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ABSTRACT

The overall topic of the research described in this dissertation was the
partitioning of available energy at the Earth's surface into sensible and latent heat
flux, with an emphasis on the development of techniques which utilize remotely
sensed data. One of the major objectives was to investigate the modification of
existing techniques, developed over agricultural surfaces, to "natural” ecosystems (i.e.,
non-agricultural vegetation types with variable and incomplete canopy cover).

Ground-based measurements of surface fluxes, vegetation cover, and surface
and root-zone soil moisture from the First ISLSCP (International Land Surface
Climatology Program) Field Experiment (FIFE) were used to examine the factors
controlling the partitioning of energy at ground stations with contrasting surface
characteristics.

Utilizing helicopter-based and satellite-based data acquired directly over
ground-based flux stations at the FIFE experimental area, relatively simple
algorithms were developed for estimating the soil heat flux and sensible heat flux
from remotely sensed data. The root mean square error (RMSE) between the
sensible heat flux computed with the remotely sensed data and the sensible heat flux
measured at the ground stations was 33 Wm. These algorithms were then applied
on a pixel-by-pixel basis to data from a Landsat-TM (Thematic Mapper) scene
acquired over the FIFE site on August 15, 1987 to produce spatially distributed
surface energy-balance components for the FIFE site.

A methodology for quantifying the effect of spatial scaling on parameters

derived from remotely sensed data was presented. As an example of the utility of
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this approach, NDVI values for the FIFE experimental area were computed with
input data of variable spatial resolution. The differences in the values of NDVI
computed at different spatial resolutions were accurately predicted by an equation

which quantified those differences in terms of variability in input observations.
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CHAPTER 1

INTRODUCTION

Significance of Land Surface Fluxes of Moisture and Energy
In his Presidential address to the Royal Meteorological Society in 1979, J.L.
Monteith closed with these remarks:

" The evaporation of water and associated diffusion of water vapour
and heat are processes of profound terrestrial importance . . . . in all
these systems (climatological, hydrological, ecological, domestic, and
industrial) one of the central thermodynamic problems is the partition-
ing of available energy between sensible and latent heat. In the last
analysis, partitioning depends on the ratio of A to y which is deter-
mined by the physical properties of water as liquid and as vapour. I
believe that the nature and distribution of life on our planet depends
just as much on the value of A/y as on the magnitude of the Solar
Constant and other prestigious parameters of geophysics. The study
of natural evaporation is indeed one of the most necessary Ingredients
of a real and Philosophical Meteorology."

In the years that have passed since Dr. Monteith's address, his view of the
importance of this topic has been gradually understood and embraced by a broad
scientific community that includes, but is not limited to, meteorologists. One of the
most sweeping international initiatives to influence the Earth and atmospheric
sciences over the last decade is the attempt to better understand the Earth as an
integrated system. The cycling of water and energy is a key component of that

integrated system on local, regional, and global scales.
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The Critical Link Between Water and Energy Cycles

Despite the eloquent plea of Penman (1963), the combined processes of
evaporation from land surfaces and transpiration from vegetation are commonly
referred to with the rather awkward term "evapotranspiration” (ET). This author will
yield to convention and hereafter will refer to the combined effect of the two
processes with that term. Years of common usage of the term, however, have made
Penman's initial objections even more valid; the reader is cautioned to keep in mind
that the term evapotranspiration is simply a short-hand expression for two separate
processes and not a process in itself.

The study of the combined effect of these two processes is particularly
important because they form the critical link between the Earth's energy balance and
water balance. The latent heat flux term in the energy balance equation is
equivalent to the amount of energy required to evaporate the volume of water
represented in the evapotranspiration term of the water balance. Therefore, a better
understanding of the partitioning of available energy at the land surface into latent
and sensible heat flux, and methods to quantify those fluxes, will lead to a better
understanding of the coupling of these two fundamental terrestrial cycles. Further,
it will also lead to a better understanding of the water balance and methods for
quantifying one of its key components.

On the average, evaporation and transpiration from land surfaces account for
approximately 60% of precipitation (Brutsaert, 1986). The practical benefits of

better quantifying such a major component of the water balance have enormous
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societal impacts. These practical impacts include improvement in fundamental
hydrologic and water resource applications, such as flood forecasting and the
planning and management of water supply for agricultural, industrial, and domestic

use.

Interactions Between Land-Surface Hydrology, the Atmosphere. and Climate

Globally, evaporation from the world's oceans supplies three times more
water vapor, and thus much more latent heat flux, to the atmosphere than does the
land surface (Eagleson, 1982). Nevertheless, the storages of near-surface and root
zone soil moisture, and the fluxes of moisture and energy from the land surface to
the atmosphere, are critically important for a number of reasons. The land surface
supports agricultural activities which provide the world's food source. It is important,
therefore, that we be able to better understand and quantify the response of land
surface moisture storages and fluxes to potential changes in climatic forcing, as well
as the feedback mechanisms by which those land-surface responses amplify or
dampen the changes in climatic forcing.

The land surface also supports ecosystems of critical importance to the cycling
of carbon and other nutrients. The processes involved in the biogeochemical cycling
by these ecosystems can be moisture and/or energy-limited. The interaction between
these biogeochemical cycles and the water and energy cycles is not well understood.

For some regions, such as the Amazon Basin, the recycling of moisture from

the land surface is the major source of contributing to regional precipitation (Lettau
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et al,, 1979; Salati and Vose; 1984; Shuttleworth, 1988b). For most regions, however,
the dominant source of atmospheric water vapor is evaporation from ocean surfaces.
Even in those cases, the land-surface energy fluxes act in combination with
orographic effects to strongly influence where the latent energy will be released, as
the water vapor condenses into precipitation (Eagleson, 1986).

Numerical experiments with general circulation models and with regional
climatology models have shown that changes in surface vegetation, soil moisture, and
albedo (and thus surface fluxes of moisture and energy) influence the magnitude and
distribution of atmospheric parameters that control global and regional climate
(Charney et al., 1977; Lettau et al., 1979; Shukla and Mintz, 1982; Rowntree and
Bolton, 1983; Mintz, 1984; Henderson-Sellers and Gornitz, 1985; Laval, 1986;
Nicholson, 1988). How these changes in land surface and climate conditions interact,
including the effects of feedback mechanisms, is not well understood at any scale
(local, regional, or global). One of the primary reasons that these interactions and
feedbacks are not well understood is that it is difficult to quantify the land-surface
fluxes of moisture and energy at local, regional, and global scales.

Most techniques for measuring or estimating the latent heat flux component
of the energy balance utilize point-based instrumentation. These techniques are
limited in areal extent to the area over which these point-based data are valid.
There are a number of expressions which attempt to describe regional-scale
evaporation (discussed in more detail below), but it is difficult to validate both the

assumptions and the estimates provided by these expressions. If remote sensing
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techniques can be developed which accurately estimate the components of the
surface energy balance for a variety of surface conditions, then spatially distributed
values of surface fluxes could be derived from aircraft and satellite-based remotely
sensed data. These spatially distributed flux estimates would be a fundamentally new

tool to explore and quantify land-surface atmosphere interactions.

Spatial Scaling and the Integrating Effects of the Atmosphere

There are at least two separate spatial scaling issues which must be addressed
in the study of land-surface fluxes of moisture and energy. The first issue relates to
the procedures used to estimate surface fluxes using areal estimates of surface
parameters. Such parameters are estimated from remotely sensed data and are
areal-integrated averages of parameters that are actually spatially variable. Because
the surface parameters are related to surface fluxes in a non-linear manner, the
spatially integrated parameter values may not be related to the spatially integrated
fluxes in the same way that point-based parameters and fluxes are related, especially
as the scale of the areal integration increases.

The second scaling issue relates to how spatially variable fluxes are integrated
in the atmospheric boundary layer (ABL). Spatially variable fluxes of moisture and
energy near the land surface are mixed within the ABL and influence the properties
of the regional ABL. These properties in turn control the regional atmospheric
forcing exerted on the surface. In considering the question of catchment scale

evaporation, Brutsaert (1986) pointed out that the atmosphere has the capacity of
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integrating and smoothing the effects of small-scale irregularities over larger areas.
He stated that the improved parameterization of evapotranspiration at the regional
and watershed scale will require a better understanding of the turbulent transport
mechanisms in the atmospheric boundary layer.

One approach by which this can be achieved is modeling the dynamics of
atmospheric boundary layer processes, validated with data from field experiments.
The data required to develop and test these models include spatially distributed
surface flux estimates. Spatially distributed flux estimates can be used as lower
boundary conditions and the necessary measurements of the characteristics of the
developing ABL.

These two different issues in spatial scaling of surface fluxes are not
independent of each other. An understanding of the effects of spatial scaling in
estimating surface fluxes from remotely sensed data is required in order to provide
the surface boundary conditions for the modeling studies. The modeling studies will,
in turn, provide information regarding the spatial scales at which those boundary
conditions are required and the spatial scale of the atmospheric forcings which
influence the surface fluxes.

In order to eventually understand land-surface/atmosphere interactions, the
scaling of surface fluxes must be understood in the context of coupled surface/atmo-
spheric boundary layer models. However, we must first understand the derivation
of the spatially distributed surface flux estimates which will be used as input data for

those coupled models. The research described in this dissertation will explore some
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of the spatial scaling issues related to the procedures used to estimate surface fluxes
using areal estimates of surface parameters. The issue of how surface heterogeneities

interact with the ABL is an important topic for ongoing and future research.

Existing Methods for Estimating Evapotranspiration
Expressions to Estimate Evapotranspiration from Meteorologic Data

An extensive treatment of this subject is given in the texts by Monteith (1973)
and Brutsaert (1982). A few examples are provided here of equations which embody
important concepts and have been widely used. The relationship between several of
these expressions will be explored further in Chapter 2. The terms used in the
equations presented in this chapter are defined in Table 1.1.

Tﬁe concept of potential evapotranspiration introduced by Thornthwaite
(1948) refers to the rate of evaporation from a large area covered completely and
uniformly by actively growing vegetation which is well supplied with moisture (i.e.,
soil moisture does not limit the evaporation process). One of the expressions most

widely used to estimate potential evapotranspiration was given by Penman (1948) as:

_{_A N 1.1
- (e (e o

where L is latent heat of vaporization of water, in Jkg?'; E is the rate of evaporation
in kgs'm?; R, is the net radiation in Wm'%; A is the slope of the saturation vapor
pressure versus temperature curve, mbar°C? (Celsius), evaluated at air temperature;

y is the psychrometric constant, in mbar°C”; and E, is a function of windspeed and
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evaluated at some temperature

R, = Net radiation Wm
G = Soil heat flux Wm?

{| H = Sensible heat flux Wm?
LE = Latent heat flux Wm?
Q, = Total energy flux available to be used for evaporation Wm?

E = Rate of evaporation kgs'm

L = Latent heat of vaporization of water J kgt

p = Density of air kg m3

C, = Heat capacity of air Ixkg!C?

y = Psychrometric constant, C,/L mbar C?

T, = Surface temperature °C

T, = Air temperature at reference height °C

e, = Saturated vapor pressure at T, mbar

e, = Saturated vapor pressure at T, mbar

e, = Vapor pressure at reference height mbar

r, = Aerodynamic resistance for transport of heat and water | sm™
vapor from surface to reference height

r, = Surface resistance to evaporation sm’

A = Slope of saturated vapor pressure vs. temperature curve, | mbar C!
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vapor pressure deficit at some reference point above the surface. There are several
different functional forms used to estimate the E, term, the most common being the
product of vapor pressure deficit and a linear function of windspeed (Penman, 1948;
Thom and Oliver, 1977). The first term of Equation (1.1) was thought of as the
radiant energy contribution to evaporation, and the second term was conceptualized
as the "drying power" of the air. The Penman equation has been the subject of many
experimental and theoretical studies and has been widely used by engineers. Because
it requires point-based data relating to net radiation, temperature, windspeed, and
vapor pressure deficit, it is generally applicable only to the local areas over which
measurements of those parameters are be valid. A common misapplication of the
Penman equation is to calculate "potential” evapotranspiration using meteorological
data collécted over an area that is not evapotranspiring at the "potential” rate. When
actual evaporation falls below the potential rate, the meteorological parameters
required for the computation of "potential” evaporation are affected. Thus, it is not
reasonable to use meteorological data acquired over nonpotential conditions to
calculate the potential evapotranspiration rate. Because it was derived from a
combination of bulk mass transfer and energy budget considerations, the Penman
formulation and modifications of it have come to be known as the "combination
approach”.

Slatyer and Mcllroy (1961) used the two-term structure of the Penman
equation as a basis for interpreting the effects of regional or large-scale advection in

regional evaporation. They suggested that, for a large homogeneous and thoroughly
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wetted area, the vapor pressure deficit near the surface would approach zero.
Therefore, they considered the first term in Equation (1.1) to represent the lower
limit of evaporation from a moist surface and referred to it as equilibrium

evaporation, given by the equation:

-{-A - 12
LE_ (A+Y)(RM G) (12)

in which the soil heat flux, G, Wm?, is included to describe the amount of energy
available for evaporation.

However, larger scale perturbations in the atmosphere appear to prevent the
establishment of steady, equilibrium conditions near the surface. Vapor pressure
deficits are usually maintained over both land and ocean surfaces; hence, equilibrium
evaporation is rarely observed in nature. With this in mind, Priestley and Taylor
(1972) extended the concept of equilibrium evaporation by adding the empirical

factor a to the expression for evaporation, giving the latent heat flux as:

LE - a(Aéy) ®,, - G). (1.3)
They evaluated data sets for a variety of surfaces (open water, bare soil, grass) and
recommended a value of @ = 1.26 for average daily evaporation over a variety of
surfaces. Many studies have been carried out to evaluate the empirical a factor and
are described in more detail in Chapter 2.

Bouchet (1963) introduced the concept of a complementary relationship

between actual and potential evaporation. Using heuristic arguments, he reasoned
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that, when the actual evapotranspiration (E,,,) fell below potential evapotranspiration
(E,), there is an impact on the temperature, humidity, and turbulence of the air near
the ground which further increases the evaporative demand. He defined E, to be the
evapotranspiration which would take place if only the available energy were the

limiting factor. When E,, = E,, he denoted it as E,, and obtained the expression:

E, +E,, =2E, (14)

Although no sound theoretical basis has been advanced for this concept (Monteith,
1981), it has been supported by experimental data (Morton, 1970; Fortin and Seguin,
1975; Kovacs, 1989).

Brutsaert and Stricker (1979) evaluated the complementary relationship
described in Equation (1.4) using the Penman expression for E, and the Priestley-
Taylor expression for E,,. They obtained the expression known as the advection-

aridity equation for actual regional evapotranspiration, given by:
LE = @a-1) -2 ®_, - G). (15)
A+y

The exact form of the equation depends on the choice of the E, function, and the «
parameter must be assumed or empirically determined.

Another widely used expression for actual and potential evapotranspiration
is the Monteith modification to the original Penman equation, generally known as
the Penman-Monteith equation (Monteith, 1973; Thom and Oliver, 1977), or the

resistance form of the combination equation, given by:
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LE = A(Rw - G) + Pcp (ea._ea)lrc (let-G)’ (1.6)
A+y (1+1,/1)

where pCp, in Jm3C?, is the volumetric heat capacity; e, , in mbars, is the saturated
vapor pressure at the air texhperature; e,, mbar, is the actual vapor pressure of the
air at a reference height above the wﬂace; r, is the aerodynamic resistance to the
transfer of both heat and vapor (i.e., they are assumed to be the same), in ms?; and
r, is the surface resistance to the transfer of water vapor from the leaf surface to the

canopy airspace, in ms’!

. Like the original Penman equation, this expression is
derived from a combination of the energy-balance equation and the bulk transfer
equations for heat and moisture transfer, but the equation is cast in terms of
resistance parameters. The expression can be used to estimate potential evaporation
by setting the value of r, equal to the surface resistance to water vapor transfer when
the vegetation surface is well-supplied with moisture. For most vegetation types, the
value of r, under "potential” conditions in nonzero. The only case for which r, = 0
is the case of an open water surface and the case of free water on the vegetation
surfaces due to interception or condensation. As the availability of soil moisture in
the root zone of the vegetation becomes limiting, the r, parameter increases,
controlled by the physiological characteristics of the vegetation and its response to
limited moisture supply.

The resistance approach was extended by Shuttleworth and Wallace (1985) to

surfaces with sparse canopy cover, in which both the vegetation and the soil substrate
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interacted with the canopy airspace. Using the resistance analogy, they developed
bulk transfer expressions utilizing aerodynamic and surface resistances to heat and
vapor transfer between the soil and inter-canopy airspace, between the vegetation
and the inter-canopy airspace, and between the intercanopy airspace and a reference
level above the canopy. An expression that included the contributions of soil and

vegetation to total latent heat flux was developed in terms of these resistances.

Soil/Plant/Atmosphere Simulation Models

A number of models have been developed which simulate the exchange of
heat and moisture between the lower atmosphere, vegetation, and soil layers, ranging
from very complex (Camillo et al., 1983; Sellers et al., 1986; van de Griend and van
Boxel, 1989) to moderately complex (Deardorff, 1978; Taconet et al., 1986; Dickinson
et al., 1986; Choudhury and Monteith, 1988). These models vary in the degree of
detail and number of parameters with which the processes are described. Some of
these models were developed with the intention of utilizing remotely sensed data for
input; all of them implicitly estimate surface fluxes of heat and moisture in the
process of numerically solving the series of equations describing the transfers of heat
and moisture in the soil/plant/atmosphere system. Some of these models were
designed to be used as tools to study local-scale exchanges of heat and moisture and
the parameters that control them. Some were developed as improved land-surface

parameterizations for general circulation models (GCMs). The current need for
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large-scale land-surface hydrologic components for GCMs has stimulated modifica-
tion and simplification to some of these models and a proliferation of similar models.

One of the good features of most of the models mentioned above (particularly
the more complex ones) is that they describe the processes which occur at a local
scale in a physically realistic manner. In order to accomplish this, however, the
models require apriori knowledge of, or must solve for, a large number of local-scale
parameters. Many of these parameters, particularly soil and vegetation properties,
have significant spatial variability over length scales of tens of meters and even
greater variability over length scales of several kilometers. Some of the parameters
have little physical meaning at length scales of hundreds of kilometers. While these
models can be very effective tools to further our understanding of how the
parameters and their interactions influence the surface fluxes of moisture and energy,
their application would seem to be limited to the spatial scales for which the
controlling parameters could be expected to be valid.

One of the objectives of the research described in this dissertation is to
investigate how spatially integrated surface fluxes can be estimated as directly as
possible from remotely sensed data, using a minimum number of parameters which
can be observed at spatial scale of the desired flux estimate. An application of this
research may be the production of spatially distributed flux estimates which could be

used to validate or update models such as those described above.
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irect Measurements vapot irati

The most elementary technique to measure potential evaporation is the
evaporation pan, from which the depth of water evaporated from an open water
surface in a cylindrical pan is directly observed. Due to the limitations on pan size
and spurious edge effects, the evaporation rate from a pan is usually 5-30% larger
than that from a small lake or pond (Arya, 1988). In addition, the aerodynamic and
surface resistances to evaporation for a soil and vegetation surfaces are not the same
as that for open water, which provides another mechanism for error in the estimation
of potential evaporation by the pan technique.

A direct method for measuring the amount of actual evaporation and
transpiration from relatively small field plots is to use a weighing lysimeter (van
Bavel, 1961). With this technique, changes in mass of an isolated volume of soil and
vegetation are monitored. This is a very accurate technique, but it is limited to
relatively small spatial scales. In addition, the isolation of the root zone from the
surrounding soil can disturb some of the natural horizontal and vertical gradients in
moisture and temperature which may affect the moisture transport in the soil.

Two micrometeorological methods commonly used for the measurement of
sensible and latent heat flux are the Bowen ratio and eddy correlation techniques.
Both techniques are believed to estimate latent and sensible heat flux fairly
accurately (10-15%, under most conditions) for areas having level, homogeneous
upwind fetches. Some sources of uncertainty for both techniques are described

below. The fluxes measured with both of these techniques are limited in that they
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represent the fluxes over a relatively small upwind fetch area. The exact size of the
fetch area for the two techniques varies according to instrument height, local
topography, and windspeed. With instruments located about 2 meters above the
surface, the typical length scale of the fetch area is approximately 30-80 meters
(Brutsaert, 1982). The location of the fetch area depends on the prevailing wind
direction.

The Bowen ratio technique relies on the development by Bowen (1926) that
allows the partitioning of available energy between sensible and latent heat flux to
be estimated from gradients of temperature and humidity. This technique involves
measuring the near-surface vertical gradient of temperature and vapor pressure. For
bare soil and short crops, for which the technique works best, this is usually
accompliéhed by measuring air temperature and vapor pressure at two heights above
the surface. For open water surfaces, the surface temperature and vapor pressure
are sometimes used in conjunction with a measurement at one height above the
surface. The Bowen ratio, 8, which is defined as the ratio of the sensible heat flux
(H) to the latent heat flux (LE), is then approximated as the ratio of vertical gradient
in temperature to the vertical gradient of vapor pressure, AT/Ae. To estimate the
absolute value of the fluxes under conditions of no advection (i.e., it is assumed that

the energy available for sensible and latent heat flux is given by (R__, - GG)), and the

net

latent heat flux is given by:

R -G (L7)
1+p)
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The sign convention for the fluxes represented by LE, R, and G is for fluxes
toward the surface to be positive and fluxes away from the surface to be negative.
The estimates of sensible and latent heat flux obtained by this technique are not
independent of one another, and there is no means to check the assumption that all
the available energy is given by (R, - G). The validity of this method is also
dependent on the similarity of the temperature and humidity profiles above the
surface (Brutsaert, 1982). The accuracy of the energy-balance Bowen ratio technique
(EBBR) has been the subject of many studies (e.g., Fuchs and Tanner, 1970; Sinclair
et al.,, 1975).

The eddy correlation technique involves a more direct and independent
measurement of the sensible and latent heat fluxes. With this technique, simulta-
neous measurements of the rapid fluctuations in vertical windspeed, temperature, and
specific humidity are made with special fast-response sensors. Sensible heat flux is
computed as the covariance of the vertical velocity and temperature; latent heat flux
is computed as the covariance of vertical velocity and specific humidity. This
technique requires fewer assumptions about the near-surface atmosphere than does
the EBBR technique. Energy balance is not implicitly assumed in the calculation of
the fluxes; hence, measurement of all four components of the energy balance (R,
G, H, LE) can be used to check the closure of the energy-balance relationship.
However, the instrumentation required for these systems is delicate and takes

considerable care to install, maintain, calibrate, and operate (Arya, 1988).
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Techniques Utilizing Remote Sensing Data

Regional Scale. Methods for estimating evapotranspiration on a regional scale
usually involve the use of thermal infrared satellite data and ground-based
meteorological measurements, used as input to a one-dimensional boundary layer
model. These models are similar to some of the less complex models described in
the section above on soil/plant/atmosphere simulation models (Carlson and Boland,
1978; Carlson et al., 1981; Taconet et al., 1986; Soer, 1980; Deardorff, 1978). Day
and night surface temperatures have been used in conjunction with relatively simple
models to estimate soil thermal inertia (the product of thermal conductivity and heat
capacity) and daily evaporation rates (Rosema et al., 1978). Price (1980, 1982) used
an analytical approach to develop a relatively simple model for daily ET that
required two surface temperature measurements within a diurnal cycle and standard
meteorological quantities (assumed to be constant over very large areas of interest,
on the order of 200 km?). He concluded that these types of methods were somewhat
useful for computing large-scale trends in evapotranspiration, but were limited in part
by the spatial scale over which ground meteorological inputs could be extended.

Local Scale. The basis of the technique to estimate latent heat flux over
homogeneous surfaces with a combination of remote sensing data and ground data

is the surface energy-balance equation, given by:
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R, =G +H+LE (1.8)

In this form of the surface energy-balance equation, it is assumed that the additions
and losses of energy due to advection, canopy storage, and photosynthesis are
negligible. R_., is the net radiation flux, G is the soil heat flux, H is the sensible heat
flux, and LE is the latent heat flux; all fluxes are given in Wm™. The flux represent-
ed by R, is positive when directed toward the surface. The fluxes represented by
G, H, and LE are positive when directed away from the surface. The overall strategy
to estimate LE will be summarized first and then a more detailed description of the
procedure for estimating each term will follow.

The four components of the net radiation term, R,,, are estimated using a
combination of ground and remotely sensed data. The soil heat flux, G, is estimated
as a fraction of the net radiation. That fraction is dependent on the amount of
vegetation cover estimated from remotely sensed vegetation indices. The sensible
heat flux, H, is evaluated with the simple bulk transfer relationship, in which His a
function of the surface-air temperature difference and an aerodynamic resistance to
the transfer of heat (computed as a function of windspeed and canopy height). The
latent heat flux term, LE, is then computed as the residual of the three known
quantities in Equation (1.8).

The net radiation, R, is estimated from a combination of ground and

remotely sensed data by considering the four major components of net radiation:

R =R, -R,;+R, - R, (1.9)
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where R,; is the incoming solar radiation (from approximately 0.15 to 4 pm), R, is
the outgoing (reflected) solar radiation, R, is the incoming emitted long-wave
radiation (approximately 4 um to 1000 um) from the sky, and R}, is the outgoing
terrestrially emitted long-wave radiation, all given in Wm™2. The incoming solar
radiation is usually measured with a calibrated, ground-based, upward-looking
pyranometer. The incoming long-wave radiation is estimated from ground-based

measurements of air temperature and vapor pressure using the expression:

R, = ¢,oT, (1.10)
where ¢, is the emissivity of the air, given by €, = 1.24*(e,/T,)"” (Brutsaert, 1975);
o is the Stefan-Boltzman constant (Wm?K™*); T, is the air temperature; and e, is the
vapor pressure (mb).

The outgoing terms of Equation (1.9) can be estimated using downward-
looking remote sensing instruments at a variety of spatial scales. The reflected short-
wave radiation measured by remote sensing instruments is measured in finite
wavebands which do not cover the entire shortwave portion of the spectrum.
However, Jackson (1984) demonstrated that the ratio of the radiance received in the
finite wavebands of various sensors to the outgoing short-wave radiance over the
whole shortwave portion of the spectrum (referred to by Jackson (1984) as the
"partial to total" ratio) can be reliably quantified. The remote sensing measurements
of the "partial” outgoing short-wave radiance are converted to R,; using the

empirically determined partial/total ratios for a particular sensor. The outgoing
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long-wave radiance, Ry,, is estimated from the remotely sensed surface temperature,

T,, and the expression:

R, = ¢,0T,, (L1
where €, is the emissivity of the surface. It should be noted that the remotely sensed
upwelling radiance (Wm'®) represents the outgoing radiant flux density in the thermal
bandpass of that particular sensor. Knowledge of the absolute value of the surface
temperature or emissivity is not required for the calculation of Ry;.

The soil heat flux, G, is traditionally measured with soil heat plates placed just
below the soil surface. It is not possible to estimate G directly with remote sensing
data, because it is dependent on soil thermal properties and a subsurface soil
temperature. For mature field crops with substantial vegetation cover and a small
fraction of exposed bare soil, G is typically a small term in the energy-balance
equation (less than 10% of R, (Reginato et al,, 1985)). Expressions which relate
the ratio of G/R,, to spectral vegetation indices (combinations of spectral
reflectance values in the visible and near-infrared wavebands) were proposed and
tested over agricultural crops by Clothier et al. (1986) and Kustas and Daughtry

(1990). These have the general form:

G = R,, (a - bx(NIR/RED)), (1.12)

where NIR/RED is the ratio of the reflectances observed in the near-infrared and
red bands, respectively. The constants a and b are empirically derived and would be

expected to vary with sun angles and canopy type. However, for several crop types



45

evaluated in the studies mentioned above, the constants did not vary significantly
from values of a = 0.3 and b = 0.015.

The physical basis for this expression lies in the fact that the portion of the
total net radiation that reaches the soil can be theoretically shown to be exponential-
ly related to the leaf area index (Goudriaan, 1977). It can also be shown (Asrar et
al., 1984) that the vegetation index (NIR/RED) is exponentially related to the leaf
area index. Assuming that the soil heat flux is proportional to the net radiation that
reaches the soil, it is physically reasonable that the soil heat flux would be
proportional to the vegetation index in a nearly linear manner. However, Equation
(1.12) has not been widely tested over non-agricultural types of vegetation and with
conditions of low vegetation cover. This topic will be investigated in Chapter 4 of
this dissertation.

The last term in the energy balance to be estimated with remote sensing
measurements is the sensible heat flux, H, given by Huband and Monteith (1986a)

as:

g-PeT-T) (1.13)
I

a
where T, is the aerodynamic surface temperature, or the temperature at the virtual
source/sink height for the sensible heat flux; T, is the air temperature at a reference
height above the canopy; r, is the stability-corrected aerodynamic resistance to heat

transfer. The bulk-transfer relation in Equation (1.13) is often given in terms of the

surface temperature (T,) in the numerator instead of the aerodynamic temperature



46

(T,). The form given by Huband and Monteith (1986a,b) is used here because it is
more generally applicable to various types of surfaces. Differences between surface
temperature and aerodynamic temperature for different types of surfaces are
discussed briefly below and in more detail in Chapter 4. Several different expres-
sions can be used to estimate r, (Mahrt and Ek, 1984; Choudhury and Idso; 1985)
as a function of windspeed at a reference height and surface roughness lengths for
the transfer of heat and momentum (commonly computed as an empirical functions
of canopy height). This topic will be discussed in more detail in Chapter 4.

For nearly complete and homogeneous canopy cover, the surface temperature
measured with remote sensing instruments is very close to the aerodynamic
temperature. For such conditions, the remotely sensed surface temperature, T,, is
used in blace of T, in Equation (1.13). This method has been shown to provide
reliable estimates of sensible heat fluxes using remotely sensed data from ground-
based (Reginato et al., 1985), aircraft-based (Jackson et al., 1987), and satellite-based
(Moran et al,, 1990) instruments. Several researchers have utilized independent
measurements of H from the Bowen ratio or eddy correlation techniques, together
with Equation (1.13), to solve for T, (Huband and Monteith, 1986a,b; Choudhury et
al., 1986). In comparing T, with T, measured with ground-based remote sensing
instruments, it was observed that, even for homogeneous surfaces with nearly full
canopy cover, such as mature wheat, there are differences between T, and T, on the
order of 1-2°C. While some of this difference may be due to uncertainties in the

estimation of r,, it was suggested that the discrepancy may also be due to: (1) errors
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in the value of the surface emissivity, which is a parameter that relates the kinetic
temperature of the surface to the radiometric temperature measured by remote
sensing instruments, and (2) complexities of heat exchange within the canopy which
give rise to small variations in the virtual source/sink height for heat transfer, causing
it not to be at the level of the canopy surface sensed by remote sensing instrumenta-
tion.

In summary, the remote sensing technique for estimating latent heat flux, LE,
involves the estimation of the R,,,, G, and H components of Equation (1.8) with a
combination of ground and remotely sensed data and solving for the LE term as the
residual. For relatively homogeneous surfaces with nearly complete vegetation cover,
the LE values computed with this technique agree well with LE values estimated by
the Bowen ratio or eddy correlation techniques. The spatial scale over which this
technique can be applied is limited by the area over which the ground-based
measurements of temperature, vapor pressure, windspeed, and canopy height can be
extended (Reginato et al., 1985). An analysis of the sensitivity of the LE values to

errors in the observed input variables described above can be found in Moran (1990).

The Challenges of Estimating Fluxes with Remotely Sensed Data
Over Surfaces With Partial Vegetation Cover

For surfaces with partial vegetation cover, the surface temperature derived
from remotely sensed observations is a function of the emissivity and kinetic

temperatures of both the soil and vegetation components of the surface. For partial
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canopy conditions, particularly when the soil surface is dry and the vegetation is
actively transpiring, the kinetic temperature of the soil and vegetation components
can be quite different (Kustas et al., 1990; Humes et al., 1991), and that difference
varies throughout the diurnal heating cycle.

The degree to which these component temperatures contribute to the
composite surface temperature is proportional to the fraction of exposed vegetation
and soil surface. However, these component temperatures contribute to the
aerodynamic temperature in proportion to the aerodynamic resistances to heat
transfer between the soil or vegetation and the inter-canopy airspace. Thus, the
surface temperature measured over partial canopy surfaces with remote sensing
instruments is often significantly higher than the aerodynamic temperature (Stewart
et al., 1989; Kustas et al., 1987; Kustas et al., 1989a). This causes an overestimation
of the sensible heat flux (H) when the surface temperature is used in place of the
aerodynamic temperature in Equation (1.13), which leads to an underestimation of
latent heat flux (LE) using Equation (1.8).

There are also significant complexities in the estimation of roughness
parameters and transfer coefficients for surfaces with partial vegetation cover (Verma
and Barfield, 1979; Garratt, 1980; Hatfield, 1989; Kustas et al., 1989b). The
empirical relationships used to relate canopy height to roughness lengths (Brutsaert,
1982) have not been shown to be valid over surfaces with partial vegetation cover.

Additionally, the soil heat flux term, G, is significantly larger for surfaces of

partial vegetation cover than for surfaces with more complete vegetation cover.
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Because G is usually quite small for conditions of complete vegetation cover, errors
in the estimate of this component for surfaces with nearly complete vegetation cover
do not significantly impact the estimation of LE in Equation (1.8). However, for
surfaces with partial vegetation cover, errors in the estimation of G can give rise to
significant errors in the estimation of the LE with Equation (1.8).

Recently, Ham et al. (1990, 1991) showed experimentally that the evaporation
and transpiration contributions of the soil and vegetation components of a partially
vegetated surface can be the result of very complex and highly variable interactions
within the soil-canopy-atmosphere system. It is indeed challenging to try to estimate
the net surface fluxes arising from these complex dynamics by using a combination
of remotely sensed data and commonly available ground data. This topic will be

explored further in Chapter 4.

Scope of This Research
The main objectives of the research described in this dissertation were as follows:
(1)  Tobetter understand and quantify the surface parameters which
control the partitioning of available energy at the land surface
into sensible and latent heat flux;
(2) To develop and validate, at the scale of single ground-based
flux stations, techniques to estimate latent and sensible heat flux

as directly as possible from a combination of remotely sensed



50

data types and commonly available ground data for an area
with partial vegetative cover;

(3)  To utilize those techniques on a pixel-by-pixel basis to generate
a spatially distributed map of latent and sensible flux for experi-
mental site of First ISLSCP (International Satellite Land
Surface Climatology Project) Field Experiment (FIFE); and

(4) To quantitatively evaluate the relationship between the variabil-
ity of spatially distributed surface characteristics and the
variability of remotely sensed observables used to estimate

them.

In order to accomplish these objectives, the five topics described below were

addressed. Each topic is presented in subsequent chapters as indicated.

Topic 1: Evaluation of a Widely Used Empirical Coefficient for the Partitioning of
Sensible and Latent Heat Flux

One of the simplest expressions often used to estimate the amount of
available energy used as latent heat flux is the well-known Priestley-Taylor (1972)
equation. This expression was intended to be used to estimate regional scale latent
heat flux for conditions in which evapotranspiration is limited by the available energy.
Because of its simplicity, it is widely used as a method to partition the available

energy into sensible and latent heat flux. In Chapter 2, the expression was evaluated
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analytically to better understand the physical factors influencing the value of the
partitioning coefficient in that expression. The partitioning coefficients, for which
many researchers have reported experimentally determined values, were analytically
evaluated in terms of several controlling surface parameters included in the
resistance-combination (Penman-Monteith) equation for evapotranspiration. Using
values of surface parameters typical for different types of surfaces (i.e., open water,
grassland, agricultural crop, forest), the range of values for the partitioning coefficient
predicted by the analytical evaluation was in general agreement with the observed
values of the partitioning coefficient over those various surface types reported in the
literature. Typical diurnal and seasonal differences in atmospheric variables in the
analytical expression were also shown to account for the trend and magnitude of
observed diurnal and seasonal variations in the partitioning coefficient reported in

the literature.

Topic 2: Evaluation of Surface Parameters Controlling the Partitioning of Available
Energy Over Grassland Field Site

The remainder of the research topics were investigated with the use of field
data from the FIFE (First ISLSCP (International Satellite Land Surface Climatology
Project) Field Experiment), carried out over a prairie grassland in 1987 and 1989
(Sellers et al., 1988). Ground-based measurements of energy-balance components
(Bowen ratio and eddy correlations measurements) at several ground sites wefe used

in conjunction with ground-based soil moisture measurements to evaluate the surface
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and near-surface parameters influencing the partitioning of available energy into
sensible and latent heat flux under various conditions. The results of this analysis
(Chapter 3) suggested that different surface characteristics influenced the partitioning
of latent and sensible heat flux as a function of time since wetting. This analysis also
suggested that, in order to estimate fluxes from a combination of remotely sensed
and commonly available ground data, the remotely sensed observations needed to

provide an integrated effect of many complex and interacting surface processes.

Topic 3: Use of Remotely Sensed Data to Estimate Energy-Balance Components at
Local Scales

In Chapter 4, various methods for estimating surface soil heat flux, sensible
heat flux, and latent heat flux from a combination of ground and remotely sensed
data were evaluated. Ground-based, aircraft-based, and satellite-based remote
sensing data were used in conjunction with flux data from many of the FIFE ground
sites to evaluate relationships between radiometric surface temperature and
aerodynamic temperature under various surface conditions. Based on these
relationships, an algorithm was developed to compute surface fluxes from satellite
based remotely sensed data and ground-based estimates of near-surface air
temperature and windspeed. This algorithm was validated by comparison with
ground-based surface flux measurements and was compared to the fluxes estimated
from remotely sensed data using the traditional model described above and with a

modification of that model described by Kustas et al. (1989a).
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Topic 4: Production of Distributed Map of Latent and Sensible Heat Flux Over the
FIFE Site

In Chapter 5, a spatially distributed map of "instantaneous” soil heat flux,
sensible heat flux, and latent heat flux for the FIFE site was developed utilizing, on
a pixel-by-pixel basis, the algorithm developed and validated in Chapter 4. The data
used to produce the spatially distributed fluxes included: (a) an atmospherically
corrected Landsat Thematic Mapper image of the FIFE site on August 15, 1987, (b)
a spatially distributed map of net solar radiation (corrected for topographic effects)
produced by Dubayah et al. (1990) from the same Landsat TM image, and (c)
ground-based estimates of air temperature, windspeed, vapor pressure, and estimates

of canopy height for different vegetation classes.

Topic 5: Spatial Scaling: Relationship Between Variability in Spatially Integrated
Surface Characteristics and Variability in Derived Parameters

In Chapter 6, an approach was evaluated which provides a framework to
quantify the relationship between the variability of the surface properties observed
with remote sensing (e.g., reflectances in particular wavebands) and surface
parameters derived from those observations at various spatial scales. The example
used to demonstrate this approach was that of the Normalized Difference Vegetation
Index computed from red and near-infrared surface reflectances. The differences
between the mean of the distributed values of NDVI over area of increasing spatial
scale were compared to the values of NDVI computed with "lumped” values of red

and near-infrared reflectances. The difference between the lumped and distributed
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values was quantified in terms of the variance of the red and near-infrared
reflectances and the second derivative of the function with respect to the reflectances.
This approach was shown to be a useful one for quantifying the differences in

distributed and lumped responses for a non-linear function.

Note on Surface Flux Terminology

All of the surface fluxes described throughout this dissertation are in units of
energy per unit time per unit area (most commonly given in Wm™®. In many fields
which involve rigorous use of radiometric principles and terminology, a quantity with
these units is correctly referred to as a surface flux density, as opposed to a surface
flux. However, in the field of micrometeorology, a surface flux density is much more
commonly referred to simply as a "surface flux". In order to be consistent with the
more widely accepted terminology for the field of application, the terminology
"surface flux" will be utilized throughout this dissertation, but with the recognition

that the more rigorous terminology would utilize the term "surface flux density".
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CHAPTER 2
AN ANALYTICAL EVALUATION OF THE

PRIESTLEY-TAYLOR EQUATION

Introduction
A widely used equation for estimating the fraction of available energy used

for evaporation from a well-watered surface with minimal advection was given by

Priestley and Taylor (1972) as:

LE - a( a ) R, - Gl. @)
A+y

The notation and units for the equation variables are given in Table 2.1, and a is an
empirically derived coefficient. This equation was an extension of the concept of
equilibrium evaporation (Priestley, 1959; Slatyer and MclIroy, 1961). The concept of
equilibrium evaporation holds that, when unsaturated air is in contact with a
saturated surface over a long fetch, it will tend to become saturated, and amount of

available energy used in evaporation from the surface is given by the expression:

- (-4 - 22
LE (AW)[RM al. 22)

Note that when a approaches 1, the Priestley-Taylor expression is equal to the
Slatyer and Mclroy (1961) equilibrium evaporation and the Bowen ratio, 8§ (H/LE),
approaches A/y. The value of A, the slope of the saturation vapor pressure versus

temperature curve, is evaluated at the near-surface air temperature.
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R,. = Net radiation Wm?

G = Soil heat flux Wm?

H = Sensible heat flux Wm?

LE = Latent heat flux Wm?

Q, = Total energy flux available to be used for evaporation Wm?

E = Rate of evaporation kgs'm?

L = Latent heat of vaporization of water T kg?!

p = Density of air kg m?

C, = Heat capacity of air ITxkg!C?

y = Psychrometric constant, C,/L mbar C

T, = Surface temperature °C

T, = Air temperature at reference height °C

e, = Saturated vapor pressure at T, mbar

e, = Saturated vapor pressure at T, mbar

e, = Vapor pressure at reference height mbar

r, = Aerodynamic resistance for transport of heat and water | sm™
vapor from surface to reference height

r, = Surface resistance to evaporation sm’

fg = Evaporation fraction, LE/(LE + H) -

A = Slope of saturated vapor pressure vs. temperature curve, | mbar C*
evaluated at some temperature

v =y + r./r,) mbar C’

B = Bowen ratio, H/LE
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The value of the empirical coefficient a has been interpreted to be related to
the departure of the surface from the concept of equilibrium evaporation. This
relationship was intended for use at large spatial scales on the order of tens of
thousands of square kilometers. It was based, in part, on a consideration of the
physical processes in the planetary boundary layer and on assumptions about the
relative sizes of the advective and radiant energy inputs of large land areas. Using
data sets for several different types of surfaces, including open water and various
vegetation types, Priestley and Taylor (1972) reported a range of a values from 1.08
to 1.32 for daily evaporation and recommended an average daily value of a = 1.26.

Since then, many studies have evaluated the value of a for various types of
surfaces and conditions. For open water surfaces, grasses, and short crops, most
researchers have reported average daily values fairly close to 1.26. A summary of
these investigations and the reported values of average daily @ are provided in Table
2.2. Most of the investigations over surfaces which consisted either of open water or
areas with short, well-watered vegetation reported average daily values near 1.26.
An investigation over saturated bare soil reported by Barton (1979) provided a
somewhat mean lower daily value for a (1.08).

In a study carried out over a large lake, de Bruin and Keijman (1979) found
a mean daily value of 1.29 for data collected over summer months. However, they
also reported a strong diurnal variation in the value of e, ranging from 1.15 early in

the day to 1.42 in midafternoon. They also reported seasonal variations in monthly



Table 2.2. Summary of a Values Reported by Various Investigators. Unless

otherwise noted, most values are average daily values.
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Investigation Surface Conditions a Value
Priestley-Taylor, Open water and various 1.26
1972 short vegetation types
Davies and Allen, Irrigated ryegrass 1.27
1973
Jury and Tanner Potatoes 1.28
Mukammal and Neumann, Grass 1.29
1975
Stewart and Rouse, Lakes and wet meadows 1.26
1977
Barton, 1979 Bare soil 1.05
DeBruin and Keijman, Lake (summer, monthly mean) | 1.29
1979 Lake (spring/fall, monthly 1.5
mean)
McNaughton and Black, Douglas fir forest, dry 1.05
1973 Douglas fir forest, wet 1.18
Black, 1979 Douglas fir forest (dry; 0.80
thinned)
Douglas fir forest (dry; 0.84
unthinned)
Shuttleworth and Calder, Spruce forest (dry; daytime) 0.6-0.8
1979 Spruce forest (wet; advective 8.5-11.5
conditions) 1.44-1.79

Pine forest (wet)
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average values that ranged from 1.20 in August to values near 1.5 for the spring and
fall months.

Based on a relationship between Bowen ratio and air temperature derived
from several sets of field data, Davies and Allen (1973) reported that the range of
possible a values is relatively small (1.26-1.27) for the temperature range 15-
30°Celsius (C). Brutsaert (1982) characterized the agreement in the a values
observed under non-water-limiting conditions over many different types of surfaces,
including open water, grass, and short crops, as "remarkable”. He conjectured that
this was likely due to a fortuitous compensation of specific humidity of non-wet leaf
surfaces by a larger effective roughness and thus larger transfer coefficient for the
vegetated surfaces. In the work reported here, that interaction is quantified in a
manner thch explains the range of a values observed for various surfaces.

The studies carried out over forested areas, however, showed much more
variation in observed a values than those over water and short crops. When the
root-zone of a forest canopy was well-supplied with moisture, but there was no water
on the vegetation surfaces from interception or condensation (a "dry" forest canopy),
fairly small values of a were observed (0.6-1.05). When intercepted water was
available for evaporation, the a values were generally larger (1.18-1.79). Because of
the wide range of a values they observed, Shuttleworth and Calder (1979)
questioned the relevance of the Priestley-Taylor concept for the spruce and pine

forests. They warned against the indiscriminate use of any simplistic equation with
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a large empirical content and concluded with the statement that "the laws of physics
are not influenced by human desire for computational simplicity".

Efforts to extend the Priestley-Taylor relationship beyond the non-water-
limited, non-advective conditions for which it was intended by making empirical
adjustments to the a factor have also been reported. Jury and Tanner (1975),
working with two seasons of data over irrigated potatoes, proposed an empirical
correction to the @ parameter to account for conditions of high local advection. This
correction was a function of the ratio of average vapor pressure deficit for the
advective period to the average annual vapor pressure deficit for the site.

Other researchers have developed empirical corrections to the a factor to
extend the use of the expression to conditions in which available soil moisture, as
opposed .to available energy, limits evapotranspiration. Priestley and Taylor (1972)
considered this topic in their original study; they concluded that the critical water
content at which evapotranspiration became moisture-limited varied considerably for
different types of surfaces (bare soil and different vegetation types) and hence could
not be generalized for all types of surfaces. Davies and Allen (1973) developed an
empirical correction to @ which was an exponential function of the available soil
moisture for their ryegrass sites. Recently, Flint and Childs (1991) developed such
an expression for moisture-limited conditions over a partially vegetated clearcut
forest site.

The a factor is also used in the advection-aridity approach advanced by

Brutsaert and Stricker (1979). In their approach, the Bouchet (1963) concept of a
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complementary relationship between potential and actual transpiration is combined
with the regional advection effects implicit in the equilibrium evaporation concept.

In keeping with large-scale application of the Priestley-Taylor relationship that
was originally intended, there have been successful attempts to model the value of
the @ parameter (de Bruin, 1983; McNaughton and Spriggs, 1986, 1989) with a simple
model of the atmospheric boundary layer (ABL) coupled with the Penman-Monteith
equation. These models include ABL parameters such as temperature and humidity
profiles, rate of growth of the ABL height, and rate of entrainment of dry air at the
top of the ABL, as well as surface parameters controlling evaporation, notably,
aerodynamic resistance (r,) and surface resistance to evaporation (i.e., canopy
resistance, stomatal resistance, r,). de Bruin (1983) reported that, for ABL
conditioﬁs typical of those for a sunny summer day in the mid-latitudes, a was
primarily controlled by the surface resistance parameter, r, whenr, < 120 sm, and
only slightly controlled by r,, Whenr, > 120 sm?, @ was more sensitive to r,. Using
the ABL model with different assumed values for r, and r,, good agreement was
obtained with the a values reported in the literature for various surface types. The
model also predicted diurnal variations in the a parameter consistent with
observations, including fairly constant values during the midday hours when
evaporation was highest.

Although the Priestley-Taylor equation was intended to be used as an estimate

of regional evaporation, the simplicity and minimal input data requirements have

made the Priestley-Taylor equation a popular choice for applications at various
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scales. It has often been applied to smaller scales; indeed, validation and calibration
of the empirical coefficient is by necessity usually done by comparison to a single

ground station.

Objectives

The main points to be addressed in the remaining sections of this chapter are:

(1)  Toshow the algebraic relationship between the Priestley-Taylor
a parameter and the surface parameters used in the Penman-
Monteith combination equation;

(2) To use this relationship, together with typical values of the
Penman-Monteith controlling parameters, to predict the
corresponding range of values for a for different surface types;

(3) To compare the range of a values predicted in this manner to
values observed in empirical studies;

(4) To evaluate whether or not the trend toward stable values for
short crops versus more variable values for forested areas, as
well as observed daily and seasonal variations, can be attributed
to the differences in typical values of Penman-Monteith
controlling parameters for those surfaces;

(5) To provide a better understanding of the conditions under
which a would be expected to be relatively constant and

conditions under which it would be expected to vary, thus
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providing guidelines about the range of conditions under which
values attained in previous studies over particular surfaces can

be applied to other surfaces and conditions.

Theory
The resistance forms of the bulk-transfer relationships describing the fluxes

of sensible and latent heat fluxes are given by the following expressions (Monteith,

1973):

H = pCp (T, - T)/t,; 2.3)

LE = pC, (e, - e)/¥(@, + 1. 24)
T, is the surface temperature and e, is the saturated vapor pressure at that
temperature.
The evaporative fraction, fg, describes the fraction of energy available for
either latent or sensible heat flux which is actually expended as latent heat flux,

described by the expression:

LE

. 2.5
TE+H 25)

f; =

Dividing the right-hand side of Equation (2.5) by LE yields the relationship

between the evaporative fraction and Bowen's ratio, g:
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1
&= i @6)

Substituting Equation (2.3) and Equation (2.4) into Equation (2.5), one obtains:

e, - €,
T -T
f, = K s - . 2.7
t 4 a + 1+__l
T T, v( r.)

In order to maintain consistency with expressions given in the literature, the term A
is introduced, which is the slope of the saturated vapor pressure versus temperature
curve ((e, -e, )/(T,-T,), where e, is the saturated vapor pressure at air temperature.
The numerator and first term of the denominator in Equation (2.7) can be expressed

as:

& “& _,, [ei - e.]_ (2.8)
Tl - Tl

e, - €,
A+ [T T ]
fp = R . (2.9)
s 7% 1+ -2
T,-T, | 1,

Without yet assuming which terms of the energy balance can be neglected, the energy

used for latent heat flux can then be expressed as:
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LE = f, - Q, (2.10)

where Q, is the total energy available to be used as either sensible or latent heat
flux. Substituting Equation (2.9) into Equation (2.10), one obtains the following

expression for the latent heat flux:

A [e, - e.]
T -T
LE = . s 2 ' Q, 2.11)
A+ % "% + vl + L
T. - TI r.

The equation given by Priestley and Taylor (1972), prior to the assumption that Q,

= R, - G, is:

A
A +y

IE =«

[Q,]. 2.12)

From comparison of Equation (2.10) and Equation (2.12), the relationship between

the evaporative fraction and the Priestley-Taylor a parameter is:

fo-a—2 @.13)

Substituting Equation (2.9) into Equation (2.13) and rearranging, one obtains an

analytical expression for the Priestley-Taylor a parameter, i.e.:
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A +(e: -e.]

L-T ;A @2.14)
e..-e.+yl+-l'-'- A+Y
T, - T, 1

A+

It is useful to evaluate special cases of Equation (2.14). When the surface
resistance is equal to zero (as is the case for an open water surface or for evapora-
tion of intercepted water from a canopy) and the vapor pressure deficit above the
canopy goes to zero, thena = 1 as expected based on the equilibrium evaporation
concept. However, it is interesting to note that, even when the vapor pressure deficit
goes to zero (as in the case of equilibrium evaporation concept), as long as the
surface resistance to evaporation is non-zero, the value of a under the so-called
equilibrium conditions is given by (A + y)/(A + v°), wherey’ = y(1+r,/1).

Under conditions of no advection, the surface energy balance is:
R,.=G+H+LE (2.15)

and the energy available to be used as either sensible or latent heat flux is:

Q=R_-G (2.16)
Equation (2.12) now becomes:
A+ & - e‘]
T, -T
LE - =) R, -0 @17
r
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Additionally, the assumption that the energy balance is given by Equation (2.15)
provides a constraint between the variables in Equation (2.17). As shown by Jackson
et al. (1977), by substituting Equation (2.3) and Equation (2.4) into Equation (2.15)

and rearranging, one obtains:

T -T = LR, -G)y* - pCp (e, - e.), 2.18)

PC,(A + ¥)

* -
where y is:

r,

V=YP+E} 219)

Hence, substituting Equation (2.18) into Equation (2.17) and simplifying, one obtains

an expression for LE of the form:

A, _ PCle-e)
A+y* 1R, -G)(A+Y")

LE = ‘R, - G). (2.20)

It is easily seen that Equation (2.20) is algebraically identical to the common form
of the Penman-Monteith (Monteith, 1973) combination equation, commonly given
the form:

_ AR,-0) + [pC(e/ -¢)/1] 21)
A+y* .

LE
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For purposes of examining the range of values for the Priestley-Taylor a parameter,
it is more useful to use the form given in Equation (2.20) and express the a

parameter as:

a = A + Pcp(e.‘_e‘) / A . (222)
Ay L,®L-G)A+y)| A+

This equation is algebraically equivalent to one given in the appendix of Choudhury
and Idso (1985), in the context of describing the importance of a model for surface,
or canopy, resistance as an aid in interpreting the Priestley-Taylor coefficient. In the
next section, typical values of y~ for different surfaces are used to show that the
range of a values observed for different surfaces can be quantitatively explained by

the relationship of surface parameters given in Equation (2.22).

Computed Values of a for Different Surface Types
In this section, the ranges of a values predicted by Equation (2.22) are
evaluated for four cases: open water, grass or short crop, forest (dry canopy), and
forest (wet canopy). Assuming conditions of moderate windspeed (3 ms!) and
plentiful soil moisture, typical values of r, and r, were used for these different
surfaces and are summarized in Table 2.3.
From Equation (2.22), it can be seen that a is a function of five variables: A,
R,.-G), 1, 1,, and (e, - .ea).. For this analysis, the variables A and (R

ei"G) were

varied over reasonable ranges. Because A is a function of T,, Equation (2.22) was
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Table 2.3.  Values for r,, r, Assumed for Typical Surfaces Under Conditions of

Moderate Windspeed sm™
F —
r, I, r,/t,
Open Water 60 0 0
Grass, Short Crop 20 50 25
Forest, Dry Canopy 6 120 20
Forest, Wet Canopy 6 ] 0 0
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evaluated with a range of T, values from 15-30°C; (R,-G) was varied from 100-600

net

Wm? Values for r, and r, were fixed for each surface type at the values given in

Table 2.3. The value of vapor pressure deficit was held constant for each of two
cases evaluated for each different surface type; one case at (e, -e,) = 10 mbars and
the other case at (e, -e,) = 15 mbars. The results for the lower vapor pressure
deficit case (e, - e, = 10 mbars) are shown in Figure 2.1. The results for the higher
vapor pressure deficit case (e;-e. = 15 mbars) are shown in Figure 2.2.

Under actual field conditions, these variables are not independent. For

example, (R,.-G) and T, are obviously dependent on one another; large T, values

net
would not occur at low R, values. Additionally, although r; and r, were held
constant here for each surface type, there are definite interactions between vapor
pressure deficit and r, (Choudhury and Monteith, 1986) and between r, and (R.-G)
which serve to narrow the allowable range of a values. All of the variables are
expected to vary diurnally in a complex way which is influenced by the interactions
between them. For example, in their analysis of the diurnal variation of a for well-
watered wheat in Arizona, Choudhury and Idso (1985) noted the following
interactions: (1) the product of r, and R, had less diurnal variation than either
quantity separately, (2) the ratio of r,/r, remained fairly constant throughout the day
although r, and r, each varied separately, and (3) most of the diurnal variation in ¢
seemed to be due to diurnal variation in vapor pressure deficit.

Because the variables in Equation (2.22) are not independent, ranges of a

values for a given surface are actually more constrained than the curves shown in
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Figure 2.1. o values computed using typical resistance values for open water (dashed
lines), grass/short crops (solid lines), and forest with dry canopy (dotted lines);
different curves for each surface type represent a range of air temperature values
from 15-30°C; vapor pressure deficit is fixed at 10 mbars.
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Figure 2.2. a values computed using typical resistance values for open water (dashed
lines), grass/short crops (solid lines), and forest with dry canopy (dotted lines);
different curves for each surface type represent a range of air temperature values
from 15-30°C; vapor pressure deficit is fixed at 15 mbars.



73

Figures 2.2 and 2.3 would indicate. However, the major objective of this analysis was
not to compute exact values of a under particular conditions, but rather to show how
typical values of the five variables for each of the surface types tended to constrain
a to the range of values observed in the literature for different surface types. Some
general diurnal trends can also be verified by evaluating the curves in Figures 2.2 and
2.3 at different combinations of T,, R,,-G, and vapor pressure deficit which would
be typical for the different surface types at midday hours.

For the case of open water (dashed lines in Figures 2.1 and 2.2), the range of

a values predicted by Equation (2.22) at midday values for R_,, (approximately 300-

net
500 W/m?) is generally between 1.2-1.4. This is consistent with the observations of
de Bruin and Keijman (1979) over a large lake in the Netherlands. As noted above,
they also' observed seasonal trend in the average values for a. For the spring and fall
months, they reported an average a value of about 1.5; for the summer months, the
average a value was closer to 1.20. An evaluation of Figure 2.2 suggests that this
behavior is predicted by Equation (2.22). During the summer months, when T, and
R, are at maximum values, the predicted a value is close to 1.20. For lower values
of R ., and T,, the predicted a values are near 1.50.

For the case of a surface with a relatively complete cover of moderate height
grass or relatively short crops, the average daily values for the a parameter reported
in the literature were generally close to a = 1.26. Half-hourly values of the a

parameter computed from the Bowen ratio flux measurements taken over the

grassland in central Kansas (the site of the FIFE Field Experiment) are shown in
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Figure 2.3a. Half-hourly values of the a parameter computed from fluxes

measured with Bowen ratio system for FIFE Site 18, Day 149 (cloudy conditions
most of the day).
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Figure 2.3b. Half-hourly values of the a parameter computed from fluxes

measured with Bowen ratio system for FIFE Site 18, Day 157 (June 6, 1987, "Golden
Day", clear conditions).
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Figures 2.3a (cloudy conditions) and 2.3b (clear conditions). On both of these days,
moisture in the root zone of the grassland was plentiful and conditions were near-
potential. The midday value for a was close to 1.0 for both days, but was more
constant for the day with clear conditions.

The curves shown in Figures 2.1 and 2.2 indicate that Equation (2.22) predicts
a values which bracket this observed value for a surface with resistance values fairly

typical of moderate height grass or relatively short crops. For (R, .-G) values typical

net
of midday, when most of the evaporation would take place, a values are predicted
to range from about 0.9-1.3 for the resistance values selected for this case (r, = 50

!;r, = 20 sm™). The diurnal variation in a shown in the half-hourly values from

sm’
one of the FIFE sites is generally predicted by Equation (2.22) in that lower (R ,-G)
values tend toward higher a values.

For the case of forested areas under conditions of a dry canopy (i.e., no free
water on the canopy surface), most experimental studies reported in the literature
provide an average daily a value of about 0.7. The curves shown in Figures 2.1 and
2.2 indicate that Equation (2.22) predicts values of a within that range. The ratio
r./r, is much larger for the forest (r,/r, = approximately 20) than for the short
vegetation (r,/r, = approximately 2.5), which drives the values of a predicted by
Equation (2.22) to significantly smaller values.

For the case of forested areas under conditions of a wet canopy, the wide

range of a values predicted by Equation (2.22) is shown in Figure 2.4 for vapor

pressure deficits of 5 mbars (dashed lines) and 10 mbars (solid lines). The striking
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Figure 2.4. o values computed using typical resistance values for a forest with wet
canopy conditions; different curves represent a range of air temperature values from
15-30°C; vapor pressure deficit is fixed at 5 mbars (dashed lines) and 10 mbars (solid
lines).
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difference between the curves for the wet canopy forest and those for other surfaces
arises from the fact that the r,/r, ratio tends to zero for a wet canopy, while the r,
value is still quite small (assumed 6 sm™ for this analysis). These widely varying
values of a, which can be predicted from Equation (2.22), caused Shuttleworth and
Calder (1979) to justifiably question the indiscriminate use of a constant value of a

over different surfaces.

Discussion

One of the primary objectives of this analysis was to demonstrate that the
Priestley-Taylor a factor, though treated in the literature as an invariant parameter,
is simply a function of the physical parameters and variables which were intentionally
ignored in developing the concept of equilibrium evaporation (i.e., the effects of
near-surface vapor pressure deficit and aerodynamic and surface resistances). It is
important to keep in mind that the equilibrium evaporation concept, and the Priestle-
y-Taylor modification to it, were developed to describe evaporation over regional
scales. The surface parameters and variables which control a (R,.-G, r,, 1,, €, -€,)
may vary considerably over regional scales and thus require less physical meaning at
regional scales than at local scales. Attempts to model the a parameter with a
coupled surface/boundary layer model are useful for considering the regional scale

behavior of a. McNaughton and Spriggs (1989) and de Bruin (1983) showed that the

surface resistance parameter (r,) had a stronger effect on a than most of the
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atmospheric parameters and variables they considered, such as rate of entrainment
at the top of the ABL.

However, almost all attempts to estimate the a parameter ultimately involve
computations using flux estimates from a single surface flux station which measures
a local-scale surface flux. At this scale, it is not necessary to invoke regional-scale
boundary layer models to ascertain the factors controlling a, although the behavior
of the regional-scale atmospheric boundary layer does exert an influence on the local-
scale near-surface vapor pressure deficit and temperature. By comparing the
Penman-Monteith combination equation with the Priestley-Taylor equation, it is a
simple matter to quantify ¢ in terms of near-surface vapor pressure deficit,
aerodynamic, and surface resistances.

There is no fundamental physical basis to support the concept that a should
be constant for different surface types. The analysis presented here quantifies and
supports the hypothesis by Brutsaert (1982) that the close agreement in a factors
observed over various surfaces is indeed due to a fortuitous interaction between
values of r,, r,/r,, and vapor pressure deficit typical for various surface types. This
analysis also demonstrates that the large r./r, ratios typical for forested areas give
rise to the smaller values of a observed for forested areas than for open water or
short crops. Additionally, because the canopy moisture status for a forest gives rise
to very large variations in the r./r, ratio, the large variations in a values observed
under wet/dry canopy conditions (Shuttleworth and Calder, 1979) should be expected

according to Equation (2.22).
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One other issue addressed by this analysis is the validity of "calibrations” for
the a factor which are derived under a particular set of experimental conditions. As
discussed above, the interdependent relationships between the five parameters and
variables controlling a will tend to constrain a to a moderately small range of values
for particular surface types. However, Equation (2.22) suggests that there is a need
for caution in extending a value for a that was derived for one experimental site
under particular climate and vegetation conditions to other climate and vegetation
conditions at that same site or other sites. It should be expected that a will be
different for areas or conditions with significantly different values for the parameters
controlling e, namely (R,.-G, T,, r,, r,, and vapor pressure deficit). For example, a
value of a calibrated for a particular site on a warm, sunny day with mild winds may
be significantly different on a cooler, cloudy day with stronger winds. Furthermore,
in extending values of @ measured at one experimental site to other sites or other
conditions, plant physiology and environmental conditions which control the ratio

r,/r, should be expected to give rise to variations in a in the manner predicted by

Equation (2.22).

Summary
The analysis described in this chapter shows that the algebraic relationship
between the Priestley-Taylor equation and Penman-Monteith combination equation
gives rise to an expression for the Priestley-Taylor a factor as a function of R -G,

A (and, therefore, T,), r,, r,, and vapor pressure deficit. These quantities appear in
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the second term of the combination equation; that term was intentionally ignored in
the development of the concept of equilibrium evaporation at the regional scale and
the Priestley-Taylor modification to that concept. The a factor has come to be
viewed as an empirically derived factor and is usually calibrated on a local scale. By
utilizing typical values for aerodynamic and surface resistances for different types of
surfaces (open water, grass or short crop, forest with dry or wet canopy), and by
varying the values of net radiation, air temperature, and vapor pressure deficit over
reasonable ranges, it was shown that Equation (2.22) predicts ranges of values for a
which are consistent with field observations of open water, short crop, and forest
canopies under dry and wet conditions. The ranges of a values for each surface are
quite strongly dependent on the near-surface vapor pressure deficit and the ratio of

r,/r, for different surfaces.
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CHAPTER 3
EVALUATION OF PARAMETERS CONTROLLING THE
PARTITIONING OF SENSIBLE AND LATENT

HEAT FLUX AT FIFE GROUND SITES

Introduction

A number of models are available which numerically simulate the transfer of
moisture and heat in the soil/plant/atmosphere system. These models adequately
describe the dynamics of those exchanges for surfaces with partial vegetation cover,
but they require apriori knowledge of many parameters which are only valid over a
relatively small spatial scale. Because the overall motivation for this research is to
develop techniques to estimate surface fluxes in a spatially distributed manner with
remotely sensed data, it is necessary to identify a few key parameters controlling
those fluxes which can be observed at the scale of the intended application.

The focus of this chapter is to evaluate the effect of physical parameters such
as amount of vegetation cover, surface soil moisture, and root-zone soil moisture on
the partitioning of available energy into latent and sensible heat flux. The motivation
for doing this is to try to identify, with experimental data, the first-order controlling
processes which would define the minimum requirements for relatively simple
formulations to estimate fluxes. These formulations must utilize observable
parameters which capture the first-order controlling processes. In this chapter, those

first-order controlling processes will be evaluated; subsequent chapters will focus on
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methods to capture the effects of these key controlling processes with remotely

sensed data.

Background

The processes of evaporation from an exposed soil surface and transpiration
from vegetation can be limited by one of two fundamentally different sets of factors.
Just after precipitation or irrigation, when both the near-surface soil layer and the
root zone are well-supplied with moisture, the evaporation and transpiration
processes are limited by the amount of energy available for evaporation. These
conditions are similar to those described for the concept of "potential” evaporation
developed by Thornthwaite (1948). Since the development of that concept, our
understanding of evaporation processes has evolved to include the concept that, even
under non-moisture-limiting conditions, there is a non-zero surface resistance to
evaporation controlled by the physiology of plants. Therefore, the rate of evapora-
tion under energy-limited conditions is controlled by characteristics of the vegetation;
different types of vegetation will have different rates of transpiration when well-
supplied with moisture.

As moisture in the near-surfgce soil layer and the soil root-zone becomes less
plentiful, the processes of evaporation and transpiration become limited by the
amount of moisture available to be evaporated and transpired. The time at which

this transition occurs, and the rate of evaporation and transpiration after that

transition, are determined by soil parameters which control the storage and
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movement of moisture to the surface and the root zone, as well as vegetation
characteristics which control the response of the vegetation to limited moisture. The
rate of moisture-limited evaporation and transpiration is usually much slower than
the rate of energy-limited evaporation. These two different modes of limitation for
evaporation processes are conceptualized in Figure 3.1.

Even in the case of a local-scale area equivalent to the fetch for a single
ground flux station (length scale of approximately 50 m), there is likely to be
considerable heterogeneity in both root-zone and surface soil moisture. Therefore,
even for a local-scale area, it is unlikely that all portions of the area will undergo this
transition at the same time. Jackson et al. (1976) described the rate of evaporation
from a bare soil surface as a linear combination of fractional areas undergoing
energy-limited and moisture-limited evaporation. They deduced these fractional
areas undergoing different processes from composite albedo measurements over the
soil surface. This suggests that the proper use of variables measured over
heterogeneous surfaces with remotely sensed data may involve the interpretation of
those surface parameters as the combined effect of fractional areas undergoing
different processes. As a first step, however, it is necessary to examine ground data
which provide experimental evidence about the processes controlling the partitioning
of available energy under various soil and vegetation conditions. Eventually,
knowledge about the temporal and spatial variation in these controlling processes can
perhaps be used to develop methodologies which can take optimal advantage of the

various types of information available from remotely sensed data.
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ENERGY-LIMITED vs. WATER-LIMITED
EVAPORATION AND TRANSPIRATION

A
PET

Evaporation
from soil
(mm/day)

i Time since
wetting

Energy-limited <—|—> Moisture-limited

A

PET

Transpiration
from vegetation
(mm/day)

i Time since
wetting

Energy-limited <«— | —> Moisture-limited

Figure 3.1. Schematic illustration of the concept of energy-limited versus water-
limited evaporation and transpiration as a function of time since wetting (modified
from Eagleson, 1978).
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Objectives

The objectives of the analysis described in this chapter are as follows:

(1)  To evaluate the factors controlling the partitioning of available
energy into latent and sensible heat flux at the local scale for
the FIFE experimental area by examining experimental
evidence from several FIFE ground stations with different soil
and vegetation conditions; and

(2) To investigate how the controlling factors for a particular

ground station vary as a function of time since precipitation.

Experimental Site and Data Collection

Experiment Design and Objectives

The First ISLSCP (International Land Surface Climatology) Field Experiment
(FIFE) was carried out over a 15 x 15 km predominantly prairie grassland area of
central Kansas. The overall objectives of this interdisciplinary experiment were: (a)
to provide an experimental data set with which to better understand the interaction
of vegetated land surfaces with the atmosphere, and (b) to determine the extent to
which satellite remote sensing data can be used to observe and quantify this
interaction. A detailed description of the experiment plan is given by Sellers and
Hall (1987), an overview of the experiment implementation is given by Sellers et al.

(1988), and a summary of preliminary analysis is given by Sellers et al. (1990).
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The original experiment consisted of three major 10-15 day campaigns, called
Intensive Field Campaigns (IFCs), throughout the grassland growing season from
May through August 1987. The intention was to obtain measurements during three
major stages of vegetation development: "Greening up" (IFC 1), "Peak Greenness"
(IFC2), and "Dry Down" (IFC 3). A fourth IFC was carried out in early October
during a period of vegetation senescence. After preliminary analysis of the 1987 data
set, another measurement campaign was planned and carried out from July 24
through August 12, 1989. All of the campaigns consisted of simultaneous coordinated
ground, aircraft, and satellite measurements. In addition to collecting radiometric
data at various scales, surface energy flux measurements were made at a number of
ground-based sites; detailed measurements of soil and vegetation characteristics were
made at many of these sites. Additionally, ground- and aircraft-based measurements
were made of atmospheric boundary layer characteristics, including estimates of
fluxes from aircraft-based instruments. An illustration of the field experiment

activities for one day is shown in Figure 3.2 (reproduced from Sellers et al. (1988)).

Site Description

The experimental site is a 15 x 15 km area located near Manhattan, Kansas
(39°9'N, 96°40'W) near the northeastern extent of the Flint Hills region. Approxi-
mately the northwestern quarter of the experimental area is occupied by the Konza
Prairie Long Term Ecological Reserve (LTER). The tallgrass prairie is composed

primarily of big bluestem (Andropogon geradi), little bluestem (Andropogon
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scoparious), and Indian grass (Sorghastrum nutans), but 36 other species have also
been identified in a detailed vegetation study of the area (The Tallgrass Laboratory,
1984). The LTER has been used for many years for controlled studies to determine
the effect of management practices on grassland productivity, such as burning dead
biomass from previous growth at various intervals. In limited areas on the LTER,
buffalo are being reintroduced and are allowed to graze, but these areas were not
intensive grazed during the 1987 and 1989 campaigns. The rest of the experimental
site is also predominantly prairie grassland which undergoes varying management
practices with regard to burning and grazing. Some areas of the experimental site
are intensively grazed by cattle, and there is one significant agricultural area in the
southeastern quadrant of the experimental site that is roughly 3 x 3 km. Additionally,
bands of §voody vegetation exist along the drainage areas. The natural variations and
anthropogenic activities over the site give rise to significant variations in vegetation
cover over the experimental area. To quantify these variations, the LAI values
measured at all the surface sites in early and mid-August of 1987 are provided in
Table 3.1.

The topography of the experimental site consists mainly of rolling hills, with
total relief of about 50 meters. The textural classifications of the near-surface soil
layers range from silty loams to silty clay loams. Approximately six different soil
series were identified in the special soil survey done in conjunction with the FIFE
Experiment (Soil Conservation Survey, 1987). There is considerable variability in the

hydraulic characteristics of these soils, most likely due to significant variations in the
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Table 3.1.  Values of LAI for FIFE Sites--Average of Measurements Made in
Early August and Mid-August.

Site # LAI 8/87 1
1 0.88
2 0.32
3 0.52
5 0.61
6 0.67
7 0.99
8 0.76
9 0.66

10 1.62
11 (16,18) 1.08
12 0.78
13 0.79
14 0.98
22 0.64
24 1.00
20 0.92
26 0.29
23 0.72
25 0.42
27 0.26
28 0.85
29 0.41
30 0.29
31 0.87
34 0.90
36 0.26
38 0.40
40 0.53
42 1.08
44 0.43




91

clay content. Because of the interplay between topography and the processes of soil
development in the area, there is a strong correlation between soil type and
elevation. Soil depth varies considerably over spatial scales on the order of tens of
meters and is also correlated with elevation and topography. The mean annual
precipitation for the area is 750 mm; the climate is temperate midcontinental with

warm, moist summers and cool, dry summers.

Ground Measurements Used in This Analysis

Flux Measurements. The locations of the 18 ground-based surface flux
measurements and 16 automatic meteorological stations in operation during most of
the 1987 campaigns are shown in the plan view diagram of the FIFE site illustrated
in Figure 3.3. A major consideration in the experimental design was that the
locations of the surface flux stations be representative of the characteristics of the
entire site. Thus, the sites were distributed among flat hilltops, flat valleys, sloping
hillslopes of varying aspects, burned, and unburned areas roughly in proportion to the
occurrence of those conditions over the entire site (Sellers et al., 1990). The surface
flux stations were set up and implemented by approximately five different investigator
teams; either the Bowen ratio or eddy correlation techniques were used for
estimating the latent and sensible heat fluxes at each of the ground-based flux sites.
Several participants studied the possible effects of differences in instrumentation on
the fluxes measured at various sites (Shuttleworth et al., 1989; Fritchen and Qian,

1990; Nie and Kanamasu, 1990). It was necessary to locate some of the stations on
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Figure 3.3. Plan view of the FIFE site showing the locations of the ground-based flux
stations and automated meteorological sites (PAM and Super PAM stations) for 1987
Intensive Field Campaigns. Flux sites are numbered with even numbers; met stations
are numbered with odd numbers (from FIFE 1987 Experiment Plan).
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sloping surfaces, requiring the use of the flux estimation techniques over some areas
in which their applicability is not yet firmly established. The locations of the flux
stations and meteorological stations for the 1989 campaign are shown in Figure 3.4.
For both campaigns, there were no flux stations in either the woody vegetation or
agricultural areas.

Soil Moisture Measurements. For almost all days during the IFCs and for many
days in between the IFCs as well, gravimetric soil moisture measurements were made
at all of the meteorological and flux station sites. Five soil samples at each of two
depths (0-5cm and 5-10cm) were collected at random locations just adjacent to the
anticipated fetch area of the flux stations for each site each day. The five estimates
of soil moisture content by weight were averaged to obtain the daily soil moisture
estimate for each depth. The samples were usually acquired between 9 a.m. and 1
p-m. local time (Central Daylight Time). Neutron probe measurements were made
at the meteorological stations and flux sites in order to derive estimates of volumetric
soil moisture at depths from 20-100 cm. These measurements were made at
approximately 6-8 day intervals for most of the ground sites.

Vegetation Characteristics. For each ground site, samples were collected
approximately once/week from five 0.1 m? areas near the meteorological or flux
stations. Fresh live-standing, dead-standing, and dead biomass was collected from
those areas. Grass and non-grass vegetation types were separated for processing; this
included running the samples through a leaf area meter and drying the samples.

Fresh weights, dry weights, and leaf area index were reported for all five samples for
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are numbered with odd numbers (from FIFE 1989 Experiment Plan).
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each site on each date, separated by grass and non-grass. The average of the five
samples for each date is utilized in this analysis. As is common with measurements
of this type, the standard deviation in the five samples for a given site on a given day
was often 20-50% of the average value. Before the destructive sampling took place,

canopy heights were also recorded for each of the sample areas.

Analysis of Factors Controlling Energy Partitioning
at Single Sites

Throughout this analysis, the partitioning of available energy into sensible and
latent heat flux will be quantified by the observed evaporative fraction, fg, defined

as:

EF = LE/(LE + H). G.D

As shown in the previous chapter (Equation 2.6), the evaporative fraction provides

the same information as the Bowen ratio, 8, and they are related by the expression:

EF = 1/(1 + B). (3.2)

A preliminary evaluation of the variation in energy partition at surface flux
sites for the 1987 FIFE data was performed by Shuttleworth et al. (1989) with data
from relatively clear days in each IFC. One of the most encouraging conclusions
from that analysis was that, for clear days, the midday evaporative fraction for a

given site was usually relatively constant and was well-correlated with the all-day

evaporative fraction. From the standpoint of eventually using remotely sensed data
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to estimate surface fluxes, this was a rather positive conclusion. However,
Shuttleworth et al. (1989) were unable to find significant correlations between the
evaporative fraction for different sites and the following surface parameters (chosen
as those that might be relatively easily estimated with remotely sensed data): leaf
area index, soil moisture (0-5 cm), and fraction of green vegetation. For their
analysis, they used ground measurements of these parameters. The results for their
analysis of data from August 15, 1987 are shown in Figure 3.5.

Based on the analysis described above, we can infer that evaluating the
behavior of all sites on isolated days is not likely to be very helpful in evaluating the
factors controlling the fluxes. Different portions of the experimental area received
varying amounts of precipitation in the days prior to August 15, 1987. Therefore, it
is likely that evapotranspiration in some areas of the site that day was energy-limited
and, in some areas, it was moisture-limited. In the analysis to be described below, the
behavior of two different ground sites was evaluated as a function of time since
wetting to determine which soil and vegetation characteristics appear to control the
evaporative fraction as a function of time.

The two ground sites selected were Sites 18 and 26. Site 18 was situated on
a ridgetop location which had been burned the previous year and was not used for
grazing. Site 26 was situated on a ridgetop location in an area of rather intense
grazing. The LAI values for these sites during IFC 1 (late May-early June) and IFC
2 (mid-August), extracted from the FIFE Information System, are summarized in

Table 3.2. The raw data for LAI samples from Site 18 in August show higher than
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Table 3.2.  LAI Values at Sites 18 and 26 for IFC1 and IFC3.
Site LAI - Average of Late LAI - Average of
May and Early June Early and Mid-August
18 1.63 1.08
26 0.78 0.29
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average variability, and there is some reason to suspect that the value reported in
Table 3.2 for that site in August is somewhat low. Although neither of these sites
were located on the Konza LTER, they were selected because they were each
representative of two different vegetation conditions which were prevalent over the
experimental site. Site 18 represents an area which is well managed with respect to
burning dead biomass from previous years. It has a moderate to high amount of
vegetation cover compared to most other ground sites. Site 26 represents an area
that is rather intensively grazed; it has a lower amount of vegetation cover than most
other sites in the experimental area. The flux measurements at Site 18 were made
using the Bowen ratio technique by scientists from the University of Nebraska. The
flux measurements at Site 26 were made using eddy correlation techniques by a team

of scientists from the Institute of Hydrology in Wallingford, England.

Analysis of Fluxes in Early Summer

During the first IFC in 1987, carried out in late May and early June, fairly
extensive precipitation occurred over most of the experimental site on Days 147 and
148 (May 28-29). The evaporative fraction, computed from the flux station data, and
ratio of soil moisture by weight to saturated soil moisture (8/8,, for the 0-5 cm soil
layer) are plotted for Sites 18 and 26 in Figures 3.6a and 3.6b, respectively. The data
are for the time period just after the extensive precipitation event, from Day 149
(May 30) through Day 157 (June 6). A few small precipitation events occurred at

Site 26 on days 149 and 152, but the general trend in surface soil moisture for both
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Figure 3.6a. (Top) Evaporative fraction (solid squares), 6/6, in the 0-5cm deep soil
layer (open squares), and 8/6, averaged over 20-60 cm depth (*) for Site 18, Day 149
(May 30) - Day 157 (June 6), 1987.

Figure 3.6b. (Bottom) Evaporative fraction (solid squares), 8/6, in the 0-5cm deep
soil layer (open squares), and 6/6, averaged over 20-60 cm depth (*) for Site 26, Day
149 (May 30) - Day 157 (June 6), 1987.
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sites is an approximately 30% decrease over that time period. However, over that
same time period, the evaporative fraction remained nearly constant and fairly high
(approximately 0.8 for both sites). Thus, the data show that, for sites with either
sparse and moderately vegetation cover, the evaporative fraction remained very high,
although the surface soil moisture decreased substantially over that time period.

Soil moisture profile data from the neutron probe measurements show that
the root-zone soil moisture was near saturation during this time period and remained
so for several days thereafter. The profile data for Sites 18 and 26 are shown in
Figures 3.7a and 3.7b, respectively. The near-surface gravimetric soil measurements
taken at depths 0-5 cm and 5-10 cm were converted to volumetric moisture content
using the bulk density values measured at the individual field sites; these data are
also shown in Figures 3.7a and 3.7b.

The data shown in Figures 3.6 and 3.7 suggest the following for sites with
either moderate or sparse vegetation cover (and plentiful moisture in the root-zone
soil profile): soil evaporation contributes to the total evaporative flux when moisture
is available in the surface layer (as evidenced by the rapid decrease in surface soil
moisture with time), but soil moisture in the surface layer does not limit the total
evaporative flux when it becomes small (as evidenced by the fact that the evaporative
fraction remained high for both sites while the surface soil moisture decreased
significantly). It can be inferred from these data that the sum of the rate of soil
evaporation and vegetation transpiration remained invariant over this time period,

although these data suggest that the contribution by these different processes to the
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Figure 3.7a. (Left) Soil moisture profiles for Site 18 on three separate days. Upper
two points are from gravimetric soil moisture samples converted to volumetric soil
moisture with measured values for bulk density. Values for depths 20-100 cm are
from measurements with a neutron probe.

Figure 3.7b. (Right) Soil moisture profiles for Site 26 on three separate days. Upper
two points are from gravimetric soil moisture samples converted to volumetric soil
moisture with measured values for bulk density. Values for depths 20-100 cm are
from measurements with a neutron probe.
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total evaporative flux changed from the beginning to the end of this time period.
A consideration of the values of average midday vapor pressure deficit
measured at 2m above the surface at the flux sites helps to provide qualitative
evidence for the mechanism by which the sum of evaporation and transpiration
remained invariant from day to day over this time period. For Site 26, the average
midday vapor pressure deficit 2 meters above the canopy was 7 mbars on Day 149,
19 mbars on Day 156, and 33 mbars on Day 166. For those days on which the
surface soil moisture is relatively dry, the air in the inter-canopy and above-canopy
airspace is warmer and drier, as evidenced by higher vapor pressure deficits on those
days. As the soil surface dries, the increased vapor pressure deficit provides more
atmospheric demand for the moisture available by vegetation transpiration. Thus,
when the vegetation root zone is well-supplied with moisture, the microclimate
feedbacks force the transpiration rate from the vegetation to increase as the

evaporation from the soil decreases.

Correlation Between Soil Moisture and Vapor Pressure Deficit

To further investigate the relationship between soil moisture and above-
canopy vapor pressure deficit for partial canopies, the gravimetric soil moisture in the
0-Scm layer is plotted versus average midday vapor pressure deficit for Site 26 in
Figures 3.8a and 3.8b. In Figure 3.8a, the data from all days during IFCs 1, 2, and
3 are included. Because high values for windspeed on a given day would tend to

mitigate the surface effects on vapor pressure deficit, only the data for days with
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Figure 3.8a. Gravimetric soil moisture for the 0-5cm depth vs. average midday values
of vapor pressure deficit for Site 26. Data shown include all days in IFCs 1,2,3 (May-

August 1987).

Figure 3.8b. Gravimetric soil moisture for the 0-5cm depth vs. average midday values
of vapor pressure deficit for Site 26. Data shown are for those days with average

midday windspeed values < 7 m/s.
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windspeeds less than 7 ms™ are shown in Figure 3.8b. There appears to be a
correlation between surface soil moisture and near-surface vapor pressure deficit on
days with low and moderate windspeeds. The purpose in presenting these data is not
to derive a quantitative relationship between the two variables, but to simply provide
experimental evidence of the type of microclimate feedbacks that can influence
evaporative fluxes over surfaces with partial vegetation cover. These feedbacks add
additional complexity to the problem of ascertaining the factors controlling

evaporative fluxes for these types of surfaces.

Analysis of Fluxes in Late Summer

During the third IFC in 1987, carried out in August, the limited data available
from neutron probe measurements indicate that root-zone soil moisture at most sites
was significantly smaller than it was in IFC 1. The relationship between evaporative
fraction and surface soil moisture was evaluated as a function of time since wetting
for several sites during this time period. Data from Site 26 were not available for
the first half of IFC 3; therefore, for this comparison, data from Site 30 were used
instead. Site 30 was also extensively grazed, and values of leaf area index were very
similar to those at Site 26. The surface energy fluxes at Site 30 were also measured
with eddy correlation instrumentation.

The evaporative fraction and fractional surface soil moisture data for Day 220
(August 8, 1987) through Day 234 (August 21, 1997) are shown in Figures 3.9a and

3.9b for Sites 18 and 30, respectively. On Day 224, a very intense rainstorm occurred
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Figure 3.9a. Evaporative fraction (solid squares), 8/6; in the 0-5cm deep soil layer
(open squares), and 6/6s averaged over 20-60 cm depth (*) for Site 18, Day 220
(August 8) - Day 233 (August 21, 1987).
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Figure 3.9b. Evaporative fraction (solid squares), 8/6 in the 0-Scm deep soil layer
(open squares), and 8/8s averaged over 20-60 cm depth (*) for Site 30, Day 220
(August 8) - Day 233 (August 21, 1987).
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over most of the experimental site. Before the rainfall event, under conditions of
relatively low soil moisture in both the surface layer and the root zone, the
evaporative fraction at both stations was limited by available moisture. The data in
Figure 3.9a-b suggest that, for a period of time after the rainfall event, the
evaporative fraction tracks closely with the surface soil moisture. The most likely
explanation for this is that the root-zone moisture was too low for vegetation
transpiration to dominate the total evaporative flux during periods of low surface soil
moisture. Thus, the surface soil moisture does appear to have a controlling effect
on the total evaporative fraction when viewed as a function of time under these

conditions.

Aggregation of Sites With Similar Characteristics

In order to further evaluate the concept that different surface parameters
control the evaporative fraction during different stages of drying (i.e., as a function
of time since wetting), it is useful to evaluate the behavior of more than two sites.
The most ideal conditions for making that evaluation would require a rainfall event
which covered the entire site and saturated the surface and root zone for all the
ground sites, followed by many days of a gradual dry-down period over the whole
area. Unfortunately, during the IFCs for 1987, such conditions did not exist. There
were rainfall events which ;overed the whole experimental area, but they were not

followed by sufficiently long periods of no precipitation at most sites. In addition,
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there were many closely spaced small events which caused wetting at some ground
sites but not at others.

During the IFC in 1989, conditions were somewhat more favorable to observe
a dry-down period for all sites in the experimental area. In order to further evaluate
the factors controlling the evaporative fluxes under different conditions, it is useful
to look at the evaporative fraction as a function of time since precipitation for many
sites, grouped by different possible controlling surface parameters. In Figures 3.10a
and 3.10b, the average evaporative fraction is plotted as a function of time since
wetting, with the sites grouped according to vegetation and soil characteristics,
respectively. For the data shown in Figure 3.10a, the 10 flux stations reporting data
for the 1989 IFC were grouped by grazing practices. In 1989, there were three sites
that were heavily grazed and seven sites that were not grazed. The grazed sites had
significantly lower vegetation cover than the ungrazed sites. For the results shown
in Figure 3.10b, the sites were grouped into two categories according to soil type.
The five sites with silt loam soil textures were grouped into the first category, and the
five sites with silty clay loam soil textures were grouped into the second category.
The error bars shown in both Figures 3.10a and 3.10b represent the standard
deviation of the evaporative fraction values of the sites that were averaged in that
group.

The results shown in Figure 3.10a suggest that, under the post-rainfall
conditions of the 1989 IFC, the sites with less vegetation cover (grazed sites) had a

larger mean value of evaporative fraction than sites with more vegetation cover. The
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Figure 3.10b. Average evaporative fraction as a function of time since precipitation
for the ground-based flux sites, aggregated by elevation. Elevation is a surrogate
variable for soil type. Soils at sites with elevation > 420 m (5 sites) have silt loam
texture and sites at < 420 m (S sites) have silty clay loam textures.
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results shown in Figure 3.10b suggest that the soil texture did not have a significant
influence on evaporative fraction under these conditions. The evaluation of a few
individual sites with 1987 data did not suggest that the amount of vegetation cover
had a significant effect on the evaporative fraction. These results underscore the
other evidence presented in this chapter that the factors controlling the total
evaporative fluxes for surfaces with partial vegetation cover are difficult to quantify

for general conditions.

Summary and Conclusions

In this chapter, data from the First ISLSCP Field Experiment (FIFE) were
examined to evaluate the factors controlling the partitioning of available energy into
latent and sensible heat flux under various field conditions, as quantified by the
evaporative fraction measured at ground-based flux stations. The primary conclusion
to be drawn from the data presented here is that the factors controlling the
partitioning of available energy for surfaces with partial vegetation cover (such as
portions of the FIFE experimental area) are very difficult to quantify for general
conditions. Factors such as vegetation cover, surface soil moisture, root-zone soil
moisture, and soil type appeared to influence the evaporative fraction to varying
degrees under different field conditions and time since wetting. The factors
influencing the evaporative fraction for particular sites appeared to be dynamic and

quite dependent on the moisture status of the entire soil profile.
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The implications of this analysis for the estimation of energy balance
components with remotely sensed data are that it is not a simple task to develop
process-based models which can adequately capture the dynamics of complex,
interactive processes with a few remotely sensed variables. In order to obtain an
estimate of the partitioning of the sensible and latent heat flux over partially
vegetated surface with remotely sensed data, a relatively simple energy-balance

approach will be investigated in subsequent chapters.
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CHAPTER 4
THE ESTIMATION OF SOIL HEAT FLUX AND SENSIBLE HEAT FLUX
OVER FIFE GROUND STATIONS WITH REMOTELY SENSED DATA

Introduction

In this chapter, the feasibility of using remotely sensed data from helicopter-
and satellite-based instruments to estimate the surface soil heat flux and sensible heat
flux is investigated. The fluxes are estimated with a combination of ground and
remotely sensed data at scales compatible with the fetch areas of the individual
ground-based flux stations. The fluxes computed with a combination of ground and
remotely sensed data are compared with those estimated at the ground stations. As
discussed in Chapter 1, the surface fluxes for areas with partial vegetation cover are
controlled by many factors and complex interactive processes which cannot be
determined by instantaneous remotely sensed observations at a single view angle and
time. Rather, the focus of this research was to utilize the unique opportunity that
exists in the wealth of ground data available for the FIFE experiment to determine
how to best utilize remotely sensed data for the estimation of surface fluxes and to
identify the best algorithm to use to create a spatially distributed map of surface
fluxes for the entire site. The potential contribution of this type of spatially
distributed map of surface fluxes is to provide a set of spatially distributed boundary
conditions for coupled models of the interactions between surface fluxes and the

atmospheric boundary layer.
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In particular, this chapter focuses on the estimation of the soil heat flux and
the sensible heat flux component of the surface energy balance. The latent heat flux
is computed as a residual quantity after estimating the other three components of the
surface energy balance. The estimation of net radiation over a surface as topographi-
cally complex as the FIFE experimental site is a separate topic of research.
Dubayah et al. (1990) produced a map of net solar radiation for the FIFE site using
the Landsat TM data for August 15, 1987. This map will be adjusted for net long-
wave radiation and used as input for computing the latent heat flux over the site in
the next chapter. Consequently, the topic of the estimation of net radiation will not

be addressed here.

Approach
In order to evaluate the estimation of surface energy-balance components with
remotely sensed data over the FIFE site with remotely sensed data acquired at
various spatial scales, the following analyses are presented:

(1) Remotely sensed reflectances and temperatures obtained over
several FIFE ground stations with a helicopter-based sensor are
compared with simultaneous measurements with a ground-based
sensor;

(2) Various techniques for estimating soil heat flux and sensible
heat flux from the helicopter-based remotely sensed data are

evaluated by comparison with fluxes measured at the ground-
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based stations with Bowen ratio and eddy correlation tech-
niques;

(3)  Extracts of data from a Landsat TM scene are corrected for
atmospheric effects and compared with reflectances and
temperatures acquired simultaneously with helicopter- and
ground-based instruments; and

(4)  Various techniques for estimating soil heat flux and sensible
heat flux from the satellite-based remote sensing data are
evaluated by comparing the fluxes estimated with the satellite
data to the fluxes measured at the ground-based stations with

Bowen ratio and eddy correlation techniques.

Experimental Data

All of the analysis in this chapter relates to the use of different types of
traditional ground-based data and remote sensing data acquired with different
sensors during the FIFE campaigns in 1987. The ground-based data relating to soil
moisture, leaf area index, and canopy height used in the analysis were acquired by
FIFE staff personnel at Kansas State University and were described in Chapter 3.
The instrumentation utilized for various ground-based data from the surface flux
stations used in this analysis is summarized in Table 4.1. Detailed documentation
describing the data acquired at most of the ground-based flux stations was provided

by each lead investigator and is available in the FIFE Information System. The
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Table 4.1.  Ground Flux Stations Used in Analysis of Fluxes with Helicopter-based
Remote Sensing Data (BR = Bowen ration apparatus; EC = Eddy
correlation apparatus).

Site # Team Institution (Lead Investigator)
2 BR - Kansas State University (Kanemasu)
8 " " " "
10 " " " "
20 BR - University of Washington (Fritschen)
36 " " " "
40 " " " "
4 " " " "
44 " " " "
16 EC - University of Nebraska (Verma)
BR - " " " .
26 EC - Institute of Hydrology (Stewart, Shuttleworth)
24 BR - GSFC/ARS/University of Delaware (Kustas)
30 EC - GSFC/ARS/University of Delaware (Field)
28 EC - USGS (Weaver)

* BR data reported in FIFE Data Information System as Site 18 (co-located
with 16), but BR data are used in this analysis and reported in Figures as 16.
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remotely sensed data used in this analysis will be briefly summarized below. More
detailed documentation about each of the remotely sensed data types described

below is also available in the FIFE Information System.

Ground-Based Remote Sensing Data

Ground-based measurements of canopy reflectance and temperature were
made at some of the FIFE flux stations by a team from the University of Nebraska
led by Dr. Blaine Blad. The following description of the data acquisition and
processing is a summary of the documentation provided by that team. A more
detailed description of the acquisition and data processing procedures are also
available from the FIFE Information System.

Tﬁe measurements were made with a Barnes Model 12-1000 Modular
Multiband Radiometer (MMR) mounted on a portable mast 3.4m above the soil
surface. With the 15° field of view of the instrument, the area on the ground sensed
by the instrument was approximately 7.5 meters in diameter. Because one of the
objectives of the measurements was to characterize the bi-directional reflectance of
the surface and the view angle effects on surface temperature, the mast apparatus
was designed to take measurements at several different angles for a particular target
within a few minutes. These ground-based reflectance and temperature measure-
ments were made at different times of day at different sites throughout all four
Intensive Field Campaigns (IFCs) in 1987. Approximately 8-15 target areas were

measured repeatedly at each of the flux stations within approximately one hour. For
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this analysis, only nadir-view data were used, and the reflectance and temperature
results from all targets observed approximately +/- 15 minutes of the helicopter
overpasses were averaged to obtain the reflectance and temperature measurements
for a particular site.

The MMR measures analog voltages in response to the target radiance in 8
spectral wavebands: 0.45-0.52 pm (B1), 0.52-0.60 um (B2), 0.63-0.69 um (B3), 0.76-
90 um (B4), 1.15-1.30 um (BS), 1.55-1.75 um (B6), 2.08-2.35 um (B7) and 10.4-12.5
pm (B8). The voltages measured in the first 7 bands were converted to surface
reflectance by utilizing voltages measured over a calibrated BaSO, reflectance plate
before and after the target measurements. The voltage in the thermal band was
converted to temperature using calibration coefficients determined for the instrument
at the USDA-ARS U.S. Water Conservation Laboratory.

Surface temperature estimates were also corrected for downwelling reflected
thermal radiation and the emissivity of the surface. The emissivity values were
derived from temperature measurements made at each site with and without an
aluminum tent. The temperature measurements used to calculate emissivity values
were made under conditions for which incoming direct radiation was at a minimum,
either at night or under completely overcast skies. The emissivity values estimated

for each of the sites during the various IFCs ranged from 0.97-0.99.
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Helicopter-Based Remote Sensing Data

A Barnes Model 12-1000 Modular Multiband Radiometer (MMR) was also
included in a package of instruments mounted in a helicopter. The instrument
package consisted of the MMR, two 35mm cameras, and a video recording system.
An audio tone was recorded on the video tape to signal the times of data acquisition
from the MMR. The instrument package could be positioned to view the surface at
either nadir or off-nadir angles (15, 30, 45, and 60°). Only nadir-view data were used
for this analysis. On days with relatively clear-sky conditions, the helicopter was
flown over several sites at different times of the day. When acquiring data over a
site, the helicopter hovered at an altitude of about 230m above ground level. The
MMR was configured to be flown with a 1° instantaneous field of view (IFOV). The
target area on the ground sensed with each MMR measurement was approximately
4 meters in diameter.

For measurements during IFCs 2, 3, and 4, the detector and chopper voltages
were recorded on a data logger along with the voltages from wavebands 1-8. The
detector and chopper voltages were not recorded during IFC 1, however, and thus
it is not possible to calculate reflectances for the lead sulfide bands of the MMR for
data acquired during IFC 1. Calibration of the MMR for absolute radiance and
compensation for thermal effects was carried out by FIFE investigators at Goddard
Space Flight Center and are described in detail by Markham et al. (1988).
Reflectances were calculated by utilizing irradiance measurements derived from

simultaneous measurements made with a second MMR mounted over a calibrated
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BaSQO, reflectance panel on the ground. The MMR and plate apparatus was located
near the center of the field site, and the measurements were made at one-minute
intervals. The temperature estimates from the MMR data were corrected by this

author for the effects of reflected long-wave sky radiation and for emissivity.

Satellite-Based Remote Sensing Data

The satellite data used in the analysis below were extracted from a Landsat
5-Thematic Mapper (TM) image acquired on August 15, 1987 and provided by Earth
Observation Satellite Company (EOSAT). The spectral wavebands of the TM sensor
are: 0.45-0.52 ym (TM1), 0.53-0.61 um (TM2), 0.62-0.69 um (TM3), 0.78-90 pm
(TM4), 1.57-1.78 um (TMS), 2.10-2.35 um (TM7), and 10.4-12.5 um (TM6). The
ground spatial resolution of the sensor in the six wavebands in the visible and near-
infrared regions of the electromagnetic spectrum is 30 meters; the ground spatial
resolution of the thermal band (TM6) is 120 meters.

Until recently, Landsat TM data could be acquired from EOSAT on computer
compatible tape (CCTs) in either the CCT-A format or the CCT-P format. The data
on both CCT-A format tapes and CCT-P format tapes include a radiometric
correction to the "raw" digital numbers. It is possible to reverse this radiometric
correction (Holm et al., 1989) for applications which require knowledge of the raw
digital numbers, such as absolute sensor calibration. The calibration coefficients
supplied by EOSAT (Landsat TM Technical Notes, EOSAT, 1986) are intended to

be used to convert the "corrected” digital numbers to apparent at-satellite radiance
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as a linear function of gain and offset coefficients. Additionally, on both CCT-A and
CCT-P format tapes, the thermal band is resampled to provide a 30-meter spatial
resolution compatible with the spatial resolution of the other bands.

On CCT-P format tapes, a geometric correction is applied to the data which
are not present on the CCT-A format tapes. This geometric correction is a cubic
convolution procedure which is applied to the raw data to smooth the blocky
appearance of the resampled data. The original spectral response of each 120-meter
pixel is not saved in this procedure, and the smoothing operation cannot be reversed.
Hence, it is preferable to use the CCT-A tapes for applications which require the
best possible radiometric integrity of the data in the thermal band.

However, all of the Landsat TM data acquired over the FIFE site in 1987,
1988, and 1989 are available only in CCT-P format. Fortunately, the FIFE site is
relatively homogeneous over spatial scales of approximately 100 meters, so that the
geometric correction procedure applied to the CCT-P format data is not likely to
degrade the integrity of the data in the thermal band as much as it might for an area
with many abrupt boundaries in surface temperature, such as an agricultural area.

With regard to the radiometric correction applied to the data on the CCT-P
tape, the data provided in the FIFE Information System and used in this analysis
were original CCT-P tape corrected digital numbers. The radiometric correction was
not reversed, and the calibration coefficients provided by EOSAT were used to
convert the corrected digital numbers to apparent at-satellite radiance. For

applications requiring the best possible radiometric integrity of the data in the visible
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and near-infrared bands, it would be desirable to reverse those corrections and apply
the most recent sensor calibration coefficients obtained by current research in that
area (for example, Slater et al., 1986). However, for this analysis, it is not likely that
use of the original CCT-P data had a substantial effect on the results reported here.
The procedures described in this chapter utilize only the data from bands TM3 and
TM4 to obtain vegetation indices, and the vegetation indices are then related to
parameters controlling the soil heat flux and the sensible heat flux. The uncertainty
in those relationships is considerably larger than the error in the values of the
vegetation indices resulting from use of the CCT-P data.

One closely related application that is more sensitive to the radiometric
accuracy of the Landsat TM data in the visible and near-infrared bands is the
estimation of net solar surface radiation from TM data. As noted above, the
estimation of the net solar radiation for the FIFE site using TM data was a separate
topic of research discussed by Dubayah et al. (1990). The net solar radiation map
that they produced from the August 15, 1987 TM image over the FIFE site will be
used in the next chapter. A summary of their discussion of sources of error in the
net solar radiation values is included there.

For all of the TM images available over the FIFE experimental site, the
ground flux stations and meteorological stations were located on the image by FIFE
Information System personnel. For each ground station that could be located with
reasonable confidence, the digital numbers for approximately 2-5 image pixels were

averaged to provide an estimate of the satellite measurements over each ground site.
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As described above, the digital numbers were converted to apparent at-satellite
radiances with the gain and offset coefficients provided by EOSAT. The procedure
for correcting the satellite data for atmospheric effects and the computation of
surface reflectance and temperature values for these extracts of satellite data are

discussed in a separate section below.

Comparison of Ground and Helicopter-Based Data

Comparisons of the values of nadir-view surface reflectances and temperatures
measured with the ground-based MMR and the helicopter-based MMR are shown
in Figures 4.1, 4.2, and 4.3. The data shown in Figures 4.1 and 4.2 are for MMR
Band 3 (RED) and MMR Band 4 (NIR) reflectances, respectively. The data points
are labeléd with the flux station ground site numbers. These points represent all the
times of data acquisition for which ground data and helicopter data were acquired
at the same site simultaneously. The data set includes measurements taken at
‘different times of day for 2-3 days in each IFC. The solar zenith angle at the time
of acquisition ranges from approximately 20° to 70°. The solid line on the plots is
the 1:1 line, which represents exact agreement between the ground- and helicopter-
based reflectances. The agreement between the ground- and helicopter-based
reflectances shown in these figures is quite good for MMR Band 3 and reasonably
good for MMR 4.

The comparison between ground- and helicopter-based surface temperatures

shown in Figure 4.3 is quite good. Unfortunately, the thermal band data were not
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Figure 4.1. Comparison of MMR Band 3 reflectances derived from near simulta-
neous data acquired over various ground sites with nadir-viewing ground and
helicopter-based instruments. Data shown include points from several days in each
IFC.
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Helicopter vs. Ground Refl
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Figure 4.2. Comparison of MMR Band 4 reflectances derived from near simulta-
neous data acquired over various ground sites with nadir-viewing ground and

helicopter-based instruments. Data shown include points from several days in each
IFC.
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Figure 4.3. Comparison of surface temperatures derived from MMR Band 8 from
near simultaneous data acquired over various ground sites with nadir-viewing ground
and helicopter-based instruments. Data shown include points from several days in

IFC 2, IFC 3, and IFC 4.
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available from the ground-based instrument during IFC 1 and portions of IFC 4;
therefore, there are fewer data points available for comparison than for the case of
the Band 3 and Band 4 reflectances.

Given the possible sources of error in these measuvrements, the agreement
between the ground-based and helicopter-based reflectances and temperatures is
fairly good. Because it took more time to move the ground-based apparatus to
several target areas near the flux station, the ground points represent data acquired
over about a 30-minute period bracketing the helicopter overpass time. They also
represent an average of about 6-8 different target areas near the flux stations which
did not overlap exactly with the areas viewed by the helicopter instrument.
Additionally, there are several sources of error in deriving the reflectance estimates
from the helicopter instrument. These include: (1) possible errors in the cross-
calibration of the instrument used in the helicopter and the instrument used over the
reflectance plate on the ground, and (2) possible differences in the irradiance at the
site of the ground reflectance plate and the flux station sites, arising from topography

and atmospheric conditions.

Estimation of Fluxes with Helicopter-Based Data
Various methods for deriving soil heat flux and sensible heat flux from a
combination of ground-based data and helicopter-based remotely sensed data were
evaluated using data from nearly all the time periods and stations for which the

helicopter data were available. The results were compared with the fluxes measured
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with eddy correlation or Bowen ratio techniques at the ground flux stations. The site
number designations and summary information on the instrumentation and
investigator teams for the various flux stations used in this analysis are presented in
Table 4.1. Helicopter-based data were available for several different time periods
on 3 or more different days in each IFC.

In this section, the comparison of ground-based estimates of soil heat flux with
various methods for estimating the soil heat flux as a function of net radiation and
other remotely sensed variables is presented. Next, the relationships between surface
temperature and aerodynamic temperature are explored as a foundation for
developing a method to estimate sensible heat flux. Last, the comparison of ground-
based sensible heat flux with various methods for estimating the sensible heat flux

from remotely sensed surface temperature is presented.

Estimation of Soil Heat Flux

Physical Considerations. The physical characteristics of the surface which
affect the soil heat flux, G, are: (1) the amount of net radiation received by the
exposed soil, and (2) soil state variables and parameters which control the fraction
of soil net radiation absorbed by the soil (such as soil temperature, soil moisture, and
soil thermal properties). The fraction of total net radiation which reaches the soil

can be expressed as (Goudriaan, 1977):
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R st = Rucsoen €Xp (-.5secO, * LAI), @.1
where R, o .on (Wm?) is the net radiation reaching the soil surface, R ota1 (Wm?)
is the total net radiation at the surface, 6, is the solar zenith angle, and LAl is the
leaf area index. (The reader should note that, in this chapter only, the total net
radiation reaching the surface is referred to as R o, in order to distinguish from

the fraction of the net radiation reaching the soil surface, R,

netsoil- 1N other chapters

of this dissertation, in which partitioning of the net radiation between soil and canopy

is not addressed, the total net radiation is referred to simply as R _,,.) The constant

net’
0.5 in Equation (4.1) is a function of leaf angle distribution, where the value of 0.5
is assumed for a spherical leaf distribution.

The procedure by which remotely sensed data can theoretically be used to
estimate G from R, o, With fairly simple physical considerations would be to: (1)
estimate R, . from remotely sensed data as described in Chapter 1, (2) estimate
LAI using vegetation indices derived from remotely sensed data together with an
empirical relationship between vegetation indices and LAI, (3) apply Equation (4.1)
to estimate the fraction of total net radiation reaching the soil (i.e., the value of
Ripetsoiy and (4) use remotely sensed estimates of soil moisture to estimate the
fraction of R, ,,; that is used for soil heat flux. The feasibility of this approach was
evaluated using data from IFC 3 and IFC 1.

Using the LAI data acquired at each surface site approximately once per

week, and the R, o1 Values estimated at the ground-based flux stations for all of the
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helicopter data periods, the value of R, ,,; Was computed using Equation (4.1). In
order to evaluate the relationship between observed G and the physically based
parameters described above (i.e., soil moisture, leaf area index), the G values
observed at the same time periods were plotted against R,,,,,; computed from
Equation (4.1) for the data periods during IFC 3. The results are shown in Figure
4.4, where the data point labels represent the values of the ratio of gravimetric soil
moisture observed on that day to saturated soil moisture for that site (6/6,,, or
- relative soil moisture saturation). The results show that, for the IFC 3 time period,

G is a fairly constant fraction of R,,,; When R, .; is greater than about 300 Wm™.

net,soi
When R, is less than about 300 Wm?, i.e., in the early morning or late afternoon
hours, the ratio of G/R,,,,,; flattens out. Importantly, there does not appear to be
a significant trend in the relationship for different values of relative soil moisture
saturation.

Because the relationship between G and R, ,,; flattens out at lower values

of R it might be concluded that diurnal trends in G are not fully accounted for

net,soil’
in Equation (4.1). However, by examining the same results as those shown in Figure
4.4 plotted with data labels which show the time of day of the observation (Figure
4.5) and the ground station number (Figure 4.6), it can be deduced that lack of
sensitivity of G to computed R, at lower values of R, .; is more likely due to
the fact that the magnitude of the uncertainty in estimating R, ,, at the ground

stations is a greater percentage of G when G is less than 50 Wm™ than for larger

values of G. Another very likely source of error in the results shown in Figures 4.4-
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Figure 4.4. Soil heat flux measured at various ground flux stations plotted against
R 1501l @s estimated from Equation (4.1) together with ground-based measurements
of R, and LAI for days during IFC3. Data points are labeled with values for

fraction of soil moisture saturation.
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Figure 4.5. Soil heat flux measured at various ground flux stations plotted against
R 501l calculated with Equation (4.1) for days during IFC3. Data points are labeled
with local time of day of observations.
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Figure 4.6. Soil heat flux measured at various ground flux stations plotted against
R 1501 calculated with Equation (4.1) for days during IFC3. Data points are labeled
with ground station site numbers.
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4.6 is that the ground measurements of LAI values for sites 10 and 16 underestimat-
ed the actual LAI

The correlation of G with R, ; computed from Equation (4.1) is relatively
strong over reasonable ranges of G. In addition, there are no trends shown in the
other factors plotted as data labels in Figures 4.4-4.6. It appears that the most
important physical factor controlling the fraction of R, used as soil heat flux is the
fractional area of exposed soil subject to direct radiation. As described by Equation
(4.1), this is controlled by a combination of the solar zenith angle and the LAL

In order to evaluate the feasibility of estimating LAI from vegetation indices
derived from the helicopter-based reflectance data in MMR Bands 3 and 4, the
values of two vegetation indices were plotted against LAl measured at the ground
stations. As mentioned in the description of the LAI measurements in Chapter 3,
the LAI measurements represent an average of 5 measurements at a given site on
a given day, and the standard deviation among those § measurements was often as
large as 60% of the average LAI value.

The first vegetation index computed from the helicopter-based MMR Band
3 (RED) and MMR Band 4 reflectances was the Normalized Difference Vegetation

Index (NDVI), given by:
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NDVI = (py - Pren)/(Pxm * Prep)s 4.2)

where pypy is the reflectance in MMR Band 4, and pggp, is the reflectance in MMR
Band 3. The second vegetation index computed from helicopter-based MMR data

was the Soil Adjusted Vegetation Index (SAVI), given by (Huete, 1988) as:

SAVI = [(Pyg - Prep)/ (P + Prep + LML + L1 43)

L is an arbitrary constant shown by (Huete, 1988) to have a slightly different optimal
value over different ranges of values for LAI. The value of the constant used in this
case was L = 0.5. The SAVI was developed in an attempt to minimize the effect of
soil background effects on the vegetation index for surfaces with sparse and moderate
vegetation cover.

Tﬁe relationship between the NDVI and LAI for the helicopter-based data
acquired over several days in IFC 3 is shown in Figure 4.7. The data labels are the
solar zenith angles at the time of acquisition of the helicopter-based remote sensing
data. The relationship between the SAVI and LAI for the same data periods is
shown in Figure 4.8. For both indices, there is considerable scatter in the
relationship, most likely due to the large scatter in the LAI values measured at the
ground stations. As expected, the values of the vegetation indices vary with solar
zenith angle at the time of observation. Any empirical relationships developed
between the vegetation indices and the LAI using this data would be very site specific
and would be dependent on solar zenith and azimuth angle during the remote

sensing data acquisition.
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Figure 4.7. Values of Leaf Area Index (LAI) vs. NDVI calculated from helicopter-
based data in IFC3. Data labels are the solar zenith angles for the time of the data
acquisition.
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Figure 4.8. Values of Leaf Area Index (LAI) vs. SAVI calculated from helicopter-
based data in IFC3. Data labels are the solar zenith angles for the time of the data
acquisition.
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Direct Relationships Between G and Vegetation Indices

It is not possible at this time to derive traditional measures of vegetation
cover, such as LA, directly from remote sensing data without the influence of solar
angle effects. Because both vegetation cover and solar zenith angle are factors which
determine the amount of R,y Which reaches the soil surface, there is some
physical basis to expect that a relationship would exist between the ratio of
G/R 10 8t different solar zenith angles and vegetation indices derived from
remotely sensed observations at those same solar zenith angles.

As discussed in Chapter 1, several researchers evaluated this relationship for
several types of agricultural crops (Clothier et al., 1986; Kustas and Daughtry, 1990).
The relationship derived by Kustas and Daughtry (1990) using data from bare soil,

cotton, and alfalfa crops was:

G/R,,,y = 0325 - 0208 + (NDVD). (4.4)

They concluded that this relationship should be evaluated further over other types
of vegetated surfaces.

The values for G/R 1, measured at the ground flux stations plotted against
NDVI estimated from the helicopter-based remotely sensed data are presented in
Figure 4.9. The regression relationship between them is shown as the lower solid
line in Figure 4.9. The Kustas and Daughtry (1990) relationship is also plotted in
Figure 4.9 as the upper éolid line. These results indicate that the relationship

between vegetation indices and the ratio of G/R ¢y, are rather specific to the
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Figure 4.9. Ratio of G/Rnet,total plotted against NDVI values derived from the
helicopter remote sensing data during IFC3. The data labels refer to the ground-
based site number.
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vegetation type or structure. This is not unexpected, because the relationship
between vegetation indices and vegetation cover is different for different vegetation
types and structures. The regression equation derived from the data shown in Figure

49 is:

G/R,.( 1o = 0.35 - 0.40 + (NDVD). 4.5)

The values for G/R ;s measured at the flux stations for these same time periods
are plotted against the SAVI in Figure 4.10. The correlation coefficient between the
SAVI and G/R 01 is not significantly different than that between the NDVI and
G/R 101 Because the ND VI is still more widely used at this time, the subsequent
analysis of relationships between vegetation indices and G/R oy Will primarily
utilize the NDVL

In order to evaluate how well Equation (4.5) predicts the soil heat flux for this
same data set, values of G were derived from Equation (4.5) using helicopter-based
NDVI and the R, from the ground-based flux stations. These computed G
values are plotted against the observed G values shown in Figure 4.11. It should be
noted that this is not a validation of Equation (4.5) because the results shown in
Figure 4.11 represent the application of Equation (4.5) to the same data set from
which it was derived. The purpose of comparing these computed values of G with
the observed values of G is simply to check the uncertainty with which G can be
computed for that same data set. The root mean square error (RMSE) for the

results shown in Figure 4.11 was 15 Wm'%. This level of error in estimating soil heat
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Figure 4.10. Ratio of G/Rnet,total plotted against SAVI values derived from the
helicopter remote sensing data during IFC3. The data labels refer to the ground-
based site number.
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Figure 4.11. Soil heat flux measured at the ground-based flux sites versus the soil

heat flux computed from Equation (4.5) using helicopter-based remotely sensed data

and ground estimates of R et totalr
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flux is well within the level of uncertainty with which soil heat flux can be measured
with ground-based instruments. However, it should be noted that, in practical
application, the uncertainty in the estimation of G with a relationship such as
Equation (4.5) is subject to uncertainty in the estimation of R o, With a combina-

tion of ground and remotely sensed data, a topic not addressed in this research.

Surface Temperature. Aerodynamic Temperature, and Surface Factors
Background. As discussed in Chapter 1, there are many challenges associated
with the estimation of sensible heat flux with remotely sensed data over surfaces with
partial vegetation cover. One of the primary difficulties is that the net aerodynamic
temperature, which is the temperature at the virtual source/sink height for net
exchange of heat between the soil/canopy system and the atmosphere, is a rather
dynamic quantity which results from complex interactions between the soil, canopy,
and intercanopy airspace (Kustas et al., 1989a). The relationship between

aerodynamic temperature and sensible heat flux is given by:

H = pC, (T, - T)I,, (4.6)

where H is the sensible heat flux (W/m™), pC, is the heat capacity of air (Jm?3Ch),
T, is the aerodynamic temperature, T, is the air temperature at a reference height
above the canopy, and r, (sm?') is the aerodynamic resistance to heat transfer
computed as a function of canopy height and windspeed at a reference height above

the surface.
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Under conditions for which the kinetic temperature of both the exposed bare
soil surface and the vegetation are nearly the same (such as early in the day or under
conditions when the surface soil is quite moist), then the aerodynamic temperature
does not deviate substantially from the composite surface temperature measured with
a remote sensing instrument. However, when the exposed bare soil surface is dry,
and at a very different kinetic temperature than transpiring vegetation, the
aerodynamic temperature is a complex function of many factors. These factors
include: (1) soil and vegetation temperatures, (2) the degree of aerodynamic contact
between the soil and vegetation surfaces and the intercanopy airspace, and (3)
modifications to the intercanopy airspace that result from interactions with both the
soil and vegetation components of the surface.

Kustas et al. (1989a) developed a semi-empirical expression for an adjustment
to aerodynamic resistance which accounted somewhat for the shift of the source-sink
height for heat due to changes in the contribution to H from the soil and vegetation
surfaces. They proposed an expression for the quantity kB?, the ratio of the

roughness lengths for heat and momentum:

kB~ = 0.17u(T, - T), Chp)

where u is the windspeed at a reference height, and T; is the surface temperature
measured with remote sensing instruments. The adjusted aerodynamic resistance,

r,’, is given by the expression:
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1] =1, + kB7l(,[u)? 4.8)
The equation was developed with data over a semi-arid shrub-dominated area and
provided good estimates of sensible heat flux using Equation (4.6) with T; used in
place of T,, and r,’ used in place of r,. The relationship was derived from physical
considerations, but the form of Equation (4.7) and the constant 0.17 are empirically
derived. Thus, there is a need to evaluate the performance of the relationship over
other types of surfaces.

The temperature of a surface measured with remotely sensed data is a
combination of the kinetic temperatures and emissivities of the soil and vegetation
components. However, it is not feasible to derive from remote sensing measure-
ments, or a combination of remote sensing measurements and models, all of the
parameters required to describe these component temperatures, aerodynamic
resistance parameters, and the interactions of the soil and plant components in a
detailed, physicallybased manner. Therefore, it is desirable to examine the
relationship between aerodynamic temperature and quantities that can be observed
with remotely sensed data, such as surface temperature and soil moisture, for the
field data set 'described here.

Evaluation of Field Data. The values of aerodynamic temperature for the time
periods of the helicopter overpasses at most flux stations were computed using
Equation (4.6), together with the 30-minute averages of sensible heat flux and T,

estimated from the ground flux station. The r, term in Equation (4.6) was computed
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using the canopy height and windspeed data from the ground-based flux measure-

ments and the expression given by Mahrt and Ek (1984):

1, = {n[z-d + z)/z J/K? = (1 + 15Ri)(1 + 5Ri)Zfu. 4.9)

for the stable case [(T,-T,) <0}, and:

1, = {n[(z-d + z)/z}/K? * {1 - 15R)/[1 + C(-R)" P  (4.10)
for the unstable case [(T,-T,)>0]. Ri is the Richardson number, [Ri = g(T,-T,)(z-
d)/T,U?, g is the acceleration due to gravity (ms?), u is the windspeed (ms™), z is
the height (m) above the surface at which the windspeed and air temperature are
measured, d is the displacement height (m), assumed to be 0.65h, where h is the
average canopy height (Brutsaert, 1982), z_ is the roughness length (m), assumed to

be 0.1h, k is von Karman's constant (0.4), and:

C = 75k? [(z-d + z ]*/n[(z-d + z)/z ] 4.11)

It should be noted that the estimation of T, is subject to uncertainty in the estimation
of H from the ground-based stations and is also subject to errors in the estimation
of r,. There is even more uncertainty in the estimation of r, for surfaces with partial
vegetation canopy than for surfaces with complete vegetation cover. This is because
there is reason to believe that the usual empirical expressions relating canopy height
to roughness parameters, which were developed for relatively complete, uniform

canopy cover, may not be app'licable to surfaces with partial vegetation cover.
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The difference between the aerodynamic temperature and the surface
temperature (T,-T,) estimated from the helicopter-based MMR data was evaluated
with respect to surface parameters that would be expected to affect that difference
and which could be estimated with remotely sensed data, such as vegetation cover,
soil moisture, and the quantity (T,-T,). The results of these comparisons for the data
periods during IFC 3 are shown in Figures 4.12 through 4.14. In Figure 4.12, (T,-T,)
is plotted against the SAVI, where the data labels indicate the degree of surface soil
moisture saturation. The correlation coefficient between the (T,-T,) and the SAVI
was not significant ( = 0.62). Further, there does not appear to be a discernible
trend in the relationship with soil moisture saturation (plotted as data labels in
Figure 4.12). From physical considerations, it would be expected that higher
fractionsA of bare soil exposed at the surface (i.e., lower values of vegetation index)
and lower values of soil moisture saturation would both contribute to larger values
of (T;-T,). A simple empirical function that accounted for both of these effects was
developed and tested for a significant relationship with (T,-T,). The results of that
comparison are shown in Figure 4.13. There was not a significant correlation (r* =
0.55) between that function and (T,-T,).

Values of (T,-T,) are plotted against the value of reflectance in MMR B3
(RED) in Figure 4.14. The labels on the data points in the figure refer to the
surface flux station site numbers. There is no indication of a significant relationship

between (T,-T,) and red reflectance either (r = 0.65), but it is interesting to note
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Figure 4.12. The difference between the surface temperature and aerodynamic
temperature for various ground flux stations plotted as a function of SAVI estimated

from helicopter-based remote sensing data during IFC3. Data labels refer to the
relative soil moisture saturation (6/6,).
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Figure 4.13. The difference between the surface temperature and aerodynamic
temperature for various ground flux stations plotted as a function of a combination
of relative soil moisture saturation and the SAVI estimated from helicopter-based
remote sensing data during IFC3. Data labels refer to the relative soil moisture
saturation (6/6,).
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Ts-To vs. Refl RED
Helicopter - Aug 15,16,17
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Figure 4.14. The difference between the surface temperature and aerodynamic
temperature for various ground flux stations plotted as a function of reflectance in
MMR Band 3 (RED) estimated from helicopter-based remote sensing data during
IFC3. Data labels refer to the various ground-based flux stations over which the data
was acquired.
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that the level of the relationship is not significantly better, but is also not significantly
worse, than the relationship with the SAVL

Values of (T,-T,) are plotted against the values of (T,-T,) for the IFC 3 data
periods in Figure 4.15. The labels on the data points in the figure refer to the flux
station site numbers. The r? value for this relationship is 0.94. In order to test this
relationship over other data periods, the same variables are plotted in Figure 4.16
for the data from the IFC 1 time period. The relationship between (T,-T,) and (T,-
T,) for most of the helicopter overpass data periods in IFC 1, IFC 2, and IFC 3 is
shown in Figure 4.17. The solid lines shown in Figures 4.15-4.17 are the regression
lines for each of the specified data sets. The regression equations determined with

each data set are summarized below:

IFCI (June) data: (T,-T) = -1.56 + 1.03(T,-T,); 4.12)
IFC2 (August) data: (T,-T,) = -.62 + .80(T,-T),); (4.13)
All (IFC1,2,3) data: (T,-T,) = -.86 + .89(T,-T). (4.14)

In summary, it appears that, when considering data from many different flux
stations, there is sufficient scatter in the values of (T,-T,) that it is difficult to discern
significant relationships between (T,-T,) and variables which should be related to (T,-
T,) through physical considerations. However, the remotely sensed surface
témperature, which integrates the effect of many of the physical factors that would

be expected to influence (T;-T,), such as amount of exposed bare soil, soil moisture,
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Ts-To vs. Ts-Ta
Helicopter - Aug 15,16,17
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Figure 4.15. The difference between the surface temperature and aerodynamic
temperature for various ground flux stations plotted as a function of the surface-air
temperature difference estimated from helicopter-based remote sensing data during
IFC3. Data labels refer to the various ground-based flux stations over which the data
were acquired.
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Ts-To vs. Ts-Ta
Helicopter - June 4,5,6
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Figure 4.16. The difference between the surface temperature and aerodynamic
temperature for various ground flux stations plotted as a function of the surface-air
temperature difference estimated from helicopter-based remote sensing data during
IFC1. Data labels refer to the various ground-based flux stations over which the data
were acquired.
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Ts-To vs. Ts-Ta
Helicopter - All IFC1,IFC2,IFC3
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Figure 4.17. The difference between the surface temperature and aerodynamic
temperature for various ground flux stations plotted as a function of the surface-air
temperature difference estimated from helicopter-based remote sensing data during
IFC1, IFC2, and IFC3. Data labels refer to the various ground-based flux stations
over which the data were acquired.
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canopy, and soil component temperatures, does appear to have a significant
correlation with (T,-T,). Unfortunately, because the relationship between (T,-T,)
and (T,-T,) is influenced by many factors, it is difficult to derive a rigorous physical
relationship between them without knowledge of many surface parameters. It is
useful, however, to observe the relationship between (T,-T,) and (T,-T,) under field
conditions such as those in the FIFE experiment and to compare the estimates of
sensible heat flux for the site which can be derived from Equations (4.12)-(4.14) with
those estimates derived from other techniques. The results of that comparison are

given in the next section.

Estimation of Sensible Heat Flux

For the data periods during IFC 3, the sensible heat flux was calculated using
the surface temperature from the helicopter-based MMR data and ground estimates
of air temperature and windspeed from each flux station. The sensible heat fluxes
were estimated with three methods: (1) the method summarized in Chapter 1, which
has been shown to work well over mature agricultural crops with ground-based
remote sensing data (Reginato et al., 1985), aircraft-based remote sensing data
(Jackson et al., 1987), and satellite-based remote sensing data (Moran et al., 1990),
referred to as the "traditional” single layer method (given by Equations (4.6) with T
used in place of T; 4.8-4.11), (2) the method described by Kustas et al. (1989a) and
summarized above (given by Equations (4.6) with T, used in place of T,; 4.7-4.11),

and (3) the method described above using the regression equations derived from data
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from the FIFE field site (Equations (4.6) and (4.14)). The estimates obtained by
each of these methods are compared with the ground-based flux station measure-
ments of sensible heat for the 30-minute periods which include the helicopter
overpass times for a particular site. The data set includes points from about 10
different flux stations at different times of day, ranging from about 800 hr local time
to 1400 hr local time. Most of the observations are in the midday period from about
1000 hr to 1400 hr local time.

The results for the traditional single layer method are shown in Figure 4.18.
The solid line on the plot is the 1:1 line which would represent perfect agreement
between the observed and the computed flux values. The RMSE for this method was
196 Wm™® The results for the method described by Kustas et al. (1989a) are shown
in Figuré 4.19. The RMSE for this method was 111 Wm™. The results for the
method relating (T,-T,) to (T,-T,) using Equation (4.13) are shown in Figure 4.20.
The results shown in Figure 4.20 are not intended to be interpreted as a validation
of Equation (4.13) because these fluxes are computed with the same data set from
which Equation (4.13) was derived. Rather, this computation is intended to quantify
the level of uncertainty present in the estimation of fluxes in this data set with

Equation (1.12). The RMSE value for this method was 31.7 Wm™.

Comparison of Helicopter and Satellite-Based Data
As described in the above section on experimental data, the digital numbers

(DNs) for 2-5 pixels covering the area near most of the flux stations were extracted
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H observed vs. H computed
Helicopter - Aug 15,16,17
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Figure 4.18. Sensible heat flux computed with helicopter remote sensing data using
the traditional method developed over complete canopies plotted against the sensible
heat flux observed at the ground-based flux stations. The data labels refer to the
ground-based site number; the solid line is the 1:1 line.
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H observed vs. H computed
Helicopter - Aug 15,16,17
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Figure 4.19. Sensible heat flux computed with helicopter remote sensing data using
the method described by Kustas et al. (1989) plotted against the sensible heat flux
observed at the ground-based flux stations. The data labels refer to the ground-based
site number; the solid line is the 1:1 line.
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H observed vs. H computed
Helicopter - Aug 15,16,17

300
o
E 20
z
3 20
]
=
g 150
/]
[
] 26 262‘5 % 40 38
T 100 18 46
g 40 %% 35&:4
2 10 4488% 8 ~
E ha 6 gaa RMSE = 31.7W/m~ 2
8 w0
T 24
c ¥ H 1 i L
0 50 100 150 200 250 300
H observed - Flux Station (W/m2)

Figure 4.20. Sensible heat flux computed with helicopter remote sensing data using
Equation (4.13) to estimate aerodynamic temperature from surface temperature,
plotted against the sensible heat flux observed at the ground-based flux stations. The
data labels refer to the ground-based site number; the solid line is the 1:1 line.
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from each band of the Landsat TM image acquired over the FIFE site on August 15,
1987. The satellite overpass time was approximately 10:34 local time (Central
Daylight Time). Sensor calibration coefficients and atmospheric corrections were
applied to the satellite extract data by FIFE Information System personnel, but the
procedures and results were carefully reviewed by this author in an attempt to
understand sources of error in the differences between helicopter- and satellite-based
reflectances and temperatures and to assure that identical corrections could be
applied to the 512 x 512 pixel image used in the analysis presented in the next
chapter. Because the results of the analysis in this chapter and in Chapter 5 are
more dependent on the quantitative integrity of the satellite data in the thermal band
than in the reflective bands, the corrections applied to the thermal data will be

discussed in more detail than those applied to the data in TM1-TM4.

Calibration and Atmospheric Corrections to Thermal Band
The calibration coefficients given by Markham and Barker (1986) were
applied to the DNs from the satellite extract data to convert the DNs to at-satellite

spectral radiance, L, given by:

L, = 5.6322 x 10°(DN) + 0.1238, (4.15)

where L, is in units of mW cm? sr? pm™ and is multiplied by a factor of 10 in

1

order to convert to units of Wm? sr! um?l. Next, the values of apparent at-

satellite radiance were converted to surface radiance by correcting for the
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atmospheric effects of the intervening atmosphere. For data in the thermal band, the
primary effects of the atmosphere are due to water vapor. There are two major
effects: (1) the additional radiance (usually called path radiance) put into the path
between the surface and the sensor due to emission by water vapor in the atmo-
sphere, and (2) the absorption of the radiant energy from the surface by the water
vapor present along the path. The amount of path radiance and the transmission of
radiant energy through the atmosphere in the TM thermal waveband can be
estimated in a number of ways. Standard surface models of atmospheric humidity
and temperature profiles can be used in conjunction with atmospheric radiative
transfer codes to compute standard values for path radiance and transmission, or
measurements of the profile or columnar water vapor content on the day of interest
can be used as input to a radiative transfer code to obtain special coefficients for the

day of the overpass. The correct surface radiance, L,, can be expressed as:

L, = @, - ,/NB)/T, (4.16)

where L, is the path radiance computed by one of the methods described above, NB
is the normalized bandpass for the sensor, which corrects the upwelling radiance for
the instrumeﬁt response, (NB = 1.8481 for Landsat 5), and 7 is the atmospheric
transmittance computed by one of the methods described above. The expression
described above neglects the effect of reflected downwelling radiation in the thermal
band, which is usually small compared to the other terms in Equation (4.16) and the

uncertainty in the atmospheric parameters.
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The corrected surface radiance is then converted to surface temperature by
inverting the integration of the Planck function over the wavelength interval of the

TM bandpass. This process can be approximated by the expression:

Ts' = K2/In ((K1/L) + 1). 4.17)

T, is the surface temperature uncorrected for emissivity (°K), and K1 are constants
dependent on the instrument bandpass. For Landsat § TM, those coefficients are:
Kl= 607.76 Wm™ sr! ym™ and K2 = 1260.56°K. Last, the surface temperature was

corrected for surface emissivity with the expression:

T, = Ts/ /(). (4.18)

Equation (4.18) implicitly assumes the Stefan-Boltzman relationship between
radiance. and surface temperature, L, = €,0T,%, where o is the Stefan-Boltzman
constant (5.674 x 10°W m?°K*). The Stefan-Boltzman relationship was derived by
integrating the Planck function from wavelength intervals 0 to © and is thus only an
approximation when applied to finite wavelength intervals. However, Slater (1980)
showed that, for the TM bandpass over the range of surface temperatures for mid-
summer mid-latitude land surfaces, the Stefan-Boltzman relationship is a reasonably
good approximation to the Planck function. Because Equation (4.17) was used to
convert the ground radiance to surface temperature, the Stefan-Boltzman relationship
was only used to correct that temperature for the effects of surface emissivity.

In order to obtain the path radiance and transmittance values for August 15,

1987, FIFE Information System staff reduced the on-site radiosonde data available
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for that day and used them as input into the Lowtran7 radiative transfer code. They
also computed the path radiance and transmission by running the Lowtran7
midlatitude summer model for the specific observing geometry on August 15, 1987.
It was decided (Goetz, Personal Communication, 1991) that the path radiance and
transmission values computed for that day with the Lowtran7 midlatitude summer
model were superior to the values computed using the radiosonde data as input.
This is unusual because on-site atmospheric profile data generally give more accurate
estimates of the path radiance and transmittance for particular conditions on a
particular day than does the standard model. The value of path radiance computed

from the midlatitude summer model was 4.23 Wm™? sr! pm?

. The atmospheric
transmittance was computed to be 0.682.

To test the quality of the atmospheric correction provided by the midlatitude
summer model, the surface temperatures from the few helicopter MMR observations
(6 sites) which were within approximately +/- 15 minutes of the satellite overpass
on August 15, 1987 were compared with the surface temperatures estimated from the
satellite extract data. The satellite surface temperatures obtained by applying the
path radiance and transmission from the midlatitude summer model were all biased
approximately 6 degrees higher than the helicopter-based surface temperatures. The
values of path radiance and atmospheric transmittance were reduced and increased,
respectively, by equal percentages until the differences in the satellite-derived surface

temperatures and the helicopter-based surface temperatures for all 6 sites were

minimized. This yielded a new path radiance of 347 Wm? sr! ym” and a
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transmittance value of 0.805. The results of the comparison in surface temperatures
after that optimization are shown in Figure 4.21. The data points in the figure are
labeled with the site number designations for the flux stations over which helicopter-
based data were acquired nearly simultaneously with the satellite overpass. There

is an RMSE between the satellite- and helicopter-based temperatures of 1.2°K.

libration and Atmospheri tions for Reflectance Bands
As discussed in the experimental data section above, the conversion of the
Landsat TM DNs in Bands 1-5 and 7 to apparent at-satellite radiance (L) was done
with gain and offset coefficients provided by EOSAT, as opposed to using the
absolute radiometric calibration reported by Slater et al. (1986), which would require
that the CCT format radiometric corrections be reversed. Next, the apparent at-
satellite radiance is converted to exoatmospheric reflectance, p.,,, With the following

expression given by Markham and Barker (1986):

Poo = (M*L)[F.x cos(8). (4.19)
F’, = F_/R? where F, is the extraterrestrial solar irradiance in the TM bandpass (W
m? st um-lj, R = d/d’, where d = the Earth-sun distance in astronomical units,
and d’ is the average Earth-sun distance in astronomical units. The values of F for
the Landsat 5 TM1, TM2, TM3, TM4, TMS, and TM7 bandpasses are given in
Markham and Barker (1986). 6, is the solar zenith angle at the time of the

observation.
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Satellite vs. Helicopter-based Data
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Figure 4.21. Surface temperature estimated from atmospherically corrected TM
Band 6 pixels near ground flux stations plotted against surface temperature measured
near-simultaneously with the helicopter based MMR. The atmospheric corrections
were adjusted to minimize the error between the helicopter and satellite-based
surface temperatures. Data labels refer to ground-based flux site numbers.
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The FIFE Information System personnel evaluated various measurements of
optical depth available over the FIFE site on August 15, 1987 and calculated the
aerosol optical thickness for the TM bandpasses. Optical thickness measurements
were interpolated to the TM bandpasses using a linear fit of the log of wavelength
regressed against the log of optical thickness. TM bandpass model wavelengths were
calculated as described in Fraser et al. (1989). The total column water vapor and
gaseous absorption profiles were calculated using the Lowtran7 midlatitude summer
model. The ground-level downward irradiance, upward radiance, and surface
reflectance in the TM bandpasses were computed using the algorithm described in
Fraser et al. (1989). The normalized surface irradiance and backscattering ratio
computed by the algorithm were output and provided as coefficients for correcting
other image pixels (FIFE Information System, Landsat TM Reflectance, Level 2
Description and Documentation).

Comparisons of the satellite-derived surface reflectances computed by the
procedure summarized above with the helicopter-based MMR surface reflectances
for TM/MMR Band 3 and TM/MMR Band 4 are shown in Figures 4.22 and 4.23,
respectively. The solid lines on both plots are the 1:1 lines. The Band 3 satellite
reflectances appear to be slightly biased to be lower than the helicopter-derived
surface reflectances, but the absolute difference in reflectance is quite small. The
comparison of satellite-derived and helicopter-derived reflectances for Band 4 do not
agree as well as those in Band 3. This is somewhat surprising because atmospheric

effects on the satellite data in Band 4 should be less than those in Band 3. Given
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Satellite vs. Helicopter-based Data
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Figure 4.22. Surface reflectance computed from atmospherically corrected TM Band
3 (RED) pixels near ground flux stations, plotted against surface reflectance derived
from nearly simultaneous helicopter-based MMR measurements. Data labels refer
to the ground-based flux site numbers.
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Satellite vs. Helicopter-based Data
Reflectance - TM 4 (NIR)
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Figure 4.23. Surface reflectance computed from atmospherically corrected TM Band
4 (NIR) pixels near ground flux stations, plotted against surface reflectance derived
from nearly-simultaneous helicopter-based MMR measurements. Data labels refer
to the ground-based flux site numbers.
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the uncertainty and scatter in the relationships between vegetation indices and fluxes
for which these reflectance values will be used in this analysis, the disagreement

shown by the data in Figure 4.23 is not likely to be a significant source of error.

Estimation of Fluxes with Satellite-based‘ Data
The values of the surface energy-balance components and meteorological data
from the flux stations operating during the time of the Landsat overpass at 10:34
(CDT) and used for comparison to satellite-derived fluxes are summarized in Table
4.2. The fluxes and meteorological data represent 30-minute averages at the ground-
based sites. Daily soil moisture values and weekly vegetation parameter estimates

are also included in Table 4.2.

Soil Heat Flux

The values of G/R it from the 13 ground-based stations for which flux
values are reported during the TM overpass time are plotted versus the NDVI
computed from the satellite-derived reflectances shown in Figure 4.24. The labels
on the data points refer to ground station site numbers. The upper solid line is the
regression line computed from the satellite data shown; the lower solid line is the
regression line calculated for the IFC 3 data from the helicopter data presented in
the previous section. The two regression lines have very similar slopes but appear
to be offset from each other. This is most likely due to slightly higher values of

NDVI for the satellite-derived data which may result from uncertainties in the
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G/Rnet Total vs. NDVI
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Figure 4.24. Ratio of G/Rnet,total measured at ground flux sites plotted against
NDVI values derived from the satellite pixels near the ground-based flux sites. The
data labels refer to the ground-based site number. The upper solid line represents
the regression line for the data shown; the lower solid line represents the regression
equation for these same quantities derived from helicopter-based NDVI values.
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atmospheric correction of the TM Band 4 data. Furthermore, there is considerable
scatter in the relationship between the ratio of G/R ;o from the flux stations and
the NDVI, due primarily to the data at one or two flux stations. The relationship

derived from the satellite-based data is:

G/R,, 1 = 040 - 0.41+(NDVD). (4.20)

The same data and the regression line computed with these data points are
shown again in Figure 4.25, but the upper solid line shown in this figure is the
regression equation derived by Kustas and Daughtry (1990) over bare soil, cotton,
and alfalfa fields with ground-based remote sensing data. The slope of the equations
appears to be substantially different. This is probably due to significant differences
in the structure and density of the grassland vegetation and the agricultural crops for
which the Kustas and Daughtry relationship was developed. These relationships need
to be further evaluated over various surface types to determine how much the

relationship varies between different vegetation types under different conditions.

Surface Temperature and Aerodynamic Temperature

The relationship between (T;-T,) and (T,-T,) was evaluated using data from
the ground-based surface flux stations and the satellite-derived surface temperatures.
The results are shown in Figure 4.26. The correlation between (T,-T,) and (T;-T,)

using the satellite-derived surface temperatures is quite good, with the exception of
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Figure 4.25. Ratio of G/Rnet,total measured at ground flux sites plotted against
NDVI values derived from the satellite pixels near the ground-based flux sites. The
data labels refer to the ground-based site number. The upper solid line represents
the regression equation for these same quantities derived by Kustas and Daughtery

(1990) over cotton and alfalfa; the lower solid line represents the regression equation
for the data shown.
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Ts-To vs Ts-Ta
Satellite-Based Remote Sensing Data
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Figure 4.26. The difference between the surface temperature and aerodynamic
temperature for various ground flux stations plotted as a function of the surface-air
temperature difference estimated from satellite pixels over various ground sites for
the August 15 TM overpass. The regression lines derived for these quantities from
both the satellite and helicopter-based data are also shown.
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one outlying point (Site 40). The regression equation between (T,-T,) and (T,-T,)

is slightly different from that derived from the helicopter-based data:

(T, - T) = -1.29 + 0.90 (T, - T). (4.21)

Sensible Heat Flux

The same three techniques described above used to estimate sensible heat flux
from the helicopter-based surface temperatures were used to estimate sensible heat
flux with the satellite-based surface temperatures. The results of the three methods
were compared with sensible heat fluxes measured at the ground-based flux sites and
are shown in Figures 4.27, 4.28, and 4.29. The results for the traditional method
developed and validated over nearly full cover agricultural crops are shown in Figure
4.27. The solid line is the 1:1 line representing perfect agreement between the
satellite-derived estimates of sensible heat flux and the sensible heat flux estimates
observed from the ground-based flux stations. The RMSE between the flux station
estimates and the satellite-derived estimates for this method was 159 Wm>. The
results for the method described by Kustas et al. (1989a) are shown in Figure 4.28.
The RMSE for this method was 79.1 Wm™. The results for the method in which the
(T,-T,) difference is estimated from the observed (T,-T,) and Equation (4.21) are
shown in Figure 4.29. The RMSE between the ground station fluxes and the
satellite-derived fluxes for this method was 33.3 Wm2. As before, the results shown

in Figure 4.29 do not represent a validation of Equation (4.21) but rather an
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H computed vs. H observed
Jackson et al. method
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Figure 4.27. Sensible heat flux computed with satellite-derived surface temperatures
using the traditional method developed over complete canopies, plotted against the
sensible heat flux observed at the ground-based flux stations. The data labels refer
to the ground-based site number; the solid line is the 1:1 line.
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H computed vs H observed
Kustas et al. method
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Figure 4.28. Sensible heat flux computed with satellite-derived surface temperatures
using the method described by Kustas et al. (1989) plotted against the sensible heat
flux observed at the ground-based flux stations. The data labels refer to the ground-
based site number; the solid line is the 1:1 line.
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H computed vs. H observed
Ts/To Method - Eqn. from Sat Data
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Figure 4.29. Sensible heat flux computed with satellite-derived surface temperatures
and Equation (4.21) to estimate aerodynamic temperature from surface temperature,
plotted against the sensible heat flux observed at the ground-based flux stations. The
data labels refer to the ground-based site number; the solid line is the 1:1 line.
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assessment of the level of error with which the equation provides estimates of

sensible heat flux for the site.

Summary

Values of reflectance and temperature measured with a helicopter-based
MMR compared very favorably with ground-based measurements of reflectance and
temperature taken nearly simultaneously at several FIFE ground stations over a
range of dates and times during the FIFE 1987 IFCs. The values of reflectance and
temperature estimated with atmospherically corrected extracts from a Landsat TM
scene for August 15, 1987 compared well with nearly simultaneous data acquired with
helicopter- and ground-based sensors only after a significant adjustment was made
to atmospheric correction for the data in the thermal band. Regression equations
were developed which related the ratio G/R .,y measured at the ground-based flux
stations with remotely sensed vegetation indices. Using the values of sensible heat
flux measured at 12 ground-based flux stations over the FIFE site, together with
helicopter- and satellite-based surface temperatures, regression equations were also
developed which described the relationship between the surface-air temperature
difference (T,-T,) and the difference between surface temperature and aerodynamic
temperature (T,-T,). The values of sensible heat flux computed with the regression
equations described above yielded significantly better estimates of sensible heat flux
than standard techniques described by Jackson et al. (1985) for complete vegetation

cover.
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Conclusions

In conclusion, it is somewhat discouraging that attempts to define relationships
between the aerodynamic temperature, surface temperature measured with remotely
sensed instruments, and physical surface parameters that would be expected to
influence the difference between these two temperatures were not very successful.
Realistically, however, it should not be surprising that the complex physical processes
and many factors which influence the aerodynamic temperature of a partially
vegetated surface could not be captured with the multispectral response acquired in
a single remote sensing observation of a particular surface. Future sensors which
provide near-simultaneous observations of the surface in optical and thermal
wavebands at various view angles possibly will provide enough information to allow
for inverse modeling solutions to more physical surface parameters. From a
pragmatic standpoint, however, the data that will be available from most satellite-
based sensors in the near future will provide optical and thermal observations at only
one view angle.

For the immediate objectives of the research described in this dissertation, the
analysis described here was successful in identifying expressions with which to
describe the soil heat flux and sensible heat flux for the FIFE site using a combina-
tion of ground-based data and remotely sensed satellite data. These expressions will
be used in the next chapter to generate a spatially distributed map of surface fluxes

for the entire FIFE experimental site.
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CHAPTER 5
PRODUCTION OF SPATIALLY DISTRIBUTED MAPS OF
SENSIBLE AND LATENT HEAT FLUX

OVER THE FIFE SITE

Introduction

Estimates of the spatially distributed fluxes of moisture and energy from the
land surface are a useful tool for better understanding the spatial variability of the
water balance as well as the interactions between the land surface and the
atmospheric boundary layer. Such surface flux estimates can be used as spatially
distributed boundary conditions for coupled surface/atmosphere models. A Landsat
5™ iniage from August 15, 1987 (overpass time of 11:34 a.m. Central Daylight
Time) was used in combination with ground-based measurements of near-surface
temperature, windspeed, and vapor pressure to create a spatially distributed map of

soil heat flux, sensible heat flux, and latent heat flux for the FIFE experimental site.

Strategy

The components of the surface energy balance are related by the energy-

balance equation, which can be written as:
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R, =G +H +LE, (5.1)

where R, is the net radiation at the surface, G is the soil heat flux, H is the sensible
heat flux, and LE is the latent heat flux, all in units Wm. As described in Chapter
1, the overall strategy employed in estimating the components of the surface energy
balance with remotely sensed data is to estimate the R, G, and H terms with a
combination of ground-based and remotely sensed data. The latent heat flux
component is then estimated as the residual quantity in Equation (5.1). The
methodology for computing the magnitude of the R, G, and H terms in Equation
(5.1) for the time of the Landsat TM overpass on August 15, 1987 is summarized

below.

Net Radiation
The net radiation, R,,,, is estimated with a combination of ground-based and
remotely sensed data by considering the four major components of net radiation,

given by:

R, =R, -R, +R, - R, (5.2)

where R, is incoming solar (from approximately 0.15 to 4 pm) radiation, R, is the
outgoing (reflected) solar radiation, R; is the incoming emitted long-wave
(approximately 4 um to 1000 um) radiation from the sky, and R, is the outgoing

terrestrially emitted long-wave radiation, all in units of Wm™.
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Dubayah et al. (1990) computed R, for each pixel in the Landsat TM image
by using ground-based estimates of solar irradiance together with digital elevation
data. The data were used as input into an algorithm which searches the horizon at
each pixel to determine any shadowing effects on each pixel in the image at the solar
zenith and azimuth angle of the TM overpass time. Using this information, together
with the slope of each pixel, the value for R, was estimated for each pixel. The
outgoing solar radiation was computed with atmospherically corrected data from TM
bands 1-5 and 7, using a modification of the method described by Jackson (1984).
The remotely sensed estimates of net solar radiation were validated by comparison
with the ground-based flux station estimates. The difference in R, and Ry, is
referred to as R, jar-

The R 1 s0tar image provided by Dubayah et al. (1990) was corrected for the
effects of incoming and outgoing long-wave radiation. The incoming long-wave

radiation was estimated from ground-based measurements of air temperature and

vapor pressure, using the expression:

R, = 0T, (5.3)
where €, is the emissivity of the air, given by €, =1.24(e,/T,)"” (Brutsaert, 1975), o
is the Stefan-Boltzman constant (Wm2K™), T, is the air temperature, and e, is the

vapor pressure (mb). The outgoing long-wave radiance, Ry;, is estimated from the

expression:
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R, = E.OT:, (54)
where T, is the remotely sensed surface temperature, and ¢, is the emissivity of the

surface used to compute the surface temperature from the satellite data.

Soil Heat Flux

From the analysis of ground-based data from flux stations and extracts of the
Landsat TM image described in the previous chapter, a relationship between the soil
heat flux and net radiation was evaluated in terms of a vegetation index. That

relationship was found to be given by the expression:

GR . = 040 - 0.41+(NDVD), (5.5)

where NDVI is the Normalized Difference Vegetation Index given by Equation (4.2).

Sensible Heat Flux

From analysis of data from ground flux stations and satellite extracts described
in the previous chapter, the difference between the aerodynamic temperature and the
surface temperature was found to be related to the surface-air temperature

difference. That relationship was described by the expression:
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T, =T, - 1.29 + 0.90+(T, - T). (5.6)

T, is the surface temperature estimated from the satellite data, T, is the air

temperature near the surface, and T, is the aerodynamic temperature. The

relationship between aerodynamic temperature and sensible heat flux is given by:

H = pC, (T, - T)I1,, ()

where H is the sensible heat flux (W/m?), pC, is the heat capacity of air JmC?),
T, is the aerodynamic temperature, T, is the air temperature at a reference height
above the canopy, and r, (sm™) is the aerodynamic resistance to heat transfer. The
stability corrected aerodynamic resistance is computed as a function of canopy height

and windspeed at a reference height above the surface, as described by Equations

(4.9) and (4.10).

Ground-Based Inputs

Air Temperature

The near-surface air temperature is used in the calculation of the incoming
long-wave radiation term in the net radiation flux and the estimation of the sensible
heat flux. The values of air temperature reported at the ground-based flux stations
and automatic meteorological stations for the half-hourly time period which included
the TM overpass are shown in Figure 5.1. The x and y coordinates in Figure 5.1
represent the UTM coordinate positions of the ground-based stations within the

FIFE experimental site. The labels on the data points represent the air temperature
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Distributed Air Temperature
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Figure 5.1. The values of air temperature reported at the ground-based flux stations
and meteorological stations plotted at the approximate spatial location of the station
on the FIFE experimental site. The temperatures are given in °C and most
measurements were taken at a height of approximately 2 meters above the surface.
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measured at the ground sites. The instrument height above the surface was not the
same for all stations, but at most stations the instruments were positioned approxi-
mately at 1.8-2.25 meters above the surface. At a few of the ground locations, both
a flux station and an automatic meteorological station were located within
approximately 50 meters of one another. These are the locations for which there are
two values shown in Figure 5.1 just adjacent to each other.

The mean of the air temperature values over the site was 31.9°C. The
standard deviation of the values was 0.48°C. It can be seen from the values plotted
in Figure 5.1 that some of the co-located stations reported values that were as
different from each other as the standard deviation for the entire site. It is
reasonable that variations in air temperature would occur across the site as a result
of topogfaphy, soil moisture, vegetation cover, and all other factors influencing
microclimate. However, it is not possible to predict those variations with a level of
certainty better than 0.5°C, which is approximately the standard deviation of the
mean of the reported values. It is likely that spatial interpolation of air temperature
in the regions between the reported values, whether by simple arithmatical
interpolation or by physical modeling, would add more uncertainty to the tempera-
ture values. Thus, for this analysis, the value of air temperature was assumed to be

constant and assigned the value of the mean air temperature for all the sites.
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Vapor Pressure

The near-surface vapor pressure is used in the calculation of incoming long-
wave radiation term of the net radiation. The values of vapor pressure reported at
the ground flux stations and meteorological sites are shown in Figure 5.2. As in
Figure 5.1, the axes of Figure 5.2 correspond to the UTM coordinates of the FIFE
experimental site, and the data labels represent the value of vapor pressure (kPa)
measured at each location. The mean was 2.73 kPa, and the standard deviation was
0.44 kPa of the reported values. As was the case for the air temperature values,
there were differences in values measured by different instruments at co-located
stations that exceed the standard deviation of the mean value. As was the case for
the air temperature, it would seem that interpolating between spatially distributed
values would introduce more error than would the assumption of constant vapor
pressure over the site. Hence, the vapor pressure was also assumed to be constant

over the site and assigned the value of the mean vapor pressure for all the sites.

Windspeed

The near-surface windspeed is used in the estimation of the stability correction
to the aerodynamic resistance term in the equation for sensible heat flux. The values
of horizontal windspeed (ms?) reported at the ground flux stations and meteorologi-
cal sites are shown in Figure 5.3. Because windspeed is more sensitive to instrument
height than air temperature or vapor pressure, only those stations for which there

was explicit documentation about instrument height, and for which that height was
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Figure 5.2. The values of vapor pressure (kPa) reported at the ground-based flux
stations and meteorological stations plotted at the approximate spatial location of the
station on the FIFE experimental site. The temperatures are given in °C and most
measurements were taken at a height of approximately 2 meters above the surface.



191

Distributed Windspeed
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Figure 5.3. The values of windspeed (ms™) reported at the ground-based flux stations
and meteorological stations plotted at the approximate spatial location of the station
on the FIFE experimental site. The temperatures are given in °C and most
measurements were taken at a height of approximately 2 meters above the surface.
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2 meters + /- 0.2 meters, are shown in Figure 5.3. The mean and standard deviation
of the reported values were 4.5 and 0.84 m/s, respectively. The actual windspeed
near the surface is likely to be dependent on topography. However, the level of
uncertainty with which that effect could be predicted is rather large and, again, an
arithmatical or physically based interpolation scheme would likely introduce more
error than the assumption of a constant value over the site. Thus, the windspeed was
assumed to be constant over the site and assigned the value of the mean windspeed

for all the sites.

Canopy Height

The aerodynamic resistance term in Equation (5.7) is affected by roughness
length, z,, and displacement height, d, as given in Equations (4.9) and (4.10). These
quantities can be estimated with wind profile measurements. For the case of nearly
full homogeneous canopies, empirical relationships have been developed which relate
z, and d to average canopy height (h), (e.g., d = 0.65h and z, = 0.13h, where h is the
average canopy height in meters (Brutsaert, 1982)). These relationships are not
necessarily valid over partial vegetation cover, and it is difficult to develop
generalized expressions which are valid over various vegetation types and densities.
The estimation of these parameters over partial vegetation cover remains an active
research issue (Verma and Barﬁeld, 1979; Hatfield, 1989; Kustas et al.,1989a).

However, for lack of alternatives at this time, the above relationships were used.
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Even with the assumption that a reliable relationship exists between canopy
height and these aerodynamic parameters, canopy height is not a quantity that is
readily derived from remote sensing measurements. Several empirical, crop-specific
relationships have been developed between vegetation indices and aerodynamic
resistance (Hatfield, 1989; Moran, 1990).

For the FIFE site, these parameters are particularly challenging to assess with
the desired level of accuracy because of the diversity of the vegetation present. The
site includes areas of grazed and ungrazed grassland, small areas of agricultural crops
and bare fields, and drainage areas with woody vegetation communities which have
canopy heights that sometimes exceed 3 meters. The cropland and woody vegetation
represent a fairly small fractional area of the site, but there were no ground data
acquired in those areas.

At the flux stations, which were all located in grazed or ungrazed grassland
areas, canopy density and height measurements were made approximately every 5-7
days. Using the canopy height data for the time periods that included the August 15
overpass and the reflectance estimates from the pixels extracted from the TM data
which cover particular flux stations, the relationship between canopy height and
NDVI was evaluated. The results are shown in Figure 5.4. There is not a simple
theoretical relationship between canopy height and NDVI. The correlation between
canopy height and NDVI for the grassland areas is likely due to the correlation
between canopy height and canopy density for the grassland portions of thé FIFE

site. The regression equation shown as the solid line in Figure 5.4 is:
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Canopy Ht vs NDVI - Grassland pixels
Satellite-Based Remote Sensing Data
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Figure 5.4. Mean canopy height values measured at the ground-based flux stations
plotted against NDVI computed from the atmospherically corrected surface
reflectances in TM Bands 3 and 4. The data labels refer to the ground site number
of the flux station.
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h = -0.26 + 0.99* (NDVI). (5.8)

It should be stressed that the derived relationship is likely to be valid only over the
grassland areas of the FIFE experimental site.

By comparison of the NDVI image derived from the August 15, 1987 T™M
image with a site stratification image developed by Davis et al. (1990) using a
combination of ground and satellite data from spring and summer 1987, it was
observed that the woody vegetation areas generally had an NDVI value in the August
image which exceeded 0.82. Additionally, in some of the areas classified as cropland
in the stratification image, the NDVI values on the August 15 TM image were
generally less than 0.35 and appeared to be those pixels corresponding to fallow
fields. For this analysis then, canopy height was estimated for each pixel from the
NDVI values derived from the August 15 TM image. For NDVI values between 0.3
and 0.82, Equation (5.8) was applied. Pixels with NDVI values above 0.82 were
assumed to be woody vegetation, and an average value of 1.5 meters was assigned
for the canopy height. Pixels with NDVI values below 0.3 were assumed to be bare

soil, and a roughness length of 0.5 cm was assigned.

Sensitivitv of Flux Calculations to Ground-Based Parameters

In order to estimate the sensitivity of the sensible heat flux calculations to
several of these ground-based parameters, the value of the sensible heat flux

computed with Equation (5.7) is plotted against canopy height for several different
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values for aerodynamic temperature-air temperature difference in Figure 5.5. When
(T,-T,) is about 2°C, a difference in canopy height of 0.2 meters accounts for about
50 Wm? difference in sensible heat flux. For larger values of (T,-T,), the value of
sensible heat flux is more sensitive to canopy height. Given the difficulty in
estimating canopy height for all pixels in an extended area (and thus the uncertainty
in roughness parameters), this appears to be a potential source of significant error
in the estimation of sensible heat flux with a combination of ground-based and
remotely sensed data.

In order to evaluate the sensitivity of sensible heat flux estimates to
uncertainties in air temperatures (or surface temperature), the values of sensible heat
computed with Equation (5.7) are plotted as a function of (T,-T,) in Figure 5.6.
Under cénditions of moderate windspeed and roughness parameters corresponding
to a canopy height of 0.3 meters (approximately the median value of the canopy
heights measured over the ground stations used in this analysis), a one-degree error
in either of the temperatures used in Equation (5.7) corresponds to approximately
70 Wm of sensible heat flux. For taller vegetation (e.g., canopy height approximate-
ly 0.9 meters, which is taller than vegetation in the grassland pixels but smaller than
the height of most of the woody vegetation), the curves shown in Figure 5.6 show that
a one-degree error in surface temperature corresponds to approximately 150 Wm™
of sensible heat flux. Thus, typical levels of uncertainty in surface temperature lead
to significant errors in the estimation of sensible heat flux, particularly for taller

vegetation types.
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Figure 5.5. The computed relationship between sensible heat flux (Wm?) and
canopy height, with windspeed held constant at 4.5 m/s and for different values of
surface air temperature difference. Values of sensible heat are computed from

Equation (5.8).
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Sensitivity of H to Ts,To,Ta
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Figure 5.6. The computed relationship between sensible heat flux (Wm?) and
surface-air temperature difference, with windspeed held constant at 4.5 m/s and for
different values of canopy height. temperature difference. Values of sensible heat
are computed from Equation (5.7).
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Satellite-Based Input Data

Surface Temperature

The atmospherically corrected surface temperature over the FIFE site derived
from Band 6 of the TM image acquired on August 15, 1987 is shown in Figure 5.7.
The algorithms described in Chapter 4 that were applied to the satellite pixel extracts
to convert the TM digital number to at-satellite radiance and to correct for
atmospheric effects were applied to each pixel in the image to calculate corrected
surface temperatures for the whole site. An emissivity value of 0.98 was assumed for
all pixels. The darkest pixels in Figure 5.7 correspond to a surface temperature of
approximately 29°C, and the lightest pixels correspond to a surface temperature of
approximately 38°C. The spatial resolution of surface temperature data is 120

meters.

Net Solar Radiation

The spatially distributed net solar radiation (referred to as R ) calculated

net,solar
by Dubayah et al. (1990) for the FIFE site at TM overpass time on August 15, 1987
is shown in Figure 5.8. The incoming solar radiation for each pixel was computed
from a combination of ground-based solar irradiance measurements and digital
elevation data. The outgoing shortwave radiation was computed using atmospherical-
ly corrected data in TM Bands 1-5;7. The darkest pixels represent a value of R ¢; s

of about 480 Wm™, and the lightest pixels represent a value of R of about 680

net,solar

Wm™.
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Figure 5.7. Atmospherically corrected surface temperature image of the FIFE site
from TM Band 6, August 15, 1987. The darkest pixels correspond to a surface
temperature of approximately 29°C and the lightest pixels correspond to a surface
temperature of approximately 38°C. Spatial resolution of surface temperature data
is 120 meters.
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Figure 5.8. Spatially distributed net solar radiation for the FIFE site at TM overpass
time calculated by Dubayah et al. (1990) from a combination of ground data and
data in TM Bands 1-5;7 for August 15, 1987. The darkest pixels represent a value
of Rnet,total of about 480 Wm™ and the lightest pixels represent a value of R, ;o1
of about 680 Wm™.
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Net Radiation

The spatially distributed net radiation for the FIFE site at TM overpass time,
calculated by correcting the data in Figure 5.8 for long-wave incoming and outgoing
radiation, is shown in Figure 5.9. Because the ground-based measurements of air
temperature and vapor pressure did not show much variation, site-wide averages of
air temperature and vapor pressure were used to compute the incoming long-wave
radiation. The outgoing longwave radiation was computed using the surface
temperature data from the image shown in Figure 5.7 and an emissivity value of 0.98
for each pixel. The darkest pixels represent a value of R,,, of approximately 380

Wm?, and the lightest pixels represent a value of R, of about 580 Wm™.

Normaliied Difference Vegetation Index

The NDVI image for the FIFE site computed from atmospherically corrected
surface reflectance values from TM Bands 3 and 4, August 15, 1987 is shown in
Figure 5.10. The darkest pixels represent a value for NDVI of about 0.2, and the
lightest pixels represent a value for NDVI of about 0.82. The highest values of
NDVI correspond to the areas of dense woody vegetation near the drainage areas.

The lowest values of NDVI correspond to fallow agricultural fields.
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Figure 5.9. Spatially distributed net radiation for the FIFE site at TM overpass time,
calculated by correcting the data in Figure 5.8 for longwave incoming and outgoing
radiation. The darkest pixels represent a value of R, o, Of about 380 Wm™ and the
lightest pixels represent a value of Rnet,total of about 580 Wm™.
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Figure 5.10. NDVI image for the FIFE site computed from atmospherically
corrected surface reflectance values from TM Bands 3 and 4, August 15, 1987. The
darkest pixels represent a value for NDVI of about 0.2 and the lightest pixels
represent a value for NDVI of about 0.86.
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Fluxes and Related Parameters

Soil Heat Flux

The values of the soil heat flux (G) term of the energy balance were computed
for every pixel using the values of R,,, represented in Figure 5.9 and Equation (5.5).
The results are shown in Figure 5.11. The darkest pixels in Figure 5.11 represent
values of G of about 20 Wm™, and the lightest pixels represent a value of G of
approximately 120 Wm™. Because the soil heat flux is inversely proportional to the
value of NDVI, the pixels with high NDVI values have low (darker) values of G.
These areas are primarily the agricultural areas in the bottomlands and the areas of
woody vegetation in drainage areas. The light patches in the agricultural areas

correspond to areas with very low NDVI values which are most likely fallow fields.

Aerodynamic Resistance

The aerodynamic resistance parameter used in the estimation of the sensible
heat flux was computed using the strategy described above. For the grassland pixels,
a value of canopy height was estimated from the NDVI value and Equation (5.8).
The roughness parameters were assumed to be proportional to canopy height. For
the areas of woody vegetation, a canopy height of 1.5 meters was assumed. For the
agricultural areas with very low NDVI values, most likely fallow fields, a roughness
length of 0.5 was assumed (corresponding to values reported in the vegetation
descriptions in the FIFE Information System). The spatially distributed estimates of

aerodynamic resistance are shown in Figure 5.12. The darkest pixels correspond to
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Figure 5.11. Spatially distributed soil heat flux for the FIFE site at TM overpass
time on August 15, 1987. Values are computed from the data shown in Figure 5.9
(Rnet,total) and Figure 5.10 (NDVI) and Equation (5.5). The darkest pixels
represent a value for G of about 20 Wm™ and the lightest pixels represent a value
for G of about 120 Wm.
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Figure 5.12. Spatially distributed values for aerodynamic resistance over the FIFE
site at TM overpass time on August 15, 1987. Values are computed with a constant
value for windspeed over the entire site, assumed to be 4.5 ms™ at a reference height
of 2 meters. Estimates of canopy height, from which roughness length and
displacement height were computed, were derived from the NDVI data shown in
Figure 5.10 and the strategy described in the text. The darkest pixels correspond to
the woody vegetation along the drainage areas, where r, was calculated to be
approximately 6 sm™. The lightest areas correspond to the bare soil pixels and roads,
where ra was calculated to be approximately 50 sm™. Most of the grassland areas
in the image have an r, of approximately 15-25 sm™.
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values of r, of about 6 sm?, which are the areas of woody vegetation along the
drainage areas. The lightest pixels correspond to a value of r, of about 50 sm™,
which are primarily the pixels that are roads and fallow fields. Most of the grassland

pixels have r, values within about 15-25 sm™.

Sensible Heat Flux

The values of sensible heat flux were computed for each pixel using the
surface temperature data represented in Figure 5.7, the r, values represented in
Figure 5.13, and Equations (5.6) and (5.7). The results are shown in Figure 5.13.
The darkest pixels correspond to values of sensible heat of about 40 Wm™ and
correspond primarily to those areas with very high values of r, described in the
section above. The lightest pixels correspond to values of H of about 200 Wm and
are those pixels with very low values of r,, primarily the areas of woody vegetation.

Most of the grassland pixels have pixel values corresponding to about 80-160 Wm.

Latent Heat Flux

The values of latent heat flux were computed for each pixel as the residual
quantity in Equation (5.1) after the R, G, and H terms were estimated. The results
are shown in Figure 5.14. The spatially distributed values of latent heat flux
calculated by this method correspond very closely to the net radiation. This is
expected to some degree because most portions of the experimental site réceived

significant precipitation on August 13, and the evapotranspiration in most areas of
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Figure 5.13. Spatially distributed values for sensible heat flux over the FIFE site at
TM overpass time on August 16, 1987. Values of H were computed with data from
Figure 5.7 (surface temperature), Figure 5.12 (r,) and Equation (5.7). The darkest
pixels correspond to areas with values of H of about 40 Wm-2, which also correspond
to the areas with very high values of r,, such as bare soil and roads. The lightest
pixels correspond to values of H of about 200 Wm™, which also correspond to areas
with very low values for r,, such as the woody vegetation along the drainage areas.
Most of the grassland areas have pixel values corresponding to about 80-160 Wm.
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Figure 5.14. Spatially distributed values for latent heat flux over the FIFE site at TM
overpass time August 15, 1987. The values of LE were computed using the data

shown Figure 5.9 (R, 1), Figure 5.11 (G), Figure 5.13 (H), and Equation (5.1).
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the site was likely to be energy-limited at mid-morning on August 15. It is likely,
however, that the spatially distributed map of net radiation and the spatially
distributed latent heat flux map correspond even more closely than one might expect
because of the method by which G and H are computed. Both quantities (H and G)
are related to the value of NDVI, but in opposite directions. The value of soil heat
flux, G, is inversely proportional to the NDVI as described in Equation (5.5). The
sensible heat flux is influenced by the NDVI through the aerodynamic resistance
parameter. When NDVI is large, r, is smaller, and H is therefore larger. Thus,
because G and H are related to NDVI in opposite ways, they will tend to offset one

another, leading to values of LE which are strongly dependent on the net radiation.

Discussion of Error Sources

The largest sources of error in estimating the fluxes described above are likely
to be: (1) estimation of the roughness parameters which influences the value of
aerodynamic resistance that impacts the sensible heat flux proportionally, (2)
problems with the atmospheric correction of satellite data to obtain accurate
estimates of surface temperature, and (3) the spatial scale to which the ground-based
near-surface air temperature, windspeed, and vapor pressure can be extended. The
first source of error is likely to be considerably more significant over the non-
grassland areas of the site than it is over the grassland portions of the site. Thus, the
magnitude of the uncertainty in the sensible and latent heat flux values for the non-

grassland portions of the spatially distributed map is likely to be considerably larger
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than the uncertainty in the fluxes for the grassland pixels. It can be seen from
Equation (5.7) that a certain percentage error in the estimation of r, gives rise to that

same percentage error in the estimate of sensible heat flux.

Summary and Conclusions

Spatially distributed values of soil heat flux, sensible heat flux, and latent heat
flux were computed for the FIFE site using a combination of ground-based data and
the August 15 Landsat TM image. The algorithm used to estimate the fluxes was
developed and validated with ground-based flux station data in the previous chapter.
The surface fluxes at the mid-morning overpass time (10:34 a.m. CDT) for the
grassland pixels were consistent with those measured at ground-based flux stations.
Due to éonsiderable differences in surface roughness parameters, and in part to
differences in surface temperature, the pixels corresponding to agricultural areas and
areas of woody vegetation showed the most variation in surface fluxes. Because of
particular large uncertainties in surface roughness parameters for areas of woody
vegetation, the uncertainty associated with the surface fluxes for those areas is
considerably larger than the uncertainty associated with the fluxes estimated for the
grassland pixels. Unfortunately, there were no ground-based data available with
which to compare the remotely sensed flux estimates for the non-grassland pixels.

The values of sensible heat flux, and thus values of latent heat flux, were very
sensitive to surface roughness parameters, which cannot be well quantified with

current remote sensing techniques. An important area of future research would be
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to investigate methods to quantify roughness parameters with remotely sensed data,
such as near-simultaneous measurements with a laser altimeter or a radar system or
improved classification schemes using visible and near-infrared data which will
provide better information about species type, such as those that might be available

with high spectral resolution visible and near-infrared data.
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CHAPTER 6
RELATING THE SPATIAL VARIABILITY OF REMOTE SENSING
OBSERVATIONS TO DERIVED PRODUCTS
AT VARIOUS SPATIAL SCALES

Introduction

Most satellite-based sensors providing remotely sensed data over land surfaces
operate with a spatial resolution larger than that of the TM sensor (30m in the
visible and near-infrared bands and 120m in the thermal bands). For satellite-based
sensors, instrument design and orbital consideration necessitate a trade-off between
spatial and temporal resolution. Sensors which provide more frequent temporal
coverage> of an area, as is desirable for monitoring fluxes of moisture and energy,
generally have lower spatial resolution. For example, the Advanced High-Resolution
Radiometer (AVHRR) (currently on board several NOAA satellites), which is widely
used for regional monitoring of land surface processes has a spatial resolution of 1
km in Local Area Coverage (LAC) mode and 5 km in Global Area Coverage (GAC)
mode. One of the primary sensors planned for the Earth Observing System (EOS)
payload designed to provide remotely sensed data for monitoring land-surface
processes is the MODIS-N sensor, which will have a spatial resolution of 500 meters.

It is important that we better understand how surface parameters and fluxes
estimated with remotely sensed data vary with spatial scale. There are two distinctly

different areas of research related to the spatial scaling of surface parameters and
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fluxes. The first issue relates to how the procedures and the spatial scale of the
remotely sensed data influence the estimated values of surface parameters and fluxes.
The second issue relates to how these spatially-variable surface fluxes interact with
the atmospheric boundary layer (ABL) and are integrated by the ABL, which
provides an understanding of the level of significance of surface heterogeneities. The
first topic is addressed here; the second topic is an important area of future research.

Remote sensing instruments measure an integrated response over heteroge-
neous areas. The surface parameters estimated with remotely sensed data are
spatially integrated averages of parameters which are actually spatially variable. The
surface characteristics or fluxes are usually related to the remotely sensed observables
in a non-linear manner. If the functions relating the remotely sensed observables to
surface characteristics were linear, then the spatially integrated surface characteristics
at any scale would simply be equal to the value of the linear relationship evaluated
at the integrated mean value of the remotely sensed observables. However, when the
functions relating input parameters to surface characteristics or fluxes are non-linear,
then the mean spatially integrated response is not equal to the output of the function
evaluated at the mean parameter values. A method is proposed to quantify the
values of the spatially integrated response at increasing spatial scales in terms of the

variability of the observables at smaller spatial scales.
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Theory
Given a non-linear function, f, which relates several input parameters (x,) to

an output y, i.e.:

y = f{x]’ x2 Iy XQ’ (6.1)

the relationship between the output of the function and the mean values of the

parameters can be obtained by expanding the output y in a Taylor series around the

set of mean parameter values, x,. This expansion yields the expression:

y = fix} = fx) + 1
a=1 0

- o
x - %) - 5‘1} (). 62)

Taking the expected value of both sides and neglecting terms for which n is 3 or
greater, one obtains:

G+ 12 2 T 21
= X, + 0.
y k ,2 i=1 j=1 ax‘axj [ i

o) 63
where o; is the standard deviation of the ith parameter, and p; is the correlation

coefficient between the ith and jth parameters.

For example, if y is a function of two variables, then Equation (6.3) becomes:

- = 1 23 2 & &H
Y'f(ip x2)+[2 (o] axf + 0, ax:)+ ax18x2

0,0,p,,] (6.4)

Conceptually, this equation implies that the difference between the spatially

integrated output, y, and the value of the function evaluated at the mean values for
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the parameters depends on two factors: (1) the degree of non-linearity of the
function with respect to each of the parameters, as expressed in the second
derivatives of the function with ’respect to the parameters, and (2) the magnitude of
the variance for each parameter. It is useful to note that, if the variance of the
parameters is zero, or if the values of the second derivatives are zero (i.e., the
function is linear in those parameters), then the spatially integrated value of the

function is equal to the value of the function at the mean values of the parameters.

Prediction of Larger-Scale Values of Derived Products from
Variability in Input Parameters at Smaller Scale

In order to test the application of this approach to the spatial scaling of a
quantity derived from remote sensing observations, the behavior of the Normalized
Difference Vegetation Index (NDVI) was evaluated as a function of spatial scale.
Because the NDVI is related to remotely sensed quantities by a fairly simple
function, it provides a good example with which to illustrate this approach. One way
to compare the value of a quantity derived from remotely sensed data, such as
NDVI, at various spatial scales is to compare the estimates of that quantity using
data from sensors operating at different spatial scales. However, such a comparison
would include not just the effects of surface heterogeneity on spatial scaling of
derived quantities, but also instrumental effects such as different bandpasses,

different instrument response functions, and instrument calibration.
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In order to isolate the effects of surface heterogeneity on differences in NDVI
computed with remote sensing data at different spatial resolutions, a window of
variable size, encompassing blocks of TM pixels, was applied to the Landsat data in
TM Bands 3 and 4 from the August 15, 1987 image to simulate different spatial
resolutions. The spatial resolution of interest was varied by varying the size of the
window. A conceptual diagram of the window of spatial averaging is shown in Figure
6.1. The window was moved around within the 512 x 512 pixel TM Band 3 and 4
images covering the FIFE experimental site. Each point on the plots (shown later
in Figures 6.3 through 6.6) represents the value of the NDVI within the window when
the window is placed over different portions of the TM image.

As described in previous chapters, the NDVI computed with TM data is given

by:

NDVI = £(pyep, Prg) = Pnw ~ Prep (6.5)
PN * Prep

where ppep is the reflectance in TM Band 3, and pyyy, is the reflectance in TM Band
4.

A conceptual diagram is shown in Figure 6.2 of the difference between the
integrated NDVI value computed by taking the mean of the distributed values of
NDVI for fine resolution pixels (referred to as (NDVI),,opv, shown on the left-hand
side of Figure 6.2), and the value of NDVI computed for the same area by using
lumped values of reflectances to compute a single value of NDVI (referred to as

(NDVI), ymp» shown on the right-hand side of Figure 6.2). The left-hand side of the
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Figure 6.1. Conceptual diagram of the window of spatial averaging, of variable size
(n x n 30-meter TM pixels).
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Figure 6.2. Conceptual diagram of the distinction between the (NDVI)yopvs
computed from the mean of all NDVI values computed each 30-meter pixel in 500
x 500-meter pixel (shown on the left side of the diagram), versus the (NDVI), yumps
computed from average values of red and NIR reflectance over the 500-meter
window (shown on the right side of the diagram).
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diagram simulates the value of vegetation index which would be computed for a
given area using high spatial resolution data; the right-hand side simulates the value
which would be computed for the same area using low resolution data (instrumental
differences notwithstanding). The purpose of this analysis is to quantify the
difference in those values in terms of the variability in the observed quantities (in
this case, the variability of the red and near-infrared reflectances) and the non-
linearity of the function which relates the quantities to the surface parameter of
interest (in this case, the NDVI).

The results shown in Figure 6.3 illustrate the differences between the NDVI
computed in 480 x 480 meter windows over the site using mean values of the input
observations (red and near-infrared (NIR) reflectances) and the more accurate mean
integrated response for each window. When a 480 x 480 meter window (encompass-
ing 16 x 16 TM pixels) is moved around on the Landsat image, there are 1024 non-
overlapping positions for the window. This window represents the approximate size
of one pixel for the EOS MODIS sensor. The points on the plot represent results
from each of those possible non-overlapping positions. The x-axis of the plot in
Figure 6.3 represents the value of NDVI computed with the value of red and NIR
reflectance averaged over the window. Assuming that the effects of interactions
between pixels for this type of surface at these spatial scales is negligible, then the
values of red and NIR reflectance averaged over the window would represent the
lumped reflectances that would be measured by a sensor with 480 x 480 meter spatial

resolution. Thus, the NDVI values computed from the mean red and NIR
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Mean Integrated vs. Lumped Input NDVI
Lumped res: 480 m
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Figure 6.3. Areally integrated average NDVI (computed from individual 30-meter
Landsat pixels) plotted against the NDVI computed from the mean values of RED
and NIR reflectance for the window. The size of the averaging window was 480
meters, or 16 x 16 TM Band3/4 pixels.
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reflectance values would represent the NDVI that would be estimated from a sensor
with that spatial resolution. The y-axis of the plot shown in Figure 6.3 represents the
mean integrated value of NDVI computed as the mean of the individual values of
NDVI computed from the original 30-meter TM pixels. Presumably, this represents
a more accurate spatial integration of the NDVI function over the 480 x 480 meter
window.

The results shown in Figure 6.3 indicate that there is a small but systematic
trend for the larger scale NDVI to overestimate the spatially integrated value of the
NDVI function. The fact that the FIFE site is relatively homogeneous and the
variability in red and NIR reflectances is fairly small probably accounts for the fact
that the deviations from the 1:1 line shown in Figure 6.3 are fairly small. However,
the overestimation is systematic, and it is useful to determine whether the amount
of the overestimation can be quantified with Equation (6.4).

For the function relating the input red and NIR reflectances to the NDV], the

partial derivatives required for Equation (6.4) are given by:

e (6.62)
ap;m (I pgm)3
Cad 4Py (6.6b)

Opzep (Pnm * Prep)’

and:
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&t _ 2(Pxr_~ Prep)

: (6.7)
9PN 9Prep (Prm + pgm})3

(NDVI) ymp is defined as:

(NDVD 4 = f(am’anm)' (6.8)
Substituting Equations (6.6-6.8) into Equation (6.4), the difference between the mean
of the distributed values of NDVI ((NDVI),opy) and the values computed with

averaged (lumped) red and NIR reflectances ((NDVI), ;;up) is expressed as:

(NDVDyopy ~ (NDVD e = [1/2 ( aZf o * a:f Ohen)
9PNR 9P ReD
H
9P Nk OPreD ON® Orep PNIR RED (6.9)

The variances of the red and NIR reflectances and the covariance between them
were computed for each window.

The values of the differences between (NDVI)yopy and (NDVI) yme
predicted with Equation (6.9) and those actually observed are shown in Figure 6.4.
The solid line in Figure 6.4 is a 1:1 line which represents perfect agreement between
the predicted and observed values. The results shown in Figure 6.4 indicate that
Equation (6.9) effectively predicts the difference in NDVI computed from mean

parameter values and the more accurate spatially integrated NDVI values.



225

Predicted vs Actual Differences in NDVI
Lowres: 480 m
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Figure 6.4. The predicted difference between the NDVI values computed from mean
RED/NIR values over the window and the areally integrated mean value, calculated
from Equation (6.9), versus the observed difference between those two quantities.
The size of the averaging window was 480 meters, or 16 x 16 TM Band3/4 pixels.
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The quantities plotted in Figure 6.5 are identical to those plotted in Figure
6.3, except that the window size was changed to 960 x 960 meters (32 x 32 T™M
pixels). This window size simulates an area similar in size to a single AVHRR pixel.
There are 256 possible non-overlapping positions for the window in the 512 x 512
TM image and, thus, the results for 256 points are plotted in Figure 6.5. As was the
case for the 480 x 480 meter window, the differences in the NDVI that would be
estimated from the large-scale sensor and the more accurate spatially integrated
mean value are not large, but the data from the larger scale sensor would consistent-
ly overestimate the spatially integrated response. It is desirable to see if the
differences can be predicted with Equation (6.9).

In Figure 6.6, the differences in NDVI computed for each window predicted
by Equafion (6.9) are plotted against the actual differences in NDVI observed for
each window. The solid line shown in Figure 6.6 is the 1:1 line which represents
perfect agreement between the predicted and observed differences in NDVI.

In summary, the analysis described in this section has shown that, for a
function which relates spatially variable parameters to a surface characteristic, the
spatially integrated value of the function can be quantified in terms of the value of
the function evaluated at the mean value for the parameters, plus quantifiable terms
which depend on the non-linearity of the function and magnitude of the variance in
the input parameters. This approach is embodied in Equation (6.4). The effective-
ness of this approach was illustrated by examining, at several spatial scales, the

differences in the small-scale spatially integrated value of NDVI and the value of



NDVI value with lower res sensor

227

Lumped vs. Averaged NDVI
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Figure 6.5. Areally integrated average NDVI (computed from individual 30-meter
Landsat pixels) plotted against the NDVI computed from the mean values of RED
and NIR reflectance for the window. The size of the averaging window was 960
meters, or 32 x 32 TM Band3/4 pixels.
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Predicted vs. Actual Differences in NDV
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Figure 6.6. The predicted difference between the NDVI values computed from mean
RED/NIR values over the window and the areally integrated mean value, calculated
from Equation (6.9) versus the observed difference between those two quantities.
The size of the averaging window was 960 meters, or 32 x 32 TM Band3/4 pixels.
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NDVI computed with mean values of input parameters, such as those measured with
larger-scale sensors.

The validity of this approach for relatively simple but non-linear functions
which relate spatially variable input parameters to spatially integrated response has
important implications for providing a mechanism by which spatially integrated
responses at larger scales can be quantified in terms of the variance in the
parameters observed at smaller scales. If the spatially variable input parameters and
the output response are related through a complicated model or expression which
cannot be differentiated analytically, perhaps the second derivative of the function
with respect to certain parameters could be evaluated by numerical sensitivity studies.

In considering the applications for this approach, it should also be noted that
it could be applied at a variety of scales. For instance, over the spatial scales
selected for the NDVI example, the red and NIR reflectances were considered as an
"input”, and the NDVI value was the function output. At a smaller spatial scale, the
red and NIR reflectances could be considered as an output of a complicated
soil/canopy reflectance function with spatially variable inputs (such as leaf
distribution, density, soil and vegetation transmittance and reflectance, etc.) This
same approach could be used to understand how the red and NIR reflectances,
treated as a spatially integrated "output” of soil/canopy reflectance models, could be
described in terms of the variance of input parameters, the magnitude of the second
derivative of output reflectance with respect to those parameters, and the covariances

between the parameters, in the manner described by Equation (6.4).
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There is one additional implication of this analysis for the specific example
shown with NDVI values. This analysis provided an analytical expression which
quantifies the difference between NDVI values computed from coarse-resolution
remotely sensed data and the value of NDVI computed from fine-resolution data.
Usually, the most accurate values of NDVI are desired for an area of interest, but
high-resolution data are available over a particular area on occasion (e.g., TM data)
Low-resolution data (e.g, AVHRR data) are available more frequently. The
expressions derived here provide a methodology by which the occasional high-
resolution data could be used to monitor the variability of the reflectances observed
in the data with finer resolution. With knowledge of the variance in the reflectances
at the smaller scale, then the estimates of NDVI from the larger-scale data could be
adjusted by use of Equation (6.9) to obtain more accurate estimates of NDVI for a

particular area.

Evaluation of Variance of Parameters Used to Estimate Fluxes
The remotely sensed input data used in combination with ground-based data
to estimate the spatially distributed fluxes described in Chapter 5 were evaluated for
variability within windows of increasing spatial scale. The purpose of this evaluation
was to estimate the approximate size of the variance term for each parameter which
would be used in a formulation similar to Equation (6.4) to relate the fluxes
computed with larger-scale data to variability in the input parameters at a smaller

scale,
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Given this intended purpose, the evaluation of the variability of the remotely
sensed input data was performed in a manner quite different from the usual
procedure for computing a semi-variogram for a two-dimensional grid of data.
Although a typical semi-variogram analysis would provide a more comprehensive
estimate of the spatial variability of the input data, the method used here was
selected because it provides an estimate of the size of the variance terms in Equation
(6.4) for windows of various sizes. At a given spatial scale of interest, the variance
in a moving window such as that described in the previous analysis was computed for
each position of the window. The variances computed for each window position were
then averaged to obtain the values of "mean variance” or "mean standard deviation"
for a given spatial scale. The number of windows contributing to this mean value of
variance vand standard deviation varied according to the spatial scale of the window.

Using this procedure, the average value of the standard deviation in all of the
windows was computed as a function of window size for the TM Band 3 reflectances,
TM Band 4 reflectances, surface temperature, and net solar radiation. The results
for the TM Band 3 and 4 reflectances are shown in Figure 6.7. The results show that
the variance of the red reflectance is not very significant at any spatial scale for the
window size. The size of the variance in the windows for the NIR reflectances is
fairly significant and reaches a maximum at a window size of about 1600 meters.
These results are consistent with the fact that most of the significant changes in
vegetation density over the experimental site, which would give rise to significant

changes in NIR reflectance, occur over a spatial scale of about 1600 meters.
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Reflectance in TM B3 and B4
Std. Dev. with Spatial Scale
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Figure 6.7. The value of standard deviation in surface reflectance observed within
an averaging window, averaged over all of the non-overlapping positions of the
averaging window, plotted as a function of the spatial scale of the averaging window.
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The average values of standard deviation of surface temperature as a function
of window size are shown in Figure 6.8. The surface temperature shows increasing
variance as the size of the window is increased, with most of the increase in variance
occurring within a window up to 2000 meters in scale.

The average values of standard deviation in net solar radiation as a function
of window size are shown in Figure 6.9. Because the variations in net solar radiation
are driven primarily by slope, most of the variation in net solar radiation occurs
within windows less than 500m in spatial scale. This is consistent with the length

scales between opposing slopes at the field site.

Spatial Scaling of Fluxes

The approach outlined above, which describes the spatial scaling of an output
response in terms of the variability of the input parameters at increasing spatial
scales, was evaluated for application to the spatial scaling of the surface fluxes
computed with a combination of ground-based and remotely sensed data. While the
approach was useful for understanding the spatial scaling of the derived vegetation
indices, it is not clear that it is particularly useful to apply it to the formulations for
the spatially distributed surface fluxes given in Chapter 5. The applicability of the

approach for each of the computed surface fluxes is summarized below.
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Surface Temperature
Std. Dev. with Spatial Scale
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Figure 6.8. The value of standard deviation in surface temperature obs.e.rved within
an averaging window, averaged over all of the non-overlapping positions pf the
averaging window, plotted as a function of the spatial scale of the averaging window.
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Net Solar Radiation
Std. Dev. with Spatial Scale
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Figure 6.9. The value of standard deviation in net solar radiation observed within
an averaging window, averaged over all of the non-overlapping positions of the
averaging window, plotted as a function of the spatial scale of the averaging window.
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Net Radiation (R,.,)

As described in the previous chapter, the R, was computed by correcting

net
the net solar radiation (R, . given by Dubayah et al. (1990) for the effects of
incoming and outgoing long-wave radiation. The magnitude of the net long-wave
term was, on the average, approximately 100 Wm™. Because the near-surface air
temperature and vapor pressure values were assumed to be constant over the site,
the incoming long-wave radiation was constant. The outgoing long-wave radiation
is primarily a function of surface temperature, but at the mid-morning overpass time
of the TM sensor, the variations in the outgoing long-wave radiation resulting from
changes in surface temperature were small compared to the effects of slope on the
net solar radiation. Thus, the spatial variations in total net radiation are dominated
by the variations in net solar radiation, and the variability of the net total radiation

will change with increasing spatial scale in a manner very similar to the net solar

radiation evaluated in the previous section.

Sojl Heat Flux (G)

The function provided in previous chapters to estimate the soil heat flux for
the site expresses the soil heat flux as a linear function of the total net radiation and
the NDVI. Hence, the second derivative of the output flux with respect to those
derived input quantities is zero. The input quantities are derived from non-linear
functions of remotely sensed inputs, but the spatial scaling of those inputs have been

previously described above.
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Sensible Heat Flux (H)
The expression for the sensible heat flux derived in previous chapters and

used to create the map of distributed sensible heat flux for the site is given by:

H = pC, (1-b) (T, - T) - a)/1,, (6.10)

where H is the sensible heat flux (Wm), pC, is heat capacity of air (m3C?aand
b are constants, T, is the surface temperature (°C), T, is the air temperature (°C),
and r, is the aerodynamic resistance given by Equations (4.9) and (4.10). This
expression for H is linear in surface temperature, except for the dependence of the
stability corrections embedded in r, on (T,-T,). Thus, an analysis of the variability
of H based on Equation (6.4) would depend strongly on the expressions for
estimating the r, parameter. In the previous chapter, the roughness parameters
which dominate the r, term were identified in Chapter 5 to be a major source of
uncertainty in the estimation of H. They were computed fairly reliably for the
grassland pixels as a function of the NDV], the variation of which has been analyzed
above. For the remaining pixels in the image over the FIFE experimental site
(agricultural, bare soil, and woody vegetation areas), these roughness parameters
were set to a constant value, which introduced considerable uncertainty into the
estimate of H for the non-grassland pixels. Therefore, an analysis of the variability
of H which depended strongly on the somewhat tenuous formulation for r, would not

seem to be productive at this time.
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Summary and Conclusions

An approach for quantifying derived outputs of a non-linear function with
spatially variable inputs was described and tested. This approach describes the
spatially integrated response of a non-linear function in terms of the variance in the
input parameters and the non-linearity of the function with respect to those
parameters. The approach was found to be very useful in describing the behavior of
one product derived from remotely sensed input as a function of increasing spatial
scale--the Normalized Difference Vegetation Index (NDVI). However, because of
the particular structure of the formulations for the surface fluxes derived in the
previous chapters as optimal for estimating the energy fluxes over the FIFE
experimental site with remotely sensed data, this approach was not particularly
effective‘for describing the variability of surface fluxes with respect to remotely
sensed inputs.

However, although not directly applicable to this particular formulation for
fluxes, this approach seems to be a good one for ultimately understanding the
response of non-linear functions over areas with spatially variable parameters. The
problem of having spatially variable input into a non-linear function to give some
spatially integrated mean output is at both "ends" of the hydrology/remote sensing
problem. It is interesting to note that this type of approach to a non-linear function
with spatially variable input parameters has been mentioned by researchers trying to
describe both the hydrologic response (Milly and Eagleson, 1987) and the remote

sensing system response (Becker and Raffy, 1987). When utilizing remotely sensed
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data for hydrologic applications, one is concerned with a spatial distribution of
hydrologic parameters as well as a spatial distribution of remote sensing observations.
An important improvement in the utilization of remotely sensed data in hydrology
may ultimately occur when the distribution of remote sensing observables can be

used to solve for a distribution of hydrologic parameters.
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CHAPTER 7

SUMMARY

Motivation

The overall topic of the research described in this dissertation was the
partitioning of available energy at the Earth's surface into sensible and latent heat
flux, with an emphasis on the development of techniques which utilize remotely
sensed data. Previous researchers had demonstrated the use of remote sensing data
to estimate these fluxes over agricultural surfaces with nearly complete vegetation
cover. Hence, the emphasis in this research was to investigate the extension and
modification of those techniques to estimate surface fluxes over areas with "natural”
vegetation (i.e.,, non-agricultural vegetation types with variable and incomplete
canopy cover).

If techniques can be developed which reliably estimate surface energy fluxes
with remotely sensed data over a variety of surface types, then surface energy fluxes
can be computed in a spatially distributed manner. Spatially distributed estimates
of surface energy fluxes provide a fundamentally new tool in the investigation of
regional water and energy balance and for the study of land-surface/atmosphere

interactions and feedback processes.
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Results and Conclusions

The primary activities and results described in this dissertation can be

summarized as follows:

¢

One of the simplest expressions for estimating the partitioning of
available energy into sensible and latent heat flux under non-moisture
limiting conditions (the Priestley-Taylor equation) was examined with
the intent to quantify the factors controlling the a parameter. An
algebraic relationship was derived between the a parameter and the

variables introduced in the Penman-Monteith combination equation.
Using a range of values for meteorological forcing variables and typical
values of surface variables for different surface types (e.g., open water,
short grass, and forests), it was shown that the range of a values
predicted was consistent with the range of values reported in the
literature for different surface types. The significance of this result is
that it provides a quantitative basis for some of the empirical observa-
tions of the behavior of the a parameter widely reported in the
literature (i.e., highly variable values over forests, less variability over
short grass and open water, seasonal and diurnal variations over most
surfaces).

In order to pursue the main objective of quantifying the partitioning
of available energy for natural ecosystems (i.e., surfaces with non-

agricultural vegetation types, variable and incomplete vegetation cover,
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and varying moisture supply), the focus was narrowed to the site of the
First ISLSCP Field Experiment (FIFE). Ground-based measurements
of surface fluxes, vegetation cover, and surface and root-zone soil
moisture were used to examine the factors controlling the partitioning
of energy at ground stations with contrasting surface characteristics.
It was shown that the processes of soil evaporation and vegetation
transpiration vary considerably with time after a precipitation event,
depending on the soil moisture availability in the root zone and at the
surface. Under some conditions, the root-zone soil moisture was quite
different from the near-surface (approximately 0-5 cm depth) soil
moisture; thus, there was no consistent relationship between vegetation
transpiration and near-surface soil moisture. (Only near-surface soil
moisture can be estimated directly from remotely sensed data.) The
significance of this analysis is that it provided experimental evidence
that it is very difficult to quantify (even for a relatively simple surface
consisting of bare soil and a single dominant vegetation type) the
various physical processes contributing to the total latent heat flux with
only the few surface characteristics which can be derived from
remotely sensed data.

A relatively simple surface energy balance approach for estimating
latent heat flux was developed and tested using helicopter-based and

satellite-based data acquired directly over ground-based flux stations
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at the FIFE experimental area. Ground-based flux measurements
from approximately 12 FIFE ground stations were used to calibrate
expressions which related remotely sensed reflectances and tempera-
tures to soil heat flux and sensible heat flux at the local scale (i.e.,
using 30-100 meter pixels similar in scale to the fetch areas of the
ground-based surface flux stations). For the estimation of sensible heat
flux (H), a relationship between the surface-aerodynamic temperature
difference (T,-T,) and the surface-air temperature difference (T,-T,)
was empirically derived. This relationship was relatively consistent for
data sets acquired over various time periods and with different sensors.
Further investigation of this technique is required to determine its
applicability to other areas.

The algorithms derived from the analysis of ground-based fluxes and
extracts of satellite data over those stations were then applied on a
pixel-by-pixel basis to data from a Landsat 5-TM scene from August
15, 1987 to develop a map of "instantaneous”, spatially distributed
surface energy fluxes over the FIFE experimental area. The spatially
distributed net radiation was computed by correcting the net solar
radiation map produced by Dubayah et al. (1990) for net long-wave
radiation. The soil heat flux and sensible heat flux values were
estimated using atmospherically corrected, satellite-based reflectances

and temperatures and ground-based estimates of near-surface
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temperature and windspeed. The latent heat flux was estimated as the
residual quantity in the energy-balance equation for each pixel. These
results demonstrated the feasibility and utility of estimating spatially
distributed surface fluxes with remotely sensed data. For the time
period of the TM overpass on August 15, 1987, the latent heat flux was
shown to be dependent on the available energy, which was strongly
influenced by the topographically induced variations in incoming
radiation.

Last, a preliminary framework was provided for a methodology to
quantify the effect of spatial scaling on parameters derived from
remotely sensed data. In this approach, the difference between the
mean of the distributed response of a non-linear function and the value
of the non-linear function computed with spatially aggregated (i.e.,
"lumped" parameters was quantified. As an example of the utility of
this approach, NDVI values for the FIFE experimental area were
computed with input data of variable spatial resolution. The differenc-
es in the values of NDVI computed at different spatial resolutions
were accurately predicted by an equation which quantified those
differences in terms of variability in input parameters (i.e., red and
near-infrared reflectance) and the degree on non-linearity of the
function relating the input variables to the derived parameter (NDVI).

The success of this approach suggests that it may be useful for other
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parameters derived from remotely sensed data or other hydrological
modeling applications which involve the scaling of non-linear functions

of spatially distributed variables.

Suggestions for Future Research

The use of a combination of ground-based and remotely sensed data to
estimate the surface energy-balance components over surfaces with partial vegetation
cover is a relatively new topic of research. There are many issues which need to be
addressed in more detail, some of which are outlined below. When the research
described in this dissertation was first undertaken, the FIFE experiment was one of
the only ﬁeld campaigns designed to address this topic which was carried out over
a predominantly non-agricultural field area. In the intervening years, the value of
carrying out these types of field experiments over different types of surfaces has
become increasing evident. Several other field experiments have been organized with
this topic in mind and have included the acquisition of surface flux data, atmospheric
boundary layer data, and remotely sensed data. These experiments include the
MONSOON 90 field experiment, carried out at the Walnut Gulch Experimental
Watershed in southeastern Arizona, several of the MAC (Multi-Aircraft-Cam-
paigns)-Europe campaigns, and the HAPEX-Sahel experiment.

All of the suggested areas of research delineated below would benefit from
the application of data from as many different types of surfaces as possible. The

investigation of these issues by using data from any of these individual experiments
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is an important first step on these topics. However, the eventual goal should be to
compare and contrast the results from these various campaigns, as well as those
carried out over agricultural surfaces. In this way, the physical effects of site-specific
characteristics (such as vegetation type and structure, moisture regime, and climate)
can be better understood, and the limits of applicability of various techniques can be

identified.

(A) Single-layer energy-balance approach
(1) Estimation of sensible heat (H)

(a) Utilize data from other experiments carried out over
surfaces with partial vegetation cover, such as the
MONSOON '90 or HAPEX-Sahel experiment, to
examine the relationship between surface temperature,
aerodynamic temperature and aerodynamic resistance;
and

(b) Investigate the feasibility of obtaining spatially
distributed information relating to aerodynamic rough-
ness parameters from remotely sensed data (e.g., laser

altimeter or radar data).

(2) The estimation of soil heat flux from values of net radiation and

remotely sensed variables
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Most of the previous work on this topic has been done
over agricultural-type canopies with significantly different
structural and optical properties than those in non-
agricultural areas. Using data acquired over various
non-agricultural surfaces from the field campaigns
described above, the following topics should be investi-
gated:

(a) Relationships between the ratio of G/R,, and
vegetation indices for various vegetation types and under
various observational conditions (i.e., solar angles and
sensor view angles); and

(b) The effects of physical factors which would be
expected to influence the soil heat flux, such as the
diurnal heating cycle and soil moisture. If these factors
are significant, can they be modeled or estimated with

remotely sensed observations?

(3) The relationship between the instantaneous flux estimates derived
from remotely sensed observations and daily values for energy-balance
components.

(a) This investigation should be extended from the

agricultural, clear sky conditions of previous work to the



248

non-agricultural, naturally variable conditions observed

in many of the field campaigns mentioned above.

(B) Multi-layer modeling approaches to the estimation of surface energy fluxes with
remotely sensed data
(1) New and existing models which quantify the soil and vegetation
components of the surface energy-balance separately could be
investigated with data from the FIFE Experiment as well as the other
field campaigns mentioned above. An important objective in the
development and modification of these models should be to keep the
number of controlling parameters and variables to the minimum

number necessary to describe the dominant processes.

(2) The utility of combining different remotely sensed data types (e.g.,
microwave estimates of soil moisture, thermal band measurements of
surface temperature, and vegetation cover estimates from visible/NIR
remotely sensed data) in multi-layer modeling should be specifically

investigated with data from multiple field campaigns.

(C) Quantify the spatial resolution of surface fluxes useful to the study of land-

surface/atmosphere interactions



(1) An important motivation for this research was to develop tech-
niques to estimate spatially distributed surface fluxes that could be
used as improved boundary conditions for models which describe
atmospheric boundary layer processes or in truly coupled models of
land-surface/atmosphere processes. Simulation studies should be
carried out with mesoscale atmospheric models, using various
distributed surface flux boundary conditions typical of those observed
with remotely sensed data over natural ecosystems. These studies
would provide a better quantitative understanding of the integrating
effects of the ABL and would help to quantify the surface resolution
required in the estimation of spatially distributed surface fluxes with

refnotely sensed data.
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