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TURBULENCE STRUCTURE AND MIXING INTENSITY  

IN STABLY STRATIFIED BOUNDARY-LAYER FLOWS  

OVER THERMALLY HETEROGENEOUS SURFACES 
The effect of horizontal thermal heterogeneity of the underlying surface on the 

turbulence structure and mixing intensity in stably stratified boundary-layer (SBL) 

flows is analysed. Weakly to moderately stable SBLs are examined using large-eddy 

simulation (LES), while direct numerical simulation (DNS) is used to tackle strongly 

stable SBLs.  

Idealized LES of SBL flows driven by fixed winds and homogeneous and 

heterogeneous surface temperature are compared. A canonical GABLS1 SBL is 

taken as a reference. The LES data are used to explore the flow structure, to compute 

statistical moments of the fluctuating fields, to estimate terms in the second-moment 

budgets, and to assess the relative importance of various terms in maintaining the 

budgets. The budgets of the turbulence kinetic energy (TKE), of the temperature 

variance, and of the vertical and horizontal components of the temperature flux are 

analysed. The SBL over a heterogeneous surface is more turbulent with larger 

variances and TKE, is better mixed and is deeper compared to its homogeneous 

counterpart. Perhaps the most striking difference between the cases is exhibited by 

the temperature variance and its budget. Due to surface heterogeneity, the third-order 

moment, i.e., the vertical flux of temperature variance, is non-zero at the surface. 

Hence, the turbulent transport term (divergence of the third-order moment) not only 

redistributes the temperature variance in the vertical but is a net gain. The 

temperature variance in the heterogeneous case is large near the surface. The 

increase in the temperature variance explains the reduced magnitude of the 

downward temperature (heat) flux in the heterogeneous SBL. The temperature 

variance enters the budget of the temperature flux as a buoyancy production term. 

Since that term is positive, it partially compensates the mean-gradient production 

term that generates the downward (i.e., negative) temperature flux. An increase of 

the temperature variance in a heterogeneous SBL results in a reduced magnitude of 

the temperature flux and hence of the buoyancy flux. Then, less TKE is spent 

working against gravity, leading to more vigorous mixing.  

As a natural extension of the above LES study, DNSs at bulk Reynolds number 

Re=104 and bulk Richardson number Ri=0.25 are performed to analyse the structure 

and mixing intensity in strongly stable boundary-layer flows. An idealized plane 

Couette flow set-up is used as a proxy for real-world flows. The flow is driven by a 

fixed velocity at the upper surface, while the lower surface is at rest. The temperature 

at the horizontal upper and lower surfaces is either homogeneous or varies 

sinusoidally in the streamwise direction, while the horizontal-mean temperature is 

the same in the homogeneous and heterogeneous cases. The stratification is strong 

enough to quench turbulence over homogeneous surfaces, resulting in velocity and 

temperature profiles that vary linearly with height. However, turbulence survives 



over heterogeneous surfaces. Both the molecular diffusion and the turbulence 

contribute to the downward, i.e., the down-gradient, transfer of horizontal 

momentum. The total (diffusive plus turbulent) heat flux is directed downward. 

However, the turbulent contribution to the heat flux appears to be positive, i.e., up 

the gradient of the mean temperature. A detailed examination of the flow structure 

along with the analysis of the second-order velocity and temperature covariances 

and of the vertical-velocity and temperature skewness suggest that the counter-

gradient heat transport is due to quasi-organized cell-like vortex motions generated 

by the surface thermal heterogeneity. These motions act to transfer heat upwards 

similar to quasi-organized cell-like structures that transfer heat upwards in 

convective boundary layers. Thus, the flow over heterogeneous surface features 

local convective instabilities and upward eddy heat transport, although the overall 

stratification remains stable and the heat is transported downward in the mean. The 

DNS findings corroborate the LES results outlined above as to the pivotal role of the 

temperature variance in setting the structure and transport properties of the stably-

stratified flow over heterogeneous surfaces, and the importance of third-order 

transport in maintaining the temperature-variance budget.  

Motivated by the LES and DNS results, possible ways to incorporate the effect 

of surface temperature heterogeneity into SBL parameterization schemes, including 

the surface-layer schemes, are discussed. Tricky issues related to the coupling of the 

tiled surface schemes with the SBL turbulence closure schemes are briefly 

considered. Some further challenging issues pertinent to the SBL over thermally 

heterogeneous surfaces are outlined. Work is underway (P. Sullivan and D. Mironov, 

unpublished) to analyse the effect of the surface heterogeneity orientation (e.g., 

temperature-wave crests normal vs. parallel to the mean flow) on the flow structure 

and mixing intensity. Results will be reported in subsequent publications.  
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