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Abstract.  Forced convection in a quasi-steady atmospheric boundary layer is investigated based 

on a large-eddy simulation (LES) model. The performed simulations show that in the upper 

portion of the mixed layer the dimensionless (in terms of mixed layer) vertical gradients of 

temperature, humidity, and wind velocity depend on the dimensionless height z/zi and the Reech 

number Rn. The characteristic (peak) values of variances and covariances at the top of the mixed 

layer, scaled in terms of the interfacial scales, are functions of the interfacial Richardson number 

Ri. Profiles of dimensionless scalar moments in the mixed layer are proposed to be expressed in 

terms of two empirical similarity functions Fm and Fi, dependent on dimensionless height z/zi, 

and the interfacial Richardson number Ri. The obtained similarity expressions adequately 

approximate the LES profiles of scalar statistics, and properly represent the impact of stability, 

shear, and entrainment. They are also consistent with the parameterization proposed for free 

convection in the first part of this paper.  

 
Keywords: Atmospheric boundary layer, Forced-convection, Interfacial layer, Entrainment, 

Large-eddy simulations, Similarity scales 

 
 

1. Introduction 
 

The convective atmospheric boundary layer (ABL) has a multi-layer structure. It consists of the 

surface layer, near the Earth's surface, the mixed layer above, and the interfacial layer at the top. 

Both, the surface layer and the mixed layer have been intensively studied during the last five 

decades (e.g., Garratt, 1992). The interfacial layer, and its impact on boundary-layer convection, 

has obtained relatively less theoretical attention (e.g., Otte and Wyngaard, 2000; Sorbjan, 2001; 

Sorbjan, 2004). 
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 In order to develop a better understanding of the interfacial layer and its role on the 

mixed layer, a two-part numerical study has been performed. Its Part I (Sorbjan, 2005) focused 

on free convection. The present paper (which constitutes the second part of the study) is devoted 

to investigate forced convection. In both parts, the large-eddy simulation (LES) model of Sorbjan 

(1996) has been used as a research tool, due to its ability to generate various flow regimes, test 

theories, and evaluate parameterizations of the ABL.  

As discussed in Part I, free convection refers to calm conditions. Its presence in the 

boundary layer can be identified with horizontally hexagonal cells  (e.g., Moeng and Sullivan, 

1994). Turbulence in this case is controlled only by the strength of the surface heat flux. In the 

surface layer, it can be described in terms of free-convection scales for vertical velocity, 

temperature, humidity (or other passive scalar), and height (Wyngaard et al., 1971):  

 
                uf = (β z Ho)1/3,      Θ* = Ho/w*,        q* = Qo/w* ,         z                                  (1)  

 

where Ho is the surface virtual potential temperature flux, Qo is a scalar flux (of water vapor, 

carbon dioxide, ozone, methane, nitrogen oxides, etc), β = g/To is the buoyancy parameter. In the 

mixed layer, characteristics of turbulence can be expressed in terms of the convective scales 
(Deardorff, 1970):  

 
                                w* = (β zi Ho)1/3,     Θ* = Ho/w*,        q* = Qo/w*,       zi                                (2) 

 

where zi is defined here as the level at which the heat flux H(z) is most negative. The mixed layer 

scales have been applied both in shear-free and shear conditions. 
In the interfacial layer, turbulence can be represented by the interfacial scales (Sorbjan, 

2004):  

                            Sw = w*,      Sθ = γi w*/Ni,      Sq = gi w*/Ni,        Sh = w*/Ni                                (3) 

 



 4 

where Ni = (β γi )0.5 is the Brunt-Väisäla frequency in the interfacial layer, γi is the peak potential  

(virtual) temperature gradient in the interfacial layer, and gi is the peak scalar gradient in the 

interfacial layer.  
The fact that two different similarity regimes, expressed by two different sets of scales 

(2) and (3), are present above the surface layer, causes that statistical moments (fluxes, variances, 

and covariances) in the shear-less mixed layer can be written in the following form (Sorbjan, 

2004, 2005): 

                                                  M = Sm Fm (z/zi) + Si Fi (z/zi)                                                    (4) 

 

where M is a statistical moment, Sm is a product of the convective scales (2), Si is a product of 

the interfacial scales (3), and Fm, Fi are empirical functions of dimensionless height z/zi. The 

form of Fm and Fi was proposed in Part I. Generally, Fm is a decreasing function of height, 

reaching zero at the top of the mixed layer. Fi is an increasing function of z/zi, approaching a 

universal constant at the top of the mixed layer. In the surface layer, Fm is expected to match the 

Monin-Obukhov predictions.  

Forced convection refers to windy conditions. Its presence in the boundary layer can be 

identified with characteristic horizontal roll vortices (e.g., Moeng and Sullivan, 1994, 

Glendening, 1996, Kim et al., 2003). During forced convection, turbulence is controlled not only 

by the strength of the surface heat flux, but also by wind shear. Equation (4) is generally not 

valid, because, the statistics of turbulence at the top of the mixed layer depend not only on the 

temperature gradient γi, but also on the velocity gradients sxi = du/dz|i and syi = dv/dz|i in the 

interfacial layer, or equivalently on the interfacial Richardson number  Ri = Ni
2/si

2, where si
2

 = sxi
2 

+ syi
2. Consequently, (4) could be replaced by the following expression (Sorbjan, 2004): 
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                                                       M = Sm Fm (z/zi) +  Si Fi (z/zi, 1/Ri)                                (5) 

 

which is formally valid only above the surface layer, since Fm is a function of a single parameter 

z/zi (i.e., it is independent of zi/L, where L is the Monin-Obukhov length). It can be assumed that 

Fi (z/zi, 1/Ri) = F1(z/zi) F2(1/Ri), and that F2(1/Ri) → 1, when 1/Ri → 0. As a result, in the shear-

less case (1/Ri = 0), Equation (5) coincides with (4).  The dependence of functions Fi on Ri, for 

fluxes, variances, and covariances at the top of the mixed layer, was proposed by Sorbjan (2004, 

2005).  

In Part I of this paper, numerical tests of Equation (4) have been carried out in the shear-

less case (when 1/Ri =0), for various values of the the Brunt-Väisäla frequency Ni. In this paper 

an examination of Equations (5) will be performed by varying the temperature gradient γi, and in 

addition, by changing the values of the geostrophic wind G. The structure of the paper is as 

follows. The performed simulations are outlined in Section 2. The obtained results are presented 

in Section 3. The forced-convection parameterization is introduced in Section 4.   

 

2. Large-Eddy Simulations 

 

Forced convection is numerically more difficult to simulate than its free-convective counterpart 

(e.g., by Mason, 1992; Moeng and Sullivan, 1994; Glendening, 1996; Kim, et al., 2003; Sorbjan, 

2004). The horizontal domain needs to be larger (several times larger that zi), the simulation time 

significantly longer, and the time step shorter. The final averaging period has to be sufficiently 

long, in order to obtain stable statistics of turbulence.  Longer averaging, however, causes that 

the transition between the mixed layer and the free atmosphere is significantly smoothed. This 
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effect may introduce difficulties in interpretations of the obtained results in the interfacial layer 

(e.g., Lilly, 2002).   

For the purpose of this study, six runs of large-eddy simulation model (Sorbjan, 1996) 

have been generated. They have been obtained for three values of the geostrophic wind G, and 

for two values of the temperature gradient γi in the interfacial layer. The performed runs will 

hereafter be referred to as W05, W10, W15, and S05, S10, S15. The letter "W" specifies runs, for 

which the initial temperature inversion strength γi was relatively weak, and equal to 0.01 K m-1. 

The letter "S" denotes runs with stronger temperature gradients in the interfacial layer, equal to 

0.1 K m-1. The numbers 05, 10 and 15 indicate the assumed values of the geostrophic wind G in 

m s-1.  

 

TABLE 1. Parameters characterizing the simulated cases 

_______________________________________________________________________  
Run       Θ*           q*         w*          u*          Ni         zi        zi/L          Rn         Ri         Ts           
            [K]        [10-5]   [m s-1]   [m s-1]                 [m]                                                [s]            
_______________________________________________________________________  

W05     0.059     3.9       1.28     0.263     0.0155     832   -46.3        89.5     10.6    30460.3 

S05      0.065     4.3       1.16     0.257      0.0644    619    -36.8    1252.8     52.4    31623.2 
W10     0.057     3.8       1.31     0.412     0.0142    880    -12.7         90.9       3.6    33696.1  

S10      0.039     5.6        0.89     0. 411   0.0631     590    -4.0      1822.5     15.8     20735.6 
W15     0.061     4.1       1.22     0.616     0.0146     716    -3.1          83.5       1.5    14109.6  

S15      0.065     4.3       1.15     0.609     0.0644     605    - 2.7      1095.8       6.7    14281.5 

_____________________________________________________________________________ 
 

The time-averaged characteristics of the performed simulations are summarized in Table 

1. Symbols in the table are the same as those used in Equations (1) and (2). In addition, Ts is the 

time length of each simulation, and Rn is the Reech number, Rn = (z iNi/w*)2  = (z i/Sh)2. The 
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convective scale q* is the expressed in kg kg-1. The values of the interfacial scales (3) are depicted 

in Table 2 (note that Sq is also in kg kg-1).  

In all of the simulations, the employed mesh consisted of 64 x 64 x 60 grid points. The 

grid increments were Δx = Δy = 40 m, and Δz = 30 m.  The initial mixed layer was 600 m deep, 

with a uniformly distributed potential temperature of 299 K. The interfacial layer was initially 

150 m thick. In the free-atmosphere, the temperature gradient was assumed to be Γ= 0.003 K m-1. 

The initial specific humidity in the mixed layer was equal to 0.010 kg kg-1. It decreased to zero at 

the top of the interfacial layer. In the free-atmosphere, humidity was assumed to be nil. The 

roughness parameter was set to equal zo = 0.01 m. The geostrophic wind was aligned with the x-

axis. The Coriolis parameter was assumed to be f = 0.0001 s-1. The model was initialized 

assuming the surface heat flux Ho= 0.075 K m s-1. The surface scalar (specific humidity) flux Qo 

was assumed to be 0.00005 kg kg-1m s-1 in all six cases.  

 

TABLE 2. Interfacial layer scales and characteristics in the simulated cases 

_________________________________________________________________________ 
Run       Sw         SΘ         Sq              Sh           SΘ/Θ*     Hi/Ho     Sq/q*     Qi/Qo      humidity    
           [m s-1]    [K]       [10-3]        [m]                                                              trend 
_________________________________________________________________________ 
                        
W05    1.28      0.56      -4.23        87.7       9.49     -0.15    -108.46    3.40      drying 
                                                                  
S05     1.16      2.31      -1.75        17.5      35.54     -0.21    -40.70     0.45      moistening 
                     
W10   1.31      0.55      -3.78         92.3        9.65     -0.13    -99.50     3.79      drying 
                            
S10     0.89      1.71      -1.13        13.8      43.84     -0.23    -20.17     0.20      moistening 
                                     
W15   1.22      0.57       -3.60       78.2       9.34      -0.25    -87.80      4.10      drying 
                                     
S15     1.15      2.18      -1.49       18.3      33.53     -0.33    -34.65      0.45      moistening 
__________________________________________________________________________ 
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All simulations were 10,000 time steps long. Because the time increments during the 

simulations were automatically adjusted on each time step (based on the Courant-Friedrichs-

Levy stability condition), the simulation time Ts was slightly different for each run. The final 

statistics were obtained through a spatial (horizontal) and temporal averaging during the last 

1500 time steps of each simulation (which is equivalent to 735 s in run S15, and 1500 s in run 

W05). The overturning time scale τ* = zi/w* varied from 526 s -- in run S15, to 650 s -- in run 

W05. 

3. Results 

3.1.  PROFILES 

                                                                        
 The performed simulations were designed to examine the effects of shear and the 

temperature gradient in the interfacial layer. Figures 1 a-c show the resulting vertical profiles of 

the potential virtual temperature, humidity (or other passive scalar), and wind velocity 

components. Two families of temperature profiles are depicted in Figure 1a, one with a small 

temperature jump in the interfacial layer (runs W05, W10, and W15), and one with a large one 

(runs S05, S10, and S15).  

There are two resulting families of humidity profiles (Figure 1b), as a consequence of the 

two assumed values of γi (the value of the surface humidity flux was the same in all runs). The 

humidity profiles obtained in runs S05, S10 and S15 converge, while in the remaining W-profiles 

are more scattered. Profiles W05, W10, and W15 indicate the mixed layer "drying", while in the 

remaining S cases the "moistening" of the mixed layer takes place. Both regimes were previously 

discussed by Mahrt (1991). 
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There are three families of the u-component velocity profiles (Figure 1c), associated with 

the values of the geostrophic wind, 5, 10 and 15 m s-1. The v-components are nearly the same for 

all runs, with the mixed layer values of about 0.5 m s-1.   

Figures 2 a-c show dimensionless gradient zi/Θ* dΘ/dz, obtained in runs: W10, W15, S10, 

S15 (the runs W05 and S05 are not shown for clarity of the presentation). The temperature 

gradient in the mixed layer is approximately zero from z/zi = 0.2 up to 0.9 (Figure 2a). The peak 

values are achieved in the interfacial layer, at about z/zi = 1.1, and are equal to the Reech 

number, since ziγi/Θ* = (zi/Sh)2 = Rn. The dimensionless gradients seem to be independent of the 

interfacial Richardson number and zi/L (as it follows from Table 1). Consequently, it can be 

concluded that the dimensionless gradient in the mixed layer, and above it, is a universal 

function of only two dimensionless parameters, z/zi and Rn: 

 

                                     zi/Θ*  dΘ/dz = Fθ(z/zi, Rn)                                                        (6) 

 

The same result was obtained in the free-convective case. Note that the above expression 

is not valid below z/zi = 0.2, because Fθ does not include the parameter zi/L. For very large Ni, 

and consequently very small Sh (i.e., infinitesimally shallow interfacial layer), Fθ in (6) is 

expected to be independent of Rn.  

It is worth mentioning that in the free-convective case (Sorbjan, 2005), the Reech was 

found to be a governing parameter for the mean entrainment rate we/w* (where we is the mean 

temporal growth of the mixed layer depth). The present study indicates that the result obtained in 

the shearless case, we/w* =  Rn-1, is also valid during forced convection.  
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The humidity (scalar) gradient zi/q* dq/dz is displayed in Figure 2b. The gradient is zero 

up to z/zi = 0.5  - 0.7, except in run W15. The peak values are reached at about z/zi = 1.1 - 1.2, 

are about -700 in runs W, and about -1100 in runs S, and are strongly dependent on the 

temperature gradient γi, and equivalently on the Reech number, Rn. Table 1 and the figure 

indicate that the humidity gradient is independent of the Richardson number Ri, which allows to 

assume that in the upper part of the mixed layer:  

                                             zi/q*  dq/dz = Fq(z/zi, Rn)                                               (7) 

 

The same result was obtained in the free-convective case. 

Figure 2c depicts the dimensionless gradient zi/u* du/dz of the x-component of the wind 

velocity vector. In the middle of the mixed layer (from z/zi = 0.4 up to 0.7), the dimensionless 

gradient is near zero. The peak values of the gradient are reached at about z/zi = 1.1. In the 

interfacial layer, the dimensionless gradient is strongly dependent on the temperature gradient γi, 

and independent on the geostrophic wind G.  

Four parameters: u*, w*, G, and Nizi, can be considered as relevant velocity scales in the 

interfacial layer. Consequently, the dimensionless peak value of the velocity gradient sxi = du/dz|i 

could be anticipated to be a function of three products, made from the listed four scales: zi sxi /u* 

= fu(u*/G, u*/w*, Niz i/w*). Table 1 indicates that the ratio u*/w* = (-zi/L)1/3 is equal to -9.1 in run 

W10,  -3.1 in run W15,  -2.7 in run S10,  and -7.7 in run S15 (the equivalent values of -zi/L are 

753.6, 29.8, 19.7, and 456.5 respectively). Taking these values into consideration, we can see in 

Figure 2c that the dimensionless gradient zi/u*sxi is practically independent (in the considered 

range of -zi/L) of the ratio u*/w*. It can also be noticed that the ratio u*/G is nearly the same in all 

runs (and equal to 0.0441, 0.0411, 0.0432, 0.0406 in runs W10, W15, S10, and S15 
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respectively). Since zi/u*sxi differs in runs W and S, we conclude that it must be independent of 

u*/G.  The dimensionless peak value of the velocity gradients, zi sxi/u* is then expected to be a 

function of a single parameter Nizi/w*
 = zi/Sh

  = Rn1/2. The same conclusion can be applied to the 

v-component of the wind velocity. 

Based on the above discussion, it could be assumed that the dimensionless velocity 

gradients in the upper half of the (barotropic) convective boundary layer are universal functions 

of only two dimensionless parameters, z/zi and Rn: 

 

                                             zi/u* du/dz = Fu(z/zi, Rn)                                               (8) 

                                             zi/u* dv/dz = Fv(z/zi, Rn) 

 

Note that in the lower half of the mixed layer, Fu, and Fv are dependent on z/zi and zi/L. For 

example, in runs W05 and S05, which can be considered as nearly free-convective cases (zi/L = -

46.3 and -36.8),  zi/u* du/dz reaches a zero value at z/zi = 0.1 (much lower than for cases depicted 

in Figure 2c) and is zero up to about z/zi = 0.5 - 07 (not shown). From Equations (6) and (8) can 

also be concluded that the interfacial Richardson number is a function of the Reech number Rn 

and zi/L, Ri = zi/L f(Rn). 

 The second moments of the potential temperature are shown in Figures 3 a-b. Figure 3a 

indicates that the negative peak values of the heat flux Hi increase with the strength of the 

capping inversion γi, and with the value of the geostrophic wind G. The same conclusion applies 

to the temperature variance σθ
2 in Figure 3b (spurious consequences of a sharp temperature 

gradient are seen in run S15). The dependence of σθ
2 on the temperature gradient γi is much 

stronger than the dependence on the geostrophic shear.  



 12 

 Profiles of specific humidity flux, and its variance, are depicted in Figures 4 a-b. It should 

be remembered that the surface flux Qo was kept the same in all considered runs, and the 

variation of the profiles in Figures 4 is only due to the differences in γi and G. The flux profiles in 

Figure 4a are decreasing functions of height in runs S10 and S15. In runs W10 and W15, the 

humidity flux increases with height. This behavior can be explained (e.g., Deardorff, 1974a) by 

increasing or decreasing in time (see Figure 1b) specific humidity ("moistening"/("drying") in 

the mixed layer (note that the initial value of the specific humidity in the mixed layer was 0.01 g 

kg-1 in all runs)  

The profiles in Figure 4b reflect sensitivity of σq
2 to the strength of the capping inversion 

γi, and the values of the geostrophic wind G. As during free convection, the profiles of humidity 

variance do not coincide in the surface layer (especially in run W15). A similar result was 

obtained by Deardorff (1974b), but for weaker wind velocities. The detected departure of the 

variance profiles indicates that σq
2 does not follow the Monin-Obukhov similarity, especially 

when Qi/Qo > 1 ("drying"). In Part I, this effect was shown to be accompanied by a low 

correlation coefficient between temperature and humidity in the surface layer due to entrainment 

processes. The present study confirms this conclusion. The correlation coefficient (its profile not 

shown) at z/zi = 0.1 is: 0.35 in run W05, 0.32 in run W10, and 0.50 in run W15 (the "drying" 

cases, as seen from Figure 1b). In the "moistening" runs, the obtained values of the correlation 

coefficient are about 0.70 in runs S05, and 0.95 in runs S10, S15. 

 The second moments of the velocity components are shown in Figures 5 a-b. In the mixed 

layer, σu
2/w*

2 seems to be independent of γi. The horizontal variance σu
2/w*

2 increases, when the 

geostrophic wind increases. The values of the vertical velocity variances σw
2/w*

2 at the top of the 

mixed layer increase, when both γi and G increase. In Figure 5 b, a deficiency of the sub-grid 
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scheme can be noticed near the lower surface, due to the fact that in this area the peak in the 

vertical velocity spectrum is very near to the filter cutoff (Sullivan et al., 2003).   

 

3. 2. THE INTERFACIAL VALUES  

 

The form of the similarity functions Fi (z/zi=1, Ri) in Eq. 5 was proposed by Sorbjan 

(2004, 2005): 
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                                                        σwi
2 = cw Sw
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where H and Q are temperature and humidity fluxes, σθ
2, σq

2, σw
2 are temperature, humidity, and 

vertical velocity variances, Cθq is the temperature-humidity covariance, the index "i" refers to a 

value at the top of the mixed layer, and cH , cQ , cθ , cq , cθq , cw , cr are universal constants (the 

same during both free and force convection). In this Section, the above expressions will be 

tested, based on the results of the LES model. Specifically, the dependence on the interfacial 

Richardson number will be examined. 
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Figure 6 shows the values of the dimensionless entrainment heat flux Hi/(SwSθ), obtained 

from the LES model (points), as a function of the interfacial Richardson number Ri. As expected, 

the negative values of the dimensionless entrainment heat flux increase when Ri decreases, and 

decrease when Ri increases. In the figure, the run names are indicated next to each point. The 

curve in the figure represents Equation (9a), plotted for cH = -0.0075, and cr = 1.8. The first 

constant has the same value as in the shear-free case (Sorbjan, 2005), and the second one as 

received by Sorbjan (2004).  

 Figure 7 shows that the values of the dimensionless entrainment humidity flux Qi/(SwSq), 

obtained from the LES (points) model as a function of Ri. In the figure, the dimensionless flux 

described by Equation (9c) is shown as a curve plotted for cQ = 0.0225, and cr = 1.8. The first 

constant has the same value as obtained by Sorbjan (2005) in the shear-free case. The second 

constant has the same value as obtained for the temperature flux.  

Note that Eqs. 9a and 9b can be considered as alternative to Lilly's (1969) classical (zero-

order) expressions for the entrainment heat, for the case when the interfacial layer has a finite 

depth. The zero-order model was originally derived for the stratocumulus-topped ABL, with a 

sharp temperature jump ΔΘ  and infinitesimal interfacial layer. Lilly's parameterization does not 

include any direct dependence on shear or Ri. 

A simple condition (the humidity flux ratio Qi/Qo larger or smaller than unity) for the 

presence of moistening or drying regimes in the mixed layer can be obtained based on Equation 

(9b). If   Qi/Qo > 1, or  equivalently R = -Sq/q*(1+1.8/Ri)/(1+1/Ri)1/2 >  cQ
-1 = 45, the mixed layer 

will be dried, otherwise the mixed layer will be moistened.  Based on Tables 1 and 2 it can be 

obtained that R equals 121.3 in run W05, R = 131.5 in run W10, and R = 149.6 in run W15, 



 15 

which indicates drying. The values of R are: 41.7 in run S05,  21.8 in run S10, and 41.0 in run 

S15, which indicates moistening. 

 The peak values of the dimensionless temperature variance σθi
2/Sθ

2 in the interfacial layer, 

obtained from the LES model, are displayed in Figure 8. In the figure, the dimensionless 

variance, estimated based on Equation (9b), is represented by a curve. The curve is plotted for cθ 

= 0.040, and cr = 8. The first constant has the same value as obtained by Sorbjan (2005) in the 

shear-free case. The second constant is larger than the value 1.8 accepted by Sorbjan (2004).  

 The peak values of the dimensionless humidity variance σqi
2/Sq

2 in the interfacial layer, 

obtained from the LES model (points), are displayed in Figure 9. The obtained results reveal that 

the dimensionless variance strongly increases when Ri decreases, and decreases when Ri 

increases. In the figure, the variance, estimated based on Equation (9d), is also presented as a 

curve. The curve is plotted for constants: cq = 0.080, and cr = 8. The first constant is smaller than 

the value 0.175, accepted Sorbjan (2005) in the shear-free case. The second constant is larger 

than the value 1.8 accepted by Sorbjan (2004).  

The peak values of the dimensionless temperature-humidity covariance Cθqi/(SθSq) in the 

interfacial layer, obtained from the LES model (points), are displayed in Figure 10. The  

covariance strongly increases, when Ri decreases, and decreases when Ri increases. In the figure, 

the covariance, estimated based on Equation (9e), is also presented as a curve. The curve is 

plotted for constants: cθq = 0.050, and cr = 8. The first constant is smaller than the value 0.010 

accepted Sorbjan (2005) in the shear-free case.  

Figure 11 depicts the values of the dimensionless vertical velocity variance σwi
2/Sw

2 in the 

interfacial layer, obtained from the LES model (points). The obtained results show that σwi
2/Sw

2 

increases, when Ri decreases, and decreases when Ri increases.  In the figure, the dimensionless 
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variance, estimated based on Equation (9f), is represented as a curve.  The curve is plotted for 

constants: cw = 0.040, and cr = 8. The first constant is smaller than the value 0.050 obtained by 

Sorbjan (2005) in the shear-free case. For the second constant is larger than the value 1.8 

obtained by Sorbjan (2004).      

One should be aware of uncertainty concerning the results of large-eddy simulations, due 

to a numerical effects, resolution, and sub-grid parameterization. Therefore, the constants, 

obtained in this study, require further verification based on LES experiments with higher 

resolution, and also on atmospheric data. 

 
4. Parameterization 
 

 Based on Equations (5) and (9), and the results discussed in Section 3.2, the following 

expressions can be proposed for profiles of scalar moments in the atmospheric boundary layer 

with shear: 
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Note that for given scales w*, Θ*, q*, Sw, Sθ, Sq, and for Ri, the proposed functions of z/zi in (10a-

f) are arbitrary curves fitting the obtained LES results. Their form is the same as in the free-

convection case, when 1/Ri = 0 (Sorbjan, 2005). The above expressions are valid below the 

level, at which a moment has its peak, and above the surface layer (even thought the dependence 

on height for small z seems to follows the surface-layer predictions).  

For the purpose of illustration, the curves described by Equations (10c), (10d) and (10e)  

are compared with the LES profiles obtained in runs W10, W15, S10, and S15 in Figures 12 a-c. 

For clarity of the presentation, the logarithmic scale of abscissa is used in Figures 12 a-b. The 

curves are plotted for the values of parameters Ri, Sθ/Θ* and Sq/q* displayed in Table 1 and 2, and 

for the following values of constants, obtained in Section 3.2: c1 = 0.95, c2 = 1, c3 = 1.5, cθ  = 

0.04, cq  = 0.08, cθq  = 0.1, cr = 8, cs = 0.02. As mentioned in Section 3.2, the values of c1, c2, c3, 

and cθq are the same as used in the shear-less case by Sorbjan (2005). The values of cq, cs, and cr 

differ from the values employed in Part I.   

Figure 12a indicates that in the lower part of the mixed layer, the LES curves (continuous 

lines) for of the dimensionless temperature variance, and the approximating profiles (broken 

lines), are nearly identical. Above, the approximating profiles diverge at z/zi = 0.5, depending on 

the temperature stratification in the interfacial layer. The LES curves show the same trend, but 

above z/zi = 0.9.  

The dimensionless humidity variances, obtained from Eq. 10d (thick broken lines), 

reproduce the tendency of the LES curves: the S10 and S15 profiles (thick continuous lines) in 

Figure 12b are shifted along abscissa to the left (toward smaller values), while the W10 and W15 

profiles are shifted to the right. When the geostrophic wind G increases, the profiles are shifted 

along abscissa toward larger values.  
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The LES curves and approximating profiles of the dimensionless temperature-humidity 

covariances, in Figure 12c, are nearly identical in the lower part of the mixed layer. At the top of 

the mixed layer the combination of the governing parameters Ri, Sθi/Θ* and Sqi/q* causes that the 

LES curves and approximating profiles of all dimensionless temperature-humidity covariances, 

in Figure 12c, are relatively close to each other, except in case W15 (compare with Figure 4c. 

The presented results have a preliminary character. They require further verification based on 

LES experiments with finer resolution, and also on atmospheric data. 

 

5. Concluding Remarks 

 

  The large-eddy simulation model has been used in this study to examine the impact of 

stratification and shear in the interfacial layer during forced convection. The performed LES tests 

show that in the upper portion of the mixed layer the dimensionless (in terms of mixed layer 

parameters given by Eqs. 2) vertical gradients of temperature, humidity, and wind velocity 

depend on the dimensionless height z/zi and the Reech number Rn. 

 It is also confirmed that the interfacial layer is governed by a set of interfacial scales (2). 

The characteristic values of statistical moments of scalars at the top of the mixed layer during 

sheared convection, scaled by the interfacial scales (Eqs. 3), are shown to be functions of the 

interfacial Richardson number Ri, as predicted by Equations (9). Based on these findings, a 

parameterization (10) is proposed for profiles of scalar variances and covariances. The 

parameterization employs a combination of the mixed layer and interfacial scales, and two semi-

empirical similarity functions Fm and Fi, which are dependent on the dimensionless height z/zi, 

and on the Richardson number Ri. The obtained similarity expressions adequately approximate 
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the LES profiles of temperature and humidity statistics, and also properly represent the impact of 

stability, shear, and entrainment. When the effects of shear decrease (1/Ri → 0), the derived 

equations take form of free-convection profiles obtained in Part 1 of this study (Sorbjan, 2005). 

As in the shear-free case, the humidity variance in the surface layer is controlled by entrainment, 

especially in the "drying" case, and do not seem to follow the Monin-Obuhkov similarity 

predictions.  
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Figure captions 

 

Figure 1. Vertical profiles of: (a) potential temperature, (b) humidity, and (c) velocity 

components in all performed simulations 

Figure 2. Dimensionless gradients of: (a) temperature zi/Θ* dΘ/dz, (b) humidity zi/q* 

dq/dz, and (c) the x-component of the wind velocity vector zi/u* du/dz, obtained in runs W10, 

S10, and W15, S15.   

Figure 3. Dimensionless profiles of: (a) potential temperature flux H/Ho, (b) potential 

temperature variance σθ
2/Θ∗

2, obtained in runs W10, W15, and S10, S15.    

Figure 4. Dimensionless profiles of: (a) humidity flux Q/Qo, (b) humidity variance σq
2/q∗

2, 

(c) temperature-humidity covariance Cθq/(Θ∗q∗), obtained in runs W10, S10, and W15, S15.    

Figure 5. Dimensionless velocity variances: (a) horizontal σu
2/w*

2, and (b) vertical 

σw
2/w*

2, obtained in runs W10, S10, and W15, S15.   

Figure 6. The dimensionless heat flux Hi/(SwSθ), obtained from the LES model (dark 

circles), as a function of the interfacial Richardson number Ri. In the figure, Eq. 6a is represented 

by a curve. The LES run names are indicated next to each point.            
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Figure 7. The dimensionless humidity flux Qi/(SwSq), obtained from the LES model (dark 

circles), as a function of the interfacial Richardson number Ri. In the figure, Eq. 6b is 

represented by a curve. The LES run names are indicated next to each point. 

Figure 8. The dimensionless temperature variance σθi
2/Sθ

2, obtained from the LES model 

(dark circles), as a function of the interfacial Richardson number Ri. In the figure, Eq. 6c is 

represented by a curve. The LES run names are indicated next to each point. 

Figure 9. The dimensionless humidity variance σqi
2/Sq

2, obtained from the LES model 

(dark circles), as a function of the interfacial Richardson number Ri. In the figure, Eq. 6d is 

represented by a curve. The LES run names are indicated next to each point.      

Figure 10. The dimensionless temperature-humidity covariance Cθqi
2/(SθSq),  obtained 

from the LES model (dark circles), as a function of the interfacial Richardson number Ri. In the 

figure, Eq. 6e is represented by a curve. The LES run names are indicated next to each point.                

Figure 11. The dimensionless vertical velocity variance σwi
2/Sw

2, obtained from the LES 

model (dark circles), as a function of the interfacial Richardson number Ri. In the figure, Eq. 6f 

is represented by a curve. The LES run names are indicated next to each point. 

Figure 12. Comparison of the LES curves, obtained in runs S10, S15 (thick lines), and 

W10, W15, with analytical profiles (broken lines) of: (a) the dimensionless potential temperature 

variance σθ
2/Θ*

2, obtained from Eq.10c, (b) the dimensionless humidity variance σq
2/q*

2, obtained 

from Eq. 10d, (c) the dimensionless temperature-humidity covariance Cθq/Θ∗q*, obtained from 

Eq. 10e.   
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Figure 1b 
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Figure  2b 
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Figure  2c 
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Figure 3b 
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Figure 4a 
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Figure 4b 
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Figure 4 c. 
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