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Chairperson of the Supervisor Committee: Professor L. J. Fritschen
Department of Forest Resources

This thesis relates the components of the surface energy balance (i.e., net radiation, sensi-
ble and latent heat flux densities, soil heat flow) to remotely sensed data for native vegetation
in a semi-arid environment. Thermatic mapper data from Landsat 4 and 5 were used to
estimate net radiation, sensible heat flux (H), and vegetation amount. Several sources of
ground truth were employed. They included soil water balance using the neutron
thermalization method and weighing lysimeters, and the measurement of energy fluxes with the
Bowen ratio energy balance (BREB) technique.

Sensible and latent heat flux were measured at four sites on the U.S. Department of
Energy’s Hanford Site using a weighing lysimeter and/or BREB stations. The objective was to
calibrate an aerodynamic transport equation that related H to radiant surface temperature. The
transport equation was then used with Landsat thermal data to generate estimates of H and
compare these estimates against H values obtained with BREB/lysimeters at the time of
overflight.

Landsat and surface meteorologic data were used to estimate the radiation budget terms at
the surface. Landsat estimates of short-wave radiation reflected from the surface correlate well
with reflected radiation measured using inverted Eppley pyranometers. Correlation of net
radiation estimates determined from satellite data, pyranometer, air temperature, and vapor
pressure compared to net radiometer values obtained at time of overflight were excellent for a

single image, but decrease for multiple images.



Soil heat flux, Gy, is a major component of the energy balance in arid systems and Gp
generally decreases as vegetation cover increases. Normalized difference vegetation index
(NDVI) values generated from Landsat thermatic mapper data were representative of field
observations of the presence of green vegetation, but it was not possible to determine a single
relationship between NDVI and G for all sites.

Data collected at two vegetated sites were used to calibrate the resistance term of a H
transport equation for the two surface types. Data used to calibrate the equation were restricted
to approximate Landsat overflight time. Radiant temperature was measured with infrared
thermometers. This equation was then used with surface temperatures derived from Landsat
overflights to estimate H. The H density estimates were similar to H density values determined
at the time of overflight with BREB stations, but exhibited significant scatter.

Comparable evapotranspiration measurements were obtained with three independent
methods. These evapotranspiration data sets were then used to calibrate a sensible heat trans-
port equation with approximately the same amount of scatter as reported by other researchers.
The resultant equations were used with site-specific pixel values from three satellite scenes to
predict H. These satellite-derived estimates of H were similar in magnitude to the BREB
estimates but poorly correlated. This approach was not accurate enough to detect the differ-
ence between sites. This lack of sensitivity is in part caused by the highly variable soil heat
flux term. Soil heat flux could not be predicted from the available Landsat spectral bands.
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1.0 Introduction

The study of evapotranspiration (ET) from natural communities has become more impor-
tant during the past decade as concerns increase about the critical role of ET in diverse areas
including waste management, pollution, deforestation, and global climate change. The semi-
arid Hanford Site in southeastern Washington contains large areas of native vegetation with
extensive areas of hazardous and radioactive contamination. Assessing the effectiveness of
cleanup efforts designed to isolate buried waste material from the general environment must
include model simulation of water balance over time pericds ranging from decades to centur-
ies. The purpose of this research is to determine ET rates (a component of water balance
models) in major community types on the Hanford Site and determine if remotely sensed data
can be used to estimate sensible (heating of the air) and latent (evaporation of water) heat

fluxes from these same areas.

This dissertation reviews the ET measurement methods used at the Hanford Site, the
theory of sensible and latent heat transport, and the use of simplified equations in ET models.
The experimental sites are described and the results obtained from these sites are presented.
Evapotranspiration measurements from the sites are compared and best fit equations of sensi-

ble heat flux are developed and applied to a Landsat image.

The theoretical basis for ET processes are well defined. Measurement and modeling
studies have become routine in agricultural environments when describing a monoculture in
relatively uniform fields under ideal growing conditions. As we increase the measurement
scale and move away from these ideal conditions to model natural systems, the varia..on in
several important driving variables (e.g., temperature, radiation) and state variables (e.g.,

vegetation, soil type) increases rapidly.

Predictions of ET are further complicated by the presence of multiple plant species with
variable distributions and phenology. Incorporating all of the variability associated with all
environmental processes rapidly overwhelms highly mechanistic process-based models. As
the scale increases in both horizontal extent (regional- and global-scale atmospheric models,

and watershed models) and vertical depths (hazardous waste modeling), the ET algorithms
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become a small portion of the overall modeling effort and must be simplified to minimize
computation time. Many of the processes affecting ET may be filtered by the scale of the
simulation. For example, a watershed may have a north and south slope exposure with a
greatly different energy balance and ET, but it may be adequately represented by an average
value for the combined area. In such cases, stream outflow for the watershed provides an
area-integrated boundary-flux parameter that can be used for comparison. In semi-arid
regions, stream runoff may not occur and model validation efforts are usually focused on

direct measurement of energy fluxes in key plant communities.

Arid sites with thick persistent unsaturated soil zones are generally considered ideal for
shallow land burial of radioactive waste (Mercer et al. 1983). The Hanford Site is in a
semi-arid environment, has a thick persistent unsaturated soil zone, and is one of the largest

U.S. waste disposal sites both in terms of land area and waste inventory.

Evapotranspiration estimates are frequently used in water balance calculations to deter-
mine drainage of natural and disposal areas located on the Hanford Site. Drainage (or
recharge) at such sites is calculated as the difference between incoming precipitation and water
lost by ET (for one-dimensional simulations, it generally is assumed that there is no runoff
and negligible annual changes in net storage). Early predictions of water balance at the semi-
arid Hanford Site using numerical models assumed that each year’s accumulation of precipi-
tation was lost through ET (Brownell et al. 1975), and thus no water infiltrates into the waste
zone. In actual fact, accurate estimates of ET are not available, and the amount of yearly
precipitation not removed by ET and available to drain through waste sites at Hanford is
reported for only a few sites (Gee et al. 1992). However, calculations made in the Final
Environmental Impact Statement, Disposal of Hanford Defense High-Level, Transuranic and
Tank Waste, Hanford Site, Richland, Washington (DOE 1987) indicate that only a small
amount of water (<0.5 cm/yr over hundreds of years) can move through the waste without
potentially transporting radionuclides through the vadose zone and into the ground water.
Results of model simulations for a simple grass-covered community with a 3.5-m soil profile
that showed end-of-the-year storage values differing from measured values by 2.5 cm (Gee
and Kirkham 1984). Drainage estimates at this same site were 5 cm (estimated from below

rooting depth soil profile water content changes) and 3.5 cm (model simulations).



Deficiencies in modeling are caused in part by inadequate estimates of time-dependent ET
for specific soil/vegetation surfaces. Clearly, an improvement in water balance modeling is
needed, and the requirement to validate the modeled effects of a vegetation cover on water

balance requires that actual ET values be available to compare against model output.

Estimates of ET at the Hanford Site have been provided by neutron probe measurements
(i.e., water storage values usually semi-monthly) combined with precipitation records or by a
weighing lysimeter (box of soil whose weight is measured electronically over time). Water
flux either by precipitation or ET loss can be directly measured by weighing lysimeters.
Weighing lysimeters provide hourly measurements of water balance, but this may not be
representative of the natural environment over seasonal time periods because of truncated
rooting depth (Gee et al. 1991). This may not preclude the use of lysimeters for validation

studies over short time intervals.

The lysimeter measurements are compared with estimates of latent heat flux determined
with Bowen ratio energy balance (BREB) stations. The BREB stations measure the available
energy and partition it into sensible and latent heat fluxes. Accurate temporal assignment of
ET is critical when impacts associated with climatic change are being modeled or remotely

sensed data is used to scale ET measurements onto similar land surfaces.

Remote sensing is often presented as the tool of choice for estimating ET over large areas.
Estimates of latent heat flux for the Arid Lands Ecology Reserve (a portion of the Hanford
Site) have been reported by Gibbons et al. (1991). In that work, a linear relationship was
developed between lysimeter values of latent heat flux and an infrared thermometer viewing
the lysimeter surface (a simple relationship adopted from irrigated agriculture). Unfortu-
nately, as the growing season progresses, the surface temperature increases while ET is

decreasing as water becomes limiting.

A more mechanistically correct approach (the approach adopted in this work) is to predict
sensible heat flux directly from surface temperature (thermal band data). Then, develop
relationships between visible and thermal bands, and radiation and soil heat flux terms. Next,

determine latent heat flux as the residual term in the energy balance at the surface.




Only a few studies have been implemented at a large scale to acquire satellite imagery and
ground truth data simultaneously. These include FIFE in Kansas (FIFE Special Issue 1992),
HAPEX-MOBILHY in France (Andre et al. 1986), smaller studies in Owens Valley,
California (Smith et al. 1990, Kustas et al. 1989), MONSOON 90 in the San Pedro basin in
southern Arizona (Kustas et al. 1991), and BARFEX near Boardman, Oregon (Doran et al.
1992).

In estimating the energy balance of the earth’s surface at scales ranging from hundreds to
thousands of meters, remotely sensed data must be used. This data is most commonly a
surface temperature and possibly a vegetation index (determined by measuring the vegetation
absorbance of radiation in the visible red wavelengths as compared to increased reflectance of
near-infrared radiation). To close the energy balance at the surface, other energy fluxes such
as incoming long-wave (R ¢) and outgoing short-wave radiation (Rg*) must be estimated. In
arid environments, soil heat flux also becomes a significant component of the energy balance
equation and must also be estimated. Soil heat flux is not a constant fraction of net radiation
as assumed in many models. It changes significantly over the diurnal cycle (Kustas and
Daughtry 1990) and algorithms estimating total soil heat flux density (Gy) as a function of net
radiation (Ry) must be restricted in application to a certain time interval or sensitive to the

time of day.

For this investigation, the remote sensing data is limited to Landsat [other platforms lack
thermal infrared (IR) or the resolution necessary for realistic comparisons with field measured
energy fluxes]. This fixes the time of day of satellite data collection to approximately
1020 hours for the Hanford Site.




2.0 Research Approach

This research focuses on measuring ET at a semi-arid site using lysimeters and BREB
stations. The intent is to develop simplified sensible heat flux relationships that can be used
with remotely sensed data to predict surface energy fluxes. The low evaporation rates in this
arid environment make collection of Bowen ratio data difficult and the equipment is often
operating near the sensor noise level. Weighing lysimeters continue to function well at low
ET rates but encompass a relatively small area. Whether weighing lysimeter data adequately
represent the surrounding environment is assessed by examining the correlation in ET

estimates between water balance and lysimetry, and between lysimetry and the Bowen ratio.

For this study, I obtained ET data from five study areas on the Hanford Site. For several
of these study areas, data were gathered using at least two ET measurement methods during
the primary growing season. Standard linear regression techniques were used to establish the

relationships between similar measurements at different sites.

Selected data sets from a shrub-dominated and a grass-dominated site were used to set
parameters for a resistance-based sensible heat flux equation for use with a net radiation map
developed from a satellite image. Maps of short-wave reflectance and a qualitative estimate
of vegetation cover were also developed. The relationship of soil heat flux (Gy) density to net

radiation (Ry) is examined for each measurement site.

Specifically, to determine if remote sensing can be used to predict ET at the Hanford Site,
various estimates of components of the energy balance were validated or calibrated. The

terms estimated are as follows;

reflected short-wave radiation from satellite spectral data
net radiation as a function of short- and long-wave radiation components

soil heat flux as a function of satellite derive vegetation index or net radiation map

L

appropriate resistance values for use in sensible heat transport equations.



These steps were accomplished by collecting ET and energy balance information simul-
taneously with Landsat overpasses on 8-May-89 and 1-Jun-89. Additional, less complete data
sets spanning 1986 through 1990 were also used to indicate variability associated with some
of the satellite measurements. These data sets included water balance measurements with
lysimeters and neutron probes, energy balance measurements with Bowen ratio stations, and

spectral reflectance values obtained from Landsat.

Direct comparisons between satellite and ground truth measurements were limited because
of the 2-week interval between satellite overpasses, cloud cover on overflight days, and the
expense of the satellite data and associated ground truth measurements. Because of this
limited data set, statistical evaluations were limited to simple regression and ANOVA

analysis.

Also, it was necessary to determine if lysimeters, Bowen ratio, and water balance data
were comparable. Lysimeters provide a continuous record but because of their small size
may not be representative of the surrounding environment. Comparisons of latent heat flux
between the methods were reported. The soil heat flux density component of the energy
balance data collected on the Hanford Site was examined in conjunction with satellite-derived

estimates of a vegetation index to determine if a predictive relationship exists.




3.0 Evapotranspiration Measurement Methodology

This section briefly reviews the methods applicable to measuring ET. The components of
the near-surface environment and how various physical parameters affect ET are reviewed
first. Major topographical features of the measurement site include the low elevation cataclys-
mic flood deposits of sandy soil overlaying flood deposited rock as well as the high elevation
eolian soils overlying flood deposits and fractured basalt. The bunchgrass and sagebrush area
have sparse cover with extensive areas of bare soil or cryptogram cover between plants
(Figure 3.1). Water arrives at the surface as either rain or snow and in extremely rare cases
as overland flow. This surface water is either immediately lost by evaporation (sublimation in
the case of snow) or absorbed into the soil and surface litter. Evaporation of water from the
surface requires the input of energy; the major portion of this energy is received from solar
radiation, but small amounts come from energy stored in the soil and advection of warmer

(drier) air from adjacent areas.

Evaporation is commonly viewed as occurring in two stages. The first stage occurs when
the soil or vegetation surface is wet (i.e., after a rain shower) and is energy limited; the
second stage occurs as the soil surface dries, soil hydraulic conductivity decreases, and

evaporation becomes limited by soil properties.

Transpiration is controlled by both biotic and abiotic factors. Water is removed from the
soil by plant roots, transported by the plant vascular system to the leaves, and lost to the
atmosphere from stomatal openings in the leaves. The transport process is driven by the
vapor pressure gradients between the leaf and the atmosphere. This gradient is a complex
function of surface environmental variables (radiation, temperature, vapor density, wind
speed) and subsurface variables (soil water, root distribution, soil temperature). Biological
processes in the plant allow the rate at which water is lost to the atmosphere to be regulated to

varying degrees. This regulation usually occurs at the expense of growth.

Several excellent reviews of ET measurement methods were written in soil physics and
micro-climatology textbooks by Arya (1988); Campbell (1977); Hanks and Ashcroft (1980);
Rosenberg et al. (1983); and Monteith (1975). Also, several symposia and workshops have
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FIGURE 3.1. Cross Section of Typical Hanford Site Grass and Sagebrush Communities.



addressed ET methods including Sharma (1982), Allen et al. (1991), and FIFE Special Issue
(1992). The results of water balance studies at the Hanford Site using lysimetry and soil
profile storage from neutron probe measurements have been presented previously (Gee and
Kirkham 1984; Gee 1987; Gee et al. 1989; Jones 1989; Reece 1991). The measurement
methods discussed in detail in the previously mentioned soil physics and microclimatology text

are separated into two categories and reviewed in the following section.
3.1 Hydrologic Category
Most methods within this category are based on an accounting that keeps track of the

inventory uf the water within a defined control volume. This inventory is represented by the

following water balance equation

AS =P -ET -D - Ro 0y
where AS = change in soil water
P = precipitation
ET = evapotranspiration
D = drainage

Ro = runoff or runon to the control volume.

Generally, P is measured with a tipping bucket rain gauge, often at an official weather station
or airport which may be several miles from the site under study. When precipitation falls as
snow, the tipping bucket or weighing gauge should be heated. If a collection gauge is used, it
should have antifreeze in the collection cylinder. More accurate rainfall amounts can be

determined from weighing lysimeters if ET rates during the sampling interval remain low.

Soil water storage change can also be determined using lysimeters. Lysimeters are
commonly used to quantify the amount of water that is stored or lost from a volume of soil
(Howell 1957; Aboukhaled et al. 1982; Hillel 1982). Evaporation from a lysimeter may be
measured by observing water table fluctuations (Van Hylckama 1968), by monitoring weight



changes using pressure changes (Fritschen et al. 1977), by mechanical scales (Harrold and
Dreibelbis 1967), or by using strain-gage devices as a counterbalance or incorporated into
platform scales (Kirkham et al. 1984). Soil water storage can also be measured by destructive
soil sampling for gravimetric moisture or nondestructive nuclear methods discussed below.

An extensive review of existing lysimeters was reported by Marek et al. (1988) and Howell

et al. (1991). Criticism of lysimeters includes the limited areal surface, edge effects including
heat loss or gain through metal side walls, and preferential water flow at the side walls.

Also, the limited soil volume may limit rooting depth and water storage.

The neutron moisture probe is commonly used to measure soil moisture in lysimeters and
in natural environmental settings. In operation, the neutron probe emits fast neutrons that are
moderated (slowed down) by hydrogen atoms (Greacen 1981). These slow neutrons are then
counted. The major source of hydrogen in soils is in water; so, the measurement primarily
reflects water content. The required calibration removes secondary effects of pipe materials

(in case plastics are used), soil organic matter, and soil density.

Runoff for water balance studies at the Hanford Site is usually assumed to be negligible.
This may not be true during rapid snow melt into frozen soils on sloping surfaces (Gee and
Hillel 1988).

At larger scales, ET is often determined as the difference between precipitation and
catchment outflow. The Hanford Site does not have any catchments with surface drainage
offsite. Recently, the U.S. Geological Survey began measuring outflows in catchment basins
that terminate onsite. Seepage and overland flow contributions to catchment outflow do not
need to be separated to estimate ET for annual or seasonal periods. However, accurate
predictions of ET at daily time steps would require that the seepage and overland flow be

separable.
3.2 Surface Atmospheric Flux Measurement

Evapotranspiration can be measured using the BREB method, which combines atmos-

pheric transport equations for sensible and latent heat with the energy budget equation. These
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equations also form the basis of modeling ET discussed in Chapter 4.0. The energy budget

equation is

Ry-G-H-XE=0 @)

where Ry = net radiation (the difference between incoming and outgoing radiation)

G = soil heat flux
H = sensible heat flux
AE = latent heat flux.

The Bowen ratio method (Bowen 1926) was originally proposed for use over bodizs of
water (equation 3). The most commonly used BREB systems measure the air and ‘wet bulb
temperatures, net radiation, and soil heat flux. From these data, temperature and vapor
pressure gradients are converted to common energy units and used to partition available
energy (net radiation + soil heat flux) into sensible and latent heat fluxes. The Bowen ratio
(B) is defined as

pC,* K, = AT

—t 1 3)
N+ K, * 4p,

B = HAE =

This method has been used by several investigators to estimate ET in both agriculture and
natural environments ranging from forests to deserts (Fritschen and Simpson 1989). Funda-
mental to the method is the assumption that K, and K, turbulent exchange coefficients for
sensible and latent heat fluxs, are equal. The validity of this assumption may deteriorate in
arid environments such as the Hanford Site. Combining and rearranging equations 2 and 3

gives equation 4, which we use to predict the latent heat flux.

(1 +8)

Another problem pointed out by Angus and Watts (1984) is related to the accuracy of the
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air and wet bulb temperature gradient measurements. They indicate these temperature
gradients must be measured to 0.0013°C when the Bowen ratio is 10 to keep the error below
10%. This accuracy is not required on the actual temperature measurement, only on the
difference between the two measurements. Bowen ratio values less than 1 are typical for

moist climate and 10 or higher for a summer-time desert climate.
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4.0 Modeling Evapotranspiration

Evapotranspiration changes from a process primarily controlled by radiation and/or
atmospheric demand in wet climates to a process controlled by soil and/or plant factors in arid
climates. Whether the climate is wet or dry, determining the potential evapotranspiration
(PET) is a common starting point for most models. A range of models from empirical to
mechanistic are available to estimate PET. Several empirical methods exist relating PET or
ET to one or more environmental variables. Models based on air temperature include the
Thornthwaite, Blaney-Criddle, Hargreaves, and Linacre methods. Equations based on solar
radiation and combination equations that consider energy supply and turbulent transport of
water vapor are discussed in Rosenburg et al. (1983). Combination equations that include the
Penman (1948) equation for evaporation from a saturated surface and the Penman-Monteith
(Monteith 1963, 1964) equation for use when water is limited are used almost exclnsively in
models to determine PET. These equations are derived from gradient transport equations that
assume turbulent mixing approximates diffusion processes. If eddy transfer coefficients K,
K,, and K, for momentum, vapor, and heat, respectively, are known, these equations can be

used to determine the flux of each quantity. For example, sensible heat flux density is

represented as
T, - T
H = pC +K, 2! ®)
L~y
where p = density of air (kg m?)
C, = specific heat at constant pressure (J kg! K'!)

~
h

temperature (°C) measured at two heights.

The Penman equation is used to estimate PET and is developed by assuming a linear
approximation to the slope of the saturation vapor pressure curve, and the substitution of the
gradient transport equations for sensible and latent heat into the energy balance equation. For
wet surfaces, the following equation is used.
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eC, (B, - oy
SRN + [._d____).] (6)
APET = !

*

S +vy

where s = saturation vapor pressure curve slope

psychrometric constant times the r,/r, (resistance to vapor transport/resistance

<2
.
i

to sensible heat transport).

When both bare soil and plants are present, it may be necessary to partition PET into
potential transpiration and potential evaporation. Partitioning is usually achieved by multiply-
ing PET by some function of leaf area index (LAI). Evapotranspiration may also be modeled
by some form of the Penman-Monteith equation that will reduce ET as plant water potential
decreases in the leaf or soil. The modification of Penman’s equation by Monteith introduced
a resistance term that allows prediction of evaporation from non-wet surfaces. The revised
equation (equation 7) introduces a canopy, or soil resistance, r in addition to r,, the

aerodynamic resistance above the canopy.

AE = : ™

The use of this equation is still limited by the need to know aerodynamic and canopy
resistances. The General Purpose Simulation Model (Buttler and Riha 1989) uses the
Penman-Monteith equation to calculate plant and soil ET. Radiation is partitioned between
the vegetation and soil by the LAI value in a similar approach to modeling by Shuttleworth
and Wallace (1985). General Purpose Simulation Model also provides estimates of Ry, G,
LAI, growing degree days, and water balance estimates. Soil properties can be used to
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control the actual uptake of water by plant roots in each soil layer thereby limiting trans-
piration. Model results may be useful in filling in missing data and scaling bi-weekly values

to hourly or daily ET values.

For this investigation where the primary driving force is surface temperature measured by
satellite, we have the special case where z, is at the surface and the flux is more appropriately
represented in terms of a bulk transport equation incorporating a dimensionless heat transfer

coefficient.

H = - pC,CU*(T, - T,) ®)

where Cy = dimensionless heat transfer coefficient

<
i

mean wind speed at height z.

Recognizing that resistance to sensible heat transport (r,) is the inverse of CyU and often

assumed equal to r, leads to the common formulation of sensible heat flux as

®

The resistance formulation is useful when the path characteristics change (i.e., soil-root-shoot-

leaf-atmosphere) or when multiple paths exist (i.e., soil-root and soil-atmosphere).
The resistance terms in the ®enman-Montieth method or the bulk transport equation

can be expanded to include stability corrections (Hatfield et al. 1985). Specifically for

sensible heat transport, the resistance to heat transfer (sm™!) is
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zom -
- + In 7 ¥, *In - m (10)

where z = height at the top of the canopy
Z, = roughness length for the soil or canopy
dy = zero plane displacement height

¥, = stability correction function of heat

VY

stability correction function of momentum.
The terms v, and Y, were derived from Monin-Obukhov surface layer similarity theory.

This resistance approach has been modified for sparse canopies in several recent models
(Shuttleworth and Wallace 1985; Kustas 1990; Shuttieworth and Gurney 1990). Shuttleworth
and Gurney (1990) partition Ry, into soil and vegetation fractions based upon leaf area, and
then determine separate resistance terms for the soil and vegetation surfaces. This is useful if

separate measurements of canopy and soil temperatures are available.

Nichols (1992) applied this modeling approach to field measurements of energy budgets in
sparse greasewood (Sarcobatus spp.). He found r, for sensible heat flux on days when soil
evaporation was assumed zero to be highly correlated to wind speed. He also observed a
possible oasis effect for the individual shrubs. Ham and Heilman (1991) using the same
approach in sparse cotton found aerodynamic resistances within and above the canopy highly
variable and only partially explained by wind speed.

The term In(z,,/z,,) = kB! in equation 10 is included to account for the apparent source
or sink of heat being located at a lower level than the apparent sink for momentum. Kustas et
al. (1989) found Kb! = 5.6 in a sparse canopy located in Owens Valley, California. They
also found Kb'! was related to wind speed and surface temperature. Recent work by Kohsiek
et al. (1993) indicated success in predicting sensible heat flux in a semi-arid area of France

using Kb-! = 9.2 provided the surface temperature was known to within 2°C.
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5.0 Remote Sensing Methods

Two areas of application of remotely sensed data are

1. adirect estimate H or E, or parameters (i.e., net radiation, soil heat flux and amount of

vegetation) used with aerodynamic transport equations to predict H and E

2. a classification of geographical areas into regions with similar characteristics to assign a
point source measurement of ET taken within the region to all of the pixels of the image
with similar characteristics. These characteristics include elevation, slope, aspect, vegeta-
tion type and cover, soil type, and incident radiation. Classification of the Hanford Site
using remotely sensed data is being addressed in other investigations and is not considered
here. Choudhury (1991) provides an excellent overview of the use of multispectral satel-

lite data for estimating land surface energy balance.

The aerodynamic transport equations are often simplified for use with remotely sensed
data. In wet environments, it may be possible to directly predict latent heat flux using sim-
plifying assumptions. For example, turbulent transport equations describing latent heat flux
can be simplified when information on the vapor pressure gradient (e, - e,) and resistance to
vapor transport (r,) are not available. Assume e, and e, are primarily a function of surface
temperature (T,) and air temperature (T,), respectively. Also assume pC, to be constant. The
resistance to vapor transport although dependent on wind speed is also assumed to be
constant. A simplified equation (equation 11) results that relates latent heat flux to temper-

ature difference and some statistically derived coefficients.

E =Cy+Cy2(, - T) ()

Because T, is a function of incoming radiation and T, is both a function of T, through con-
vective heating and the total energy stored within the local environment, the equation is often
simplified even further to
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E=Cy+C =T, (12)

with Cg and C, being determined from statistical analysis of data sets. Using the diurnal
temperature cycle as an analogue to daily temperature variations, and a regression of lysimeter

weight loss against temperature, Gibbons et al. (1991) presents

LAI
e (]

where T, is determined from Landsat data, and LAI is a fraction of the normalized difference
vegetation index (NDVI) until NDVI reaches 0.35 at which point LAI is set to a constant
value of 0.32.

These simple equations are not suitable for the Hanford Site where resistance to vapor
flow varies considerably because of stomatal control at the leaf surface, and soil conductivity

decreases (or resistance increases) rapidly as the surface dries.

Estimating sensible heat transport through simple equations is not compounded by changes
in the stomatal resistance or the soil surface resistance as found in latent heat transport. This
equation combined with the energy balance equation and estimates or measurements of Ry and
G provides the framework for predicting ET from remotely sensed data. Similar attempts to
simplify the sensible heat transport equation are evident in the literature. As before, pC/r, is
assumed constant resulting in a simple equation (equation 14) as proposed by Jackson et al.

(1977).

E-Ry=064%(T, - T) (14)
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where E and Ry are expressed in millimeters of water per day. A similar linear relationship

(equation 15) was proposed for sensible heat flux by Brunel (1989).

H = -13.6 + 17.1%(T, - T,) (15)

Holwill and Stewart (1992) measure sensible heat transport (H), air, and surface tempera-
ture at one FIFE site to determine a transfer coefficient (equivalent to equation 13). This
transfer coefficient is then used with surface temperatures obtained from aircraft-mounted scan-
ners to predict sensible heat flux on a portion of the FIFE site. Hall et al. (1992) reports
little success in predicting H from remotely sensed surface temperatures using equations in the
form of 9 and 10.

To determine ET through completion of the energy balance equation, remotely sensed
data must provide estimates of Ry, Gy, and H. An indicator of vegetation amount, such as
the NDVI [NDVI = (Near IR-Red)/(Near IR+ Red)}, proposed by Rouse et al. (1974) can be
used to scale soil heat flux arnd assign resistance values. Jackson et al. (1983) compared sev-
eral vegetation indices and indicated that NDVI was the more sensitive index at low vegeta-
tion amounts. The NDVI calculations can be performed on raw digital numbers (DN), DNs
minus atmospheric background determined from river or shaded areas, or from Dns converted
to atmospherically corrected radiances. It is often not clear in the literature exactly which
values are used to calculate NDVI making it difficult to compare values between investigation.
A limited data set relating NDVI and LAI for the Hanford Site was prescnted by Gibbons et
al. (1991). For the 8-May-89 image, they report LAls of 0.21 and 0.36, and NDVIs of 0.2
and 0.35 (determined from atmospherically corrected radiances) for the bunchgrass and
sagebrush sites, respectively (estimated from a report figure).

19




The calculation of net radiation follows the procedure described by Jackson et al. (1985).

Net radiation is described as

where Rg, = incoming short-wave radiation

Rgy = outgoing short-wave radiation

e, = effective sky emissivity

o = Stefan Boltzmann constant
T, = air temperature (°K)

¢, = surface emissivity

T, = surface temperature (°K)

€,0T,*

I

long-wave radiation down (Rp_¥).

Direct measurements of this term (e,0T,*) are seldom available, but it can be predicted using

air temperature and vapor pressure as proposed by Brutsaert (1982). See equation 17.

Rpd = ¢ %[0 (Air,, +273)'] an

where ¢ = Stefan-Boltzmann constant (5.6697*10"2 W cm? °K*#). Atmospheric emissivity is
determined using the formula presented by Brutsaert (1975).

€, = 1.24 % (vp/T ' (18)

Values for T,; and vapor pressure (vp) are determined from BREB station sensors.

Also required for solution of the energy balance equation is an estimate of soil heat flux.

Several empirical models of soil heat flux have been proposed. These models include
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G/Ry = 0.583 x ¢ “213NDV (19)

by Moran et al. (1989),

G = 0.4 xexp(-0.5 x LAI) xRy (20)

by Choudhury et al. (1987), and

G/Ry = 0.294 - 0.0164 x NDVI 21

by Kustas and Daughtry (1990).

The ratio of G/Ry changes significantly in agricultural crops where vegetation cover
changes from 0 to full cover (Oliver et al. 1987). They also observed that in a short grass site
the ratio changes 5 to 10% depending on prevailing weather and soil conditions. This rela-
tionship was created over a developing wheat canopy, but G was determined as a residual in
the energy balance equation rather than measured directly. Fuchs and Hadas (1972) found the
G/Ry ratio to be 0.34 in a bare loess soil. Camuffo and Bernardi (1982) recognize the
diurnal cycle associated with Ry and propose that

Gy = a,*Ry(®) + azg Ry(t) + 2 @2)

This cycle is quite evident when plotting soil heat flux against net radiation; this emphasized
the need to develop G/Ry, ratio for specific time of the day corresponding to overflights
(Landsat at 1100 hours). Alternatively, the time-based G equation could be used to adjust
the relationships to other times of the day as might be required for satellite with non-uniform

overpass times.
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6.0 Experimental Design and Test Methods

6.1 Hanford Site Geology and Climate

The Hanford Site is located in southeastern Washington, with an areal extent of 1450 km?
located from latitude 46° 18 N to 49° 49° N and longitude 119° 17° W to 119° 52" W.
Geological features in the area consist of large flat areas with monoclinal escarpments and
tilted basalt outcrops. Altitude ranges from a high of 1093 m at the top of Rattlesnake
Mountain to a low of 92 m at the Columbia River. A summary of geologic history can be
found in Chatters (1989).

The Hanford Site is primarily a shrub-steppe grassland. This class is the largest of the
grassland classes and covers 644,716 km? in the western United States. Disturbances such as
grazing in the 1800s, farming before 1943, and large-scale construction activities have
allowed cheatgrass (Bromus tectorum) to become the dominant grass in the lower elevations.
The silt loam soils are found on the slope and at the base of Rattlesnake Mountain, part of
which is located in the Arid Lands Ecology Reserve. The reserve is a 33,500-hectare area set
aside in 1967 by the U.S. Atomic Energy Commission for preservation and ecological
research. The flat lower elevation areas of the Hanford Site contain soils classed as sandy
loams and sands. The average annual rainfall is 15.2 cm, with precipitation occurring
primarily in the cool season months. The Arid Lands Ecology Reserve, its climate, soils,

water balance, plants, and animals are described in detail in Rickard et al. (1988).

The Hanford Meteorological Station (HMS) is situated on the Hanford Site approximately
40 km northwest of Richland, Washington. The HMS elevation is 223 m above mean sea
level (msl) at latitude 46° 34 and longitude 119° 36°. Meteorological data collected at the
site from 1946 to 1980 are summarized in Stone et al. (1983). More recent data are obtained
from the HMS directly from computer files. Variables measured include air and soil tempera-
tures at multiple heights and depths, wind speed at multiple heights, solar radiation, and pre-
cipitation. Total precipitation for 1986 was 18.0 cm (normal = 15.8 cm), and the average
temperature was above normal. The year 1987 was one of the warmest with 10 months

warmer than normal. The maximum temperature of 38.9°C (102°F) on May 8, 1987, was
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the hottest temperature ever recorded so early in the year. Precipitation for 1987 was

12.9 em. The year 1988 was warmer than normal and the second driest year on record with
precipitation of 10.6 cm. The year 1989 was also warmer than normal. The spring months
of March, April, and May were much wetter than normal with 7.6 cm or 227% of normal
precipitation. Total precipitation for 1989 was 17.57 cm. The average temperature in 1990
was also above normal but precipitation was only 12.9 cm, 81% of normal.

As previously described, considerable variation exists between observation years. Grow-
ing degree days is an indicator of the plant’s growth and development; in Figure 6.1a, 1986 is
shown to have an early growth season and 1989, delayed growing season. The growing
degree day was calculated with a base temperature of 10°C. In arid environments, the
amount of vegetation growth is not only controlled by temperature but by available moisture
including precipitation and stored soil moisture. Total soil profile moisture for the study

years is shown in Figure 6.1b.

6.2 Study Areas

The relative locations of the field sites are shown on the 8-May-89 Landsat image in
Figure 6.2. Three key features visible in the Landsat image approximate the boundary of the
Hanford Site; these are the Columbia River crossing the upper (north) and right sides (east),
Rattlesnake Mountain at the bottom (south), and irrigated and dryland agriculture on all sides.
Site abbreviations, elevations, and type of water balance measurement made at each site are
listed-in Table VI.1.

6.2.1 Arid Lands Ecology Reserve Lysimeter and Water Balance Plots. An extensive ET
measurement site has been developed in a shrub-steppe community at the 300-m elevation on
the southeast slope of Rattlesnake Mountain located on the Arid Lands Ecology Reserve.
Vegetaticn at this site is primarily big sagebrush (Artemisia tridentata), bluebunch wheatgrass
(Agropyron spicatum), and Sandberg’s bluegrass (Poa sandbergii) (secunda). Two areas are
being studied, both with natural vegetation (see Figure 3.1). A range fire in 1984 removed
the sagebrush from one area. These two study sites are referred to as the sagebrush and

bunchgrass sites, respectively. Continuous measurements of ET are made with monolith

24




(@

3000

20007
Growing
Degree
Days

10007

200

(®)

25
Soil 207 1+ —0O— 86
Water —O0— 87
Profile R, N 88
Storage --g--- 89
(cm) 157 4+ —O-- 90

1 t t ¢ t t - —

0 50 100 150 200 250 300 350 400

Day of Year (1986-1990)

FIGURE 6.1. a) Growing Degree Days for 1986 to 1990, b) Soil Profile Moisture
at the G300 Site for 1986 to 1990.

weighing lysimeters. Water balance measurements are made using a neutron moisture probe
every three weeks, and BREB measurements are made during the spring and early summer
months. Eight access tubes were randomly installed at each site. Neutron moisture probe
measurements are taken at 30, 45, 125, 175, 225, and 275 cm in each access tube. Soils are
classified as mesic Xerollic Camborthids with texture in the upper layers predominantly silt

loams and loams.
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TABLE VI.1. Evapotranspiration Measurement Methods Used at Six Locations
on the Hanford Site.

27

Buried Field
Waste Lysimeter
Test Lower | Upper Test
Grass 300| Facility | Bunchgrass |Sagebrush| Snively | Snively | Facility
Year (G300) | BWTEF) (AC) (AB) LS) (Us) (FLTF)
1986 NP NP NP NP
Lysim
1987 NP NP NP NP
Lysim Lysim Lysim
1988 NP NP NP NP
Lysim Lysim Lysm
| IR IR
1989 NP NP NP NP BREB | BREB | Lysim
BREB Lysim BREB BREB limited
Lysim Lysim
1990 NP Lysim Lysim Lysim Lysim
Elevation 100 100 300 300 300 480 180
(m)
BREB = Bowen ratio energy balance.
IR = Infrared sensor.
Lysim = Lysimeter.
NP = Neutron probe.
W



Within each study area, a lysimeter facility was constructed in 1986. Each facility
consists of two weighing lysimeters containing undisturbed monoliths of local soil and
vegetation. Each lysimeter has dimensions of 153 by 153 by 153 cm and rests on a 9080 kg
platform scale. One neutron probe access well is located in each lysimeter for soil water
profile measurement. Micro-meteorological instruments and the platform scale under the
lysimeter are read at 10-second intervals using data logging systems and hourly averages
recorded and transmitted via radio to the laboratory. At each site, an IR temperature sensor
(15° field of view) mounted on the top of a 1.4-m pipe was pointed down at the surface of
one of the lysimeters. Bowen ratio data has been collected at this site during two growing

seasons.

6.2.2 Grass 300 (G300) Site. The Grass 300 (G300) site is located in a slight depression
with northeast-southwest orientation. The site is ~ 150 m wide by 300 m long. The
vegetation is composed of cool season grasses: cheatgrass (Bromus tectorum) and Sandberg’s
bluegrass, with canopy-cover values of 35% and 27%, respectively. The growth of both
grasses is confined to late fall and early spring. The soil, a Typic Torripsamment (Hajek
1966), is well drained and nearly uniform to a depth of 3.5 m. The top 0.6 m contains 79%
sand, 17% silt, and 4% clay and is classed as a loamy sand. From 0.6 to 3.5 m, the soil
contains 92% sand, 5% silt, and 3% clay and is classed as a sand. A rock/gravel layer lies
below the 3.5-m depth. The rock/gravel layer is estimated to be several meters thick from

observations of excavations at adjacent sites. The water table is near 10 m.

Water balance data at the site are collected by recording precipitation events; monitoring
other meteorological variables, including air temperature, humidity, and wind speed; meas-
uring the soil profile water content; and measuring ET losses from weighing lysimeters at the
Buried Waste Test Facility site. The Buried Waste Test Facility site is ~5 km north of the
G300 site. For two growing seasons, a Bowen ratio station has been operated at the G300
site.

6.2.3 Buried Waste Test Facility. The Buried Waste Test Facility was constructed in 1978
(Phillips et al. 1979). Of interest at this facility are two weighing lysimeters back filled with

sandy soil. One has a bare surface (NWL); the other has a cheatgrass vegetation cover
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(SWL). These weighing lysimeters are different from all other weighing lysimeters discussed
in this document, because drainage occurs at the bottom. Drainage occurs because the coarse
sandy soil was used to backfill the lysimeters. Data from this lysimeter complex has been
used for model validation (bare soil) of UNSAT-H (Fayer and Gee 1985). A Bowen ratio
station was operated at this site for a 1-month interval during 1987.

6.2.4 Field Lysimeter Test Facility. The Field Lysimeter Test Facility was built during
1987 near the HMS, to evaluate the effectiveness of barrier systems in limiting water infil-
tration (Kirkham et al. 1987). The facility contains 14 drainage lysimeters and 4 weighing
lysimeters. An "as-built" document is available that provides detailed information on con-
struction, instrumentation, and backfill soil properties (Gee et al. 1989). The texture of the
lysimeter backfill soil is a silt-loam as compared to the natural fine sands found in the sur-
rounding area; both soils have coarse gravels beginning at approximately 1to 1.5 m. Two
treatments are of particular interest to this work. Both receive natural rainfall; one has
vegetation and the other has a bare soil surface. The treatments are located on weighing
lysimeters, which will be described in detail in the next section. A Bowen ratio station was
operated intermittently near this site during the growing season of 1989 and is referred to in
plots with a site label of F_89.

6.3 Lysimeter Design

The lysimeters are a box-within-a-box. The outer box serves as a retaining wall for the
surrounding soil and as a level base for a scale (Weigh-tronix, 9080-kg capacity). Four
torsional "weighbars" (strain gauges) are used as the load-sensing element. These "weigh
bars" are hermetically sealed and are wired in a bridge network with a sensitivity of 2-mV
output signal per volt input at full load or 9090 kg. The scale is measured as a six-wire
bridge with two wires for excitation, two for line resistance, and two for voltage output, with
a sensitivity of 2-Mv output signal per volt input at full load. The resolution of the scales
with signal averaging approaches 50 g or 14 W/m? under ideal calm wind conditions. All of
the weighing lysimeters mentioned in the document follow the design of Kirkham et al.
(1984).
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The inner boxes have a top surface area of 1.5 by 1.5 m and range between 1.4 to 1.6 m
in depth. Each inner box rests on a platform scale. The inner boxes of the last eight weigh-
ing lysimeters installed have sufficient structural integrity to be removed fully loaded if servic-
ing of the platform scale is required. Spacing between the inner and outer boxes ranges
between S and 15 cm, but in all cases is reduced to less than 1 cm by metal flanges at the
surface. This spacing can be a source of error because too large an opening allows wind-
blown material to be deposited adjacent to the scales. If the spacing is too narrow, the scale
may "hang" because of differential thermal expansion of boxes, snow or ice bridging, or
binding by sand and gravel particl. .. Elastic and packaging tapes were tested as coverings for
the gap between inner and outer boxes, but these materials induce a variable loading force in
response to surface temperature cycling, which is detected as a mass change. To date, only
one lysimeter, located in a bare sandy soil area, has been removed because of excessive
buildup of wind-blown soil in the bottom of the lysimeter next to the scales. The location of

the lysimeters is shown in Figure 6.2.

6.4 Bowen Ratio

The BREB stations consist of two aspirated psychrometers mounted on an exchange
mechanism. Both the exchanger and the aspiration fan use 12-volt motors. The switchable
5-volt logic produced by the data logger is used to actuate 12-volt relays and turn on the
motors. Each psychrometer consists of a reservoir with the water level controlled by a float,
two thermocouple temperature sensors, and two cylindrical radiation shields. The reservoir
maintains a 1- to 2-cm head of water inside a ceramic wick surrounding one of the thermo-
couples. Water evaporates from the ceramic wick, cooling the wick to the wet bulb tempera-
ture. This temperature is measured by a thermocouple inside the wick. Air temperature is
measured with a thermocouple, centered inside the inner radiation shield. Air is drawn con-
tinuously through the radiation shields to maintain the inner shield at air temperature, thus

minimizing radiative energy flux to the thermocouple, and to the ceramic wick.

The Bowen ratio stations are similar in design to those described by Fritschen and
Simpson (1982). Modifications include the use of thermocouples instead of platinum resis-

tance elements for temperature measurement and the use of Campbell Scientific Inc. data
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loggers (models CR-21X and CR-7). A CR-7 data logger operates at the G300 site year
round, collecting hourly averages of soil and air temperatures and several other environmental
variables. The program was modified during the spring to activate the Bowen ratio exchange

mechanism and record data from additional sensors every 15 min.

The energy flux density (W/m?) is measured with horizontal sensors as follows: Ry with
net radiometers of the Fritschen design from Micromet Inc. and Radiation Energy Budget
Systems (REBS) model (Q3); Rg with Eppley precision pyranometers; and soil heat flux (G)
with soil heat flux plates (HFT-1 and -2) from REBS Inc. In 1987 and 1988, Rt was
determined from an Everest IR sensor pointed approximately 15° off vertical in a southsouth

west direction at the bunchgrass and sagebrush sites.

6.5 Satellite Data

Six Landsat scenes are available coinciding with ET measurements either from BREB
stations or lysimeters. They were acquired 8-May-86, 11-May-87, 8-May-89, 1-Jun-89,
28-Feb-90, and 1-Apr-90 from path row 44/28. All scenes were collected with Landsat 5
except for 8-May-89 scene collected with Landsat 4. These images were obtained from the
Earth Observation Satellite Company. The gains and offsets for the visible bands on each
satellite are nearly identical and Table V1.2 contains the gains and offsets used with all scenes.
The quadrant 1 centers vary slightly about values of 46.48 latitude and -119.75 longitude.

The 8-May-89 image data is corrected for atmospheric conditions with the LOWTRAN 6 code
(Kneizys et al. 1983), using local radiosonde data and ground-based thermal measurements
(Gibbons et al. 1990). A subset of pixels with dimensions of 1361 by 600 (41 by 18 km) was
selected from the 8-May-89 image. Identical coverage areas were selected from the remaining
images by minimizing the differences apparent when subtracting the 8-May-89 image from
each of the other images. A false color IR image is simulated using bands 4, 3, and 2 for
each date, displayed as red, green, and blue, respectively in Figure 6.3. The image dates
proceed left to right starting with 8-May-86 in the upper left and 1-Apr-90 in the lower right.
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TABLE VI.2. Gains and Offsets for Landsat TM Bands 1 Through 7.

Landsat 4 and 5 [ mW/em?® st um ]
TM Band | Wavelength (um) Gain Band
1 0.45 t0 0.52 0.060235 -0.15
2 0.52 to 0.60 0.11749 -0.28024
3 0.63 to 0.69 0.08059 -0.120289
4 0.76 to 0.90 0.08145 -0.150397
5 1.55t0 1.75 0.01081 -0.037037
6 10.4 to 12.5 0.0056322® | +0.1238®
7 2.08 to 2.35 0.005697 -0.0148
(a) Proposed by Markham and Barker (1986).
|L===_=====____,

This presents the information in chronological order. This same order continues in subse-
quent multi-image figures except where noted otherwise. Limited ground truth and atmos-

pheric data are available to perform atmospheric corrections (Table VI1.3).

The increased reflectance of the near IR (band 4) by vegetation appears as a more intense
red color in both Figures 6.2 and 6.3. In general, the amount of vegetation increases with
elevation as does precipitation. Elevation is shown in Figure 6.4 as both a colored relief and
as an extract of U.S. Geological Survey 7.5 min., Snively Basin, Washington quadrangle near
the 350-m contour of Rattlesnake Ridge encompassing the bunchgrass (b), sagebrush (c), and
Lower Snively (d) field sites used in this project. Site slopes are less than 5% as determined
from the U.S. Geological Survey map.
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FIGURE 6.3. Simulated False Color IR for Landsat Subscenes of the Hanford Site, a) 8-May-86, b) 11-May-87, c) 8-May-89,
d) 1-June-89, €) 28-Feb-90, f) 1-Apr-90.




TABLE VI.3. Atmospheric Corrections and Columbia River Temperatures
for Six Landsat Overpasses.

Columbia River®

Image Source Atmospheric Corrections Temperature

Image Date | Path/Row 044/028 | Transmittance | Radiance O
8-May-86 T™S 0.855@ 0.092® 9.5
11-May-87 T™S 0.87® 0.09® 11.4
8-May-89 T™M4 0.832@ 0.106® 11
1-Jun-89 T™S 0.89®™ 0.09® 13
28-Feb-89 TM5 0.86®™ 0.09® 4
1-Apr-90 T™S5 0.89® 0.09® 6.5

(a) Lowtrans 6 results provided by with Guy McWethy, Technical Specialist,
Pacific Northwest Laboratory.
(b) Values of transmittance and radiance were adjusted until temperature estimated
from river pixels matched reported river temperatures.
(c) EarthInfo Inc. 1992.
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7.0 Results

Before developing maps of the energy balance components for the Hanford Site, it is
important to determine if the measurement methods, neutron probe, lysimetry, and BREB,
that inherently make measurements at different scales provide similar results. Additionally,
before using remotely sensed estimates of sensible heat flux, the mathematical relationships
describing net radiation, soil heat flux, and sensible heat flux as functions of Rg¢, R; %, or
NDVI must be validated for the semi-arid site. Data collected 1986 and 1990 have been used
to check energy flux measurement methodology and to calibrate a sensible heat transport
equation for use with satellite data from the same time period. The results are presented in
order as follows, method comparison, equation calibration, and comparison of predicted and

measured values of sensible heat flux density.

The following sections will show that the lysimeters are highly correlated with both
neutron prdbe and BREB results. Then, the BREB energy flux measurements (Ry and Rgt)
are shown to be in good agreement with Landsat-based estimates of the same quantities. The
satellite estimates of energy balance require an estimate of soil heat flux density, and data
collected during four Landsat overflights indicate that the use of a single equation (equa-
tion 16 or 18) does not effectively predict G as a function of NDVI. To continue the analy-
sis, measured values of Gy at the time of satellite overflight are used. Calibration of the
sensible heat flux equation requires surface temperature measurements that are only available
in 1988. The BREB data is intermittent during 1988; hence, lysimeter data is used in place of
BREB latent heat flux estimates.

The combined BREB and lysimeter data are used with the energy budget equation
(equation 2), sensible heat flux equation (equation 9), and two forms of the aerodynamic
resistance equation (equation 10) to determine suitable values of canopy height (h) and a value
for the kB! term appropriate for grass- and sagebrush-covered areas of the Hanford Site.
Finally, measured values of sensible heat flux at the time of Landsat overpasses are compared

with Landsat-based estimates.
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7.1 Direct Measurements of Energy Balance Components

Lysimeters generally provide continuous data, a significant attraction, but because the
volume of the lysimeter is small, the data may not be representative of the surrounding
environment. A detailed continuous record of lysimeter weight change or water balance has
been obtained from the Hanford lysimeters. The semi-arid Hanford Site water balance is
characterized by an annual cycle of winter precipitation accumulation and spring-summer ET
loss. This annual cycle is apparent in all Hanford weighing lysimeters (Figure 7.1). The
water loss curves for each lysimeter are set to 0 cm of water on 15-Aug-90 to facilitate
comparison between lysimeters of different total weight. The SWL lysimeter shows the
greatest change in storage because 1.0 cm of drainage was removed primarily during the
spring of 1989. The Arid Lands Ecology Reserve lysimeters received supplemental moisture
to maintain plant vitality during construction, resulting in increased water loss during the
spring and summer of 1987. Thus, lysimeter data from 1987 is limited to providing an upper

limit of latent energy loss or conversely a lower limit of sensible heat flux.

Determining whether lysimeter data can be used to estimate actual water loss from a soil-
plant system is best answered by examining the performance of the lysimeters at two temporal
scales against two independent estimates of latent heat flux. Estimates of daily latent heat flux
density by (1) the sum of rainfall and monthly changes in soil moisture storage (monthly
neutron probe data) or (2) the sum of rainfall and weight changes (midnight weighing lysime-
ter values) are in good agreement in 1989 (Table VII.1). A least-squares regression applied
to these data sets yields regression coefficients of 0.96 and 0.88 with R? of 0.93 and 0.94 for

the bunchgrass and sagebrush, respectively.

Also, hourly measurements of latent heat flux obtained from the BREB and lysimeters can
be compared. Comparable data sets for three days in 1988 for bunchgrass and sagebrush are
shown in Figures 7.2 and 7.3, respectively. The BREB 15-min values have been averaged
and are reported as hourly values to coincide with hourly lysimeter values. The least-squares
regression coefficient is 0.94 between the average of the two bunchgrass lysimeters and BREB
data, with a correlation of R? = 0.74. The least-squares regression coefficient is 0.89

between the average of the two sagebrush lysimeters and the BREB, with a correlation of
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TABLE VII.1. Average Daily Latent Heat Flux Determined from Weighing Lysimeters

and Neutron Moisture Probes for the Bunchgrass and Sagebrush Sites.

o [Somge] | | Kane [EPGm ]

torage | Change | Interval | Rain | Storage | Neutron (cm)
Date (cm) (cm) (Days) (cm) (cm) Probe

Bl 23-Mar-89 | 28.46

: 25-Apr-89 | 2633 | 2.13 33 0.89 | 3.02 0.10 0.13

cfl 25-May-89 | 24.64 | 1.69 30 396 | 5.65 0.18 0.18 |

2 29-Jun-89 | 23.40 | 1.25 35 042 | 167 0.05 0.05

rl| 28-Jul-89 | 22.94 | 0.46 29 0.05| 0.57 0.02 0.02

“-: 28-Aug-89 | 22.60 | 0.34 31 048 | 0.82 0.03 0.03

s|| 26-Sep-89 | 22.44 | 0.16 29 023 | 0.39 0.02 0.02
Totals 0.40 0.43

s] 23-Mar-89 | 28.55

* 25-Apr-89 | 25.60 | 2.95 33 0.89 | 3.84 0.12 0.14 “

i LZS-May-89 2374 | 1.86 30 396 | 5.82 0.19 0.16

bl 29-Jun-89 | 22.55 | 1.19 35 | 042] 1.6l 005 [ o004 |

:“ 28-Jul-89 | 21.97 | 0.58 29 0.05| 0.63 0.02 0.02

s{ 28-Aug-89 | 2159 | 0.37 31 048 | 0.85 0.03 0.03-

h“ 26-Sep-89 | 21.54 | 0.05 29 023 0.28 0.01 0.02
Totals 0.42 0.41

(a) ET = Evapotranspiration
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R? = 0.81. At both sites, the BREB slightly underestimates the lysimeters (a net radiometer
error explains part of this difference, see Section 7.2.4). Much of the measurement variabil-
ity occurs during periods of lower energy flux. Hourly data sets from 1989 depicting the

good correlation between lysimeters and BREB are also shown in Section 7.5.

These two measurement systems are in good agreement and either system can be used to

estimate surface energy fluxes for comparison with satellite overflights.

7.2 Remote Estimates of Radiation Terms

The raw satellite DNs are converted to spectral radiance values then corrections are
applied for sun angle, atmospheric transmission, and atmospheric irradiance. The complete
set of equations used for these conversions are in Appendix B. Finally, the values are

reported as irradiances with units of watts per square meter (W/m?),

7.2.1 Remote Estimates of Rgt. The radiation measured by the six visible radiation bands
is only a fraction of the total visible radiation reflected from the surface. Therefore, a multi-
plication factor of 2.54 was required to scale the summed Landsat visible bands to a value
equivalent to the measured Rg, from the inverted Eppley pyranometers. This multiplication
factor is larger than the factor of 2 reported by Jackson (1984). This is because the eight-
band Barnes multi-modular radiometer used by Jackson had one more band in the visible
range than is available in the Landsat data. As suggested by Jackson (1984), band 1 (high

background from atmospheric scatter) was removed from the summation.

The 8-May-89 and 1-Jun-89 estimates of short-wave radiation reflected from the surface
correlate well (R? = 0.77) with reflected radiation estimated using inverted Eppley pyranome-
ters (Figure 7.4). Values for Rg* are calculated for the entire set of images using the 8-May-
89 atmospheric correction (minor differences introduced by changes in atmospheric transmit-
tance would not be visible in these color-scaled images) with the results shown in Figure 7.5.
In all images, the bare soil associated with the sand dunes has the highest values of Rg*.
Figure 7.5e is darker blue, as expected, because of low sun angle with most of the Rg*

values below 60 W/m? in late February. The I-Jun-89 image also indicates more reflectance
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than the 8-May-89 image, consistent with the vegetation senescence. The mean and variance
for each image is contained in Table VII.2. The difference in mean reflectance between the
three May images can be explained by climatic conditions: 8-May-86 (warm and wet) has
low Rgt, 11-May-87 (hot and dry) has the highest Rg*, and 8-May-89 (warm and wet) has
the lowest Rg?. The growing degree day value was higher for 11-May-87 (Figure 6.1) and
the mean NDVI for the G300 site (Figure 7.17) was lower, both indicating early plant

senescence.

TABLE VII.2. Image Means and Variances of Reflected Short-Wave,
Long-Wave, and Net Radiation.

5]

Rgt R ¢ Ry "
Date

Mean | s Mean | s* | Mean | s

8-May-86 139 | 26

11-May-87 150 | 25

8-May-89 129 | 22 | 592 44 | 423 54

1-Jun-89 139 | 23 | 597 40 | 460 52

28-Feb-90 71 | 14

1-Apr-90 105 | 17

I _

7.2.2 Remote Estimates of Ry . Long-wave radiation leaving the surface is estimated from
the thermal (band 6) of Landsat. Band 6 measures radiation in the 10.4- to 12.5-um wave-
length interval. These values are reported either as R, * or as surface temperature using the
Stefan-Boltzmann law. The calculation of R; t from band 6 DN values is in Appendix B.
Direct measures of R; t are not available for this data s<_; therefore, the goodness of fit of

this data set is evaluated indirectly by the goodness of fit of the Ry data.
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Estimates of Ry * for five Landsat images consistently show lower values at higher
elevations and over water or irrigated surfaces (Figure 7.6). The mean and variance of Ry %
for each image is found in Table VII.2. The Landsat image uses a 120 by 120 m pixel size
for the thermal band, which is about the same distance as that found between erosional fea-
tures near the Arid Lands Ecology Reserve lysimeters. The limited thermal resolution of
Landsat relative to the study sites is apparent in Figure 7.7 where a subset of both an
11-May-87 Landsat image (inset) and a subset of a high resolution aircraft thermal band
image acquired 10-May-87 at 1330 hours of a small area left (east) of the highlighted roads
are presented.® The ephemeral stream beds are rocky, with sparse vegetation, 2 m below
grade, and as indicated by the Daedalus scanner have a surface temperature about 5°C higher
than the surrounding bunchgrass areas. The pixel size in the aircraft data is approximately
1 m at the left edge with the x-axis increasing to the right. Near the center-bottom of the
image, a faint oval is visible corresponding to the vehicle turnaround. Just below the turn-
around, the cool spots represent the lysimeters and a large solar panel array. The 1000 and
1100 hours (24-hour clock) values for surface temperature (IR thermometer) of the lysimeter
are 47.7 and 49.1°C. The 1000 and 1100 hours values from the 1-cm soil thermocouple
located off the lysimeter are 52.6 and 52.7 °C, respectively. In general, the aircraft data
values for surface temperature at this location are very similar to the 1-cm soil temperatures.
The 1987 surface IR data are not used to develop aerodynamic transport equations because the
supplemental moisture added during lysimeter construction supported a higher ET rate and a
cooler surface through much of 1987. The 1988 lysimeter data are much more representative
of the surrounding area. A composite of 1988 Everest IR and 1-cm soil temperatures (to
approximate the radiometric temperature) are used to calibrate aerodynamic transport equa-
tions in a later section. Variations in emissivities between vegetation and soils are ignored for
two reasons. First, the emissivity effects would be similar for the IR sensor and the satellite
thermal band data. Second, the 1-cm soil temperature used as an analogue for soil surface

temperature is potentially a greater source of error than the emissivity effects.

(a) Acquired with Daedalus AADS1268 scanner, data supplied by Dr. Lee Balick, EG&G,
Las Vegas, Nevada.
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FIGURE 7.7. Bunchgrass and Sagebrush Site View by Landsat Thermal Band Subset 8-May-87 (1030 hours)
and Aircraft Daedalus (1215 m) Thermal Band (1313 hours).




7.2.3 Remote Estimates of Incoming Long-Wave Radiation. Long-wave or sky radiation
is emitted by the atmosphere and clouds both to space and downward toward the earth’s sur-
face. It is a significant component of the surface energy balance easily reaching values of 300
or 400 W/m?. Using equations 17 and 18, we can estimate R ¢ and compare it against meas-
ured R, ¢ for the G300 site on April 7, 10, 21, 1988 (Figure 7.8). There is good agreement

between measured and estimated values in general with a correlation coefficient of 2 = 0.87.

Values for 1030 hours (24-hour clock) appear to be near a crossover point between under
and over estimating R; ¢ by equation 17. Site T,;, differences are minimal at 1030 hours
(Figure 7.9). This is good for Landsat scenes but the estimation of Ry { for satellites passing
over at different times of the day would possibly need to include temperature variation across
the scene. Also, the diurnal cycle is advanced at the bunchgrass and sagebrush sites. In
addition, the slightly northwest aspect (or adjacent areas with pronounced aspect and slope
differences) and higher elevation cause the Arid Lands Ecology Reserve sites to warm and
cool earlier in the day compared with the lower elevation G300 site. Air temperatures from
the Arid Lands Ecology Reserve and G300 sites between the hours of 1000 and 1100 hours
indicate that the sagebrush site is several degrees warmer than the bunchgrass site, and that
the T,; measurements for G300 are warmer than for bunchgrass (Figure 7.10). The differ-
ence between sagebrush and bunchgrass is caused by a greater heat exchange higher in the
sagebrush canopy. The difference in T,; between bunchgrass and G300 sites, which have
similar roughness, is close to the difference expected for the elevation difference times the

adiabatic lapse rate.

7.2.4 Field and Remote Estimates of Net Radiation. As a check on the methodology for
estimating Ry from individual radiation terms (used in remote sensing applications), measured
and estimated Ry values were compared for data collected in 1987 and 1988 at the bunchgrass
site. Linear equations were fit to Rg and Ry for radiation values obtained between 1000 and
1100 hours between day of year (DOY) 130 to 147 in 1987 and DOY 119 to 128 in 1988.
The data points, the fitted equations, and R? values are shown in Figure 7.11. In examining
the linear relationships between estimated Ry ¢ and measured Ry, it is apparent that a linear

equation relating Rg¥ to Ry (Figure 7.11) performs well (R? = 0.98 and R?> = 0.99) but
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is specific to the site and the conditions at the site. The relationships are slightly different for
each year, because of differences in the site albedo and mean temperature. The 1988
temperature values are consistently higher than the 1987 data by the following amounts: 1-cm
soil, 8.1; air, 4.7; and surface IR, 8.2°C. The mean calculated R, * is also 50 W/m? higher
in 1988. This difference is about the same as the average difference in offset between the two
least-squares fitted equations for 1987 and 1988 values of Rg and Ry. The mean of R ¢
estimates differ by 4 W/m? and thus is not contributing to the offset in estimated Ry. To
improve the estimate of Ry, estimates of R;* and Ry * from either surface instruments or
remotely sensed data is needed as input into equation 15. The revised estimates of Ry (Figure
7.11) are much better because both years data sets overlap and are near the 1:1 line.
Variability has increased with the addition of two more measurements but the least squares

regression coefficients are 1.0 and 1.1 and R? = 0.87 and 0.98.

Also Figure 7.11 and the offset of the equation relating Ry (predicted) to the measured Ry
show that Ry, is approximately SO W/m? higher than the four-term estimate of Ry. Much of
this difference is accounted for in recent cross-calibrations reported by Field et al. (1992).
They find that long- and short-wave sensitivity as compared to a four-instrument radiation-
balance measurement differ substantially for the REBS Q3 and Micromet Systems net

radiometers used in this study.

The same analysis using air-temperature-based estimates of R ¢ and Landsat temperature
measurements (R *) was used to calculate Ry values for five sites on May 8 and June 1
corresponding to Landsat overpasses (Figure 7.12). The correlation coefficient is R = 0.97
between predicted and measured Ry for May data (site label at May value). The June data
shows more scatter, and when combined with May data and forced through zero, the regres-
sion coefficient decreases to R? = 0.66. Similar to the previous ground-based estimates of
net radiation, the satellite-based estimates are generally less than measured values by 40 to
50 W/m?. As mentioned earlier, much of this offset can be accounted for by revised net

radiometer calibrations.

The measured Ry values for the 1989 satellite overflight days are compared with
satellite-based estimates of Ry in Figure 7.12. Note, 8-May-89 and 1-Jun-89 have air
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temperatures much closer to mean air temperatures associated with the 1987 Ry predictive
equation. If that equation Ry = f(Rg+V) is used, predicted Ry values are within 14 and

12 W/m? for the two dates at the time of overflight. Considering the above discussion and
data sets, for a given Rg¢ value, the surface reflectance and the surface radiative temperature
are much more important than the incoming R, ¢ term in prédicting Ry and the use of an air
temperature and Rg4 observations from a central location within the satellite scene are justi-
fied in cloud-free images. The bunchgrass, sagebrush, and Lower Snively sites are at the
base of steeper portions of Rattlesnake Mountain with a northeast aspect. The elevation map
in Figure 6.4 indicates that slopes are 3 to 5%. The comparison of Ry for 8-May-89 and
1-Jun-89, shown in Figure 7.13 does not show any temporal offset. For this study, slope and
aspect adjustments to the incident radiation for the ground stations or the images are not per-
formed. As expected, Ry is highest for the Lower Snively site because it has a complete
cover of active cheatgrass and lowest for the G300 site having a low cover of senescent

vegetation.

Net radiation flux density (W/m?) was estimated using equation 15 with a three-point
average of Rg¢ and Ry ¢ determined from equation 20, for the 8-May-89 and 1-Jun-89 images
(Figure 7.14). The sand dunes have low net radiation because Rg* and Ry * are high. Note,
areas of steep slope are not correctly represented because Rg¢ was not adjusted for slope or

aspect.

7.3 Normalized Difference Vegetation Index as a Predictor of Soil
Heat Flux

The importance of vegetation as a source term in the evaporation process is obvious, but
the effect of vegetation upon soil heat flux is often ignored. When soil heat flux is included,
it is generally modeled in a simple inverse of the amount of vegetation present. Vegetation
amount might be measured on a weight, leaf area, or as change in reflected red light energy
brought about by chlorophyll absorption. Either LAI (direct measure) or NDVI (remote

sensing) can be used as an indicator of live vegetation amount, which is then used to estimate
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soil heat flux (Jackson et al. 1983). Most of these relationship are developed for agronomic
crops, where litter is removed each year by tillage or in continuous crops where litter is

relatively constant.

The effect of litter upon soil heat flux can be significant in semi-arid environments where
the amount of litter is dependent on the previous year’s climate. At this time, Landsat does
not have the spectral bands available to discriminate dead grass and leaf material from the
light-colored soils on the Hanford Site. Roberts et al. (1993) indicate that litter materials may
be detectable based on the presence of lignin (2130 nm and 2270 nm) and cellulose (2090 nm
and 2270 nm) absorbtions when high resolution extended range images are available. The Gy
measurements are compared with NDVI values to see if a measure of live vegetation is suf-
ficient to explain Gy measured on the Hanford Site. The definition of the NDVI ratio is
clear, but considerable leeway exists in how the DN values are processed before ratioing
(NDVI calculations are described in Appendix A).

The NDVI values (NDVI = (Near IR-Red)/(Near IR +Red)] were calculated with DNs
processed four different ways for selected study sites on 8-May-1989 and 1-Jun-89 and are
presented in Figure 7.15. The effort and complexity in processing the DNs increases with
each of the following steps: 1) NDVIpy = raw DN values, 2) NDVIpg = DNs - background
value (obtained over water), where the background is a surrogate for atmospheric radiance,

3) NDVIggr = NDVIpy values, which are atmospherically corrected for reflectance using
Lowtrans 6 to determine transmittance and radiance values for the atmosphere, 4) NDVIggr

= NDVIg,p values, where the reflectance values are converted to radiance. Temperature and
humidity profiles obtained from a radiosonde flown on 8-May-89 were used with Lowtrans 6
for all images instead of the standard U.S. summer profile. The relative comparisons of
NDVI calculated with data collected from the same instrument under identical environmental
conditions can be made with any of the four estimates. The NDVIggg is the only method that
should be comparable between different spectral instruments and should be used exclusively.
The NDVIggr values for the Hanford field sites are within the range of values found in the
literature (Moran et al. 1989; Kustas and Daughtry 1990).

60




IO R X XXX

-, 0.0.0,0.o.0.O.O»O.O.O.QWQMQMQwONONOO ToTe %

RAEDOBGOOOOONNOX]

us

O 000,000 00 000

0% 0% 070 % e 0% e % EXR XXX XX R X XRXRXS

SAIIIAIIIIIIIIIIIIIIIIIIIIIIITIE
R

0%0%6%0%0 %% e %% %!

LS

A8

20T %00 Te 000 e Te e e 0 %0 Yo e Te e Te Yo Yo Te %o Te e %0 e e Te%

R ARSI I I XXX XX XX

(L2l LS

9. 9.0.0. 4. 0.0 000,

Sites (8-May-89)

a7 T Te %0 %0 %0 %0 %0 %0 e %0 0 0 % 7o Yo Te Yo Yo Yo TeTe e e %0

ORI IR R R XX R XXX XA

SOBBOOOOOOOOOOOOCHN]

(221612 L L

9.0.0.0.0.0.0.0.0,0.0. 0,

G300 BWTF HMS AG

0.5T
0.47
0.3T
0.27

0.1T7

2eTe % e e et e e et T e et et e et e Yo T e e et T TaTe oYY 20 e e e

7727702022020 L Ll lddddd
NNANANANNARN

19.9.9.0.0.0.0.0.0.0

us

EXXXXXXRXRXR RRARD RARRRAARNAS

LS

XX XXX XX XSS o Tee oo %o e e e Te e %%

A8

200000 %00 6% %0 0 0 0 %0 % % % %0 e 020" %0 %% %"

20Tt 0 0 %0 e %0 e e e e T e T Te Te e Yo Yo e Te %0 %0

S8ites (1-Jun-89)

20207070 %0 %00 207070 e % et e e e Yo %e Ta e !

G300 BWTF HMS AG

0.57
0.47

FIGURE 7.15. NDVI Calculated with Four Different DN Treatments for

Seven Field Sites on 8-May-89 and 1-Jun-89.

61




Measured values of soil heat flux density (G) and 0-5 cm soil heat storage (G;), and the
summation of those two terms (Gy) are presented for four sites in Figure 7.16. Differences
occur in the diurnal exchange of energy in the soil at these four sites. Lower Snively has the
lowest flux amounts because of a greater litter layer and uniform cheatgrass cover. The G300
values are larger because of minimal litter, and the soil has a sand texture with higher ther-
mal conductivity than the silt-loam soils found at the other sites (Rosenberg et al. 1983,

p. 96). Also, the G300 site is located at low elevation and in an area of flat topography, thus
experiencing the largest diurnal cycle in air temperature as shown previously (Figure 7.9).
The sagebrush site has a much larger diurnal amplitude than the bunchgrass site. This larger
amplitude most likely occurs because canopy resistance is higher as a result of the rougher
surface and soil shading during early and late daylight hours. The sagebrush reduces air flow
near the surface, which reduces heat loss during the day and probably reduces the mixing
effect of nocturnal cold air drainage typical of the mountainous slope. See Table VII.3.
Note, daily Gt while low can be one third of the daily ET. This can result in a measurable
energy balance error when accumulated over several days. Unfortunately, in the remote
sensing application, we are trying to balance the energy budget during a time interval almost

coinciding with the maximum soil heat flux density.

Simple linear (equation 18) and exponential functions (equation 16) are proposed to pre-
dict soil heat flux as a function of NDVI. Pairs of data points obtained from five sites at
Hanford at the Landsat overflight times of 8-May-89 and 1-Jun-89 are connected by straight
lines (Figure 7.17). The proposed NDVI-Gp relationships are plotted; the equations do not
describe Gy for all sites. The K symbol represents the high and low values of NDVIs
reported by Kustas and Daughtry (1990). The Hanford Site May NDVI values are consis-
tently higher than the June values, as expected, and Gy increases with decreasing NDVI. It
appears that there may be a threshold NDVI value (with only the Lower Snively site having
NDVI greater than this value) where Gy is relatively constant because of litter accumulation.
The amount of litter at the end of the growing season would be plant community snecific.
More research would be needed to determine whether single NDVI values used with growing-
degree-day-based phenology tables could project litter amounts or if multiple measurements

during the growing season are required to predict litter arnounts.
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TABLE VIL3. Daily Average Gy Density (W/m?).

Site 8-May-89 1-Jun-89
Bunchgrass -12.6 -19.8
Sagebrush -12.2 -28.9
G300 -24.8 -33.5 (0.1H®
Lower Snively -6.6 (0.02)® -10.5
(a) Xa:)ues in parenthesis are equivalent evaporation in centimeters of

50.

Most of the differences in G between sites for different years can be explained by the
differences in the amount of potential litter on the soil surface each year. The year 1986 was
wetter and warmer than normal, 1987 and 1988 were very dry, and 1987, 1988, and 1989
were all warmer than normal. Litter production would have been high in 1986 and low in
1988. The low ratio of G/Ry in 1986 and 1987 might be explained by increased litter
accumulation. The 1987 NDVI values are probably lower than 1986 because of the much
larger growing degree days that accrued in 1986 as compared to 1987 (Figure 6.1). The
Gp/Ry values for 1989 data at the G300 and sagebrush sites are higher and may be a result of
lower litter accumulation; this lower accumulation is because 1988 was the second driest year

on record.

Both equations 16 and 18 predicting Gy as a function of NDVI (dot and dot-dash lines,
respectively, on Figure 7.17) pass through the Hanford data set but neither function ade-
quately predicts Gy at all sites. These equations relating NDVI to G were developed in
agricultural conditions where the litter is generally removed (tillage) or relatively constant
(irrigation) from year to year. These conditions are less likely to occur in the natural arid
communities where the diversity of species allows different vegetative responses within the
plant community. Possible responses range from increases in biomass, longer active trans-
piration periods, or a combination of growth and longer lived vegetation, The amount of
litter remaining after winter depends on physical factors such as snowpack, soil moisture, and

temperature, and on biotic consumption by insects and herbivores.
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Six subscene Landsat images have been converted to NDVI values in the same order as
previously described (Figure 7.18) with red representing increased levels of green vegetation.
Agricultural areas east of the Columbia River and ephemeral streams have the highest
amounts of vegetation. The differences in NDVI that are apparent in Figure 7.17 (G/Ry
versus NDVI) are also apparent in Figure 7.18. The NDVI on 8-May-89 (c) is higher than
that on the 1-Jun-89 image (d). Both of the 1989 images have higher NDVI values than the
8-May-86 (a) and 11-May-87 (b) images. The 28-Feb-89 image (e) shows the least red area
(agricultural and stream bed vegetation) but indicates moderate increases in the general
Hanford Site. This could be in response to the greening of the cryptogram cover found on
much of the undisturbed soil surfaces or an effect of low sun angle. In some flat upper eleva-
tion areas of historically high vegetation cover and litter amounts, the 28-Feb-89 image indi-
cates low NDVI amounts. In these areas, bare soil or cryptogram cover, if it exists, is hidden
by the litter. If sun angle is responsible for the increase in NDVI, it only affects areas where

soil is exposed.

7.4 Development of Resistance Term for Sensible Heat Transport

The resistance term in the sensible heat flux equation (see equation 9) is a function of
several atmospheric and vegetation variables and can be different for different vegetation
communities. To estimate resistance, 38 bunchgrass (Table VII.4) and 60 sagebrush (Appen-
dix C) hourly measurements of energy balance and lysimeter data collected between 1000 and
1200 hours between April 11 and May 9, 1988, were used to determine H. Sensible heat flux
density was derived as the available energy (Ry-Gg-G) minus the latent heat flux measured
with the lysimeters. Data sets collected during this time were used to determine values of the
bulk Richardson number (Ri), stability functions (kB!), and resistance to heat transfer (ry).
Details of these calculations are in Appendix B. During this time period, four rainfall events
were recorded by the weighing lysimeters as indicated by the increase in weight on days 108,
111, 113, and 119 in all four curves shown in Figure 7.19. The sensible heat flux is also

lower immediately after these rainfall events.

Two equations similar to equation 10 for are used to estimate r,. These resistance

equations have been fit to the bunchgrass and sagebrush hourly data set using an iterative
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FIGURE 7.18. NDVI Calculated from Reflectance Values for Six Subscenes of the Hanford Site.



TABLE VII.4. Statistic for Resistance Equation Development.

fr= = T

Site Solved for Y r s2 r
h=0.18 3080 0.77
Sagebrush y 0.080 2448 | 077
yand I' | 0.192 0.038 2152 0.80
Bunchgrass h = 0.08 10,280 0.53
N 0.013 10,240 0.53
yand I 0.516 0.198 2801 0.89

solution to minimize the sum of squares (s?) of the difference between the measured H and the
value of pCp*dT divided by r,. The first equation (see calculations in Appendix C) was used
by Moran et al. (1989) in alfalfa, wheat, and cotton at the Maricopa Agricultural Center in
Phoenix, Arizona (Figure 7.20). They measured plant height and estimated z, and d as 0.13h
and 0.63h, respectively. In this application, the best fit value of h was determined with 1988
data. The fitting variable for this equation was plant height (h). In Figure 7.20, the graph
represents the resistance that would be calculated for a range of wind speeds (u) and surface
to air temperature differences (AT). Note, this equation predicts resistances that approach a
low value with increases in either u or dt. The second equation (Figure 7.21) uses the plant
height (h) solved for in the first equation and adds the kB! term (Kustas 1990) and an addi-
tional fitted term (T"), a fraction of the amount of available energy at the surface. This last
term was added because Kustas (1989) indicated kB! was sensitive to surface temperature. If
the equations are first fit for h (rather than h measured, to estimates z, and d), the addition of
kB! alone decreases s? only marginally, while the addition of I' alone increases s2. The
addition of both kB! and I reduce s? as shown in Table VII.4. The sagebrush value of h is
only twice that of the bunchgrass and much lower than the top of canopy heights of 0.3 and
1.5 m, respectively, for the bunchgrass and sagebrush sites (Table VII.4).
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Unfortunately, for kB! to be useful, it must be estimated from readily available information.
Kustas (1990) proposed that

KB-! = 0.17 * U * AT, (23)

and his mean kB! was 5.6 in a sparse canopy. Values of kB! calculated for this analysis are
about the same. However, when examined in the context of equation 10, the choice of h
determines the value of kB!, because the following equations are assumed: d, = (2/3)h and
Z,» = h/8. Examining the estimates of sensible heat flux generated by the two equations in
Figures 7.22 (bunchgrass) and 7.23 (sagebrush) indicates that the estimates of sensible heat flux

for the bunchgrass site would benefit the most from the inclusion of r and I

Applying this equation (using fitted values for r and T') to satellite data as described in
Section 7.5 gave unrealistic predictions of sensible heat. The calculated resistance plotted in
Figure 7.21 shows that at large temperature difference between the surface and T,;, increasing
wind speed causes the resistance begins to increase instead of continuing to decrease. Because
we are applying these techniques to a semi-arid system, this region of high dt coincides with
most of the satellite data used in this study. Even though this equation performed better on the
1988 calibration dataset, it should not be used at the Hanford Site until a wider range of
calibration data is obtained during hot temperatures.

7.5 Comparison of Remote Energy Balance Results with Measured Values

Energy balance results for the bunchgrass site obtained from BREB and lysimeters on
8-May-89 and 1-Jun-89, respectively, were examined because these dates correspond to Landsat
overflights. As was shown previously for the 1988 data, the lysimeter and BREB latent heat
fluxes (Figure 7.24) compare quite well on 1-Jun-89. The latent heat flux density measured at
the bunchgrass site by the BREB method is less than that indicated by the lysimeters aft-.r
1000 hours (24-hour clock) on 8-May-89. One wet bulb of the BREB station was
underestimating the wet bulb temperature gradient, necessitating a correction to that portion of

the BREB data. The inadequately cooled wet bulb was scaled to match the other (cooler)
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wet bulb sensor; such corrections can easily increase the error to the same magnitude as the

50 W/m? difference observed between BREB and lysimeter in Figure 7.24.

Similar data for the sagebrush site, for the same time period, show excellent agreement
between the methods on 8-May-89, but the BREB data indicates a slightly higher latent heat flux
during the middle of the day of 1-Jun-89 (Figure 7.25). Latent heat fluxes are greater at the
Lower Snively site compared to the other three sites, and increase still more on 1-Jun-89
(Figure 7.26). The Lower Snively site is the only site to show an increase in latent heat flux on
1-Jun-89 as compared to the 8-May-89 value. The G300 BREB estimate of latent heat flux is
higher than either the bare- or grass-covered lysimeter located at Buried Waste Test Facility
(5 km north). The vegetation cover is more uniform at the G300 site compared to the

vegetative-cover lysimeter (see Figure 7.27).

The Landsat overpass varies slightly around 1020 hours. Ground observations of energy
flux density between 1000 and 1100 hours obtained from the BREB stations for the four sites
appear in Tables VIL.5, VII.6, VII.7, and VII.8. The average of sensible heat flux density at
1000 and 1100 hours is poorly correlated with the Landsat estimate of sensible heat flux
(8-May-86, 8-May-89, and 1-Jun-89) for the bunchgrass, sagebrush, and G300 sites
(Table VIL.9). These results are not encouraging because this is the most conservative case
where T,;,, Gy, and u are measured values rather than T,;, being a function of elevation, Gt
being a function of NDVI, and u being some function of wind speed at the nearest wind speed
site. This final image is not produced because without the correction for soil heat flux, which
differs between sites as much as the measured sensible heat flux differs between sites, closure is

not achieved on the energy balance equation.

In Table VII.9 shows that the simple equation (calibrated in Section 7.4) shown in Appen-
dix C greatly overestimates the sensible heat flux. By solving the transport equations for kB!
only [(kB? = N\ *U*AT) Kustas et al. (1989) used A = 0.17] (see Appendix C) with 8 = 0, the
data can be adjusted on to the 1:1 line with a y = 0.21, which is not significantly different.
The scatter of this Landsat/Bowen ratio data set is apparent in Figure 7.28 only slightly more
than that reported by Kustas et al. (1989) or Brunel (1989) where the data range is
approximately +80 W/m? from the best fit lines.
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TABLE VILS5. Surface Observations at Sagebrush Site on 8-May-89 and 1-Jun-89.

WetL | DryL Ry Rgt Rgt Gg Gr Avail E H
rDay Hr °0) o | Wwmd | Wimd) | (W/m?) B Wim?) | (Wm?) | (Wmd) (W/m?) | (Wm?)
| 128 | 1000 | 14.41 22.33 457 760 125 81 182 275
128 | 1015 | 13.91 | 23.38 473 787 129 1.57 82 189 284 111 174

128 | 1030 | 14.54 23.02 487 809 134 82 194 293
I%zs 1045 | 14.19 24.17 496 829 137 2.28 72 190 306 94 213
ff 128 | 1100 | 14.20 23.07 508 843 138 63 186 323

152 | 1000 | 16.20 25.86 467 861 136 71 188 279
I 152 | 1015 | 15.93 26.77 484 867 139 3.59 76 192 292 64 228
|| 152 | 1030 16.56 26.62 497 846 142 76 197 300

152 | 1045 | 16.45 27.69 502 837 144 4.22 69 196 306 59 248
‘[152 1100 | 17.18 27.85 519 843 148 62 194 325

TABLE VII.6. Surface Observations at Bunchgrass Site on 8-May-89 and 1-Jun-89.
WetR | DryR Ry Rg# Rgt Gg Gr Avail E H

“ Day Hr °C) °C) Wim?) | Wim?) | (Wm?) g Wim?) | wmd) | (Wimd) | Wm?) | (W/m?)
f| 128 1000 13.62 22.18 427 774 134 41 -105 322
ff 128 1015 14.47 23.83 446 801 139 1.97 -43 -111 335 113 223
i 128 1030 13.75 22.82 450 819 141 -42 -114 336
!L 128 1045 14.69 24.57 469 837 145 1.15 -40 -116 353 64| 188

128 1100 14.09 23.50 477 851 147 -42 -121 356

152 1000 15.67 26.35 446 803 144 -46 -112 334

152 1015 16.37 21.70 461 828 148 4.02 -49 -119 342 68| 274

152 1030 15.95 26.89 473 849 151 -46 -121 353

152 1045 16.74 28.55 480 858 151 5.06 -42 -120 359 59 300

152 1100 16.48 27.76 498 878 155 41 -121 377
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TABLE VIL9. Surface Observations, Predicted Aerodynamic Resistance and Sensible Heat Flux, and
Measure Sensible Heat Flux for Landsat Overflights

— _— — o -

“ 1000 Hours ~ Surface Observations () £(8=0,7) Bowen Ratio“
Tair U Tg Ry Gp ra H ra H H

Site 0 (m/s) (°O) (W/m?) (W/m?) (s/m) (W/m?) (s/m) (W/m?) (W/m?) ‘

AG 5/8/86 16.33 2.3 38.42 517 136 60 428 114 226 263 “

|| AG 5/8/89 22.82 3.5 48.25 450 113 57 519 148 201 205 “
|[AG 6/1/89 26.89 4.5 46.29 473 120 64 351 164 139 287
G300 5/5/89 26.01 2.5 51.47 452 165 57 519 157 189 166
G300 6/1/89 21.25 2.7 49.00 468 182 58 434 193 132 n.d.
| LS 5/8/89 22.32 2.2 44.14 506 61 60 425 175 145 255

LS 5/8/89 26.63 0.3 45.50 547 81 63 349 76 290 247 ‘

‘7\5 5/8/86 16.91 2.5 36.90 556 135 52 659 133 175 372 “
AS 5/8/89 23.02 2.6 45.80 486 190 49 174 128 208 193

|7\S 6/1/89 26.60 3.8 45.17 497 197 56 472 145 150 238 *‘
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8.0 Conclusions and Recommendations

Application of remote sensing to environmental assessment has been an active research
area at the Hanford Site for many years. Much of the field research has focused on cali-
brating the Landsat thermal band and more recently on predicting ET (Wukelic et al. 1989;
Gibbons et al. 1990; Link et al. 1991). This early effort has produced net radiation maps of
portions of the Hanford Site and simple relationships predicting latent heat flux as a function
of surface temperature and NDVI. A simple set of Mathcad programs has been developed
(Appendix B) to facilitate evaluation of algorithms used for atmospheric corrections, sun angle
adjustments, as well as calculations of net radiation and NDVI values from DN values
obtained from Landsat.

This dissertation reports field measurements used to calibrate net radiation, soil heat flux,
and sensible heat transport equations necessary for a mechanistically based approach to esti-
mating water balance with remotely sensed data. The outcome has only been partially suc-
cessful. The results of the research have characterized the energy balance at four sites with
different semi-arid comm..nities on two Landsat overflight days in 1989. Also, this thesis has
shown latent heat flux density to be nearly equal to or less than soil heat flux density (within
data noise level) at three sites. The fourth site with uniform dense grass cover has a latent
heat flux density nearly three times the soil heat flux density value, and slightly higher than

the other site’s latent heat flux density values.

Four days of energy balance data collected in 1988 at the bunchgrass and sagebrush sites
are also reported and agreement between Bowen ratio method and lysimeters is very good.
The data from the lysimeters (2.25 m? in area) match quite well with the Bowen ratio mea-
surements, which have a mixed sampling footprint of hundreds of square meters for the air
temperature and vapor pressure measurements, less than 5 m? for net and reflected radiation,
and less than 0.1 m? for soil heat flux.

Successful application of remote sensing for estimating latent and sensible heat flux in arid
systems must address two major limitations that have been revealed in this dissertation.

First, soil heat flux is significantly different across the Hanford Site ranging from 10 to
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almost 50% of the Ry value. Several researchers have advocated the use of NDVI as an
indicator of Gy, and data collected at the Hanford Site indicates that decreases in NDVI are
associated with increases in Gy except under dense grass canopies. But, there are significant
differences in the Gy/Ry ratios between years and measurement sites. The differences are in
part a function of soil type and soil moisture; but after reviewing the Gy, rainfall, and temper-
ature data, yearly precipitation and temperature differences may control accumulated litter that

in curn affects soil heat flux and reflected radiant energy.

A few Hanford Site studies have measured standing biomass, but the litter is generally
ignored (Bolton et al. 1991). The wide range in soil heat flux density was not expected when
the monitor program started, so a properly designed experiment collecting Gr, litter, and
NDVI was not setup. In the future, a simple measurement program using diurnal soil temper-
ature profile changes, vegetation and litter sampling, and spectral reflectance measurements

would be an inexpensive and enlightening study.

The most severe limitation is the lack of a simple equation to predict sensible heat flux
accurately at a specific time of day. Only recently have a few studies (Hall et al. 1992,
Kohsiek et al. 1993) shown the poor predictive capabilities of simple aerodynamic transport
equations. Many earlier papers have reported on applying transport equations to diurnal
cycles where fluxes range from O to several hundred watts per square meter achieving good

correlations between measurements and predictive equations.

This research has calibrated a sensible heat transport equation to a bunchgrass and sage-
brush environment, using 1988 data acquired within an hour of the typical Landsat (daylight)
overpass time. The equation is used with Landsat overpasses acquired in 1986 and 1989.
Using the equations developed from data sets limited to near-overpass time periods consider-
able variability remains between predicted and measured values of sensible heat flux at the

time of overflight.

In light of these results, a set of equations that partition available energy between soil and
vegetation may be necessary. Recently, additional data sets have been acquired by the author

to examine partitioned canopy representations of energy balance at a sagebrush site. If these
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more complex algorithms prove successful at an intensely instrumented site, it may be pos-
sible to re-examine the data sets collected since 1986 and partition available energy before

applying the flux equations.
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Appendix A

Neutron Probe Sample Data Set and Calculations

The following calibration equation was used:
Raw counts * 0.000942 - 1.68 = percent moisture
To calculate cm of water in the soil,
percent moisture * depth interval (cm) = cm of H,O

The three tables that follow (Tables A.1 through A.3) represent raw and processed data
for the sagebrush site on March 23, 1989.

This example data set is extracted from a database of a currently inactive program
referred to as Dynamics of Arid Lands (for further information on this database, contact
Dr. Glendon Gee, Pacific Northwest Laboratory, Richland, Washington). Portions of the data
set have been reported in Gee et al. (1991)
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TABLE A.1. Raw Neutron Probe Data for Sagebrush Site on 23-Mar-89.

Neutron Probe Data for the ALE Site on March 23, 1989
2 Standard 3 Depth 4 HOLE 20 5 HOLE 19 6 HOLE 22

Counts

7 HOLE 16

8 HOLE 13 9 HOLE 7N 10 HOLE 7S

CONAUN AWM

P e e b e e
WONAUNBWN MO

20

ID Code->
Artificial STD->
MSF->
STD Dev->
Probe:

503_DR

H30103489
Time:

15 sec.
Taken by:

MJ Harris
Entered by:

D Felmy

by Hand
Processed by:

ALENP 1
Slope:

0.000942
Offset:
-1.680000

1993.05
54.61

WO WN -

10
11
12
13
14
15
16
17
18
19
20

ID Code->
Artificial STD->
MSF->
STD Dev->
Probe:

503_DR

H30103489
Time:

15 sec.
Taken by:

MJ Harris
Entered by:

D Felmy

by Hand
Processed by:

ALENP 1
Slope:

0.000942
Offset:
-1.680000



66

ID Code->
Artificial STD->
MSF->
STD Dev->
Probe:

503 DR

H30103489
Time:

15 sec.
Taken by:

MJ Harris
Entered by:

D Felmy

by Hand
Processed by:

ALENP 1
Slope:

0.000942

Offset:

O®INU W

10
11
12
13
14
15
16
17
18
19
20 ~-1.680000
0 Note: 3 ring binder

07-APR-89 MJ Kanyid

ID Code->
Artificial STD->
MSF->
STD Dev->
Probe:
503_DR
H30103489
Time:

@AV WM

TABLE A.2. Soil Water Content (%) for Sagebrush Site on 23-Mar-89.

11 HOLE 4 12 ASB3_S 13 ASB4_ N 14 ROWMEAN OF

2 Standard 3 Depth 4 HOLE 20 S HOLE 19 6 HOLE 22

Neutron Probe Data for the ALE Site on March 23, 1989

PLOT WELLS

15 STANDARD DEV
PLOT WELLS

7 HOLE 16 8 HOLE

09 18.04 18.57 16.
.71 18.37 19.03 16.
91 13.58 9.61 8.
54 9.91 6.95 7
24 8.37 7.24 9
11 8.92 7.21 7
8.23 6.60 6

9 HOLE 7N 10 HOLE 7S

16.76 15.03
16.34 14.35
8.39 8.07
9.20 8.76

16 ROWMEAN OF 17 STANDARD DEV

WL WELLS

WL WELLS



001

VOO W

[T s S el
WO D WN O

20

ID Code>
Artificial STD->
MSF->
STD Dev->
Probe:
503_DR
H30103489
Time:
15 sec.

.

Entered by
D Felmy
by Hand

Processed by:
ALENP_1

Slope:

0.000942

Offset:

-1.680000

ID Code->
Artificial STD->
MSF->
STD Dev->
Probe:
503_DR
H30103489
Time:
15 sec.
Taken by:

TABLE A.3. Soil Moisture Storage (cm) for Sagebrush Site on 23-Mar-89.

1993.05
54.61

11 HOLE 4

Neutron Probe Data for the ALE Site on March 23, 1989
2 Standard 3 Depth 4 HOLE 20 5 HOLE 19 6 HOLE 22

Counts

12 ASB3_ S 13 ASB4_ N 14 ROWMEAN OF

PLOT WELLS

13 5.41
61 2.73
18 5.59
38 5.29
95 4.57
09 4.32

4.29

7 HOLE 16

15 STANDARD DEV 16 ROWMEAN OF
PLOT WELLS

WL WELLS

13 9 HOLE 7N 10 HOLE 7S

68 5.03
86 2.48
30 4.33
72 3.96
25
03

17 STANDARD DEV
WL WELLS



Appendix B

Calculations of Sun Angle, Atmospheric Corrections
to Landsat, NDVI, Rsf ,and RN

The following material is a printout of a Mathcad program. No editing or formatting has

been done.
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Appendix B Calculations fo sun angle, atmospheric corractions to Landsat, NDVI, Rs up, and Rn

This Mathcad program determines sun angle for day and time, then applies atmospheric
correction to landsat data set (modified from program by Dan Gibbons and Guy McWethy
personal comm.) to determine SWR reflected, then calculates radiation buget to determine
Rn, finally the normalized vegetation index is calculated.

Day of year JULDAY := 128 Time of Day (approx Sat. overflight) XHH := 10

Site location LONG = 119.5 LAT:=455
Time zone offset XMIN := 12

Calculate solar declination angle ernate equation

DECL := 23.45-sin 360 -(284 + JULDAY ) [-deg | ndecl := -23.5-cos 360-w-dc
365 365.25

DECL =16.969 ndecl =16.909

Calculation of zenith angle

ZA = {(32‘9)-IULDAY - 1]-dcg
365

XE := 229.18-(.000075 + .001868-cos(ZA ) ~ .032077-sin(ZA) - .014615-c0s(2.0-ZA ) - .04089-5in(2.0-ZA))

XS = XHH +[xmm +4.0-(120.0 - LONG) + XE
0
XS =10.295
W := sin(DECL-deg)
W =0.292
Wi = sin(LAT~l—:6 W2 := cos(LAT-deg) W3 = cos(DECL-deg) W4 = 15-(12 - XS)
W1 =0.713 W2 =0.701 W3 =0956 W4 =25.57

cos(W4-deg) =0.902
THETA = acos((W-W1 + W2:.cos(W4-deg)-W3))

THETA =35.62deg
Results

8-May-89=35.62
1-Jun-89=31.537
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™4 ™4

.exoa.tomosphenc Band Band
irradiance )
mWisq.cm Gains _ Offsets
A mW/sg.cm. Sr. microm
(195.8 ] [.060235 ] [ -.15 ]
182.8 11749 -.28
155.9 08059 -.12
xatmirr := | 104.5 GainTM4 := | .08145 OffsetTM4 := | -.15
2193 01081 -.037
10 1000 1000
| 7.457 | | 005698 | |-.0151 |
Band . ™
Band Atmospheric Band
Atmospheric Radiance Width
Transmittance mW/sq.cm. Sr. microm.
- [2.737] B
875 1.436 0813
919 638 0668
951 pathrad = | .133 HPB = | .1281
trans := | .942 002 2107
895 106 0
832 | 001 | 2518 |
| 924 |

Find surface irradiance correcting for solar angle, atm. transmission, atm radiance ****+*+****++=**

j=0.6
1
wain) ol
RADD, = ( J)-(transj) cos(THETA)/ |, 72-patbrad, |-cos (THETA)
n
Atm, background Expected DN's at 100 % reflectance — 1 i
comection in DN's cos(THETA)
. Pat‘hmdj - OffsetTM4}. XM = ._____.__RADDj sec(THETA) =1.23
j GainTM4 i GainTM4,
Example
given
DN := 255 calculated maximun reflectance for TM4 band 2 (note arrays indices begin with 0)
DN - B,
DNL :=
XM, DNL = 0.706
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These DN values were obtain by inclosing a region representative of each field site and determining

the mean value for that group of pixels. .

DN := READPRN(dnmay8)  Site:=0.7  bn:=0..6 8sitasby 7 bands

_ , _ Band width
9697 106.86 10441 11052 105.61 90.56 99.42 94.79 _ _
3769 435 4277 4756 44.19 367 4239 4041 07
4783 5506 5272 62.63 5555 4333 4892 45.17 0813
DN =| 5607 549 58.18 69.72 6397 72.15 6336 71.29 0668
107.8 8293 9577 113.98 108.77 93.11 10125 107.12 HPB :=|.1281
193.59 192.56 181.27 179.81 176.67 176.4 152.07 155.75 2107
| 63.3 4986 58.32 68.18 63.13 4336 46.64 4687 | 0
: 2518 |
Calculate surface reflectance
— : (THETA)
Ty, = xaunn'rbn~(transm)"“’c r .
140.088
T2y, := 72-pathrad, % 136.573
radcorr := cos(THETA)(T1 + T2) 120.309
radcorr =| 79.173
DN, .. -B 15.557
DNL, g = __tmSite “tn THETA =35.62
: XM, deg 6.678
| 5.502
Calculation of temperature and using standard formula
K, :=67.162 K, = 12843 1= 832 Tr;g;::nns:on
R a'® 106
Ry :=.0056322:DN, g, +.1238
Site '
Rl. 'Ra
. L -(1-1) 12
Site 1.0t 1
Temperature uncomected Temperature corrected for atmospheric effects
K, K
T“sue = K, T 27 TCSM ; K - T, -273
In (R )+1 Ugiee 3 In (—-—-——)+1 Site
lsm 25.607 Cite 51.47
25235 iég‘;';
411 =
40,557 45.22_2’
39.38 ::‘li
39.379 33'072
29.793 =
31273 34.807
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BREB station air and wet bulb temperatures used to estimate incoming long wave radiation

[23.81 13.72]
24.84 13.95 Grass /
BWTF
24 14 Met. Station
22.82 13.75
AirWet := Ale grass /
23.01 143 i\bsasge/
) ow Sniv/
24.13 14.32 Up Sniv
24 14 Up Sniv2
| 24 14 |
sat.. = ©Xp|52.57633 - ST 5.028081n (AirWetg, . | +273)
Site AirWetg | + 273 e,
EAgye = A g, - 00066:[[ 1 +.00115 (AirWetg,, | +273) ] 10L.1-(AirWetg;,, o~ AirWetg, Y]
i ; [ 0.66 1 1 Atmospheric
1.555083503 0612 EAg,, 7 emissivity
1.578508593 : B, F=lA|——e——o g,
0.696 Site AirWetg o Site
1.583641816 ' ‘ 0713
0.753 :
A - 1558121529 EA = 0.731
sat=| | 614750122 0.842 0.748
1616842954 0.746 0.762
1.583641816 0.696 0.773
0.696 0.755
| 1583641816 | y : 0.748
0.748
Calculation of reflected Short wave radiation
6
SWR gy =254 3 radeom, DNL, ¢, ‘HPB, radcoty,  rdcormy, HPBy,
Site ! : 140088 | 9.806
136.573] [11.103
SWR gyt 10 120.309] [8.037
79.173] [10.142
ii;;’l‘z Grass 15557] [3278
=208 BWTF 6.678 0
116. Met. Station 502 | [1.385
140.365 Ale grass
117.494 Low Shiv 808.57 + 819.04 + 814.13
119.021 Up Sniv - 3
129.218 Up Sniv2 SWR o = 10
SWR ;. =81.391

m
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Long wave radiation out

-9 4
= 5.6697-10 °-{T
LWR OUlgjee ( CSiuc)
Difference in LWR out from

-9 4 atmospheric W/m2 corrected
WR2 = 5.6697:10 (T
L Oulgjee 5 ! ( “snc) band 6
Long wave radiation in
[ 44.208 ]
. . 43.608
LWR =€ asm-[s.sew-lo (AirWetg, o +273) ] 37113
. , _ 36.284
Net Radiation  calculated with constant SWR in (LWR out - LWR2 om)~ 10 = 3451
Rnetg,, = SWR - SWR gy +LWR 5 ~LWR oy 34.358
21
| 22,979
SWR -10 LWR ‘10 LWR . -10
OUlgjte OUlgire e Rnetg, 10
112 _55_2_% 327 401
112 625 326 403 gxﬁ:
117 589 330, 438 Met. Station
140 554 51 0 Ao rss
117 574 333 456 Low Sniv
119 498 330 527 Up Sniv
129 509 330 506 Up Sniv2
Calculation of Normalized Difference Vegitation Index
from raw DN values Background values from Columbia River removed
DN, .. - DN, .. . -
NDVI DN = 3,Site 2,Site D3:=23.64 D4 := 1342
Site. DN g3 + DN, g
NDVI ~ (DN, g, -~ D4) - (DN, g, - D3)

BGsitc "~ (DN, g, - D4) + (DN, g, - D)
ratio radiance
ratioed reflectance
NDVE.. := (DNLa.sm) - (Dqu.sm)
Sie (DNL3,snc) + (DNLz.snc)

_ (DNLy ;,, radcom;-HPB) - (DNL, g;,,‘radcorr, HPB,)

NDVI =
CSite (DNL3 Siw-radcorr3-HPB3) + (DNLz'Siw-radcoxrz-HPBz)
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0.6

NDVI DNgjte 0.4
>

NDVI BGSiu:
-0-

NDVI NDVI NDVI
DN BGg;, Ssic  NDVI2,
0.079 0.24 0.456 0.36 Grass
0.001 0.121 0.376 0272 BWTF
0.049 0.187 0424 0.324 Met. Station
0.054 0.164 0.418 0.317 Ale grass
0.07 0.201 0.439 0341 Alesage
0.25 0.44 0.597 0517 lLJ°WSS!“"
0.129 0.289) 0.496 0.403 up 52:2
0.262 0.443 0.603 0.524 P
T T T T /!\ -
Ve ~
Day 128@1989 P ~
o= J / ~
> o /_/°~—-——o-""° ya R N
g Yo o 0 G300
T~ b — e — e s . | 1BWTF
~- 1 2 MET

3 Alegrass
4 Alesage
5 Low Sniv
6 Up Sniv

mean (NDVIZ - NDVI DN) =0.271
mean (NDVL2 - NDVI g =0.122
mean (NDVIZ - NDVI c) =-0.094
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Appendix C

Calculations of Aerodynamic Resistance for Bunchgrass in 1988

The following material is a printout of a Mathcad program. No editing or formatting has

been done.
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Appendix C Calculations 6!‘ resistance (ra) for bunchgrass using 1988 data

This Mathcad program calibrates two sensible heat transport equations

Constants
p=1164 Cp=1010 p‘Cp=l.176-103 i=0.36 k-4 TOL := 00001
Read in data
AG = READPRN(ag88le) Data at end of this appendix
Array labels

0 day.time 1 DAY 2 TIME 3 1CM 4 AIR SHELTER 5 AIRDRY BULB 62M U 7 IR TEMP
8 AVAIL ENERGY 9 LATENT 10 SENSIBLE

Estimate an appropriate surface radiometric temperature by compositing 1 cm soil and IR thermometer

dti = [(AGi’3~.53 + AGi’7-.47) - AGi,s] TCl, = AGiJ 1 cm Soil iRi = AGi'., Everrest IR
mean(TC1) =28.274 mean(IR) =25.223
mean(dt) =12.103
Solve for resistance from measured temperatures and H=Rn-G-E with E from lysimeters
R o (B)PCp
lys; AG; 9

mean (R l)’s) =82.747

1



I

Method used by Moran et al. 1989 in alfalfa, wheat and cotton at Maricopa Ag. Cen. Phoenix, Az.
Assign vectors from array AG

AG3; = AGi,lo AGS, = AGi,G AGS; = AG, 4 AGS, = AGi,s

x, = dt. AGSi = AG-‘,8

1 1

2
1-15 o8 dt £
13| (3577 O G ey
2 0P
Y Aad 7]3‘ + §
n 2
1+75K2 E) B P T8
s || 1T Al (AGS +273>'((‘ D) AGE aa)?
(Z—ﬂ"g) Z-T]'§+—8-
Inj —H+—+ In| ———
n n
e { L)L )
G(AGE,AGS,dt,n) =| K ' ' AG6 44
sensible measured - sensible estimated
c:=0.36 p-C ,-dt 2
] pd |
Initial guess SSE(n) = Z AG3, - G(AG6C,AGSC,dtc,~q))
C
Given n =04
SSE(n)=0 1=]
n .= Minerr(n) SSE(n) _ 10d
375 = 102810

n =0.086




44!

Calculate Richardson number from above h:=08 0" ;-h Zom g.
RL = 9.8 dt z-d,
i " (AG__LS > 273) ((94) (AG, 4 44)? dy=0057 zqp=0011
mean(RI) =-0.28 stdev(RI) =0.176
0 0
X T T T X T X IX
Iy L o
) X . X
RIl 0.5~ x X x“x — Rll‘O..S-—xx ,& —
X x X X
-1 1 | ] ] -1 ] 1 1 i 1
[ 5 10 15 20 25 1 1.5 2 25 3 3 4
dt. AG; .44
! Temperature diff. 1.6 wind speed
Al = G(AG6i,AGSi,dti,n) mean(Al) =79.847
modified similar to Kustas 1990 with added KB and fraction of available energy term
solve for gamma as part of the KB term and beta as an adjustment for available energy
[ 1-15RI 7!
(z "4, Ez‘;’,;’>‘-3
rA
) . 1+7563 A0 | ((-Rp)°
z- Z - z- +Z
In ( 0) n ( 0) In (o] om
Zom z Zom ]
F(AG6,AG8,RI,dt,B,y) = 2 . K + (Y-(AG6-.44)-(dD)) yXe 3]

- B-AG8




' 2
p-C p~dtc

c:=0.36
SSE(B,y) = AG3 -

Initial guess ; ° F(AGS,AG8 Rl dt .B.7)

B=.21 v =1.06
Given
SSE(B,Y)=0 1=1

SSE(B,

(B ) - Minerr(B,7) ——37(B 2” =2.801-10° y=0.516
y =

B =0.198
B, - F(AGGi,AGSi,RIi,dt-,B,‘i)

1
mean(B1) =81.802

150 -
R lys,

el

O(AGEAGSdem) |
fgxosc,msc,mc,d:c,a,y)

S0

100
AG_ o
Sensibie heat flux
as proposed by Moran et al. with KB and fraction of availble energy
Sensible heat vector from source matrix AG

p-C -(dt)
PC -(dt - 0 ¢ )
Hn, ~Gace :G(SC)dt e F(AG6,, AGE,RI,,dt;,p.7) Vi =AG, 40
c ( c? c? crn) pcp(dtl) ‘
corr(v,Hn) =0.889 Hiys, - "Ry, Represents 1:1 line

corr(v,H Tl) =(.526



0Tl

ﬁﬁna.aﬂvtaawc<.8<whm - Aﬁaauﬁvaaaww<a8<vé

ap) 450
(+4-9OV) LB OV
Wlnl.a?:.AEv - (IP‘9DV IV)NY (UIP'OV IOVID _ (yqp<cny onv)oH
°p -z 86 op)-95-d

19 pue‘uy ‘asmesadwa} dLjBWOIPE) ‘paads pum'iie UANIB xny jeay 9|qIsuas ajewdsa o} suogenb3

(sg61) AOQ 01y
81l 911 141 Tl [1] §1 801 901 01 ot 001

T T T T T T T T T 0
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Sil

sd=

Array sd contains
Air, Wind speed,|R,Rn,Gt
at time of overflights
entered into array

Air,Wind speed,IR,Rn,Gt

16.33
22.82
26.89
sd = 2601
27.25
2232
26.63

2.3 3842 517 136 0 0 0 0]
3.55 4825 450 113 0 0 0 O
45 4629 473 120 0 0 0 O
39 5147 452 165 0 0 0 ©
6 49 468 182 00 0 0
5 44.14 506 61 00 0O
6 455 547 8 0000

s 5 = F[sd 1,54 3 - s 4 Ri[sd o5 12(30 .2~ 5%, 0) ] (5.2 ~ 5% 0)-B>]

sdk,5 = HF[Sdk’l,sdk,] - Sdk,4’m[3dk,o’5dk’l ’(Sdk,Z - Sdk,o)]’(Sdk,z - Sdk,o)’O’V]
sdk'7 = G[sdk’l 'Sdk,o’(Sdk,z - Sd'k,o)’“]

sdy g = HG[sd, ;.54 o (5 2 - 34 o)-1]

Air

[ 16.33
22.82
26.89
26.01
27.25
22.32

| 26.63

U

23
3.55
45
39
6

5
0.6

Ts

3842
48.25
46.29
51.47
49
44.14
455

Rn Gt

517
450
473
452
468
506
547

136
113
120
165
182
61

81

39.295
81.755
94.106
101.16
136.827
87.617
-16.032

226.319
201.33

139.057
189.444
132.168
145.964
290919

60.672
57.501
64.82

57.655
58.862
60.351
63.553

42804 |
519.93
351.856
519.149
434.407
425.054
349.068 |

8-May-86 294 AG

8-May-89 188 to 223 AG
1-Jun-89 274 to 300 AG

8-May-89 156to 176 G300
1-Jun-89 NA G300

8-May-89 246 to 265 LS
1-Jun-89 236 to0 258 LS




911

0 note

1/24/93

Data from file ag88le.prn

3 1M

4 AIR

5 AIR

6 U

b bt b e pd e et
VONANBWNHROWVOIAUT B WN M

NN
O

NN N
W

N
wu

WWWWWWWWNINNND
NOMBEWNHOWONIN

W
O w

206.55
385.19
388.72
277.71
301.69
286.23
344 .58
256.47
262.80
307.35
362.26
341.24
274.24
414.78
230.27
329.84
507.24
215.00
623.12
359.32
133.10
137.42
143.61
127.39
162.21
545.04
159.71
471.82
563.12
355.63
441.33
503.80
354.02
429.88
466 .54
385.36
364.60
392.19
297.03
332.52



Appendix D

Calculations of Aerodynamic Resistance for Sagebrush in 1983

The following material is a printout of a Mathcad program. No editing or formatting has

been done.
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Appendix D Calculations of resistance (ra) for sagebrush 1988

This Mathcad program calibrates a sensible heat transport equation to an Alesage 1988 data set

Constants p=lle4 C,=1010 i:0.5 k=4 z:2
calculation tolerance
Read in data TOL = .00001

AS = READPRN((as88comp)

Array labels data printed at end of this appendix
0 Daytime

1 Day

2 Time

3 Temp soil 1 cm

4 Air temperature shelter

5 Dry Bulb aspirated pyschrometer

6 2 meter wind speed

7 Infrared thermometer

8 Available energy (Rn-Gt)

9,10,11 not used

12 Lysimeter measured latent heat flux

13 Available energy - latent heat flux (lys) - Gt

14 not used

Estimate an appropriate surface radiometric temperature by compositing 1 cm soil and IR thermometer

TCI, = AS; , 1 ¢cm Soil

IR, = AS, , Everrest IR
mean(IR) =15.576
dt, = [(AS; 371 + AS; 712 - (AS, 4)]
mean(TC1) =23.963

mean(dt) =10.41

Solve for resistance from measured temperatures and H=Rn-G-E with E from lysimeters

(dt, )'p-C 0 Assign vectors from array AS
R D
lys.g, Asi, 3 L as .
AS6, = AS, ¢ AS8, - AS, ¢
mean (R 1y 5) =67.84 X; =dy  ASS =AS 5 ASY =AS
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Method used by Moran et al. 1989 in alfaifa, wheat and cotton at Maricopa Ag. Cen. Phoenix, Az.
This equation is solved for n which represents canopy height

2
9.8 20y
- '5'{(Ass,273)“(’d°) (AS6 447
3
2,10
N3%%
n :
: (5) | [ 98 \ "3
g o]
)
n m ™ m ;
G(AS6.AS5 ., dt.1) = (E) : (E) (E)
JASS . dt.n . r AS6-.44
n := length( AS6) - 1
n=>59
2
c=0.n p-C P'dtc
SSE(n) = ) (AS3 -
Initial guess ; ¢ G(A%C,Assc,dtc,ﬂ)
n:=1.06
Given
SSE(n)=0 lm]
N = Minerr(n)
SSE(T]) _ 3
_ . a7 = 2:609:10
n =0.122 canopy height
h=.122 Calculate Richardson number for next equation
2 h
d = —-h VA = 98 z- d
o3 om " g R]i = (____AS 573 .((_dti)).._ _ °
st (AS; 442

do=0081 2z 4p,=0015
mean(RI) =-0.29 stdev(RI) =0.202
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i
Equation modified similar to Kustas 1990 with added KB = (y( AS6-.44)-(dt))

alscaterm I
to adjust the resistance
in responce to the available energy

0 1 2 3 4 s 6

AS, ¢4 wind speed

-d -d
£
F(AS6,ASS.RI,dt,B,9) = || — k"“‘ ' k°“‘ .(7(».5&.44)-(40)]
0 p-C-dt \2
c:=0.. c
i SSE(B.1) = Y | AS3, - P
'nlw glnss c F(AS6C'Assc‘R‘[c'dlct6v’Y)/
B =.01 v:=.17
Given
SSE(B!Y)-O im]

Y

- B-AS8

SSE(B,
v=0.117 iy_).=2_135.]03
n-
B =6.041
R lysa
AS6C.A58c.dI n
iASGC.ASSC R,
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p-C p.(dtl) i p-C p.(dtc) pC (dtc)

H iy = et =
lys L Hn_:=
\ Rigea ¢ G(AS6,,ASS,.dt n) © " F(AS6, . AS8_.RI_.di_.B.7)

solved for canopy height with KB and fraction of availble energy

Sensible heat vector from source matrix AS

Vi = AS; 3
i | | 1
wo con(v,Hn) =0.792 x _
H'li corr(v,Hn) =0.822 x
x o
Hn
o
H s, 200 |- N
[ ¢
o
0 L 1 ! I
0 100 200 300 400 500

Equations to estimate sensible heat flux given air,wind speed, radiometric temperature, Rn,and Gt

HF(AS6,AS8,RI, dt,B i 2
Y 'Y ] tv 1 =
( Y) F(AS6,AS8,RI,dt,B,y)
9.8 z-do

R e ()
z-dg

moﬁnA&L&)*(foTﬁ)“*m’Z&ijﬁﬁ
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Air,Wind speed,IR,Rn,Gt  from on site data during satellite overflights
/1691 2.5 369 556 135 0 0

sd = [2302 26 458 486 190 0 0|
| 266 3.8 45.17 497 197 0 0]

Equation using U,Air temperature, Surface - Air temperature, estimated plant height

p-C p(dt)
HG(AS6,AS5.dt,n) = G(ASG.AS5.dL.1)

k=0 Apply both sensible heat flux equations to array containing observations
=0.2 at time of satellite overflights

sd s = HF[sdy -44.sd . Rifsdy .54, |, (sdy 5 - sdy o). (5 5~ 54 0),B.7]
sdy ¢ = HG[sdy 44,54, o, (sdy 5 - sdy 4).7]

Pedicted Measured

11691 2.5 369 556 135 175449 449792, Alesage 8-May-86 372
sd=|23.02 2.6 458 486 190 208.466 541875| Alesage 8-May-89 174 to 213
\266 38 4517 497 197 150352 387.504 Alesage 1-Jun-89 228 to 247

Sensitivity analysis for a 10 percent error in each component
individually and combined

w
HF(2,40,.Ri(40,2,10),10,0,y) =135.753 — Baseline = HF(2,40,Ri(40,2,10),10,0,y)
m
Baseline = 135.753
increment windspeed
HF(2 +2-.1,40,Ri1(40,2,10),10,0,7) - Baseline =12.413

increment the difference
between air and
surface temperature

HF(2,40,Ri(40,2,10 + 10-.1),10 + 10-.1,0,7) - Baseline =19.718

increment air temperature

HF (2,40 + 40-.1,Ri(40 + 40-.1,2,10),10,0,7) - Baseline =-0.864
decrement canopy height
HF(2,40,Ri(40,2,10),10,0,y + y-.1) - Baseline =-1.057

increment all terms by 10 percent
HF(2 +2:.1,40 + 40-.1,Ri(40 + 40-.1,2 + 2-.1,10 + 10-.1),10 + 10-.1,0,y + vy-.1) - Baseline =15.917
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X4

0 1 2
Time Day
Day

Data from file as88comp.prn

7

8
IR

9

Avail
W/m2

1
2 102.46 102.00
3 102.50 102.00
4 102.42 103.00
5 103.46 103.00
6 103.50 103.00
7 104.42 104.00
8 104.46 104.00
9 104.50 104.00
10 105.42 105.00
11 105.46 105.00
12 105.50 105.00
13 106.42 106.00
14 106.46 106.00
15 106.50 106.00
16 107.42 107.00
17 107.46 107.00
18 107.50 107.00
19 109.42 109.00
20 109.46 109.00
21 109.50 109.00
22 110.46 110.00
23 110.50 110.00
24 112.50 112.00
25 113.46 113.00
26 113.50 113.00
27 114.46 114.00
28 114.50 114.00
29 115.42 115.00
30 115.46 115.00
31 115.50 115.00
32 116.42 116.00
33 116.46 116.00
34 116.50 116.00
35 117.42 117.00
36 117.46 117.00
37 117.50 117.00
38 118.42 118.00
39 118.46 118.00
40 118.50 118.00
41 119.42 119.00
42 119.46 119.00
43 119.50 119.00
44 120.42 120.00
45 120.46 120.00
46 120.50 120.00
47 121.46 121.00

314.06
331.66

72.85
178.90
318.51
330.63
278.75
397.19
197.80
320.63
166.56

71.18

75.44
447.25
243.12
262.58
274.71
391.08
272.21
347.03
395.14
261.84
336.64
376.79
312.85
329.05
313.96
268.12
322.17
262.34
466.26
519.78
450.15
457.62

-0.01
-0.02
-0.02
-0.02
-0.05
-0.03
-0.04
-0.05
-0.04
-0.03
-0.02
-0.03
-0.02
-0.00
-0.00
-0.00
-0.01
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Washington State University. Mr. Kirkham has worked as a scientist at Pacific Northwest
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atmospheric studies related to hazardous waste isolation and global climate warming.
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oil/water sensor. The optical oil/water sensor has been further recognized by the receipt of
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icant technical products of the year and a technology transfer award from the Federal
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