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LONG-TERM GOALS

Our goals are to devel op efficient means for statistically forecasting ocean currents and Lagrangian
traectories.

OBJECTIVES

Objectives are to formulate and test methods for predicting flows and trajectories that represent
evolution of uncertainty and feedback of the uncertain component upon the mean. Such statistical
predictions can be obtained via ensemble forecasts, but these are computationally expensive and suffer
from statistical noise due to finite ensemble size. We seek statistical forecast methods that avoid these
difficulties, guided by statistical mechanical theory and numerical investigation of quasi-geostrophic
(qo) flow statistics. Anticipating application to more realistic flows, we have sought to extend
statistical mechanics beyond qg to the case of finite-amplitude topography.

APPROACH

We approach the statistical forecast problem by considering the evolving probability density function
(pdf). Direct computation of pdf evolution viathe Liouville equation is intractable, so we consider
equations for evolving moments of the pdf. The moment equations contain fluxes that generate
uncertainty and drive the pdf toward higher-entropy configurations. These fluxes are akin to the
irreversible (entropy-generating) fluxes encountered in microscopic systems.

Guided by statistical mechanics, we treat irreversible flux terms as generalized forces that drive the
system toward higher entropy in accord with H-theorems for chaotic fluid systems (e.g. Carnevale, et
a. 1981; Carnevale and Holloway 1982). The resulting equations predict evolution of the mean and of
the spatially-dependent variance about the mean, which quantifies uncertainty. In the case of
Lagrangian trgjectories, we predict the evolving physical-space pdf, including effects of initial
uncertainty in position and of the evolving uncertainty in the flow field.

As atestbed we consider asingle-layer quasi-geostrophic flow over topography, whose equilibrium
statistics are known (Salmon, et al. 1976). Moment equation forecast skill is evaluated by comparing
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Figure 1. Total uncertainty vs. timefor turbulent quasi-geostrophic flow in which initial
uncertainty is relatively large (a) and very small (b). Solid curves: explicit 10* member ensemble
("truth™); thick dashed curves: moment forecast accounting for initial development of irreversible
fluxes; thin dashed curves. moment forecasts not accounting for initial development of irreversible
fluxes. The more detailed treatment improves forecast performance, especially when initial
uncertainty issmall asin (b).

with various ensemble forecasts, with "truth" approximated by very large ensembles of up to 10*
realizations. We work in the spatial (rather than spectral) domain to facilitate application to ocean
models

WORK COMPLETED

The method devel oped previously for predicting moments of qg flows was extended to represent an
initial adjustment phase. It was shown that when initial errors are random, irreversible fluxes of mean
potential vorticity and uncertainty initially vanish, and subsequently grow at arate given
approximately by the fluctuation energy density times gradients of the respective moments. Moment
forecasts described in Merryfield and Holloway (2001a) were repeated using the modified scheme and
reported in arevised version of that paper.

Coupled moment prediction equations for flow statistics and Lagrangian pdf were obtained, and a
code was written to integrate these coupled equations numerically. The very accurate advection
algorithm of Prather (1986) was adapted to represent positive-definite evolution of Lagrangian pdf
with minimal numerical diffusion. Model integrations were performed and comparisons undertaken
between moment equation predictions and explicit ensembles containing from 1 to 10° redlizations.
Each set of experiments considered flow in a 1280 km square periodic domain, with initial rms
velocity of 10 cm s*and eddy length scales of order 100 km. Forecasts assuming uncertain initial flow
and Lagrangian position were run for 4 months. A publication describing thiswork isin preparation.

Asacontribution to a paralel Arctic modelling effort, the Prather (1986) advection algorithm
employed in our Lagrangian prediction code was applied to sea-ice advection in an Arctic circulation
model. A paper describing sensitivity to this scheme was submitted (Merryfield and Holloway
2001b).
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Figure2. Left: Mean potential vorticity fields from explicit 10* member ensemble (a) and moment
forecast (c) at t =2 months. Contour interval is0.83x10° s™; for clarity, only positive contours are
shown . Right: Irreversible fluxes of mean potential vorticity, from explicit ensemble (b) and
moment forecast (d).

RESULTS

Forecast skill was significantly improved by the modification to the moment prediction equations to
more accurately describeinitial development of irreversible fluxes. Figure 1 shows evolution of
gpatially integrated uncertainty (pv variance Q. about the mean) versus time for cases in which initial
uncertainty isrelatively large (left) and small (right). True evolution (solid curves) is better predicted
by the modified forecast procedure (thick dashed curves) than previoudy (thin dashed curves),
especially when initial uncertainty issmall.

The coupled moment prediction equations for flow statistics and Lagrangian pdf exhibited skill
comparable to that of large ensembles. Figure 2 compares explicit (10* realization ensemble) and
forecast mean pv (left) aswell as the corresponding irreversible fluxes (right). Figure 3 compares
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Figure 3. Left: Lagrangian pdf from explicit ensemble (a) and moment equation forecast (c), at t=2

monthsfor case shown in Fig. 2. Initially the pdf was a Gaussian of half-width 40 km, centered in

thedomain. Right: Irreversible fluxes of Lagrangian pdf, from explicit ensemble (b) and moment
equation forecast (d).

explicit and forecast Lagrangian pdf (left) and corresponding irreversible fluxes (left) for the flow field
shown in Figure 2. In this case the Lagrangian pdf initialy is a Gaussian spot concentrated in the
center of the domain.

IMPACT/APPLICATIONS
Practical implementation of a moment equation scheme would enable statistical prediction without

costly ensemble integrations. Application of this technique to Lagrangian prediction enables forecasts
that account for uncertainty of the flow aswell asinitial uncertainty in position.



TRANSITIONS

An updated version of the neptune eddy parameterization that incorporates effects of stratification and
finite topography as proposed in Merryfield et al. (2001) is being implemented in an Arctic circulation
model.

RELATED PROJECTS

Holloway leads an Arctic ice/ocean/atmosphere modeling effort as part of an Ocean Climate initiative
by the Department of Fisheries and Oceans. Funding to Holloway is 60k/year (Canadian $) for two
years with notional commitment to athird year. Thiswork reinforces our ONR-funded research by
advancing the state of ocean models used to implement and test subgrid-scale parameterizations.
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