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Introduction

Mesoscale numerical weather prediction (NWP)

High resolution weather forecasts

Simulate explicitly convection, gravity waves, etc

Resolve better topographic effects

AROME model - Seity et al. (2010)

Schmidli et al. (2018)

What?



Mesoscale KE spectra

What can be the source of K-5/3 spectra?

How good are (high resolution) NWP 
models to represent this observed 
mesoscale spectra?

Numerical cost vs. Useful model 
information?

 Why?



Outline  How?



Callies et al. (2014)

Background figure: Nastrom and Gage (1985)

At synoptic scales (where quasi-2D 
dynamics dominate), measured KE 
spectrum agrees so well with Charney’s 
theory

K-3



Callies et al. (2014)

Background figure: Nastrom and Gage (1985)

But deviates from that prediction at the 
mesoscale…

...convective events ? (Gage (1979); Vallis 
et al. (1997))

...strongly stratified fluid, stratified 
turbulence ? (Lindborg (2006))

...else ???

K-5/

3



Callies et al. (2014)

In this paper:

Analysis of the MOSAIC data using 
decomposition method

Linear inertia-gravity waves dominate 
the observations in the mesoscale
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In this paper:

Analysis of the MOSAIC data using 
decomposition method

Linear inertia-gravity waves dominate 
the observations in the mesoscale

Visible Earth Nasa - Atmospheric Gravity Waves



Callies et al. (2014)
MOSAIC aircraft observations - kinetic energy 
spectra; potential energy spectra

Bühler et al. (2014) - decomposition method

First argument: flow is an uncorrelated 
superposition of a geostrophic flow (synoptic 
scales) and inertia-gravity waves (mesoscales)

Second argument: decomposing longitudinal 
and transverse kinetic energy and potential energy 
spectra into a geostrophic and an inertia-gravity 
wave components.



Callies et al. (2014)



Callies et al. (2014)
MOSAIC aircraft observations - kinetic energy 
spectra; potential energy spectra

Bühler et al. (2014) - decomposition method

First argument: flow is an uncorrelated 
superposition of a geostrophic flow (synoptic 
scales) and inertia-gravity waves (mesoscales)

Second argument: decomposing longitudinal 
and transverse kinetic energy and potential energy 
spectra into a geostrophic and an inertia-gravity 
wave components.

Helmholtz decomposition - horizontal flow fields 
can be decomposed into its rotational and 
divergent components
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Callies et al. (2014)
MOSAIC aircraft observations - kinetic energy 
spectra; potential energy spectra

Bühler et al. (2014) - decomposition method

First argument: flow is an uncorrelated 
superposition of a geostrophic flow (synoptic 
scales) and inertia-gravity waves (mesoscales)

Second argument: decomposing longitudinal 
and transverse kinetic energy and potential energy 
spectra into a geostrophic and an inertia-gravity 
wave components.

Decomposition of the total energy spectrum into 
geostrophic and inertia-gravity wave components.
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Callies et al. (2014)
The conclusion is predicated on the assumption that the total observed flow is a superposition of geostrophic and 
inertia-gravity waves and that these two components are uncorrelated and horizontally isotropic.

The observed mesoscale spectra is consistent with the dispersion and polarization relations of linear hydrostatic 
inertia-gravity waves.

That inertia-gravity waves dominate the mesoscale spectrum does not mean that the atmosphere is filled with a nearly 
uniform and stationary wave field. 

A good understanding of what sets the shape of the average atmospheric inertia-gravity wave spectrum is lacking.

The emergent picture is relatively simple. Geostrophic synoptic-scale baroclinic disturbances force a forward enstrophy 
cascade that continues through the synoptic-to-mesoscale transition. The k−3 or slightly steeper geostrophic spectrum is 
masked by inertia–gravity waves at scales smaller than 500 km.

This picture does not rule out the possibility that some fraction of the energy in the mesoscale spectra is associated with 
fronts and stratified turbulence, but these contributions must be small.



Calliers et al. (2014) - Skamarock (2004)

High-resolution numerical models reproduce the synoptic-to-mesoscale transition. 
Model results are consistent with the observation that the synoptic range is 
dominated by rotational flow, whereas the rotational and divergent components 
are of the same order in the mesoscale range. Models also show a pattern of 
enhanced mesoscale energies in regions of high topography. The simulations 
further show that the mesoscale spectrum is not the result of stratified turbulence, 
in agreement with our conclusion that they are the signature of inertia–gravity 
waves.



Skamarock (2004)
While the dynamics of the mesoscale portion of the 
kinetic energy spectrum are not well understood, 
the spectral characteristics in and of themselves 
have significant implications for mesoscale and 
cloud-scale NWP.

With this understanding of the atmospheric 
spectrum and mesoscale NWP needs and 
limitations in mind, authors examine the ability of a 
nonhydrostatic mesoscale NWP model (the Weather 
Research and Forecast (WRF) model Skamarock et 
al. (2001); Michalakes et al. (2001)) to reproduce 
observed kinetic energy spectral characteristics.



Skamarock (2004)

LAM domain over N-A

22, 10, 4 km resolutions

Convectively active 
time period

Short-range forecasts 
were ignored (no 
spin-up effect)

Spectral 
decomposition of NWP 
velocity fields



Skamarock (2004)
Convective simulations clearly show a k-5/3 spectral 
dependence (e.g., Vallis et al. 1997; Lilly et al. 1998), 
in addition to showing that the kinetic energy is 
dominated by the kinetic energy associated with 
divergent modes, as opposed to the dominance of 
the rotational energy at the large scales.

However, the WRF model forecasts’ kinetic energy 
spectra departs from their expected behaviors at 
high wavenumbers (short wavelengths) on the 
model grid. These deviations are a direct measure 
of an NWP model’s true resolution capabilities.

Mesoscale NWP KE spectra

Nastrom and Gage (1985); Lindborg (1999)



Skamarock (2004)
With respect to the goals of high-resolution NWP, a critically important measure of an NWP model’s 
accuracy is its ability to resolve features at the limits of its grid resolution.

A model’s ability to resolve the spectrum at increasingly higher wavenumbers will be limited by the grid 
size, the integration techniques employed in the model, and the dissipation mechanisms used in the 
model including both explicit and implicit mechanisms inherent in the chosen integration scheme.

The need for dissipation is unavoidable since the downscale energy cascade requires a removal of energy 
at the highest wavenumbers to prevent an unphysical buildup of energy.

The dissipation mechanisms will necessarily be somewhat ad hoc in mesoscale and cloud-scale NWP 
models because there is no theory to guide the formulations until we reach large-eddy simulation (LES) 
resolutions of a few hundred meters or less.



Skamarock (2004)
The tail of NWP spectra



Skamarock (2004)
For the WRF BAMEX simulations, figure reveals that the 
effective resolution of the WRF model 22-, 10-, and 4-km 
configurations, using the 1–3 June forecast spectra, is 
generally around 7Δx.

Within the WRF model, many dissipation formulations (filters) 
were implemented.



AROME model at MET Norway



Summary
The understanding of mesoscale KE spectra is still a puzzle.

The inertia-gravity waves might explain the energy spectra of smaller scales than 500 km. 

The high resolution limited-area NWP models are able to reproduce K-5/3 spectrum.

The tail of modelled KE spectra deviate from the observed spectra due to energy dissipation and 
numerical stability.


