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Abstract. In this study, the quality of near-surface current
forecasts from the FOAM ocean forecasting system is as-
sessed using the trajectories of Lagrangian drifting buoys. A
method is presented for deriving pseudo-Eulerian estimates
of ocean currents from the positions of Surface Velocity Pro-
gram drifters and the resulting data are compared to veloc-
ities observed by the global tropical moored buoy array. A
quantitative analysis of the global FOAM velocities is per-
formed for the period 2007 and 2008 using currents derived
from over 3000 unique drifters (providing an average of 650
velocity observations per day). A potential bias is identi-
fied in the Southern Ocean which appears to be caused by
wind-slip in the drifter dataset as a result of drogue loss. The
drifter-derived currents are also used to show how the data as-
similation scheme and a recent system upgrade impact upon
the quality of FOAM current forecasts.

1 Introduction

Accurate predictions of currents in the ocean surface layer
are important for many applications including off-shore com-
mercial activities, military operations, renewable energy,
safety at sea and shipping (e.g. Jacobs et al., 2009; Huckerby,
2011; Davidson et al., 2009). Additionally, transports in the
mixed layer play a key role for many environmental issues,
such as marine ecosystem monitoring and the tracking of
oil spills and pollutants (e.g. Roberts, 1997; Brushett et al.,
2011; King et al., 2011). In the field of operational oceanog-
raphy there has been much work undertaken to assess the per-
formance of model-derived tracer fields such as temperature
or salinity in assimilative ocean models (Storkey et al., 2010;
Hernandez et al., 2009; Dombrowsky et al., 2009). How-

ever, owing to the fact that current observations are much
less abundant, studies involving direct model-observation ve-
locity comparisons are less common. Instead, surface cur-
rents are often compared with gridded velocity products in-
ferred from a mixture of satellite altimetry and surface wind
observations using geostrophic approximations and an Ek-
man balance approach (Hernandez et al., 2009; Dohan and
Maximenko, 2010). Some examples of gridded products de-
rived using these methods are Ocean Surface Current Analy-
ses Realtime (OSCAR; Bonjean and Lagerloef, 2002), SUR-
COUF (Larnicol et al., 2006) and the Centre de Topographie
des Oćeans et de l’Hydrosph̀ere (CTOH; Sudre and Morrow,
2008).

Previously called the Surface Velocity Program (SVP), the
Global Drifter Program has been using drifting buoys to mea-
sure near-surface velocities since 1979 (Lumpkin and Pazos,
2007). The positions of these drifting buoys, still known as
SVP drifters, have previously been used to augment satel-
lite gridded products (see, for example, the SCUD dataset
of Maximenko and Hafner, 2010, as well as Maximenko et
al., 2009; Rio et al., 2007). Additionally, time series of buoy
positions have, after appropriate filtering and processing,
been used for comparisons with gridded modelled currents
(Lumpkin and Garzoli, 2005; Lumpkin and Garraffo, 2005).
Drifting buoys can also be used to validate Lagrangian cur-
rents and model transports. Brushett et al. (2011) use drifting
buoys alongside a numerical trajectory model to investigate
the accuracy of modelled currents from various systems (in-
cluding the FOAM system used in this study) with applica-
tion to tracking oil spills. Meanwhile, Davidson et al. (2009)
describe how Lagrangian currents can be used in search and
rescue systems.
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The goal of this paper is to introduce a simple technique
for validating near-surface model currents using pseudo-
Eulerian observations derived from the positions of SVP
drifters as briefly described by Martin (2011). In order to val-
idate the process of producing currents from drifter positions,
summary statistics from the drifter-derived current analysis
are compared to statistics obtained from comparisons made
against the global tropical moored buoy array (as introduced
by Hyder et al., 2011). The drifter-current technique is then
used to assess daily-mean global velocity fields from the Met
Office FOAM system by directly comparing simulated cur-
rents with the pseudo-Eulerian observations.

This paper is structured as follows. In Sect. 2 we introduce
the SVP drifters, the global tropical moored buoy array and
the Met Office Forecast Ocean Assimilation Model (FOAM)
system. In Sect. 3 we describe how we use the positions of
the SVP drifters to derive daily-mean surface current obser-
vations. In Sect. 4 statistics from a drifter-derived current as-
sessment in the tropics are compared with an analysis using
currents observed by the global tropical moored buoy array.
In Sect. 5 the drifter-derived currents are compared to simu-
lated daily-mean currents from the global FOAM system for
the period 2007–2008 and statistics are compared to an anal-
ysis performed using climatology fields. In Sect. 6 we ex-
tend the global FOAM assessment by analysing the currents
from two additional FOAM experiments in order to investi-
gate the respective impacts that the data assimilation and a
recent FOAM upgrade have on the quality of the currents.
The paper ends with a summary in Sect. 7.

2 Description of data used in the study

2.1 The SVP drifting buoys

The SVP drifters consist of a spherical surface buoy attached
via a tether to a submerged “holey sock” drogue. The sur-
face buoy contains all the electrical equipment such as a
temperature sensor, battery and antenna as well as a tether-
strain gauge (or submergence sensor) to monitor the sta-
tus of the drogue. The drogue is roughly 5 m long, centred
at approximately 15 m depth and has a cross-sectional area
approximately 40 times that of the tether and the surface
buoy. This 40 : 1 drag area ratio means that the SVP drifter
will follow the 15 m currents with a wind slip of less than
0.1 % of the wind speed for winds of strength up to 10 m s−1

(Niiler et al., 1995 calculated a slip of less than 1 cm s−1

for the global average wind speed of 8 m s−1, although no
tests were carried out in winds greater than 10 m s−1). If the
drogue should become detached, the surface buoy will be
subject to increased wind slip as well as other effects such
as Stokes drift and shear effects from wind-driven surface
currents. All of these factors increase the downwind slippage
for an undrogued buoy to approximately 1 % of the wind
speed; Poulain et al. (2009), based on experiments carried

out in the in the Eastern Mediterranean, calculated a min-
imum of 7 cm s−1 slip in 10 m s−1 winds for SVP drifters.
Most SVP drifters are tracked by the Argos Data Collec-
tion and location system on the NOAA polar-orbiting satel-
lites, and the reported locations are accurate to approximately
1km. Drifter data can be obtained in near-real-time through
the Global Telecommunication System (GTS) or as quality-
controlled delayed-mode data from the Global Drifter Pro-
gram (GDP) available via download fromhttp://www.aoml.
noaa.gov/phod/dac/dacdata.php. These delayed-mode GDP
data are quality-controlled to remove undrogued and ship-
board drifters and include 6-hourly velocity estimates as well
as error bars for their positions. The GTS data meanwhile do
not include velocity estimates (only positional information
and surface measurements of SST) and are not subject to the
velocity-specific quality control procedures that are applied
to the GDP data.

In this study, despite the obvious advantages to using the
quality-controlled GDP dataset, we shall infer near-surface
ocean currents from the near-real-time GTS drifter data. The
reason for using the GTS data is that we wish to imple-
ment this ocean current verification into the FOAM system
of Storkey et al. (2010) in near-real-time.

2.2 The global tropical moored buoy array

The global tropical moored buoy array is a multi-national
effort to provide tropical met-ocean data in real-time for
forecasting and climate research. The main purpose of the
moored buoy array is to monitor interannual climate fluc-
tuations in the tropics (e.g. El Niño Southern Oscillation
(ENSO), Madden-Julian Oscillation (MJO)), the Pacific and
Indian Ocean monsoons as well as hurricane (typhoon) ac-
tivity in the Atlantic (Pacific) Ocean. Major components in-
clude the TAO / TRITON array in the Pacific Ocean, PI-
RATA in the Atlantic Ocean, and RAMA in the Indian Ocean
(Hayes et al., 1991; Servain et al., 1998; McPhaden et al.,
2009). In addition to observing temperature, salinity and var-
ious atmospheric quantities, many of these moorings now
carry current meters, which provide velocity observations
accurate to within 5 cm s−1, at a range of depths including
10 m. These data are independent and have not been assim-
ilated into the FOAM system – although the correspond-
ing temperature and salinity measurements have been. The
moored buoy array, therefore, provides a useful indepen-
dent velocity dataset at 10 m depth albeit with limited lati-
tudinal extent. Observations from the global tropical moored
buoy array can be obtained from the TAO Project Office
of NOAA/PMEL via download fromhttp://www.pmel.noaa.
gov/tao/datadeliv/deliv.html.

2.3 The FOAM system

The Forecast Ocean Assimilation Model (FOAM) system
is an operational ocean forecasting system run daily at the
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Met Office which produces an analysis and 7-day forecast
of ocean currents and tracers (Storkey et al., 2010). The sys-
tem consists of a 1 / 4◦ resolution global configuration with
three nested 1 / 12◦ regional configurations in the North At-
lantic, Indian Ocean and Mediterranean Sea basins. The hy-
drodynamic model component of FOAM is the NEMO prim-
itive equation ocean model (Madec, 2008) coupled to the
LIM2 sea-ice model (Timmermann et al., 2005). Data assim-
ilation is performed using an analysis correction first guess
at appropriate time (FGAT) scheme (Martin et al., 2007)
with the following types of data being assimilated: sea level
anomaly (SLA), sea surface temperature (SST), profiles of
temperature and salinity as well as sea-ice concentration.
The global FOAM configuration runs as part of the FOAM
system and provided backup global products during the first
MyOcean project (http://www.myocean.eu/). The configura-
tion is based on the tri-polar configuration of Drévillon et
al. (2008) with 1 / 4◦ (28 km) grid spacing near the Equator
reducing to 6 km at high latitudes. More information on the
FOAM setup and an initial validation of tracer fields can be
found in the system description of Storkey et al. (2010).

In autumn 2010, several upgrades were applied to the oper-
ational FOAM system as described by Storkey et al. (2010),
primarily to the assimilation system. As part of this upgrade,
the mean dynamic topography (MDT) used for the SLA as-
similation was updated from the Rio et al. (2007) dataset to
the new CNES09 MDT of Rio et al. (2011). The assimilation
system error co-variances were replaced with newly calcu-
lated and seasonally varying estimates. The NEMO model
component was upgraded from NEMO vn3.0 to vn3.2 which
included a change to the TKE vertical mixing scheme to
make it energetically consistent (Burchard, 2002). The hori-
zontal momentum diffusion scheme was changed from using
a Laplacian only scheme to a mixed Laplacian/biharmonic
scheme. Additionally, an error was fixed in the observation
processing that was causing some of the SLA data to not be
assimilated in the offline FOAM hindcast experiments (but
not the operational system). More detailed information on
this upgrade can be found in Storkey (2011).

As the version of the FOAM system reported by Storkey
et al. (2010) was implemented for MyOcean V0, we call this
“FOAM V0”, and, as the upgrades listed above were opera-
tional in time for MyOcean V1, we term the updated system
“FOAM V1”. The analysis performed in this study primar-
ily involves the assessment of the FOAM V1 system which,
at the time of writing, is running operationally at the Met
Office. Therefore, any reference to FOAM data used will be
from the FOAM V1 system unless otherwise stated.

3 Deriving near-surface currents from drifter positions

Using the reported positions of SVP drifters, we derive
pseudo-Eulerian daily-mean currents in a simple fashion. We
do this by using the first and last reports of each day to de-

termine the distance travelled during the course of the day
(both in latitude and longitude) and the time taken to do so
– from which we derive the velocity. We assume that each
derived velocity observation is valid at midday and located
at the mid-point between the first and last reporting position
of the day.

Before deriving currents, drifters whose temperature ob-
servations failed the SST quality control process (Storkey et
al., 2010; Ingleby and Lorenc, 1993) are removed, as this
failure could be indicative of poor/inaccurate location report-
ing. The derived velocities are then quality controlled with
the following cases being removed from the observation set:
drifters known to have lost their drogue, velocities greater
than 3.5 m s−1 and velocities whose reporting length for that
day is less than 8 h. The relatively high maximum velocity
threshold of 3.5 m s−1 has been chosen to remove any spu-
rious currents derived from drifters attached to (or onboard
of) ships without blacklisting velocities in western boundary
currents.

The benefits of this method are that it is simple to im-
plement and provides quite a large number of current ob-
servations (in excess of 600 per day globally). Additionally,
and provided the time window is long enough, considering
the total distance travelled during a day means that the im-
pact of tidal currents is lessened. Likewise, the effect of in-
ertial currents will be reduced although not removed com-
pletely. These current observations are an almost indepen-
dent dataset, as the currents have not been assimilated into
the system. However, they are not completely independent
because the drifter positions contribute towards the calcula-
tion of the MDT (along with geostrophic and Ekman cur-
rents) used in the SLA assimilation. This dependence on the
MDT would only be expected to have an effect on the large-
scale, long-term circulation of the model meaning that the
drifter observations can be effectively considered indepen-
dent for current variations about the long-term mean.

Figure 1 shows a typical daily distribution of drifter-
derived pseudo-Eulerian zonal velocity observations taken
from the beginning of January 2007 as well as the average
number of observations per day, in 2◦ bins, for the period
2007–2008. It is clear from Fig. 1b that there is not an even
spread of drifter observations with much higher concentra-
tions in the North Atlantic and Japan Sea amongst other ar-
eas. This non-uniform distribution of drifters is, in part, ow-
ing to the buoy release locations which tend to be concen-
trated in areas of interest such as the Gulf of Mexico or Drake
Passage, or in areas of high shipping such as the North At-
lantic and the western North Pacific.

Owing to the simplicity of the averaging used in the cre-
ation of these pseudo-Eulerian observations, there are a few
key points to note before the data are used for validating
model current fields. As the velocities are derived directly
from straight line horizontal displacements each day, they
underestimate the speed of the drifter in situations where the
buoy trajectory has a significant curvature (an effect that will
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Figure 1: The distribution of drifter-derived currents: (a) a typical daily distribution 
of velocity observations taken from 1st January 2007, (b) the average number of 
observations per day for the 2 year period 2007-08 in 2º bins. 
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Fig. 1.The distribution of drifter-derived currents:(a) a typical daily distribution of velocity observations taken from 1 January 2007,(b) the
average number of observations per day for the 2-yr period 2007–2008 in 2◦ bins.

be more pronounced in high latitudes where the Rossby ra-
dius of deformation is lower). Therefore, the drifter-derived
pseudo-Eulerian velocity observations are an underestimate
of the true daily-mean 15 m currents (albeit only slightly).
Additionally, with a model grid spacing of at most 28 km,
any derived velocity above 0.3 m s−1 will almost certainly
be constructed using reports from positions spanning multi-
ple grid cells; we therefore perform horizontal interpolation
when co-locating modelled and observed values. Moreover,
as the reported locations of the buoys are only accurate to ap-
proximately 1 km, we must be wary of drifters that have not
travelled very far during the reporting period and whose lo-
cation error could be much higher, relatively, than buoys that
have travelled further.

Pseudo-Eulerian 15 m velocities were derived for the pe-
riod 2007–2008 from over 3000 unique drifters using data
obtained from the GTS. After implementing the quality con-
trol measures outlined above, using drogue status informa-
tion obtained from the GDP website, this resulted in an av-
erage of 653 good quality drifter observations per day. These
drifter-derived velocities can be compared with modelled
FOAM current fields by co-locating observations with daily-
mean model values. These observation-model co-locations,
or match-ups, were performed using bilinear interpolation in
the horizontal direction and by identifying the nearest model
depth level to the observation depth in the vertical. As FOAM
uses z-level depth coordinates, the nearest model level to the
mean drogue depth of 15 m was 15.87 m for all observations.
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Table 1. Comparison of summary statistics for FOAM V1 velocity analyses against the global tropical moored buoy array (top half) and
the drifter-derived currents (bottom half) for the whole of the global equatorial ocean. Statistics for zonal velocity are in Table 1a and for
meridional velocity in Table 1b. Summary measures shown are mean error (observation-model), root-mean-square error (RMSE), Pearson
correlation and the standard deviation of the observations. Also included are the average numbers of observations per day. Results are shown
separately for two regions defined as being within 10◦ and 2◦ of the Equator respectively.

(a) Zonal: mean RMSE correlation obs s.d. no. obs/day

Moored Buoys:
10◦ S–10◦ N 0.13 0.30 0.78 0.35 20
2◦ S–2◦ N 0.22 0.37 0.77 0.42 11

Drifting Buoys:
10◦ S–10◦ N −0.02 0.24 0.73 0.34 79
2◦ S–2◦ N 0.04 0.33 0.72 0.45 11

(b) Meridional:

Moored Buoys:
10◦ S–10◦ N −0.004 0.19 0.55 0.20 20
2◦ S–2◦ N 0.006 0.20 0.56 0.22 11

Drifting Buoys:
10◦ S–10◦ N −0.001 0.20 0.59 0.23 79
2◦ S–2◦ N −0.003 0.23 0.54 0.26 11

4 Comparison of drifter-derived velocities with current
moorings in the tropics

Owing to the assumptions made whilst deriving our pseudo-
Eulerian velocity observations, it is important to investigate
the accuracy of the dataset before using it to validate the
FOAM currents. To do this, we compare the data to indepen-
dent velocities observed by the global tropical moored buoy
array.

The most complete way to perform this comparison would
be to directly compare the drifter-derived pseudo-Eulerian
observations with the moored buoy observations. However,
this is not feasible for this study because the number of legit-
imate drifter-mooring co-locations (i.e. where a drifter passes
through the nearest grid cell to a mooring) would not provide
enough data for a thorough analysis. Furthermore, the ve-
locities observed by the two datasets are at different depths;
the drifters are drogued at 15 m and the moorings observe at
10 m. As a result of these factors, we would expect the model
errors to be more clearly related than the observed currents
in this situation (i.e. we expect the model errors to be more
consistent between the two depths than the actual measured
currents). Therefore, we compare both datasets against the
modelled FOAM currents and analyse the resulting differ-
ences.

To perform these comparisons, daily-mean velocity vec-
tors observed by the global tropical moored buoy array were
compared with FOAM currents by matching each observa-
tion with an interpolated modelled value in the same man-
ner used for the drifter-derived currents (i.e. using bilinear
interpolation in the horizontal and the nearest model depth

level in the vertical). The nearest model level to the 10 m ob-
servation depth is 9.57 m. Using these match-ups, we calcu-
late the mean error (observed-modelled values), root-mean-
square (RMS) error and Pearson correlation coefficient aver-
aged in both space and time. As well as calculating statistics
for the equatorial band between 10◦ S and 10◦ N, we also re-
port statistics separately between 2◦ S and 2◦ N where most
of the tropical buoys are moored. These summary statistics
can be found in the top halves of Table 1a and b for zonal
and meridional velocities, respectively. Also calculated are
the standard deviations of the observed values, which we in-
clude as a measure of the variability of the observations. The
corresponding statistics for the drifter-derived current com-
parisons can be found in the lower halves of Table 1a and b
respectively.

Correlations and RMS errors are of similar magnitude for
both the moored buoy and the drifting buoy analysis for both
zonal and meridional currents. For zonal current, the valida-
tion against drifters has slightly lower RMS errors but also
lower correlations, whilst for the meridional currents the op-
posite is true with higher RMS errors and higher correlations.
The standard deviations of the drifter-derived and moored
buoy observations are also similar, although there does ap-
pear to be a little more variability in the drifter-derived cur-
rents – particularly for the meridional currents.

The values of the mean errors are quite different be-
tween 10◦ S and 10◦ N, with the drifter analysis having much
smaller mean errors than the moored buoy analysis. How-
ever, this regional average bias is not a very useful summary
measure for velocity fields and provides little information
about the errors in the model or the differences between the
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Figure 2: Zonal velocity errors (observed-modelled), in 2º bins, over the range 20S to 
20N for (a) the drifter-derived current validation and (b) the moored buoy validation. 
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Fig. 2. Zonal velocity errors (observed-modelled), in 2◦ bins, over the range 20◦ S to 20◦ N for (a) the drifter-derived current validation and
(b) the moored buoy validation.

two sets of observations. This is because velocities are unilat-
eral and can be either positive or negative depending on the
direction of travel. With current fields being high in horizon-
tal shear, the regional average bias will be composed of errors
in different regimes which can potentially conflict and cancel
each other out. This is particularly true in the tropics where
there are a number of strong currents travelling in opposite
directions (e.g. North Equatorial Current, South Equatorial
Current and Equatorial Counter Current). Moreover, for this
comparison the different spatial distributions of the observa-
tions compound the problem because the drifter-derived ob-
servations cover most of the region, whilst the moored buoys
only sample a relatively small part of it being biased towards
the equatorial locations.

However, it is interesting that the regional mean errors sug-
gest the same pattern in both sets of observations, whereby
there is a much stronger westward bias within 2◦ of the Equa-
tor than within 10◦. This point is illustrated in Fig. 2 which
shows spatial maps of the time-mean observed-modelled ve-
locities for both the drifter-derived currents and the moored
buoy currents. This westward bias along the Equator is
thought to be related to errors in the surface wind fields cou-
pled with an underestimation of the wind-induced vertical
mixing in the tropics.

Results from a short test run performed using relative
wind stresses, rather than absolute wind stresses, (Deng
et al., 2009) show a much reduced bias at the Equator
(C. Guiavarc’h, personal communication, 2011). However,
evidence suggests that the use of relative wind stresses can
lead to a smoothing of the surface currents within mesoscale
features particularly outside the tropics where the Rossby
radius is lower (B. Barnier, personal communication, 2012;
Eden and Dietze, 2009). Further investigation therefore will
be required to better understand the cause of this bias before
this issue can be resolved. Additional discussion of this west-
ward equatorial bias can be found in Hyder et al. (2011).

The regional averaged moored buoy statistics are skewed
by the large number of moorings based along the Equator
where the model is biased towards the west. Table 1 shows
that more than half (55 %) of the moored buoy observations
are contained within 2◦ of the Equator, whilst the correspond-
ing figure for drifter observations is approximately 14 %.
Whilst there are just as many drifter observations as moored
buoy observations within 2◦ of the Equator, these tend to
be distributed evenly across the region, whereas most of the
moored buoys are located on the Equator itself. Additionally,
the number of drifter observations continues to increase with
increasing distance from the Equator so that there are almost
four times as many drifter-derived observations within 10◦ of
latitude than moored buoy observations. It is this difference
in the spatial distribution of the observations that is respon-
sible for most of the differences in the regional mean biases.
Meanwhile, the plots in Fig. 2 show good agreement between
the spatial distribution of mean errors for the moored buoys
and the drifter-derived currents – in particular in the western
tropical Pacific and the Indian Ocean.

These results give us confidence in the pseudo-Eulerian
drifter observations and, more specifically, in the drifter-
derived validation technique. We shall therefore apply the
drifter analysis to areas of the ocean where other sources of
regular velocity observations are scarce.

5 Global drifter current analysis

5.1 Global FOAM comparisons

In this section, we extend the drifter-derived current anal-
ysis to the global ocean and perform match-ups between
the modelled FOAM daily-mean currents and the drifter-
derived current observations as described in previous sec-
tions. From these match-ups, we calculate mean error, RMS
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Figure 3: Taylor plots showing the global drifter current validation for the FOAM V1 
hindcast run (a) and for the drifter climatology (b) for zonal velocity. Corresponding 
Taylor plots for meridional velocity can be found in (c) and (d). Results are shown for 
the whole global ocean as well as the same sub-basin areas used in Table 2. 

(b) 

(a) 

25 

 
Figure 3: Caption on previous page. 
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Fig. 3. Taylor plots showing the global drifter current validation for the FOAM V1 hindcast run(a) and for the drifter climatology(b) for
zonal velocity. Corresponding Taylor plots for meridional velocity can be found in(c) and(d). Results are shown for the whole global ocean
as well as the same sub-basin areas used in Table 2.

error, Pearson correlation and normalised standard deviation
summary statistics. The mean error is included for complete-
ness with the caveat that, owing to the issues described in the
previous section, it should not be used for diagnosing sys-
tematic biases in the system except in areas of unidirectional
or large-scale mean flow. The normalised standard deviation
is calculated as the ratio of the model standard deviation to
the observed standard deviation. It is used here as a measure
of how well the model captures the observed variability of
the ocean.

The results of this analysis can be found in Table 2 where
summary statistics are given both for the global ocean and
regions covering the main ocean basins. These results are
also represented pictorially as Taylor plots in Fig. 3a and c
for zonal and meridional velocities, respectively (see Tay-
lor, 2001; Martin, 2011). The Mediterranean Sea and Arctic
Ocean regions are not included in this list, because there were
too few observations in these regions to give statistically sig-
nificant results.

The results in Table 2 show that the RMS error is remark-
ably consistent between the various regions – although in
general the Southern and Indian Oceans yield the highest

errors, whilst the Pacific Ocean the lowest. The normalised
standard deviations are all below unity which means that the
model underestimates the variability of both the zonal and
meridional currents in all regions. The most likely reason for
this is that the combination of the horizontal resolution of
the eddy-permitting model coupled with the 6-hourly wind
fields used to force the surface boundary is too coarse to cap-
ture submesoscale, or even relatively fine-scale mesoscale,
features. The variability is better in the tropics and the Indian
Ocean where the model is accounting for about 80 % of the
observed variability.

The correlation coefficients suggest that FOAM zonal cur-
rents are more skilful than meridional currents with global
correlations of 0.57 and 0.45 respectively. Correlations are
higher in the tropics, the Indian Ocean and the North Pa-
cific with zonal current correlations exceeding 0.6 in these
regions – where a value of at least 0.6 is often taken as indica-
tive of a useful forecast (Hollingworth et al., 1980; Murphy
and Epstein, 1989). Meridional current correlations are also
higher in these areas with values exceeding 0.5. In general,
skill in the Pacific is better than in the Atlantic, which can
be explained by the fact that dynamic, eddying regions make
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Table 2. Drifter-derived current validation of the FOAM V1 2007–2008 hindcast zonal velocities (a) and meridional velocities (b). Sum-
mary statistics shown include the mean error (observed-modelled), root-mean-square error (RMSE), Pearson correlation coefficients and
normalised standard deviations (the ratio of standard deviation for the modelled and observed currents). Also shown are the average numbers
of drifter-derived observations per day. Results are shown for the whole global ocean as well as various other regions.

(a) Zonal: mean RMSE correlation norm. s.d. obs/day

Global −0.004 0.21 0.57 0.70 653
North Atlantic −0.003 0.21 0.49 0.68 179
Tropical Atlantic −0.004 0.21 0.60 0.80 40
South Atlantic 0.009 0.22 0.48 0.68 99
North Pacific −0.022 0.21 0.66 0.72 139
Tropical Pacific −0.051 0.21 0.70 0.81 91
South Pacific 0.000 0.20 0.56 0.64 135
Indian Ocean −0.021 0.23 0.62 0.77 79
Southern Ocean 0.064 0.24 0.35 0.68 130

(b) Meridional:

Global 0.001 0.19 0.45 0.67 653
North Atlantic 0.002 0.19 0.43 0.64 179
Tropical Atlantic 0.006 0.16 0.51 0.80 40
South Atlantic −0.001 0.20 0.34 0.66 99
North Pacific −0.009 0.19 0.55 0.69 139
Tropical Pacific −0.004 0.17 0.55 0.80 91
South Pacific 0.006 0.17 0.40 0.63 135
Indian Ocean 0.013 0.21 0.55 0.74 79
Southern Ocean −0.007 0.22 0.31 0.66 130

up a larger proportion of the Atlantic Ocean than the Pacific
Ocean with more areas of high mesoscale activity; the Gulf
Stream separation, the North Brazil Current and the Falk-
lands Confluence present tough challenges to ocean models.
The Southern Ocean meanwhile shows the lowest level of
skill, and, with correlations of 0.35 and 0.31 for zonal and
meridional current respectively, model skill in this area is
poor which will be discussed further later on in this section.

5.2 Comparisons with climatology

In order to better understand the level of skill that the mod-
elled currents have, we need to determine how well the model
performs relative to using climatology-based predictions. In
particular, the large-scale zonal flows of the tropical Pacific
and the seasonal circulations of the Indian Ocean that gave
the highest correlations (in Table 2) may be captured just
as well by a velocity climatology. To test this, we obtained
the Global Drifter Program’s drifter-derived velocity clima-
tology (Lumpkin and Garraffo, 2005) and, using the process
outlined above, compared this with the drifter-derived cur-
rents by calculating match-ups for each observation. This
comparison is a difficult one for the model, because the ob-
servations used to validate the model are also those used to
develop the climatology. However, we would still expect the
model to perform better than the climatology and, in particu-
lar, to better reproduce the variability of the observations.

The analysis performed above was repeated using these
climatology fields in place of the FOAM modelled currents
and the results plotted in Fig. 3b and d.

Comparison of the Taylor diagrams in Fig. 3a and b shows
that for zonal currents the FOAM predictions are better than
the climatology with generally lower RMS errors, higher cor-
relations and normalised standard deviations closer to the
ideal ratio of 1. This can be seen by comparing the Tay-
lor plots in Fig. 3a and b. The FOAM meridional currents
also prove to be much better than climatology with slightly
lower RMS errors and much higher correlations. The largest
improvement over climatology is with the variability of the
meridional currents, as the normalised standard deviations
for FOAM are almost twice the size of those for the clima-
tology (Fig. 3c and d). This means that FOAM is capturing
almost twice as much of the meridional current variability
as the climatology – which should be expected given that
meridional flows are generally dominated by short-period
features such as tropical instability waves and mesoscale ed-
dies rather than large-scale mean flows. In particular, we
note that the worst correlation for the meridional climatol-
ogy comparisons is in the tropical Pacific region where the
flow is influenced by tropical instability waves.

Interestingly, in contrast to the FOAM analysis, the cor-
relations for the climatological analysis in the Southern
Ocean are not considerably worse than for the other re-
gions. The climatology zonal current fields actually give a
higher correlation than the FOAM zonal currents, whilst the

Ocean Sci., 8, 551–565, 2012 www.ocean-sci.net/8/551/2012/



E. W. Blockley et al.: Validation of FOAM near-surface ocean current forecasts 559

corresponding meridional correlations are of a comparable
magnitude. These unexpected results are discussed further in
Sect. 5.3 below.

5.3 Southern Ocean currents

In addition to the poor correlation coefficients in the South-
ern Ocean, there is also a mean error in the zonal cur-
rents of 6.4 cm s−1 to the west (see Table 2a) suggesting
that the large-scale mean eastward flow in this region, the
Antarctic Circumpolar Current (ACC), is consistently un-
derestimated in the FOAM model. This can be clearly seen
in Fig. 4a, which shows the mean zonal velocity errors
(observed-modelled), in 2◦ bins, for the whole assessment
period 2007–2008.

However, the FOAM currents in this region (see Fig. 5a)
appear to be realistic, and the frontal locations of the ACC
(see Orsi et al., 1995; Falco and Zambianchi, 2011; Sokolov
and Rintoul, 2009) are well defined. In contrast, this is not the
case for the observed current field (Fig. 5b) which is charac-
terised by widespread, relatively strong currents more con-
sistent with the overlying wind field. The mean strength of
the modelled ACC currents is approximately 0.2 m s−1 out-
side of the main frontal zones, in keeping with the findings
of Falco and Zambianchi (2011) and Olbers et al. (2004),
whereas, at almost 0.5 m s−1, the drifter-derived currents ap-
pear too strong in these areas. Furthermore, the averaged total
transport through Drake Passage for the FOAM system run
was approximately 173 Sv. This value is higher than the esti-
mated climatological upper bound of 146 Sv (Cunningham et
al., 2003; Olbers et al., 2004; Whitworth and Peterson, 1985),
which suggests that the FOAM currents are too strong in
this region. This proposition is further supported by the fact
that, throughout the FOAM run, the SLA assimilation was
trying to weaken the ACC by reducing the surface pressure
gradient across the sub-polar front (not shown here). More-
over, Maximenko et al. (2009) find this same problem whilst
using the drifter dataset to derive mean dynamic topogra-
phies. When comparing magnitudes of mean drifter veloc-
ity against mean geostrophic plus Ekman velocity, the differ-
ences in the Southern Ocean were very pronounced (see their
Fig. 2a and b respectively). They conclude that the method
using the drifter velocities leads to an overestimated surface
pressure gradient across the ACC. As a further comparison,
we plot the corresponding 2007–2008 average zonal currents
from the OSCAR dataset (Bonjean and Lagerloef, 2002) in
Fig. 5c. The OSCAR Southern Ocean currents in Fig. 5c are
much weaker than the drifter-derived currents in Fig. 5b, with
maximum values around 0.5 m s−1, being closer to the mag-
nitude of the FOAM currents rather than the 0.8 m s−1 of
the drifter data. The structure of the OSCAR currents is also
more aligned with the FOAM currents, being composed of
occasional frontal zones rather than strongly eastward zonal
flows.
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Figure 4:  Mean error (observed-modelled) against drifters for (a) zonal velocity and 

(b) meridional velocity in 2º bins. 
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Fig. 4.Mean error (observed-modelled) against drifters for(a)zonal
velocity and(b) meridional velocity in 2◦ bins.

We therefore suspect that part of the mismatch between
modelled and observed velocities is due to a bias in the drifter
dataset. If this were the case, then the drifter climatology
would have the same bias which would explain the higher
correlations for the climatological velocity comparisons ear-
lier in this section. The most likely reason for a bias would
be slippage of the drifters and associated Stokes drift aris-
ing from the strong westerly winds over the Southern Ocean.
Winds in this region can be very strong indeed – in excess
of 40 m s−1 – and certainly exceed the 10 m s−1 maximum
value used to derive the windage figure of 0.1% (Niiler et al.,
1995; Poulain et al., 2009). It is feasible that wind-slip in the
Southern Ocean may not fit this linear relationship (which
was derived in much calmer conditions) and that drifters in
the ACC are moving even faster relative to the ocean currents
they are designed to follow.

Another consideration is that the drifter dataset may well
contain a number of buoys with missing drogues that have
not been correctly identified as being undrogued. These
drifters would be considerably more susceptible to the ef-
fects of the Southern Ocean winds and could skew the drifter
dataset considerably. Owing to technical issues, drogue de-
tection in the Southern Ocean was less reliable during the
2007–2008 period investigated in this study, as many of the
drifting buoys in the area did not have tether-strain gauges
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Figure 5:  Average zonal velocity fields over the 2007-08 study period in 1º bins: (a) 
FOAM model values and (b) drifter-derived observation values at 
observation points. The corresponding averaged OSCAR zonal velocity is 
shown in (c). 
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Fig. 5. Average zonal velocity fields over the 2007–2008 study pe-
riod in 1◦ bins:(a) FOAM model values and(b) drifter-derived ob-
servation values at observation points. The corresponding averaged
OSCAR zonal velocity is shown in(c).

to monitor drogue presence – relying instead on the less effi-
cient submergence sensor method. Also manufacturing prob-
lems may have affected some of the drogue lifetimes during
this period (R. Lumpkin, personal communication, 2010).
Moreover, waves in the Southern Ocean can be significantly
higher than in other areas of the ocean which could pre-
vent the older submergence sensors from correctly diagnos-
ing drogue detachment owing to continued regular submer-
gence by waves.

Recent findings of Grodsky et al. (2011) highlight the fact
that drogue loss in the global array is an issue, reporting
that approximately 30 % of buoys lose their drogues within
3 months of release and roughly 90 % of drogues are lost
within 18 months. They estimate the fraction of unidentified

undrogued buoys in the global array and report it to be con-
sistently above 67 % for most of the study period 2007–2008
and as high as 80 % for parts of 2007. Evidence suggests that
the switch to tether-strain gauge from submergence sensor
method has greatly increased the probability of successful
drogue loss detection. Grodsky et al. (2011) show that the
number of unidentified undrogued drifters in the array has
steadily decreased since its maximum in 2007 and that by
the end of 2009 things have improved considerably (see their
Fig. 3d).

Grodsky et al. (2011) further suggest that, during the prob-
lematic period 2004–2008, drifters less than 90 days old
should be used as a proxy for drifters with drogues still at-
tached, i.e. all buoys older than 90 days should be discarded.
A further analysis was performed comparing the FOAM cur-
rents with a subset of the pseudo-Eulerian currents derived
from buoys no older than 90 days. However, the correspond-
ing summary statistics (not shown here) were not very dif-
ferent from those in Table 2. Imposing a 90-day age limit re-
moved approximately 82 % of the Southern Ocean drifters,
so the number of resulting co-locations is most likely too
small to generate useful statistics for our relatively short
analysis period. Moreover, with 30 % of buoys losing their
drogues on average within the first 90 days of operation, it is
probable that a number of these buoys do not have drogues.
This figure of 30 % is based on the average number of buoys
that lose their drogues, so this may be more than 30 % in the
Southern Ocean where the vertical shear on the drogue teth-
ers is likely to be a lot higher, on account of the increased
wind and wave effects.

In summary, the drifter-derived velocities in the South-
ern Ocean show a significant difference from the modelled
FOAM currents. This difference could be owing to a bias in
the drifter current dataset, the most likely cause of which is
slippage of drifters in the high Southern Ocean winds. This
is further supported by the diminished frontal structure in the
ACC observations suggesting that the drifters are, to a cer-
tain extent, following the zonal winds rather than the bathy-
metrically confined ACC jets. Wind-slip caused by unidenti-
fied drogue loss is also likely to contribute towards this bias
with 2007–2008 being part of the worst affected period ac-
cording to the findings of Grodsky et al. (2011). Falco and
Zambianchi (2011), under the framework of the World Ocean
Circulation Experiment (WOCE), use SVP drifters to inves-
tigate the near-surface structure of the ACC for the period
1989–2002 – a period when unidentified drogue loss was not
thought to be a problem. Their findings appear not to have
this bias, which implies that unidentified undrogued drifters
are more likely to be the cause of the observed differences
than the windage estimate of 0.1 % being invalid in this re-
gion of very high winds.
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6 Impact of assimilation and the V1 upgrade on FOAM
currents

In this section, we explore the impact that the data assimila-
tion scheme and the recent FOAM V1 upgrade have on the
quality of the FOAM currents. We do this by assessing two
additional hindcast experiments for the period 2007–2008:
one using the FOAM V1 system but without data assimila-
tion; and the other using the fully assimilative FOAM V0 sys-
tem. The velocity fields from these hindcast integrations were
analysed in the same manner as detailed above, and summary
statistics were compared to those obtained in Sect. 5. These
comparisons can be found in Fig. 6, which shows Taylor
plots of zonal and meridional velocities (Fig. 6a and b respec-
tively) from the FOAM V1 hindcast (circles), the FOAM V1
non-assimilative hindcast (crosses) and the FOAM V0 hind-
cast (squares) for a subset of the assessment regions consid-
ered – namely the global ocean (black), North Atlantic (red),
tropical Pacific (green) and Southern Ocean (blue).

6.1 Impact of data assimilation

Data assimilation in the FOAM system is performed us-
ing observations of sea surface temperature (SST), sea level
anomaly (SLA), sea-ice concentration and profiles of tem-
perature and salinity. Although velocities are not explicitly
assimilated, the SLA and profile assimilation do have a di-
rect effect on the current fields through the implementation
of velocity balancing increments (see Martin et al., 2007 for
more details). Moreover, the changes made to the sea surface
height fields, and the modified density gradients associated
with the profile assimilation, will also have an effect on the
modelled currents. Therefore, the comparisons made in this
section will demonstrate the impact that assimilating these
other quantities has on the quality of the FOAM surface cur-
rents.

From Fig. 6 it is clear that the impact of data assimilation
is positive. In all cases, the velocities from the full FOAM
hindcast experiment (circles) have much higher correlations
and lower RMS values than the corresponding values for the
non-assimilative hindcast (crosses). This is particularly true
for the meridional currents in the tropical Pacific, for which
the assimilation increases the correlation considerably from
approximately 0.3 to over 0.55. Additionally, the assimilation
generally has a positive effect on the variability of the FOAM
system currents for both zonal and meridional flows. This is
more noticeable in “dynamic” regions with high mesoscale
activity such as the Gulf Stream in the North Atlantic. This
can be seen in Fig. 6 by comparing the red circles with the red
crosses. Interestingly, the zonal currents in the Pacific Ocean,
in particular the tropical Pacific, are less variable in the as-
similative experiment than the free running one.
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Figure 6: Taylor plots of the global drifter current validation to show the benefit of 
running with data assimilation and the impact of the FOAM V1 changes for (a) zonal 
current and (b) meridional current. Each plot contains comparisons between the 
FOAM V1 hindcast run (circles), the FOAM V1 non-assimilative hindcast run 
(crosses) and the FOAM V0 hindcast run (squares) each for a subset of the regions 
presented in Table 2 – namely Global (black), North Atlantic (red), Tropical Pacific 
(green) and Southern Ocean (blue). 
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Fig. 6. Taylor plots of the global drifter current validation to show
the benefit of running with data assimilation and the impact of the
FOAM V1 changes for(a) zonal current and(b) meridional current.
Each plot contains comparisons between the FOAM V1 hindcast
run (circles), the FOAM V1 non-assimilative hindcast run (crosses)
and the FOAM V0 hindcast run (squares), each for a subset of the
regions presented in Table 2 – namely Global (black), North At-
lantic (red), tropical Pacific (green) and Southern Ocean (blue).

6.2 Impact of the FOAM V1 upgrade

A number of changes were made to the FOAM system as
part of the V1 upgrade as was briefly outlined in Sect. 2.
Of these modifications, the changes to the data assimilation
would be expected to make the most difference to the mod-
elled surface currents. In particular, the implementation of
newly calculated, seasonally varying, error covariance esti-
mates, along with an increase in the number of available SLA
observations, will lead to differences in the currents most sig-
nificantly at the mesoscale. Additionally, the use of a differ-
ent mean dynamic topography (MDT) for the SLA assimila-
tion would be expected to have an effect on the large-scale
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circulation of the model and lead to differences in the long-
term time-mean flows (Haines et al., 2011).

The effects of the FOAM V1 upgrade on the modelled sur-
face currents can be seen in the Taylor plots in Fig. 6 for
a subset of the assessment regions. Comparing the statistics
for the V1 (circles) and V0 (squares) hindcast integrations
shows the impact of the V1 upgrade to be positive. In all
of the regions considered, and in particular the global ocean
as a whole, the FOAM V1 currents were better correlated to
the observations than the V0 currents with lower RMS errors.
Moreover, the normalised standard deviations were generally
higher for the V1 velocities in particular for the meridional
currents. These improvements to the surface current statis-
tics suggest that the assimilation changes made as part of the
V1 upgrade have better constrained the system. In particular,
the updated error covariances mean that the data assimilation
scheme appears to be fitting the SLA data a lot more closely
at V1 than at V0 (D. Lea, personal communication, 2011).
Interestingly, the impact of the V1 upgrade in the tropical
Pacific is a reduction in the zonal velocity variability, much
as was true for the impact of data assimilation.

We have shown that both the data assimilation system and
the V1 upgrade improve the FOAM surface current forecasts.
Although this improvement generally applies to all of the as-
sessment regions, there appears to be a negative impact to the
variability of the zonal currents in the tropical Pacific, which
will require further investigation. Further details of the tem-
perature and salinity biases in the FOAM model (obtained by
comparing the time-averaged assimilation increments) and
the differences between the V0 and V1 systems can be found
in Storkey (2011).

7 Summary

Knowledge of ocean currents is important for many marine
applications, and there is an increasing need to validate the
current predictions made by operational ocean forecasting
systems such as FOAM. However, relative to quantities such
as sea surface temperature, there are very few current obser-
vations in the public domain against which to perform this
validation. Noticeable exceptions are the velocity measure-
ments made by some of the moorings in the global tropi-
cal moored buoy array, but these are limited to the tropics.
Of these moorings, many of the RAMA buoys in the In-
dian Ocean are presently providing velocity observations at
a range of depths with data available via the TAO Project
Office of NOAA/PMEL. The same is true, in part, for the PI-
RATA (Atlantic Ocean) and TAO/TRITON (Pacific Ocean)
moorings, although only about half of all these moorings are
equipped with current meters at present. This is a consider-
able improvement compared to the beginning of this century
when currents were only available from a handful of tropical
moorings.

Compared to the global tropical moored buoy array, the
SVP drifter coverage is very good. There are some issues
with the distribution of drifters though, with some areas be-
ing sampled a lot more regularly than others; in particu-
lar, there are very few drifting buoys in the Mediterranean
Sea. Additionally, there are questions surrounding the drifter
dataset with respect to the retention of the drogues, although
recent issues relating to a lack of drogue loss detection appear
to have been solved by the move to a generic tether-strain
gauge. However, there still seems to be a drogue loss prob-
lem with an estimated 30 % of drifters losing their drogues
within the first 3 months after release. Finally, the severity of
wind-slip in high winds (i.e. exceeding 10 m s−1) is not yet
completely understood – mainly because it has proven too
dangerous to carry out adequate tests in these conditions. It
would prove useful to find out how much the SVP drifters are
affected by the high winds and large waves of the Southern
Ocean.

In this paper, we have described a simple method for in-
ferring near-surface ocean velocities from GTS drifter po-
sitions in near-real time. We have demonstrated that these
drifter-derived currents compare favourably with velocity ob-
servations measured by the global tropical moored buoy ar-
ray. However, as discussed in Sect. 3, the pseudo-Eulerian
currents are determined from Lagrangian drifter positions
using a somewhat simplistic averaging scheme, which may
have introduced some minor errors. In particular, the sub-
sampling of the drifter positions and the decision to retain
drifter reports, spanning a minimum of only 8 h per day, may
be aliasing higher frequency motions such as tidal and iner-
tial currents into the inferred velocity data. Although we ex-
pect that these issues will make a minimal difference to the
results, future drifter-velocity assessments will compare the
derived currents with the GDP quality-controlled velocities –
including results from a recent drogue presence re-evaluation
(Lumpkin et al., 2012).

These pseudo-Eulerian drifter-derived currents have been
used to evaluate the accuracy of modelled daily-mean cur-
rents from the Met Office’s FOAM system. Results were con-
sistently better for zonal current than for meridional current
and generally better in the tropics and the North Pacific with
some correlations exceeding 0.6 (a value widely taken as the
lower bound for a useful forecast). In all regions, save for the
Southern Ocean, the model is shown to be more skilful than
the climatology, which is particularly true for meridional ve-
locity. This suggests that the model has some skill at repro-
ducing circulation features that the climatology is not able to
capture such as small-scale features (e.g. mesoscale eddies,
tropical instability waves) and circulations associated with
inter-annual processes (e.g. ENSO). The Southern Ocean is
an area for concern with very low correlations and a signifi-
cant difference between the modelled currents and the drifter
observations. However, we suspect that this bias is primarily
caused by issues with the drifter-derived currents rather than
the modelled currents. In particular, there is a suggestion that
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wind-slip in the Southern Ocean is impacting upon the qual-
ity of the pseudo-Eulerian drifter current estimates, which
will require further investigation.

We have also used the drifter current technique to inves-
tigate the impact that the data assimilation scheme has on
the quality of the FOAM currents. This method is ideally
suited to this assessment, because independent current ob-
servations with global coverage are scarce, and these near-
independent data have not been assimilated by the system.
We found that the data assimilation has a positive effect on
the currents showing considerable improvements to corre-
lation coefficients and RMS errors across the globe. Fur-
thermore, the variability of the modelled currents benefited
greatly from the assimilation, most noticeably in strongly ed-
dying areas such as the Gulf Stream. We also showed how
this method has been used at the Met Office to indepen-
dently assess the surface currents for potential system up-
grades and showed that the latest version of FOAM (termed
V1) out-performs the previous V0 implementation of FOAM
described in Storkey et al. (2010).

Future FOAM velocity assessments will analyse the next
implementation of FOAM, due for operational implemen-
tation in autumn 2012, and will focus on the later period
2010–2011 when drogue detection had improved. The next
FOAM system will, amongst other improvements, include a
higher vertical resolution 75 level ocean model coupled to the
Los Alamos CICE ice model (Hunke and Lipscomb, 2008).
It will also use hourly, rather than 6-hourly, wind fields for
the surface boundary conditions and will use a new varia-
tional data assimilation scheme NEMOVAR (Mogensen et
al., 2009). In addition to these drifter-velocity comparisons,
further assessments are planned using the velocities observed
by the global tropical moored buoy array. This will involve
experimenting with some more flexible neighbourhood veri-
fication techniques (Ebert, 2009; Gilleland et al., 2009) and
investigation into site-specific skill of the FOAM currents.
There are also plans to explore the use of synthetic aperture
radar (SAR) and HF Radar observations for the purpose of
validating FOAM velocity fields.
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