COLUMBIA

23rd Symposium on Boundary Layers and Turbulence UNIVERSITY
11-15 June 2018 Oklahoma City, OK
American Meteorological Society

Turbulence spectra in the stable
atmospheric boundary layer

Yu Cheng?, Qi Lil, Stefania Argentini?, Chadi Sayde3, Pierre Gentine?

1 Columbia University,
2 Institute of Atmospheric Sciences and Climate, Italy
3 North Carolina State University

https://arxiv.org/pdf/1801.05847.pdf



Background and Motivation
« Stratification (Lilly 1983) generates anisotropy.

* In the mesoscale regime, a scaling close to -5/3 is still
0bServed waswomanacage, 105, DI1reCt energy cascade
hypOtheSiS (Lindborg, 2006)

* Monin-Obukhov similarity theory does not apply in
very stable Cases wan ).

» To find out how stratification influences turbulence
spectra of the universal equilibrium range in
atmospheric boundary layer.
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FIG. 3. Variance power spectra of wind and potential temperature near the tropopause from
GASP aircraft data. The spectra for meridional wind and temperature are shifted one and two
decades 1o the right, respectively; lines with slopes —3 and —%; are entered at the same relative
coordinates for each variable for comparison.

Figure from Nastrom and Gage (1985).




Important variables

root mean square of the
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* k,z = 1 denotes effects of wall on turbulence spectra wownsenasrs; ki etal 2014).



Theoretical basis: Spectra of “locally inertial” turbulence

* “locally inertial” assumption: w and u spectrum are comparable e & ums 1965,

» Weinstock (1978) derived stratified turbulence spectra without considering wall effects.

 The SpeCtraI TKE balance equation (Lumley and Panofsky, 1964; Phillips, 1965).
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Theoretical basis: Spectra of “locally inertial” turbulence

« Assuming steady state in the universal equilibrium range, Weinstock (1978) obtained

de(k) %
P S(k) - + B(k) ,

Kolmogorov constant

B(k) = —aaN* E(k)g

vmk—2/3

=
0.8N?2+k?v;;,

2 (0O ]
anisotropic factor Vi = 3 fkm E(k)dk, k,, is the largest

wavenumber in universal equilibrium range.

« 0.8N% > k*v3, B(k) is in buoyancy subrange.
« 0.8N% K k*v3 , B(k) is in isotropic inertial subrange.
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 Weinstock’s transition wavenumber kg, Is defined as kg, =

Um



Proposed revision to Weinstock (1978)

* We relax the “locally inertial” hypothesis.

 The slope is shallower than -5/3 at low wavenumbers in w spectrum in the horizontal
d I rECtIOn (Katul et al. 2014; Grachev et al. 2013).
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Proposed revision to Weinstock (197/8)

 Horizontal wavenumber spectra for the universal equilibrium range weinsoc s7s)
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* k > max(kg, kp), 1sotropic inertial subrange exhibits a -5/3 slope.

* k < k;, buoyancy subrange also has a -5/3 slope.

* ky < k <max(k,, ky), transition region will be referred to observation.



TKE and temperature spectra of Antarctica EC data
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e “gpectrum t1”, “spectrum t2”, “spectrum t3” and “spectrum t4” : 4 different stable periods.
3 regimes exist in turbulence TKE and temperature spectra.
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Experiment setup Bou-Zeid et al. (2008), Li & Bou-Zeid (2011) and Vercauteren et al. (2008).

* 4 heights are 1.66m, 2.31m, 2.96m and 3.61m above the lake.
« 3regimes are in the TKE spectra. 9



Temperature spectra of Lake Geneva EC data
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3 regimes are in temperature spectra. 10



Temperature spectra of DTS data at Oklahoma
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Experiment setup in Cheng et al. (2017).

* 4 heightsare 1.00 m, 1.25 m, 1.50 m and 1.75 m above ground.
* Only the buoyancy subrange and transition region are resolved.
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Proposed spectra
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(a) Proposed TKE spectra.
(b) Fr plotted against z/L in Lake data.
(c) Relative length of transition region plotted against z/L in Lake data.
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Limits of simulations: example of DNS of stably stratified Ekman layer
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« Computational limitation: not enough scale separation.

« Same for LES: in this case too coarse for Dougherty-Ozmidov scale.
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Conclusion

« 3 regions in spectra of stable atmospheric boundary layer.

 Spectra between buoyancy and Dougheryt-Ozmidov scale have implications for the limits
of simulations.

* Transition region spectra generates departure from MOST.
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