
1. Introduction
Measurements of powerful, complex and highly variable upper ocean surface currents are fundamental 
to better understand ocean circulation and air-sea interactions influencing the Earth system on different 
scales (e.g., Caesar et al., 2021), from very short wind waves to entire weather systems. Within an evolving 
Earth climate, wind-driven ocean surface currents are sure to vary, leading to different patterns of sea sur-
face temperature and salinity with profound consequences for ecosystems such as the loss of coral through 
bleaching. The latter are also impacted by the accumulation of marine plastics in the ecosystem and along 
the shore. Anomalous ocean surface currents can also emerge, further complicating all these aspects, mod-
ulating sea level at regional scales with strong impacts on local ocean circulation. At these local scales, di-
vergence and convergence of the ocean surface currents will control vertical exchanges between the ocean 
surface, exposed to the atmosphere, and the interior ocean at depth. Today, only for large spatial (100–
200 km) and temporal scales (10–30 days), can we use radar altimeters to depict and quantify large coherent 
upper ocean structures with signatures extending down, several hundreds of meters into the ocean interior.

Abstract Over the core region of the Agulhas Current, new estimations of ocean surface velocities are 
reported using the increasing data set from the Automatic Identification System (AIS), initially designed 
to monitor vessel traffic. A two-step strategy is suggested. A first guess is evaluated from the collective 
behavior of vessels for a given space-time interval. Individual vessel trajectories are then re-analyzed and 
interpolated. Applied during year 2016, these ocean surface current estimates are demonstrated to well 
determine the intensity of surface currents. The improved spatial resolution helps the decomposition of 
the optimally interpolated surface current vector field between irrotational ≈80%–90% and divergence-
free components ≈10%–20%, for example, Helmholtz-Hodge decomposition. Comparisons are performed 
between in situ drifting-buoys and represent up to 25% gain in respect of the altimetry gridded current 
(for the meridional component). Others comparisons with data collected during the Agulhas Current 
Time-series experiment, as well as with the mean Doppler-derived surface currents obtained from 
satellite synthetic aperture radar measurements also reveal a significant benefit of using the AIS derived 
estimates. Comparisons with the Sea Surface Temperature from MODIS sensors confirm the occurrence of 
meandering events for the current path. For the Agulhas Current region, the high density of vessel traffic 
can provide new means to study and monitor intense upper ocean currents with more detailed resolution 
and precision.

Plain Language Summary Today, for security reasons, merchant ships transmit location, 
speed, heading and course-over-ground information through the Automatic Identification System (AIS). 
These messages are a new source of information to complement ocean surface current measurements. 
In this study, the intense traffic off the South African coast can result in a selection of more than 150 
ships per day. Daily analyses and correlations are reported and illustrate links with observed changes 
in sea surface temperature. In view of the existing need to establish a more comprehensive monitoring 
system for the Agulhas Current, these results encourage the systematic usage of the increasingly available 
amount of AIS data as complementary to traditional in situ and altimeter measurements for routine 
quantitative monitoring of heat and mass transport in this region.
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Before the altimetry era, ocean surface current estimates were based on the logs of both military and mer-
chant ships (Richardson & McKee, 1984; Richardson & Reverdin, 1987; Richardson & Walsh, 1986). Indeed, 
in the presence of intense currents, ships may be pushed off-course and their speed be modified. Subtract-
ing the predicted vector, based on dead reckoning, from the vector representing the ship's actual speed and 
direction, surface current estimates can then be derived. This method may have lacked accurate position-
ing and time sampling. However, precision in geo-positioning has been largely improved. Moreover, today, 
merchant ships systematically transmit their position, bearing and speed through Automatic Identification 
System (AIS) messages, increasing the number of estimates. Early studies have shown the relevance of 
using AIS information and ship trajectory analysis to estimate surface currents (Guichoux, 2015; van der 
Neut, 2016). Some comparisons between high-frequency radar (HFR) measurements and AIS-derived sur-
face currents have shown excellent concordance, particularly over tidal currents in coastal regions. These 
first efforts also revealed capabilities to detect mesoscale structures such as eddies and filaments in the 
Sicily Channel, Italy (Guichoux et al., 2016). Inazu et al. (2018) also exploited AIS data messages to reveal 
the presence of a passing tsunami event, further demonstrating that associated AIS-derived currents quan-
titatively captured the speed of the tsunami's current. Accordingly, AIS data messages can thus provide 
opportune new sources of information to complement and improve current ocean observation systems.

In certain oceanic regions, that is, off the South African coast, marine traffic is so intense that data from 
more than 150 ships can be used each day. As discussed in the present paper, such a wealth of information 
can be combined with all available a priori surface current estimates, particularly those derived from sat-
ellite altimetry and drifting-buoys, in order to develop an improved spatio-temporal surface current moni-
toring system.

The present demonstration focuses on the northern part of the Agulhas Current, between 32°S and 36°S, 
where maritime traffic is most intense all year round. With a mean transport of about 70 Sverdrup (1 Sver-
drup = 106 m3s−1), and surface current speeds, at times greater than 2 ms−1, the Agulhas Current consti-
tutes the strongest western boundary current of the Southern Hemisphere, if not of the world (Bryden 
et al., 2005). The flow along the eastern coast of South Africa is steered by, and essentially follows, the very 
steep continental shelf break. This strong and energetic Agulhas Current induces Ekman veering along 
its landward edge and favors the upwelling of cold and nutrient-rich water to the surface. In its north-
ern branch, the Agulhas Current generally displays remarkably little variability. Still, one type of meander 
which often receives considerable attentions is the Natal Pulse phenomenon (Lutjeharms, 2007; Rouault & 
Penven, 2011). Natal Pulses are large meanders of the gulha Current which originate near the Natal Bight 
(29°S) and are thought to play an important part in the downstream variability of the Agulhas Current and 
the subsequent leakage of warm and salty Agulhas Current water into the Atlantic Ocean.

In its core part, commonly reported large surface velocities, up to 2 ms−1, likely impact upon vessel trajec-
tories. To note, such extreme values are generally not reported in interpolated gridded fields obtained from 
combined altimeter measurements. Besides inherent smoothing induced by the interpolation of sparse sat-
ellite measurements, this underestimation of current velocities may also be due to the presence of non-ge-
ostrophic components of the real current (Beal & Donohue, 2013; Krug et al., 2018). In addition, close to 
the shore, altimetry can suffer serious limitations due to factors such as land contamination, atmospheric 
errors or inaccuracies in the estimation of the mean dynamic topography (MDT), generally resulting in less 
precise data within 30 km of the coast.

In the present study we developed a methodology in two steps. The first consists in calculating a first guess 
of the oceanic surface current. As explained in Section 2, assuming that all vessels, within a given space-
time interval, encounter the same sea surface conditions, a surface current estimate can be found as the 
solution of a linear system. However, this method suffers from large errors. We therefore filter the data us-
ing physical considerations regarding the variance of the different velocities associated to each vessel. This 
first method requires a substantial number of AIS messages from different vessels to converge. We consider 
this result our first guess. In the second step, we fill in the gaps inherent to this first method by returning to 
the vessels' individual data over time and interpolating their navigation characteristics. We then provide the 
associated currents along the vessel trajectories, correcting the first guess and project them on to a regular 
grid. We consider these fields our second guess. Finally, we applied an optimal interpolation to fulfill the 
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gaps of the regular grid. The improved spatial resolution helps the application of the Helmholtz-Hodge 
decomposition between rotational- and divergence-free components.

In situ and diverse remote sensing data, used for the validation of the derived surface current field are pre-
sented in Section 3. In Section 4, our new AIS-based estimates are compared to these different sources of in-
formation. Particular attention is paid to drawing comparisons with the Mean Dynamic Topography (MDT) 
and with the resulting mean geostrophic current in the area. More locally, analysis has also been conducted 
over a particular Altimeter track, intercepting in situ, long-term ACT measurements (Beal et  al.,  2015). 
Besides these long-term annual average comparisons, particular cases are considered, including a Natal 
pulse event. For the latter comparison, high-resolution satellite observations (Synthetic Aperture Radar, sea 
surface temperature, and ocean color) are used to provide concurrent information.

2. AIS Data and Processing Methods
2.1. AIS Messages and Drift Velocities

In the Agulhas current, marine traffic is particularly intense. In 2016, off the coast of Port Elisabeth, 
23°E−29°E and 32°S–36°S, up to 1,000 vessels transmitted their AIS messages each day. Messages are ob-
tained from ORBCOMM and gathered using satellites. These messages include static and dynamic infor-
mation. The static information includes the MMSI (Maritime Mobile Service Identity), the ship's name 
and type, its length and its draft. The dynamic information includes longitude/latitude, speed over ground 
(SOG), course over ground (COG) and the ship's heading (true heading or TH). It must be noted that, the 
emission period of the AIS messages is around 10 s and the sampling rate of the data obtained from Satellite 
AIS is around a few minutes.

However, all messages may not be useful. Indeed, all vessels do not necessarily have a continuous course 
over ground, or are simply not in transit (e.g., fishing vessels). Thus, from the reported trajectories and 
speeds, only messages corresponding to vessels in transit were kept. To illustrate data availability, the mean 
daily number of AIS messages, per 0.125° square box, is shown in Figure 1a. We can clearly see that marine 
traffic follows the coast closely, at a maximal distance of around 100 km. At its peak intensity, the mean 
number of AIS data messages per grid cell and per day can be as high as 180 for approximately 15 vessels 
(Figures 1a and 1b).

As also illustrated in Figure 1, ships in transit generally follow straight lines between two way points. In the 
presence of sea surface currents, the true heading (direction pointed to by the vessel) then adjusts to best 
follow the prescribed route. The vocabulary and a diagram are presented in Figure 2. As a basic principle, 
the composition of the different velocity vectors is given by:

 
  

/ / /Boat Ground Boat Sea Sea GroundV V V (1)


/Boat GroundV  is measured using the ground distance traveled during a fixed time, with its associated magni-

tude (SOG) and direction (COG) provided in the AIS message. 


/Boat SeaV  is the vector velocity of the boat rel-
ative to the sea surface, with its associated direction (TH) also provided in the AIS message. The magnitude 
of 


/Boat SeaV  stays unknown. As such, 


/Sea GroundV  is a completely unknown oceanic surface current vector. By 

projection, in this case on the horizontal and vertical axes associated with the zonal and meridional velocity 
components, we obtain two equations and three unknown variables (i.e., direction and magnitude of the 
drift (oceanic current) and magnitude of the boat's speed relative to the sea):

 
 

 

 

  


 

* * *

* * *

( ) ( ) zonal

( ) ( ) meridional
sog cog stw th drift

sog cog stw th drift

V sin V sin u

V cos V cos v
 (2)

For each AIS data message, Vsog is the speed over ground, φcog the course over ground, Vstw the speed through 
water and φth the true heading of each ship considered. udrift and vdrift represent the zonal and meridional 
components of the vessel drift which, in line with our hypothesis (explained hereafter), correspond to the 
ocean surface current uos and vos. As in Figure 2, the asterisk indicates variables obtained from the AIS 
messages.
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It is important to note that all basic assumptions are valid so long as the equation of motion of the vessel 
yields to  0dvm

dt
. This also helps with discarding stormy weather conditions or maneuvering operations. 

In Inazu et al. (2018), the characteristic time response of the vessel was estimated to be around 40–120 s. 
This timescale is small compared to the timescale of the oceanic surface current. For this reason, comput-
ing the oceanic current seems feasible as long as the motion of the vessel reaches a steady state, as we will 
further see.

2.2. Impact of the Wind—Leeway Drift

Wind directions in the Agulhas typically flip between SW and NE as shown in Figure 3a for the year 2016, 
in a region located near the longitude latitude point (27°, −34°). The wind data were obtained from the EC-
MWF ERA-Interim reanalysis product available at http://apps.ecmwf.int/datasets/. For the same area, the 
mean direction and the mean speed of the vessels in transit for both destinations (Indian or Atlantic Ocean) 
are reported in Figure 3b. The wind is likely to affect vessel speed through water by blowing either from 
the front or from behind. The vessel may thus accelerate or decelerate rather than being pushed off course 
(no lateral effect). Strong winds with an orientation perpendicular to the course of the boat could modify 
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Figure 1. Mean daily number of AIS related messages in a grid of 0.125°. (a) Total number of AIS messages. (b) Total 
number of vessels. (c) Number of AIS messages related to Eastward bound vessels. Trajectories are represented by a red 
dot and correspond to a given day. (d) Same as (c) but for Westward bound vessels. Trajectories are represented in black. 
The dot corresponds to the location where maritime traffic and wind were analyzed (see Figure 4).
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the true heading thus hindering surface current estimations. However, considering a standard boat, Rich-
ardson (1997) demonstrated that the wind-induced drift is small compared to that of the oceanic current. 
The leeway drift of a boat enduring complete lateral wind of magnitude 6 ms−1 would amount to around 
3.5 cms−1, only 0.6% of the wind's magnitude. The fact that the wind is not always lateral further weak-
ens this percentage. Given the results of these analyses, the leeway drift is not considered in the present 

LE GOFF ET AL.

10.1029/2021JC017228

5 of 24

Figure 2. Measurement diagram and definitions. Variables with an asterisk are known and transmitted via the AIS 
message. The other variables are calculated. When projected over the zonal and meridional axes Vos and φos become uos 
and vos.

Figure 3. (a) ECMWF wind rose diagram at point (27°E,34°S), located in the Agulhas current. (b) Wind rose diagram 
showing the mean direction and speed of vessels traveling with the flow (South-westerly) and against the flow (North-
easterly) for all vessels located inside a square 0.5° around coordinates (27°E, 34°S).
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evaluation in the Agulhas region. Nevertheless, the wind does play a crucial role in vessel behavior in an 
indirect manner, as further explained below.

2.3. First Guess of the Surface Current

Vessels and associated AIS messages, are first considered to be in homogeneous surface conditions in both 
space and time. Given that solving the linear system requires a sufficient amount of data, the AIS messages 
are aggregated within three different spatio-temporal boxes. Figure 1b shows black and yellow contours cor-
responding to densities of 3 and 10 vessels per day, per 1/8° square box, respectively. For densities superior 
to 10, we considered cells of 1/8° × 1/8° over a 1-day period. For densities between 3 and 10, we changed 
this time interval to a 3-day period and for densities inferior to 3, we considered cells of 1/4° × 1/4° within 
a 5-day period. For each AIS message, we have two equations and three unknowns, the magnitude of Vstw 
and the two current components. For n AIS messages, we therefore have 2n equations. However, using the 
space-time homogeneity assumption, this leaves only n + 2 unknowns to be solved. The following system 
is thus considered:

V sin V sin u

V cos V

sog cog stw th os

sog cog st

1 1 1 1

1 1

  

 

 



( ) ( )

( )

 

 ww th os

sogn cogn stwn thn os

cos v

V sin V sin u

V

1 1
( )

( ) ( )



 



  



 

  

ssogn cogn stwn thn oscos V cos v
   













 ( ) ( ) 

 (3)

Although seemingly overdetermined, this system still requires a significant number of AIS messages and 
suffers from almost three sources of error. To illustrate the main source of error, we can write the equation 
to be solved as follows:

Ax b (4)

with A being the matrix to invert in order to calculate the oceanic surface current such as:

 

 

 

 

                               

   


* * *
1 1 1

* * *
1 1 1

1
* * *

* * *

1 0 ( ) 0 0 ( )

0 1 ( ) 0 0 ( )
, ,

1 0 0 0 ( ) ( )

0 1 0 0 ( ) ( )

th sog cogos

th os sog cog

stw

th sog cogn n n
stwnth sog cogn n n

sin V sinu
cos v V cos

VA x b
sin V sin

Vcos V cos











 (5)

where A and b correspond to the observations and x corresponds to the unknowns. Considering matrix A, 
one may note a particular case in which all the vessel headings (thi) are similar or equal. Mathematically 
this would correspond to a badly conditioned matrix and a solution to this system would be difficult to 
obtain. In practice, it would correspond to an area where all the vessels have approximately the same true 
heading. This situation is clearly illustrated in Figures 1c and 1d where the densities of the AIS messages 
from vessels going westwards and vessels going eastwards are plotted separately. It may be noted that in the 
north-eastern part, there is no preferred maritime route. This leads to diverse headings for the different ves-
sels and facilitates the calculation of the current by inverting the linear system 3. Nevertheless, considering 
the south-western part, traffic is far more organized and we can easily identify three lanes of traffic. Clearly, 
the diversity of vessel headings is small in these areas and a solution of the system 3 may lead to considera-
ble errors. More detailed explanations are provided in the Supporting Information S1. For this same reason, 
we only invert the system when a minimum of three vessels are present inside our spatio-temporal cell. 
Indeed, if such is the case, the redundancy of the heading concerning a unique vessel is high and does not 
allow for a successful inversion of the system.

Although a badly conditioned matrix may be considered a major source of error in our investigation, addi-
tional sources are traffic density and bad weather conditions. Stormy weather impacts the fluctuation of the 
variables provided by the AIS data messages, preventing the system from finding a correct solution.
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2.4. Second Guess of the Surface Current

Direct calculation of surface currents thus leads to considerable errors. An example of the direct estimates 
found by solving the linear system and explanations are given in the Supporting Information S1. To improve 
the results, we used additional information regarding the speed through water (Vstw), also obtained when 
solving the linear system. The idea of this filtering technique is to consider each result associated to each 
spatio-temporal box (pixel) and to assign a binary quality index to it. The technical details are given in Sup-
porting Information S2.

Figure 4 shows the pixels with a good quality index, the maps (a) and (b) correspond to the zonal and the 
meridional oceanic surface components. Figure 4c indicates the amount of points retained, that is, the ratio 
between the number of pixels with a good quality index over the total number of pixels for which a calcu-
lation was carried out. By repeating this operation for each day, we obtained a corresponding time-series. 
To qualify the main variability of the signal we calculated the mean magnitude of the wind in the direction 
of the geostrophic current (averaged over the whole domain) (see Section 3.1.1). In polar coordinates this 
term corresponds to ρwcos(φc − φw), ρw being the magnitude of the wind, φc and φw being the direction of 
the current and the wind respectively. In Figure 4c, we clearly note the significant correlation between the 
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Figure 4. Maps of the filtered oceanic surface current for (a) the zonal component and (b) the meridional component 
for January 16, 2016. (c) In black, percentage of the number of filtered boxes over the total number of boxes as a 
function of time (day). In red, the mean scalar product of the wind and geostrophic ocean current as a function of time 
(day).
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two signals r = 0.6. This result indicates that our filter, explained above, successfully discards environmen-
tal conditions, such as stormy weather, that interact with the current. Indeed, the situation in which the 
wind blows against the current is known to cause very difficult sea conditions for vessels and quite logically 
prevents calculation of the oceanic current. Other similar sources of error may come from the refraction 
of the waves by the current, leading to substantial amplification of the significant wave height (Ardhuin 
et al., 2017; Kudryavtsev et al., 2017a; Quilfen & Chapron, 2018; Quilfen et al., 2018). In these specific cases, 
the hypothesis that vessels are in homogeneous surface conditions, in both space and time, is no longer 
valid. Instead of counteracting the oceanic surface current by adjusting their heading, vessels tend to slow 
down and maneuver in order to keep their heading perpendicular to the dominant wave. This effect will be 
the subject of a future study as it may provide a powerful tool to analyze hazardous sea-states and could thus 
contribute to improving safety at sea.

A first guess of the oceanic surface current gathers information shared by the vessels within a given space-
time interval. This method involves the aggregation of data, thus lowering the spatial and temporal resolu-
tion. Moreover, while our filtering technique based on the variance of the different speeds Vsog and Vstw of 
the vessels enables us to better discard outliers, one can easily observe on Figures 4a and 4b that the results 
and the corresponding maps still exhibit notable noise levels. To improve the first-guess estimates, the basic 
idea consists in regularizing and augmenting the spatio-temporal resolution using the time continuity of 
the vessels' speed through water. To do so, we consider the vessels along their entire journey and collect all 
their calculated speeds though water obtained by solving the system 3.

Having obtained the time-series of the speed though water, we then filter our results using the Empiri-
cal Mode Decomposition. For this, we only keep the trend of the EMD (Huang et al., 1998; Kopsinis & 
McLaughlin, 2009). From this filtered estimate of speed through water we then use the set of Equation 2 
and calculate the zonal and meridional components of the oceanic surface current as follows:

 
 

 

 

  


 

( ) ( ) ( ) Zonal Guess 2

( ) ( ) ( ) Meridional Guess 2
os stw TH sog cog

os stw TH sog cog

u V sin V sin

v V cos V cos




 (6)

where ( )stwV  represents the filter for the speed through water. Examples and more detailed explanations 
are given in the Supporting Information S3.

The results obtained from the second guess are illustrated in Figure 5 where the zonal (a) and the merid-
ional (b) velocities are plotted on the map for the same day as for the first guess, that is, January 16, 2016. 
As expected, the global spatial coverage is higher as the individual information for each vessel is now used 
systematically to infer the oceanic surface current. As previously mentioned, this method is not accurate 
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Figure 5. Second guess of the zonal (a) and meridional (b) components of the oceanic surface current for January 16, 
2016.
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every time and everywhere and, essentially, is incorrect when the wind blows against the current (Fig-
ure 5). Before projecting the estimates from the daily available vessels onto the same regular grid as done 
previously, we thus select the periods when the wind was not blowing against the current, that is, when 
ρwcos(φc − φw) > 0. Where φc and φw are the direction of the current and wind and ρw is the wind magnitude.

2.5. Optimal Interpolation

Once a clean data set obtained for both the zonal and the meridional velocity components, we apply a clas-
sic optimal interpolation in order to smooth and map the results in space and time (Bretherton et al., 1976). 
The results of the interpolations are Gaussian, defined by their mean fields s

osu , s
osv , and associated covari-

ance s
uosP , s

vosP . Here, the index s indicates the smoothing results (i.e., the interpolation using all available 
data along a given region and time period).

Optimal interpolation is a mathematical tool used to merge background information (xb) from a priori 
knowledge, in this case, the annual average of the zonal and meridional current estimates and observations 
(y). The result of the optimal interpolation is Gaussian with a mean xs and a covariance Ps given by:

x x K y Hx

P B KHB

K BH HBH R

s b b

s

   
 

  

,

,

,with the gain   1

 (7)

where H is the observation operator, thus creating the link between the observation and the background. 
Here, H is the identity matrix.

The background B and observation R covariances defined in Equation 7 significantly impact the interpola-
tion results and consequently must be estimated. These two covariances depend on important parameters: 
noise levels and spatio-temporal correlation lengths. Variograms are classic statistical tools used to esti-
mate these parameters from available measurements (Tandeo et al., 2014). The variograms were calculated 
empirically in both space and time and results are shown in Figure 6. For a given δs (or δt), the empirical 
variogram of the zonal (or meridional) current is defined by the mean squared difference between all zonal 
currents (or all meridional currents), separated by the spatial distance δs (or the temporal distance δt). We 
then fitted the empirical variograms using an exponential spatio-temporal shape, defined by:

 
    

             

2 Δ Δ(Δ ,Δ ) 1 exp exps t
s t R

L T
 (8)

where R corresponds to the observation error variance, σ2 to the stationary variance of the process, L to the 
spatial correlation length, and T to the temporal correlation length. The exponential shape of the theoret-
ical variogram is a simple and specific case of the Matern function, used for its good mathematical prop-
erties. The correlation lengths and variance parameters in Equation 8 are estimated using an optimization 
procedure, based on the minimization of the mean square error between the empirical and theoretical 
variograms. The fitted variograms using the formula given in Equation 8 are also shown in Figure 6. The 
variance parameters, for both zonal and meridional components of the current, are Ru = 0.1 and Rv = 0.05 
for the observation variance, σu = 0.4 and σv = 0.25 for the stationary variance. The correlation lengths were 
equal for two components of the current, Lu = Lv = 0.6° for space, and Tu = Tv = 20 days for time. These 
correlation length values are consistent with those normally used in the interpolation of altimeter data (Le 
Traon et al., 1998).

The corresponding optimally interpolated fields of the zonal and meridional components of the oceanic 

current are presented in Figures 7a and 7b. The associated square root covariances s
uosP , s

vosP  are present-
ed in Figures 7c and 7d. These terms can be considered estimates of the errors associated to optimal inter-
polation. Not surprisingly, we note that these maps are very similar to those of maritime traffic presented 
in Figure 1.
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2.6. Helmholtz-Hodge Decomposition of the Optimally Interpolated Field

Oceanic currents are the result of different physical mechanisms at different scales. Among these are differ-
ences in sea level (Geostrophy balance), wind (Ekman transport) and waves (Stoke Drift) and so on. While 
a geostrophy balance leads to a divergent-free flow, this is generally not the case for the other mechanisms 
and their interactions. Moreover, ocean flow is always considered incompressible which means that the 
divergence obtained from the analysis of the oceanic surface flow must be related to the vertical motion of 
the ocean, and more generally to ageostrophic processes. In order to study and identify these different phys-
ical mechanisms, we can use the Helmholtz-Hodges decomposition, briefly described here. This decompo-
sition describes the flow as the sum of rotation-free, divergent-free and harmonic vector fields. Considering 
a smooth vector field 


 as the result of the optimally interpolated fields then,
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Figure 6. (a) Empirical and theoretical spacial variograms of the zonal and meridional current components. (b) Corresponding temporal variograms.
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where 
r  is the divergent-free ( 

. 0r ), 

d is the rotation-free (  


0d ) and 


h is harmonic (  


0h  and 

 


. 0h ). This leads to the following equations:

  


. .d (10)

    


r (11)

When substituting d = ∇D and   
r R the above equations become two Poisson's equations. Nevertheless, 

the above system is under-specified, given that for any harmonic flow added to the solution, the resulting 
sum is still a solution. This raises the problem of the uniqueness of the solution when the domain is bound 
(in an infinite domain the harmonic flow disappears). Most related studies use the NP (Normal parallel) 
boundary conditions which forces the rotational (divergent) flow to be normal (parallel) to the boundaries. 
Here, we used the so-called Natural Helmholtz-Hodges Decomposition (nHHD)(Bhatia et al., 2014). The 
basic idea is to consider the domain under external and internal influences. As such, the rotational and di-
vergent flows are under the internal influences (in the domain) and the harmonic flow is under the external 
influence (at the boundaries). An advantage of applying this method is the non-use of boundary conditions 
to obtain the uniqueness of the solution. The sole limitation of the nHHD is that it is not guaranteed to be 
L2-orthogonal between the divergent, d and the rotational, r flows. For visualization and analysis this prop-

LE GOFF ET AL.

10.1029/2021JC017228

11 of 24

Figure 7. Zonal (a) and meridional (b) oceanic surface current components obtained from the optimal interpolation 
for January 16, 2016. (c) and (d) show the covariances associated to the zonal and meridional means respectively.
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erty is not required. Further details and explanations are provided in (Bhatia et al., 2014). The subscripts 
ξ, r, and d refer to the optimal velocity field, the divergent-free flow field and the rotational-free flow field.

3. Validation Data
3.1. Remote Sensing

3.1.1. Geostrophic Velocity Gridded Field and Along-Track Altimetry

The geostrophic velocities are derived from the altimeter products, using both the gridded geostrophic ve-
locity and the Along-Track estimates.

For the gridded geostrophic velocity, we used the Sea Level Anomaly (SLA) obtained through the altim-
eter-gridded products, http://marine.copernicus.eu/services-_portfolio/access-_to-_product together with 
the new Mean Dynamic Topography called MDT_CNES-CLS18 available at https://www.aviso.altimetry.fr/
en/data/products/auxiliary-_products/mdt.html. The new MDT is derived from the CNES-CLS15 MSS, the 
GOCO05S geoid model together with the latest versions of altimetric (for the period 1993–2012) and in situ 
data. The spatial resolution is 1/8. As the SLA is available at 1/4°, we linearly interpolated the SLA to 1/8° 
in order to calculate the current under the geostrophic approximation.

 
 
 

  
( ) ( ), andgeo geo

g SLA MDT g SLA MDTu v
f y f x (12)

For the Along-Track estimates and due to the fact that the Agulhas current has a strong SSH-gradient sig-
nature, we also inferred the geostrophic current perpendicular to the orbital tracks of the altimeter Jason-2. 
The Along-Track altimetry data set was obtained from the AVISO Geophysical Data Records (GDR) avail-
able at https://www.aviso.altimetry.fr. We used the 1 Hz (5.8 km) Jason-2 SSH corresponding to tracks #20 
and #96 and derived geostrophic velocities from the Along-Track ADT obtained by subtracting the mean 
sea surface height and adding the mean dynamic topography. This methodology is basically the same as that 
used by Krug and Tournadre (2012).

3.1.2. Synthetic Aperture Radar-Derived Surface Current Field and Sentinel-1 SAR Roughness

Although the geostrophic current estimates are derived from the sea level height which results from an inte-
gration over the water column, they only represent an estimate of the geostrophic current and do not repre-
sent the total surface current. In order to compare with an estimate of the total surface current we used the 
radial velocity map estimated from the Advanced Synthetic Aperture Radar (ASAR) measurements on the 
ENVISAT satellite mission (2002–2012) (Chapron et al., 2005; Johannessen et al., 2008; Rouault et al., 2010) 
available at https://cersat.ifremer.fr. The basic principle involves using the Doppler centroid information 
in the radar signal to extract the ocean surface velocity. In the Agulhas region, for example, Johannessen 
et al. (2014), quantitative estimation of the current's speed can be reliably calculated along the radar line-
of-sight which coincides closely with the main current direction 15° from the north (anti-clockwise). For 
ASAR measurements, the resulting average map at 1/8° resolution builds on 329 ascending acquisitions, 
accumulated during the 2007–2011 period. As the time period for the ASAR measurements does not overlap 
with the time period for the present study, we compared only the average ocean surface velocity over each 
time period.

To characterize our spatially and temporally co-located results, we used the SAR imagery and one image in 
particular from the Sentinel-1 mission taken on December 5, 2016, thus coinciding with our study period. 
Oceanic fronts are often revealed by high resolution products such as sea surface temperature or ocean color 
but also by sea surface roughness. The sea surface current gradients generally impact the roughness of the 
ocean and provide a means to study the sharp oceanic front (Kudryavtsev et al., 2012; Rascle et al., 2020). 
The nominal resolution is about 20 m and data are available at https://scihub.copernicus.eu/.
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3.1.3. Sea Surface Temperature and Ocean Color

The sea surface temperature (SST) and ocean color (Chlorophyll-A) data used here were derived from Aqua 
and Terra MODIS sensors with a resolution of approximately 1 km at nadir. We used Level-2 (L2) data 
which represents the measurements at full swath resolution. Both SST and ocean color data were obtained 
from the NASA Ocean Biology Processing Group (OBPG).

3.2. In Situ Data

3.2.1. ACT Experiment

To further test the retrieved estimates, we also considered surface velocities from the Agulhas Current 
Time-series (ACT) experiment. We use the gridded cross-sectional velocities based on in situ current meter 
measurements (Beal et  al.,  2015). Data can be downloaded at https://beal-agulhas.rsmas.miami.edu/da-
ta-and-products/index.html. Moorings, located beneath the altimeter Jason-2, track 96, all include ADCP 
instruments oriented toward the surface enabling the estimation of the near-surface current. Vessels gen-
erally have a draft inferior to 20 m. From the ACT products, we then used the mean cross-sectional velocity 
over the 3-year experimental period at two different depths: 0 and 20  m. Small differences were found, 
indicating a weak vertical shear. To compare the current estimates obtained from the different sensors, we 
systematically rotated the zonal and meridional velocity components by 64° to coincide with the cross-track 
velocity directions of both the ACT experiment and Jason-2, track #96. The ACT array deployment and the 
Jason-2, track #96 were oriented 15° clockwise from the perpendicular of the continental slope in order to 
align with the core direction of the main path of the Agulhas current. The cross-track velocities of both the 
ACT and Jason-2 track #96 were thus very close to the total velocity of the current.

3.2.2. Drifting-Buoys

When possible, comparisons with Lagrangian estimates from drifting-buoys were also considered. Data 
from a total of 15 drifting-buoys, passing through the region of interest in 2016, were available at http://
www.aoml.noaa.gov/envids/gld/ (Lumpkin et  al.,  2013). Lagrangian drifters are surface floats equipped 
with a holey-sock drogue centered at 15 m.

4. Results and Discussion
4.1. Annual Average

Time averages are of interest for several reasons. First, the geostrophic current estimates are obtained from 
Equation 12 which contain the MDT and the SLA. Although the MDT corresponds to an average over a 
number of years (1992–2013), the annual average of SLA (for 2016) in the Agulhas region is close to zero. 
This means that comparisons can be drawn between the mean geostrophic current calculated for different 
periods and other sources of oceanic current estimates such as the ASAR or the AIS-derived current. Sec-
ond, the time average does not suffer from bias and smoothing linked to interpolation techniques.

4.1.1. ASAR and MDT

Data from the ASAR corresponds to a radial velocity in a direction oriented 15° clockwise from the zonal 
component. When both components of the current are available, we applied a rotation to conform to the 
radial direction of the ASAR and then compared the result with the appropriate rotated component. Results 
are presented in Figure 8. Plot (a) illustrates the time average of the ASAR radial velocity estimates obtained 
from the 329 ascendant paths during the 2007–2011 period. The current's core is clearly distinguishable and 
the maximum current in the radial line of sight is observed between 26°E and 28.5° E. The current reaches 
up to ≈1.7 ms−1 in this area. Plot (b) shows that the magnitude of the mean geostrophic current calculated 
for the same period (2007–2011), in the same radial line of sight and corresponding to the last available 
MDT (2018), is similar to the ASAR radial velocity estimates. The maximum current is, however, located 
more westward, that is, between 25°E and 27° E. Regarding the estimates of the ocean surface current rep-
resented in plot (c) for the first guess and (d) for the second guess, we note a more faithful similarity with 
the ASAR estimates confirmed in plot (e) where we calculated the difference between the radial velocities 
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obtained from the ASAR and the AIS. Nevertheless, it seems that the current estimates from the AIS are 
weaker in the south-western area. Regarding the difference between the mean radial velocity of the geo-
strophic current and the AIS-derived current, we note a positive difference in the north-eastern part, which 
means that the geostrophic current is underestimated near the coast. Additionally, we note no such differ-
ence in plot (e) around longitude 25.5 E and latitude 34.5 S. In this case, the geostrophic current seems too 
large and too close to the coast compared to the ASAR and AIS-derived estimates. It may be noted that the 
difference between the first and second guesses clearly highlights a difference in noise level.
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Figure 8. Time average maps of radial surface velocity from: (a) ASAR based range-Doppler velocity from 2007 to 
2011. (b) Surface geostrophic current derived from the 2007–2011 period (2018 MDT). (c) First guess of the oceanic 
surface current. (d) Second guess of the oceanic surface current. The velocities in (b–d) are rotated by 15° to conform 
with the ASAR radial range velocities. All maps have a spatial grid resolution of 1/8°. (e) Difference between the ASAR 
radial velocities and the AIS radial velocities. (f) Difference between the mean geostrophic radial velocities (2007–2011) 
and the mean AIS radial velocities. The color bar indicates surface speed in ms−1.
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4.1.2. ACT, MDT, and Along-Track Altimetry

The area covered in this study has been intersected by both the Jason-2 altimeter tracks 96 and 20, and the 
corresponding in situ ACT deployment. Comparisons are reported between the reconstructed AIS surface 
current, the Along-Track geostrophic velocities derived from the Along-track SLA and MDT, and those esti-
mated from the two-gridded MDT data (2018 and 2013). As the time periods do not overlap, only the mean 
gridded cross-track surface current velocities from the ACT experiment (2010–2013) are considered (Beal 
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Figure 9. (a) Time average of the magnitude of our ocean surface current estimates. (b) Time average of the magnitude 
of the oceanic current derived from the 2018 MDT. Quivers represent the time average for the Along-Track geostrophic 
velocities for the Jason-2 tracks 20 and 96. (c) In blue, the cross-track velocity from Jason-2 track 96 for the year 2016 
(mean of 20 altimeter geostrophic velocities). In green, the cross-track surface velocities from the gridded data set of the 
ACT experiment averaged over 3 years for the surface (full line) and at 20 m depth (dashed line). The oceanic surface 
current velocity is represented by a black full line for the year 2016 and current velocities associated to the two MDT 
estimates are shown in gray (full line for 2018, dashed line for 2013). (d) Same as (c) but for the altimeter Jason 2 track 
20.
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et al., 2015). Figure 9 shows maps of the surface current magnitudes for (a) the oceanic surface current from 
the AIS messages and (b) the mean geostrophic current obtained from the 2018 MDT. Obtained as described 
in the previous paragraph, the current's core is shown very close to the coast and seems strongly steered by 
the continental slope. Estimates from the new MDT are slightly weaker than the estimates of the oceanic 
surface current derived from AIS messages. We note the opposite effect in the south-western part where 
the current flows farther from the coast. These observations are quantified in Figure 9 where we compare 
(c) the along cross-track velocity for the Jason-2 track 96 associated with the ACT time series experiment 
and (d) the along cross-track velocity for the Jason-2 track 20. On both graphs, although the previous Mean 
Dynamic Topography (2013 MDT, dashed gray line) was clearly much weaker than all others estimates, the 
more recent Mean Dynamic Topography (2018 MDT, full gray line) is much closer to both the ACT exper-
iment and the mean cross-track velocity from track 96 (blue line) but seems rather high in comparison to 
track 20. It is interesting to note that both the geostrophic velocities and the AIS reconstructed velocities are 
close to the ACT measurements, though both slightly weaker.

4.1.3. Kinematics Properties

Among the key variables in ocean dynamics are vorticity and divergence. Obviously these quantities are 
linked to the divergent-free flow field OSr and the divergence to the rotational-free flow field OSd. For ex-
ample, in the Quasi-Geostrophic model, the derivative of the surface vorticity is modified by the surface 
divergence when the fluid is considered incompressible. Moreover, the oceanic surface divergence is often 
associated to the oceanic front and can be easily detected from sea surface temperature, ocean color and 
SAR imagery. In Figures 10a and 10b the average annual SST from the MODIS Aqua Sensor is presented to-
gether with the average annual Chlorophyll-a concentration for the year 2016. The region is clearly divided 
between the warm, poor (in terms of Chlorophyll-a) and the cold, rich waters. From the average annual OSξ 
current, in these regions we can attribute positive and negative vorticity to the warm, poor waters and the 
cold, rich waters respectively (Figure 10c). The same can be seen with the divergence calculation present-
ed in Figure 10d. Here, the cold, rich waters correspond to positive divergence (up-welling), whereas the 
warm, poor waters correspond to negative divergence (down-welling). It is important to note that the Chlo-
rophyll-a concentration is in log-scale and the level corresponding to the value − 1 is plotted in Figure 10b. 
This line approximately corresponds to the level of zero divergence in Figure 10d. In Figures 10e and 10f the 
average annual magnitude of the divergent-free (OSr) and rotational-free (OSd) flows are shown. The first 
field shares the same mathematical property of being a divergent-free field as the velocity field derived from 
the MDT (Figures 8b and 9b). When compared, we notice a similar value ≈1.5 ms−1 in the north-eastern part 
but a notable difference arises in the south-western part where the current derived from the MDT is strong-
er. Interestingly, this part corresponds to the highest magnitudes of the average annual rotational-free (OSd) 
field. Indeed, this magnitude can be as high as 25 cms−1 and is essentially oriented southwards. Therefore, 
we suggest that the meridional component of the total current estimates (OSξ) will have a more significant 
part of rotational-free flow (OSd) than will the zonal component. Moreover, the oceanic current estimates 
derived from the altimetry are better solved in the zonal direction than in the meridional one. Most often, 
this is due to the north-south orientation of the nadir-looking altimeter ground tracks, allowing more accu-
rate zonal surface currents to be derived via the geostrophic approximation. Nevertheless, this approxima-
tion does not take into account the ageostrophic processes present in the total estimates of the current (OSξ) 
represented in our study by the rotational-free flow. For this particular region, this may be another source 
of error relating to the meridional component of the geostrophic current.

4.2. Space-Time Co-location Synergy and Validations

In this part we analyze and compare three different situations at three different times before testing our 
estimates with the spatially and temporally co-located velocity estimates from the drifting-buoys.

4.2.1. Sentinel-1 SAR Roughness

Contrary to the average annual current which strictly follows the continental shelf, the Agulhas current 
is sometimes disrupted by cyclonic events, also known as meanders or natal pulses (Beal & Elipot, 2016; 
Lutjeharms et al., 1989). These events occur around 1.6 year−1 (Rouault & Penven, 2011). A propagating 
natal pulse can be clearly observed on the SAR image obtained from the Sentinel-1 mission on December 
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5, 2016, presented in Figure 11a. To compare the OS and geostrophic gridded current estimates, their mag-
nitudes with associated streamlines are shown in Figures 11b and 11c respectively. We clearly note that the 
streamlines associated to the OSξ current follow the shape of the meander present in the SAR Roughness 
image more closely than do the streamlines issued from the geostrophic gridded current. In this specific 
case, it may be argued that this is caused by the fast evolving shape of the meander in contrast to the time 
resolution of the altimeter-derived geostrophic current estimates. Figure 11 shows snapshots, for the same 
day, of the vorticities (normalized by the Coriolis frequency) from (d) the divergent-free OSr current, (e) the 
geostrophic current with the 2018 MDT and (f) the geostrophic current with the 2013 MDT. The vorticities 
from the OSr current and the geostrophic current with the 2018 MDT are rather close in terms of magnitude, 
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Figure 10. All maps correspond to annual mean (2016). (a) SST MODIS with the streamlines of the total oceanic 
surface current field. (b) Chlorophyll-a also with the streamlines of the total oceanic surface current field. (c) Vorticity 
with the divergent-free flow field (OSr). (d) Divergence with the streamlines of the rotational-free flow field (OSr). (e 
and f) represent the magnitude of the divergent-free flow field and the rotational-free flow field associated with their 
own streamlines.
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an observation easily seen in the scatter plot in Figure 11g. The slope of the regression between the two 
vorticities is close to one (0.97), although the R-squared value is rather weak (0.3). Regarding the vorticity of 
the geostrophic current with the 2013 MDT, shown in plots (f) and (g), we immediately note the difference. 
Indeed the vorticity is much weaker, as confirmed in scatter plot (g) (red dot) with the corresponding regres-
sion slope no longer close to one, but equal to 0.62 with a R-squared value of 0.2. This result illustrates the 
net improvement of the last MDT on the previous one. However, some cyclonic and anti-cyclonic structures 
are clearly present in the vorticity derived from the OSr current, shown in Figure 11d, while absent in the 
altimetry-derived vorticities shown in Figures 11e and 11f.

4.2.2. SST and Ocean Color

Here we illustrate two situations of interest where the MODIS Terra sensors captured the SST signature 
and ocean color. The first occurred during a meander event on April 11, 2016. As previously shown in Fig-
ure 11, a propagating natal pulse is clearly expressed on the SST field. In this case, however, the meander 
was located in the south-western part of the region (Figure 12a). The total oceanic surface OSξ streamlines 
obtained, closely follow the SST iso-lines and thus the meander. Such circulation is likely to cause vertical 
velocity and induce up-welling (Goschen et al., 2015; Leber et al., 2017). Indeed, these authors' findings 
demonstrate that two mechanisms are responsible for induced up-welling events: the presence of a mean-
der and northeasterly winds. As an illustration of the up-welling sites, Figure 12b shows the concentration 
of chlorophyll-a. The streamlines associated to the divergent component (OSd) of the velocity field clearly 
originate in the highest chlorophyll-a concentration areas as is the case for the maps showing annual aver-
age illustrated in Figures 10d and 10f. The areas of highest concentration are always located near the shore, 
on the continental shelf. During a meander event, however, higher concentrations are present over a larger 
geographical area. As previously, the line corresponding to the value −1 in the log scale of the chlorophyll-a 
concentration is reported on the map in Figure 12c. As was the case for the annual average, we clearly ob-
serve that the line separating the areas of high and poor chlorophyll-a concentration coincides quite well 
with the areas of positive and negative divergence.

The second situation of interest occurred on May 18, 2016. This period was meander-free but showed the 
presence of northeasterly winds. Results are shown in Figures 12d–12f. In this situation, the SST gradient 
is more pronounced between the current's core and the continental shelf which concentrates the highest 
levels of Chlorophyll-a. The area is smaller than in the first situation (meander). Roughly the same observa-
tions can be made regarding the separation between rich and poor regions (in terms of Chlorophyll-a) and 
the correspondence with the positive and negative divergence. An interesting phenomenon can be observed 
in the south-western area where a thin filament of Chlorophyll-a follows the Agulhas current along its inner 
side. This thin filament clearly corresponds to an area of high positive divergence (Figures 12e and 12f).

4.2.3. Drifting-Buoys

For the year 2016, we could select 15 drifting-buoys within our study site from the AOML catalog. Their 
trajectories are presented in the subplot of Figure 13a. Figures 13a and 13b show maps corresponding to 
the oceanic current estimates OSξ and geostrophic estimates (Geo) during a meander event in the beginning 
of March. A week before the date represented on these maps, on February 24th, a drifting-buoy entered 
the area in the north-eastern part and drifted northwards before interacting with the main current and 
being advected south-west following the current caused by the meander. Although the correlation and Root 
Mean Square Error (RMSE) between the OSξ or Geo velocities and the velocities issued from this drifter in 
particular are close, some differences do exist between the two maps. First, near the coast and between the 
longitudes 27°E and 28° the south-westward current is much stronger when considering the OSξ estimates. 
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Figure 11. All the maps correspond to December 5, 2016. (a) SAR Roughness, streamlines correspond to the oceanic surface current (OSξ). (b) Magnitude 
and associated streamlines of the oceanic surface current (OSξ). (c) Magnitude and associated streamlines of the altimetry-derived geostrophic gridded current 
(Geo). (d) Vorticity, obtained from the OSr current with the associated streamlines. (e) Vorticity of the altimetry-derived geostrophic gridded current with the 
2018 MDT with the associated streamlines. (f) Vorticity of the altimetry-derived geostrophic gridded current with the 2013 MDT with the associated streamlines. 
(g) Scatter plot showing the vorticity from the OSr current and the vorticity from the altimetry-derived geostrophic gridded current with the 2018 MDT (black 
dot) and the 2013 MDT (red dots).
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The same phenomenon exists if we consider the divergent-free flow field (OSr) instead. Second, the south 
geographical extension of the meander is larger with the OSξ estimates.

To study the difference between the two products and considering the velocities of the drifters as a ground 
truth, we systematically co-located (in both time and space) the velocities associated to the drifting-buoys 
with our estimates and those from the Geo. Figure 11c shows the comparison between the total zonal sur-
face current (Uξ) (in blue) and the divergent-free (Ur) (in red) with the zonal velocities of the drifting-buoys. 
We note a better correlation (r = 0.83 vs. r = 0.76) and lower RMSE (0.32 vs. 0.38) when considering the 
zonal divergent-free component (Ur) with the zonal velocities of the drifting-buoys. It is important to note 
that Figure  10f shows the annual average of the rotational-free flow field and though weaker than the 
meridional component, a positive zonal component appears. It seems logical that the total zonal current 
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Figure 12. (a) Sea surface temperature in degrees Celsius obtained from the MODIS Terra sensor for April 11, 2016. 
Streamline represents the total AIS current estimates. (b) Ocean color (Chlorophyll-a) in a logarithmic scale obtained 
from the MODIS Terra sensor, same day as (a). Streamline represents the divergence component of the current. (c) 
Same as (a) but on May 18, 2016. (d) Same as (b) but on May 18, 2016.



Journal of Geophysical Research: Oceans

LE GOFF ET AL.

10.1029/2021JC017228

21 of 24

Figure 13. (a) Ocean Surface current magnitude for March 1, 2016. The black dotted line shows an example trajectory 
of one of the drifting-buoys between February 24th and March 6th. The trajectories of the 15 drifting-buoys considered 
in this study are represented in the sub-graph. (b) Same as (a) but for the geostrophic estimates (Geo) of the current. (c) 
Scatter plot of the zonal component of the total velocity field versus the zonal velocity of the drifting-buoys (in blue). 
In red, the zonal component of the total velocity field is substituted by the zonal curl component. (d) Scatter plot of 
the zonal component of the geostrophic velocity field versus the velocity of the drifting-buoys. (e) Scatter plot of the 
meridional component of the total velocity field versus the meridional velocity of the drifting-buoys (in blue). In red, 
the meridional component of the total velocity field is substituted by the meridional curl component. (f) Scatter plot of 
the meridional component of the geostrophic velocity field versus the meridional velocity of the drifting-buoys.
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estimates Uξ are weaker (in absolute value) than the divergent-free zonal estimates Ur. This is somewhat 
what is observed when looking at Figure 13c. Moreover, the scatter plot shown in Figure 13d comparing 
the zonal Geo estimates to the zonal velocities of the drifting-buoys is very similar to that obtained with 
the divergent-free flow field (r = 0.85, rmse = 0.3). The drifting-buoy drogues are at 15 m depth which is 
very similar to the draft of vessels. Why the divergent-free component Ur is closer to the zonal velocity of 
the drifting-buoys remains unanswered. One explanation may come from the errors which are larger in the 
zonal direction than in the meridional one, as demonstrated in the optimal interpolation Section 2.5

When we compare the meridional velocities Vξ and Vr to the meridional velocity of the drifting-buoys we 
find quite the opposite result, which is definitively far easier to interpret. Indeed, the analysis of the scatter 
plot in Figure 13e shows a stronger correlation with the total Vξ in blue (r = 0.84, rmse = 0.28) than with 
the divergent-free Vr in red (r = 0.8, rmse = 0.32). Moreover, a clear bias is observed when comparing the 
total meridional component with the meridional divergent-free component (≈−0.05 for the total current vs. 
≈−0.13 for the divergent-free current). This indicates that the meridional divergent-free component under-
estimates the real current represented by the drifting-buoys. The same can be observed with the meridional 
Geo velocities where the lowest absolute values never exceed −1.5 ms−1 as is the case for the meridional 
divergent-free current Vr. This, however, is clearly not the case for the total estimates Vξ, the absolute values 
of which quite regularly exceed −1.5 ms−1. In terms of the annual average, Figure 10f shows magnitude val-
ues around 25 cm.s−1 oriented almost southward for the rotational-free current. This is in line with the bias 
found between the meridional velocity of the divergent-free current and the meridional velocity of the drift-
ing-buoys. Given that the drifting-buoys' drogues are at a depth of 15 m and that the draft of vessels is of the 
same order but integrated from the surface to the draft, we guess that our current estimates correspond to a 
depth inferior to 15 m. This could be the reason for the difference observed between the bias of 0.13 cm.s−1 
and the magnitude of the rotational-free current of ≈0.25 cm.s−1. Another possible explanation could be the 
spatio-temporal sparsity of the drifting-buoys. For this part, however, it seems reasonable to conclude that 
the extremes values in the meridional velocity of the drifting-buoys are out of the geostrophic equilibrium.

5. Conclusion
In this study, we have demonstrated that improved estimations of upper ocean surface velocities can be 
obtained over the core region of the Agulhas Current, when using selected AIS messages. This demonstra-
tion relies largely on the intense maritime traffic off the South African coast. In the present study, a wealth 
of information is combined with all available a priori surface current estimates (particularly those derived 
from satellite altimetry and drifting-buoys) in order to develop an improved spatio-temporal surface current 
monitoring system. Similar strategies may then also be applied to other regions characterized by intense 
maritime traffic and will be subject for future investigations, for example, the Mediterranean sea with in-
tense traffic between the Strait of Gibraltar and the Suez canal, also northern and eastern regions of the 
Arabian Sea and in proximity to large river mouths.

The AIS data does not directly provide vessel speeds with respect to the moving ocean (i.e., speed through 
water). To overcome this lack of information and in order to directly derive the upper ocean current, the 
interpretation framework can be built on a homogeneity assumption: that is, all vessels, chosen within a 
given space-time interval, encounter the same sea surface conditions. In the Agulhas region of interest, this 
space-time interval can be adjusted according to the density of maritime traffic. A second guess reduces the 
space-time resolution to one day and 1/8°. During transient events the differences between our estimates 
and standard altimeter geostrophic current estimates are notable. These transient events may move relative-
ly fast and not be sufficiently sampled by altimeter measurements.

Further comparisons performed using data from in situ drifting-buoys, ADCP measurements (ACT exper-
iment), as well as average Doppler-derived surface current from satellite SAR measurements, all reveal a 
general (anticipated) underestimation of the surface current estimates obtained by interpolated altimeter 
products. To recall, noise in the classic along-track altimeter observations and the distance between ground 
tracks are strong limiting factors when deriving a 2D Sea-surface height (SSH) field to scales smaller than 
100 km at mid-latitudes (Chelton et al., 2019). The future SWOT SAR-interferometry wide-swath altimeter 
mission is designed to largely improve present-day capabilities, resolving spatial scales down to 15–30 km, 
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with unique instantaneous 2D SSH snapshots (Morrow et al., 2019). Combining AIS-derived space-time 
surface currents and these future measurements may provide unique opportunities to better assess highly 
variable upper ocean dynamics.

Furthermore, in view of the existing need for a more comprehensive monitoring system for the Agulhas 
Current, these results are encouraging to consider the ever-increasing availability of AIS messages for rou-
tine quantitative monitoring of surface current conditions, and to better evaluate the leakage of warm, 
saline waters from the Indian Ocean into the Atlantic Ocean (Beal et al., 2011; de Ruijter et al., 1999). Com-
bining surface information with in situ information can directly serve to more accurately represent Agulhas 
ring transport and exchanges (Nencioli et al., 2018). Modeling surface current interactions in standard wave 
numerical models is also an active area of research (Ardhuin et al., 2017). In the Agulhas current region, 
strong currents cause significant swell ray deflection and localized trapping phenomena (e.g., Quilfen & 
Chapron, 2018; Quilfen et al., 2018). A direct benefit of the increased availability and accuracy of combined 
satellite observations, including imaging (Kudryavtsev et al., 2017a, 2017b) and AIS messages would be a 
significant improvement in navigation safety in the region.

Data Availability Statement
The raw AIS data were obtained from ORBCOMM. Underlying raw AIS data (i.e., individual vessel tracks) 
are publicly available from source data providers and may or may not require a fee to be accessed, depending 
on user affiliation and terms of use. The SST and mean Doppler-derived surface current (SAR) products 
are available at http://cersat.ifremer.fr/. The data from the drifting-buoys is available at http://www.aoml.
noaa.gov/envids/gld/. The gridded reprocessed absolute geostrophic velocities from AVISO, distributed by 
CMEMS are available at http://marine.copernicus.eu/services-portfolio/access-to-products/. The data from 
the JASON-2 altimeter tracks 96 and 20 are available at https://www.aviso.altimetry.fr. Regarding the ACT 
experiment, the data can be downloaded at https://beal-agulhas.rsmas.miami.edu/data-and-products/in-
dex.html.
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