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LONG-TERM GOALS
To improve forecasting of nonlinear systems given imperfect models, through developing and application of the theory of indistinguishable states, and shadowing, to ensemble and probabilistic forecasting.

OBJECTIVES
To determine the feasibility of using shadowing techniques in operational weather forecasting. In particular, to implement shadowing algorithms with the Naval Operational Global Atmospheric Prediction System (NOGAPS), and to investigate whether these algorithms provide useful information about analysis and model error. To investigate using indistinguishable states for ensemble generation and probabilistic forecasting.

APPROACH
Shadowing trajectories are solutions of forecast equations that are consistent with observations over a period of time. Clearly, one cannot hope to provide reliable 4 day forecasts if one cannot consistently shadow past observations for 4 days. How long, and how accurately, a forecast model can shadow observations is a measure of how good the model is. Furthermore, systematic failure, or particular failures, to shadow observations is a diagnostic of model error. 

The techniques being employed in this project come from the general theory of indistinguishable states. This theory implies that in nonlinear systems, shadowing trajectories play an important role in assessment of model error and obtaining good state estimates.

The first aim of the project was to implement algorithms for finding shadowing trajectories in NOGAPS. It had been previously established that Gradient Descent of Indeterminism had worked well with a simple T21L3 quasi-geostrophic model, so our first aim was to adapt this algorithm to NOGAPS and test its performance.

Having developed and tested a shadowing algorithm, the next goal was to investigate what information it provided about model error, by examining shadowing of past operational data. This may reveal model error in NOGAPS.

A further goal was to investigate indistinguishable states in global circulation models (GCM). Indistinguishable states are states of a forecast model that, because of observational uncertainty, are indistinguishable from the "true" state. It was intended to investigate the nature and structure of these in GCMs, including simple quasi-geostrophic models and NOGAPS if possible.

Several scientists at NRL have been involved with this project, including: Carolyn Reynolds, who has been involved with the NOGAPS and quasi-geostrophic experiments; Thomas Rosmond, who has instructed Judd on the running of NOGAPS and assisted in examining and interpreting results; Joao Teixeira, who has provided useful insights in discussions of model physics; and Craig Bishop and Rolph Langland who have also provided useful discussions about results. Leonard Smith of the London School of Economics, and Oxford University, is a continuing collaborator of Judd on the theory of indistinguishable states. Irregular discussions with Smith on the progress of the project have occurred throughout the year at incidental meetings, such as: EGS/AGU meeting in Nice, France; SIAM in Salt Lake City, Utah; Georgia Institute of Technology, Georgia; and Smith will visit NRL in November.

WORK COMPLETED
An algorithm has been implemented and tested for finding shadowing trajectories in NOGAPS, using gradient descent of indeterminism and employing the dry adjoint. The implemented algorithm is robust, but not intended to be the most efficient implementation. This algorithm is giving consistent results at T21L9, T21L18, and T47L24 resolutions.

We are currently investigating results of T47L24 experiments of shadowing operational analyses. These experiments are on-going, but results show interesting indications of systematic inconsistency between analyses and model dynamics. 

An extensive report is currently being written detailing the implementation of the shadowing algorithm in NOGAPS, and describing the preliminary results on shadowing operational analyses. This should deliver at least one journal publication.

Judd and Reynolds have also computed a large data set intended to be used to investigate the nature and structure of indistinguishable states in two different quasi-geostrophic models. This data has not yet been analyzed.

So far progress has been satisfactory and is on schedule, despite the impact of grant monies not being transferred because of administrative difficulties. 

PERSONNEL EXCHANGES AND TRAVEL COMPLETED
Table 1. Summary of personnel exchanges and travel conducted under this NICOP.
	Name
	Home Institution
	Institution Visited
	Scientific Purpose of visit
	Dates

	Kevin Judd
	University of Western Australia
	Naval Research Laboratory, Monterey
	Collaborative Research using NOGAPS
	03/04/03-02/28-04


RESULTS
It has been established that gradient descent algorithms for finding shadowing trajectories can be implemented for NOGAPS at T47L24 resolution. This is the first time that a gradient descent algorithms for finding shadowing trajectories have been applied to a numerical weather prediction model. The shadowing trajectories obtained from operational analyses are consistent with both the analyses and the model dynamics, and appear to reveal systematic differences analyses and model dynamics. 

Preliminary results illuminate structures and magnitudes of biases in low-resolution versions of NOGAPS. These include significant biases in humidity and temperature in the tropical and subtropical lower troposphere.  Results also indicate that for short-term forecasts at the T47L24 resolution, forecast error has significant model error component. Future experiments will be performed to determine how the relative importance of model errors and initial condition errors change with increasing model resolution. Further results on state estimation and ensemble formation are expected before completion of the project.

IMPACT/APPLICATIONS
 The results obtained suggest that shadowing techniques can provide useful information about model error, and encourages application of the techniques at operational resolution. These new shadowing tools may be used to diagnose flow-dependent model error, which in turn will help in the development of improved model parameterizations of sub-grid-scale processes. Understanding the role of model error in forecast error is also fundamental to the development of ensemble prediction systems that appropriately represent model uncertainty. The current Navy operational ensemble prediction system includes uncertainty in the initial conditions only. The techniques developed here will be used to guide the Naval Research Laboratory in the development of new ensemble systems that account for uncertainty in both the initial conditions and model error.  In addition, it is expected that these shadowing techniques will have important implications for data assimilation, adaptive observations, and ensemble post-processing. Applications to full-resolution operational models will require developing more computationally efficient algorithms than the current experimental algorithm. 

TRANSITIONS
The present methods can be used by researchers at NRL to investigate model error of operational models. Applications of these methods to model development, ensemble design, and targeted observing capabilities will eventually be transitioned to Navy operational systems through future 6.2 and 6.4 programs at NRL.

RELATED PROJECTS
An application for a grant on related aspects of forming probability ensembles has been submitted to  
THORPEX (http://www.mmm.ucar.edu/uswrp/programs/thorpex.html). This research is closely linked to ongoing base-funded basic research at NRL, including the projects “Quantifying Limits of Atmospheric Predictability”, PE 061153N, BE 033-03-4M, and “Application of Predictability Tools to Advanced Forecast System Development”, PE 62435N, BE 035-437.
