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Abstract

Aggregation rules are derived for calculating the effective value of parameters that determine the exchange of momentum and
energy between the land surface and the atmosphere at the length scales used in General Circulation Models (GCMs). The
derivation involves starting from theories that link parameters relevant at grid scale and patch scale, and then imposing the lim-
itations necessarily present when models are operated in a free-standing, predictive mode. The application of these rules is illus-
trated by example for the case of the Biosphere-Atmosphere Transfer Scheme (BATS). Remotely sensed global maps of land
cover classes at 1 km X 1 km pixel scale for North America, South America, and Africa are used with these new aggregation
rules to calculate area-average values of parameters for the 3° X 3° grid mesh used in the National Center for Atmospheric
Research Community Climate Model. There are significant differences between the parameters calculated using aggregation rules
and the values selected on the basis of the dominant vegetation cover in each grid, this being the selection procedure conven-

tionally applied with BATS.

Introduction

Providing adequate area-average (or aggregate) representa-
tion of heterogeneous land cover in meteorological models
is a challenge that has concerned hydrometeorologists for
more than a decade. One way to describe heterogeneous
vegetation is to make a calculation for each separate patch
of vegetation. This is the so-called ‘mosaic’ approach, in
which separate models are used to estimate the fluxes for
each patch at each time step, and an appropriately
weighted average value is then taken (e.g. Koster and
Suarez, 1992). The alternative approach requires less com-~
puter time. It involves using a single model of the surface
exchanges with the values of vegetation-related parameters
chosen to represent the area average or ‘aggregate’ behav-
iour of the heterogeneous vegetation mix present in the
area represented. In this second case the problem reduces
to defining appropriate values for the required area-aver-
age parameters.

There has been substantial progress in specifying area
average parameters on two fronts, one being essentially
empirical and the other theoretical. The empirical
approach (e.g., Mason, 1988; Blyth, ez al., 1993; Noilhan
and Lacarrere, 1995; Arain ez al., 1996, 1997) is to create
a coupled surface-atmosphere model, to postulate hypo-
thetical rules (often called ‘aggregation rules’,
Shuttleworth, 1991) to give parameters applicable at larger
scales by combining the parameters that control surface
exchanges for small plots of uniform land cover, and then

to test whether calculated values of parameters given by
applying these rules give adequate representation when
substituted into a one-dimensional area-average represen-
tation of exchanges. The method usually involves making
model runs for a range of meteorological conditions and,
ideally, the model is initiated, calibrated, and validated
using field data.

The theoretical approach (e.g. I'Homme, 1992;
McNaughton, 1994; Raupach, 1995; and Raupach and
Finnigan, 1995, 1997) is to adopt the equations that are
accepted as reasonable descriptions of surface-atmosphere
exchanges for small plots of uniform land cover (especially
the Penman-Monteith equation), to assume that such
equations can also be used to describe the area-average
behaviour of heterogeneous cover, and to derive theoreti-
cal equations that link the parameters required at large
scales with those that apply for individual small plots. The
resulting equations given by this theoretical approach are
exact (within the limits of the equations assumed to apply
at small scales) but, unfortunately, as will be discussed
later, they cannot be routinely applied to a model which is
operating in free running predictive mode using a single
one-dimensional description of grid-average surface
exchanges because this requires information that is not
then available.

In this paper the need to reconcile these two alternative
approaches is addressed. Specifically, starting from the
relationships derived using the theoretical approach, we
impose the limitations present in a predictive model to
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create approximate aggregation rules for three of the most
important vegetation-related surface parameters (i.e., zero
plane displacement, aerodynamic roughness and minimum
surface resistance) which are, as far as possible, consistent
with theory. To give the present discussion relevance, we
place the derivation in the context of the Biosphere-
Atmosphere Transfer Scheme (BATS: Dickinson et al.,
1986, 1993).

The following section provides an overview of modern
aggregation theory. Section 3 describes the derivation of
theory-based aggregation rules, while Section 4 describes
the application of these new aggregation rules in the case
of BATS and compares the results with parameter values
selected on the basis of the default dominant vegetation
cover in each grid.

Aggregation Theory

The work of Wieringa (1986), Mason (1988), McNaughton
(1994), Raupach (1995) and Raupach and Finnigan (1995,
1997) together provide an accurate specification of the
mathematical procedures by which aggregate vegetation-
related parameters relevant at the subgrid (patch) scale can
be combined to give a description of area-average surface
fluxes. The foundation used to specify these mathematical
procedures (McNaughton, 1994) is that area-average scalar
fluxes must be conserved, and that the model used to
describe area-average land-surface-atmosphere exchanges
at a grid scale must have the same form as the model used
to describe such land-surface-atmosphere exchanges at a
patch scale.

In the case of momentum exchange, applying these two
criteria gives the result:
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where R, prand 7, 41; are the grid-average and patch-aver-
age aerodynamic resistances, respectively, and w; is the
fractional area of patch 7 in the grid square. This equation,
when applied in neutral conditions, has been used to define
the grid-average aerodynamic roughness length in terms of
the aerodynamic roughness length applicable to individual
patches (Wieringa, 1986; Mason, 1988; Shuttleworth,
1991; Arain ez al., 1996, 1997).

In the analyses given by McNaughton (1994), Raupach
(1995), and Raupach and Finnigan (1995; 1997), and in
most advanced land-surface parameterization schemes, the
model used to represent surface energy partition is in
essence the Penman-Monteith equation (Monteith, 1965).
Therefore the vegetation-related parameters that matter at
both patch scale and grid scale are the aerodynamic resis-
tance and the surface resistance (and, if considered appro-
priate, the radiative resistance) used in that equation.

To simplify the present description, the results of
Raupach (1995) in the situation which he designated ‘the
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simple case’ are summarised below. In this case, the aero-
dynamic resistances between the canopy and the overlying
atmosphere for latent and sensible heat are assumed equal,
and long-wave radiative coupling between canopy level
and the near-surface atmosphere is deemed negligible.
Without these assumptions, the mathematics are more
complex, but are identical in concept. In the simple case,
Raupach (1995) expressed the Penman-Monteith equation
applicable at grid scale and patch scale in the form:
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respectively. In the above equations, E and E; are the grid-
average and patch-average latent heat fluxes, respectively;
A and A; are the grid-average and patch-average available
energy, respectively; R, and r,; are the aerodynamic resis-
tances for energy fluxes at grid scale and patch scale,
respectively; R, and r;; are the surface resistances applic-
able at grid scale and patch scale, respectively; p is air
density; A is the latent heat of vaporisation of water;
D [= ¢4,(0) — 4] and D; are the potential saturation deficits
of the ambient air at a specified level, with 6 the potential
temperature and ¢ specific humidity at that height; and A
[= (\/¢)) dg50s/ dT] is the dimensionless slope of the satu-
ration specific humidity ¢,,{(7) as a function of tempera-
ture T, where ¢, is the isobaric specific heat of air.

By applying the McNaughton (1994) criteria to Eqns (2)
and (3), Raupach (1995) derived the relationships between
resistances required to give a match of fluxes between the
grid scale and patch scale representations, thus:
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Although the theory just summarised is elegant and
accurate, unfortunately it cannot be applied in the context
of free standing, predictive climate models, except in the
trivial case that the model makes explicit representation of
the surface energy and water balance for each component
patch (in which case there is no need to make an aggregate
representation). Otherwise, at any particular time step for
which the model is required to make a grid-average, aggre-
gate, description the values of A; are (by definition)






