
The ability to parameterize turbulent fluxes over heterogeneous terrain is dependent upon 
our understanding of the complex, non-linear interactions between land-surface 
characteristics and atmospheric boundary layer (ABL) dynamics. Under stable ABL 
conditions, the effect of stratification on local characteristic turbulence length scales further 
complicates this interaction. In this research, we use large-eddy simulation (LES), with 
recently developed tuning-free dynamic subgrid-scale models, to study the effect of 
heterogeneous surface temperature distributions on areally-averaged turbulent fluxes. The 
simulation setup is based on the GABLS LES intercomparison case (Beare et al., 2006) 
with an expanded domain. The surface heterogeneity consists of simple one-dimensional 
patches with different temperatures. Simulations are performed with changing patch sizes 
and also temperature differences between patches. Results indicate that within the surface 
layer both traditional and local Monin-Obukhov similarity theories fail to fully represent the 
average turbulent fluxes of heat and momentum. The error increases with increasing patch 
size and also with increasing temperature difference between patches. Above the blending 
height, which depends on the patch size, the turbulent fluxes follow local similarity. These 
results are expected to help improve parameterizations used in large-scale weather and 
climate models. Future research will also quantify the effect of the degree of organization of 
remotely sensed surface properties on the boundary layer fluxes using data from the NASA 
CLPX experiment.
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Heterogeneous SBL cases:

.

• Base Models:
Eddy viscosity 

Eddy diffusion

where:

• Model coefficients: specification of CS and CS
2Prsgs

-1 :

Table 2: Mean boundary layer characteristics for the different surface 
types characterized by the jump (in K) and the patch length (in m): 
homogeneous (Hom); 3 K, 400 m (Het3-400); 3 K, 200 m (Het3-200);
3 K, 100 m (Het3-100); 6 K, 400 m (Het6-400); 6 K, 200 m (Het6-200);
6 K, 100 m (Het6-100).

Summary
• LES with the newly developed Scale-dependent Lagrangian dynamic SGS models 
accurately reproduce  basic statistics of homogeneous quasi-steady stable ABLs.

• Surface temperature heterogeneity results in increased potential temperature, 
Obukhov length and boundary layer height.

• The effect of surface temperature differences is more important than the effect of the 
size of the heterogeneities for the cases considered.

• Non-dimensional temperature gradients are strongly affected by surface temperature 
heterogeneity. This limits the applicability of similarity theory to parameterize regional-
scale surface fluxes.

• Future research will include quantifying the effect of the degree of organization of 
remotely sensed surface properties on the boundary layer fluxes using data from the 
NASA CLPX experiment and the development of new surface layer parameterizations 
that account for surface heterogeneity in stable boundary layers.

Homogeneous SBL case:

Filtered LES equations

where (~) denotes filtering at the scale ∆and the subgrid scale (SGS) stress τij and SGS flux 
qi are given by,

• Momentum:

• Scalar concentration:

Figure 2: A schematic of the 
Lagrangian averaging
procedure along a fluid pathline.

-Surface temperature transitions-

• 8 hours heterogeneous cooling
-2 different temp jumps:

- 3 K
- 6 K

- 3 different patch sizes:
- 400 m
- 200 m
- 100 m

• 4 hours homogeneous cooling
at 0.25 K/hr

Figure 7: Non-dimensional potential temperature 
gradient as a function of z/L in the lowest 50 m of 
the domain. The solid line and the dashed line 
correspond to the formulations proposed by 
Businger et al. (1971) and Beljaars and Holtslag 
(1991), respectively.

.and

Scale-dependent Lagrangian dynamic SGS model 

- Scale dependent Lagrangian 
dynamic models are used to 
compute the model coefficients Cs
and Cs

2Prsgs
-1 (Stoll and Porté-

Agel, 2006).

- The simulations are tuning-free
since coefficients�are computed at 
every time step and position in the 
flow based on the dynamics of the 
resolved scales.

- Model coefficients need to account 
for the change in characteristic length 
scale of the turbulence associated 
with local flow conditions.

• Dynamic model for CS :

• Lagrangian averaging:

- By applying the base model to
compute the sub-grid fluxes at
different scales (see Figure 1), and 
minimizing the error in the 
estimation of ‘resolved’ fluxes, we 
obtain:

- Enforce the dynamic model 
backwards along fluid pathlines 
(Meneveau et al., 1996).

- 〈 〉 represents averaging 
along fluid pathlines (Figure 2) 
over time T at position x.

- previous events are weighted 
exponentially as we move 
backward along fluid particle 
trajectories (Figure 2).
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Figure 1: Schematic of the scales used in the dynamic 
determination of the model coefficients CS and CS

2Prsgs
-1.

Figure 4: Mean wind speed profile averaged over 
the last one hour of the simulation for homogeneous 
stable boundary layer simulations at different 
resolutions. Legend abbreviations are the same as 
used in Table 1.

Figure 5: Mean potential temperature averaged over 
the last one hour of the simulation for homogeneous 
stable boundary layer simulations at different 
resolutions. Legend abbreviations are the same as 
used in Table 1.

Figure 6: Non-dimensional velocity gradient as a 
function of z/L in the lowest 50 m of the domain.  The 
solid line and dashed line correspond to the 
formulations proposed by Businger et al. (1971) and 
Beljaars and Holtslag (1991), respectively. 

Table 1: Mean boundary layer characteristics for the 3 
homogeneous test cases with the scale-dependent 
Lagrangian dynamic model (Stoll and Porté-Agel, 2006)
with 1283 (1283 lag), 963 (963 lag) and 643 (643 lag) grid 
points and for the local scale-dependent dynamic model of 
Basu and Porté-Agel (2006) with 1283 (1283 loc) grid 
points.

• Coriolis fc = 1.39 x 10-4 s-1 (73o N)

• Surface cooling rate = 0.25 K/hr

• Surface roughness zo = 0.1 m

• 12 hr simulation (averages over hours 11-12) 

Figure 9: Mean wind speed profile averaged over 
the last one hour of the simulation for the 
homogeneous and heterogeneous stable boundary 
layer simulations. Legend abbreviations are the 
same as used in Table 2.

Figure 10: Mean potential temperature averaged 
over the last one hour of the simulation for the 
homogeneous and heterogeneous stable boundary 
layer simulations. Legend abbreviations are the 
same as used in Table 2.

Figure 12: Non-dimensional potential temperature 
gradient as a function of z/L in the lowest 50 m of 
the domain. The solid line and the dashed line 
correspond to the formulations proposed by 
Businger et al. (1971) and Beljaars and Holtslag 
(1991), respectively. Legend abbreviations are the 
same as used in Table 2.

Figure 11: Non-dimensional velocity gradient as a 
function of z/L in the lowest 50 m of the domain.  
The solid line and dashed line correspond to the 
formulations proposed by Businger et al. (1971) and 
Beljaars and Holtslag (1991), respectively. Legend 
abbreviations are the same as used in Table 2.

Cooling

Figure 3: Schematic of the LES domain used in 
the homogeneous SBL cases.

Ugeo

• Based on GABLS LES case (Beare et al. 2006)

• Domain size: H = 400 m; Lx = Ly = 800 m
• Resolution: Nx x Ny x Nz = 128 x 128 x 128

• Geostrophic wind Ugeo = 8 m/s

Figure 8: Example schematics of the surface temperature patterns used in the 
heterogeneous SBL cases for the 400 m (left) and 200 m (right) patch sizes.
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