
Form ApprovedREPORT DOCUMENTATION PAGE OM6 No. 07o0"188

Pubhic repOrting burden foe this collection of Information is estimated to average I hour per re"sponse, induding the time for revi.ewin<g I.nsztuctonsr, searching exitng data sources,
gathering and maintaining the data neeed: and comrp.etingJ and reviewing the coliection of Information. Send comments re:garding thiS burden estimate or any _othr a.spect of this
collection of information, induding suggestions for reducing this burden, tO Washington Headquarter' Services. Dirctoae eee~toe informatin Operations and RepOrts. 1215i: Jeff erson
Davis Highway. Suite 1204. Arlington. VA 2220243CI2o and to the Office of Marbagemens and Budget. Paper'wori Reduction roet P( (0704-0188).WashingtOn. DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

4. TITLE AND SUBTITLE '5. TUNDING NUMBEIS

,F1.e t,>-6 4 F~.--, N000141/- Oe- 1-136, 1

6. AUTHOR(S)

W er Is /0

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) B. PERFORMING ORGANIZATION

D.. E.S(ES" "REPORT NUMBER

tech~e Is

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES

17 r 7TC"t7 ""T A
• ?po i .cd 1or iPublic P:• "" P

12a. DISTRIBUTION /AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)

Research under tlis grant, an extension of Grant #N00014-98-1-0813 that supported the
completion of thý Ph.D. thesis of Christopher L. Wolfe, focused primarily on
computations of instable nonlinear periodic solutions, time-dependent normal modesI

(Floquet vectors); and singular vectors in a two-layer quasi-geostrophic channel model.
The model was sfudied in a strongly nonlinear regime, in which small disturbances to an
unstable, steady, 0zonal, baroclinic shear flow grow to finite amplitude and continue to
vacillate irregulai'ly for arbitrarily long times. The computation of time-dependent,
normal-mode disiturbances to unstable, nonlinear, time-periodic basic flows in a high-
dimensional geophysical fluid model opens a new perspective on the analysis of
disturbance groxwth in time-dependent flows, and on the closely related problem of error
growth in predictive models of time-dependent flows.

14. SUBJECT TERMS 15. NUMBER OF PAGES

16. PRICE CODE.

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF-ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT

NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)



FINAL TECHNICAL REPORT

ONR GRANT #N00014-06-1-1369

PI: Roger M. Samelson
Title: Predictability and Dynamics of Geophysical Fluid Flows - GRA Extension

Research under this grant, an extension of Grant #N00014-98-1-0813 that supported the
completion of the Ph.D. thesis of Christopher L. Wolfe, focused primarily on
computations of unstable nonlinear periodic solutions, time-dependent normal modes
(Floquet vectors), and singular vectors in a two-layer quasi-geostrophic channel model.
The model was studied in a strongly nonlinear regime, in which small disturbances to an
unstable, steady, zonal, baroclinic shear flow grow to finite amplitude and continue to
vacillate irregularly for arbitrarily long times. The computation of time-dependent,
normal-mode disturbances to unstable, nonlinear, time-periodic basic flows in a high-
dimensional geophysical fluid model opens a new perspective on the analysis of
disturbance growth in time-dependent flows, and on the closely related problem of error
growth in predictive models of time-dependent flows.

The results of this one-year extension confirm and extend the results reported for the
previous Grant #N00014-98-1-0813. In the strongly nonlinear regime, unstable periodic
solutions were identified and computed using an efficient Newton-Picard method. The
complete Floquet and singular vector spectra were computed for strongly nonlinear
cycles and the dynamical structure of the resulting modes were analyzed. The Floquet
vectors fall into two classes with direct physical interpretations: wave dynamical (WD)
modes and damped-advective (DA) modes. Singular vectors were computed and
analyzed in terms of the two classes of normal-mode solutions, and showed a similar
dynamical splitting. A new, efficient method was developed for the recovery of
Lyapunov vectors from singular vectors, which promises the possibility of computing
Lyapunov vectors directly for the first time for very large systems such as numerical
weather prediction models.
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