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Acronyms
3/4DVAR

Three/four Dimensional Variational (assimilation)

ADCP

Acoustic Doppler Current Profiler

ANDRO

Argo New Displacements Rannou and Ollitrault

ARGO

Array for Real-time Geostrophic Oceanography

ASAR

Advanced Synthetic Aperture Radar

Chla

Chlorophyll A

EKE

Eddy Kinetic Energy

EnKF

Ensemble Kalman Filter

EOF

Empirical Orthogonal Function

FSLE

Finite Scale Lyapunov Exponent

GDP

Global Drifter Program

HF radar

High Frequency radar

IPIECA

International Petroleum Industry Environmental Conservation Association

LCS

Lagrangian Coherent Structures

OGP

International Association of Oil and Gas Producers

OSCAR

Ocean Surface Current Analysis – Real-time

RMS

Root Mean Square

SEEK

Singular Evolutive Extended Kalman

SEIK

Singular Evolutive Interpolation Kalman

SLA

Sea Level Anomaly

SMOS

Soil Moisture and Ocean Salinity

SSH

Sea Surface Height

SST

Sea Surface Temperature

SSS

Sea Surface salinity

TOPAZ

(Towards) an Operational Prediction system for the North Atlantic European
coastal Zones
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HOW TO USE THIS DOCUMENT
The validation process of a given model mainly depends on the available observations, on
your access to the model and its outputs, and on the target situation.
The notions of eulerian and lagrangian currents are essential to read this document. A
eulerian current must be interpreted as the current at a fixed location. Lagrangian data refer
to data collected along a trajectory, typically of a particle that has been advected by currents:
for instance, lagrangian currents are measured using the positions and associated times of
the particle.
Please consider that if you are not in the optimal configuration of having good lagrangian
data and suitable model outputs to quickly derive lagrangian statistics, you must probably
have good knowledge of important processes to evaluate the model. In this case, please
read Sec. 1.
If you do not have any access to model output, please read Sec. 2 to have an overview of
requirements for hydrographic models.
If you have an access to model outputs and observed data, first have a look to Sec. 4.3 to
understand what is important for a given scenario. Then you will probably want to look at
validation recipes of Sec. 4.2 depending on your available data. These recipes make a lot of
references to observations types of Sec. 3 and validation statistics of Sec. 4.1.
Finally, it is highly suggested to look at final section 5 to keep in mind key points and
limitations of this work.
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EXECUTIVE SUMMARY
This report is one of a series of reports in the OGP IPIECA Oil Spill JIP which examine the latest
tools and techniques under the headings of "Surveillance, modelling and visualisation." Under the
modelling heading, two reports cover models, metocean databases and validation techniques.
This report provides information and recommendations on model validation techniques.
The Table 0-1 gives an overview of the main processes that contribute to Lagrangian dynamics,
the hydrodynamic model requirements and the available validation data.
The Table 0-2 illustrates some validations diagnostics and methods aaccording to the available
data. The user should refer to Sec. 4 for detailed recipes of model validation.

Main processes

Main model requirements

Validation data

(section 1)

(section 2)

(section 3)

Mesoscale and
submesoscale activity

3D model

Wind forcing
Intertial current
Tide
River plumes
Coastal waves

High spatial resolution
submesoscale processes
river plumes
Atmospheric forcing with
assimilation
High resolution bathymetry

Drifters:
surface and subsurface
for
deep drifters (ARGO floats)
and
Remote sensing
SST, SLA, Chla
data
HF radars
ASARs
airborne current
SSS
data

Boundary conditions with
assimilation of SLAs, SST and In situ data:
ARGO
ADCPs
gliders
Data assimilation of:
SLAs and SST
ARGO
HFradar, glider, etc

Derived products:
from satellite: OSCAR
from drifters: climatology

Table 0-1: Recommended models and validation data according to the spill scenario
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Available data

Validation statistics

(section 4.2)

(section 4.1)

Drifter

Lagrangian diagnostics:
Separation distance
Finite Size Lyapunov Exponents (FSLE)
Mixed Eulerian and Lagrangian statistics

Gridded velocity field
HF radar
Satellite derived product
Drifter derived product

Lagrangian diagnostics:
Separation distance
Finite Size Lyapunov Exponents (FSLE)

Moored ADCP measurements

Eulerian statistics
Eulerian errors and correlation
Spectra and cospectra

Spectral diagnostics (for HF radar)

Simulation of model errors
Glider-mounted ADCP

Visual Lagrangian comparisons
Eulerian errors and correlation

Airborne measurements

Lagrangian comparisons
Simulation of model errors

ASAR currents

Lagrangian comparisons
Spectral diagnostics

Table 0-2: Recommended diagnostics according to the available data
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INTRODUCTION
OGP-IPIECA has requested Actimar to review and assess the hydrodynamic and atmospheric
models and metocean data for oil spill modelling in the scope of the Oil Spill Response (OSR)
Joint Industry Project (JIP) and to provide recommendations for validation techniques.

This document provides keys for evaluating the performance of ocean models in terms of
Lagrangian transport and dispersion. Three cases are discussed in this document: (1) a priori
evaluation, where a given model is judged solely based on its components and configuration; (2)
hindcast mode, where a model is compared with selected historical observations and products;
and (3) forecast mode, where a model is evaluated in real time against observations.
As a basis for all explanations, this document starts with a short review in Sec. 1 of important
processes that, depending on the region, can contribute to Lagrangian dynamics. Then, Sec. 2
gives a list of model requirements that can serve for an a priori assessment of a model’s
performance. A list of useful observation types for hindcast and forecast validations is then
described in Sec. 3. Sec. 4 focuses on how to compare models with observations, and Lagrangian
data in particular. This section also specifically addresses the case of six different scenarios,
grouped according to three different contexts. Finally, Sec. 5 sums up the key points, addresses
alternative solutions to hydrographic models, and discusses the limitations of this work.
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1 PROCESSES THAT CONTRIBUTE TO LAGRANGIAN CURRENTS
AND DISPERSION
This section provides a quick overview of the dominant processes that can contribute to
Lagrangian currents and dispersion, typically on a prediction scale of a few days.

Figure 1: (a) Temporal and horizontal spatial scales of ocean processes and (b) horizontal spacetime sampling scale of observation platforms (Source: [22]).
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1.1

MESOSCALE AND SUBMESOSCALE

Figure 2: Large-scale and mesoscale processes in the Gulf of Mexico, diagnosed from the sea level,
and surface density of the Deepwater Horizon oil (colored). Submesoscale activity is often found at
the edges of great mesoscale eddies, such as where the oil is drifting in this figure [Source: Naval
Research Laboratory].

As shown in Figure 1, mesoscale features such as eddies have a time scale of at least one
week, which is longer than the typical forecast horizon for oil drift. In such a context, their
contribution can therefore be considered a significant addition to the mean horizontal
current [53]. The signature of eddies can be observed not only close to the surface, but
also at a depth of several hundred meters (see Figure 3).

Figure 3: Composite eddies, showing the mean temperature (in colour) and velocities (contours),
based on (left) 192 warm-core eddies and (right) 180 cold–core eddies (Source: [64]).
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The role of mesoscale processes is also to partially restrict the offshore region where
submesoscale activity can develop : submesoscale turbulence is mainly present at the edge of
mesoscale features (see Figure 2), has scales starting from one hundred meters to a few
kilometers, and does not last for more than a very few days. It takes the form of eddies, filaments
and fronts. Associated currents are responsible for strong stirring and dispersion, and must be
considered an important process contributing to oil drift over a few days. Unlike mesoscale
activity, which is only horizontal, submesoscale turbulence is characterized by vertical speeds,
and can interact with other very small scale processes such as the Langmuir circulations [36]. As
shown in the following figure, this submesoscale activity can have a very chaotic behavior, which
obeys the classic turbulence law and can lead to significant Lagrangian prediction uncertainties.

Figure 4: Drifter trajectories of the GLAD (Grand Lagrangian Deployment) experiment; the
trajectories of the red drifters show greater dispersion [60]. The blue and green drifters have a very
different fate than that of the red drifters, despite their initial closeness.

1.2

WIND FORCING OF SURFACE CURRENTS

In the presence of a homogenous near-surface mixing, the wind is theoretically responsible for an
“Ekman” current, whose orientation with respect to the wind at the surface is 45°, an angle that
increases with depth while the speed decreases. In reality, a better estimate of wind-induced
currents must also take into account the effect of wind-induced surface gravity waves, which is
also called the Stokes drift [2]. These currents are generally effective only within the Ekman layer,
so usually within a maximum of 30 m from the surface, and are vertically sheared. The Stokes drift
is almost parallel to the wind, while the remaining part of the current follows the Ekman spiral
better. Time response to the wind is of a few hours for the Ekman current, and one hour for the
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Stokes drift. The characteristics of these wind-induced currents not only depend on the wind
strength but also on the vertical stratification (see Figure 5): currents are stronger and less parallel
to the wind when the subsurface stratification is higher.
The contribution of the wind to the Lagrangian horizontal currents is essential and depends on the
subsurface ocean conditions. However, the wind does not really contribute to the dispersion due
to its homogenous signature far from the coast.

Figure 5: Mean wind-correlated current vectors in low (top) and high (bottom) wind conditions, both
with (right) and without (left) stratification, measured off the west coast of France using HF radar
technology [2]: total current UR (black), quasi-Eulerian current UE (red), Stokes drift USf (blue), ratio
to wind vector U10/100 (green).

1.3

TIDES

The effect of tides is relatively weak all around the world and can usually be treated as "noise" that
contributes nothing to the net movement of the slick over the tidal frequencies. However, it is the
dominant forcing in some coastal regions, over shelves. In those areas, tidal currents cannot be
seen as a simple oscillating contribution to Lagrangian currents. For instance, in homogenous
conditions such as near islands, tidal currents can be highly dispersive due to the multiple flow
paths. The flow also has a non-linear component that is mainly due to dissipation effects and is
responsible for a residual circulation [39, 55]. This residual circulation can be seen as a timeaveraged tidal circulation that can contribute to the Lagrangian drift in the order of tens of cm/s
(see Figure 6).

-7-

OGP-IPIECA - OSR-JIP project
Recommendations on validation
techniques
Report No. MOC-0970-02 - V3.1 – Feb. 23, 2015

Figure 6: HF radar-derived Lagrangian residual tidal currents over one tidal cycle in the
Iroise Sea [55].

1.4

INERTIAL CURRENTS

Inertial currents are defined as the ocean’s response to an external forcing, usually the wind, that
is limited in time: the water particles are simply driven by their initial momentum and by the
Coriolis force. The effect of this process on a particle’s trajectory is to add an oscillating
component, as seen for example with the drifters in Figure 4.
These currents contribute to the Lagrangian drift on the time scale of the inertial period, which
depends on the latitude (infinity at the equator, more than 20h at 30°, and more than 11h at the
poles) and is thus generally short. However, inertial currents have no direct effect on dispersion
because two close particles will remain close after an inertial movement.

1.5

RIVER OUTFLOWS

Great rivers such as the Mississippi River [74] or the Congo River [21] create strong buoyancy
driven currents. Their plume is unstable with a dominant direction that depends on its own
dynamics, as well as on the wind and underlying currents. Associated currents can reach 1-2 m/s
in the plume core. Submesoscale and Mesoscale processes are at work around the core.
Therefore, river plumes by nature have a strong impact on Lagrangian currents and dispersion.
During a rainy season, a river flow can quickly change from day to day and this variability may
have an impact close to the mouth.
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Figure 7: The Congo River plume as simulated by a model, for various seasons: current vectors and
wind barbs are superimposed on a salinity background [21].

1.6

DEEP CURRENTS

Deep currents are generally associated with water mass movements. They are both weak and
complex, and they mainly depend on direct density forcing such as the thermohaline circulation,
water mass formation and mixing, the Coriolis force and the bathymetry. Figure 8 illustrates the
complexity of deep ocean circulation within a limited area.
In addition to currents, some variability can be observed at a depth of several hundred meters due
to eddy activity, such as surface eddies (see Figure 3) or deep eddies [13, 63]. Deep eddies are
generated by the instability of a strong density-driven current, such as the Mediterranean water
outflow in the Atlantic Ocean.
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Figure 8: Lagrangian exchanges between all water masses near the equatorial Atlantic [9].

Westward propagative Topographic Rossby Waves are another source of variability over multiday periods with speeds around 1 m/s close to the bottom, for instance in the Gulf of Mexico [35].
These waves may be considered coastal trapped waves since they propagate on large northern
bathymetric slopes. Other deep topographic waves exist elsewhere, such as along the Angolan
coast [33]. These waves are independent from the background currents, which are generally
weaker and more stable, and can contribute to the Lagrangian transport over a few days.

1.7

COASTAL WAVES

Coastal waves are sea level oscillations that propagate along the coast with time scales of several
days to weeks. They are typically forced by the wind along the coast or at the equator: the action
of the wind along the coast can generate coastal trapped waves [30], which exist only in the
presence of a shelf. Sudden changes in the wind along the equatorial guide can generate
equatorial Rossby and Kelvin waves, where Kelvin waves reaching the eastern flank of the basin
partly propagate polewards [45]. Kelvin waves are most likely to occur close to the Equator, in the
Atlantic Ocean and the Pacific Ocean. Coastal trapped waves are found at higher latitudes, where
significant wind variations happen over a shelf. Unlike Kelvin waves, coastal trapped wave
anomalies reach a maximum not only at the Equator, but also near shelf edges.
Coastal waves have large alongshore spatial and time scales. They can contribute to the
Lagrangian currents up to 100 km from the shore. Because of their more heterogeneous
signature, coastal trapped waves are likely to be responsible for more dispersion than Kelvin
waves.
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2

REQUIREMENTS FOR HYDROGRAPHIC MODELS

This section must serve as a basis for a priori model evaluation, i.e. when no useful comparison
with observations has been performed.

2.1

THE CORE AND ITS CONFIGURATION

2.1.1

Components

Obviously, a 2D model can only be used in regions with no stratification, such as in the English
Channel. Therefore, a 3D model is required in all configurations, with dynamical and
thermodynamical components. It does not need to resolve non-hydrostatic processes. However, it
must resolve tides where they are known not to be negligible.
2.1.2

Resolutions

As explained in Sec. 1.1, submesoscale processes are crucial to Lagrangian transport and
dispersion, both in coastal and offshore regions. Local dispersion can occur on a scale of ~100m,
as was the case on the Deepwater Horizon site [60]. Therefore, a model whose resolution is lower
than this scale is likely to poorly represent surface and deep horizontal mixing and transport in an
operational context. No offshore model has a resolution that is sufficient to resolve the
submesoscale spectrum on a scale of ~100m. However, with a sufficient resolution, models can at
least simulate what occurs on scales of a few kilometers. High resolution models are easier to
implement in coastal regions, and they can generally resolve most of the important processes with
a resolution of a few hundred meters. However, this does not guarantee good performances in
realistic operational context, especially around river plumes. A potential solution to the resolution
problem pertaining to mesoscale dynamics is to use an adaptive mesh system such as in Gerris
[61]: the resolution is automatically increased to a certain level where the dynamical scales tend to
be finer.
Processes other than submesoscale turbulence are less sensitive to the spatial resolution, except
where river plumes are concerned: the short-term evolution of river plumes is closely related to
submesoscale processes. In addition, if a plume is characterized by very low salinities, such as in
the case of the Congo River plume, a good vertical resolution is required to resolve the plume’s
thin surface layer.
More generally, for a good simulation of surface currents, a vertical resolution of a few tens of
centimeters is required at the surface and just below it to properly reproduce the vertical shear of
currents, especially if the model includes a wave forcing. Note that the simulation of wave-current
interactions needs huge resources, and simple parameterization of the Stokes drift are generally
used in operational contexts.
It is possible to optimize the vertical resolution of models that resolve both shelf and offshore
dynamics by using a vertical coordinate system that varies in space, instead of the standard “Z”
coordinate system. With “sigma” derived coordinate systems, the stretching depends on depth,
sea level, and some other parameters, which provides for a finer vertical resolution in shallower
waters. An isopycnal coordinate system limits unrealistic mixing between waters of different
densities. Some systems, such as the HYCOM model, successfully combine these solutions.
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Time resolution and time stepping schemes are not essential to the current problem: they are
chosen or computed to prevent all kinds of numerical instabilities when simulated processes are at
work. However, output time sampling may be relevant when end users plan to use currents in
offline mode in their prediction tools. Given the tidal forcing and the quick response of surface
currents to wind changes, it is a minimum requirement in coastal areas to provide currents at 3hour intervals, or at least at a similar sampling as for atmospheric forcing.
2.1.3

Schemes and parameters

All subgrid-scale processes are parameterized with closure schemes that simulate the equivalent
of an unresolved mixing. There are numerous such schemes for vertical and horizontal mixing,
and only an exhaustive benchmarking could help identify which ones are more realistic, or more
efficient than others, in specific drift application context or general conditions. No comparison of
the various schemes is therefore provided in this document. However, let us highlight that some
models offer higher order advection schemes that reduce the work of diffusive terms and give
better results [37] but require more computational resources.

At the bottom of the sea, friction must also be parameterized and various laws are available.
Friction becomes crucial in a macro-tidal environment since it strongly affects the tide’s amplitude
and phase. One way to optimize this term is to be able to give a spatial structure to the main
parameter of the law, since friction is supposed to be affected by the seabed type (sandy, rocky,
etc.) [34].

At the surface, air-sea fluxes also need to be parameterized, but we currently have no particular
recommendation on how to express these fluxes to achieve a more realistic surface Lagrangian
drift and dispersion.

2.2

FORCINGS AND OTHER INPUTS

2.2.1

Atmospheric forcing

Ocean models use atmospheric model forecasts to make predictions. It is clear that the
atmospheric model must assimilate available atmospheric data, such as satellite winds. It is also
an advantage to update the forcing every 6h or less, because, in most regions of the world,
weather systems can change abruptly during any given day, depending on the season. Models
that have a grid step of more than a few kilometers are likely to fail simulating land-sea breezes,
which may result in an underestimation of the dispersion by the ocean model.
2.2.2

Bathymetry

High resolution ocean models in coastal regions may be sensitive to the quality of the bathymetry,
especially over shelves and in a macro-tidal environment [54]. If the input bathymetry is made of
several datasets with various spatial resolutions, it may contain significant errors. It is better to
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have an estimate of these errors, and it is even better to optimize the model’s bathymetry, for
example, by using data assimilation.
2.2.3

Tides

The quality of an ocean’s tidal component depends not only on the bottom friction and the
bathymetry, but also on the tidal forcing (use of harmonics). Even though various global atlases
exist for forcing regional models, local (national) products are usually preferred. In addition, when
the model configuration does not have a large spatial area over which the tidal wave can
propagate, an optimization of its forcing is possible in a hindcast context [5]. Meanwhile, it is
expected that any model correction by assimilation in a forecast context will quickly be lost in the
future as the tide propagates from the boundaries. This is why optimization is preferred to realtime assimilation in tidal models.
2.2.4

Boundary and initial conditions

Boundary and initial conditions are important for regional or coastal models, especially those that
do not assimilate data. It is preferable that the model used for the boundary and initial conditions
assimilates data such as Sea Level Anomalies (SLA), Sea Surface Temperature (SST) and
deeper data such as that provided by ARGO floats. It is also recommended that the difference in
resolution between the two nested models remains acceptable, i.e. less than an order of
magnitude. When a very high resolution model is implemented, the nesting must have several
levels. In this case, two-way nesting methods give better results [20] but are not mandatory.
2.2.5

Rivers

As explained in the first section, river flows and their variability must be taken into account to
simulate coastal and regional submesoscale dynamics in ocean models. The main requirement for
a realistic model is probably to have a daily river input of major rivers, rather than just a constant
or a climatology.
2.2.6

Waves

The Stokes drift due to surface gravity waves can significantly contribute to the Lagrangian drift
(see Sec. 1.2). One way to include this process in drift computation is simply to add 3D currents
induced by waves and those from an ocean model, in a post-processing phase. However, since
the 3D Stokes drift can also contribute to the ocean advection, and since strong currents can
modify the wave spectrum [3], better performance is expected with configurations that combine
ocean and wave models [7].

2.3

DATA ASSIMILATION

Models are numerical and physical approximations of the real world, and they are errors by
themselves. They also have errors at their initial and boundary conditions, and in their forcings.
Furthermore, models are very good at amplifying errors, especially in chaotic environments.
Therefore, it is likely that a modeling system that does not properly assimilate available data at
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one of its levels will fail to produce realistic forecasts, even if the model successfully simulates the
statistics of all dominant processes.
2.3.1

Assimilated data

2.3.1.1 Sea Level Anomalies
Satellite SLAs must be assimilated to get a decent representation of mesoscale dynamics.
However, one cannot expect to correct the submesoscale dynamics since synthetic SLA products
have a spatial resolution of around 1/3° and are available at best on a weekly basis. SLA
assimilation is not trivial and significant errors are always expected even after the analysis step
(see Figure 10). In addition, more work is needed to assimilate SLA in coastal areas. Note that, in
the future, high resolution SLA data will be available for both coastal and offshore uses. Once
properly filtered, these products will probably be suitable and represent a unique solution for
resolving all submesoscale processes.

Figure 9: Geostrophic currents deduced from satellite Sea Level Anomalies (arrows) superimposed
on satellite Sea Surface Temperature features (background image), with the Deepwater Horizon oil
spill detected by SAR sensors (black patch) [Courtesy of University of Colorado/CNES/AVISO/GOES
SST/Radarsat-2 via eijournal.com].
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Figure 10: Satellite along track Sea Level Anomaly (upper left), Lagrangian Coherent Structures
th

based on satellite SLAs (upper right), and LCS computed from two different models, on July 19 ,
2012 in the Gulf of Mexico [41]. Despite SLA assimilation by both models, Lagrangian properties on
mesoscales differ from one model to another and compared with observations.

2.3.1.2 Sea Surface Temperature
High resolution Sea Surface Temperature (SST) products, which are provided at a more than daily
frequency, must also be assimilated since they contain part of the signature of submesoscale
dynamics.
However, these products are full of missing data due to the cloud cover. Several days of data may
be missing, a period during which submesoscale activity has time to vary. Some SST products are
available under the clouds, but at a significantly lower spatial resolution. SST is also dependent on
air-sea fluxes that vary on short time scales and that are not necessarily represented in the model.
Satellite SST corresponds to the temperature of a very thin surface layer that is not exactly the
surface layer of a model. For all of these reasons, the modeler can hardly expect his or her model
to simulate submesoscale features based on satellite SST, even when the model’s resolution is
sufficient.
2.3.1.3 ARGO profiles
Every 10 days, ARGO floats drift at a depth of 1000 m and then descend further to record
temperature and salinity profiles from the upper 2000 m of the global ocean (see Figure 11).
There are currently thousands of ARGO floats worldwide and their data are accessible in real
time. ARGO floats can thus be used for data assimilation, in conjunction with other data sources,
to better constrain an ocean model below the thermocline [17].
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Figure 11: Cycle of an ARGO float (Source: http://www.argo.ucsd.edu)

2.3.1.4 HF radars
High Frequency (HF) radars provide a unique way of measuring the total surface currents of the
upper ocean up to 200 km from the coast, at a resolution of a few kilometers in space, and tens of
minutes in time. HF radar currents can be assimilated in ocean models for a good correction of the
upper ocean dynamics [32, 58]. The precision is improved when multiple radars are
simultaneously used in the same area, and when radial velocities are assimilated rather than
Cartesian velocities.

Figure 12: Overview of the Deepwater Horizon oil spill response, where HF radar currents are
represented by colored arrows over the shelves [1].
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2.3.1.5 Lagrangian data
By nature, Lagrangian drifters (see Figure 4) are of particular interest with respect to the issue of
oil drift prediction, especially since they capture both mesoscale and submesoscale dynamics.
Their trajectory can be assimilated in ocean models to alter the dynamics in the space-time
proximity of the drifters [70]. The assimilation of drifters has already been applied to surface
drifters, and even to ARGO floats [69]. A shortcoming of the assimilation of such a dynamical and
non-linear quantity as a drifter’s position is that either it will be difficult to bring the state of the
model close to observations, or the state will be unstable with, for example, inconsistencies
between the thermodynamics and the dynamics. However, even in the case of moderate
improvements, it is still beneficial for an operational system to be able to assimilate Lagrangian
positions for oil drift predictions [56], especially during a particular event.
2.3.1.6 Gliders
Surface gliders measure air and near sea surface data, whereas subsea gliders give access only
to ocean data, but not restricted to the surface. If they are operated around an oil slick, their data
can be assimilated in a model [42]. For instance, if the subsea glider focuses on horizontal
temperature gradients and appropriately sample the thermocline, the model would be probably
sufficiently constrained in the area of interest after assimilation, to correctly simulate near surface
currents and make short term predictions; the correction is potentially very efficient since
temperature, salinity and currents can be assimilated at the same time, providing a good physical
constancy of the analyzed state.
2.3.1.7 Other products
In situ data generally cover a very limited area in space and time, and their impact on the ocean
becomes perceptible only when they are numerous. Surface in situ data are not essential to an
operational data assimilation system, except for a special event, such as after an oil spill. To be
useful in this case, they must be carefully sampled in conjunction with other data types.
High resolution satellite products such as ocean colour, and again SST, can be used in data
assimilation to better estimate the submesoscale structures using Finite Size Lyapunov Exponents
(FSLEs) computed with model currents [29]. However, such methodology still remains
experimental and is not currently applicable in an operational context.
2.3.2

Assimilation schemes

There are a few major types of assimilation schemes that are routinely used by operational
systems to predict the ocean state. Each type has a huge number of variants. Most of the time,
the best assimilation schemes cost more computer resources, and in some cases, depending on
the complexity of the dynamics at work, simpler schemes give sufficient results. The three most
common types are as follows:
Nudging-like methods: in the proximity of the observations, the observations themselves
are interpolated or extrapolated, and used rather than the model, possibly with relaxation
terms and weights [32]. This is a very cheap method. However, the observations need to
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cover a decent spatial area, and when discontinuities occur in the observation field,
discontinuities may also arise in the physical solution given by the assimilation.
Variational assimilation methods: the model is run forward and backward, typically by
changing initial or boundary conditions, until the model closely matches the observations.
Such methods have been used for a long time in atmospheric modeling. Here, “variational”
is used as opposed to “sequential” data assimilation, a category in which all other types
fall. The 3DVAR scheme corrects the model on a given date, while the 4DVAR scheme
corrects the model’s trajectory over a time window, which is efficient but time expensive.
These schemes minimize a functional that depends on error covariances. Model error
covariances must be propagated to the next step, which also costs a lot.
Kalman filter methods: the correction is performed by the Kalman gain, a matrix built with
the model and observation error covariances. Optimal interpolation (OI) is a version of
Kalman filtering in which the statistics do not change and are fully specified by the user. OI
is for instance used for sea level assimilation [16]. A few other schemes have been derived
from the original Kalman filter, to efficiently analyze huge ocean models (SEEK1, SEIK2)
[59]. The schemes use EOFs3 to estimate low order model error statistics. Evensen [24]
introduced ensemble4 assimilation with the EnKF: error statistics are provided by a limited
number of slightly different model runs. This scheme is more expensive than reduced rank
filters, but it is better for simulating errors and tackling the complexity of ocean dynamics.
The Ensemble Kalman Smoother (EnKS) [25, 26] is similar to the EnKF, except that it is
applied to a model trajectory, not a single model state.
We have excluded from this list other schemes that might be interesting but are not used in
practice by operational platforms. Except for the TOPAZ platform [67] which only uses EnKF
assimilation, operational systems usually use several of the above mentioned assimilation
schemes [12, 14]. With respect to the oil drift issue and its short spatial and time scales, the
assimilation scheme must, as much as possible, include a real-time estimation of model errors.
Indeed, for instance, error properties may not be the same inside a mesoscale eddy, which is
constrained by altimetry, as around its edges, where submesoscale processes are at work. This
issue is partly resolved if the algorithm integrates the localization [72]: distant observations cannot
be used in the correction of the local state. It is also probably important that the assimilation
scheme tries to optimize the model trajectory instead of a single state, to better simulate
Lagrangian properties and better predict the future. This is, for instance, achieved by 4DVAR and
Asynchronous EnKF (close to EnKS) methods, which are mathematically similar [66].

1

Singular Evolutive Extended Kalman

2

Singular Evolutive Interpolation Kalman

3

Empirical Orthogonal Functions

4

Ensemble Kalman Filter
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2.3.3

Error estimation

Models and observations both contain errors in their representation of the reality, and models are
generally more erroneous than observations. Errors are something important since data
assimilation methods give more weight to low error solutions. So a good estimate of model errors
is crucial [47], and this is probably more complex in oceanography than in meteorology, since it
takes more time for information to come from the boundaries to the interior, except in macro-tidal
environments. There are several ocean model error sources, and not all of them are usually used
to generate covariance errors.
The dominant source of error is the atmospheric forcing. The best estimates of
atmospheric errors are those directly provided by prediction centres, and they generally
take the form of ensembles of runs. Alternative methods are possible. For instance,
statistics between satellite and model winds can be used, but in this case, errors are only
obtained on the wind, not on the entire sea surface atmospheric state. It is also possible to
simply consider that the atmospheric errors are equivalent to the atmospheric variability,
with a weaker variance [6].
Boundary conditions are another common source of error for regional models. In practice,
this issue is similar to the wind issue and may be solved in the same way [51]. The best
error estimates are probably those coming from the “upper” model, if available.
Errors in initial conditions may be significant at the beginning of a series of assimilation
cycles. They can be easily generated using temporal statistics: the idea behind this
approach is that some of the model errors are simply lag errors.
The bathymetry is an important source of error, especially for high resolution tidal models
[54]. Except when the bathymetry is known to have very few errors, it is relevant to find out
if an optimization of the model bathymetry has been performed before running the model in
operational mode.
Model parameters are an underestimated and important source of error since they are
generally involved in unresolved processes, such as subgrid-scale mixing [47]. Some of
these parameters are simple scalars, while others, such as the bottom drag coefficient,
have a spatial dependence. Even if an optimal value of the parameter is estimated, the
associated term is still a source of error since it does not explicitly resolve the process.
Therefore, an error estimated using parameter perturbation will always benefit the
assimilation step.
It is also possible to add completely user-defined errors. For instance, generated errors
can have a spectrum that follows turbulence laws on the scale of interest, such as
mesoscales and submesoscales [8]. This is a promising approach but it requires further
work because there are no constraints on where each scale must be active, and thus no
way to, for example, force submesoscale errors to mainly be at the edges of mesoscale
features.
The first 4 error sources are related to the first-kind predictability problem, and the model
parameter and approximation error sources are related to the second-kind predictability problem
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[10]. The first-kind predictability problem is well covered in literature, while the second-kind is
highly underestimated and must be considered for the current problem.
It is essential that generated errors are validated using comparisons to observations: the sum of
observation errors and generated model errors must be close to the statistics of differences
between observation and model. An assimilation system that uses most of these sources of error
will probably better converge to a realistic solution [73]. A system in which errors are never
regenerated, especially from season to season, may lead to degenerate errors and the inability to
properly handle the diversity of ocean situations. This is true even when errors are naturally
propagated, as is the case with ensemble methods.
Finally, an assimilation schemes using ensemble modeling have the advantage of providing
natural estimation of time evolving errors. These errors can directly serve as input into a
stochastic lagrangian model.

2.4

FUNDAMENTAL LIMITATIONS

2.4.1

High resolution or not?

As explained in Sec. 1.1, there is no doubt that a very high resolution is needed for the model to
properly simulate scales that are relevant to Lagrangian currents and dispersion. However, until
high resolution SLA products become available with suitable knowledge of how to incorporate
them in models, it is certainly not necessary to increase ocean model resolutions to too high a
level, since there are no data to help the model achieve a state that is close to the reality on
submesoscales; the remaining uncertainties in the mesoscale field of a model that assimilated
SLAs are probably higher than the variability on submesoscales. Also, even with an accurate realtime simulation of mesoscale features, the turbulent nature of submesoscales will remain largely
unconstrained, and thus may not be used for decision-making. It is probably more productive to
spend research and development efforts on the assimilation of high resolution products and on
the estimation of errors.
2.4.2

Predictability and forecast error estimates

Long-term prediction of turbulent regimes is inherently impossible. Mesoscale dynamics is partly
forced by atmospheric forcing and constrained by SLA assimilation, whereas, if drifter positions or
HF radar currents are not assimilated, the submesoscale dynamics remains largely
unconstrained. Therefore, errors in currents can be high even after an analysis step, and will
quickly grow with forecast time.
A prediction system that provides current forecasts for oil drift predictions must also give an error
estimate. In most assimilation systems, these errors are part of the assimilation process and it
should not be too difficult to let the user access them. It is worth noting that data assimilation is
generally associated with excessively poor error estimates. For the specific purpose of oil drift
prediction, generic errors can be specified by fitting them to a drifter’s previous prediction errors,
even though deterministic errors are preferable [52]. Most oil spill models compute dispersion
using ensemble of trajectories [18]. They can naturally use currents from ensemble forecasts of an
ocean model in order to include the error in currents. More generally, ensemble modeling is
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appropriate to estimate model errors and their evolution in time, provided these errors have been
properly generated and validated (see Sec. 2.3.3).
2.4.3

Computational cost

The computational cost must be considered for large operational systems. Here is a list of a
system’s key features that impact cost:
The size, which depends on the area and the resolutions: better horizontal and vertical
resolutions mean less unresolved or better represented processes.
The ocean model code: the fastest models may also be worst.
The assimilation system: the best variational and ensemble assimilation schemes are
most expensive. For instance, you can hardly use EnKF at a global scale, whereas it
performs well at regional or local scale.
The amount of assimilated data: it may cost a lot to assimilate a large amount of raw data.
The size and frequency of forecast cycles.
Obviously, an optimal system must fit the user’s needs. The oil drift prediction issue is demanding:
The effect of unresolved mixing processes must be limited, and a good ocean model code,
a high resolution and a good assimilation system are required.
Forecasts must be performed at least every 6h.
Regional and local models have two advantages:
The spatial resolution is high.
Data assimilation is more efficient and should be more suitable for addressing particular
events.
For such models, nesting is required, and care must be taken to ensure proper information
transfer from one rank to another at boundary conditions. The use of advanced nesting algorithms
may be an advantage [19]. The assimilation process of the nested system must be properly set
up. For instance, a coastal model will leave sea level assimilation to the “upper” model, and
assimilate HF radar currents. And with a two-way nesting, both models will take advantage of both
observation datasets.
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3

USEFUL OBSERVATIONS FOR VALIDATION

Validation primarily focuses on the Lagrangian dynamics.

3.1

DRIFTERS

3.1.1

Surface and subsurface

Surface (1m) and subsurface (~15m) drifters are a prime asset for validating currents that impact
oil drift. A surface drifter’s displacement obviously provides the best estimate. However, surface
currents include the Stokes drift, a component that is not included in ocean models. This
component must therefore be estimated before comparing currents or simulated trajectories. In
addition, a surface drifter’s displacement and the surface currents of ocean models with a layer
thicker than 1 m are not fully comparable. There are already a lot of drifters all around the world
that feed accessible databases. In addition, it would be extremely valuable to launch a suitable
amount of drifters during a particular event.
Subsurface drifters are less influenced by the direct effects of winds: at a depth of ~15m, the
Stokes drift is weak and the Ekman current is clearly attenuated. Therefore, these drifters are
useful for validating the pure oceanic contribution to currents.
3.1.2

Deep drifters

ARGO floats (see Sec. 2.3.1.3) are not only interesting as profilers to measure temperature and
salinity, but also as drifters to estimate velocities at a depth of 1000 m: Ollitrault and Rannou [57]
developed a database named ANDRO5, which gives an estimate of currents, integrated over 10
days, at a depth of 1000 m. Since there are several thousands of drifters worldwide, and since
spatial and time scales at such a depth are large, this database is a unique way to have a good
overview of the quality of intermediate currents. Note that, as explained in Sec. 1.6, the
performance at a depth of 1000 m cannot be extrapolated to much deeper layers due to the
heterogeneous nature of deep currents. Note these currents cannot be used to diagnose high
frequency variability because of a 10 day-sampling.

3.2

REMOTE SENSING

3.2.1

SST, SLA, Chla

Even though SST and SLAs are often assimilated in models, it is still beneficial to estimate the
adequacy between these observations and their model counterpart, especially as a function of the
forecast time, to evaluate how long the benefit of a correction persists over time. SLAs can be
used to evaluate mesoscale features, whereas validation based on SST must focus on small scale
structures: the most important is for part of the diagnostics to be based on gradients, because
they are often the signature of small-scale geostrophic currents.

5

Argo New Displacements Rannou and Ollitrault
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Chlorophyll A (ocean colour) is also a good visual qualitative indicator of submesoscale structures,
even though it is difficult to automatically and quantitatively evaluate the performance of currents
with this data type, especially in upwelling areas. The identification of Lagrangian Coherent
Structures (LCS) in the model and their comparison with patterns of passive tracers such as
Chlorophyll A is a useful and sophisticated method for calibrating models (refer to [75] and Figure
10).
3.2.2

HF radars, SARs and Airborne currents

HF radars are useful for measuring the total currents, integrated over an exponential that decays
with depth, where the effective depth depends on the frequency used by the radars [68]. As
explained in Sec. 2.3.1.4, HF radar currents can be assimilated in ocean models. If they are not
assimilated, they can be used for validation purposes, both from the Eulerian and Lagrangian
points of view due to their high spatial and temporal resolution. As for assimilation, care must be
taken to properly take into account the fact that these observed currents include the Stokes drift,
and that they are representative of a vertical average over the upper layer. Once properly filtered,
they constitute a unique source of data for efficient model current validation. If HF radar data are
available at different frequencies, they can provide further insight into the quality of the near
surface vertical shear of currents [40].
ASARs6 are satellite sensors that can measure the cross-track absolute velocity [65]. Whereas it
is possible to use multiple HF radars, with ASARs you cannot combine multiple sources to retrieve
Cartesian currents. However, ASARs provide data even far from the coast, at a resolution of a few
kilometers. The main weakness of this product is its time sampling, which is of a few days. It is
therefore more suitable for validation or assimilation during an event than for real-time
assimilation.

6

Advanced Synthetic Aperture Radar
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Figure 13: ASAR surface current (background), geostrophic currents from satellite SLAs (arrows),
and trajectory of a Lagrangian surface drifter (red line) [65].

Airborne estimations of surface currents are also possible [23]. This system is mostly useful to
have a synoptic view during a particular event. It may be used for data assimilation or validation.
The main weakness of these observation types is that they are not easily accessible.
3.2.3

Sea Surface Salinity

Progress has recently been made on measuring sea surface salinity (SSS) using satellites with
SMOS sensors [62]. Since river plumes can play a significant role in the dynamics of coastal
areas, satellite SSS will certainly become a reference product for model validation in the future,
even though a typical spatial resolution of 25 km and temporal sampling of 10 days for composites
do not provide for fine-scale diagnostics. This product is therefore more applicable to regions
influenced by large rivers (Figure 14).

Figure 14: Satellite SSS sample (left) and comparison with in situ data (right) in the region of the
Amazon River [62]

3.3

OTHER PRODUCTS

3.3.1

In situ data

Static buoys and profilers, ADCPs, scanfish or gliders are examples of in situ systems. All of them
are useful for validation purposes.
However, due to the very local representation of their data in space and time, direct comparisons
with model results can be hazardous: it is necessary for instance to estimate the natural high
frequency and small scale variability around the observation positions, especially where currents
are measured. Furthermore, the validation only relates to the Eulerian, not the Lagrangian,
performance. Despite these limitations, such systems remain useful especially to estimate deep
layer currents and their variability, which often takes the form of topographic waves. An advantage
is given to the subsea gliders since they can be operated manually to properly sample selected
processes, for instance during special measurement campaigns.

- 24 -

OGP-IPIECA - OSR-JIP project
Recommendations on validation
techniques
Report No. MOC-0970-02 - V3.1 – Feb. 23, 2015

Thermodynamical quantities such as temperature and salinity are less affected by small scale
noise. They provide for estimating near-surface stratification. Horizontal variations are an indirect
measure of pure ocean currents, and the thickness and depth of the thermocline provide an
indication of the potential response to wind stress [2]: a shallower thermocline means a stronger
response to wind forcing (see Sec. 1.2).
3.3.2

Derived products

The term “derived product” is used for a quantity such as the current that is computed using
indirect observations and simple assumptions.
The most useful and best known of such products is OSCAR7. OSCAR currents are
representative of the first 0-30 m layer and are derived from satellite SLAs, SST and winds [11].
SLAs give information about geostrophic currents, winds provide information about surface Ekman
currents, and SST helps extrapolate surface currents to subsurface currents through use of the
thermal wind equation. OSCAR currents are available in near real-time at a resolution of 1/3°, and
have been calibrated with 15 m drifters of the Global Drifter Program (GDP). Since these currents
strongly depend on SLA sampling, they are only useful for validating mesoscale currents, which is
already an added value. For comparison purposes, model currents must be integrated over the
first 30 m from the surface, and they probably need to be averaged over several days to remove
all transient and submesoscale contributions. The relevance of such a validation will depend on
the ocean dynamics: if most of the energy is on small scales, OSCAR may not be useful. Also, it is
recommended not to use this product for comparison purposes in coastal areas, where SLA
observations are less reliable.
The GDP database has been used by Lumpkin et al. [50] to create a climatology of Eulerian
currents. This product cannot be used at fine scale and in coastal areas due to severe smoothing.
It is however useful for assessing the location of major currents in a model. Note that this requires
running the model for several years to get a valid climatology.

7

Ocean Surface Current Analysis – Real-time
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4

VALIDATING MODELS

This section provides information about the techniques and metrics available for validating
models.

4.1

VALIDATION STATISTICS

4.1.1

Classical Eulerian statistics

4.1.1.1 Computation of errors and correlation
When time-series of model and measurements are available at the same location and during a
long enough8 common period, it is possible to compute classical error statistics (mean bias,
relative error, root mean squared error…) and correlation performance statistics (correlation
coefficient, scatter index).
It is recommended to perform the validation of local current at a temporal scale of one day of
more. When dealing with currents, it is usually better to use vector correlation methods [31],
because for example two time series have a zero correlation if vectors are simply rotated of 90°.
A classical graphical representation for the comparisons of errors and correlation from several
models is the Taylor and Target diagrams [71].

Figure 15: Example of Taylor diagram [courtesy of http://www.ifremer.fr/vacumm]. Thee points are
plotted for three different statistics of comparison to observations. The most realistic configuration
is the blue point, which is closer to the grey point because it has a lower centered RMS error.

Most of the case, the behavior of the model is not consistent with the observation at location and
depth of interest. The eulerian statistics might then provide insight into the errors due to the
different physical processes detailed in section 1.

8

at least a few months, when possible more than one year to take the interannual variability into account
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When no common period is available between model and measurements, it is common to
compare the quantiles of both distributions using a quantile-quantile plot (QQplots). They also
help to validate the model, as far as possible by separating the analyzed processes.
4.1.1.2 Current roses
Current roses are useful when applied to a long time series. They provide information about the
quality of mean currents.
4.1.1.3 Spectra and co-spectra
Spectra give the strength of currents at different scales. The comparison of the spectra of model
and measurement in the relevant range of scales, provide insight into the performance of the
model by analyzed process.
Co-spectra describe the joint variability between model and observations, or between ocean
currents and another quantity such as wind. For each frequency of the compared current vectors,
they provide synchronized diagnostics of the phase shift (lag) and orientation shift. When currents
are compared with wind, co-spectra help to validate the model in terms of Ekman currents.
4.1.2

Lagrangian statistics

4.1.2.1 Pure Lagrangian statistics
4.1.2.1.1 Separation distances
The most common and useful statistic for evaluating the performance of models as regards the
simulation of Lagrangian currents is the separation distance di, at time step i, between the
simulated and the real drifters, as show in Figure 16:

Figure 16: Schematic view of the distances used for computing errors in Lagrangian drift [48]. The
observed trajectory is represented in blue and the simulated trajectory is in black.
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This distance is of practical interest since it can be used as a typical prediction error. As explained
by Huntley et al. [38], this distance must be computed over more than one day since the evolution
is not always monotonic: drifters can be closer on day 2 than on day 1. If a drifter’s trajectories are
sufficiently long, the separation distance can be computed several times, starting from different
positions. It is also suggested to compute this statistic using a maximum number of drifters.
Robust estimates of separation distances are essential to properly evaluate a model in terms of
Lagrangian drift. All other diagnostics may help better understand model errors or compare
models with one another, but they will not give a practical estimate of the models’ capabilities.
Liu et al. [48] also suggested the use of the integral of the separation distance normalized by the
cumulative trajectory length:
N

s = ∑ d i , where di is the distance between two time steps, and N is the number of time steps.
i =1

s provides an overall idea of a model’s performance, consistently across different dynamical
regimes, such as over a shelf and offshore.
A more Eulerian way of making comparisons using trajectories is simply to collocate model
velocities onto observed positions, and produce the usual statistics.
4.1.2.1.2 FLSE
Finite Size Lyapunov Exponents are an estimation of lagrangian error growth rate at in a limited
range of scales:

log( ρ )
, where λ is the FLSE for given scale δ , and τ (δ ) is the perturbation
τ (δ )
amplification time for growing from δ to ρδ . In simple words, you choose several pairs of
positions that are separated by a fixed distance δ , then measure the averaged time needed for

λ (δ ) ≡

this distance to grow to ρδ .

There are two kinds of FLSE [44]:
FSLE-I measures the dispersion inside a single field and is useful to compute detailed
lagrangian statistics.
FSLE-II measures the dispersion between two different fields and is more appropriate to
measure errors, typically between model and observations.
A model can show good performances in terms of FLSE-I, and bad performances in terms of
FLSE-II simply because the chaotic nature of fluid dynamics (see Figure 17).
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Figure 17: FSLE computed with the Mediterranean Forecast System (MFS) and a large number of
drifters [44]. FLSE-I for drifters (circles), MFS (squares), MFS with a subgrid scale model called KLM
(upper triangles), and FLSE-II between drifters and MFS (lower triangles), and drifters and MFS+KLM
(diamonds).

4.1.2.2

Mixed lagrangian/eulerian statistics

Time scales are essential to describe the dynamics. They can be computed as follows:
T

∞

T = ∫ R(τ )dt ,

where

R(τ ) =

1
u ' (t )u ' (t + τ )dt
T ∫0

0

µ2

T

1
µ = ∫ u ' 2 (t )dt is the signal variance.
T 0
2
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Figure 18: Example of zonal Lagrangian autocorrelations versus time lag (left) and spectrum (right):
for AVISO satellite data (red), for the Bluelink model (blue) and for GDP drifters (green) [15]. The
integral of the autocorrelation gives the time scale, and its Fourier transform gives the spectrum.

For the Eulerian time scale TE, u’(t) and u’(t+ τ ) are two speeds measured at different times at a
given location. Meanwhile, for the Lagrangian time scale TL, the two speeds are measured at two
different times along the trajectory. A regime with short time scales is probably less predictable.
Both time scales can be computed for the model and the observations for comparison purposes
[15]: for instance, observed Eulerian time scales are computable using geostrophic velocities
deduced from satellite altimetry, whereas Lagrangian time scales are computable using GDP
drifters. In coastal areas, it is best to take advantage of the HF radar currents available to compute
these two time scales.
In the same way a distinction if made between FLSE-I and FLSE-II (see Sec. 4.1.2.1.2), it is worth
noting that these time scales can be computed based on the difference in velocities between the
observations and the model: TL would represent the Lagrangian separation time scale, which is
the time after which you cannot trust a Lagrangian integration of model currents.
The autocorrelation is used to compute not only a time scale through an integral, but also the
power spectrum P ( f ) using a Fourier transform: P ( f ) = µ 2 ℑ( R (t )) . This gives the power on
each time scale. Such a spectrum can also be estimated as a function of spatial scales:
P(k ) = µ 2 ℑ( R( x)) , where x is the position and k the wave number. P (k ) can be applied to
Eddy Kinetic Energy (EKE): EKE = 0.5(u ' 2 + v ' 2 ) , where the prime indicates the anomaly with
respect to the mean field. Remote surface currents (see Sec. 3.2.2) are suitable observation types
for comparison purposes. Care must be taken, since velocity is measured along a single direction
with airborne and ASAR currents.
The dispersion K is related to the Lagrangian quantities: K = u ' 2rms TL , where u ' rms = L L / TL , and
LL is the Lagrangian length scale, computed in the same way as the equivalent time scale. The
eddy activity, which is physically responsible for the dispersion, can be measured using
α = u rms ' / u * , where u* = LE / TE . Similarly, the relative time scale of eddies is a good indicator
of dispersion: η = TL / TE :
1.

η = 1 : low dispersion.

2. η << 1 : high dispersion.
Models are generally less dispersive than in reality since they do not properly resolve small time
scales, as shown on the spectrum in Figure 18.
A good estimate of model performance would require more Lagrangian diagnostics to be useful
for present usage or future improvements [43], especially in the presence of numerous drifters.
For instance, the correlation between speed, or other quantities, and environmental variables
such as bathymetry would easily provide keys for understanding some deficiencies.
Finally, as shown in Sec. 3.2.1, Lagrangian coherent structures can be identified using FSLEs and
can give a good qualitative overview of the Lagrangian properties of observations and models at a
given time.
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4.2

GENERIC RECIPES FOR VALIDATING MODELS WITH OBSERVATIONS OF CURRENTS

4.2.1

Generalities

This section presents recipes that can be applied depending on available data. Direct validation
with lagrangian data obviously provides the best way to estimate of performances in terms of
lagrangian drift and dispersion. However, it is not always possible due to the lack observations,
and only rough estimate of performances are possible in that situation, provided you have good
knowledge of the relevant ocean processes; in this case, the following generic rule applies:
1. Compare model and the observations using usual methods.
2. Identify the main differences and similarities and try to relate them to processes.
3. Conclude in terms of performances depending on the relevance of processes regarding
lagrangian drift and dispersion.
And more generally, when a model works well, you must understand why to make sure you can
extrapolate this success to other areas, periods or physical conditions. And when the model does
not work as expected, you must find the reason because it can be exceptional or easily corrected:
Was the validation performed during a special metocean event? Is a known component missing in
the model? Is it simply due to a bad forcing?
Another approach to the evaluation of model performances is the simulation and validation of
model errors, especially when no lagrangian observations are available. This is a subtask of data
assimilation, and the reader must refer to Sec. 2.3.3 for how to simulate these errors (boundary
conditions, parameters, forcing, etc). A natural approach to error simulation for the lagrangian
problem is the ensemble modeling since ensemble dispersion naturally evolves in time with model
simulations, and is thus easy to integrate in lagrangian predictions. You can validate your
simulated model errors knowing that they must be close to RMS differences between model and
observations minus observation errors. Therefore, you have a direct access to model
performances using simulated errors once they have been validated.
Finally, all these recipes are simple propositions and can be refined or extended depending on
user’s experience, possibly using more of the details of sections 1 to 3.
4.2.2

With drifters

In this optimal configuration, you do not need to explicitly have a good knowledge of oceanic
processes contributing to lagrangian drift. You essentially need to use lagrangian diagnostics such
as those described at Sec. 4.1.2.1, in order to estimate the separation scales for the time scales of
interest. A minimal lagrangian model is also required to compute trajectories using gridded
velocity field.
To make direct comparisons to observations, you must release virtual drifters in your lagrangian
model starting from different positions of the real drifters. This requires that you run the model
during a period covering the observations. If not possible, you can only compare lagrangian
statistics, like respective lagrangian time and spatial scales, or FLSE characteristics.
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There are several requirements to make reliable validations. The depth of observed and simulated
drifters must be close since the vertical shear may be important, for instance due to surface
atmospheric forcing. Statistics must be performed at different seasons and in different areas when
possible. In the case of surface drifters, simulated trajectories must include the Stokes
contribution.
4.2.3

With a reference gridded velocity field

4.2.3.1 Lagrangian diagnostics
Such velocity field may come from a good reference model, HF radar data, or a derived product
like OSCAR. This solution gives you the possibility to simulate an unlimited number of lagrangian
tests to compute reliable statistics.
The case of a reference model is quite dangerous, except if the model has been tested
and error estimated in wide range of configurations.
As for the HF radar, you must remove the Stokes drift from the observations or add it to
your model currents. You must also be aware that measured currents are an exponentially
weighted vertical integral of the real currents, with weights that depend on radar frequency:
Similar weighting must be applied also to your model currents to make valid comparisons.
Finally, a lot of lagrangian computations may be interrupted due to the presence of gaps in
HF radar currents. However, algorithms exist to fill such gaps [46, 76].
OSCAR currents simulate geostrophic and Ekman currents at scales of 5 days or more.
With a running average of more 5 days, you should be able to make some comparisons.
Lagrangian statistics must be performed at a depth of 15m. You won’t be able to make
valid comparison at scales shorter than 5 days.
The GDP and OSCAR climatologies of currents can be compared to model climatology.
Note that it requires running the model for several years. Only large scale offshore features
can be exploited in the GDP climatology.
4.2.3.2 Additional diagnostics
For reference model and HF radar comparisons, you can perform spatial and temporal spectral
diagnostics in addition to lagrangian diagnostics. Spectral diagnostics are better explained in the
moored ADCP subsection. They help you separate to contribution of wind to current through
Stokes and Ekman drifts (see Sec. 1.2). The spatial and temporal signature is different for all
processes: large-, meso- and submeso-scale, coastal waves, tidal currents, wind-forced currents,
etc (see Sec. 1). A close inspection of these signatures in spectra should help you better
understand the lagrangian performances of the model.
4.2.4

With moored ADCP measurement

4.2.4.1 Eulerian diagnostics
Moored ADCP won’t give you spatial information but you can still deduce useful information with
usual statistics. First of all, if the model behaves perfectly compared with observations at the
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depth of interest and over a long period of time, you can honestly think that the model will be good
elsewhere if the ergodic hypothesis is valid. However, such situation is almost never encountered
and more investigations are generally needed to validate the model, especially in terms of
lagrangian drift and dispersions.
Current roses are useful when applied to a long time series. Like simple means, they inform you of
the quality of mean currents. The relative role of the mean circulation can be estimated with
comparisons to daily averages of current anomalies.
Since eulerian time scales are longer than lagrangian time scales, validation of local currents must
not be performed on scales shorter than a day. Simple lag-correlations between model
observations will give you insights on the timing of currents. When dealing with currents, it is
usually better to use vector correlation methods [31], because for example two time series have a
zero correlation if vectors are simply rotated of 90°.
It is hard to deduce lagrangian properties from a QQ-plot since weak stable eulerian currents can
significantly contribute to lagrangian drift, and since there is no information about the synchronicity
between model and observations. Meanwhile, if you know that a particular physical process is
alone to have currents of a range of amplitudes, QQ-plots will help you validate the model regard
to this process.
More precise diagnostics are provided by spectra and co-spectra [2]. A spectrum gives the
strength of currents at different scales. Assuming that each process has a signature in a limited
and unique range of scales, you can ensure that the model correctly reproduces all relevant
processes. Co-spectra describe the joint variability between model and observations, or between
ocean currents and another quantity such as wind: for each frequency, you diagnose
synchronicity, the phase shift (lag) and orientation shift (for vectors only). For instance, this can tell
you that the model well reproduce the variability of currents at scales of a few days, but with a lag
of 4h and an orientation shifter by 30°. When currents are compared with wind, co-spectra help
you validate the model in terms of Ekman currents: these currents are rotated compared to the
direction of wind depending on depth, and have a phase shift of few hours with respect to their
forcing.
4.2.4.2 Crossing conclusion using other data sources
Giving conclusions about lagrangian performances using data of a single or a few moored ADCP
is not trivial. Above mentioned diagnostics give insight into quality of simulated processes, but
without any direct quantification of errors. You typically need to refine your deduction exploiting
other sources of information, as it the case with co-spectra of wind and currents.
For instance, you can try to extract the atmospheric contribution to surface currents by integrating
the Ekman spiral in model and observations, and more specifically focus on pure ocean currents.
In coastal areas, shelf waves can be detected also in costal sea level gauge with a persistence of
a few days. Offshore, meso-scale and large-scale current signature must be seen in satellite sea
level anomalies. When satellite SST images are available, they give information about the position
of high SST gradients which generally helps locating strong geostrophic currents. ASAR currents
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will inform you about the spatial heterogeneity of currents around your ADCP, and thus the
extrapolation scale of your results.
4.2.4.3 Quantifying lagrangian errors
As explained at Sec. 4.2.1, one way to quantify lagrangian errors is to go further toward the
assimilation domain: simulate model errors that match differences between model and
observations at ADCP sites. This task is mainly for experts and you must follow recommendations
of Sec. 2.3.3 for searching for error sources, and simulate them, optimally with ensemble
modeling. If you do not have a direct access to the model, generic errors can be computed by
simply making temporal statistics based on a few days of model outputs. With a single ADCP, the
time evolution of these statistics should be close to the difference between model and
observations. With several ADCP, variability of errors from site to site should also follow modelobservations differences from site to site. Once you proved that your simulated model errors are
consistent with real errors, you can use them to compute lagrangian errors (see Sec. 4.1).
4.2.5

With a glider-mounted ADCP

An advantage of glider-mounted ADCP over a moored ADCP is its capability to describe spatial
structures that are potentially critical for lagrangian drift and dispersion: if the model is good at
simulating the spatial structure of currents, you can easily conclude that the model should be good
at simulated lagrangian dynamics, except in a macro-tidal environment in which residual currents
cannot be distinguished from main tidal currents.
Unlike moored ADCP, you won’t be able to compute spectra, and most comparisons will be visual.
If the ADCP is mounted on a subsea glider, you have an access to temperature and salinity
measurements, which is useful to understand part of the origins of currents which are probably
related to horizontal and vertical variations of thermodynamical properties. If the glider is a wave
glider, you have an access to wind and wave measurements, which is essential to estimate the
contribution of the wind forcing to near surface currents.
Finally, the simulation of model errors should be well validated with a glider-mounted ADCP
thanks to the spatial coverage of measurements.
4.2.6

With airborne measurements

Like with HF radars, airborne measurements of currents offer a spatial view of the surface
dynamics and are useful for model validation, provided you have a decent estimate of Stokes drift.
Their main advantages over HF radars are their offshore spatial coverage and that there is no gap
in data, and their main disadvantage is their weak time coverage and sampling. More than with
gliders, they can provide a real synoptic view of currents in a target region. An access to SST
images should help you understand differences between model and observations, with the
analysis eddies for example. It should be possible to use these current to validate simulations of
model errors.
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4.2.7

With ASAR currents

Cross-track ASAR currents are also appropriate to validate model currents at scales larger than
10km, which is sufficient to assess the offshore currents due to large- and meso-scale dynamics.
They are particularly useful since the wind is estimated with the same instrument, thus collocated
with current data. Spectral diagnostics and some model error assessments are possible.
4.2.8

With ANDRO currents

Keeping in mind that they have a limited spatial and temporal availability and resolution, direct
comparisons of ANDRO and model should quickly provide some insight of performances at 1000
m. It may be necessary to have a model outputs over a large period to make comparison with a
sufficient number of observations.

4.3

OPERATIONAL SCENARIOS

4.3.1

General comments

In real-time conditions, during a surface oil spill event, it is recommended to launch several drifters
around the target area, probably both at 1 m and 15 m. It is also recommended to use gliders or
scanfish as soon as possible to get the 3D near-surface ocean state through selected sections.
Both in hindcast and forecast modes, having different simultaneously available observation types
provides for the best validation. This implies choosing and simulating suitable observation periods
in hindcast mode, and launching or operating as many in situ platforms as possible once an event
has been declared.
4.3.2

Onshore oil spill (Scenario 1) + Release at a coastal terminal (Scenario 2)

These two scenarios correspond to a release of oil from the coast into the ocean. The dominant
processes of interest are potentially the tidal currents, the river plume dynamics and the wind
forcings. The resolution of coastal ocean models is generally sufficient to simulate small scale
processes. A decent model must include the tidal forcing and real-time river inputs. If a shelf is
present, and depending on its size, mesoscale variability can affect coastal areas: therefore, the
boundary conditions must be chosen with care. The upper model must obviously assimilate SLAs
and SST. The coastal model will better perform if it assimilates SST and HF radar currents, when
available. As regards comparison with or assimilation of HF radar currents, the Stokes drift must
be estimated using a validated wave model, or using an empirical expression that has the wind
and the significant wave height (Hs) as variables; this Stokes drift is then removed from the
measurements. The quality of the bathymetry must be good. Validations must use existing
Lagrangian floats and HF radar currents, focus on SST gradients, use snapshots of ASAR surface
currents, use satellite SSS for large river plumes, and estimate the quality of the stratification. It is
to be noted that, in hindcast mode, it is relevant to perform comparisons with radar currents (HF,
ASAR) during low wind conditions to mitigate the direct effects of the wind (Stokes and Ekman). In
forecast mode, technical solutions exist to quickly install HF radars along the coast. However,
appropriate authorizations are required.
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4.3.3

Oil tanker in transit at sea (Scenario 3) + Offshore oil and/or gas platform
(Scenario 4)

Offshore, tides and river plumes have little or no effect. However, mesoscale and submesoscale
activity must be taken into consideration. The model must at least assimilate SLAs, SST, and
probably data from ARGO floats as well as other in situ data. The mesoscale activity must be
validated by comparing low-pass filtered model SSH and surface currents with observed SLAs
and geostrophic currents derived from SLAs. A filter window of a few days will both remove all
submesoscale signatures and guarantee physical compatibility between observations and
simulations. As in the case of coastal oil spills, submesoscale dynamics can be assessed using
SST gradient data, or better yet using ASAR surface currents, through direct comparisons and
spectral diagnostics. In addition, the probability of finding 15 m GDP drifters is higher than in
coastal areas, and these drifters must be used for Lagrangian comparison diagnostics.
4.3.4

Offshore pipeline rupture (Scenario 5) + Deep water well blowout (Scenario 6)

In these scenarios, oil is released near the bottom of the ocean, in the deep sea. Once oil reaches
the surface, the conditions become those of scenarios 3 and 4. In bottom and intermediate
waters, validation is difficult because of the lack of observations. As explained in Sec. 2.3.1.3 and
3.1.2, ARGO drifters provide an estimate of the temperature within 2000 m from the surface and
an estimate of the current velocity at a depth of 1000 m. It is essential to at least check the
velocities, and to have a look at the temperature profiles and their gradients. However, ARGO
floats are not suitable for sampling near-bathymetric currents. If the launching point is located
close to large bathymetric variations, topographic waves can be expected, and, in areas where
the latter are expected to be strong, local in situ measurements must be taken to measure them.
More generally, local ADCPs are needed to measure near-bottom currents. During the validation
process, one must keep in mind that mean deep currents are very sensitive to ocean mixing,
which in turn depends on the bathymetry and is in general difficult to simulate. A valid model of
the deep ocean circulation will most certainly have been optimized using data assimilation [27],
given that operational models are generally designed to best simulate surface processes.
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5

DISCUSSION

5.1

KEY POINTS

Mesoscale dynamics are an essential contributor to offshore ocean currents, on a typical time
scale of several days. Fortunately, SLA assimilation improves the ability of an ocean model to
simulate these dynamics, although still imperfectly.
Submesoscale dynamics have smaller temporal and spatial scales than mesoscale dynamics, and
they significantly contribute to Lagrangian currents and dispersion, both offshore on the edge of
mesoscale structures, and in coastal areas. Since simulated mesoscale structures are not
perfectly located, submesoscale activity may not develop in the right areas. This can also be the
case close to river plumes, since the latter are difficult to simulate accurately. In addition to these
errors, submesoscale dynamics are chaotic, and are thus quite unpredictable on time scales of a
few days. This remains an issue even in hindcast mode, if no suitable data can be assimilated.
The assimilation of high resolution data such as SST helps models but it cannot guarantee
significant accuracy with respect to the simulated submesoscale currents. In coastal areas, the
assimilation of HF radar currents can help constrain a model thanks to good spatial and temporal
sampling.
In coastal regions where tides are dominant, a model must have been optimized to simulate tidal
currents, which is not always trivial. Bathymetric irregularities can significantly contribute to the
Lagrangian dispersion, and they can complicate the simulation of associated currents.

The quality of the atmospheric forcing data, boundary conditions and river inputs are all potentially
important for an ocean model to simulate Lagrangian currents and dispersion. Dispersion
processes start on very small scales and no offshore model can resolve these scales. In fact, it is
not clear whether models currently need to resolve these scales, since data assimilation cannot
easily help them achieve a realistic state. This is probably an important issue to consider: finding
suitable observation data and a suitable assimilation strategy, that includes error estimates, for a
high resolution ocean model to produce a realistic trajectory, at least on a daily basis. While HF
radars offer a way to achieve this in coastal areas, it still remains an open issue in offshore areas.

For model validation in hindcast mode, it is best to use a large Lagrangian dataset ideally
obtained using 1 m and 15 m drifters, and specific statistics such as the separation distance. Most
other comparison diagnostics are traditionally useful to understand a model’s performance or for
comparing models, expect when a model perfectly fit the eulerian observations, where in this case
lagrangian performances are also expected to be good. Eulerian statistics are still of considerable
interest to evaluate processes at work, or to validate generated model errors that can be used in
turn to estimate lagrangian errors. These simple recommendations are only valid for evaluating
near-surface performance, and are not relevant when considering intermediate or deep waters, for
which ARGO floats and deep water ADCPs may give the best indication of performance.
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Model validation for coastal scenarios must clearly take advantage of HF radars when available,
and do it properly. In offshore surface waters, GDP drifters are essential even though they are not
extremely numerous. A careful analysis of satellite SST gradients should provide interesting
indications in coastal and offshore surface waters, especially when compared with model FSLEs.
In all cases, the best validations, which both quantify errors and explain their sources, are
obtained when observations from multiple sources are used simultaneously. In forecast mode,
during a special event, it is highly desirable to launch several drifters as a minimum requirement,
and to, at best, have scanfish or glider sections to help evaluate, and possibly initialize, models.

5.2

ALTERNATIVE SOLUTIONS TO PURE HYDROGRAPHIC MODELS

Numerical ocean models solve the equation of geophysical fluid dynamics. They provide a
deterministic estimate of the ocean state. Because some of the processes are unresolved, and
due to uncertainties in parameters, forcings, and boundary and initial conditions, it is hard to
ensure that models achieve a state that is close to reality, on all scales. Even in a very good
configuration, a model that assimilates data will always make compromises between the proximity
of its state to observations and the coherence of its state with its physical equations. This
coherence is essential for predictions, because all positive changes can be quickly lost without it.
Therefore, there is room for alternative short-term prediction methods that have less physical
constraints and are closer to observations. In an offshore context, Lucas [49] combines several
satellite datasets using a surface quasi-geostrophic model (SQG) to estimate surface currents.
Meanwhile, different statistical algorithms have been developed to predict surface currents in
coastal areas at 1-2 days, based on HF radar observations [4, 28]. The main weakness of these
products is their low predictive skill after a few days.

5.3

HINDCAST AND FORECAST ERRORS

In the future, we can expect more high resolution observations, more high resolution models, and
good assimilation schemes to make the latter fit the former. However, errors will remain,
especially if the time sampling of observations does not decrease below 1 day. Therefore,
estimating errors will still be relevant.
Errors are essential for decision-making. Though it may not be useful to display them along state
variables on operational websites, they should be made accessible as input for other operational
products, such as Lagrangian models used in oil spill modeling and search and rescue
applications.
Models that assimilate data can inherently provide error estimates because they are used by the
analysis scheme (see 2.3.3). After the last analysis step, ensemble methods still estimate forecast
errors by propagating the different mode states: we are referring here to “ensemble forecasts”
[75]. A system that provides analysis and forecast errors is worth considering, even more so if
these errors are also evaluated a posteriori.
It is difficult to properly estimate model errors and generate suitable ensembles, and then forecast
errors. Better results can be obtained by simultaneously using several models: we are referring
here to “super-ensembles”.
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5.4

LIMITATIONS OF THIS WORK

An exhaustive and robust model evaluation in a specific configuration requires the use of a large
amount of drifters and of high resolution spatial data, which is rarely possible. Also, for
comparison purposes, models must be evaluated for a given area, at given times and using the
same methodology. These requirements may exceptionally be met, for instance thanks to
dedicated initiatives. When no valid performance estimate is available, a model can only be
evaluated a priori and based on its components and configuration (see Sec. 2).
Finally, the reader must understand that irrespective of the evaluation method, the performance of
a model configuration in terms of Lagrangian dispersion and transport is unique and is intimately
linked to all that constitutes this configuration. This means that such a performance can
significantly change as soon as something is modified. As a result, model evaluations must be
updated at each configuration update. This also implies that there certainly is room for
improvement as regards existing configurations since they have not necessarily been designed for
Lagrangian drift and dispersion applications.
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