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ABSTRACT

The exchange coefficients for area-averaged surface fluxes can become anomalously large when the large-
scale flow is weak and significant fluxes of heat and moisture are driven by mesoscale motions within the
averaging or subgrid area. To prevent this erratic behavior of the exchange coefficient, the ‘*subgrid velocity
scale’’ must be included to account for generation of turbulent fluxes by subgrid mesoscale motions. This velocity
scale is obtained by spatially averaging the local time-averaged velocity used in the bulk aerodynamic relation-
ship. The subgrid velocity scale is distinct from the free convection velocity scale included in the bulk aerody-
namic relationship to represent transport induced by convectively driven boundary-layer-scale eddies (Godfrey
and Beljaars; Beljaars). The formulation of Godfrey and Beljaars is derived by time averaging the velocity scale
of the bulk aerodynamic relationship.

The behavior of the subgrid velocity scale is explored using data from five different field programs. Ubiquitous
‘‘nameless’’ mesoscale motions of unknown origin are found in all of the datasets. The addition of the subgrid
velocity scale reduces the dependence of the exchange coefficients on grid size. Based on the data analysis, the
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subgrid velocity scale increases with grid size and contains a contribution due to surface heterogeneity.

1. Ihtroduction

The local surface flux is often formulated in terms
of the bulk aerodynamic relationship. This formulation
is simple and practical and therefore widely used. Ap-
plication of the bulk aerodynamic formulation and at-
tendant similarity theories for the prediction of the
exchange coefficient suffer from several problems that
may require generalization of the formula. To introduce
these problems, the bulk aerodynamic formulation is
written as ‘

W = CVD b - 81, (1)
where V(z) is a time average of the wind speed, &,
is the time-averaged surface value of the transported
variable, and ¢(z) is the time-averaged transported
variable at the observational level or the first model
level. With stationary homogeneous conditions, the
exchange coefficient C,(z) is normally predicted from
Monin—Obukhov similarity theory as a function of
stability, surface roughness height, and observation
height z. '

The surface exchange coefficient based on Monin—
Obukhov similarity theory relates the heat flux to the
surface temperature at the roughness height. In practice
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this similarity theory is normally applied using the sur-
face radiation temperature or, analogously, the temper-
ature computed from the surface energy budget. How-
ever, the roughness length for heat used in concert with
Monin-Obukhov similarity theory and surface radia-
tion temperature becomes extremely small over heated
surfaces (Sugita and Brutsaert 1990). Sun and Mahrt
(1995) show that this radiative roughness length is not
systematically related to the actual roughness charac-
teristics of the surface. This difficulty is due to the fact
that Monin—Obukhov theory is not calibrated for use
of the surface radiation temperature or the temperature
computed from the surface energy balance.

The bulk aerodynamic formulation is used to predict
fluxes spatially averaged over a grid area even though
the similarity prediction of the exchange coefficient is
based on local time-averaged data over homogeneous
surfaces. In numerical models, the bulk aerodynamic
relationship is expressed in terms of the speed of the
wind vector based on the wind components spatially
averaged over the grid area. This speed may be signif-
icantly smaller than the spatial average of the wind
speed itself. In fact, the speed of the spatially averaged
wind vector may nearly vanish, yet spatially averaged
scalar fluxes remain significantly nonzero. This situa-
tion requires that the corresponding exchange coeffi-
cient approaches very large values. As an additional
consequence, the exchange coefficients for the spatially

averaged flow become scale dependent (Mahrt and Sun
1995).






