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Abstract  Using the two-dimensional shallow water equation model and model simulated data, a set of numerical experiments
were conducted to evaluate the impacts of three different specification schemes of the background error covariance matrix on the
four-dimensional variational (4DVAR) data assimilation in the case of different observation densities and observation errors.
The three schemes are as follows: (1) for a single control variable, the background error covariance is assumed to be a diagonal
matrix; (2) the background error covariance is simplified to a Gaussian form with the homogeneous and isotropic assumptions;
(3) the background error covariance is restructured through using the ensemble forecasts and the solving of the inverse of the back-
ground error covariance matrix is carried out by using the singular value decomposition (SVD) technique. The results show that the
background error covariance plays an important role in 4DVAR data assimilation. When the observational spatial density is not high e-
nough. there is no satisfied analysis available if the background error covariance matrix is simply reduced to a diagonal matrix. The
Gaussian filter scheme has the ability to improve the analysis accuracy, but this it is sensitive to the length scale of background error
correlations. The third method shows a stable performance. In this method, the background error covariance matrix is calculated im-
plicitly so the computation of the inverse of background error covariance matrix is avoided. When observations are sparse or large errors
exist in the observations, the third method will behave better compared to the other two methods.

Key words Data assimilation, Background error covariance, 4D variation, Ensemble forecasts, Singular value decomposition
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Fig. 1

Model-produced “true” initial fields (a) and imperfect initial state (b)

at the starting time (z=0) of the first assimilation cycle (Contours are every 30 m for the height fields.

Vectors are for the wind fields, and the vector scale (10 m/s) is labeled at the bottom of each panel)
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dash line: the fitness results with Gauss function)
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Fig. 3

Height rms errors index (a) and wind rms errors index (b) plotted as functions of

cycle number (n) in experiment 1 (all height observations at each grid points are available;

Scheme 1: solid line; Scheme 2: dash line; Scheme 3: dot line)
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Fig. 8 Same as Figure 5 except that the observation error is doubled
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Fig. 9 Same as Figure 5 except that only 101 height observations are available

5 4 ik

— A T B DR 22 U T 22 AR Y S5 A 7R = 4R
3 BT[] A Hh S B ke E P A A T A SO R
B UL & X O 4 AR 23 BRI A AR T 2 R
Wi o 25 ULI 1Y 2 8] % RE BRI BT PR 3 K 7Y IR
22 PIb 7 22 B 2 1 X A A A 3 1) [ A ROR A 4
o R 22 DI 5 25 I 1) AR TR A D e 30T i DB 1 O
LS IR TSR AN O (B AT LU AR s (R fh 45
AN T SO SR 22 A K R BE B EORR 2R
REMZ LB ir 2t T 5 DR 22 AR K 8 L n] B A B 4
1 Rl 2R o AR SORE R 2 [] A6 7 2 Fl ADVAR A 25
o gy —FAE ADVAR ARORI AR IR B T A2 (9 75 5
RIEVI T AR SN U7 5 TR P R R E T
Tr 22 IE AN DA S O 20 BUAE H AR s B0t it
T W RIREN I 2R Ak E . T

T RRAERL BB SR A LI B AT DL A D G I
MBI X — 7 15 219 BB I 45 2R . %07 IR W
R 22 B SR L AR /D o B2 B T TR A 0 5%
75 LRI 25 i TR o (EURBRAE T T A B4k
LA HIREA L8 22 15 DK 23 A A2 i 3 T AT 1) 7
S5 i) JRE T IR 2 A R ) RO 3R 22 L 3k BRI 1 20 A
R BE B4 51+ S 0T AT AE ) — 1 [R)E

References

Cao Yanhua, Zhu Jiang, Navon I M, et al. 2007. A reduced order
approach to four-dimensional variational data assimilation using
proper orthogonal decomposition. Int J] Numer Meth Fluid, 53
1571-1583

Cohn S, Todling R. 1996. Appropriate data assimilation schemes for
stable and unstable dynamics. J Meteor Soc Japan, 74. 63-75

Daley R. 1991. Atmospheric Data Analysis. Cambridge University
Press, 457pp



1132

Dee D P, Da Silva A M. 1999. Maximum-Likelihood estimation of
forecast and observation error covariance parameters. Part | .
Methodolodgy. Mon Wea Rev, 127, 1822-1834

Derber J, Rosatti A. 1989. A global oceanic data assimilation sys-
tem. ] Phys Oceanogr, 19; 1333-1347

Evensen G. 1994, Sequential data assimilation with a nonlinear qua-
si-geostrophic model using Monte-Carlo methods to forecast er-
ror statistics. ] Geophys Res, 99: 10143-10162

Evensen G. 2003. The ensemble Kalman filter: Theoretical formu-
lation and practical implementation. Ocean Dyn, 53: 343-367

Farrell B F, Ioannu P J. 2001. State estimation using a reduced or-
der Kalman filter. J Atmos Sci, 58: 3666-3680

Fisher M. 1998. Development of a simplified Kalman filter. ECM-
WF Technical memorandum 260. Available from ECMWF,
Shinfield Park, Reading RG2 9AX, United Kingdom

Gandin L S. 1965. Objective Analysis of Meteorology Fields (in
Russian). Israel Program for Scientific Translation. 242pp

Gong Jiandong, Wei Li, Tao Shiwei et al. 2006. Accurate estima-
tion and application of 3-D error covariance structures in global
data assimilation. Part [ : Accurate estimation of error covari-
ance in observation space. Acta Meteor Sinica (in Chinese), 64
(6): 669-683

Gong Jiandong, Zhao Gang. 2006. Accurate estimation and applica-
tion of 3-D error covariance structures in global data assimila-
tion. Part [l : Background error covariance structure adjust-
ments and numerical experiments. Acta Meteor Sinica (in Chi-
nese), 64(6): 684-698

Hamill T M, Snyder C. 2002. Using improved background-error co-
variances from an ensemble kalman filter for adaptive observa-
tions. Mon Wea Rev, 130: 1552-1572

Holliingsworth A, Lonnberg P. 1986. The statistical structure of
short-range forecast errors as determined from radiosond data.
Part 1. the wind field. Tellus, 38A: 111-136

Houtekamer P L, Mitchell H L. 2001. A sequential ensemble Kalman
filter for atmospheric data assimilation. Mon Wea Rev, 129 123-
137

Le Dimet F X, Talagrand O. 1986. Variational algorithms for analy-
sis and assimilation of meteorological observations; Theoretical
aspects. Tellus, 38A: 97-111

Lewis L, Deber J. 1985. The use of adjoint equations to solve a var-
iational adjustment problem with advective constraint. Tellus.
37A: 309-322

Lonnberg P, Holliingsworth A. 1986. The statistical structure of

Acta Meteorologica Sinica SZ%4Rk 2009,67(6)

short-range forecast errors as determined from radiosond data.
Part II; the covariance of height and wind error. Tellus, 38A.
137-161

Lorenc A C. 1988. Optimal nonlinear objective analysis. Q J] R Me-
teor Soc, 114: 205-240

Lorenc A C. 2003. Modeling of error covariances by 4D-VAR data
assimilation. Q ] R Meteor Soc, 129: 3167-3182

Park S K, Zupanski D. 2003. Four-dimensional variational assimila-
tion for mesoscale and storm-scale applications. Meteor Atmos
Phys, 82: 173-208

Parrish D F, Derber ] C. 1992. The national meteorological center's
spectral statistical-interpolation analysis system. Mon Wea
Rev, 120 1747-1763

Qiu C, Chou J. 2006. Four-dimensional data assimilation method
based on SVD: Theoretical aspect. Theor Appl Climat, 83:51-
57

Rutherford I D. 1972. Data assimilation by statistical interpolation
of forecast error fields. ] Atmos Sci, 29: 809-815

Stephen E C. 1997. An introduction to estimation theory. ] Meteor
Soc Japan, 75: 257-288

Talagrand O, Courtier P. 1987. Variational assimilation of meteoro-
logical observations with the adjoint vorticity equation I; Theo-
ry. QJ R Meteor Soc, 113: 1311-1328

Tippett M K, Chang P. 2003. Some theoretical considerations on
predictability of linear stochastic dynamics. Tellus, 55A; 148-
157

Verlaan M, Heemink A W. 1997. Tidal flow forecasting using re-
duced rank square root filters. Stoch Hydrol Hydraul, 11 (5):
349-368

Zhang S, Anderson J L. 2003. Impact of spatially and temperally
varying estimates of error covariance on assimilation in a simple
atmospheric model. Tellus, 55A: 126-147

Zou X, Vandenberghe F, Pondeca M, et al. 1997. Introduction to
adjoint techniques and the MMS5 adjoint modeling system.

NCAR Tech. Note. NCAR/TN-435-STR, 107pp

Bt e 325 % S

LB B R 2006, 4 R VORI ML th 52 B 07 25 = 4 2
BB 5 00 T UL 2 ) 7 2 0 e T T %%
. 64(6): 669-683

SR BRI 2006, BRI o 1825 D J7 2 = 4 46 4 o 9 £
B I <95 552 U 2 T8 86 5 MR B 40T % .
64(6): 684-698



