347

Developments in 4D-Var and
Kalman Filtering

Mike Fisher and Erik Andersson

Research Department

September 2001



For additional copies please contact

The Library

ECMWF

Shinfield Park

Reading, Berks RG2 9AX
library@ecmwf.int

Series: ECMWF Technical Memoranda

A full list of ECMWF Publications can be found on our web site under:
http://ww.ecmwf.int/pressroom/publications.html

© Copyright 2001

European Centre for Medium Range Weather Forecasts
Shinfield Park, Reading, Berkshire RG2 9AX, England

Literary and scientific copyrights belong to ECMWF and are reserved in all countries. This publication is not to
be reprinted or translated in whole or in part without the written permission of the Director. Appropriate non-
commercial use will normally be granted under the condition that reference is made to ECMWF.

The information within this publication is given in good faith and considered to be true, but ECMWF accepts no
liability for error, omission and for loss or damage arising from its use.



Developments in 4D-Var and Kalman Filtering

by Mike Fisher and Erik Andersson

Abstract

We discuss the status and the performance of the reduced rank Kalman filter (RRKF) as implemented within the
framework of ECMWF’s 4D-Var data assimilation system, as well as other new developments related to the specification
and cycling of errors in 4D-Var. The presumption that the RRKF, through its incorporation of singular vector structures in
the analysis, would lead to substantial forecast improvement has yet to be demonstrated. Extensive experimentation has
taken place testing a variety of RRKF configurations - some at highest resolution affordable. Results show substantial
forecast impact on a case to case basis in both the positive and negative directions, with near-neutral results on average
over large samples. Careful definition of the unstable sub-space resolved by the RRKF and a better characterisation of the
analysis error covariance have been identified as the key issues.

Other important developments of the 4D-Var system will enable further increase in analysis resolution, and prepare the
ground for the use of future high density (and high frequency) satellite observations. A method for Hessian pre-
conditioning is described. Recent re-evaluations of the background error covariance matrix are discussed and
modifications to the background error formulation to allow a level of regional variation and flow dependence in the
statistics are presented. We show that the definition of the static background error covariance matrix is crucially important
for the performance of 4D-Var and also to the RRKF as it will influence its ability to accurately describe the location and
structure of growing errors in the assimilation.

1. Introduction

Research on the predictability of synoptic-scale weather systems has identified the structures that amplify most
rapidly during the early stages of a forecast. Errors in initial conditions that project substantially onto rapidly
amplifying structures will quickly develop into forecast errors. Within the process of data assimilation it is
particularly important to control the rapidly growing components of error as short-range forecasts are relied
upon for the accurate propagation of information from one analysis time to the next. Methods have been
developed that allow the computation of the fastest growing (or most unstable) modes of an atmospheric state,
given a suitable definition of forecast error and forecast error growth over a pre-defined time interval. Singular
vector techniques (Molteni and Palmer 1993; Buizza and Palmer 1995), adjoint sensitivity techniques (Rabier
et al. 1996; Klinkeret al. 1998) and ensemble techniques have been widely applied in the areas of ensemble
prediction (Molteniet al. 1996) and observation targeting (Palneeal. 1998) for example. In this paper we

use these three techniques with the aim to improve the specification of background error covariances and to
develop flow-dependent cycling of errors within the framework of ECMWF’s operational 4D-Var system
(Rabieret al. 2000; Mahfouf and Rabier 2000). In particular we will use singular vectors (SVs) to define a
subspace of relatively small dimension for flow dependent propagation of errors with the reduced rank Kalman
filter (RRKF) (Fisher 1998a).

The term “key analysis errors” was introduced by Klinkeal. (1998) to describe estimates, obtained through

an iterative procedure based on the adjoint sensitivity technique, of the part of the analysis error that is largely
responsible for the short-range forecast errors. When calculated with respect to a common norm (e.g. total
energy) it is apparent that key analysis errors and SVs share many important characteristics: their amplitudes
are maximum in the lower troposphere (around 750 hPa), they tilt backwards with height and they tend to be
localized in the most baroclinically unstable regions. Geéhad. (1998) showed that the “key analysis errors”
projects strongly on SVs, to the extent that a linear combination of the leading 30 SVs describes a large
fraction of their variance.
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The paradigm that a relatively small number of vectors can express a significant fraction of the most important
part of analysis error has determined our approach to the development of an approximate, “reduced-rank”
Kalman Filter (RRKF) (Fisher 1998a). The methodology was first outlined by Courtier (1993) and its
subsequent development and testing has been ongoing for several years. Despite some early encouraging
results based on small samples (Fisher 1998a; Rab#tr1997), the system has so far failed to live up to its

initial promise. In part, this may be due to unrealistically optimistic expectations encouraged by the
remarkable success of the “key analysis errors” in correcting medium-range forecast failures (&liaker

1998; Rabieet al. 1996).

Barkmeijeret al. (1998; 1999) and others have demonstrated that the structure of SVs at initial time depends
crucially on the norms used to measure error growth. The optimal choice in the context of data assimilation is
to use as initial norm our best estimate of the analysis error covarigfice, . With such a choice the computed
SVs will evolve, when propagated in time by the forecast model, to optimally span the evolution of the short-
range forecast error covariance matrix. The twelve-hour evolved SVs (in the case of 12-hourly cycling) will
then provide the optimal small-dimension basis (or subspace) for the construction of a flow-dependent
prediction error covariance matriR! , to be used in the following 4D-Var cycle. It is presently not clear how
good an estimate d#® is required in order for the RRKF to produce flow-dependent SV-based estimates of
P’ that perform significantly better than a static background error covariaice ( ) in the context of an
operational data assimilation system.

A second reason that a large positive impact was expected from the RRKF is that the superior performance of
4D-Var compared with 3D-Var was attributed to the dynamical evolution of the covariance matrix in the
former system, compared with the static covariance matrix of the latter (Thépalutl993; 1996; Rabiest

al. 2000). It has been argued that, since the covariance matrix in the RRKF is even more flow-dependent, we
should expect it to give a correspondingly larger improvement in performance. Two results are presented in
this paper which call this interpretation into doubt. The first result is a simple counter example to the
hypothesis that covariance evolution necessarily explains the differences between 4D-Var and 3D-Var. The
counter example (in Appendix D) is an extremely simple system for which covariance evolution does not
occur, but for which 4D-Var is nevertheless demonstrably superior to 3D-Var. The second result is a 4D-Var
analysis experiment for which the initial time of the 4D-Var assimilation window is displaced back in time by
several hours. This is equivalent to replacing the static background error covariance matrix of the conventional
4D-Var analysis with a covariance matrix that has been dynamically evolved for several hours. The impact of
this substitution on forecast skill is shown to be entirely neutral.

Despite the results mentioned above, we remain optimistic that a well-formulated approximate Kalman filter
should produce a significant improvement to the accuracy of the analyses and the skill of the forecasts.
However, it is clear that such an improvement will not be achieved without first improving our understanding
of the problems involved. Current emphasis has therefore shifted away from operational implementation at a
specific future date towards a more open-ended development strategy for a SV-based 4D-Var RRKF. The
current paper provides results and discussions on what we have identified as the three main issues:

1. Thedéfinition of theinitial norm. We investigate four different approximations &  as initial norm in
the SV computations: total energy; the background error covariance Batrix ; a static approxmation
obtained from an ensemble of assimilations; and the 4D-Var Hessian.
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2. The définition of the resolved subspace. In a full Kalman Filter error covariances grow and evolve
according to the model dynamics during the forecast step and they are reduced according to the Kalman
gain-matrix during the analysis step. We have investigated to what extent this process takes place within
the sub-space resolved by the RRKF. We shall see that this relates to the structural evolution of the SVs
within the 12-hour time interval between analyses.

3. The formulation of the background term. The background term is crucially important for analysis
performance (Anderssost al. 1998), so also in 4D-Var and RRKF. In RRKF tH& matrix (the
approximation toP' ) used in 4D-Var will influence the analysis Hessian which in turn will influence the
SVs (in the case that the Hessian is used as the SV initial norm). An ensemble-based approach has recently
been adopted for the computation®f . Regional inhomogeneity has been incorporated through a wavelet
formulation. Vertical co-ordinate transformations are being developed which will make isentropes and/or
the boundary layer height co-ordinate surfaces in the background term.

In the coming years further enhancements of the 4D-Var system are planned in preparation for cloud and rain
assimilation and for the arrival of a large variety of satellite data, although this is not within the focus of the
current paper. Some of the progress reported on here may nevertheless have a profound impact also on these
other developments and pave the way to higher analysis resolution and the use of higher density satellite data.

The main part of this paper is devoted to new results and discussions, whereas mathematical details have been
collected in a set of appendices towards the end of the paper. The outline of the paper is as follows: In Section
2 we summarize the current status with respect to the cycling of errors in the operational 4D-Var system,
followed by a brief outline of the RRKF and the configuration in which it is usually run. In Section 3 we
present result from extensive data assimilation and forecast experimentation testing several variations of the
RRKF scheme. A critical re-examination of the importance of covariance propagation for the performance of
4D-Var is presented in Section 4, where our findings cast doubt on the generally accepted view that it is a
dominant effect. New developments in the background term formulation are presented in Section 5 and their
significance for the future progress of 4D-Var is discussed. Conclusions follow in Section 6. The appendices
provide details on: An ensemble-based Kalman filter for the propagation of variances; Hessian-eigenvector
preconditioning; The wavelef, -formulation; and “There is more to 4D-Var than covariance evolution!”.

2. Cycling of error covariances

For a linear system the Kalman Filter provides the formalism for optimal cycling of error covariances. The
Kalman filter evolution of covariances may be divided into an analysis step (atttime ) and a forecast step
(from timet tot+1 ):

P{ = (I -KH)Pf (1)

.
Plis1) = MAM " +Q, ©)

where M represents an integration of the linear forecast model over the intétvall] :
K = P{HT(H P{Ht+ R)™ is the Kalman gainH is the observation opera®r, is the observation error
covariance and) is the model error covariance (following the notation ef #l€1995).

2.1 4D-Var cycling
It is well known that the 4D-Var analysis at the end of the assimilation period is equivalent to a Kalman filter

analysis over the same interval, given identical inputs - specificallyFthato) =B (the static background
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error covariance) an@ = 0 (the perfect model assumption). The 4D-Var algorithm itself does not provide an
estimate ofPf and the prediction error covarianfﬁggaF 1) , required by the Kalman filter algorithm as input to
the next analysis cycle, cannot be computed.

In the most straight forward practical implementations of 4D-Rér is replaced by the Btatic  at every
analysis cycle. In such implementations no cycling of covariance information takes place. The dynamical
component of prediction error and the effects of variations in data distribution are both neglected. However, in
ECMWF’s operational 4D-Var data density and the seasonal variations in prediction error are taken
approximately into account, using methods proposed by Fisher and Courtier (1995) and Fisher (1996). The
analysis error covariande®  is estimated using the combined Lanczos/conjugate-gradient method which finds
approximately the leading eigenvectors of the 4D-Var Hessian and the associated eigenvalues. The leading
Hessian eigenvectors describe the directions in control-vector space in which the information from the
observations is most important. The simple error-growth model of Savijarvi (1995) is used to propagate the
error variances to the time of the next cycle. This model represents exponential error-growth of small errors
and the asymptotic behaviour of large errors towards a climatological variance (Fisher 1996). It lacks the
dynamical i.e. flow-dependent effects on error growth.

A further refinement which allows flow-dependent cycling of prediction-error variances has been developed
by Andersson and Fisher (1999). The method can be described as an ensemble-based Kalman filter, with the
members randomly drawn from a population with covariance m&trix . The ensemble is evolved te time

by applying the tangent linear modwsi to each member of the ensemble. A brief description is given in
Appendix A, for completeness. The method is affordable and could be implemented operationally as a future
complement to the RRKF, or on its own. It is so far being used as a diagnostic tool to calculate the evolution of
the effective background error variances within the 4D-Var assimilation period and also (as will be
demonstrated later in this paper) to diagnose to what extent the effective background error variances have
been modified by the RRKF. The RRKF was developed in an endeavour to cycle not only variances but also
the dominant covariance structures, as explained in the following section.

2.2 A brief description of the RRKF
The ECMWEF reduced rank Kalman filter (RRKF) is described by Fisher (1998) and by Rhable(1997).

We refer the reader to these papers for details of the algorithms used. Here we give a brief outline of the main
features of the RRKF, and the configuration in which it is usually run.

From the point of view of the analysis, the RRKF consists of a modification to the background cost function
of 4D-Var. In 4D-Var, the background cost function may be written as:

1 T 1 - 1
Jp = Q(X—Xb) L7'L 1(x—xb) = szx 3)

whereL™ is the matrix representing the inverse change-of-variable which transforms model variables to the
control variablex of the minimizationy = L‘l(x—xb) . The background error covariance matrix used by
4D-Var is defined implicitly by the change-of-variable such that LL' @rd= LTL? ).

In RRKF the background cost function is modified to:
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0

[l TO
3, = X'™X"E F oxx @)
2 O | O
Here, X is an orthogonal matrix (i.e(Tx = | ) which represents a coordinate rotation such that the top left

K xK submatrix of the innermost matrix corresponds to some chosen K-dimensional subspace. ThE matrix

has dimensioK xK , and determines the cost associated with background departures in the chosen subspace.
The matrixF defines the cross-correlation between background departures in the subspace and those which
are orthogonal to the subspace (with respect to the implied inner product). NoteEhat if F and , then
the background cost function of the RRKF is identical to that of 4D-Var.

The orthogonal matrixX is defined in practice by specifying a s&€ of  veeGioss, ..., sk which span the
required subspace. From these vectors, it is straightforward (and numerically stable) to cofstruct as a
sequence of Householder transformations. The mateices Fand are then defined by specifying a second set
of vectorszy, z,, ...,zx such that; = (Pf)_lsi ,whe®! is the required flow-dependent covariance matrix of
prediction error.

Usually, the vectors,, s,, ..., are chosen to be partially-evolved Hessian singular vectors. The reason for
this choice is that if the vectors are evolved for a period equal to the cycling period of the analysis (typically
12 hours), then the vectors, z,, ...,zx ~ may be determined easily and cheaply during the singular vector
calculation. (Note that this partial-evolution period is different from the optimization period, which is
typically 48 hours.)

The Hessian singular vector calculation makes the assumption that the inverse of the Hessian of the analysis
cost function (which is théheoretical analysis error covariance) provides an accurate characterisation of the
actual analysis error covariance. This is an important assumption and is subject to the validity of major
approximations within 4D-Var. Furthermore, the Hessian singular vector subspace is propagated using the
tangent linear dynamics to gi\l%r (of ramk ), without taking model error into account. It is subject to these
approximations that the vectoss, s,, ...,sx ~ a@g z,, ..., zx produced by the singular vector calculation
satisfy z; = (Pf)_lsi . Itis the validity of these approximations which effectively determines the ability of the
RRKF to describe the likely evolution of the fastest growing components of forecast error.

2.3 In summary
In standard 4D-Var there is effectively no cycling of errors as the prediction error covariance flatrix at

each analysis time is replaced by the st&ic . In the theoretical Kalman filter, on the other hand, cycling is
optimal, but a realistic model-error source te@m  may be required to keep error variances at a realistic level.
The RRKF incorporates some features of the Kalman filter into 4D-Var. Withirkthe -dimensional resolved
subspace, the RRKF mimics the behaviour of the full Kalman filter provided that there is a substantial overlap
between the subspaces of any two adjacent cycles KThg -dimensional covariances will then essentially
evolve according to Eq. (1) and Eg. (2). If there is little or no overlap then the resolved plafrt of  will not
evolve effectively with time. Covariances are then said to “leak” from the resolved subspace, requiring
covariances to be replenished from the static  at each cycle. Outside the resolved subspace the RRKF can be
expected to perform similarly to the standard 4D-Var.
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3. RRKF Experimentation

Early results from experimentation with the reduced-rank Kalman filter were reported by Fisher (1998a) and
by Rabieret al. (1997). These results were encouraging. However, they were also based on small samples.
More recently, longer experiments have been possible - generally with less encouraging results.

3.1 Main forecast Results
Fig. 1 shows anomaly correlation of forecast error for 500hPa geopotential averaged over the Northern

Hemisphere for a total of 131 days of RRKF data assimilation and forecast experimentation. The forecast
scores are averaged over 5 periods: 14 January 1998 to 15 February 1998; 16 December 1998 to 16 January
1999; 1 August 1999 to 5 September 1999; 15 October 1999 to 5 November 1999; and 21 December 1999 to
28 December 1999.

500 hPa GEOPOTENTIAL
ANOMALY CORRELATION FORECAST
AREA=N.HEM TIME=12 MEAN OVER 131 CASES

DATE1=19991015/... DATE2=19991015/...

95

90

851

80

75

70

65

605 1 5 3 P 3 3 7
Forecast Dav

Fig 1: Northern Hemisphere forecast scores for the RRKF (red) and the 4D-Var control
experiments (blue), averaged over 131 casesin 5 separate periods.

The control experiments were all 12h 4D-Var. The RRKF subspaces and covariance matrices were defined
using Hessian singular vectors with a 48h optimization time, an energy inner product at final time, and a 4D-

Var Hessian inner product at initial time. Singular vectors were calculated at T42 resolution and were targeted
at final time to the Northern Hemisphere. At each analysis cycle 25 vectors were used to define the subspace.

Three of the experiments included in the sample were affected by an error in the specification of the Hessian
used in the singular vector calculation. The effect of this error was to remove from the Hessian calculation all
observations from the second half of the 12 hour window. In effect, the Hessian was that of 6h 4D-Var, rather
than 12h 4D-Var. No systematic impact of this error on forecast scores could be detected. Fig. 2 shows the
mean Northern Hemisphere 500hPa anomaly correlation averaged over the experiments (55 cases) which
were not affected by the error.

The mean forecast score for the Northern Hemisphere for the RRKF experiments is nearly identical to that of
the 4D-Var controls. Mean forecast scores for the RRKF are, however, marginally positive over the north

Pacific (figure 3a). There is also small improvement at short range over North America (not shown), but this is
not maintained into the longer range. Forecast scores for Europe (figure 3b) are less skilful for the RRKF than
for the control 4D-Var experiments.
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500 hPa GEOPOTENTIAL
ANOMALY CORRELATION FORECAST
AREA=N.HEM TIME=12 MEAN OVER 55CASES 7777 4dvar
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Fig 2: Northern Hemisphere forecast scores for the RRKF (red) and control (blue), averaged over
55 cases unaffected by an error in the specification of the Hessian inner product during the singular
vector calculation.

500 hPa GEOPOTENTIAL
ANOMALY CORRELATION FORECAST
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500 hPa GEOPOTENTIAL
ANOMALY CORRELATION FORECAST
AREA=EUROPE TIME=12 MEAN OVER 131 CASES 7777 4dvar
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Fig 3: Forecast scores for the RRKF (red) and control (blue) for the North Pacific (top) and for
Europe (lower panel), averaged over 131 cases.

Experiments were conducted for the 22-day period 15 October 1999 to 5 November 1999 to assess the impact
of the dimension of the subspace used (i.e. the number of Hessian singular vectors which were calculated) and
the optimization time for the singular vector calculation. This period was chosen because, with a 25-
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dimensional subspace and 48 hour optimization time the RRKF appeared to have a slightly positive impact.
The results are summarized in figures 4 and 5 for subspaces of dimension 5,10, 25 and 50 and for optimization

12h RRKF 5
FORECAST VERIFICATION
500 hPa GEOPOTENTIAL

------- 12h RRKF 10

AAAAAAAAAAAAAAAAAAAAAAAAAA 12h RRKF 25
AREA=N.HEM TIME=12 MEAN OVER 22 CASES
DDDDD =19991015/... DATE2=19991015/... DATE3=19991015/... DATE4=19991015/. “mmme12h RRKE 50

0A00

951
90+
85+
80+
75+
70+
651

60 RS

555 1 2 3 P 5 3 7
Forecast NDav

Fig 4: Northern Hemisphere forecast scores for the RRKF for different subspace dimensions (see
legend). The singular vector optimization time for all casesis 48 hours.

FORECAST VERIFICATION
500 hPa GEOPOTENTIAL T_opt=48
ANOMALY CORRELATION FORECAST ====== T_opt=24
AREA=N.HEM TIME=12 MEAN OVER 22 CASES T opt=12
DATE1=19991015/... DATE2=19991015/... DATE3=19991015/...
00
%
95
90
85 1
80 1
75
70+
65
60
55 . , : =
0 i 2 3 4 5 6 7
Forecast Dav

Fig 5: Northern Hemisphere forecast scores for the RRKF with different optimization periods (see
legend) used in the Hessian singular vector calculation. The subspace dimension is 25 for all cases.

times of 12, 24 and 48 hours. There is no clear indication that changing either the dimension of the subspaces
or the optimization time for the singular vector calculation has a significant impact on the forecast scores.

The effect of the analysis cycling period (i.e. the length of the data assimilation window) was also evaluated.
Fig. 6 shows that the RRKF does not improve upon 6h 4D-Var. (The control in this case is the ECMWF
operational system at the time.)

An experiment was run for which the subspace was defined by 200 Hessian singular vectors, calculated at T63
resolution (rather than the usual T42). Forecast scores for the RRKF are again similar to the control
experiment, and are shown in figure 7. The increases in subspace dimension and in the resolution of the
singular vectors were made computationally possible by replacing the analysis Hessian in the singular vector
calculation by a static approximation to the covariance matrix of analysis error calculated from differences
between contemporaneous analyses from an ensemble of data assimilation experiments.
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500 hPa GEOPOTENTIAL
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Fig 6: Northern Hemisphere forecast scores for the RRKF (blue) and control (red), both with 6-
hourly cycling.

500 hPa GEOPOTENTIAL
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Fig 7: Northern Hemisphere forecast scores for an RRKF experiment using 200 Hessian singular
vectors calculated at T63 resolution (blue) and control (red). A static approximation of analysis
error covariance was used as singular-vector initial norm (instead of the Hessian).

Fig. 8 shows the rms amplitude of the temperature at model level 39 (approximately 500hPa) averaged over
all 200 vectors for 3 UTC on 20 September 2000. Superimposed is the 500hPa geopotential height analysis
for the same date. It is clear that the singular vectors tend to have amplitude in the dynamically unstable
regions, and that all such regions in the extra-tropical Northern Hemisphere contain at least one singular
vector.

Visual inspection of the Hessian singular vectors in the experiments reported on in this section revealed
relatively vertical, nearly barotropic structures, in stark contrast to those obtained with an energy initial norm.
This was also found to be the case in a study by Barkmeijat. (1999). However, more recent work has
shown that using a more realistic background error covariance matrix produces a more baroclinic singular
vector structure. The choice of RRKF subspace and the role of the initial norm will be further discussed in the
following two sections.
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RMS of singular vector amplitude, level 39 temperature 2000-09-20 03h
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Fig 8: RMS amplitude of level 39 temperature for 200 singular vectors (shaded) using a static
approximation of analysis error as initial norm, with the 500hPa geopotential height field
(contoured) superimposed.

3.2 Use of Different Subspaces
Following the results reported above, a series of 3D-Var experiments was run to evaluate the possibility of

replacing the Hessian singular vector subspace in the RRKF with unstable subspaces defined using other
techniques. The RRKF relies on an implicit mechanism to propagate the covariance matrix for the subspace
during the Hessian singular vector calculation. This mechanism cannot be used for other subspaces. Since the
object of the experiments was to demonstrate sensitivity of the analysis to the choice of unstable subspace, no
attempt was made to propagate the covariance matrix. Instead, the subspace covariance matrix was defined by
settingF = 0 andE = (1/a®)l in Eq. (4). This corresponds to an inflation of the background error variance

in the unstable directions by a factoradf . In most cases, a valife 010 was used.

To help identify the precise effect of the modified background cost function on the analysis, the background
field for each cycle of each analysis was replaced by the corresponding background field of the control 3D-Var
experiment. Thus the difference between each analysis and the control experiment was due entirely to
differences in the background cost function, and not to differences in background fields, quality control
decisionsgt cetera, accumulated from earlier cycles.

Fig. 9 shows mean Northern Hemisphere forecast scores for the control experiment, and an experiment in
which the subspace was defined by the leading 25 initial-time “energy” singular vectors (i.e. singular vectors
calculated using an energy inner product at both initial and final time and with a 48 hour optimization time).
The experiments were run for the period 15-24 October 1999. Also shown is an experiment in which the
subspace was defined by the leading 25 48-hour evolved singular vectors. Both experiments show a
remarkably small mean impact from modifying the background cost function. Mean forecast scores are nearly
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Fig 9: Northern Hemisphere forecast scores showing the effect of inflating background error in
spaces defined by initial-time energy singular vectors (blue), evolved singular vectors (green) and
the 3D-Var control (red).

as good as those of the control experiment, despite the fact that a significant modification to the background
covariance matrix has been made in a highly unstable subspace.

The effect of the modified background cost function on the analysis is shown in figure 10 for the space defined

140°W 160°W 180 160°E 140°E

Analysis Difference 500hPa height (metres) 1999-10-15 12h

120W |\ 0 120°€

100W H— A 100

Fig 10: The effect on the 500hPa height analysis (19991015-12 UTC) of inflating background error
variance by a factor of 10 in the space spanned by the leading 25 energy singular vectors. The

contour interval is 2m. Negative analysis differences are shown in blue and positive in red.

by initial-time energy singular vectors. Geopotential heights at 500hPa are modified by several metres (i.e by
large fractions of typical observation and background errors which both are less than 10 m). Fig 11 shows a
cross section of the difference in analysed temperature for the same date taken along the line 50N, 135E to
40N, 175E. Clearly, the lack of impact on mean forecast scores is not simply due to a lack of impact on the
analysis.

The forecast score for 1000hPa geopotential height over North America is shown for two consecutive dates in
figure 12. The upper panel corresponds to forecasts run from the analyses whose difference is shown in figure
10. There is a positive impact of the analysis difference on the forecast score. By contrast, the lower panel
shows a negative impact, for the subsequent date. It seems that the neutral mean forecast score for the period
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Fig 11: The effect on the temperature analysis of inflating background error variance by a factor of
10 in the space spanned by the leading 25 energy singular vectors, in a cross section through the

feature shown in figure 10.
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Fig 12: Forecast scores for 1000hPa geopotential height over North America for two consecutive
days (19991015-12 UTC top, and 19991016-12 UTC bottom) for the experiment (blue) in which the
background error variance was inflated in a subspace defined by initial-time singular vectors. The
3D-Var control isshownin red.

5-24 October 1999 results from a cancellation in the mean of significant positive and negative impacts for

individual cases.
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Two experiments using Hessian singular vectors were run for the same period. In one experiment, the
subspace covariance matrix was generated during the singular vector calculation. This is the usual RRKF
configuration. In the other experiment, the covariance matrix was defined u%inglo . The background
fields for each analysis cycle were again taken from the control experiment. Forecast scores for both cases
were very similar, and were slightly positive with respect to the control experiment. For the standard RRKF
configuration, analysis differences for 500hPa geopotential height were somewhat larger than those obtained
using energy singular vectors. They were larger still when the covariance matrix was definedzusing)

Analysis differences for temperature were smaller than those obtained using energy singular vectors. This
reflects the fact that Hessian singular vectors have a less baroclinic structure than initial-time energy singular
vectors. A cross section of the difference in analysed temperature for the standard RRKF configuration is
shown in figure 13 for the line 140E to 160W at 65N. (The cross section is taken along a different line from

Analysis Difference Temperature 1999-10-15 12h

hPa

Pressure

65.0 N LAT

Fig 13: The effect on the temperature analysis of the standard RRKF, 19991015-12 UTC. The
contour interval is0.1 K with positive differences shown in red and negative blue.

that shown in figure 11 because the leading Hessian singular vectors were not in the same locations as the
leading energy singular vectors.)

Fig. 13 shows that the structures provided by the Hessian-based RRKF are relatively barotropic, and broad in
the vertical, with a change of sign at the tropopause. Futhermore, the Hessian singular vectors have a tendency
to appear in the most data sparse areas: in the Arctic, northern Siberia and Central Pacific (Fig. 14, left panel)
- with maximum amplitude at the tropopause level (Fig. 14, right panel). The figure shows very little evidence

of singular vector amplitude in the storm-tracks in the North Pacific and the North Atlantic The reason is that
Hessian-derived analysis error tends to be small where there are at least some observational data available.

To elucidate further on the reason why Hessian SVs are relatively less frequent in baroclinic regions of the
Mid-latitudes (other than the central Pacific) error variances were cycled using Eq. (11) (Appendix A) in the
case of a rapidly developing storm. A baroclinic wave had formed in the North Atlantic and was intensifying
as it was approaching Ireland. Fig. 15 shows the resulting Hessian-based ensemble-estimate of prediction
error at the time when the developing storm has reached the Irish Sea. The estimated error shows a local
minimum at the location of the storm. The reason for this initially perplexing result can be understood through
study of the leading Hessian eigenvectors. In this case they show a pattern which partly coincides with the
structure of the storm and partly coincides with the data density distribution over north-west Europe. This
illustrates that there is a strong dynamical influence on the Hessian-based cycling of errors which can sharply
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Fig 14:. Change in effective background error standard deviations (diagnosed using the
randomisation method, Appendix A). Polar map (left) and zonal mean cross section (right).
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Fig 15: Flow dependent cycling of error variances for 20001029-15 UT + 12h using the method in
Appendix A. The panel on the left shows 1000 hPa geopotential (contoured) and the corresponding
estimated 12-hour prediction error, colour shaded from yellow (2-4m) to blue (13-14m), in steps of
2m. The panel on the right shows the leading Hessian eigenvector, propagated by 12 hours.

decrease the analysis error of the dynamically most active features in the analysis, where there is good data
coverage.

An experiment was conducted in which the subspace consisted of the single vector dubbed the “key analysis
error” by Klinker et al. (1998). That is, the direction was defined by a truncated minimization of 2-day
forecast error with respect to the initial conditions and an energy inner product. The RRKF analysis with this
subspace was essentially unmodified compared with the control analysis. Analysis differences were large-
scale patterns with an amplitude of a few tenths of a metre. This is in marked contrast to the experiments
which defined the unstable subspace using singular vectors. A further experiment was run in which the
variances were inflated by a factoref = 100 , and the number of iterations of minimization was doubled to
compensate for the resulting degradation in the numerical conditioning of the minimization problem. This too
had little impact on the analysis.

The inability of the analysis to draw in the direction of the “key analysis error” casts serious doubt on the
interpretation of this pattern as an analysis error. However, it does not rule out the possibility that in localized
regions the perturbation may coincide with analysis error, but with different amplitudes and signs in different
geographical regions, and with the addition of decaying structures which may have little to do with analysis
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error. The degree to which perturbations based on sensitivity calculations represent analysis error is an area
which has received insufficient attention, but which has important implications for the RRKF. We intend to
address this question in the near future.

3.3 Discussion
We have seen that the RRKF in its current form does not have a significant overall impact on forecast scores,

on average over large samples. This is true both of the original Hessian-based formulation and the several
variations described above. This is surprising because the RRKF specifically modifies the analysis in

sensitive, unstable regions (as shown in Fig. 8 and Fig. 10). It is also contrary to the usual experience that
changes to the formulation of the background error covariance matrix tend to have large effects on the

accuracy of the analyses and on forecast skill.

The interpretation of the results is difficult. One possibility is that the actual analysis error has little projection
on the unstable subspaces we have tried so far. For example, the actual analysis errors may initially have very
small amplitude in the directions of the leading initial-time Hessian singular vectors, so that it is not until they
have grown to several times their initial magnitude that they can be observed by the existing observing
network. By this time, their structure will no longer correspond to that of the initial-time singular vectors.

The neutral result can also be interpreted as an indication that both the energy and the Hessian initial norms
are poor approximations of the actual analysis error covariance, to the extent that the RRKF subspace is
unsuccessful in describing a substantial part ofltkéy short-range forecast error evolution. Improvements

in the characterisation of analysis error and alternatives to the standard singular vector approach will be
explored in future work. We have seen that Hessian singular vectors tend to appear in those areas that are least
well observed (the Arctic, northern Siberia and central North Pacific), i.e. where the estimated analysis error is
large and approximately equal to the background error. The spatial structure of the Hessian singular vectors in
those regions is therefore predominantly determined by the ®atic , which favours isotropic and barotropic
structures of certain horizontal and vertical scales. The RRKF to date has not been able to pin-point the most
relevant (often small scale and tilted) components of analysis error which experience tells us may occur
anywhere in the baroclinic areas at mid-latitudes. A further possible explanation is that covariance evolution is
less important than we have hitherto supposed. This is the topic of the next section.

4. Covariance evolution

The significantly better performance of 4D-Var compared with 3D-Var is widely attributed to the implicit use
in 4D-Var of an evolving, flow-dependent covariance matrix of background error. There is, however, an
alternative explanation for the improvement, as will be explained in the following.

4.1 A first-order contribution to analysiserror
Consider the 4D-Var cost function:

J= (x—xb)TB_l(x—xb) + (y—Hx)TR_l(y—Hx) (5)

where, for convenience of notation, the vecyor is taken to include all the observations used in the analysis,
and the observation operatdr  includes the model integrations required to propagate the initial moglel state
to the times of the observations. The analysis is given by setting the gradient of the cost function to zero:
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x, = (B'+H RH) (B 'x,+H Ry) ©)

Let us define the true state &s  , and the true values of the observed quantities as . We will assume that the
observation erroe, and the background eggr  are unbiased, and seek an expression for the analysis error
€, Straightforward substitution into equation 6 gives the following:

_ _ -1 _ _
= —x. +(B+H RH) (B x. +H Ry, )
_ _ -1 _ _
+(BT+H'RTH) (Bg, +H'R )

€a

Taking the expectation of equation 7, the last term vanishes, and we arrive after a little rearrangement at:

0= (B +HTR™M™) HR(y. —Hx,) ®)

Both 3D-Var and 4D-Var tacitly assume that = Hx« , so that the expected analysis error is zero. However,
this assumption is likely to be much more accurate in 4D-Var than in 3D-Var due to the inclugibn in  of the
propagation by the model of the initial state to the time of the observation. As a consequence, the expected
error of a 4D-Var analysis is likely to be smaller than that of a 3D-Var analysis.

The presence in 3D-Var of a mean analysis error means that we cannot unequivocally assign the better
performance of 4D-Var to its supposedly better covariance statistics. To further emphasize this point, we
present in Appendix D a simple theoretical example for which the covariance matrices of analysis error for
3D-Var and 4D-Var aredentical, but for which 4D-Var is nevertheless demonstrably more accurate than 3D-
Var.

Bouttier (personal communication) noted that, for a linear model and observation operators, the mean analysis
error given by equation 8 vanishes for the variant of 3D-Var known as 3D-FGAT. This is an incremental
algorithm which replaceblx in equation 5 byH(xp)+H(x-Xp), and retains the propagation of the initial state

by the model to the time of the observationdHnbut not inH. 3D-FGAT has been shown to be superior to
3D-Var, and for this reason is being used for the ECMWF 40-year re-analysis (ERA-40). This suggests that
elimination of mean error may indeed be an important factor in explaining the superiority of 4D-Var over 3D-
Var.

The absence of a mean analysis error in 3D-FGAT does not imply that the better performance of 4D-Var is
necessarily due to improved covariance statistics. To see this, we rewrite equation 6 in a form which applies to
both 4D-Var and 3D-FGAT:

- 1, .1 -
Xa = Xp+ (BT +H'R™H) H R (y—H(xy))

a

We see that, in 4D-Var, the analysis incremedqgX,,) is determined by two separate flow-dependent effects.
First, the scaled observation departlmél(y—H(xb)) is propagated back in time to the start of the analysis
window by the action ofi". This propagated departure is then acted on by the flow-dependent analysis error
covariance matrixP? = (B2+HTR™IH)™ . In 3D-FGAT, neither of these flow-dependent effects occurs,
sinceH does not contain the tangent linear model dynamics.
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In general, it is difficult to determine which of the two flow-dependent effects is dominant in 4D-Var.
However, in the example given in Appendix D it is trivial to separate them, since the example is explicitly
constructed so that, even in 4D-Var, the analysis error covariance matrix is not flow-dependent. In this case,
the demonstrable advantage of 4D-Var over 3D-FGAT comes purely from the acﬁbBinfpropagating the
background departure to the start of the analysis window. In the next section we present an experiment which
suggests that this is also the dominant flow-dependent effect in the full ECMWF 4D-Var analysis.

The improved performance, at LT511/T159 resolution (see Appendix B), of 12h 4D-Var compared with 6h
4D-Var provides a counter-argument to the hypothesis that covariance propagation may be relatively
unimportant in 4D-Var. Once again, we may appeal to mean analysis error to explain the difference. The
current observing network contains important classes of observations which report at 12 hourly intervals. This
class includes large numbers of radiosondes. With a 6 hour analysis cycle, only alternate analyses contain
these data. The intervening analyses do not. This leads to a 6 hour oscillation in the mean analysis error which
results from biased observations. It was observed that this “flip-flop” effect was greatly reduced when 12h 4D-
Var was introduced. Moreover, the largest impact of increasing the analysis cycle to 12 hours was over east
Asia, where the “flip-flop” effect is large. It is entirely possible that a reduction of analysis bias is sufficient to
explain the improved performance of 12h 4D-Var compared with 6h 4D-Var.

4.2 Extended window 4D-Var
To try to quantify the importance of covariance propagation in 4D-Var, we ran a 12h 4D-Var analysis

experiment in which the initial time of the analysis window was moved back in time by 9 hours. We call this
system “extended-window 4D-Var”. No observations were assimilated during the initial 9 hours of each
assimilation window, so that the observation cost function was identical to that of the usual 12h 4D-Var.
Background fields were taken from the appropriate time step of the preceding cycle’'s 4D-Var analysis. Note
that, since a 4D-Var analysis is a model trajectory, the background trajectory for extended-window 4D-Var is
no less accurate than in a normal 12h 4D-Var analysis. (In practice, the 4D-Var analysis is not exactly a model
trajectory due to the way in which the surface fields are analysed. Also, the low resolution trajectory which
provides the linearization state for the tangent linear and adjoint models during the minimization may be
somewhat less accurate than for a normal 12h 4D-Var. Neither of these effects are thought to have had a
significant impact on the performance of the extended-window analysis system.)

At the start of the analysis window, the background error covariance matrix in a 4D-Var analysis is equal to
the static covariance matrix specified in the background cost function. This covariance matrix is then
implicitly propagated forward in time according to the tangent linear dynamics to generate flow-dependent
“structure functions” at later times during the assimilation window. In the extended-window analysis, the
background error covariance matrix is propagated over an additional 9 hours. Except for minor differences
due to the surface analysis and the accuracy of the low resolution linearization trajectory, the additional
covariance evolution is the only difference between extended-window 4D-Var and the conventional 4D-Var
analysis. Fig. 16 illustrates extended-window 4D-Var schematically. Note in particular that covariance
evolution effectively takes place in the entire control space. Thus, the extended-window analysis sidesteps
guestions about the choice of subspace to be propagated and the choice of inner product with which to define
projection onto the subspace.

Three analysis experiments were conducted with the extended-window system. These corresponded to
different specifications of the static covariance matrix at the start of the analysis window. In the first
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Fig 16: Schematic representation of extended window 4D-Var. The analysis cycle which produces
the 0z analysis (bottom) takes its background fields from the 6z analysis of the preceding cycle
(top). However, asin a normal 12h 4D-Var analysis, observations are assimilated only during the
12h period from 15z to 3z

experiment, the8 matrix was the same as is used in 12h 4D-Var. In the second experiment, the  matrix was
multiplied by a factor of 0.84 to account approximately for the growth of forecast error variance over 9 hours.

In the third experiment, the structure of tl.e  matrix was kept the same, but the statistics were calculated
from differences between analyses from an ensemble of analyses. In other words, the covariance matrix was a
static model of analysis error. Mean forecast scores for these experiments are shown in Fig. 17. There is
essentially no impact of extending the analysis window, which demonstrates that covariance evolution may
not be the dominating effect that determines 4D-Var performance.
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Fig 17: Northern Hemisphere forecast scores for extended-window 4D-Var.

5. Developmentsin 4D-Var

The discussions in Section 3.3 emphasised the importance of thesstatic  matrix in its influence on the 4D-Var
Hessian, and therefore also on the RRKF. Improvements ta,the  -formulation are of great significance to the
performance of 4D-Var (e.g. Derber and Bouttier 1999), and its continued development has remained a
priority.
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5.1 Background error formulation
Variational background terms are commonly formulated in spectral space for reasons of computational

efficiency. Isotropic and homogeneous covariances are spectrally represented simply by a diagonal  matrix.
Non-separability between horizontal and vertical scales can also be incorporated relatively easily (&ourtier
al. 1998). However, Anderssaat al. (1998) found that the very significant advantages of non-separability (in
3D-Var) were largely offset by equally significant disadvantages due to the poor representation of the regional
variations of background error statistics (in comparisons with an Optimum Interpolation scheme with a grid-
point B ). CurrentJ, -formulation (Derber and Bouttier 1999) allows some latitudinal variation in temperature
(but not vorticity) background error statistics through its varying mass/wind coupling.

The waveletd, described in Appendix C allows the advantages of non-separability to be combined with a
degree of regional variation in the statistics. Fig. 18 shows the effective wavenumber-averaged vertical
correlation matrix for vorticity background error implied by the wavedgt  for points in North America and
over the Equatorial Pacific. The differences between the two diagrams reflect differences in tropopause height
and boundary layer depth in the two regions. Fig. 19 shows the horizontal correlation of background error for
vorticity implied by the wavele,, for North America and for the Equatorial Pacific. The wavglet  produces
significantly more large-scale correlations in the equatorial region (dashed line) than in North America (full
line). The latitudinal variation in horizontal length scales is a prevalent feature in background error statistics
(Ingleby 2001) which (for vorticity) has so far been neglected in ECMWF’s 3D and 4D-Var.

average vorticity cors average vorticity cors

model level
model level

10 20 30 40 50 T 2 ) 40 50 6
model level model level

Fig 18: Effective wavenumber-averaged vertical correlation matrices for vorticity for wavelet J, .
The panel on the left shows North America, and Equatorial Pacific is on the right. Model level
30=202 hPa, 45=728 hPa and 50=884 hPa.

5.2 Calculation of J, statistics

A new method for the calculation of background error statistics has been developed. It relies on an ensemble
of data assimilation experiments, in which the members differ because of random noise added to the
observations, in accordance with the assumed observation errors. A detailed description of the method with a
compilation of results is currently in preparation. The main feature of the ensemble statistics is that vertical as
well as horizontal length-scales are reduced, compared to statistics based on lagged forecast differences (the
“NMC-method”). A B -matrix based on a 3D-Var ensemble was implemented in operations (version labelled
21r4) in October 1999. There was an important beneficial forecast impact associated with this change, as
shown in Fig. 20. A second ensemble has recently been completed, this time using 4D-Var, with perturbations
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Fig 19: Effective horizontal correlations of vorticity background error implied by wavelet J,, for
model level 39 (~500hPa).

added also to the data used in sea-surface temperature and soil-wetness analyses. A recent change to the
vertical discretization of the forecast model and the recent increase in ATOVS data usage have also been
incorporated in the new ensemble, with noticeable effects on the obtained background error statistics. Pre-
operational testing is currently under way.
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Fig 20: Northern Hemisphere forecast impact of the ensemble-based B -matrix introduced
operationally in October 1999, averaged over 53 cases in three separate periods.

5.3 Preconditioning
The iterative solution of the 4D-Var estimation problem has so far been preconditioned according to the

background term. This is achieved through a variable transformatiorL‘l(x—xb) JLwith , defined such
thatB = LLT . A consequence of this choice is that the presence of very dense or particularly accurate
observational data may deteriorate the conditioning and slow down the rate-of-convergence of the
minimisation procedure. Anderssenal. (2000) investigated a case of poor convergence (which was found to
be due to a combination of dense Meteosat radiance data and unrealistically large humidity background
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errors) and derived an expression for the 4D-Var condition number as a function of data density and the
background-to-observation error ratio.

More recently, in experiments with additional AMSU-A data, the data coverage in the Arctic stratosphere,
where orbits overlap, became excessively dense so that conditioning, and thus the rate-of-convergence, were
severely affected. A solution to these difficulties has now been provided through the Hessian eigenvector
preconditioning presented in Appendix B. It is expected that this new feature will be highly relevant for the
successful assimilation of future high-density satellite data.

The new preconditioning procedure makes the 4D-Var algorithm significantly more efficient, and is already
benefiting the 40-year re-analysis (ERA-40). Its effect on the cost function and gradient reduction during the
minimisation is illustrated in Fig. 21.

Hessian Eigenvector Preconditioning Hessian Eigenvector Preconditioning
ERA 40 ERA 40
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Fig 21: Cost function (left) and its gradient norm (right) as a function of the iteration count, during
minimisation using the M1QN3 optimization algorithm (Gilbert & Lemarechal, 1989). The example
is taken from the 40-year re-analysis (ERA-40) which uses 3D-Var. The benefit of Hessian eigen-
vector preconditioning (red lines) compared to J;, -preconditioning (black) is clear from the faster
decrease in cost function and by the steeper reduction in gradient norm.

6. Conclusions

We have presented results showing that the RRKF, as currently formulated, has an entirely neutral impact on
forecast scores. Moreover, this result is insensitive to the dimension of the resolved unstable subspace, and to
changes in the subspace produced by varying the optimization time or the initial inner product used in the
singular vector calculation. The neutral result can be interpreted as an indication that both the energy and the
Hessian initial norms are poor approximations of the actual analysis error covariance, to the extent that the
RRKF subspace is unsuccessful in describing a substantial part of the fast-growing short-range forecast errors
in the assimilation. Attempts to use so-called “key analysis error” perturbations to define the analysis
subspace cast doubt on the interpretation of these perturbations as analysis errors. Experiments using
extended-window 4D-Var cast doubt on the conventional explanation that 4D-Var’'s superior performance
(relative to 3D-Var) results from its implicit dynamical propagation of error covariance.
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6.1 Commentson the future development of 4D-Var
The work on preconditioning as well as RRKF make extensive use of the 4D-Var Hessian. Recent study of the

leading Hessian eigenvectors has provided four results of strategic importance for the continued development
of 4D-Var:

« They arerelatively large scale. We can therefore be confident that further increases of inner-loop resolu-
tion can be achieved without deteriorating the conditioning of the problem. An inner-loop resolution of
T399 is envisaged within the next four years, or so.

« They reflect high data density. Appropriate Hessian pre-conditioning will therefore be a required ingre-
dient for the successful assimilation of future high-density satellite data in the coming years. Issues relat-
ing to the information content in new data types will require further study. This will include channel
selection, data thinning and modelling of observation error correla®ons

« They aremodulated by the tangent-linear physics. Itis therefore expected that further improvements in
the linearization of physical processes (Janiskova, 2001) will be valuable for the data assimilation per-
formance. More extensive use of the linearized physics within 4D-Var will be exploited, when the compu-
tational resources required become available in 2003.

+ They areinfluenced by the model dynamics (through covariance propagation) and by the static back-
ground error covariances. This confirms thatdje -term remains crucially important also with 12-hourly
cycling. Continued development of tllg ~ formulation and relatively frequent re-calibrations of the statis-
tics will take place.

6.2 Thefutureof the RRKF
We have hypothesized that covariance evolution may be less important than expected in explaining the

superiority of 4D-Var over 3D-Var. This does not necessarily imply that a well-formulated Kalman filter will
not bring substantial improvements in the accuracy of the analysis (although it is clearly now a priority to
guantify the potential benefits). Instead, it may indicate that we are attempting to propagate an approximate
covariance matrix of analysis error which is such a poor approximation to the true covariance matrix that the
propagated matrix is a no more realistic representation of forecast error covariance than th static ~ matrix.
Pertinent to this suggestion is the question of the overlap of initial and partially evolved Hessian singular
vector subspaces.

At each analysis cycle of the RRKF, the Hessian singular vector calculation implicitly propagates the
projection of the analysis error covariance matrix onto initial-time singular vectors. The propagated
covariance matrix valid 12 hours later forms the background error covariance matrix for the unstable
subspace. This subspace is defined by the 12-hour-evolved singular vectors. Covariances of background error
for directions orthogonal to the subspace are provided by theBtatic =~ matrix.

Leutbecher has shown (personal communication) that the projection of 12-hour-evolved Hessian singular
vectors onto initial-time singular vectors is rather small (less than 30%). This implies that much of the flow-
dependent covariance information contained in the analysis Hessian at a given cycle of analysis is not
propagated to the next cycle, since this information is known only for a space which is nearly orthogonal to
the initial-time singular vectors. As a consequence, it is largely the static covariance information which is
propagated. A recent paper by Reynattlal. (2001) explains (their figure 16) that this lack of overlap is due

to a phase difference between the evolved singular vectors (which propagate with the group velocity) and the
initial-time singular vectors (which tend to follow the individual developing storm systems, i.e. the phase-
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speed). Extended-window 4D-Var demonstrates that there is no benefit to forecast skill in propagating a static
approximation to the covariance matrix.

Recently, a new type of subspace based on Hankel singular vectors, has been proposed by Farrell and loannou
(2001a; 2001b). Their subspace balances, in an optimal way, the initial perturbations and the evolved
responses of the forecast model. In effect, the projection of the initial covariance matrix of analysis error
remains largely within the subspace as it evolves. By using this approach, we expect that the subspaces used at
successive analysis cycles would overlap significantly, so that flow-dependent covariance information would
be propagated from one cycle to the next.

We propose a two-pronged attack. The first objective will be to quantify, in a reasonably realistic environment,
the benefits which should be expected from a Kalman filter. To do this, we will collaborate with Dr
Ehrendorfer of the University of Vienna, who will compare full and reduced-rank Kalman filters with 4D-Var

in a T21 3-level quasi-geostrophic system. Observations will be taken from a “truth run” of the quasi-
geostrophic model, so that analysis errors may be quantified exactly. The second line of attack will be to
evaluate the use of approximate Hankel singular vectors to define the subspace in which covariance
information is evolved.
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Appendix A An ensemble-based Kalman filter for the propagation of variances

Following suggestions by Fisher and Courtier (1995) the analysis error covaRince is estimated using the
combined Lanczos/conjugate gradient algorithm which finds approximately the leading eigenvgctors of
the 4D-Var Hessian and the associated eigenvalyes . The leading eigenvectors describe the directions in
control-vector space in which the information from observations is most important. By applying the change of
variable operator to each eigenvector, an estinfate of the analysis error covariance in model space is
obtained:

M
-1 T
A =B+ S (A =D)LV 9)
k=1
whereM is the number of computed eigenvectors. Only the variances, i.e. the diagonal elen#ents of , are
computed.

Therandomisation method. A randomisation method can be used to calculate a low-rank estimd®e of , in
terms of model variables (Fisher and Courtier 1995). In particular the diagd®al of can be estimated by

ﬁz (LE)LE) 10

whereg; isasetoN random vectors in control-vector space, drawn from a population with zero mean and
unit Gaussian variance. Variances produced by randomisation are somewhat noisy. The amplitude of the noise
decreases @ isincreased.

Propagation in time. The simple error growth model of Savijarvi (1995) used so far in 4D-Var represents
exponential error growth of small errors and the asymptotic behaviour of large errors towards a climatological
variance (Fisher 1996). It lacks the dynamical i.e. flow-dependent effects on error growth. From Kalman Filter
theory (Eqg. (2)) we have an expression for the evolution of the prediction error covariance matrix,
Pl = MAM' + Q, where M is the tangent linear of the forecast model &nhd is the model error
covariance. Inserting the approximate formsAor Bnd from Eq. (9) and Eq. (10) into Eq. (2), we have:

N M
p' %z MLEYMLE) + T (- 1)(MLv (ML) 1)

= k=1
Eqg. (11) provides an expression for the evolution of error variances to any future time within the range of
validity of the tangent linear approximation. In the current operational context aroung 90  -vectors are
computed. By settinfN = 50 the additional cost is 90+50=140 12-hour integrations of the adiabatic tangent
linear modelM , at low resolution (e.gy 95). It is hoped that this method could replace the current simple
error-growth model and introduce the previously lacking flow-dependent effects on error growth. The viability
of the method has been demonstrated by Andersson and Fisher (1999), where example illustrations can also
be found.
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Appendix B Hessian-Eigenvector Preconditioning

The exact rate of convergence of the minimization in 4D-Var depends in a complicated way on the details of
the algorithm used and on the distribution of the eigenvalues of the Hessian matrix of the analysis cost
function. Fisher (1998b) shows that for a quadratic cost function and conjugate gradient minimization, the
following upper bound provides a good estimate of the actual convergence rate in the ECMWF analysis:

n
[e™]3 < ZSJ/E_:E 165 (12)

Here, e(”)Hﬁ" is a measure of the error remaining in the solution after n iterations of minimizatior, and is
the condition number (i.e. the ratio of the largest to the smallest eigenvalue) of the Hessian. By expanding this
expression as a power serieslifk , and truncating to first order, we arrive at an estimate of the number of
iterations of minimization required to reduce the Hessian-norm of the error by asfactor

<1
n= 2A/Eln & (13)

(Currently, the cost function in the ECMWEF analysis is not quadratic, and the quasi-Newton minimization
algorithm M1QN3 (Gilbert and Lemarechal, 1989) is used. As a consequence, the number of iterations
required to achieve a given error reduction is roughly twice the estimate given above.)

Consider a general inner produdt.(p |, defined by:

.9} = p'Pqg (14)

whereP is a positive-definite symmetric matrix.

Expressing the analysis cost function as a Taylor expansion with respect to this inner product, we have:

I(Xo+8X) = I(Xg) + B, Opd + [BX, 3 X+ O(BX°) (15)

Both the gradient and the Hessian are dependent on the choice of inner product. In particular, the Hessian with
respect to the P-inner product is related to the Hessian with respect to the Euclidean innerJproduct, , via:

I =Py (16)

The quasi-Newton minimization algorithm M1QN3 allows the user to precondition the minimization by
specifying the inner product to be used during the minimization. The optimal choRe=isl; , since the
Hessian with respect to the P-inner product is then the identity matrix, which has the smallest possible
condition number of one. However, it is not possible to use the Hessian matrix itself as a preconditioner, since
the minimization algorithm requires th& is easily inverted. We therefore choose an approximation to the
Hessian.

Fisher and Courtier (1995) show that an approximation to the Hessian of the cost function may be constructed
from its leading eigenvalues and eigenvectass, @nd . This approximation is already used in the analysis
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system to estimate the variances of analysis error. The leading eigenvalues and eigenvectors are determined
using a Lanczos algorithm (Lanczos 1950). Moreover, since the leading eigenvectors are large-scale patterns,
they may be determined accurately, but cheaply, at low horizontal resolution.

Hessian eigenvector preconditioning (Fisher and Courtier, 1995) defines the minimization inner product as:

K
P=1+ z (uk—l)vkvl (17)
k=1

Here,v, are the leading eigenvectors}pf . The coefficigpts  have yet to be defined.

The inverse ofP is given by replacing,  b¥%/p, in equation 17. (This is a consequence of the
orthonormality of the eigenvectors.) So, substituting ot in equation 16, and replagcing by its full
eigen-decomposition (with eigenvalues arranged in descending order) we have:

K
F = E+ > Di—lgvkvkmgz ANV (18)
0 &, M 0 0

Using the orthonormality of the eigenvectors, this may be written as:

K N
E = z %ﬁ—%vkvl + z )‘kaVI (19)
k=1 'K k=K+1

That is, the preconditioned Hessigh has the same eigenvectors as the un-preconditionedifiessian  , but
the leadingK eigenvalues are reduced by facfgrs. pg . By choosing these factors Bg/that A 11 ,
we produce a preconditioning which reduces the condition number of the Hessian by a facigi . (Note
that the preconditioning effect is relatively insensitive to the precise choice of the parameteps ,
provided that they respect the boupg >\ /A . However, too-large valugs; ofuy may make the
computations which use the preconditioner ill-conditioned and subject to excessive rounding error.)

Clearly, the effectiveness of the preconditioner increases monotonically with the number of vectors used.
However, this must be offset against the computational cost of calculating, manipulating and storing the
eigenvectors. The eigenvalue spectrum of the Hessian for the ECMWF analysis decreases rapidly for the first
few eigenvalues, so that two or three eigenvectors are sufficient to reduce the condition number by a factor of
two. However, the spectrum flattens out, so that typically around 25 vectors will reduce the condition number
by a factor of six or seven. In the ECMWF system 25 vectors represents a reasonable compromise between
effective preconditioning and the additional cost of manipulating the preconditioner. The factor of six or seven
decrease in the condition number corresponds to a decrease by a factor of roughly 2.5 in the number of
iterations of minimization required to achieve a given level of accuracy in the minimization. This has also
been demonstrated in practice as shown in Fig. 21.
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Appendix C Wavelet J, Formulation

It is well known (Phillips 1986, Bartello and Mitchell 1992) that the vertical and horizontal scales of
background error covariance are non-separable: large horizontal scales tend to have deeper vertical
correlations than small horizontal scales. It is essential to retain this property in the covariance model for
background error in order to achieve a correct description of the covariance structures for both wind and
temperature (Rabiest al. 1998; Anderssomt al., 1998). Courtieet al. (1998), Derber and Bouttier (1999)
achieve a non-separable model of background error covariance matrix by specifying different vertical
correlation matrices for each total spherical wavenunmber . However, for variables which are unmodified by
the balance operator (in particular, for vorticity), the covariance model is isotropic and homogeneous.

It is also well known that horizontal and vertical correlations vary geographically (Lonnberg 1988).
Horizontal scales tend to be broader in the tropics than at high latitudes, as a consequence of atmospheric
dynamics (Ingleby 2001). Correlation scales have also been shown to be influenced by variations in data
density (Bouttier 1993).

Derber and Boulttier's formulation (the curregy ) may be seen as one end of a spectrum. It allows full
resolution of the variation of vertical correlation with horizontal scale (as measured by ), but it allows no
horizontal variability of the vertical correlations. At the other end of the spectrum is the separable formulation
which allows full horizontal variation of the vertical correlations (we may specify a different vertical
covariance matrix for each horizontal grid point), but has no variation of vertical correlation with horizontal
scale. The wavele, achieves a compromise between these two extremes and allows a degree of variation of
vertical correlation with both wavenumber and horizontal location. Moreover, it also allows horizontal
variation of horizontal correlation.

The multivariate aspects of the wavelgt  are identical to those described by Derber and Bouttier (1999).
Cross-correlations between mass and wind are described by a statistically-derived “balance operator” which
subtracts from the temperature, log(surface pressure) and divergence, the components which can be explained
by the vorticity. The residual “unbalanced” fields, together with vorticity, specific humidity and ozone, are
treated univariately. The differences between the wavglet  and the cagrent  formulation lie in the different
treatment of these univariate covariances, which we now describe.

The waveletJ, is based on a wavelet expansion for the sphere. In recent years, there have been several
attempts to formulate such an expansion. Frequently, an orthogonal basis is sought. However, any such
orthogonal basis will necessarily manifest some form of “pole problem”, making it unattractive for use in a
spectral model. Recently, Freeden and Windheuser (1996) have suggested defining spherical wavelets in terms
of convolutions with radial basis functions (i.e. functions of great-circle distance, ). Such wavelets are free
from “pole problems”, but are non-orthogonal.

Freeden and Windheuser’s idea is to generate wavelets from a family of bell-shaped radial basis functions
o;(|r)) . Freeden and Windheuser define the functions in terms of a single generator function. This has

advantages when considering infinite expansions of functions on the sphere, since it makes the wavelet
expansion easier to handle mathematically. In the case of a finite wavelet expansion, this restriction is not
necessary. Instead, we may define a sequence of “cutoff” wavenumibers Ntk , ; ) and require that

the spectral transform df;(|r|)  satisfy
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¢j(n)=0 forn> N;

(20)
$j(n)=1 forns< N;_1

The wavelets are defined in termsfgf{n)  {agn) = /q“)jz(n) —612_1(n) .Note hat  is zero outside that the

rangeN;_; <n<Nj,; . So, convolution withp;(|r|) ~ results in a spectral bandpass filtering. Furthermore,
wi(|r]) is itself a radial basis function which decays with great-circle distance. So, convolutionpy(jth

may also be thought of as a localized spatial averaging. In other words, convolutiom \ith achieves the
simultaneous localization in space and wavenumber which is the hallmark of a wavelet transform.

The non-orthogonal wavelet expansion of a function on the spt{®/® is defined as the set of functions
fi = fO0y; (where O denotes convolution). These functions have finite spectral truncations. They may
therefore be represented exactly on grids of appropriate resolution. The vadipe of  at a given grid point is a
localized spatial average df at nearby points.

An important property of the wavelet transform is tiat may be reconstructed from its transform by further
convolutions withy;(Jr|) :

f = ijDqu (21)
J

This is easily proved by taking the spectral transform of the right hand side of equation 21:

zf (m, N;(n) = Zf(m Ny, "™ (22)
= Zf(m n)(<]5 (n) - <15,_1(n))

The final sum collapses to leave only:

f(m, n(®5(n) - d5(n)) (23)

The result holds if we definé;(n) = 1 On  ag(n) = 0 On

This property (equation 21) of the wavelet transform means that to reconstruct the fuhction from its
transformf; , we apply localized spatial averaging to each of the functions  before summirjg over . Itis this
property which allows us to construct the wavéjget

The wavelet), , like the currer®;, formulation, defines the background error covariance matrix implicitly via
a change of variablel. . The minimization is carried out in terms of a control varjable  for which the
background cost function i, = %XTX . The departures of model variables from the background are given by
X-Xp = Lx. In the waveletd, , the control vector is defined in the wavelet space as a set of fur)qtions , and
the background cost function is

1 T
Jp = EJZ (24)
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The univariate part of the change of variable consists of the following steps. First, each vertical colgmn of

for eachj is multiplied by the symmetric square-root of a square matjx, 6) whose columns have
dimension equal to the number of levels. In principle, there is one such covariance matrix for each grid point
for eachj . In practice, to reduce the computer memory required to store them, the matrices are stored on
coarser grids and interpolated to the grid points as needed.

Next, the functionsC’ %\, 8); are convolved with the wavelet functigngr|) and summed according to
equation 21. The matriceSj(A,8)  account for both the vertical and horizontal correlations of background
error. So, the reconstituted function must be multiplied by the standard deviations of background error, and
operated on by the balance operator to restore mass-wind cross-correlation. These last two steps of the change
of variable are identical to the corresponding steps of the cugyent  formulation.

It is convenient to write the change of variable in matrix form:

172

L = KSyZ, S, (WoSeCo~ W, 8,C, Y % wis,c.Y ) (25)

whereK is the balance operator ahg is the diagonal matrix of standard deviations of background error.
Subscriptsj indicate the sequence of wavelet functions.jFo0 the wavelet function is broad and its
spectral transform is limited to the lowest wavenumbers. jFerJ , the wavelet function is narrow, and its
spectral transform is limited to the highest resolved wavenumbers. The masices represent spherical
transforms from the grid appropriate to the spectral truncation imposed by convolutionpyjth . The
convolutions are represented by the matriggs , which are diagonal (in spectral space). The @atrices  are
block diagonal with one block for each variable and for each horizontal grid point. These blocks are the

matricesC;(A, 6) . The background error covariance matrix is gived byL LT . That is,
_ -1 TideTe Ty T
B = KS;Z,S; 0 ¥S,CiS|¥aS) 25K (26)
]
To understand the effect of the wavelgf , we will consider the matrix represented by the sum (in

parentheses) in equation 26, since the remainder of the matrix is identical to the gyrrent  formulation. We
note also that the curredt  formulation corresponds to replacing the term in parentheses in equation 26 by a
block diagonal matrix whose blocks vary with total wavenumber. Each block in this formulation is a
matrixH,V,H. , whereV,, is the vertical correlation matrix for each total wavenumber ,Hand is a
diagonal matrix whose elements are the modal variances at each leyel. ( defines the horizontal structure
functions.)

For the wavelet), , consider first the case in which the matricgs, 6) are independent of latitude and

longitude. ThenC; commutes with the spherical transform, and we arrive at the following expression for the
correlation between coefficients for different wavenumbeys ( nand ) and leyels (k, and ):

S 000 (C), (@)
]

Note that the wavelel, does not assume that different total wavenumbers are uncorrelated. For the particular
casen; = n, = n , we have
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ij(n)(cj)kl, K, (28)
J
Now, §; is zero outside that the rangg _; <n<N;,.; . So, for N; , only the terms involving and
¥ 41 contribute to the sum, whereas fox N; , only the terms involing  @nd; contribute to the sum.

Furthermore, it is easy to show th@f(n)+§?,;(n) =1  fo<sns<N;.; , add(n)+d7_(n) =1 for
Nj _1sn< NJ .

So, equation 28 represents an interpolation between a pair of maiices , each of which may be thought of as
equivalent to the matrix- NJ_VNJ_HLJ_ of the current formulation. Thus, the wavélet retains the non-
separability property of the current formulation, but at a reduced spectral resolution determined by the widths
of the wave number rangés;,N; , 1]

Note that it is the choice of the bandwidtfi;,N; , ] which determines the trade-off between spectral and
spatial resolution. If the bands are narrow, the corresponding wavelet functions are not spatially localized. In
the limit of one band per wavenumber, the wavdjet  is identical to the cuigent . On the other hand, a single
band containing all wavenumbers corresponds to a delta function on the sphere. That is, full horizontal
variability of vertical correlation is allowed, but no variation of vertical correlation with horizontal scale is
possible. (The horizontal correlations would also be very poorly described in this case.) A mathematically
precise “uncertainty principle” for radial basis functions on the sphere is given by Freeden et al. (1998).

Next, for simplicity, assume that the grids used to represent the fungtions  are the same for all values of
(le. S;=S; for all j). This does not affect the covariance model, just the storage and calculation
requirements. In this case, if we transform the matrix represented by the sum (in parentheses) in equation 26
to grid space, we get

T (STWS)C,(n, 0)(STW;S)’ 29)
J

The matricess‘les represent convolution with the radial basis funaig|) in grid space. So, each term
in the sum represents a weighted horizontal averaging, or smoothing, of the matiit&) . The smoothing
is appropriate to the scales representedbi), 6) . If we consider a single horizontal grid point, we see that
both the vertical correlation matrix and the horizontal structure function are determined by a localized average
of nearby matrices;(A,6) . In other words, the wavelgt  achieves horizontal variation of both the vertical
correlations and the horizontal structure functions.

To compare the vertical and horizontal correlations of the waviglet ~ and the cugrent | it is convenient to
construct “effective” matricesi,V,H; fromthe wavelgt for a given latitude and longitude. We did this for
figure 18 and figure 19 by first interpolating the matri@"§2(>\, 0) for gach to the selected latitude and
longitude using bilinear interpolation, and then constructing the effeethxenHI matrix by interpolating in
wavenumber using the coefficienmi;jz(n) . Note that bilinear horizontal interpolation was used for
computational convenience. Strictly, to faithfully reproduce the wavelet structure functions, the horizontal
interpolation should use weighted averaging of nearby matrices, with weights giué(l\l’py
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Appendix D There is More to 4D-Var than Covariance Evolution!

Consider a 4D-Var analysis at some timje  of a linear system for a case in which we have a single observation
of the entire state at some time>t, . With this simplification, the 4D-Var cost function becomes:

To-1 To-1
‘]4dVar = (X - Xb) B (X - Xb) + (y -M tox) R (y -M tox) (30)
whereM  is the resolvent of the dynamics for the interyak <t,

The analysis corresponds to the minimum of the cost function. Setting the gradient of the cost function to
zero, and rearranging slightly, we find that the analysis is given by:
-1 T-1 -1 -1 T4-1
Xa= (B +M 'R"M) (B x,+M;R"y) (31)
An equation for the analysis erreg  is easily derived from equation 31 by wixiing x« + €5, X, = X« + €
andy = y. +¢, , where the subscript denotes the true state. Note that, for a perfect ynodel £ X
This allows us to simplify the equation for the analysis error to:
-1 To-1 -1 4 To-1
€= (B " +M 'R "M) (B g, +M R ¢)) (32)

The covariance matrix of analysis error is therefore:

-1 To-1 -1
PZdVar(ta) = (B -I_MtO R Mto) : (33)

A 3D-Var analysis for this system corresponds to repladhg by the identity matrix in equation 31. The
corresponding equation for the 3D-Var analysis error is:

_ -1, _ -
e, = (B +R ™) (B'g,+R g, + R (M —1)x,) (34)
Note that the 3D-Var analysis error contains an additional, first order &FogM — | )Xt , Which is not present
in 4D-Var. However, since the covariance matrix of analysis error is defindgegs &) (e,— &) 'O , the

first order error does not contribute to the covariance matrix, which is given by:

_ 1.-1
Paavar(ta) = (B +R™ (35)

Now, suppose that the resolvent of the dynamics is an orthogonal matrix, and that the covariance matrices of
observation error are proportional to the identity matrix. Consider the evolution of the covariance matrices
during the analysis. For a perfect model, the background error covariance evolves as:

P°(t) = M,BM/ (36)
However, sinceB is proportional to the identity matrix, it commutes with . Furthermore, $ince is
orthogonal, we havdée'ltMtT = | .Hence, in this contrived examilkecovariance matrix of background error

does not evolve:
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P°(t) = B. 37)

Next, consider the covariance matrix of 4D-Var analysis error (equation 33). Again, ince is orthogonal
andR™ is proportional to the identity matrix, we find that:

— 1.-1
PidVar(ta) = (B e R 1) : (38)

That is, the covariance matrix of analysis error for the 4D-Var analysis is identical to that of the 3D-Var
analysis. Moreover, the covariance matrix of analysis error is itself proportional to the identity matrix. Now,
for a perfect model, the covariance matrix of forecast erroPfig) = M Pt )M . But, smge is
orthogonal andP?(t,) is proportional to the identity matrix, we find tthetcovariance matrix of forecast

error is constant:

P'(t) = P(t). (39)

In summary, this example demonstrates an idealized system for which there is no covariance evolution, and
for which the covariance matrices of analysis error for 3dVar and 4dVar are identical. It is neverthless the case
that the 4dVar analysis is more accurate than the 3dVar analysis. This is in part because the 3dVar analysis
contains dirst order error which is not present in 4dVar. The extent to which reduction of first order error
explains the superior performance of the ECMWF 4dVar, relative to the 3dVar system, remains an open
guestion.

The first order error of 3dVar may be eliminated using the 3dFGAT method described in section 4.1. For the
example presented here, the 3dFGAT analyis equation may be written as:

Xq = Xp+ PaR_l(y—Mtoxb)

a

Written in this form, the corresponding 3dVar and 4dVar analysis equations are respectively:

Xq = Xp*+ PaR_l(y —Xp) (3dVar)

and X, = X+ PM tTOR_l(y —M Xp)  (4dvar).

a

Note that both 3dFGAT and 4dVar propagate the background to the time of the observation using the model.
However, only 4dVar correctly propagates the background departure to the time of the analysis, using the
adjoint dynamics. Thus, 4dVar is superior to 3dFGAT in this example. This superiority is not due to
covariance propagation, since the covariance matrix of analysis error is identical for both analyses.

Fig. 22 illustrates the example given above for the case in which the state is a single two-dimensional vector,
andM; corresponds to rotation by an ang(e) . For simplicity, the variances of background and observation
error are assumed to be equal, and the observation and the evolved background are in the same direction.
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M Ty

Xy (background at t=0)

Xg (4D-Var analysis)

X5 (3D-FGAT analysis)

X5 (3D-Var analysis)

Mx Evolved background

y (observation)

Figure 22: Schematic representation of an analysis system for which the covariance matrices of error for 3dVvar
and 4dVar are identical, but for which 4dVar is nevertheless superior to 3dVar.

The 4dVar analysis is optimal, and is given by equation 31, which for this example may be simplified to
Xa = (Xp+ MT(y-be))/z. The analysis is in the same direction as the background. The 3dVar analysis, on
the other hand, is given by, = (x,+y)/2 . This averaging of an observation valid=at, with the
background (valid at = 0 ) produces an analysis which is incorrectly rotated with respect to the background.
The 3dFGAT analysis is given by, = (x, + (y-Mxp))/2 . This is also rotated with respect to the background.
The error covariance matrices are identical for all three analyses.
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