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Abstract—This study investigates the performance of a
multivariate Ensemble Kalman Filter coupled with a relocatable
limited-area configuration of the Regional Ocean Modeling
System to predict ocean states by assimilating a heterogeneous
data set involving underwater gliders and ship observations. In
particular, two different ensemble initialization techmiques are
exploited and evaluated with the dataset collected during the
REP13-MED experiment conducted by CMRE on 5-20 August
2013 in the Ligurian Sea. Results show that the forecast skill is
significantly improved when the free ensemble is initialized from
a long term climatology of the Mediterranean Forecast System.
In particular the results obtained reveal significant increased
skills in salinity forecasting in comparison with the previous
ensemble initialization technique [6].

Keywords—data assimilation; ensemble Kalman filfer; regional
ocean predictions; underwater gliders; ocean observing networks

I. INTRODUCTION

Observational oceanography is transitioning from ship-
based to heterogeneous ocean observing networks involving
static nodes (moored profilers, bottom mounted systems),
nodes with uncontrolled motion (drifter buoys and profiling
floats) and nodes with controlled motion (ships, autonomous
underwater vehicles-AUVs, gliders and autonomous surface
vehicles-ASVs). This in situ observing system is
complemented by remote sensing platforms/sensors. The
information received from the in situ network and remote
sensors are then assimilated into numerical ocean models to
produce an analysis and forecast of the marine environment.
Present ocean observatories such as the US Integrated Ocean
Observing System (IOOS) and the Australian Integrated
Marine Observing System (IMOS) among others, are heading
towards this integrated concept.

Data assimilation, which aims to estimate the state and
uncertainty of the ocean as accurately as possible by combining
all available information (including model forecasts and
observations, and their respective uncertainties) constitutes an
essential component of these integrated systems. In the data
assimilation community, the ensemble Kalman filter (EnKF)
[1]. is drawing increasing attention due to its ease of
implementation and its ability to forecast ocean states and their
corresponding uncertainty. Ensemble filters have now been
implemented in several real applications with state-of the art

ocean models [2]. [3] and atmosphere models [4]. [5] at the
global scale. Less attention has been devoted to the synoptic
scale and mesoscale in EnKF ocean limited area models
(LAMSs) [6]. which is the focus of the current study.

The recent review [7] for LAM application of the EnKF in
numerical weather prediction indicates the ensemble
initialization as still a difficult and open topic among the other
issues requiring particular treatment. The ideal method
suggested would be to use a consistent global ensemble
forecast system to directly provide the initial and boundary
perturbations. If such ensemble is not available, the most
common alternative is to randomly sample the climatological
uncertainties of the initial states [8] or to derive random
perturbations from the background error statistic of an existing
3D/4DVar system [9].

This study aims to compare two different ensemble
initialization techniques for a LAM version of the EnKF
applied to the Regional Ocean Modelling System (ROMS,
[10]) nested in the Mediterranean Forecast System (MFS,
[11]). The region under study is the Ligurian Sea, where the
field experiment MED-REP13 was conducted by CMRE to
investigate the operational feasibility and benefits, if any, of
different concept of operations (CONOPS) to characterize the
environment in denied areas using observational networks
constituted by different platforms. The paper is organized as
follows: Section 2 summarizes the experimental design
including the description of the sea trial experiment and the
main Ligurian Sea oceanographic circulation. Section 3 is
dedicated to the modelling and data assimilation system.
Section 4 reports the performance obtained by the different
initialization techniques. This performance is measured in
terms of the accuracy obtained in the forecast along certain
validation sections inside the area of experimentation. The
results are finally discussed in Section 5.

II. MEDITERRANEAN RAPID ENVIRONMENTAL PICTURE (MED-
REP 13)

The MED-REP13 field experiment was conducted by the
NR/V Alliance, on 5-20 August 2013 in a marine area offshore
La Spezia (Italy) in the Ligurian Sea (Western Mediterranean
Sea). The sampled region was nearly rectangular with
approximately 90 km x 70 km in the along-shore and cross-
shore directions, respectively. Depths range from about 50 m to
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almost 1800 m in this area. The following section summarizes
only the aspects of the design of the field experiment relevant
for the objective of this study.

A. Ocean observing network

The experiment consisted in comparing the performance of
different configurations of heterogeneous ocean observing
networks. Hereinafter, only the ship-glider ocean observing
network is presented which was implemented during the first
phase of the experiment 07-13 August. In this networked
configuration, the glider platform sampled the interior of the
area under consideration while external boundary information
was provided by towing a ScanFish by NR/V Alliance (Fig. 1).

La Spezia

Latitude N

86 88 2] 92 9.4 96 298 10 102
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Fig 1. Trajectory of ghder “Jade” during August 5-7 August (green), 7-9
August (red). The grey line represents the track of the Scanfish while the CTD
locations are represented by asterisks.

The glider was driven by an adaptive sampling procedure
guided by the predicted ocean uncertainties [12]. Assimilation
cycles of two days were considered to characterize the area.
Each assimilation cycle started at 8:00. The sampling of the
boundary condition with the ScanFish was initiated at the
southern boundary at 19:00 of the same day and finished at
19:00 of the following day. At 7:00, uncertainties from the
different forecasts were sent to NR/V Alliance where the
information was wused to compute optimum sampling
trajectories for the glider for the next 48 hours cycle. This
procedure was repeated for three cycles. Only the first two
assimilation cycles are investigated in the following. This is
because the impact of inifial conditions are more remarkable
during these cycles.

For the purpose of collecting a validation dataset for
performance assessment, oceanographic conditions were
sampled 8-14 August inside the observational domain on night
time and included conductivity, temperature and depth (CTD)
casts. CTD samples were distributed along two transects
perpendicular to the coast at half distance between the
southwest-northeast axis of symmetry and the north and
southern boundaries, respectively (Fig. 1).

B. Ligurian Sea main oceanographic caracterization

Oceanographically, the region under study is marked by
the presence of mesoscale and submesoscale variability
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associated with the Western Corsica Current (WCC) and the
Northern Current (NC). The NC is formed to the north of
Corsica, where the WCC encounters the Eastern Corsica
Current (ECC). The result of the large scale circulation
pattern, composed of the northwards flowing WCC and the
NC, is a deep reaching cyclonic gyre [13]. A significant
dynamical variability is superimposed to the large scale
circulation patterns described above due to the meandering
nature of the NC [14]. as well as the presence of intense eddy
activity north of Corsica [15].

The high mesoscale and submesoscale variability, together
with the presence of different water masses from Atlantic and
Mediterranean origin and the presence of coastal fronts
associated with the local river discharge, makes the prediction
of regional salinity field particularly challenging. A recent
study [6] provided evidence of poor EnKF performance in
ocean salinity prediction in the shelf area south of La Spezia.
Salinity is predicted with an error of 45% (estimated as the
ratio of the averaged root-mean-square difference (RMSD) to
the averaged climatology variability of the area) against a
temperature prediction error of 12%. Such a behavior might be
driven by an underestimated ensemble spread in the ocean
salinity which could prevent the system to benefit from the
data assimilation analysis stage.

III. MODELLING AND DATA ASSIMILATION SYSTEM

The ocean data assimilation and prediction system
documented in [6] has been used. In the following, only the
main details of the model implementation are given.

The circulation of the Ligurian Sea was simulated by
means of a regional configuration of ROMS. ROMS is a
primitive-equation. finite-difference, hydrostatic and fiee-
surface model using generalized terrain-following vertical s-
coordinates. The model domain covers the entire Ligurian Sea,
with two open boundaries on the western and southern sides
located at 8°E and 42.5°N, respectively. The horizontal
resolution of the model grid is around 1.8 km. The vertical grid
uses 32 vertical levels, which are non-linearly stretched to
allow a finer resolution of the surface boundary layer. The 7-
km resolution atmospheric model COSMO-ME of the Italian
Air Force National Meteorological Centre [16] provides the
atmospheric data necessary fo compute the surface fluxes of
momentum, heat and freshwater.

A. Ensemble Kalman Filter

An asynchronous multivariate EnKF formulation was used
to assimilate salinity and temperature observations at a time
different from the time of the analysis. This advanced
sequential data assimilation scheme uses an ensemble of
perturbed model simulations (here 100 members) to
approximate the model error covariance and their spatio-
temporal variability. The algorithm advances in two steps: an
analysis step and a forecast step.

Given the vector of glider observations y; collected between
t7—48h and t; and an ensemble of model forecasts simulating
this period, the present implementation of the method produces
an analysis ensemble of model states at the time t. The
augmented state vector x; confains the model state variables at
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time t; and the model values at the position and time of the
observations collected during the past 48 hours. The following
equation is used to update the ensemble mean state vector:

X; = X;_f + Ki(vi - Hixif) (1)
where overbars denote the ensemble mean and the superscripts
fand a represent the forecast and analysis states, respectively.
H; is the observation operator projecting the model state onto
the observation space. K;is the kalman gain, which takes into
account the observation error R; and the background error
covariance P/ in determining the extent to which observations
are weighed relative to the background:

1
K, = B/H] (HP/H] +R,] @
In this expression, the superscript T denotes a matrix transpose.

Given the analysis ensemble, the forecast step simply involves
forecasting each member forward to the time when the next
observations are available (here 48 hours).

B. Ensemble Initialization

The ensemble initialization used in [6] consisted of a 100-
member ensemble, including perturbations of the initial
conditions, winds and lateral boundary conditions. The
ensemble inifialized date was at least ten days before the first
assimilation cycle using model states selected among the
ROMS fiee run from plus-minus five days the ensemble
initialization date. The wind perturbations were generated by
computing the bivariate empirical Ortogonal Functions (EOFs)
time series computed from the COSMO-ME model zonal and
meridional wind fields. The boundary conditions were
perturbed using the bivariate EOFs of temperature and normal
velocity time series provided by the MFS model.

The first ensemble initialization technique investigated
here, involves only perturbations of the initial conditions to
achieve an optimal ensemble spread and reliability. Ensemble
members are generated by taken snapshots of state values
during July, August and September from a three years run of
the MFS model [17]. Temperature, salinity, horizontal
velocities and sea surface height were selected as state
variables. Physically realistic perturbations of the mean state
were built from the singular value decomposition (SVD) of the
trajectory matrix (a /m X p matrix where m is the number of
state variables at the model grid-points and p is the number of
snapshots extracted). The singular vectors of the matrix
trajectory provide a means for initializing the ensemble,
ensuring linear dependence of each ensemble deviation.
Specifically, perturbations are generated by the summation of
the singular values, each one weighted by a Gaussian random
coefficient with zero mean and variance determined by the
corresponding singular value. A 100-member ensemble free
run was initialized for the glider-ship observing network on 26
July 2013, allowing twelve forecast days each to reach an
equilibrium state before the first assimilation cycle.

The second technique proposed is also based on the
generation of different initial conditions for the 100-member
ensemble without wind and boundary perturbations applied.
Ensemble members are generated by directly taken snapshots
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of state values during July, August and September
(approximately every ten days) from a ten years climatology of
the MFS. Such an increased long-time data set is thought to
provide the necessary ensemble background error statistic and
to provide an optimal ensemble spread, avoiding vertical static
instabilities that could potentially be generated from the
previous approach. Such an ensemble, which is generated from
MFS dynamically balanced states, needs a much lower spin up
time; here a two days spin up time was adopted. In order to
produce an ensemble mean as close as possible to the real
ocean state, the ensemble mean was replaced by MFS forecast
available at the time of the first assimilation cycle (7 August
2013).

C. Observations

The treatment of observations is done as in [6]. Salinity and
temperature observations collected from the glider Jade and the
Scanfish are first interpolated onto a fixed model grid stretched
in the vertical before being assimilated. For each level, the
observed variance in the vertical grid cell is used as an
approximation of the wvertical representation error. The
horizontal representation error variance is assumed to be
(0.25°C)* and (0.05)” for temperature and salinity, respectively.

IV. RESULTS

The following results presented are relative to the two
assimilation experiments performed. In the first experiment
the ensemble is initialized with states built with the EOF of
the covariance matrix resulting from a time series of 3 years of
MEFS results (hereinafter labelled simulation A). The second
one uses the ensemble initialized from the ten years
subsampled MFS climatology without any perturbations
applied (hereinafter labelled simulation B). Two assimilation
cycles were performed.

In the first cycle the salinity and temperature observations
derived from glider Jade and Scanfish from 5 - 7 August are
assimilated starting from the free ensembles A and B
respectively. After the analysis, a 48 hours forecast is
performed applying wind perturbations to the ensemble
members. The algorithm used to generate such perturbations is
the same detailed in [6]. These perturbations introduce a
forcing error, which is one of the largest sources of error for
ocean state estimation. The impact of the perturbed forcing is
felt primarily in the upper ocean and is limited by the
assimilation interval.

The choice of introducing only the forcing error was made
in order to focus mostly on the role of the different ensemble
initialization techniques, leaving out other source of model
errors such as: (i) chaotic perturbations to the ocean mixing
and diffusion [2]. (ii) internal perturbations from a pre-
computed ensemble of ocean integrations [2], and (iii) lateral
boundary perturbations [6].

In the second cycle, assimilation of observations from
glider Jade from 7 - 9 August is performed and then 48 hours
forecast is produced with wind perturbations applied. The
results presented in the following relate to this second forecast
cycle. The performance of the system is evaluated in terms of
taylor diagrams [18]) which represent the similarity between
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modelled and observed patterns by means of their correlation
(CORR), their centered RSMD and their standard deviation
(STD). The two CTD transects depicted in Fig. 1 are used for
the validation purpose.

A. Validation of salinity prediction along CTD transects

In order to quantify the agreement between the observed
and predicted salinity patterns, Fig. 2 shows the Taylor
diagram for the northern CTD transect on 10 August.
Comparisons are limited to the first 150m of the water column
to match results from [6]. Table 1 reports the corresponding
skill performance for salinity and temperature prediction.

The two ensembles have very similar performance in
predicting the ocean salinity, even if ensemble B is slightly
superior to ensemble A in its skill. The upper panel shows the
salinity prediction validation against the northern CTD
transect. Ensemble B has the smallest RMSD of 0.09, which is
significantly lower than the one reported by [6] which was
above 0.2. The correlation of model and observation pattern is
very high and equal to 0.89. Also the variability simulated
with the model is quite close to the one observed; ensemble B
has 0.16 STD against the 0.20 STD shown by the data.

0.15

0.1

Standard deviation

0.05| /i

Standard deviation

005/

0 £

Fig 2. Taylor diagrams for ocean salimity prediction for 10 August (northern
CTD transect) and 11 August (southemn CTD transect) on upper and lower
panels respectively. Observations correspond to pomt O, the forecast
ensemble mean with data assimilation are represented from point A
(initiahization from SVD analysis) and B (imtialization from MFS
climatology) respectively.

The lower panel shows the salinity prediction validation
against the southern CTD transect. The performance of both
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ensembles is slightly worse than on the northern CTD transect.
In this section observations show a lower variability (0.12
STD) with respect to the northern transect (0.16 STD).
Ensemble B, as was the case for CTD north transect, shows
higher skills in predicting CORR, RMSD and STD. Ensemble
B RMSD is still very satisfactory, 0.10 with a correlation
value of 0.77.

B. Validation of temperature prediction validation along
CTD transects

Ensemble B has higher skills than ensemble A in
reproducing the temperature pattern for both northern and
southern sections. The two ensembles, especially in the south
transect, show a different behavior; ensemble B has 0.92 °C
RMSD against 1.07 °C RMSD of ensemble A.

TABLE L METRICS FOR MODEL-OBSERVATIONS STATISTICS
Sim S North | § South T North T South
A 0.10 0.11 047 1.07
RMSD B 0.09 0.10 0.46 092
A 0.14 0.11 3.66 374
STD B 0.16 0.12 3.55 3.50
obs 0.20 0.16 3.45 329
A 0.88 0.72 099 096
CORR B 0.89 0.77 099 0.96

The northern section is reproduced better than the southern
section; the RMSD value is 0.46 °C with a correlation value of
0.99.

V. DISCUSSION AND CONCLUSION

In general the forecast performance resulting from the
operation of the glider-ship network is superior in the northern
validation section than in the southern one. Indeed the two
sections are characterized by a completely different
oceanographic situation as depicted in Fig. 3.

A. Validation at the CTD sections

Fig. 3 shows the free mean ensemble salinity forecast at
50m for the simulation A and B on 7 August before the first
assimilation cycle takes place. Both the two ensemble predict
the deep reaching cyclonic gyre, which constitutes the main
circulation pattern of the area. The NC associated gyre is
characterized by a strong salinity front, which has been
sampled by the northern CTD section.

The mean ensemble salinity derived from the singular
value decomposition analysis presents a smoother salinity
front with an elongated shape, contrary to the strong defined
and circular front simulated by ensemble B. Indeed the mean
ensemble B salinity coincides with the MFS daily mean
product for 7 August, since the ensemble members are
reported back to this mean value before starting the
assimilation cycle. The ensemble mean standard deviation
pattern for simulation B reflects the main circulation pattern;
the highest uncertainty (0.2) is found in the middle of the
salinity front and at the confluence of the WCC current and
the ECC which originates from the Tyrrhenian Sea. Finally,
the 0.18 standard deviation isoline follows approximately the
NC gyre.
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The uncertainty pattern found for ensemble B looks more
realistic than the one characterizing ensemble A. The latter
one shows isolated patches of constant uncertainty in the
region, contrary to the well-defined pattern of ensemble B.
Moreover the uncertainty is about three times lower than B.
The highest uncertainties about 0.12 is found close to the
western boundary (not shown here) suggesting that the longer
spin up period of twelve days, might have caused an increased
influence of the uncertainty due to the boundary condition for
simulation A.

The southern CTD section crosses a region of Modified
Atlantic Water (MAW) characterized by salinities lower than
38. The most offshore CTD stations are in the proximity of the
region where the two currents, the ECC and WCC, converge.
Specifically, this transect intersects the southern boundary of
an anticyclonic eddy at its nearshore segment, and the inflow
jet at its off-shore side (this evidence derives from the analysis
of in situ ADCP measurements not shown here). Both
circulation structures involve the re-circulation and inflow of
MAW, respectively.

As shown in Fig. 3. ensemble B is characterized by about
0.1 lower salinity values in comparison to ensemble A.
Southern CTD section measured salinities lower than 38 as
ensemble B is suggesting for that forecast day.
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Figure 3. The free ensemble mean salinity forecast at 50 meters on 7 August
2013 (before the data assimilation analysis) for simulation B and A, upper and
lower panels respectively. Contour lines represent the ensemble mean
standard deviation. The black peripheral line represents the track of the
Scanfish, the central black line represents the glider Jade 48 hours trajectory
(5 - 7 August), which will be assimilated in the successive analysis step. CTD
locations are represented by asterisks.

CMRE-PR-2019-133

B. Ensemble Spread

In order to further analyse the difference between the two
generated ensembles, Fig. 4 shows the profiles of model
background error for temperature and salinity variables at the
most offshore station of the southern CTD transect.

The temperature shows a significant standard deviation in
the upper 50 meters for both ensemble A and B. Only
ensemble B seems to capture the existence of a mixed-layer in
the first 10-15 m depth, which is consistent with the CTD
temperature vertical sections. The analysis of the in situ
observed profiles reveals a thermocline which develops
between 15 to 40m. The ensemble B standard deviation has a
maximum value of 2.2°C at 23m depth, against the maximum
value of 1.8°C at 17m depth for ensemble A. The slightly
deeper thermocline predicted by ensemble B is more consistent
with the in situ evidence of a deeper thermocline, than the one
predicted by simulation A.

////
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Fig. 4. Profile of salimity and temperature ensemble standard deviation (model
background error) at southernmost CTD south station. Blue line and green
lines represent ensemble A and B respectively.

The salinity model background error is maximum at 50m
depth for both ensembles (0.08 and 0.2 for A and B
respectively). Ensemble B has significantly higher standard
deviation than A: consequently the analysis will be much
more sensitive to the observations along all the profiles with
respect to ensemble A.

C. Conclusions

The evaluation of two different ensemble initialization
techniques used with a LAM application of a multivariate
asynchronous EnKF reveals significant improved skills in the
ocean salinity prediction compared to the procedure outlined
in [6]. The data assimilation was performed using
observations collected by a heterogeneous ocean observing
network composed by an underwater glider and a ship, while
the validation was evaluated against CTD profiles along two
parallel sections approximately perpendicular to the coast.

The ensemble generated from MFS ocean state snapshots
taken from an extended ten years time series has superior
prediction skills in comparison to the one generated from the
EOFs of the covariance computed from a three years time
series of MFS results. Two significant differences characterize
the two ensemble initialization: (i) before the first assimilation
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cycle, the first ensemble mean is forced to be coincident with
the daily mean ocean state predicted by MFS at the time of the
analysis, (ii) the second ensemble requires more days to reach
an equilibrium state than the first one due to the vertical static
instabilities which derive from the singular value
decomposition analysis.

These two main differences translate info two equivalent
important aspects: (i) the first ensemble mean is closer to the
in situ oceanographic situation especially with regard to the
prediction of MAW waters across the south CTD validation
station, (ii) the model background error of the first ensemble
reflects the main circulation pattern of the region, while the
second ensemble is more influenced by the lateral boundary
condition given the higher spin-up period adopted.

The first ensemble shows superior skills also in the
prediction of ocean temperature, particularly in the south CTD
validation station.
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