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Abstract

This paper describes a strategic approach for providing documentation of the surface energy exchange for heterogeneous land sur-
faces via the simultaneous, four-dimensional assimilation of several streams of remotely sensed data into a coupled land surface-
- atmesphere model. The basic concepts and underlying theory behind this proposed approach are presented with the intent that
this will guide, facilitate, and stimulate future research focused on its practical implementation when appropriate data from the
Earth Observing System-(EOS) become available. The theoretical concepts that underlie the approach are derived from relation-
ships between the values of parameters which control surface exchanges at pixel (or patch) scale and the area-average value of
equivalent parameters applicable at larger, grid scale. A three-step implementation method is proposed which involves (a) esti-
mating grid-average surface radiation fluxes from appropriate remotely sensed data; (b) absorbing these radiation flux estimates
into a four-dimensional data assimilation model in which grid-average values of vegetation-related parameters are calculated from
pertinent remotely sensed data using the equations that link pixel and grid scales; and (c) improving the resulting estimate of the
surface energy balance—again using scale-linking equations by estimating the effect of soil-moisture availability, perhaps assum-

ing that cloud-free pixels are an unbiased subsample of all the pixels in the grid square.

Introduction

The earth system science community stands on the brink
of a new era of data availability with the advent of the
Earth Observing System (EOS) (Asrar and Dozier, 1994;
Asrar and Dokken, 1995; Asrar and Greenstone, 1995).
There is potential to use these new data in combination
with in situ observations and data from existing operational
satellites to provide improved documentation of land-sur-
face energy balance in (near) real time. This paper pro-
poses a strategy for exploiting remotely sensed data to
document land-surface energy exchanges through the
development of theory that links the model parameters
which control surface exchanges at pixel (or patch) scale
with the area-average value of equivalent model parame-
ters applicable at larger, model grid scale. The proposed
method is thus relevant to land surfaces which comprise
landscapes of heterogeneous vegetation cover. It is based
around the concept of four-dimensional data assimilation
(4DDA).

‘Assimilation is the process of finding the model repre-
sentation which is most consistent with observations’
(Lorenc, 1995), but there are insufficient observations at
any one time to determine the state of the Earth’s system.
Integration of observations in a forecast model enables the
use of observations that are distributed in space and time

to provide a representation of earth system processes.
Charney et al. (1969) first suggested combining current
and past data in an explicit dynamical model, using the
model’s prognostic equations to provide time continuity
and dynamical coupling between the available data fields.
This concept has evolved into the family of techniques
known as four-dimensional data assimilation (Stauffer and
Seaman, 1990). In essence, 4DDA incorporates a range of
diverse data fields to update the state variables in a numer-
ical model to provide that model with the best estimate of
the current state of the natural environment, often so that
it can then make more accurate predictions. In the context
of this paper, the model used for data assimilation must be
one in which the atmosphere and the land surface (and the
processes that couple them) are simultaneously repre-
sented. Such a model is likely to result from improvement
of the representation of the heterogeneous land-surface
processes in a meteorological model.

One way to describe heterogeneous vegetation in mete-
orological models is to make calculations for separate
patches of vegetation corresponding to several biomes
present in each modelled grid square, and then to derive
grid-average values by weighting the surface energy fluxes
calculated for each patch by the fractional area of the cor-
responding vegetation class present in the grid square.
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This is the so-called ‘mosaic’ approach (e.g., Koster and
Suarez, 1992; Bonan, 1996). It is a conceptually simple and
technically feasible way to represent the effect of surface
heterogeneity in the case of predictive weather and climate
models when there is no attempt to distribute meteoro-
logical variables spatially within the modelled grid area.

When used in predictive models, one of the attractive
features of a mosaic model is that the soil moisture status
of each patch of vegetation represented in the model is cal-
culated separately. However, in the case of a model used
to document surface energy balance via 4DDA, this
feature is likely to complicate the use of mosaic models
because of the nature of the data that must be assimilated
to update soil moisture. One possible source of relevant
data is space-borne, L-band, passive microwave sensors.
The technical constraints on these satellite-borne
microwave sensors are such that in the foreseeable future
(and certainly in the EOS era), the data they will provide
will correspond to spatial average, near-surface soil mois-
ture over areas which are often much greater than that of
the patches of vegetation in a heterogeneous landscape.
Thus, it might be considered inconsistent to assimilate
these data with separately-modelled patches of vegetation
(with different soil moisture states) in a mosaic model.
Other potential sources of information on soil moisture
information, such as surface temperature (see later), are
often only available for portions of the grid area used in
the 4DDA model. Later in this paper it is suggested that
this may not preclude their use, providing the soil mois-
ture status deduced for the cloud-free portion of the grid
square can be assumed representative of the whole grid
square. Implementing this assumption is reasonably
simple if aggregate parameter sets which specify a single
‘representative’ vegetation cover are calculated for both the
cloud-covered and cloud-free portions of the grid area.
However, if, as in the case of the mosaic model, several
independent patches of vegetation are used, and if updat-
ing is required for each of the separately modelled soil
moisture stores represented in such a model, then calcula-
tions are required for the cloud-free and cloud-covered
pixels corresponding to each vegetation class represented
in each model modelled grid square. The calculation may
thus become cumbersome.

An alternative way to represent heterogeneous land
cover involves using a single model of the grid-average
surface exchanges, with the values of vegetation-related
parameters chosen to represent the area average or ‘aggre-
gate’ behaviour of the heterogeneous vegetation mix pre-
sent in the area represented. There has been 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 et al., 1996, 1997) is
to postulate and then to test hypothetical rules (often
called ‘aggregation rules’; Shuttleworth, 1991) to give
parameters applicable at larger scales by combining the
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parameters that control surface exchanges for small plots
of uniform land cover. In the theoretical approach to
defining aggregate parameters (e.g. Lhomme, 1992;
McNaughton, 1994; Raupach, 1995; and Raupach and
Finnigan, 1995, 1997), a model is adopted which provides
reasonable descriptions of surface-atmosphere exchanges
for small plots of uniform land cover, such models usually
being based on the Penman-Monteith equation (Monteith,
1965). Assuming that this same model can also be used to
describe the area-average behaviour of heterogeneous land
cover, it is possible to derive theoretical equations that link
the parameters required in the model when applied at large
scale with those which apply for individual small plots.

General approach

An aggregation algorithm is conceived as a method which
seeks to make optimum, simultaneous use of several par-
allel streams of spatially distributed remotely sensed data
which are available at a (pixel) scale that is less than the
grid scale of the model used to assimilate the data. In the
context of four-dimensional data assimilation (4DDA)
within meteorological models, the words ‘data assimilation’
have come to imply the altering of modelled state variables
by way of a balance between observational and model
errors. However, in the context of the method proposed
here, the word ‘assimilation’ retains its broader, original
meaning, and thus data assimilation may include the direct
replacement of model estimates with values based on satel-
lite observations.

The objective is to give improved diagnosis of surface-
atmosphere exchanges by developing mathematical
methods which are similar to those which have been sug-
gested for blending the values of vegetation-related param-
eters for a heterogeneous landscape to give equivalent
area-average parameter values (e.g. McNaughton, 1994;
Raupach, 1995; Raupach and Finnigan, 1995; 1997). The
proposed strategy is explicitly structured around the three
main factors that control land-surface energy exchange
which are, in approximately descending order of impor-
tance, (a) the energy available at the Earth’s surface for
return to the atmosphere; (b) the nature of the land sur-
face (e.g. the vegetation cover present); and (c) the avail-
ability of water which is accessible to the atmosphere in
the soil. Different types of remotely sensed data relate to
each of these controls.

In the case of the first control, i.e. available surface
energy, the relevant remotely sensed data are instanta-
neous estimates of surface radiation fluxes made at regular
(perhaps half-hourly) intervals, most likely derived using
operational satellites such as those in the Geostationary
Operational Environmental Satellite (GOES) series. There
are several existing, well-proven algorithms available for
deriving such surface radiation estimates (e.g. Pinker and
Ewing, 1985; Pinker and Laszlo, 1990; 1992), and there is
evidence that remotely sensed estimates of (at least solar)






