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Principal Investigator: Anthony Weaver

Project Title: Ensemble variational 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@peroject

application. The review process takes into accdbatresources available, the quality of the scfentind technical
proposals, the use of ECMWF software and data #tfugture, and their relevance to ECMWF's objedive

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

General context and objectives

The aim of this project is to further the developmef the variational ocean data assimilation
system NEMOVAR for the NEMO model. NEMOVAR is devpkd as part of a collaboration
between CERFACS, ECMWEF, Met Office and INRIA/LJKgdamore recently the University of
Reading (Mogensent al. 2009). NEMOVAR will be the ocean analysis compdneihthe next
operational monthly and seasonal forecasting systeEBCMWF (System 4). The Met Office is
developing NEMOVAR for their ocean assimilation iaties, covering short-range ocean
forecasting applications using the FOAM system, aeasonal forecasting. NEMOVAR analyses
are used by several groups for initializing decaatelictions in the FP7 COMBINE project. This
Special Project will help to advance research awtldpment with NEMOVAR.

The main focus of this project will be to develomlavaluate a hybrid data assimilation method for
NEMOVAR, which incorporates statistical informatitoom an ensemble into the background-error
covariance formulation of the variational analy3igere are three main objectives to this project: 1
to develop numerical methods for solving a 2D oriiplicit diffusion equation for representing
anisotropic background-error correlation functia®sto use an ensemble version of NEMOVAR to
improve the estimates of both the background-evesrances and the parameters of the (local)
anisotropic tensor of the background-error corir@tafunctions implied by the diffusion operator;
and 3) to evaluate the impact of the improved estas of the background-error covariances in
global ocean reanalysis experiments.

Representation of anisotropic and inhomogeneousdyacnd-error correlations via an implicit
diffusion equation

Differential operators derived from the explicit mnplicit solution of a diffusion equation are
widely used for modelling background-error correlas in variational ocean data assimilation. The
theoretical basis for employing a diffusion equatio represent the action of a correlation operator
is described in Weaver and Courtier (2001), Miroamd Weaver (2010) and most recently Weaver
and Mirouze (2011). The latter article lays out themework for defining both isotropic and
anisotropic correlation functions. In the isotropase, the correlation functions implied by explici
diffusion are approximately Gaussian, whereas thoggied by implicit diffusion belong to the
larger class of Whittle-Matérn functions which aains the Gaussian function as a limiting case.
Anisotropic Gaussian and Whittle-Matérn correlatfanctions can then be constructed from their
isotropic counterparts by replacing the standardnatized Euclidean distance measure with a
Mahalanobis distance measure that accounts foctairality via the inverse of an aspect tensor.
Analytical expressions relate the aspect tenstdso-called Daley tensor which can be viewed as
a generalization of the Daley length-scale in Swrbpic case. These tensors can in turn be related
to the parameters of the anisotropic formulatidne explicit and implicit diffusion operators.
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Explicit diffusion methods are subject to a stapidiriterion that can make them expensive. Implicit
diffusion methods have the advantage of being utitonally stable (as well as having the
capacity to represent a larger class of correlatiorctions) but require the solution of a linear
system. A 3D correlation operator formulated asymmsetric product of 1D implicit diffusion
operators has been developed recently for NEMOVMRouze 2010). In this approach the 1D
implicit operators are applied independently inheacthogonal direction of the computational
coordinates. The new formulation has resulted isigmificant reduction in computational cost
compared to the explicit formulation. Implicit difion operators require the inversion of a matrix.
For each 1D correlation operator, this matrix i@bmnough that it can be inverted using Cholesky
factorization combined with a forward eliminationdabackward substitution algorithm. Within this
framework, the ensemble data assimilation systethbsi used to estimate the directional scale
parameters of the 1D implicit diffusion operators.

The 1D approach is not practical for accountingaoisotropic correlations and has limitations on
massively parallel machines. As an alternativeDac8rrelation model will be constructed directly
from a 3D or 2D x 1D anisotropic formulation of timeplicit diffusion equation. Different iterative
methods (conjugate gradient, multi-grid) will beptored for solving the diffusion equation, paying
particular attention to their suitability to be #pd with NEMOVAR in a massively parallel
framework.

Estimation of the background-error covariance paedens using an ensemble

An ensemble version of the NEMOVAR 3D-Var systenil Wwe used to obtain estimates of the
background-error variances and elements of theo@ofEc tensor. The procedure for computing
ensembles of 3D-Var analyses and forecasts is airtol the one developed for NEMOVAR'’s
predecessor OPAVAR (Daget al. 2009). At ECMWF a multi-annual 5-member ensemlds h
been used to provide multiple ocean analyses ftaliming probabilistic coupled forecasts. Here
we wish to exploit this system for extracting infa@tion about the background-error covariances.
The ensemble-generation procedure currently empteysirbed data-sets for surface windstress,
different initial states sampled from an existingd reanalysis, and a random rejection criterign fo
the assimilated observations. Possible extensionthis procedure will be investigated such as
including perturbations to the precipitation and sarface temperature (SST) data-sets, and to the
actual values of the assimilated observations.

The estimation of the variances is straightforwaut care will be needed to determine an adequate
temporal and spatial filtering strategy to minimizampling errors. The estimation of the Daley
tensor elements will be done using the ensembleebasethod of Belo Pereira and Berre (2006)
which is described in the context of diffusion mitidg by Weaver and Mirouze (2011). The key
point is that since the number of independent patars needed to specify the local Daley tensor is
of the order of the total number of grid pointsddmpling errors are inherently much smaller than
those involved in the order®Nestimation problem of the full correlation matri€onventional
background-error covariance formulations constaidtern small ensembles require somewdct
hoc methods to localize the covariances. It is impurta emphasize thato such localization is
required with the method proposed here. A thoradiglynostic study will be done using reanalysis
results from the existing ECMWF NEMOVAR ensemblesteyn before attempting to apply
ensemble covariance estimates in an assimilatigererent. Special attention will be given to
assess the importance of the off-diagonal elemehthe tensor as these elements indicate the
importance of anisotropy in the xy, xz and yz di@ts.
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Global ocean reanalysis with ensemble-estimate#dyacind-error covariances

The third aspect of this project is to evaluate ithpact of the ensemble-estimated covariances in
global ocean reanalysis experiments. The resouetpgested for this project are primarily needed
for experimentation with the ensemble system. Erpemts will employ the same global model
configuration (ORCAL) and assimilation environmeastin (pre-operational) System 4. In a first
step, the assimilation diagnostics of Desrozitrsal. (2005) will be used to provide improved
estimates of the observation-ernariancesfor the assimilated temperature (T) and salingy (
profiles. The current procedure for specifying tieservation-error variances for T and S is very
simple, being based on analytical profiles thatindependent of horizontal position, except near
coastlines where the variances are inflated. Tiserade of an adequate spatial variation in these
variances can be problematic in non-eddy resolwingfigurations such as ORCA1l where
representativeness error is large and in combimatith an adaptive background-error variance
formulation (Dagetet al. 2009). Preliminary work has already been done stmate the
observation-error variances using the Desrozéma. (2005) method. The procedure has involved
binning time-averaged estimates of the variancds an2 deg. x 2 deg. regular grid and then
interpolating these variances to the observatiomtpoAs expected, large variances appear in
boundary current regions such as the Gulf Streanthwlare dominated by (unresolved) eddy-
variability.

A first set of experiments will be performed usitig existing quasi-isotropic background-error
correlation model in combination with variance daagth-scale scale estimates from the ensemble.
A second set of experiments will then be perform&th an anisotropic version of the correlation
model where the local anisotropic tensor is esehdtom the ensemble. Physical and assimilation
diagnostics will be used to evaluate the qualityhef analyses compared to those produced with the
existing background-error covariance formulation.
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