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[1] Global near-surface currents are calculated from satellite-tracked drogued drifter
velocities on a 0.5� � 0.5� latitude-longitude grid using a new methodology. Data used at
each grid point lie within a centered bin of set area with a shape defined by the variance
ellipse of current fluctuations within that bin. The time-mean current, its annual harmonic,
semiannual harmonic, correlation with the Southern Oscillation Index (SOI), spatial
gradients, and residuals are estimated along with formal error bars for each component. The
time-mean field resolves the major surface current systems of the world. The magnitude of
the variance reveals enhanced eddy kinetic energy in the western boundary current systems,
in equatorial regions, and along the Antarctic Circumpolar Current, as well as three large
‘‘eddy deserts,’’ two in the Pacific and one in the Atlantic. The SOI component is largest in
the western and central tropical Pacific, but can also be seen in the Indian Ocean. Seasonal
variations reveal details such as the gyre-scale shifts in the convergence centers of the
subtropical gyres, and the seasonal evolution of tropical currents and eddies in the western
tropical Pacific Ocean. The results of this study are available as a monthly climatology.
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1. Introduction

[2] Knowledge of global near-surface currents is impor-
tant for a variety of uses including ship routing, search and
rescue efforts, biological and chemical studies, and both
hindcasts and forecasts of the transport and dispersion of
floating material including plastic and oil [cf., McCord
et al., 1999; Davidson et al., 2009; Yoder et al., 1994; Law
et al., 2010; Maximenko et al., 2012]. Here, we apply a
new methodology to derive the global distribution of time-
mean near-surface ocean currents, their seasonal cycle,
their projection onto the Southern Oscillation Index (SOI)
(representing the El Ni~no–Southern Oscillation (ENSO)),
and the variance of eddy fluctuations from a homogeneous
data set of global near-surface current observations from
the satellite-tracked drifters of the Global Drifter Program
(GDP) [Niiler, 2001; Lumpkin and Pazos, 2007].

[3] Although previous studies have derived a global
mean surface velocity field from GDP drifter observations
[cf., Maximenko et al., 2009], they have suffered from

contamination by undiagnosed drogue loss for a significant
fraction of the data [Grodsky et al., 2011; Rio et al., 2011].
GDP drifters have a drogue (sea anchor) centered at a depth
of 15 m to reduce the downwind slip (motion with respect to
the current at 15 m depth) to �0.1% of the wind speed for
winds up to 10 m s�1 [Niiler et al., 1995] and follow the water
within the mixed layer. When this drogue is lost, the down-
wind slip increases to �1–1.5% of the wind speed [Pazan
and Niiler, 2001; Poulain et al., 2009; Lumpkin et al., 2013].
A recent reanalysis of drogue presence has removed
undrogued data from the GDP data set [Lumpkin et al., 2013].
Here, we set out a new method for binning and mapping the
data that captures spatial and temporal variations in the data
and produces formal error bars for the mapped velocity
components. These results are made available at http://
www.aoml.noaa.gov/phod/dac/dac_meanvel.php.

2. Data and Methods

[4] This analysis uses quality controlled data from the
GDP from 1979 to June 2012, interpolated via kriging to
regular 6 h intervals [Hansen and Poulain, 1996]. Veloc-
ities every 6 h are obtained via 12 h centered differencing
of the kriged positions. Recent analyses have found a sig-
nificant fraction of the velocities in the time period 2002–
2009 previously believed to be from drogued drifters were
from undrogued drifters ; in this study, only data from
drogued drifters are used, following results of a manual
reevaluation of drogue presence [Lumpkin et al., 2013].
National Centers for Environmental Prediction (NCEP)
operational 6 h surface (0.995 sigma level) winds W are
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interpolated to the drifter locations, and a downwind slip of
7 � 10�4 W [Niiler and Paduan, 1995] is removed from
the remaining drifter velocities. The resulting velocities are
low passed with a two-point Butterworth filter with half-
power cutoff at 5 days to remove tidal and near-inertial
components of the flow, then decimated to daily values for
this analysis. No attempt is made to separate Ekman and
geostrophic velocities [e.g., Lumpkin and Garzoli, 2005].

[5] Following Johnson [2001], zonal and meridional
drifter speeds are mapped in elliptical bins centered on a
0.5� � 0.5� longitude-latitude grid, with the ratio of semi-
major to semiminor axis and axis orientation set by the var-
iance ellipse of eddy fluctuations (residuals with respect to
the mapped current within the bin; see below) in the bin.
For this study, we chose bins with an area equal to that of
an ellipse with radii of 2� (i.e., area¼� � 2� lat. � 2�

long.). Hence, the bin area at 660� latitude is half that of
the equator owing to the reduction of the zonal radius with
increasing latitude, reflecting, albeit only weakly, the
reduction of the Rossby radius of deformation at high lati-
tudes [e.g., Chelton et al., 1998], and its influence in reduc-
ing ocean current scales at higher latitudes [e.g., Stammer,
1997]. The bin area is chosen subjectively to balance reso-
lution of known current features while limiting aliased
short-term variability in the maps. Other bin areas were
tested but found to be less optimal for global application:
for example, bins of half the area better resolved fine-scale
currents in well-sampled regions of flow/topography inter-
action such as the Hawaiian Islands, but these small bins
also tended to produce spurious features likely reflecting
undersampled realizations of the time-varying mesoscale
field in poorly sampled regions. Alternatively, bins of twice
the area were superior for resolving large-scale currents in
poorly sampled regions, but overly smoothed features of
the time-mean field (such as the Loop Current) that had
converged at the resolution we chose. There are other pos-
sible choices for binning the data such as orienting bins
along planetary potential vorticity contours [e.g., Jakobsen
et al., 2003] or the application of clustering methods to
improve Lagrangian statistics [e.g., Koszalka et. al., 2011].
Our choice is relatively simple, dynamically motivated,
and homogenously applied around the globe, and results in
a uniformly gridded product.

[6] Within each bin, the complex vector u containing
observations uþ iv of zonal u and meridional v drifter
speed can be written u¼Azþ u0, where u0 are residuals
(eddy fluctuations), z is a vector containing 11 coefficients
to be determined, and matrix A describes the model used to
map the large-scale currents:

Aj ¼ ½1 SOI j sin 2�tj

� �
cos 2�tj
� �

sin 4�tj

� �

cos 4�tj
� �

xj xj
2 yj yj

2 xj yj�: ð1Þ

Here, the subscript j indicates observation j collected at
time tj (in years). The unity term models the time mean.
The term SOIj is a running 5 month average of the SOI
[Trenberth, 1984] centered at tj ; this term models the influ-
ence of ENSO, and is especially important near the equator,
where drifter observations may be biased toward El Ni~no-
related periods of weak Trade Winds and associated low

equatorial divergence [Johnson, 2001]. We include the SOI
because it is generally well sampled over multiple cycles
by the drifter data and is associated with strong variations
in surface currents, especially across the tropical Pacific [e.
g. Johnson et al., 2002]. The GDP-style drifters were
deployed in their first decade of existence (1979–1989)
almost solely in the tropical Pacific, motivated by the desire
to resolve ENSO-related climate fluctuations. As noted by
Johnson [2001], the SOI is correlated with the strength of
Pacific equatorial divergence and thus surface drifter obser-
vational density, and can thus be expected to bias time-
mean calculations if an SOI component is not included. We
do not include other climate indices, such as the North At-
lantic Oscillation [Hurrell, 1995], Pacific Decadal Oscilla-
tion [Mantua et al., 1997], or Antarctic Oscillation
[Thompson and Wallace, 2000], because the data generally
do not span all phases of these indices in as large a fraction
of the bins, so they would not be well fit. However, as data
records become longer, including such indices in future
models might improve the results, which may be biased
now toward one phase or the other of these phenomena.
The sinusoidal terms fit annual and semi-annual harmonics
[Johnson, 2001; Lumpkin, 2003]. The use of only two har-
monics may not resolve the seasonal cycle fully every-
where, but it keeps the number of parameters in the model
relatively low. This approach has been used previously and
successfully with sparsely sampled, inhomogenous oceano-
graphic data sets [e.g., Ridgway et al., 2002]. The final five
terms in Aj model spatial gradients within the bin [Bauer
et al., 1998; Johnson, 2001] and are expressed with respect
to the non-dimensionalized zonal distance xj and meridio-
nal distance yj from the bin center, expressed in degrees
longitude or latitude divided by 1�.

[7] While a simultaneous fit to 11 coefficients is superior
to a stepwise approach if all coefficients can be resolved by
the data [cf., Lumpkin, 2003], spurious results can result in
bins with low observational density, particularly those that
also have energetic mesoscale fluctuations. Examining
results from the 11 coefficient fit as a function of observa-
tional density outside the tropical Pacific, we find that spu-
riously large results for the SOI coefficient are calculated
in bins with <365 drifter days of observations (correspond-
ing to 29 drifter days per square degree). Comparable
results are found for the seasonal sinusoid coefficients with
<90 drifter days of observations. In bins with <365 drifter
days, the SOI term is not included in the model (1); in bins
with <90 drifter days, the seasonal sinusoid terms are not
included. If there are <10 drifter days of data (i.e., 2–3
Lagrangian integral time scales), then the calculation is not
made and the bin is left blank.

[8] The model is evaluated iteratively, starting with a
circular bin, and calculating the resulting variance ellipses
to determine a new ellipsoidal bin and new model coeffi-
cients [cf., Johnson, 2001]. The calculation is iterated a
total of five times for each bin to ensure convergence.

[9] The Gauss-Markov estimator for z in a given bin is

z ¼ RzA
T ARzA

T þ Rn

� ��1
u; ð2Þ

[cf., Wunsch, 1996; Lumpkin, 2003], where Rz is the a pri-
ori (calculated before solving for z) covariance matrix of
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the unknown coefficients in z and Rn is the variance struc-
ture of the eddy noise u0. For this study, each of the diago-
nal elements of Rz are assumed to be equal to the range of
ju2j and off-diagonal elements are set to zero. In principle,
prior knowledge could guide the values of the terms in Rn ;
our choice to set them all equal assumes that any term in
(1) could potentially account for the observed variance of u
in each bin. Elements of Rn are chosen to be

Rn tð Þ ¼ std uð Þ2 þ i std vð Þ2
h i

cos �t=2Tdð Þ exp � �t=2�2Tdð Þ2
h i

ð3Þ

following Lumpkin [2003], with Td¼ 10.33 days, consistent
with an integral eddy time scale of 5 days. This choice
assigns degrees of freedom to the observations with the
assumption that observations less than 5 days apart are not
fully independent [Lumpkin, 2003], a conservative choice
since many studies have found values of 2–3 days for the
integral time scale. The a posteriori error covariance matrix
is

Pz ¼ Rz � RzA
T ARzA

T þ Rn

� ��1
ARz ð4Þ

[cf., Wunsch, 1996]. The square roots of the diagonal terms
in Pz are the formal error bars for the coefficients in z ; for
example, [Pz(1,1)]0.5 is the error for time-mean u at the bin
center. Since fitting multiple parameters at once can some-
times lead to spurious results, these error bars can be exam-
ined at any location to assess how well the various terms in
the model are resolved. The total squared error for the
mapped speed Az is APzA

T. This quantity can, for example,
be used to derive error bars for seasonal or monthly mean
values. The magnitudes of the coefficients z and the resid-
uals u0 are compared against the prior values (square roots
of the diagonal terms in Rz and Rn, respectively) in each
bin. The solution in a bin is rejected if jzj exceeds the prior

value in Rz or if more than 40% of the residuals exceeds
the prior value in Rn.

[10] The number of daily observations within each bin is
highly inhomogeneous (Figure 1), being a function of
deployment locations and the subsequent advection path-
ways, including regions of divergence and convergence
that impact drifter residence times. Regions of poor data
coverage (<50 drifter days per square degree) are located
in the southernmost Southern Ocean, the southeast Pacific
Ocean west of Chile, the Southern Ocean south of Aus-
tralia, the southwest Pacific immediately north of New Zea-
land, the western equatorial Indian Ocean, the central
equatorial Atlantic Ocean, the easternmost Angola Basin,
and the Java Sea (much of which is shallower than 15 m).
The data are also not homogeneous in time: the earliest
deployments (in 1979) were conducted solely in the tropi-
cal Pacific Ocean as part of the Tropical Ocean Global
Atmosphere study [Niiler, 2001]. Sustained deployments
began in the North Atlantic in 1989 [Fratantoni, 2001], the
South Atlantic in 1993, the Indian Ocean in 1994, and the
Tropical Atlantic in 1997 [Lumpkin and Garzoli, 2005].
From 1993 to 2002, the array averaged 500–700 drifters at
any given time; it was increased to its current size of
�1250 drifters in late 2005 and has been subsequently sus-
tained at approximately this size [Lumpkin and Pazos,
2007].

3. Results

[11] We start with a presentation of the mean speed and
streamlines as well as variance ellipses. We then discuss
the regression of surface currents onto the SOI. Following
that, we present the global seasonal cycle of the surface
currents. We discuss the seasonal cycle of surface currents
in the western tropical Pacific Ocean and the surface diver-
gence fields of the equatorial interior ocean basins as

Figure 1. Number of drogued drifter observations used to map fields at each grid point bin (in drifter days per square
degree). Thresholds for estimating a mean field (0.8 drifter days per square degree, red lines), a seasonal
cycle (7 days per square degree, orange lines), and a SOI regression (29 days per square degree, black
lines) are contoured.

LUMPKIN AND JOHNSON: GLOBAL OCEAN SURFACE VELOCITIES

2994



examples of the details visible in the climatology. We con-
clude with a comparison to an oft-used surface current
product.

3.1. Mean Fields

[12] Unsmoothed mean current speeds (to indicate local
current magnitudes) with streamlines calculated from spa-
tially smoothed velocities (to indicate large-scale interior
current directions as well as qualitatively, the surface diver-
gence field) clearly illustrate the prominent large-scale cur-
rents (Figure 2) such as the western boundary currents,
their extensions, the equatorial current systems, and parts
of the Antarctic Circumpolar Current (ACC). Only the
streamlines are computed from smoothed fields, which do
attenuate some smaller-scale regional features, with all
other quantities displayed as mapped. The smoothing is
applied only to bins with mean speeds <25 cm s�1 so that
strong currents are not smoothed, while spurious localized
convergences and divergences in regions of weak velocity
are reduced. This smoothing is an average of the grid value
and eight surrounding values, weighted by observational
density, iterated 10 times to stress the large-scale field. The
global histogram of unsmoothed mean speeds (Figure 2,
inset) peaks at 4.5–6 cm s�1, with 87% of the bins having a
mean speed <25 cm s�1 and 98% <50 cm s�1.
3.1.1. Prominent Currents

[13] The features of prominent regional surface current
systems discussed below are visible in the drifter-derived
velocity fields, but may be difficult to see in the global-
scale maps presented in this paper. Maps of specific current
systems derived from our results can be seen at http://
oceancurrents.rsmas.miami.edu/ or can be generated from

the climatology, available at http://www.aoml.noaa.gov/
phod/dac/dac_meanvel.php.

[14] The structure of the ACC is resolved as strong jets
associated with the Southern Ocean fronts, surrounded by
regions of relatively weak flow [Orsi et al., 1995; Falco
and Zambianci, 2011]. The ACC bifurcates east of the
Drake Passage (Figure 2), with a significant portion flowing
north in the western Atlantic as the Malvinas Current, per-
haps the equivalent of the western boundary for this other-
wise zonally unbounded current [e.g., Baker, 1982]. After
meeting the southward-flowing Brazil Current at the Bra-
zil/Malvinas Confluence, the South Atlantic Current con-
tinues eastward across the South Atlantic and enters the
southern Indian Ocean. Paralleling this to the south, the
southern fronts of the ACC enter the Indian Ocean sector
and slowly migrate southward as they flow eastward
through the Indian and Pacific sectors [e.g., Orsi et al.,
1995; Falco and Zambianci, 2011], distinct at some longi-
tudes, merged at others in this climatology. The ACC is
narrower and in some areas up to 10 cm s�1 weaker than in
previous mean current fields calculated from drifters prior
to the recent drogue presence reassessment [Lumpkin et al.,
2013], and perhaps also affected by changes in mapping
methods. The ACC is not well resolved in the central and
eastern South Pacific owing to the scarcity of drogued data
in this region.

[15] In the northern and equatorial Indian Ocean, with its
strong seasonal cycle [Schott and McCreary, 2001], dis-
cussed below, the time-mean surface currents (Figure 2)
are dominated by the northward-flowing Somali western
boundary current and eastward equatorial Wyrtki Jet. In the
Indian Ocean, the westward-flowing South Equatorial Cur-
rent (SEC) at 24–6.5�S is shifted further south than in the

Figure 2. Mean current speeds (colors, in cm s�1) from near-surface drifter data with streamlines (black lines). Stream-
lines are calculated from spatially smoothed currents to indicate flow direction and qualitatively illustrate
large-scale circulation features, including surface divergence. Light gray areas have less than 10 drifter
days per bin (0.8 per square degree). In addition, only bins with mean current speeds statistically differ-
ent from zero at one standard error of the mean are shaded. Inset (top left) shows histogram of mean cur-
rent speed (cm s�1, horizontal axis, from 0 to 100 at 3.125 cm s�1 intervals) versus number of bins (in
kilobins, vertical axis, from 0 to 25,000 bins).
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other oceans, with a maximum speed of 20–24 cm s�1 at
12�S. The SEC is fed in part by the Indonesian throughflow
[Gordon et al., 1997]. In the surface layer, it bifurcates
near 16�S upon reaching Madagascar, with the northern
branch heading westward to Africa and then turning north-
ward to join the East Africa Current [e.g., Swallow et al.,
1988]. The fate of the southern branch of the East Mada-
gascar Current when it reaches the southern end of Mada-
gascar is less clear [e.g., Lutjeharms, 2007], but in the
mean drifter climatology, it appears to form a jet extending
west-southwest from the southern tip of Madagascar to
28�S, 40�E. This jet then splits, with one branch flowing
southward to join the Agulhas return current and the other
flowing westward to join with the southward-flowing
Mozambique Current to feed the Agulhas Current. The
Agulhas has time-mean speeds of 60–150 cm s�1, with the
greatest speeds found from 32.5�S, 29�E to 34.5�S, 25.5�E.
The Agulhas retroflects south of Africa, at 20–23�E in the
mean—a bit further to the east than expected [e.g., Lutje-
harms, 2007]—to feed the eastward-flowing South Indian
Ocean Current which exhibits prominent meanders as it
flows eastward to �45�E and then east-southeastward to
merge eventually with the ACC. On the east side of the In-
dian Ocean, the Leeuwin Current flows south along the
west coast of Australia [Feng et al., 2003], with a speed of
20–35 cm s�1 in the latitude band 24–26.5�S, but it appears
in the mean to be interrupted by an apparently permanent
anticyclonic feature centered at �29�S, 111�E; northward
currents on the west side of this feature oppose the Leeuwin
Current and reduce its strength. South of 30�S, the Leeuwin
Current exceeds 100 cm s�1 in several bins. It wraps
around the southwest corner of Australia and continues
eastward along Australia’s south coast.

[16] In the North Pacific, the Alaskan Stream [Reed,
1984] is apparent in the mean surface velocity from the
drifter data (Figure 2) just south of Alaska and the Aleutian
Island chain, petering out by about 170�E after it leaves its
effective western boundary, near the dateline, where the
island chain curves back to the northwest. The southward-
flowing East Kamchatka Current and Oyashio, the western
boundary currents of the subpolar gyre, are less prominent
than the northward-flowing Kuroshio of the subtropical
gyre, as is their eastward-flowing extension [e.g., Qu et al.,
2001], which slows to eastward speeds <10 cm s�1 by
170�W.

[17] The equatorial Pacific currents are prominent in the
mean drifter velocities (Figure 2), with the westward flow-
ing North Equatorial Current (NEC) at 9–24�N attaining a
peak speed of 20 cm s�1 at 11�N when averaged in the
zonal band 150�E–140�W. The NEC extends from about
120�W to the Philippines, where it bifurcates to feed the
northward flowing Kuroshio and the southward flowing
Mindanao currents [e.g., Toole et al., 1990]. The Costa
Rica Dome stands out as a small isolated anti-cyclonic cir-
culation centered near 9�N, 95�W [Fiedler, 2002]. To the
northwest, a region of anti-cyclonic circulation at 12–16�N,
106–95�W may be the rectified signature of the wind-gen-
erated anticyclonic Tehuantepec and Papagayo eddies that
are generated in this region from October to July [Palacios
and Bograd, 2005], In the monthly mean velocity fields
(data not shown), the eastward flow in the northern half of
this region is weakest in August-September, while the

westward flow in the southern half is weakest in May-June.
The North Equatorial Countercurrent (NECC) extends all
the way across the Pacific [e.g., Johnson et al., 2002]. In
the Pacific, the SEC is strongest at very low latitudes, with
a narrow, �45 cm s�1 (averaged from 180 to 100�W)
branch at 2�N and a larger branch of maximum speed 30–
35 cm s�1 centered at 4�S at 140–110�W that gradually
shifts northward as it flows west, reaching 2�S by the date-
line. These branches are separated by eastward surface flow
at the equator in the central to eastern Pacific (the shoaled
equatorial undercurrent) [Johnson et al., 2002]. This fea-
ture is apparent in the unsmoothed maps, but absent in the
streamlines, which are computed after smoothing the maps.
The SEC is also strong along about 15�S from the dateline
into the Coral Sea, where it bifurcates at the east coast of
Australia, with a part heading north toward the equator via
the Solomon Sea (again, not visible in the smoothed
streamlines) and the New Guinea Coastal Current (NGCC)
and another portion feeding the southward flowing East
Australia Current [e.g., Ganachaud et al., 2008], which has
a peak speed of 90 cm s�1 at 30.5�S, 153.5�E.

[18] In the subpolar North Atlantic Ocean, the 30–35 cm
s�1 East Greenland Current rounds Cape Farewell (Figure
2; visible in the current speeds) to become the west Green-
land current with peak speeds of 45–50 cm s�1, and then
the 15–30 cm s�1 Labrador Current, before meeting the
Gulf Stream extension near Newfoundland [e.g., Higginson
et al., 2011]. The northward flowing Norwegian Atlantic
Current is also prominent in the drifter data [e.g., Jakobsen
et al., 2003; Koszalka et al., 2011]. The return currents in
the gyre interior are discussed below.

[19] In the southwestern tropical Atlantic, the North Bra-
zil Current (NBC) [Garzoli et al., 2004; Lumpkin and Gar-
zoli, 2005] bifurcates, with the western portion, the Guyana
Current [cf., Richardson and Walsh 1986], entering the Ca-
ribbean to form the 30–50 cm s�1 Caribbean Current,
which passes north of a clearly defined (Figure 2; visible in
the current speeds) Columbia-Panama gyre in the southern
Columbia Basin [cf., Richardson, 2005]. The Caribbean
Current feeds into the Yucatan Current, which in turn feeds
the high-speed loop current in the Gulf of Mexico [cf.,
Molinari and Morrison, 1988], which in turn joins the Gulf
Stream flowing north to Cape Hatteras. In the time mean,
the Gulf Stream is 70–80 cm s�1, with speeds exceeding 90
cm s�1 in the Florida Current and at its separation from the
coast near Cape Hatteras. The Gulf Stream splits to the
northeast to feed the North Atlantic Current [e.g., Schmitz
and McCartney, 1993] and to the southeast to return to the
subtropical Gyre. The North Atlantic Current in turn splits
to feed the North Atlantic Drift that joins the subpolar gyre,
and the Azores Current [e.g., Klein and Siedler, 1989] that
eventually feeds the equatorward eastern boundary flow
and upwelling regime associated with the Canary Current
[e.g., Mason et al., 2012].

[20] The tropical Atlantic mean circulation (Figure 2) is
dominated by a zonally elongated clockwise gyre consist-
ing of the westward northern and central branches of the
SEC, the northwestward NBC and its southeastward retro-
flection, and the eastward NECC and Guinea Current
[Lumpkin and Garzoli, 2005]. Very large time-mean speeds
of 80–140 cm s�1 are found in the NBC, with the largest
speeds located at 4–7�N, 54–50�W immediately before the
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NBC splits into the southeastward Retroflection and the
westward Guyana Current. Upwelling and cross-equatorial
flow of surface waters evident in the mean surface drifter
climatology play a role in the warm return flow of the At-
lantic Meridional Overturning Circulation [e.g., Roemmich,
1983].

[21] In the South Atlantic, the surface expression of the
southern SEC (Figure 2) bifurcates against the South Amer-
ican coast at 14–14.5�S to form the north-northeastward
NBC and the south-southwestward Brazil Current [e.g.,
Rodrigues et al., 2007]. The Brazil Current meets the
north-northeastward Malvinas Current at 37�S, 54�W in the
time-mean at the surface. The Brazil-Malvinas Confluence
is a complex, energetic region [e.g., Provost et al., 1992;
Lumpkin and Garzoli, 2011]; in the mean drifter climatol-
ogy, the Malvinas Current has speeds of 30–50 cm s�1

against the South American shelf, with comparable speeds
in the southward Brazil/Malvinas Confluence Jet, which
extends south to about 45�S. The eastward flow emerging
from the Confluence region is strongest at 48�S, associated
with the Subpolar Front, with a secondary jet at 40�S asso-
ciated with the Subtropical Front [Orsi et al., 1995].
3.1.2. Interior Gyres, Convergence, and Divergence

[22] Global streamlines converge in the centers of the
subtropical gyres, associated with the convergent subtropi-
cal fronts (Figure 2). These fronts terminate in ‘‘garbage
patches’’ in both hemispheres of the eastern (centered near
35�N, 140�W and 30�S, 100�W) Pacific and the eastern
(25�S, 100�E) South Indian oceans [Maximenko et al.,
2012; van Sebille et al., 2012]. These locations are charac-
terized by high concentrations of floating plastics and other
debris. In the Atlantic, the convergences are centered fur-
ther to the west (near 30�N, 50�W and 30�S, 25�W) [e.g.,
Law et al., 2010]. In contrast, streamlines diverge from the
subpolar gyres of the North Pacific and North Atlantic.
Subpolar divergence south of the ACC, where deep water
is upwelled [e.g., Sloyan and Rintoul, 2001], is not resolved
by the drifters.

[23] Divergence from the equatorial Pacific and Atlantic
is also extremely prominent (Figure 2) and is associated
with the cold tongues of upwelled water from below [e.g.,
Johnson et al., 2001; Grodsky and Carton, 2002]. How-
ever, in the equatorial Indian Ocean, acceleration of the
flow across the equator is consistent with weaker horizontal
divergence (see section 3.4.2) that is not as visually appa-
rent as in the equatorial Pacific and Atlantic. In fact, there
is a net southward surface flow observed at the equator,
closing a mean cell of subducted water in the Southern
Hemisphere and upwelled water in the North [Schott et al.,
2004]. Divergence is apparent near 8�S in the western trop-
ical Indian Ocean, where the winds bring the thermocline
close to the surface [e.g., Hermes and Reason, 2008], as
well as in the Costa Rica Dome near 9�N, 90�W [Fiedler,
2002].

[24] Streamlines also clearly diverge from the west
coasts of North and South America and Africa (apart from
the latitude band of the NECC, Figure 2), where the equa-
torward flowing eastern boundary currents are associated
with coastal upwelling [e.g., Bograd et al., 2009; Colas
et al., 2012; Hutchings et al., 2009; Nykjær and Van
Camp, 1994]. In contrast, the streamlines do not indicate
divergence along the Australian west coast, where the pole-
ward flowing Leeuwin Current (visible in the current
speeds) carries warm water southward, and the winds and
circulation inhibit upwelling [Feng et al., 2003].

3.2. Variance

[25] The mean speed of eddy fluctuations with respect to
the model fit (i.e., fluctuations with respect to the time-
mean, seasonal, and SOI-related variations, equal to the
square root of twice the eddy kinetic energy) shows large ge-
ographic variations (Figure 3). These results are comparable
to those from satellite altimetry [e.g., Ducet et al., 2000],
except that the surface drifter analysis can be carried to the
equator as geostrophy need not be assumed. Maximum eddy
speeds exceeding 70 cm s�1 are found in the Somali Current

Figure 3. Variance ellipses centered every 5� longitude by 2� latitude (black lines) plotted over the square root of the
magnitude of variance (colors in cm s�1). Light gray areas have less than 0.8 drifter days per square
degree.
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region; values >60 cm s�1 are also found in the Gulf Stream
and Agulhas Retroflection, and >50 cm s�1 also in the Loop
Current, Florida Current, the Pacific NECC and northern
SEC at 115–130�W (presumably associated with energetic
Tropical Instability Waves), Kuroshio Current, Brazil/Malvi-
nas Confluence, Agulhas Return Current, NBC Retroflec-
tion, Mozambique Channel, and the East Australian Current.
Enhanced eddy energy is also seen along the path of the
ACC, west of the Hawaiian Islands, in the Pacific Subtropi-
cal Countercurrents, and along much of the NECCs of the
Atlantic and Pacific basins.

[26] In contrast, ‘‘eddy deserts’’ with time-mean eddy
speeds <10 cm s�1 dominate three large regions: the sub-
tropical South Atlantic, the subpolar North Pacific, and the
southeastern South Pacific (�110–85�W from 40–10�S,
and extending west to 170�W in the band 45–35�S). Much
smaller eddy deserts are found in the central subtropical
North Atlantic, west and south of New Zealand, and south
of the merged Agulhas Return Current and ACC immedi-
ately south of Kerguelen Island. Again, drifter speeds in
this study have been low-pass filtered at 5 days; higher fre-
quency motion may be present in these eddy deserts [Griffa
et al., 2008].

[27] The variance ellipses for these eddy fluctuations
(Figure 3) tend to align with most of the major currents
such as the Gulf Stream and Kuroshio, although this tend-
ency is less apparent in the East Australia and the Agulhas
Return currents. Near the coasts, the ellipses tend to align
with the coastlines. In the ocean interiors, they are gener-
ally more circular, except at low latitudes, particularly in
the Pacific and Indian equatorial bands, where they are
zonally elongated. The coastal and equatorial waveguides
are presumably largely responsible for these patterns.

3.3. SOI and Surface Currents

[28] Current speeds and directions from the regression
against the SOI (Figure 4, plotted for SOI¼�1, corre-

sponding to a moderate El Ni~no) contain the anticipated
eastward (and slightly equatorially convergent) surge of
surface currents in the Equatorial Pacific [e.g., Johnson
et al., 2000]. Eastward values of 10–20 cm s�1 are seen in
the equatorial Pacific (2�S–3�N) from 160�E to nearly
160�W, and along 155–110�W from 2 to 3�N. A weaker
response mirroring the 2–3�N response is seen just south of
the equator in the eastern tropical Pacific. East of 145�W,
the response on the equator is not statistically significantly
different from zero owing to the scarcity of observations
(Figure 1). In the western tropical South Pacific, there is
another patch of anomalous westward flow associated with
an El Ni~no-related shift in the South Pacific Convergence
Zone [e.g., Cai et al., 2012]. Curiously, the response in the
Tehuantepec and Papagayo eddy region 12–15�N, 105–
95�W suggests a weakening of the anti-cyclonic recircula-
tion even though more frequent and stronger anti-cyclonic
eddies are thought to be generated there during El Ni~nos
[Palacios and Bograd, 2005].

[29] In the Indian Ocean, El Ni~no-related westward
speeds of �4–8 cm s�1 can be found in a band stretching
west-northwestward across the basin from �12�S, 100�E to
�1�N, 50�E, generally increasing toward the west. This
pattern suggests a northward migration and possibly
strengthening of the SEC during El Ni~no [e.g., Potemra
and Schneider, 2007] or a weakening and southward shift
during La Ni~na. There is another patch of westward flow
just north of the equator south of India and Sri Lanka asso-
ciated with El Ni~no. Strong (15–25 cm s�1) southwestward
anomalies against Somalia oppose the seasonal northeast-
ward Somali Current north of 4�N during El Ni~no; SOI-
related variations further south cannot be resolved due to
observational densities of <365 drifter days per bin. The
large spatial extent and coherent directions in the features
associated with El Ni~no discussed above suggest they may
be robust. Other less-spatially coherent patterns include a
slowing of the surface currents in the Gulf Stream,

Figure 4. Velocity of currents regressed onto the Southern Oscillation Index (colors in cm s�1) shown for SOI¼�1
(moderate El Ni~no) with directions (black arrows) indicated for a subset of gridpoints. Arrows not shown
where their magnitude is not significantly different from zero. Light gray areas have less than 365 drifter
days per bin (29 per square degree).
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eastward flow in the deep section of the eastern Bering Sea,
and westward flow in the Mediterranean Sea, all apparently
during El Ni~no. However, these latter features, given their
relatively small spatial extent and absence of documented
teleconnection mechanisms, may simply result from spuri-
ous correlations with the SOI. There are isolated patches of
response in other areas, but nothing aside from the patterns
already discussed stands out as spatially coherent.

3.4. Seasonal Variations

[30] Monthly mean ocean currents for climatological
February, August, May, and November (Figures 5 and 6)
illustrate the seasonal cycle of global surface currents. For
example, the eastward Wyrtki Jet in the equatorial Indian
Ocean is prominent in May (�50 cm s�1) and November
(�70 cm s�1) while being absent in August and reversed in
February [e.g., Nagura and McPhaden, 2010]. Likewise,
the Somali Current is completely spun up in August during
the Southwest Monsoon, but reversed in February near the
end of the Northeast Monsoon [e.g., Schott et al., 1990].

The Bay of Bengal shows a strong seasonal cycle as well,
with current directions reversing completely [e.g., Shenoi
et al., 1999]. Interior flow across the equator is largely
southward in August, and northward in February, with sea-
sonally reversing surface winds driving a shallow ‘‘cross-
equatorial roll’’ with subsurface flow opposite to the
surface flow [e.g., Schott and McCreary, 2001]. Further to
the south, the surface expression of the SEC is substantially
weaker in August than in other seasons.

[31] The seasonality of the NECC is clearly seen in the
Pacific and Atlantic basins, revealing for example an
intense Atlantic NECC emerging from the NBC Retroflec-
tion in August while neither exists in May [e.g., Lumpkin
and Garzoli, 2005]. The Pacific NECC is quite strong in
August and November, but much weaker in February and
May [e.g., Johnson et al., 2002]. The South Equatorial
Countercurrent in the western Pacific Ocean at 11–8�S is
clearly seen in February (and also in December, January
and March, data not shown) while being absent in other
months [Chen and Qiu, 2004].

Figure 5. Near-surface ocean currents from surface drifter data. Details follow Figure 2, except displayed for climato-
logical February (top) and August (bottom). Light gray areas have less than 90 drifter days per bin (7 per
square degree).
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[32] The gyre-scale surface circulations (Figures 5 and 6,
streamlines) also exhibit seasonal migrations, which are no
doubt associated with seasonal wind shifts [viz., Risien and
Chelton, 2008]. For example, the centers of the northern
hemisphere subtropical gyres shift to the south in February
and to the north in August. In the North Pacific Ocean,
there is a dramatic shift in the latitude of the interior recir-
culation gyre, from �20�N in February to �40�N in Au-
gust. This seasonal migration may have a significant
modulating impact on the convergence of floating material
in the ‘‘garbage patch’’ of the North Pacific, compared to
calculations based on time-mean Lagrangian displacement
statistics [e.g., Maximenko et al., 2012] in which these
shifts would spuriously increase the inferred time-mean lat-
eral diffusivity.
3.4.1. Tropical West Pacific Surface Currents

[33] Many fine-scale details of the surface circulation are
difficult to see when plotted at the global scale, but are
resolved by the drifter observations in the climatology pre-

sented here. For example, in the western Pacific (Figure 7),
the southward-flowing Mindanao Current can be seen to
split immediately north of the northeastern tip of the Cele-
bes year-round, with the westward branch entering the Cel-
ebes Sea, and the eastward branch feeding the NECC; the
cyclonic Mindanao Eddy is located between the Mindanao
Current and NECC throughout the year [cf., Arruda and
Nof, 2003]. In Boreal winter, the strongly zonal NECC sep-
arates into its main branch running along �5�N and a sec-
ondary branch flowing east-southeastward along the
northwestern New Guinea coast (Figure 7). This branch
reverses through Boreal spring, and by August, the west-
northwestward NGCC has surfaced. At the confluence of
the Mindanao Current’s eastward branch and the NGCC, a
narrow northeastward-flowing jet develops, the eastern side
of which recirculates to form the Halmahera Eddy [cf.,
Arruda and Nof, 2003], which is not present in Boreal win-
ter but is clearly visible in Boreal summer through fall.
This eddy is thought to play a significant role in modulating

Figure 6. Near-surface ocean currents from surface drifter data. Details follow Figure 2, except displayed for climato-
logical May (top) and November (bottom). Light gray areas have less than 90 drifter days per bin (7 per
square degree).
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exchange between the Pacific and Indian basins through the
Indonesian Throughflow [Qu et al., 1999].
3.4.2. Interior Equatorial Surface Divergence

[34] The seasonal divergences in the equatorial interiors
of the three ocean basins (Figure 8) contrast strongly. Equa-
torial divergence in the Indian Ocean peaks in August with
the relaxation of the Wyrkti Jet ; the flow is strongly con-
vergent in November through January. An off-equatorial
divergence is evident in the South Indian Ocean, centered
near 8�S in December–April, and closer to 5�S in May–Au-
gust. This feature may be associated with the thermocline
ridge near that latitude in the South Indian Ocean [e.g.,
Hermes and Reason, 2008]. In contrast, equatorial diver-
gence is present year-round in the central Pacific and Atlan-
tic basins [e.g., Hansen and Paul, 1987; Johnson et al.,
2001; Grodsky and Carton, 2002], although the magnitude
displays a seasonal modulation in both basins with stronger
divergence in Boreal spring vs. Boreal fall (mirroring the
development of the cold tongue in the eastern regions of
these basins). Off-equatorial convergence is seen through-
out the year in the central Pacific south of the equator, but
is more seasonally modulated to the north with a conver-
gence maximum at 4–5�N in May–June. In the central
Atlantic, convergent maxima are seen at 4–8� N during
May–August, and at 6–4�S during June–September. These
patterns of equatorial divergence and off-equatorial conver-
gence are associated with the shallow tropical overturning
cells in these basins [e.g., Perez et al., 2010].

4. Summary and Discussion

[35] We use a global set of drogued drifter velocity
measurements to map the time-mean, seasonal, and SOI-
related components of near-surface currents at high resolu-
tion. Our approach combines aspects of three previous

mapping efforts [Bauer et al., 1998; Johnson, 2001; Lump-
kin, 2003] to address spatial and temporal variations in the
data and to produce formal error bars for the various com-
ponents (mean, seasonal cycle, and SOI regression) of the
currents. Our analysis also takes advantage of data set cor-
rections from a recent reevaluation of drogue presence
[Lumpkin et al., 2013], one result of which is significantly
reduced speeds for currents such as the ACC. However, it
is possible that downwind (and down-wave) slip, which has
not been directly measured for drogued drifters at wind
speeds >10 m s�1 [Niiler et al., 1995], may exceed the lin-
ear slip removed in the recent data set update by Lumpkin
et al. [2013], and as such there may still be downwind bias
in regions of strong winds.

[36] Assuming a mean density of 1025 kg m�3, the
global distribution of total kinetic energy (Figure 9d)
amounts to a total of 4.6 � 1017 J in the upper 30 m, in all
bins with more than 10 drifter days of data (for reference,
the global total variable kinetic energy of the full-depth
ocean is estimated at 3.8 � 1018 J [Wunsch, 1998]). Our
estimate does not include energy at Lagrangian periods
shorter than 5 days including inertial, tidal, submesoscale,
and high-frequency mesoscale motions. Mean currents con-
tribute a substantial fraction to the total kinetic energy (Fig-
ure 9a) where one would expect : in the western boundary
currents and their extensions, in the North Equatorial cur-
rents and the NECCs of the Atlantic and Pacific oceans,
and in segments of the ACC. These are all locations where
the total kinetic energy is high (Figure 9d), and—except for
the equatorial currents and regions of the ACC—where
there is topographic confinement. However, the mean cur-
rents also constitute a substantial fraction of the total ki-
netic energy in the SECs of all three oceans as well as in
the interior of the subpolar North Pacific gyre—all eddy de-
sert regions (with the exception of the Indian Ocean SEC)

Figure 7. Seasonal variations of surface currents (black arrows, see key in the lower left) in the northwestern tropical
Pacific Ocean. Currents are not shown where they are not significantly different from zero at one stand-
ard error of the mean.
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Figure 8. Seasonal cycle of surface divergence (colors, 10�8 s�1) versus latitude averaged over longitude bands in the
interior of the (a) Indian (90�E–55�E), (b) Pacific (165�E–85�W), and (c) Atlantic (30�W–5�E) oceans.
Tick marks show the start of named months.

Figure 9. Fractions (colors, upper colorbar) of (a) time-mean, (b), eddy, and (c) seasonal contributions to the total sur-
face kinetic energy in the drifter climatology along with (d) the total kinetic energy (colors, m2 s�2,
lower colorbar).
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where the total kinetic energy is relatively low. Globally,
the mean currents contribute 1.6 � 1017 J of kinetic energy
in the upper 30 m, 36% of the total estimated kinetic energy
(KE) in bins with >10 drifter days of observations.

[37] The seasonal contribution (Figure 9c) to the total ki-
netic energy (Figure 9d) is 20–40% in the Pacific and At-
lantic NECCs. It is substantial throughout much of the
Indian Ocean north of about 10�S, with maxima of 50–70%
at 0–5�N, 55–70�E. Another location of strong seasonal
contribution is the eastern tropical South Atlantic Ocean,
just west of Africa: it contributes 20–30% of the total KE
throughout the Angola Basin, and 40–70% against the Afri-
can coast. Seasonal variations represent a global total of
6.7 � 1016 J of kinetic energy in the upper 30 m in all bins
with >90 drifter days of observations, 15% of the total KE
in those bins.

[38] The fractional contribution of SOI-related variations
(not shown) is generally small, exceeding 10% only in the
vicinity of the equator from 165�E to 165�W. It represents
a global total of 2.6 � 1015 J of kinetic energy in the upper
30 m in all bins with >365 drifter days of observations, 1%
of the total in those bins.

[39] The eddy contribution (Figure 9b) to the total kinetic
energy (Figure 10d) dominates much of the ocean, especially
the interior of the subtropical gyres and the subpolar North
Atlantic Gyre. The fraction of the total kinetic energy
accounted for eddies with Lagrangian periods >5 days

exceeds 50% in 69% of bins with >10 drifter days of obser-
vations. However, in much of this area, the total kinetic
energy is small. Eddy kinetic energy (EKE) dominates in the
well-known eddy regions such as the Gulf Stream and Kur-
oshio recirculation gyres, Agulhas and NBC ring pathways,
and the Brazil/Malvinas Confluence. Eddies also make a
large contribution between the North Equatorial currents and
the various branches of the SECs, where tropical instability
waves [e.g., Chelton et al., 2000] are energetic. The eddy
deserts of the eastern North Pacific, eastern South Atlantic,
and eastern South Pacific each have portions where mean
currents are dominant, but also portions where the eddies are
dominant, with low total energy levels throughout. The EKE
represents a total of 2.4 � 1017 J of kinetic energy in the
upper 30 m in all bins with >10 drifter days of observations,
49% of the total KE in those bins. As noted above, eddy
energy at periods shorter than 5 days is not included in this
value. These higher frequencies include the peak in Lagran-
gian spectra at or near the inertial period; examination of
this wind energy input can be found elsewhere [e.g., Elipot
et al., 2010].

[40] The time-mean and seasonal currents derived here
can be used for purposes such as model validation and prod-
uct evaluation. For example, there are large and spatially
coherent differences (Figure 10a) between the mean velocity
in the drifter climatology and the January 1993 to December
2003 mean velocity from the 1/3� unfiltered satellite-derived

Figure 10. Vector differences (arrows; colors indicate difference magnitudes in cm s�1), of (a) time-mean velocity of
drifters minus January 1993 to December 2003 time-mean total speed from NOAA’s 1/3 degree
unsmoothed Ocean Surface Current Analysis Real-time (OSCAR) product [Bonjean and Lagerloef, 2002]
including geostrophic, Ekman and buoyancy components, and (b) time-mean velocity of drifters minus
time-mean geostrophic velocity from the CNES-CLS 2009 v1.1 Mean Dynamic Topography [Rio et al.,
2011].
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Ocean Surface Current Analysis Real-time (OSCAR) prod-
uct [Bonjean and Lagerloef, 2002] including geostrophic,
Ekman, and buoyancy components. While inter-annual var-
iations may play a role in some of the discrepancies, the
drifter climatology is faster by up to 20–25 cm s�1 in the
Gulf Stream and Kuroshio currents, and up to 35 cm s�1

faster in segments of the ACC and Agulhas Return Current.
Along the northern branch of the SEC at 1–3�N in the Pa-
cific, the drifter climatology is 20–50 cm s�1 faster to the
west than in the OSCAR product; on the equator in the At-
lantic, it is 20–35 cm s�1 faster to the west (Figure 10).
These dramatic differences may be due both to smoothing
and neglect of higher order dynamics such as near-equatorial
current shear and stratification [Jacob Wenegrat, manuscript
in preparation, 2013] in OSCAR. Surface currents from OS-
CAR are available at 5 day resolution, similar to the 5 day
half-power cutoff of the filter applied here to the drifter data,
so different sampling frequency is unlikely to be the primary
cause of the observed differences.

[41] Differences between this new drifter-derived cli-
matology and products giving time-mean geostrophic
speed (such as the CNES-CLS09 MDT product [Rio
et al., 2011], Figure 10b) can be used to infer the ageo-
strophic component of drifter motion. Although it extends
beyond the scope of this study, it would be interesting to
remove the ageostrophic motion, recalculate the distribu-
tion of variance about the time-mean speeds, and com-
pare the results to eddy kinetic energy from altimetry
[cf., Fratantoni, 2001]. Because the drifter climatology
gives total near-surface currents, it can also be used to
improve our estimates of wind stress and turbulent heat

fluxes, which depend on the relative speed of the wind
over the moving ocean surface [Fairall et al., 2003].
Ocean currents have been demonstrated to affect the
wind stress field and its curl and divergence [Kelly et al.,
2001; Risien and Chelton, 2008].

[42] Our results include formal error bars for all coeffi-
cients in the model (1). These error bars (Figure 11) dem-
onstrate where currents are well resolved by the data, and
conversely where more data are needed. Absolute error
estimates (Figure 11, left) are generally large where the
signals are large (Figures 2 and 4) and where observations
are sparse (Figure 1). The signal-to-noise ratio for the time-
mean current speed (Figure 11b) is small in areas with
weak time-mean currents such as the centers of the subtrop-
ical gyres. Elsewhere, this ratio indicates that time-mean
currents are well-resolved away from seasonally ice-cov-
ered regions except in four areas: (1) the ACC in the cen-
tral and eastern South Pacific; (2) the southwestern and
northwestern Gulf of Mexico, west of 90�W excluding the
well-resolved Loop Current pathway; (3) the Indonesian
Sea, which is relatively shallow and undersampled by
drifters (Figure 1); and (4) the Coral Sea. Seasonal varia-
tions are well resolved throughout the tropical Pacific,
along the path of the NECC in the central and western trop-
ical Atlantic, and off the equator in the tropical Indian
basins. Seasonal variations are more marginally resolved in
the Gulf of Guinea and southern tropical Atlantic and equa-
torial Indian oceans (Figure 11d), where observations are
more sparse (Figure 1). Time-mean and seasonal error esti-
mates are large in regions of seasonal or near-permanent
ice coverage. The SOI-related coefficient is well-resolved

Figure 11. Left column: absolute error (square root of the sum of the squared errors) in (a) time-mean speed, (c) speed
of seasonal variations (annual and semiannual), and (e) SOI-correlated currents (cm s�1; color bar adja-
cent to e). Right column: signal-to-noise ratio, i.e., magnitude of the coefficient (or square root of the
sum of the squared coefficients) divided by the error estimates, for (b) absolute speed, (d) speed of sea-
sonal variations, and (f) SOI-correlated currents (color bar adjacent to f).
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in the central and western tropical Pacific and across the
central and eastern tropical Indian basins, but (as noted ear-
lier) is not well resolved by the data on the equator east of
145�W owing to sparse observational density.

[43] The climatology of time-mean and seasonal currents
derived in this study, along with the model coefficients and
associated errors, is available at http://www.aoml.noaa.
gov/phod/dac/dac_meanvel.php. Animations of these cur-
rents in various regions are available at http://www.aoml.
noaa.gov/phod/dac/dac_animations.php.
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