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Principal Investigator: Anthony Weaver

Project Title: Variational ocean data assimilation with NEMOVAR

Extended abstract

It is expected that Special Projects requestingggaamounts of computing resources (500,000 SBUaose)should

provide a more detailed abstract/project descripti(8-5 pages) including a scientific plan, a justtion of the

computer resources requested and the technical adtaristics of the code to be usethe Scientific Advisory
Committee and the Technical Advisory Committeeerethe scientific and technical aspects of eaclti@p@roject

application. The review process takes into accdbatresources available, the quality of the scfentind technical
proposals, the use of ECMWF software and data @étftture, and their relevance to the Centre’s objes. -

Descriptions of all accepted projects will be pshid on the ECMWF website.

The aim of this project is to further the developief the variational data assimilation system
NEMOVAR for the community ocean model NEMO. The eepment of NEMOVAR is a
collaborative project between CERFACS, ECMWEF, thet \ffice, and other research institutes
such as INRIA/LIJK. The NEMOVAR system will form tloeean analysis component of the next
operational monthly and seasonal forecasting systeECMWF (System 4). The Met Office also
plans to use NEMOVAR for their ocean assimilatioctivaties, covering short-range ocean
forecasting applications using the FOAM system, se@sonal forecasting. Ocean initial conditions
from NEMOVAR will be used by several groups (indlugl CERFACS) for decadal predictions in
the FP7 COMBINE project. This Special Project vadllp advance research and development with
NEMOVAR. Four research topics will be explored.

« Ensemble 3D-Var

A procedure for computing ensembles of ocean aesalgsnd forecasts has been developed for
OPAVAR (Dagetet al. 2009), the predecessor of NEMOVAR. The ensemidéesy has a dual
purpose. It is used to provide ensembles of ocemtyses for climate studies and forecast
initialization, and to obtain estimates of backgrdierror for specifying parameters (variances
and length scales) of the background-error coveeamodel in NEMOVAR. The ensemble-
generation procedure has many similarities to thentel Carlo step of the Ensemble Kalman
Filter. In our approach, ensembles of ocean analgsd forecasts are generated using random
perturbation data-sets for surface windstress,ipitation, sea surface temperature (SST), and
the assimilated observations. Work in the nextqaewill focus on adapting the ensemble 3D-
Var system to the NEMOVAR framework and to a highesolution global configuration (the
ORCAL1 configuration to be used in System 4). Improents and extensions to the current
ensemble generation strategy (e.g., to accounmfel error) will also be explored. A newly
developed 3D correlation model (see below) willused to evaluate the impact of background-
error correlation length scales estimated usingetimemble method. This work will be pursued
by Thomas Pangaud (postdoc), starting late 2009.

References

Daget, N., Weaver, A. T. and M. A. Balmaseda, 20B8semble estimation of background-error variarinea
three-dimensional variational data assimilatiortesysfor the global ocea. J. R. Meteor. Socln press.

* Correlation modelling using implicit diffusion opdors

The theoretical basis for employing a diffusion &tipn to represent the action of a correlation
operator is described in detail in Weaver and Gewu@001), Weaver and Ricci (2004) and
more recently Mirouze and Weaver (2009). A new 3redation operator formulated as a
symmetric product of 1D implicit diffusion operasohas been developed for NEMOVAR. The
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new formulation has several advantages over a queviormulation based on an explicit
diffusion operator, most importantly by reducinge tbomputational cost of the algorithm at
higher resolution and with anisotropic versionstloé operator. Implicit diffusion operators
require the inversion of a matrix. For the 1D clatien operators, this matrix is small enough
that it can be inverted using standard direct naghsuch as Cholesky factorization combined
with a forward elimination and backward substitatialgorithm. This direct method is not
convenient, however, for massively parallel prooesapplications with NEMO. Iterative
techniques based on Gauss-Seidel (successive-@agation) are better suited for parallel
implementations of the implicit diffusion operatand will be explored here. An important point
is that, given our uncertainty in the true coriielaé of background error, it may not be necessary
to solve the implicit equation to a very high pston, and this could be exploited to reduce
computational costs. Approximations of this natwik be explored. The correlation algorithms
developed here will also be exploited for reprasgntmodel error in weak-constraint
formulations of 4D-Var (see below). This work wile conducted by Isabelle Mirouze (PhD
student).

References

Mirouze, I. and A. T. Weaver, 2009: Correlation ratlidg using a one-dimensional implicit diffusioguation.In
preparation.

Weaver, A. T. and S. Ricci, 2004: Constructing eldgaound-error correlation model using generalidefision
operators. In Proceedings of the ECMWF SeminareSam Recent developments in atmospheric and ocean data
assimilatiori, ECMWF, Reading, U. K., 8 =12 September 2003,38¥-340.

Weaver, A. T. and P. Courtier, 2001, Correlatiordeiting on the sphere using a generalized diffusiguationQ.
J. R. Meteorol. Soc127, 1815-1842.

* QObservation-space minimization and weak-constrélibVar

An incremental 4D-Var system for NEMOVAR is beingveloped in collaboration with
INRIA/LIK, and a prototype system will be readyelathis year. The initial version will be
based on a strong-constraint formulation in whiaolydhe initial conditions are taken as control
variables (the model is assumed to be perfect).igeastraint formulations of 4D-Var will be
developed in a second stage. In the weak-consti@imulation, model error will be accounted
for in the assimilation algorithm by including extferror) terms in the control vector. This will
enable longer assimilation windows but will resmita significant increase in the size of the
control vector and thus will require huge memoryprage for the preconditioning and
reorthogonalization procedures used by the CONGR#bimization algorithm (Fisher 1998;
Tshimangaet al. 2008) in NEMOVAR. An observation-space minimizatiof weak-constraint
4D-Var will be developed to reduce memory requiretee Compared to model-space
formulations, conventional observation-space foatiahs based on PSAS (Courtier 1997) can
result in large discrepancies between the quadeatit non-quadratic cost functions on outer
iterations, especially when few iterations are usetthe inner loop (El Akkraowet al. 2008). As

an alternative to PSAS, here we will exploit an edlation-space preconditioned conjugate
gradient (PCG) algorithm recently proposed by Gratind Tshimanga (2009). This algorithm
has identical convergence properties as standadilrspace PCG algorithms. Initially, the new
observation-space algorithm will be implemented @stied in a 3D-Var version of NEMOVAR.
Work in this area will be carried out by Amal El Kioui (postdoc), starting in the summer
2009.

References

Courtier, 1997: Dual formulation of four-dimensadvariational assimilatiorQ. J. Roy. Meteorol. Sqd 23, 2449-
2462.
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El Akkraoui, A., Gauthier, P., Pellerin, S. andBsiis, 2008: Intercomparison of the primal and doainulations of
variational data assimilatio®. J. Roy. Meteorol. Sod.24, 1015-1025

Gratton, S. and J. Tshimanga, 2009: An observapate formulation of variational assimilation wsanrestricted
preconditioned conjugate gradient algorittBabmitted to Q. J. Roy. Meteorol. Soc

Tshimanga, J., Gratton, S., Weaver, A. T. and Artéhaer, 2008: Limited-memory preconditioners, hwit
application to incremental four-dimensional vanatl data assimilatiol®. J. Roy. Meteorol. Sqd 34, 753-771.

Fisher, M., 1998: Minimization algorithms for vational data assimilation. In Proceedings of th&/B0- Seminar
on Recent Developments in Numerical Methods for ddpheric Modelling, pp. 364-385, Reading, Englafid,l
September 1998.

* Representation of correlated observation errortia ibsolute dynamic topography

Correlated observation error is an important butemrresearched aspect of observation error. In
practical ocean data assimilation systems, obsentatror correlations are usually neglected
even when this assumption is known to be incorr@cte example is satellite altimeter data,
which represents one of the most important sounfexean data for assimilation. In practice,
altimeter data must be considered as anomalies mgpect to a long-term mean. This is
necessary to remove the poorly known geoid fromathmeter measurement. For assimilation, a
Mean Dynamic Topography (MDT) must be added toath@malies to produce measurements of
Absolute Dynamic Topography (ADT), which can thenrblated to the ocean model sea-surface
height variable. MDTs used to reference the anasalre typically based on gridded products,
derived either from a long-term integration of ttean model or from an analysisiofsitu and
gravity measurements (Ret al. 2004). Uncertainty in the MDT is currently the maource of
error in the ADT (Knudseat al. 2006) and this uncertainty must be carefully taiken account

in the assimilation method. By construction, erramnsgridded MDT products are highly
correlated in space. Furthermore, the stationatyreaof MDT errors will induce a time-
correlated component in the ADT, which cannot bglewted. The purpose of this task will be to
build an error correlation model for ADT data tleain account for both of the aforementioned
components of correlated error.

The spatial error correlation model for the griddd®T will exploit the implicit diffusion
developments used in the background-error spetiditalhe full ADT error covariance matrix,
Rap, will be a function of the spatial MDT error coiarce matrix, the observation operators
that relate the gridded MDT field to the altimetiata points, and the altimeter anomaly error
covariance matrix. In NEMOVAR, it is the inversetbfs matrix Rap)™ that must be defined.
This makes the problem particularly challengingiew of the large size of tHeap matrix (16

x 10°) and the fact thaRap is only available in operator-form. An explicipresentation of the
inverse matrix is not required, however, as theaitee variational algorithm only requires the
application of the inverse to a given vector (i.an operator Rap)™?). Different methods
(iterative or direct) will be explored for deterrmig the inverse operator. Both numerical
efficiency and the need to ensure positive def@igs of the inverse operator will be of crucial
importance in selecting the appropriate method.s Thork will be carried out by Andrea
Piacentini (research engineer).

References:

Knudsen, P. and co-authors, 2006: Final repot@fGOCINA (Geoid and Ocean Circulation in the Naktlantic)
project. Danish National Space Center. Tech. Rep5N

Rio, M.-H. and F. Hernandez, 2004: A Mean Dynamipdgraphy computed over the world ocean from attime
in situ measurements and a geoid model. {\em JpBeo Res.}, {\bf 109}, C12032.
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