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Abstract 

We have developed a framework to parameterize mesoscale fluxes of heat, moisture, and momen- 
tum, in a cloud-free environment, which result from heterogeneous heating of flat land surfaces. The 
importance and parameterizability of these mesoscale fluxes is demonstrated using the mathematical 
concept of predictability. This methodology is used to estimate the relative importance of mesoscale, 
as contrasted with turbulent fluxes, in the Konza Prairie of Kansas during the FIFE field experiment. 
0 1997 Elsevier Science B.V. 

1. Introduction 

During the last decade or so, procedures to represent landscape heterogeneity within a 
larger scale area, such as a general circulation model (GCM) grid cell, have focused on a 
summation of surface fluxes within that area, proportionally weighted by the fluxes from 
each land surface type. Examples of this approach are reported by a number of authors 
(Avissar and Pielke, 1989; Kosta and Suarez, 1992; Bonan et al., 1993; Henderson-Sellers 
et al., 1993; Miller, 1993; Arritt and Clark, 1994; Li and Avissar, 1994). 

There is convincing modeling evidence, however, that mesoscale’ fluxes that result 
from landscape heterogeneity in flat terrain can often be as large as and larger than 

* Corresponding author. 
‘We define mesoscale using the definition presented in Pielke (Pielke, 1984). Mesoscale systems can be 
accurately described by the hydrostatic equations of motion, while the turbulent motions are non-hydrostatic 
features. Mesoscale features differ from larger scale systems in that the horizontal winds are substantially out of 
gradient wind balance even above the planetary boundary layer. 

0022-1694/97/$17.00 8 1997- Elsevier Science B.V. All rights reserved 
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OSU 1 id UKMO 

Fig. 1. Horizontal resolution of four GCMs across the southern US: (a) GISS. (b) GFDL, (c) OSU, and(d) UKMO 
(from Cooter et al., 1993). 

turbulent fluxes, as well as have a different vertical distribution than the turbulent fluxes 
averaged over the scale of a GCM grid such as illustrated in Fig. 1. Examples of studies 
that document the modification of atmospheric boundary layer structure, and/or the devel- 
opment of mesoscale flow owing to land surface inhomogeneity are reported by a number 
of authors (Avissar and Pielke, 1989; Andre et al., 1989a; Raupach, 1991; Dalu et al., 
1991a,b; Pielke et al., 1991, 1993a; Cotton and Pielke, 1995; Segal and Arritt, 1992; 
Manqian and Jinjun, 1993; Avissar and Chen, 1993; Guo and Schuepp, 1994). A number 
of these papers are summarized in Cotton and Pielke (Cotton and Pielke, 1995). These 
mesoscale fluxes have substantial coherent structure such that they are predictable features 
(i.e. Zeng, 1992; Zeng and Pielke, 1993a). Observations have documented the importance 
of heterogeneous landscape in influencing boundary layer structures and mesoscale fluxes 
(Balling, 1988; Segal et al., 1988, 1989; Beljaars and Holtslag, 1991; Doran et al., 1992; 
Smith et al., 1992; Mahrt and Ek, 1993; Mahrt et al., 1994a,b) and in effecting such related 
properties as soil water infiltration (Wood et al., 1992). 

Therefore, it should be possible to parameter& the influence of the mesoscale fluxes on 
larger scale atmospheric structures. This is the purpose of this paper. Claussen (Claussen, 
1991), for example, has discussed how land surface variability influences spatially aver- 
aged fluxes and spatially averaged vertical gradients, although his analysis is limited to the 
situation where the boundary layer becomes homogeneous above a ‘blending height’ 
(Wierenga, 1986). which is situated within the surface layer. Mahrt(Mahrt, 1987) and 
Mason (Mason, 1988) also have papers that are concerned with this topic. Lynn and 
coworkers (Lynn et al., 1995) are also developing a new procedure to parameterize 
mesoscale fluxes resulting from landscape patches. 

Field programs which focus on land surface-atmosphere interactions such as FIFE 
(Sellers et al., 1992a; Betts and Beljaars, 1993) in Kansas, USA; BOREAS (see Sellers 
et al., 1995) in Saskatchewan and Manitoba, Canada; LOTREX (SchZidler et al., 1990) in 
Hildesheimer B&de, Germany; EFEDA (Bolle et al., 1993) in Spain; HAPEX-MOBILHY 
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(Andr15 et al., 1989b; Noilhan et al., 1991) in France; HAPEX-NIGER92 (e.g. Gash et al., 
1991); SEBEX (Wallace et al., 1991) in the Sahel of Africa and in the Amazon region (e.g. 
Shuttleworth, 1985; Wright et al., 1992; Gash and Shuttleworth, 1991) can provide an 
observational data base to contrast with the model results. 

2. Methodology 

Linear studies can provide us with some insight as to when mesoscale circulations are 
likely to generate vertical fluxes of heat, moisture, and momentum on the same order as 
turbulent fluxes. Dalu and Pielke (Dalu and Pielke, 1993) report on one such modeling 
effort where linear response of the atmosphere to heat patches of various sizes in flat 
terrain are examined. Based on that analysis and for the case of zero large-scale flow, 
horizontal fluxes can homogenize the atmosphere a short distance above the surface (such 
that horizontal gradients in boundary layer structure do not develop) when 

TFl (t,) = Order (1) 

where Ro is the Rossby radius of deformation, T is proportional to the inertial period and a 
period related to deceleration of horizontal flow, m=2Ro/L,, and F&J is the time- 
dependent evolution of the mesoscale circulation. K, is the horizontal exchange 
coefficient. L, is the horizontal spatial scale of the heat patches. Claussen (Claussen, 
1991) defines the height at which the atmosphere homogenizes (i.e. the blending height) 
as the level with the same scale as the vertical diffusion length scale. 

The product of variables in Eq. (1) is of order unity, as discussed in Dalu and Pielke 
(Dalu and Pielke, 1993), when 

where Na = [(g/QM/az] 4 (i.e. the Brunt-VCsala frequency) and ho is the maximum depth 
of the planetary boundary layer. Using these relations, at high wavenumbers (i.e. large m), 
for example, with m = 100 (Lx = 2 km), the mesoscale fluxes from this patch size would be 
important all day for K, = 10 mz s-’ (for this example, R,-, = 100 km, ho = 1.5 km, T = lo4 s, 
and N0 = lop2 s-’ were defined). If K, = 100 m2 s-‘, however, only patches having a 
wavenumber less than or equal to 30 (Lx = 7 km) would produce significant mesoscale 
fluxes throughout the day. With this large value of K,, the Lx = 2 km patches would have 
significant fluxes relative to the turbulent fluxes only for a very short time in the morning, 
if the diurnal heating of the patches was the dominant surface forcing mechanism. This 
analytic model indicates that mesoscale fluxes (and thus, the need to parameterize them) 
become insignificant when the horizontal scale of the flow is on the same order as the 
vertical scale (i.e. Ro/m s ho). Avissar and Pielke (Avissar and Pielke, 1989) assumed this 
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result, but without theoretical justification, in developing a mosaic one-dimensional 
representation of land surface effects. 

Using mixed-layer scaling (e.g. see Garratt, 1992), the horizontal exchange coefficient 
can be estimated as 

where for a mixed layer an =u,(12+OS&,/lLl)~ and I= 1.5he (e.g. see Pielke, 1984, 
pp. 177-178) can be used. The parameter US is the friction velocity and L is the Monin 
length. From this analysis, as the beat patches become smaller, their influence is more 
easily mixed horizontally, as a function of height above the surface (as an example, 
with u* =OS m s-’ , b = 1.5 km, IL,1 = 10 m, yields K, = 8.55 x lo3 mz s-l). This intensity 
of horizontal mixing also depends on the thermodynamic stability in the lower 
atmosphere, in which more vigorous convective heating would result in stronger 
horizontal mixing. 

The introduction of large-scale wind flow modifies the importance of mesoscale fluxes, 
as shown by Pielke and coworkers (Pielke et al., 1993b), with stronger mesoscale fluxes 
where the large-scale flow is opposite in direction and about the same magnitude of speed 
as the resultant mesoscale induced horizontal wind flow. Otherwise, the presence of a 
large-scale wind reduces the importance of mesoscale fluxes for the same size surface heat 
patch scale. This large-scale wind dilutes the influence of the heat patches when they are 
sufficiently small by advecting warm air over colder surfaces, and colder air over the 
warmer patches, thereby promoting homogenization above the surface as a result of this 
advection and destabilization of the atmosphere over the warmer surfaces. This effect was 
demonstrated in a set of large eddy model simulations over flat terrain reported by 
Hadfield and coworkers (Hadfield et al., 1991, 1992). 

To determine whether we can parameterize mesoscale and turbulent fluxes associated 
with landscape patchiness, we first have explored the predictability of these flows. The 
predictability measure that we apply is the signal-over-noise ratio, r. The signal is defined 
to be the domain-averaged root mean square (rms) difference of a variable at time c and at 
the initial time, and the noise is defined to be domain-averaged rms difference of a variable 
in the control simulation and in the perturbed simulation at time t. The domain average is 
obtained from a vertical and horizontal summation of each grid point in the domain. 
In order to estimate the overall predictability during the day, we have also computed 
the mean value r, of the signal-over-noise ratio r(t) from t= 3 to 11 h. When flu) I 1 
the variable a is defined to be predictable during the day, otherwise the variable a is 
unpredictable. Fig. 2, Fig. 3 and Fig. 4 show (f) of 8, u, and w as a function of the synoptic 
wind U and the patch size L,, respectively. It is seen that tit?) is always larger than 
unity. For most of the parameter space, ~(0) is about 10. P(U) is greater than unity 
except when both U and L, are small. For most of the parameter space, P(w) is greater 
than unity. 

In Fig. 2, Fig. 3 and Fig. 4, when L, is small, r is relatively small because surface 
differential heating is small. In Fig. 3 and Fig. 4 (for u and w), as L, increases, r decreases. 
The reason is that when L, is large, except near the coastal area, the domain is 
dominated by boundary layer turbulence, just like the homogeneous case. This has 
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Fig. 2. The temporal- and domain-averaged signal-over-noise ratio of 0 as a function of the synoptic wind U aad 
the patch size L,. ‘Ike isolinea are drawn with values of 5, 7.9, and 11. The maximum value is 13.8 and the 
minimum value is 3.45. 

been discussed in Zeng and Pielke (Zing and Pielke, 1993a). Further discussions on the 
predictability of surface-induced flow are given elsewhere (Zeng and Pielke, 1993b, 
1995a). 

Since there exists predictability for a wide range of values of synoptic wind flow and 
patch size, this indicates that we should be able to develop a parameterization of mesoscale 
and turbulent fluxes over this parameter space. 

Analogous to mixed-layer boundary layer scaling and similarity scaling, we hypothe- 
size that there exist non-dimensional scaling parameters that can be used to evaluate the 
importance of mesoscale fluxes over heterogeneous, flat terrain. 

The assumed non-dimensional parameters to be functionally related to the mesoscale 
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Fig. 3. The temporal- and domain-averaged signal-over-noise ratio of u as a function of the synoptic wind U and 
the patch size L,. The isolines are drawn with values of 1.5, 10,20,30, and 40. The maximum value is 52.6 and 
the minimum value is 0.68. 

fluxes are 

Rb = kGW/(esu*) 

G/Lx 

X1 = UZi/LxW* 

A, = U=/c,Atl 
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Fig. 4. The temporal- and domain-averaged signal-over-noise ratio of w as a function of the synoptic wind U and 
the patch size L,. The isolines are drawn with values of 1,5,10,20, and 30. The maximum value is 49.2 and the 
minimum value is 0.45. 

U is the large-scale advection wind estimated as the synoptic flow at the boundary layer 
height zip while A0 is the maximum horizontal surface temperature difference at the 
roughness height zo, between different patches. L, is the dominant horizontal patch size 
and 68 is the potential temperature difference between the depth Zir and the surface. The 
potential temperature at z. is B,, and w. = (gQ,zi/8,)“3 where Q, is the turbulent surface 
sensible heat flux. The parameter, w *, is the convective velocity scale. Each of these 
parameters can be estimated from the resolvable variables in larger scale models, except 
A8 and L,. These two parameters, however, could be obtained using a mosaic approach 
(e.g. Avissar and Pielke, 1989; Avissar and Verstraete, 1990; Miller, 1993) where 
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vegetation, soil, and water coverage information are used to obtain such information as 
leaf area index, soil moisture, etc. within subareas of a larger scale model grid cell. Rb 
provides a measure of the intensity of convective turbulent generation while zJL, is a 
measure of the depth, zi, into the atmosphere in which this turbulence would extend 
relative to the dominant horizontal patch size, L,. Horizontal gradients in turbulent 
sensible heating, and the depth, zi, to which this heating extends are what generates 
mesoscale circulations. X, yields a measure of the relative importance of horizontal 
advection to convective vertical mixing, while h2 is a ratio related to horizontal 
advection and the horizontal pressure gradient force, as introduced in Pielke (Pielke, 
1984, Chapter 3). 

Besides these four independent parameters, we have also suggested another four 
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Fig. 5. The eight dimensionless parameters as a function of the horizontal scale I,, of the surface heat pat&es and 
the synoptic wind U at time t = 8 h after sunrise. The cases with U = 3,5,7,9 m s-’ are represented by the solid, 
dotted, short-dxkd, and long-dashed lines, respectively. 
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parameters and they are 

X,=X,zi/(X,L,)=Uw*/(cpAB) 

)b=X*Rb=g~ise/(escpAe) 

Xs =hzL,.zi = LJJ2/(zic,AB) 

&=X*Lx/Zi=u/W* 

We expect that mesoscale fluxes would vary in a non-linear fashion when these parameters 
vary, but would be a well-defined function of these effects. For example, mesoscale effects 
would be expected to dominate for intermediate values of L, (Xian and Pielke, 1991; 
Avissar and Chen, 1993). For very small values of L,, the atmosphere is quickly 
homogenized immediately above the surface such that mesoscale circulations do not 
develop (e.g. Hadfield et al., 1991, 1992). For very large values of L,, mesoscale circula- 
tions would develop only near the patch edge with the interiors dominated by turbulent 
fluxes. This paper places quantitative limits on the influence of these parameters on the 
flux. 

In order to explore the parameter space of the above parameters, in order to assess the 
value of this parameterization approach, and to study the relationship between mesoscale, 
turbulent, and total fluxes, we have performed extensive two-dimensional numerical 
models by means of the Colorado State University-Regional Atmospheric Modeling 
System (CSU-RAMS; Pielke et al., 1992). The non-hydrostatic equations are used with 
moisture taken as a passive tracer. Radiation, subgrid-scale turbulence, and soil model 
parameterizations are included. The horizontal grid intervals are hx = 2 km, and periodic 
lateral boundary conditions are used. A more detailed model description has been given in 
Zeng and Pielke (Zeng and Pielke, 1993a). The surface consists of alternate strips of water 
andlandwithstripsizesofL=10,20, . . . . 100, and 150 km. The synoptic wind is U =3,5, 
7, and 9 m s-t. When U is smaller than 3 m s-r, some of the above parameters are either too 
small or too large, and the above parameters need to be modified; e.g. replacing V by 
(U + w a). This issue will be addressed in future work. 

Fig. 5 illustrates how the values of the eight parameters vary as a function of the 
horizontal scale (L) of surface heat patches and the synoptic wind U. Relatively smooth 
curves are observed in Fig. 5, which is a necessary condition in order to properly para- 
meterize different fluxes as a function of these parameters. Fig. 5 also represents the part of 
the parameter space that we have explored. 

3. Parametrization form 

While there still needs to be additional model runs to explore the entire spectrum of 
meteorological conditions, there is sufficient robustness to the model runs to present the 
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Table 1 

The parameters Pi used in tqn (2) for mesoscale (denoted by superscript “‘) and small-scale (or turbulent) 
(denoted by superscript ‘“I) sensible heat, moisture, and momentum fluxes scaled by their corresponding total 
(turbulent) surface values 

Dimensionless fluxes PI p2 p3 

Mesoscale flux 

I 

(W’fY) A.3 A6 Z&I 

(w’q’) h2 x4 x6 

(w’u’) Al ZPX Rb 

Turbulent flux W@? A4 zLG Rb 

Wd? h x3 z&t 

Wlfl A* ZJL Rb 

functional form of the algorithm for the large-scale averaged mesoscale, turbulent, and 
total fluxes. 

These fluxes are strongly dependent upon the dimensionless height zlzi. Schematically, 
our parameterization equation for any dimensionless llux F can be written as 

F-f,(z/zi,=g(~,R,.h,. . ..J+(zIzi) (2) 

In our study, the function fi is a quadratic or cubic polynomial and the function f2 is a 
linear or quadratic polynomial (or this polynomial multiplied by f 1(2/2J)a The function g is 
a linear or quadratic polynomial of each parameter. 

There are two conflicting requirements on a parameterization scheme: the scheme 
should use a functional form as simple as possible, and should use as few parameters as 
possible; and the scheme should be as accurate as possible. To balance these two require- 
ments, we propose the following parameterization equations for domain-averaged (i.e. 
large-scale model grid-box-averaged), mesoscale (with the superscript “‘), turbulent (with 
the superscript ‘“‘), and total fluxes of sensible heat (we), latent heat (wq), and momentum 
(WV) in the boundary layer. These equations have been tested against model-generated data 
at time t =7,7.5, and 8 h after sunrise based on statistical techniques which are discussed 
in Zeng and Pielke (Zeng and Pielke, 1995b). 

For mesoscale fluxes, which are defined in this paper as the resolvable flux with respect 
to model grids with AX = 2 km, and small-scale (or turbulent) fluxes, which are defined as 
the subgrid parameterized fluxes in this model grid, the general formula is 

where F is a flux scaled by its total (or turbulent) surface value, pi (i = 1,2, and 3) represent 
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Table 4 

The coefficients Ci used in Eqs (2) and (3) for mesoscale (denoted by superscript “‘) and small-scale (or turbulent) 
(denoted by superscript ‘“‘) sensible heat, moisture, and momentum fluxes scaled by their corresponding total (or 
turbulent) surface values 

Dimensionless fluxes 

0.00 1.30 - 2.45 1 .OS 

0.00 - 0.101 4.50 - 2.88 
0.140 x 10-Z - 0.825 x 10-l 0.562 - 0.328 

1.00 - 2.14 2.64 - 0.905 
1.00 2.13 - 5.20 1.87 
1.00 - 3.84 5.12 - 2.28 

tk-t~ of the eight parameters (RL,, z,dL,, X1, X2, X3, X4, X5, A,) and 

(4) 

The values of coefficients ai, bt, ct, and parameters pi for mesoscale and turbulent fluxes 
are given in Tables l-4. 

For the total sensible heat flux scaled by its surface value, the formula is 

= (al+a&+a3X3+a4Xq+aS Xg+aeRb) 

+ (b, + b2A2 + b3X3 + b4k, + bsx, + b6Rb) 4 
i 

where 

(5) 

The values of coefficients ai, bi, and Ci are given in Table 5. 

Table 5 
The coefficients ai, bi. and ci used in Eqs. (4) and (5) for total sensible heat flux scaled by its surface value 

(6) 

Ccefficients a, 02 a3 a4 03 a6 

(WV’) + (ww) - 0.546 x 10-l - 10.20 92.10 3.98 0.410 x 10-z 0.367 x 1O-2 
Coefficients b , b2 h b4 bs b6 
(W’V) + (dw) 3.22 289.00 - 2593.90 - 88.50 - 0.387 0.211 
Coefficients c , c2 c3 

(W’V) + (ww 1.0 - 1.5 0.37 
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Table 1 
The WINS of the coefficients ai, bi. ci, and di used in EMS. (7) and (8) for total momentum BUX scaled by its 
surface value 

Coefficients 
(W’U’) + (WV) 
Coefficients 
(WV) + (WV) 
Coefficients 
(w’u’) + (WV) 
Coefficients 
(w’u’) + (WV) 

at 
- 0.240 

bl 
- 1.61 

cl 
2.29 

dl 
1.00 

a2 
- 8.19 

bz 
- 91.40 
c2 
117.90 

dz 
- 3.97 

43 
0.264 x 10-l 

b, 
0.22 

c3 
- 0.334 

d, 
6.00 

44 
- 2.49 

b4 
- 34.80 
c4 

49.90 
& 
- 2.87 

For the total moisture flux scaled by its surface value, the formula is 

= 
2 

f(-) 

+a3X:+a~X4+aS~+a6X,+a7~+a 

* Zi 

+ +b2X, +b3X;+b4& +b&+b&+b&+b e(;)+b@*]; (7) 

where fi(dzi) is a quadratic polynomial as expressed in Eq. (6). The values of the coeffi- 
cients ai, bi, and ci in Eqs. (6) and (7) are given in Table 6. 

Table 8 
l%e ratio of mesoscale to turbulent fluxes of heat, moisture, and momentum as a function of dimensionless height, 
.&iv for the FIFE study area. The parameter L, = 10 km and other parameters CUE givers in the text 

ZJZi (w’e’)lwe”) (w’u’)/(w”u”) Wq’Mww 

0.1 0.21 0.015 0.0085 
0.2 0.50 - 0.040 0.031 
0.3 0.89 - 0.16 0.063 
0.4 1.37 - 0.31 0.11 
0.5 1.93 - 0.68 0.16 
0.6 2.48 - 0.91 0.23 
0.7 2.71 - 0.70 0.32 
0.8 1.69 - 0.19 0.45 
0.9 - 5.22 0.50 0.65 
1.0 35.5 m 1.02 
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Table 9 

Same as Table 8 except L, = 20 km 

Z&i (w’e’y(wv9 (w’u’)/(wv) Wq’Mw”q”) 

0.1 0.33 - 0.0056 0.0085 
0.2 0.77 0.024 0.037 
0.3 1.34 0.15 0.087 
0.4 2.06 0.49 0.16 
0.5 2.92 1.33 0.27 
0.6 3.81 2.79 0.42 
0.7 4.27 4.07 0.64 
0.8 2.76 4.77 0.97 
0.9 - 8.93 6.61 1.51 
1.0 64.5 cm 2.52 

For the total momentum flux scaled by its surface value F, the formula is 

where 

The coefficients ai, bi, tip and di a~ given in Table 7. 
To demonstrate an application of the parameterization scheme, we use Eqs. (3) and (4) 

to assess the relative importance of mesoscale and turbulent fluxes for the FIFE study area 
in Kansas. FIFE field program results and an overview of the program are presented in 
Sellers and coworkers (Sellers et al., 1992a). Using results presented by Smith and 
coworkers (Smith et al., 1994) and Betts and coworkers (Betts et al., 1992), the parameters 
required for use in Eqs. (3) and (4) were estimated as: L= lo-20 km, W, = 1.6 m s-‘, 
68 = 3”C, Ad = 5°C zi = 1 km, and U =4 m S-‘. Values of these parameters, of course, V~UY 

from day to day but these estimates will provide insight as to the relative importance of 
mesoscale fluxes in that study area. 

Using L = 10 km and 20 km, the ratio of mesoscale to turbulent fluxes of heat, moisture, 
and momentum as a function of height is presented in Tables 8 and 9. It is seen that near 
the surface the turbulent fluxes are dominant; however, in the upper portion of the bound- 
ary layer the mesoscale fluxes (especially those of sensible heat and momentum) arc 
dominant. This conclusion is consistent with the interpretation of Smith and coworkers 
(Smith et al., 1994) and others who participated in the FIFE study, in that mesoscale fluxes 
did occur. This is also consistent with the estimate of FIFE-area surface fluxes obtained 
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from FIFE-area averaged variables which are essentially identical to the linear averages of 
individual point-specific fluxes, as reported by Sellers and coworkers (Sellers et al., 
1992b), because the total fluxes are always dominated by turbulence, and the mesoscale 
ascent is small near the surface. 

4. Conclusions 

A procedure to represent mesoscale and subgrid-scale fluxes in a cloud-free environ- 
ment over flat heterogeneous landscapes is introduced. New non-dimensional parameters 
were presented with which a parameterization of this effect for use in larger scale models 
was constructed. While additional parameters, such as the Coriolis term f need to be 
considered, and wind speeds less than 3 m s-’ need to be included, the framework pre- 
sented in this paper has an apparent universal form which should be used for further study, 
and validation against observations. Also, the generality of the empirical coefficients used 
to construct the parameterizations needs to be assessed. 

One of the conclusions is that one can ignore mesoscale fluxes when they are. a small 
fraction of the turbulence fluxes. For these situations, the one-dimensional parameteriza- 
tions introduced a number of other authors (Avissar and Pielke, 1989; Sellers et al., 1992b 
Miller, 1993) could be used. 
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