic volume transport
from 0 to 400 m of 5.3 Sv westward in January through
February. Drifter releases in the north SCS suggest the exis-
tence of a current system that connects the LS region with
he southwest equatorial SCS. A 5 Sv outflow from the SCS
through the Karimata Strait (approximately 200 km wide
and 30 m deep) would require a persistent average current
through fall and winter of 0.8 m's ' It is not known whether
ornot such flow exists. Outflow from the SCS could also occur
through the LS below the inflowing PSW layer, which
requires water mass conversion that transforms the warm
and salty PSW surface water into the cooler and fresher
SCS deeper water. The concept of SCS water outflow below
the PSW layer from the LS is not new since SCS waters char-
acterized by a salinity minimum in the potential density/
salinity space, which are normally found between 350 and
1350 m depth (Chen and Huang, 1996), were tracked as far
north as Japan and are thought to have escaped through the
LS (Chen, 2005). Furthermore, using the distribution of dis-
solved oxygen, Li and Qu (2006) showed the evidence for a
sandwiched vertical structure in transports through the LS,
with outflows in the intermediate layer (700~1500 m ) and
inflows above and below.

Quantifying the net inflow of PS/KC water into the SCS
is an important step to better document the meridional heat
fluxes in the north Pacific. New drifter deployments in
the southern SCS will provide useful data to better under-
stand the structure of the SCS near-surface circulation
and therefore to address some of the science questions
mentioned earlier.

4.4. Interaction of the Kuroshio with the
East China Sea

The KC is known to interact with the East China Sea (ECS,
Figure 12.6) by way of intrusions of the latter on the conti-
nental shelf northeast of Taiwan (Gawarkiewicz et al.,
2011). SVP/GDP drifters from the historical data archive
together with repeat releases designed to map the intrusion
events suggest that deep excursions of the KC on the ECS
continental shelf have a meandering nature and occur all
year round, perhaps with a weak seasonal modulation
(Vélez-Belchi et al., 2013).

The dynamics of the intrusion is still unclear, but there is
evidence of a link between cyclonic mesoscale eddies coa-
lescing with, or being advected by the KC east of Taiwan,
low transport of the KC through the East Taiwan Channel,
and ECS shelf intrusions of the KC (Vélez-Belchi et al.,
2013). The time variations of the northward transport of
the KC through the East Taiwan Channel on the I-Lan Ridge
were measured with an intensive current array PCM-1 during
WOCE (Johns et al., 2001). Remarkably, this transport varies
with a period near 100 days, and no significant seasonal cycle
was detected by these direct measurementsrThe variations of
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this transport are correlated with the presence of mesoscale
eddies directly east of Taiwan in the northern PS (Zhang
et al., 2001). A presence of a cyclonic eddy is accompanied
with low KC transport and anticyclonic eddy with a high KC
transport. The correlation between the WOCE PCM-1 KC
transport and the AVISO gridded weekly sea level anomaly
(SLA) data is maximum (0.83) at 23.9° N, 123.2" E. This
suggests that the SLA at that location is a reasonable proxy
for the KC transport variability through the East Taiwan
Channel and can be used as a zero order predictor for the
KC-ECS interaction events (Vélez-Belchi et al., 2013).

5. APPLICATIONS

Knowing surface currents is important for many applica-
tions. Since 1992, a constellation of satellite altimeters mon-
itors the shape of the ocean surface with an accuracy and
resolution sufficient to resolve large oceanic eddies
(Pascual et al., 2006) and major ocean currents. Sea-level
data are used in circulation and climate studies and are
assimilated in many ocean models, including operational
current forecast systems designed during the Global Ocean
Data Assimilation Experiment (GODAE). For the latter
models, other direct current datasets are also used for assim-
ilation, such as high-frequency radar (HFR) and Auton-
omous Doppler Current Profiler (ADCP) observations
(Davidson et al., 2009). Velocity data from Lagrangian
drifters, however, are not suitable for operational oceanog-
raphy because the drogue detection algorithm and sensors do
not currently work in real time. Drifter velocity data, on the
other hand, are one of the few independent datasets available
to validate outputs from ocean forecasts (Hurlburt et al.,
2009). For example, they are used to validate the Mercator
Océan NEMO global model (Lellouche et al., 2013). In
delayed mode, drifter velocities are also important for an
accurate sea state estimate (Wunsch et al., 2009) facilitating
the use of satellite-measured anomalies and, in the end,
increasing forecast quality.

Operational surface current products, available from a
number of teams, are actively used for tracking oil spills
(c.f., Hackett et al., 2009), search and rescue, and ship
routing (Davidson et al., 2009), maritime safety and iceberg
drift, larval dispersal and harmful algal blooms (De Mey
et al., 2009) and by the Navy for maritime operations
(Jacobs et al., 2009).

One emerging application is to study the dynamics of
marine debris. The trajectory of an object floating on the
surface of the ocean is set by currents, waves, and wind,
and depends on the geometry and mass distribution of
the object. Light flotsam such as balloons are mainly
blown by wind, while heavy objects, such as the GDP
drifters, derelict fishing gear, and ship wrecks are mainly
carried by currents. This latter group also includes



298

microplastic, tiny pieces, produced by breaking old plastic,
which can survive in water for many decades. This class of
debris represents the most common type of marine debris,
which poses the greatest risks for navigational safety and
the health of the marine ecosystem. Because vertical
excursions of flotsam are suppressed by their buoyancy,
floating debris accumulates in open-ocean and coastal
regions of downwelling.

The GDP dataset provides rich information about the
pathways of marine debris. The main pathways are well
represented by the mean streamlines, shown in
Figure 12.2a. To eliminate the bias existing in drifter sta-
tistics due to highly heterogeneous density of the drifter
enscmble. Maximenko et al. (2012) developed a statistical
model, based on probability of observed drifter excursion
between different boxes. Lumpkin et al. (2011) developed
a technique to assess the probability that a drifter will run
aground on different parts of the coastline. This model,
accounting for probabilistic displacements of particles
and their chance to end on the coast, was used for a
numerical experiment with an initially homogeneous
density of marine debris (Lumpkin et al., 2011).
Figure 12.7 shows that after 10 years of wandering around
the ocean, most of the debris (nearly 70% of the initial
mass) is still floating, collected in five subtropical “garbage
patches.” While the North Pacific (Moore et al., 2001) and
North Atlantic (Law et al., 2010) garbage patches are well
known, three others have been confirmed only recently
(Eriksen et al.. 2013) and are being currently documented
by researchers. Vertical bars on Figure 12.7 show the global
pattern of “clean” and “dirty” shores, correlating well with
the direction of dominant winds.
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Another experiment with the same model can simulate
the motion of debris generated on the northeastern coast of
Japan. This helps to statistically predict the tate of debris
originating from the tsunami of March 11, 2011,
Figure 12.8 illustrates that debris will likely disperse over
large area and the center of mass of the debris field will first
drift toward east and later will recirculate into the garbage
patch. Two and a half years after tsunami. scarce reports
from sea generally confirm predictions of the model. Their
analysis emphasizes importance of wind force. acting on
high-windage objects, which are the most visible members
of the debris ensemble at rough sea.

6. FUTURE DIRECTIONS

[mportant advances in our ability to observe surface cur-
rents have been made in recent decades. With the help of
the GOQS, including the network of the GDP drifters and
satellite altimeters, surface currents are monitored on space
scales larger than 100 km and timescales longer than
one week. These observations are complemented by
satellite-borne measurements of the geoid and of surface
winds, particularly via scatterometers, to separately resolve
the geostrophic and ageostrophic components of surface
currents. These observations provide invaluable infor-
mation for basic and applied research on the ocean and
climate dynamics. Yet, most operational activity requires
resolution of a few kilometers delivered to the user within
hours. The importance of smaller scales is not only in better
description of details of ocean currents. The submesoscale
contains most vertical motions, sustaining life in the upper
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FIGURE12.8 The probable pathways of the debris from the March 11, 201 tsunami in Japan as estimated from historical trajectories ot drifting buoys.

Reproduced from Maximenko et al. (2011)

ocean (c.f., Klein et al., 2008; Lapeyre, 2009). Upwelling
in local fronts commonly induces chlorophyll blooms,
in which complex ecosystems quickly build up. Down-
wellings, on the contrary, are generated by surface conver-
gences and collect marine debris and other floating
pollutants. Experiments with ultra-high-resolution models
also indicate that the vorticity of ocean currents, whose
balance plays a principal role in the dynamics of ocean cir-
culation, varies on scales of kilometers or less. Fine reso-
lution will also allow expanding observations closer to
the shore, the area of the greatest interest of most users.
NASA’s Surface Water Ocean Topography (SWOT)
mission will approach these parameters using a wide-swath
interferometry between a pair of radar altimeters, installed
on a single satellite. The launch of SWOT is planed after
2020. Drifters, measuring full velocity, will be essential
for future studies of submesoscale processes. At the same
time, while increased resolution and accuracy along the tra-
Jectory are feasible thanks to new satellite systems (e.g.,
[ridium and GPS), implementing and maintaining a drifter
array with submesoscale coverage is still a task for the future.

Conversion of the sea-level signal into velocity is not
straightforward on small scales, where geostrophic
Equation (12.1) is not a good approximation. New tech-
niques (such as surfice quasi-geostrophy (SQG) (Klein

et al., 2008)) will need to be developed and implemented
that will require better understanding of the momentum
balance in the upper ocean. Velocities, measured with the
array of GDP drifters (after some corrections for the
wind-forced slip), are interpreted as ocean currents at a
nominal depth of 15 m. Neither the motion of the drogue
in rough seas where the wave height is a significant fraction
of the drogue’s depth nor much details of the upper-ocean
velocity shear are well documented. No model or theory
existing today approaches the full complexity of surface cur-
rents, and the very definition of the “sea surface” in the
presence of breaking waves is far from trivial. For example,
Kudryavtsev et al. (2008) point out inconsistencies of
modern models of the mixed layer and suggest the wind force
is not just applied at the sea surface, but momentum may be
“injected” into deeper layers by breaking wind waves. Val-
idation of this idea and progress in understanding the details
of the momentum balance will require implementation in
large numbers of existing velocity profilers and development
of new, more efficient technologies.

New technologies are also required to monitor near-
surface currents covered by ice. Implementation of engi-
neering ideas (Freeman et al.,, 2010), allowing remote
sensing of the ocean surface velocity vector with satellite,
would further revolutionizE the science of the upper ocean.
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Gaps in observations of ocean currents can be filled using
models of different complexity, synthesizing other datasets,
from diagnostic models combining in a simple way wind-
and pressure-driven velocities (e.g., Uchida and Imawaki
(2003); OSCAR (Bonjean and Lagerloef, 2002); SCUD
(Maximenko and Hafner, 2010)) to data assimilating
systems (e.g., ECCO (Wunsch et al., 2009); HYCOM
(Chassignet et al., 2009)). Enhancement of the observa-
tional dataset of surface velocity will help to validate and
improve these models.
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