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Abstract. A novel method for three-dimensional variational ~ The MFS provides operational forecasts and analyses for
assimilation of Lagrangian data with a primitive-equation the Mediterranean Sea since 19%8nardi et al. 2003, and
ocean model is proposed. The assimilation scheme was imthe output is useful for multi-purpose near-real-time applica-
plemented in the Mediterranean ocean Forecasting Systeltions, such as search-and-rescue operations and oil-spill pre-
and evaluated for a 4-month period. Four experiments werelictions Coppini et al, 2011). In order to guarantee state-
designed to assess the impact of trajectory assimilation owf-art ocean analyses, a three-dimensional data assimilation
the model output, i.e. the sea-surface height, velocity, temscheme denoted OceanVdddbricic and Pinardi2008 is
perature and salinity fields. It was found from the drifter under continuous development, and recently glider observa-
and Argo trajectory assimilation experiment that the forecastions (obricic et al, 2010 and Argo-float trajectoriedNjls-
skill of surface-drifter trajectories improved by 15 %, that of son et al.2011) have been successfully assimilated.
intermediate-depth float trajectories by 20 %, and moreover, The scope of the present study is to show some encourag-
that the forecasted sea-surface height fields improved locallyng first results due to the implementation of the new drifter-
by 5% compared to satellite data, while the quality of the trajectory assimilation scheme. Moreover, additional numer-
temperature and salinity fields remained at previous levelsical experiments were undertaken where drifter data were as-
In conclusion, the addition of Lagrangian trajectory assimi- similated together with Argo-float trajectories at intermedi-
lation proved to reduce the uncertainties in the model fieldsate depth. It will be shown that the three-dimensional data-
thus yielding a higher accuracy of the ocean forecasts. assimilation scheme (OceanVar) in MFS is capable of si-
multaneously correcting the surface and sub-surface velocity
fields through Lagrangian trajectory increments. In addition,
the modified MFS is able to maintain previous quality levels
1 Introduction of the daily-mean sea surface height (SSH), temperature, and
salinity model fields.
A novel method to correct ocean surface-velocity field pre-  1he study is structured as follows: Sect. 2 provides a brief
dictions has been developed by implementing variationalOVerview ofth_e MFS and the OceanVar assm_nlatmn scheme.
data assimilation of two-dimensional Lagrangian drifter tra- 1 "€ observational data sets and the numerical experiments
jectories in the Mediterranean ocean Forecasting Syster@'e detailed in Sect. 3, the results are subsequently presented
(MFS). Assimilation of drifter observations in ocean mod- @nd discussed in Sect. 4, and finally Sect. 5 comprises some
els has previously been attempted using various numericgfonclusions and an outlook.
methods, e.g. optimal interpolatioMélcard et al, 2003,
nudging Fan et al.2004, and Kalman filtering@zgokmen
et al, 2003, all with promising results.
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2 The Mediterranean ocean Forecasting System ful for evaluating the quality of the model forecasts. The
assimilation of surface-drifter positions requires the imple-
2.1 The ocean general circulation model mentation of a non-linear trajectory model (E&R) in the

observational operator that maps the model to the observa-

The Mediterranean Forecasting System is a daily 10-dayional space, hence facilitating comparisons between the La-
forecast system in operational use since 19984rdi etal.  grangian observations and the modeled Eulerian fields. The
2003 Pinardi and Coppini2010, and its ocean general cir- non-linear particle advection equation was discretized and
culation model (OGCM) is based on the &@m Paradllise  used for this purpose since its application has proved success-
code Madec et al. 1998, which has subsequently been set ful for assimilating Argo-float positions in the Mediterranean
up for the Mediterranean Sea Gpnani et al.(200§. The  Sea; detailed descriptions of the trajectory model implemen-
primitive equations were subjected to the Boussinesq andation and evaluations of the numerical experiments are avail-
hydrostatic approximations, and discretized on a sphericahble inTaillandier et al(2006ab); Nilsson et al(2011).
grid with a horizontal resolution of /16° x 1/16° and 71 Thus, the trajectory model was modified to also assimi-
un-evenly spaced vertical levels with a 3-m resolution nearate surface-drifter trajectories, and drifter-position forecasts
the surface. In the present study, the model was set to prowere calculated “on-line” by daily 24-h integrations of the
duce daily 24-hour forecasts, and the output was saved agajectory equation using the OGCM'’s horizontal velocity
daily-averaged temperature, salinity, sea-level and horizonfields at 15m depth. The analyzed drifter positions were
tal velocity fields. obtained by minimizing the linearized cost function around

The MFS configuration does not include tides, thus mod-the background fields, viz. by reducing the distance between
eled high frequency signals would be expected to be largelytthe observed and forecasted Lagrangian trajectory end-points
due to wind-induced inertial currents. The period of iner- (cf. Eq. A3). By variationally adding increments to the Eu-
tial currents (2 /f, f being the Coriolis parameter) depends lerian model fields, the uncertainties related to model state
on latitude and ranges between 17 h in the northern parts ofariable fields (temperature, salinity, velocity and sea-level)
the MediterranearRjcco et al. 2010 to approximately 24h  can be expected to diminish.
in the south £ 23 h at 32 N). Hence, the inertial period in
the Levantine basin coincides more or less with the 24-hour ) .
averaging period of the MFS forecasts, and an assumptiod Design of the model experiments

was made that the influence of inertial residuals in the da"yTh's section will describe the surface-drifter and sub-surface
model fields in this area would be minor. ! 'on wi scrl € sur ! >Ub-SU
Argo float observations, their estimated observational errors,

The OceanVar operational assimilation cycle involves a : . . .
. : ; as well as the design of the numerical experiments wherein
wide range of observational data, from satellite-observed se . L .
ese data sets will be assimilated separately and in concert.

level anomalies (SLA4,e Traon et al.2003 and sea-surface
temperatures (SSThlarullo et al, 2007, to temperature and 3 ¢ Lagrangian observations

salinity profiles from expendable bathytermographs (XBTs,

Manzella et al.2007) and Argo-float profilersRoulain etal.  The Mediterranean Surface Velocity Programme (MedSVP)
2007. The heat flux, on the other hand, is corrected by re-has managed surface drifter operations and archived drifter
laxing the modeled surface-layer temperatures towards thgata since 1986 in the Mediterranean and Black S@asiff

satellite-observed SST datagbricic et al, 2009. et al, 2009. The quantity of drifters operating simultane-
S ously reached about 20 in mid-November 2005 in the East-
2.2 The OceanVar assimilation scheme ern Mediterranean Sea, thus providing a good opportunity for

data assimilation in the fall of 2005. All drifters were SVP

The model fields produced by the OGCM are corrected dailygesigns with a surface buoy and a sub-surface drogue centred
by the OceanVar data assimilation scheme describdddy  zt 3 nominal depth of 15 mGerin et al, 2009 and hence
bricic and Pinard(2008), and a brief presentation of its main  these observations are representative of the near-surface cir-
components is given in the Appendix. The assimilation pro-cylation. The drifter data was post-processed according to
cedure involves the minimization of a cost function that finds the protocol due tétdansen and Poulaifi996), i.e., the raw
a maximum likelihood model state estimate based on theyrifter data were edited for e.g. spikes and outliers, and there-
OGCM forecast of the background model state as well as alkfter interpolated at 2-hour intervals. In order to exclude
available observations. The corrected state vector Comai”ﬁigh-frequency inertial and tidal signals, the data was 36-
the temperature, salinity, velocity and sea-level. hour low-pass filteredGerin et al, 2009, whereafter the

The non-linear cost function is linearized around the back-data were resampled at a daily rate.
ground state (EgA1), minimized by iterations, and the re-
sulting model analyses are used to re-initialize the OGCM.
The misfits, viz. the differences between the background
fields and the observations, are saved daily, as they are use-
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Fig. 1. Distribution of Lagrangian observations during the test period 1 September—31 Decembg@2@Btace drifter positions, arn@)

Argo float positions. The boxes indicate the location of the forthcoming zoom-ins of the Eastern Mediterranean (black), lonian (light grey)
and Levantine (dark grey) basins, respectively, while the dashed line marks the transect across the Cretan passage. Abbreviation: Strait o
Sicily (SS).

Argo-float data, originating from the Coriolis Operational 3.2 Observational error sensitivity test
Oceanography data center, were post-processed and quality
checked byMenna and Poulai(R010. These floats are pro- |n three-dimensional data assimilation it is required that each
grammed to descend to a parking depth of 350 m followedset of observations is related to an observational error com-
by a 4.5-day drifting period, whereafter they complete theprising uncertainties related to both instrumental and repre-
cycle by re-emgrging at the sea sur'fgce to trans'm.it data Vi%entativeness errors, gre= . /er? +en,, to be stored in
the Argos satellite system. The position uncertainties due e ob tional- R '”? rth A P gi
instrumental errors were estimated to 1000@e((in et al, € 0_ servationa _error mari, ¢ " .e_ PRENCIX.
2009 for the drifters and 2501500 nvienna and Poulain A first observa_uonal—error sensitivity test was undertalfen
2010 for the Argo floats. where only the instrumental uncertainties were taken into

An overview of the available surface-drifter and Argo-float COnsideration, i.e. &g = 1000 m. This error proved to be an
positions is provided in Figl. Two sub-regions with large underestlmatlo_n as OceanV_ar failed completely to converge
amounts of surface drifter data can be identified from Eag. towards the drifter observations. In a second test the error
east of the Strait of Sicily and across the central part of the lo\Vas increased to g = 3000m, and in this case Ocean-
nian Sea, as well as the south-western part of the Levantinar Proved capable of minimizing the cost function, how-
basin. The Argo-float data (cf. Figh) were sparsly scat- €Veh the system still suffered from convergence problems

tered over the basin, present, however, in both the westerWith increased CPU time as a res.ult'. A reduction was noted
and eastern parts of the Mediterranean Sea. in the root-mean-square (RMS) misfits between the modeled

and observed drifter trajectory end-points compared to a con-
trol run, indicating that drifter assimilation could improve the
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Table 1. Design of numerical experiments, the assimilated obser-Table 2. 4-month basin-average RMS misfits between model val-

vations are marked with X. SLA (sea level anomalies), TEM (tem- ues and observations for sea-level anomalies, sea-surface temper-

perature profiles), SAL (salinity profiles), TRD (surface drifter po- ature and salinity, as well as surface-drifter and Argo-float posi-

sitions), and TRA (Argo float positions). tions. “Near-drifter” (as defined in text) SLA RMS misfits are given
within the brackets.

Exp.name SLA TEM SAL TRD TRA

Exp. name SLA(cm) T (°C) S (psu) TRD (km) TRA (km)

CTRL X X X CTRL 3.32(3.33) 077 022 17.5 25.2
SURF X X X X SURF 3.29(3.10) 079  0.22 15.2 25.0
SURF2 X X X X X SURF2 3.28(3.08) 078 022 15.3 205
ARGO X X X X ARGO 3.31(3.36) 077 022 17.7 21.0

quality of the OGCM velocity field forecasts. A third and fi- forcing fields on 1 September 2005, and terminated after 4
nal test was done for a 5000-m observational error, whichmonths on 31 December 2005.
proved to yield stable OceanVar solutions with slightly re-  The control experiment (CTRL) assimilated daily satellite
duced RMS misfits and faster computations (in terms of CPUSLA and SST data as well as temperature and salinity pro-
“me) Compared to the results from the “3000-m experiment".f”es, Whereas the SURF experiment a|SO included Observa'
The observational error for the Argo float positions was settions of surface-drifter positions. Moreover, in the SURF2
to 2000 m, as given from sensitivity tests Milsson et al.  €xperiment surface-drifter and Argo-float positions were as-
(2011). similated, and thus the surface as well as the intermediate-
The Eastern Mediterranean surface circulation is domi-depPth trajectories were simultaneously modified. The ARGO
nated by a highly variable meso-scale eddy field and the me€XPeriment assimilated Lagrangian data from Argo floats as
andering Libyo-Egyptian current system, which make accy-well as the observations use_d in the CTRL experiment; the
rate velocity-field predictions a most challenging task. Un-duality of the output from this model set-up has been as-
der these circumstances the observational errors of the LaeSSed over a 3-yr periodMilsson et al(2011).
grangian data sets are dominated by representativeness er-
rors due to quality uncertainties of the modeled velocity4
fields. The dispersion in the Mediterranean Sea surface lay-
ers was studied byizzigalli et al. (2007 in the frame-
work of comparing drifter observations to corresponding

synthetic trajectories from a Lagrangian model (off-line in- The impact of Lagrangian data assimilation of surface-drifter
tegrations of the MFSPP MOM model). They investigated positions on the model output was evaluated in terms of 4-
the seasonal dispersion variations and calculated climatologmonth basin-average RMS misfits between the observations
ical (2000-2004) dispersion estimates. According to theirand the forecasted temperature and salinity values, as well
results, the basin-average autumn (Oct-Dec) dispersion afs the drifter and float trajectory end-points. The SLA RMS
ter 1 day should be on the order of 235km. Itis worth  mjsfits were calculated both as basin averages and in close
pointing out that the OGCM used in the present study is moreyicinity of the drifters (2 radius and a 3-day time span),
advanced than the operational system based on MOM, howsince applying only basin-mean statistics for SLA could lead
ever, their estimates could serve as an upper limit for the repto underestimating the local effects of the surface-drifter
resentativeness of the modeled surface fields in the Meditertrajectory assimilation due to the |arge amount of satellite-
ranean during fall. In conclusion, the application of a 4900 mobserved data in areas without surface drifters. All RMS
representativeness error (yielding a total observational erromisfits are provided in Tablg, and the “near-drifter” SLA

of errot = 5000 m) would be reasonable as it is well below RMS misfits are given within the brackets next to the corre-
the “maximum dispersion limit” for the Mediterranean Sea sponding basin-average values.

and furthermore smaller than the model horizontal resolution It was found that the qua“ty of the forecasted surface

Results and discussion

4.1 Statistical analysis

(~7km). temperature and salinity fields remained at the previous lev-
els of ~0.7° C and ~ 0.2 psu, respectivelyTonani et al.
3.3 Numerical experiment set-ups 2009. The quality of the forecasted SLA improved by 5%

in the proximity of the assimilated drifter positions, yield-
Four experiments were designed to evaluate the influence dhg a decrease of RMS differences from 3.3cm in CTRL
Lagrangian trajectory assimilation on the model fields, sub-and ARGO to 3.1 cm in the SURF and SURF2 experiments.
sequently referred to as CTRL, SURF, SURF2, and ARGOThe basin average SLA RMS misfits remained around 3.3cm
(cf. Tablel). All experiments were initialized with the same for all experiments. Moreover, the accuracy of the 24-h

Ocean Sci., 8, 249259, 2012 WwWw.ocean-sci.net/8/249/2012/



J. A. U. Nilsson et al.: Variational assimilation of Lagrangian trajectories 253

///J/_-__-_. 7 4 7/\-\ \‘ P‘\?Wﬂ\l, Y AT \‘l
35°30'N [ === 7/ Y 3580'N e S\ @
e N\ [ //'/'/ \\ =N
h G Al NS
f LN ;
35N =~ < NP B NN AR 7 ) R )
R l\ ~ /) [T N N » ) L N A
- - NI - A VISo ) Vo
F = — k-\wz —— /.4//‘/// IR
34°30'N — — ~ =~ — & 34°30'N —f— ~ N
= e /(\...\.T} ® &.//(\\_.\.;
~ N - N S — N ~ N\ 7 ~ ¢ —
~ P ) - Y \ 4 —
34°N—~t - ?{ 34°N—~§ ﬁ{\:\n‘/)}l
8 NE 225 é ANNEZ A
- N-770 R -2 {«/> S
33°30'N — r~ 4 /v = 1| 33°30'N /] N N A AP
; =&l kA I . W
\\\3} = b \Q.!f
33°N \\ > 33N 4 // —\x\»/
— = S~
NS AN
32°30'N T ] ) T 32°30'N T T T
15°E 16°E 17°E 18°E 19°E 15°E 16°E 17°E 18°E 19°E
[cms] [ems™]

N - NN
35°30'N — "\ ~{ 35°30'N — NN
® //'/' N
1~ 7 \ N
B { N N
35°N — = 35°N - AN ~ 2
k) /| AR NN ~
~ = NSNS SN W =
£ NP -/
34°30'N —f~*~~\ 34°30'N -~~~ X\ / 4
e~~~ A\ 4y e\ 9
~N N /1 /I ~~~\ 4
~N N / S y
34°N = = 7, 3aeN - <~y I Inlh )
2SN 0 | NS4S
V4 ~4'// ) ~ .‘ \ ’\»/4 <
33°30'N — ~ =\ 1] 33°30'N < / =r 4 \ P"~// <\
g 7 7, B SR
x‘\'\ \ 977 4" ——= N\ L g0
\, S } V2, & 7 N\
- -] _ENE
N _. —
D) 2o Wi )
32°30'N T | | | 32°30'N : &S y/ | |
15°E 16°E 17°E 18°E 19°E 15°E 16°E 17°E 18°E 19°E

Fig. 2. Upper panels: Velocity fields at 15 m depth on 1 November 2005 froneth@ TRL, and(b) SURF experiments, with the observed
surface drifter positions from platforms 57 319 and 59 733 on 1 November indicated by large black markers. Lower panels: Velocity fields at
15 m depth on 10 November 2005 from ffug CTRL, and(d) SURF experiments, with the daily observed surface drifter positions on 1-10
November shown by the black markers.

drifter-trajectory forecasts at the sea surface improved by In conclusion, these statistical results indicate that Ocean-
15% in terms of RMS distances between the observed andar is capable of correcting the pressure-gradient field at dif-
forecasted drifter-trajectory end-points when drifter assimi-ferent vertical levels using two different Lagrangian observa-
lation was introduced in OceanVar, yielding an error reduc-tional data sets without compromising (and indeed improv-
tion from 17.5km (CTRL) to 15.2km (SURF). The qual- ing slightly) the quality of the other forecast variables.

ity of the SURF2-forecasted SLA, temperature and salinity

fie_Ids as well as the surface-drifter trajectories was mai_n-4_2 Influence of Lagrangian data assimilation on the
tained compared to the accuracy of the SURF fields, while surface fields

the 5-day float-trajectory forecasts improved by 20 %, with

SIL\JAF?FT;?:;O%S%:EEgle:;rfa}rsr:r;ng,(AOSm mzigf::;nb;?szglanataism?e the.drifter data were from thg Eastern Meditgrranean
results from the ARGO experiment were in general agree-baSIn during the 4-month test period, th_e comparisons of
ment with those obtained iNilsson et al.(2011, where it the model_ experiment results haye beer_l limited to _thl_s area.
was found that the quality of the forecasted SSH, temperaturé\leXt' the influence o_f surface-dnftgr—trajec_tory assmllatlon
and salinity fields was maintained while the sub-surface tra-o" the sulrface—velocny and SSH f|e|d§ will be considered.
jectory forecasts improved. The RMS misfit between the ob_FlgureZ gives an example of the evolution of the CTRL and

served and forecasted float-trajectory end points was foun URF velocity .flelds'at adepthof 15m dur!ng 1-10 Novem-
to be around 20 km during the autumn of 2005. er 2005. In this period there were approximately four oper-

ating drifters Gerin et al, 2009, including two units located
in the lonian Sea (57 319 to the east, and 59 733 to the west

WWWw.ocean-sci.net/8/249/2012/ Ocean Sci., 8, 2299, 2012
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Fig. 3. Differences between the day-to-day residuals from 21 to 22 December 2005 of the CTRL and&URlBcity fields at 15m
depth, andb) SSH fields. Previously observed drifter positions (1 September—20 December 2005) are indicated by black dots, while the
observations made on 21 December are shown by the larger black-white markers.

in the figure). The CTRL model results were compared (andfrom 1 September to 21 December. From this figure it is
validated) with these observations, and it was found that theevident that most differences=(0cms ! and +3cm) are
circulation in the vicinity of drifter 59 733 was well repro- located in the immediate proximity of the drifters but not
duced in the output on 10 November, whereas the velocitynecessarily of the last assimilated positions obtained on 21
field near drifter 57 319 was less accurate. An a posterioriDecember. This suggests that previous corrections of the ve-
control of the SURF experiment output showed that these velocity field are still present in the “model memory”, hence in-
locity fields were in better agreement with the observed (anddicating both spatial (horizontal) and temporal propagations
assimilated) Lagrangian trajectories, indicating that Ocean-of the model-field corrections. Similar results were found for
Var is capable of converging the model fields towards theglider observations imobricic et al.(2010 and for Argo-
drifter positions in a satisfactory manner. Another example isfloat trajectories ilNilsson et al(2011). Moreover, the most
provided from mid-December 2005 when20 drifters were  distinct residuals in both the velocity and SSH fields, in par-
available per day. The day-to-day differences in the modeticular in the Cretan Passage and off the North African coast,
fields (21-22 December) were calculated and the subsequeare most likely caused by lateral shifts of the meso-scale
differences between the CTRL and SURF residual fields ardeatures (gyres, eddies, coastal current meandering) due to
presented in Fig3 for the velocity fields at the 15-m depth drifter assimilation.

as well as the SSH fields, along with the drifter observations

Ocean Sci., 8, 249259, 2012 WWw.ocean-sci.net/8/249/2012/
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Fig. 4. Sea-surface height fields (cm) on 22 December 2005 with superimposed velocity vector fields at 15 m depth(&p@intRée, (b)

SURF,(c) SURF2, andd) ARGO experiments. The daily observed surface drifter positions during 13—22 December are indicated by the
black dots with start positions in white. The Argo float positions are measured every 5 days and marked for the 1-22 December period by
triangles.

The statistical analysis of the model results indicatedthe SURF results. Thus the SSH fields from the drifter as-
a modest improvement of the SSH-forecast quality in thesimilation experiments were found to be more realistic than
vicinity of the assimilated surface drifters. The SSH fields the CTRL fields, since the modeled sea-level gradients are in
from all four numerical experiments on 22 December 2005better agreement with the observed drifter trajectories (as to
are presented in Fig4, with the corresponding velocity- be expected in areas characterized by geostrophic flow).
vector fields at 15m depth superimposed. Here the drifter |t should be noted that the SSH and surface velocity fields
observations during 13-22 December are indicated by dot$h Fig. 4 from the CTRL and ARGO experiments bear a large
and the Argo-float positions during 1-22 December by trian-resemblances in the near-drifter areas (same “flaws”), while
gles. The main features of the surface dynamics can be reaimilarities were found in the SURF2 and ARGO flow struc-
ognized in all cases, viz. the near-coastal currents and semiures near the observed and assimilated Argo floats (simi-
permanent anti-cyclone®ipardi and Masetti200Q Gerin  |ar corrections of surface fields due to intermediate-depth
et al, 2009 Hamad et al.2009. The locations of SSH min-  trajectory assimilation). This example indicates how sub-
ima and maxima as well as the intensity and direction oftly the velocity field corrections have been blended into the
the surface currents, however, vary between the experimentsnodel fields from the Lagrangian data assimilation experi-
most notably in the vicinity the drifters and the floats. The ments, to be compared with the less accurate CTRL output.
modeled surface temperature and salinity fields showed corFurthermore, these findings confirm that assimilation of sub-
responding shifts of the horizontal gradients compared to theurface trajectories can influence and occasionally improve
SSH fields due to drifter assimilation (not shown). the strength and direction of the modeled surface flow, as

It can be concluded that the drifter assimilation has ansuggested ilNilsson et al(2011).
ameliorating impact on the quality of the modeled small-
and meso-scale dynamics in the surface layer. In particular4.3 Impact on the intermediate velocity fields due to
assimilation changed the meandering patterns of the Libyo- trajectory corrections
Egyptian (LE) current along the African coast near 26—

28 E, and shifted slightly the location and shape of the lera-The influence of Lagrangian data assimilation on meso-scale
Petra (IP/~ 26° E, 34 N) and Mersa-Matruh (MM~ 29 E, dynamics was studied in the upper 800 m of the water column
33’ N) in the SURF and SURF2 velocity fields. It was estab- in the Levantine basin. The RMS misfits between the ob-
lished from the drifter-position RMS misfits that the SURF served and forecasted drifter positions indicated that surface-
and SURF2 surface velocity and SSH output was more accudrifter assimilation could also improve the forecasting capa-
rate than the CTRL results, and furthermore, that the qualitybilities of the Argo trajectories at 350 m depth, viz. 20.5 km
of the SURF2 SSH fields was slightly improved compared to(SURF2) and 21 km (ARGO) in Tablg. However, the

WWWw.ocean-sci.net/8/249/2012/ Ocean Sci., 8, 2299, 2012
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Fig. 5. Velocity vector fields at 365-m depth on 22 December 2005 fronfdh€TRL, (b) SURF,(c) SURF2, andd) ARGO experiments.
The daily observed surface drifter positions during 13—-22 December are indicated by the black dots with double-circled start positions. The
Argo float positions are measured every 5 days and marked for the 1-22 December period by triangles.

difference between these estimates (500 m) is smaller thaprovided favorable circumstances for evaluating effects of
the associated observational errors (2000 m for floats, andombined surface and intermediate-depth Lagrangian data
5000 m for drifters), and thus the increased float trajectoryassimilation.

accuracy in the SURF2 experiment should not be overem- The strong east- and westward velocities of the Atlantic
phasized. waters in the upper 200m of the transeklaad et al.

A comparison of the model velocity fields at 365 m depth 2006 are caused by the LE current and the IP gyre, show-
on 22 December 2005 is shown in Fig. with superim-  ing typical velocities of 10-30 cnt$ (Gerin et al, 2009).
posed drifter and Argo trajectory data. Similar differences The strength of the surface velocities varies between the
in flow patterns compared to those observed in Bigan be  four experiments on the order 8f5-10 cm s (cf. Fig. 3a),
identified for each experiment, such as the changes in thend these differences are most likely related to the laterally
small-scale dynamics along the LE current as well as theshifted baroclinic-instability front of the meandering coastal
altered locations and dimensions of the IP and MM gyres.current (cf. Fig.4). The IP gyre seems to be clearly influ-
Furthermore, the model results presented in this figure shovenced by the Lagrangian assimilation of drifter and Argo
that surface-drifter assimilation is capable of influencing, anddata, both in terms of current velocities and the vertical extent
possibly correcting, the Levantine circulation down to at leastof the gyre. However, some of the velocity variability could
Argo-float parking depth. Moreover, the float-trajectory cor- be explained by the fact that the gyre is centered differently
rections yielded improvements in the intermediate-depth vein each model field, although, Figd.and5 also revealed
locity fields, and in particular near 3E, 35 N, where the  changes in the velocity-field intensity from the different nu-
data assimilation appears to have had a decelerating effegherical experiments. All model setups including trajectory
on the near-float velocity field. assimilation (SURF2, ARGO, and to some extent SURF) ap-

Finally, a vertical transect of the zonal velocities acrosspear to have a limiting effect on the gyre depth. In the CTRL
the Cretan passage (2B) on 22 December 2005 was cho- velocity output, the intense core of the IP gyre extends down
sen in order to illustrate the differences at depth between théo ~ 600— 700 m, while in SURF2 and ARGO this depth has
model fields, cf. Fig6. This transect, on this day, was oppor- been reduced by approximately 100m. This modified gyre
tune for detailed analysis as 3 drifters (nr 59 753 &t126E, depth would be in general agreement with the results due
34°37 N; nr 59757 at 2615 E, 3#42 N; and, nr 59755 to Popov(2004), who estimated observationally the vertical
at 25839 E, 3212 N) and one float (nr 50755 at 24 E, scales of the IP gyre to approximately 500 m. Moreover, the
34°25 N) were located near the 2&-meridional, which  results from the SURF2 and ARGO experiments imply that
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J. A. U. Nilsson et al.: Variational assimilation of Lagrangian trajectories 257

200.0

400.0

Depth [m]

600.0

200.0

400.0 —

Depth [m]

600.0 -

/

T T T T T T T T T T T T T T T T T r L T T T T T T T T T T T T T T T T T r
32.0 33.0 34.0 35.0 32.0 33.0 34.0 35.0

Fig. 6. Zonal velocity transect across the Cretan PassadgeHpén 22 December 200%a) CTRL, (b) SURF,(c) SURF2, andd) ARGO.
The surface drifter (Argo float) positions on 21 December are indicated by the black dots (triangle).

assimilation of float trajectories tends to reduce the velocities Local studies of the model fields from the four experi-
of the intermediate-layer waters. ments gave an interesting insight on the influence of La-
grangian trajectory corrections on the surface and interme-
diate velocity fields. It was shown that the best quality of
the model forecasts was obtained when all observational data
. . sets were assimilated simultaneously by OceanVar. Improv-
Four numerical experiments have been presented where vari-
X o : ing the accuracy of the modeled surface meso-scale dynam-
ational assimilation was undertaken of Lagrangian observaics is of particular interest for improving oil-spill predictions
tions from surface drifters and Argo floats (together and sep- P P 9 PP

arately) during a 4-month period, thus changing the Eulerianarld the capability of back-tracking objects at sea, both of

SSH, temperature, salinity and velocity fields in a Mediter- V.Vh'Ch are determined off-line using stored OGCM velocity
. o o ields.

ranean OGCM. The results of these investigations |nd|cateé In th t studv. the infl f inertial N

that the quality of the surface and intermediate-depth veloc- n the present study, the influence ot inertial currents on

ity fields improves when the Lagrangian data sets are asthe model analyses have not been taken into account, since

similated, yielding more accurate surface-drifter and Argo—thheize zigvue?/r;(rzleitsvsgilgubtz“ijrip(grttgr?t ttl(;n:x;?:ig:z ?ﬁjsltevg_h
. ono . . ) :

(v of reate ciferences in RIS misita, Moreover, the 125 n detalwithin the framewor o drife-rajectory as-

SSH gradient fields from the drifter-assimilation experimentS"T]'I"’It'on in a future study.

proved to be in better agreement with observations (the SSFAppendix A

forecast improved locally by 5 %) compared to the output

from the control experiment. The basin-mean RMS misfits.l.he OceanVar assimilation scheme and trajectory

of temperature and salinity remained unchanged, while th%odel

local impact close to the drifters could not be evaluated due

to the sparsity of observations. This Appendix will provide a general overview of the Ocean-
Var assimilation scheme and its built-in trajectory model,
however, detailed descriptions are availabl®wbricic and
Pinardi(2009; Nilsson et al(2011).

5 Conclusions
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The OceanVar cost function is linearized around the back4nput in the linearized observational operaltbr
ground state vectox;,, which contains a first guess of the

} A B . . . _ tf 8 a
model state (in this case the 1-day forecasts); the Imeanzaar(tf) :Sr(t,-)+/ (& uL
fi

Su+ —
+8r

tion yields a quadratic function: au

u=

8r>dt. (A3)

r=ryp

where the position and the Eulerian velocity increments
(8r =r —rp anddu = u— up) are evaluated around the back-

v . . L ground velocityu; and background position,. The equal-
wheresx =x—x; are the increments given by the minimized ity of Eq. A3 is assumed to be fulfiled when the higher-

differences between the model state vector (which contain . L
. i order terms in EqA2 are sufficiently small. A thorough
the temperature, salinity, velocity and sea-level model output - o -
. : T description of the position- and velocity-increment compu-
in matrix form ax = [T SU V n]*) and the background state : . L
e : tations and the Lagrangian data assimilation is giveMiis-
vector. The so-called misfits (the differences between the . .
: : . son et al(201]) Sect. 2.4, however this Appendix serves as a
observations, contained in and the background values) are

given byd = [y — H(xy)], where the non-linear operational reminder that the non-linear trajectory model (Bg@) com-

. putes the drifter forecasts, while the minimum valuesrof
operatorH, transfers the model variables onto the observa- : ) : -
. ; . X . andéu are obtained by iterations of E43 thus yielding the
tional grid, hereby allowing direct comparisons between the . M o
. OceanVar drifter-position “analysis” values. In the OceanVar
two data setsB represents the background error covariance | . : - : " ;
. : : : daily routine, the initial drifter (and float) positions are given
matrix, R the observational-error covariance matrix, athd

; H __y0bs/..
is the linearized observational operator, dndienotes the .by the cor.respondmg observed coordlr)ath,) =T (@),
i.e. Eq.A3 is only perturbed around the final positions, hence
vector transpose (e.goreng 1997).

i . . r)=0.
The incrementsix are stored as a matrix/j in con- or () =0
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