Verification of Turbulence Model Data To Support Sensor System Certification

· Many turbulence encounters do not look like homogeneous isotropic turbulence (e.g., discrete gust events)
· Therefore von Karman model alone is not appropriate

· These inhomogenities may be present in cloud simulation models

· Turbulence fields derived from a cloud model have advantages

· 3D + time so can get many realizations (flight paths)

· Provides a 3D visualization of gust structures that may aid in analyzing different flight path orientations through the gusts

· Provide a means of modifying the environment, which can’t be done in the real atmosphere

· Disadvantages of cloud model:

· Small scale features are difficult to reproduce exactly and can not usually be verified

So why can’t we model turbulence events exactly?

We know governing equations (conservation of mass, momentum, energy, a function of time and space)

But…

· We can’t solve them exactly

· So we need to approximate them in a form that can be solved on a computer

· Finite difference or spectral representations

· Computational grids

         x-------------x-------------x-------------x-------------x 

         i-2             i-1    (x      i      (x    i+1             i+2

· Smaller scale turbulence is fed primarily from larger scales through nonlinear interactions 

· many scales need to be solved for

· down scale cascade

Computational requirements for a cloud simulation

· Say cloud is 10 km in diameter and 10 km deep

· And we know boundary and initial conditions exactly

· Would like to simulate all motions down to the smallest scales (Kolmogorov scale) where molecular viscosity dominates (~10 cm – 1 mm)

· To resolve a feature requires roughly 10 grid points (sketch)

· So if we take a grid size that resolves 10 cm (~1 cm) and 10 km (~ 100 km) then

100 km=107 EQ  cm = 107 grid pts/dimension = 1021 grid points/3d

X (u,v,w,T,p,(,4q’s) = 1022 data words!!

· Modern “number crunchers” have about 10 gigawords (1010 words) of memory
Resolution: Grid points per wave
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2 strategies:

1.  Use nested grids (figure)

· Disadvantages:

· Must account for interaction across nest boundaries (2 way is better)

· Some scales will not be resolved in the outer grid which can lead to inaccuracies, reflections, instabilities

· 3-4 nesting ratio is about the limit

2. Parameterize smallest turbulent eddies (least energetic), but resolve the largest eddies (most energetic) => large eddy simulation (LES)

· Disadvantages:

· Must make some assumptions about the statistical properties of the small scale eddies => usually Kolmogorov inertial range

· Does not allow for “backscatter” (upscale transport)

· Does not work well in stable environments

Example of nested grid structure (Left) and errors from 1-way and 2-way interacting [image: image2.wmf]N=5
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nested simulation (right)
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Schematic of LES of planetary boundary layer

Numerical errors

· Truncation errors

· ~ (x/L, (t/T

· Centered differences are preferable: error ~ ((x/L)2 

· Finite difference in time requires initial conditions to start.

· These should be specified at all resolvable scales.

· However small scale data is not available.

· Certain time integration methods may amplify or decay  

· Worst on smaller scales.

· Stability limits time step (u(t/(x < 1 is physical restriction).

· Centered time differencing has |amplification|=1. 

· Finite difference in space requires boundary conditions.

· Use larger scale model.

· Centered differences cause problems.

· Small scales subject to discretization error

· Even for simple problems, e.g. 1d, 2d wave equations

· Worst for smallest scales

· Multiple forcings at spectrum of scales can lead to local instabilities.

· These can usually be suppressed by smoothing or filtering, but is most severe on the smallest scales. 

· Result is a deficit in resolved small scale energies

Other error sources

· Cloud microphysical parameterization errors

· Interaction of turbulence and cloud drops not modeled

· Radiation heating (solar, cloud, surface) errors

· Surface prescription uncertainties (topography, albedo, heat capacity)

· Large scale forcing errors

· Summary

· Adequate resolution on most geophysical fluid problems usually leads to good results (figure)

· For turbulence problems it is difficult to achieve the desired resolution over the many scales involved.  However for strong discrete events fdr data implies 100-200 m resolution would be adequate (figure).

· For a cloud simulation:

·  We have confidence the larger scales are correct, or at least realistic,

· But the smaller scales are subject to many sources of error, and in fact some scales will not be resolved at all!

· Further, it is difficult to verify the structure of the small scales by observation

· But the smaller scales are important for aircraft response studies and sensor studies

Example of numerical simulation of gravity wave problem with good resolution and open boundary conditions
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Example of effect of resolution on discrete event
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So what are we to do?

2 strategies:

1.   Perform idealized simulations

· start with a smaller cloud

· allows resolution down to meter scales

2.  Perform simulations of observed events

· larger scales are resolved and can be compared to observations

· It is difficult to verify the smaller scales, but if the larger scales are realistic, then perhaps smaller scales are also realistic
· Add in a homogeneous isotropic small scale turbulence field (von Karman prescription) to the cloud model output to fill in the smaller scales which were unresolved by the cloud model

Schematic of cloud model – von Karman [image: image6.wmf]n=7
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merger process
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Example:  Cloud simulation with multiple nests

Spectra from inner domain before and after merger with von Karman fields
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Figure 5.  Model domain boundaries and contours of model topography.
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