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PREFACE 

This report is part of an ongoing series of publications issued by the Department 

of Hydrology and Water Resources of The University of Arizona, Tucson, Arizona. The 

purpose of this series is to disseminate detailed research findings related to natural 

resource systems to a broad audience of University of Arizona persons conducting 

research in natural resources. 

The contents of this report are based on a copyrighted dissertation by Washburne 

(1994). Brief quotations from this report are allowable without special permission, 

provided that accurate acknowledgment of source is made. Requests for permission for 

extended quotation from or reproduction of this manuscript in whole or in part may be 

granted by the copyright holder. 
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ABSTRACT 

A simple model of surface and sub -surface soil temperature was developed at 

the watershed scale ( -100 km2) in a semi -arid rangeland environment. The model 

consisted of a linear combination of air temperature and net radiation and assumed: 

1) topography controls the spatial distribution of net radiation, 2) near- surface air 

temperature and incoming solar radiation are relatively homogeneous at the 

watershed scale and are available from ground stations and 3) soil moisture 

dominates transient soil thermal property variability. Multiplicative constants were 

defined to account for clear sky diffuse radiation, soil thermal inertia, an initially 

fixed ratio between soil heat flux and net radiation and exponential attenuation of 

solar radiation through a partial canopy. The surface temperature can optionally be 

adjusted for temperature and emissivity differences between mixed hare soil and 

vegetation canopies. Model development stressed physical simplicity and commonly 

available spatial and temporal data sets. Slowly varying surface characteristics, such 

as albedo, vegetation density and topography were derived from a series of Landsat 

TM images and a 7.5" USGS digital elevation model at a spatial resolution of 30 m. 

Diurnally variable atmospheric parameters were derived from a pair of ground 

meteorological stations using 30 -60 min averages. One site was used to drive the 

model, the other served as a control to estimate model error. 

Data collected as part of the Monsoon '90 and WG '92 field experiments over 

the ARS Walnut Gulch Experimental. Watershed in SE Arizona were used to 

validate and test the model. Point, transect and spatially distributed values of 
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modeled surface temperature were compared with synchronous ground, aircraft and 

satellite thermal measurements. There was little difference between ground and 

aircraft measurements of surface reflectance and temperature which makes aircraft 

transects the preferred method to "ground truth" satellite observations. Mid- morning 

modeled surface temperatures were within 2° C of observed values at all but satellite 

scales, where atmospheric water vapor corrections complicate the determination of 

accurate temperatures. 

The utility of satellite thermal measurements and models to study various 

ground phenomena (eg. soil thermal inertia and surface energy balance) were 

investigated. Soil moisture anomalies were detectable, but were more likely 

associated with average near -surface soil moisture levels than individual storm 

footprints. 
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CHAPTER 1 

INTRODUCTION 

Motivation 

The primary goal of this dissertation was to develop a simple distributed 

model of surface temperature and soil heat flux for a small (150 km2) semi -arid 

watershed and to investigate the applicability of using thermal sensors to map soil 

moisture. Several issues of basic terminology will be addressed first. Distributed 

modeling was always used in the context of a two- dimensional spatial model of each 

point (or pixel) on the surface. Surface temperature (TS) was used to describe the 

surface soil (kinetic) temperature, either in the open or under a shrub. Subsurface 

temperature (Ti) refers to soil temperature at a depth z [cm or mm]. Soil moisture 

was a model input but could be an inversion product given observed values of Ts. 

The importance of surface temperature to hydrologists, regardless of its utility 

in soil moisture detection, is not a new idea [Price, 1980], however, it is still not 

widely appreciated. Its importance, particularly in semi -arid regions, lies with the 

fact that it is a critical parameter in the surface energy budget and, in contrast to 

other components of the energy budget, one that is relatively straight- forward to 

measure. Early attempts to model the surface energy budget using remotely sensed 

data [Price, 1980; Jackson, 1985; Kerr et al., 1987] were narrowly focused such that: 

1) data were only collected under pristine conditions, 2) data and modeling were 

limited to small agricultural plots, and 3) data collection and modeling were focused 

on the satellite overpass time. These were not unreasonable limitations considering 
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countless logistical, experimental and theoretical complexities of the problem. 

Current concerns with the role of arid lands and climate change [Jackson and Idso; 

1975; Balling, 1988] necessitates extending these methods to more extensive semi -arid 

rangelands in order to monitor the annual variability in hydrologic, carbon and 

energy fluxes [Sorooshian and Kerr, 1988; Running et al., 1994]. 

The need to model surface temperature arises from two issues of great 

importance to hydrologists and regional -scale soil -vegetation- atmosphere (SVAT) 

modelers. First, soil moisture is a critical but poorly known state variable in any 

comprehensive hydrologic model. It is not possible to partition rainfall into runoff 

and infiltration realistically without it. Nor is it possible to assess the true spatial 

distribution of evaporation and transpiration without a map of soil moisture 

variability. 

The second issue concerns the limited utility of remotely sensed and point 

meteorological data alone. The value of a satellite image which captures a snapshot 

of the relative distributions and associations of surface characteristics would he 

greatly enhanced if integrated with a time- series model of surface processes. Many 

distributed models [Hungerford et al, 1989; Lagouarde and Choisnel, 1989; 

Leavesley, 1990; Moran et al., 1989] are starting to be applied at the regional -scale 

and modified to assimilate point -series of meteorological data updated or conditioned 

periodically with spatially distributed satellite data. Surface temperature is a 

relatively simple parameter from which to investigate these issues. 
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Background 

Much work has been done to relate satellite and aircraft remote sensing to 

observations of surface temperature [Kustas et al., 1987; Seguin, 1993], radiative 

surface fluxes [Jackson, 1984, 1985; Moran et al., 1989, 1991; Kustas et al., 1990], and 

reflectance [Moran et al., 1990]. Procedures have been developed to correct for 

atmospheric attenuation [Moran et al., 1992] and water vapor [Price, 1983, 1984; 

Cooper et al., 1989], validate satellite -scale results with ground [Moran et al., 1994] 

and airborne [Jackson et al., 1987; Kustas et al., 1994] measurements. Several recent 

watershed -scale field experiments [FIFE, MONSOON '90, HAPEX -SAHEL] have 

begun to apply these techniques across larger areas. Much work remains to he done, 

however, to effectively extend these results in time and space. Faced with nature's 

inherent complexity, many complex physical models have been developed, usually at 

the point- scale, in an attempt to simulate field observations. A problem with these 

models are the number of parameters or observable physical characteristics that are 

required. The simple biosphere model (SiB) [Sellers, et al., 1986] requires 14 

different resistance factors, the biosphere- atmosphere transfer scheme (BATS) 

[Dickinson et al., 1993] requires 6 resistances, the Shuttleworth -Wallace model [ 1985] 

has 7 resistances and Magret model [Lagouarde and Choisnel, 1989] has 3 

resistances. Surface and aerodynamic resistance are difficult to characterize because 

they are functions of surface roughness, cover type, cover status and wetness. The 

goal of this model was to find a useful approximation for distributed surface 

temperature with a minimal dependance on either kind of resistance. 
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Scope of Study 

This dissertation considered the problem of estimating the spatial distribution 

of surface temperature in semi -arid regions for use in distributed hydrologic, biologic 

and climatic models. A simple model of surface and subsurface soil temperature was 

proposed and modeled temperatures were compared with ground, aircraft and 

satellite temperatures. This model was developed to assess and remove surface 

temperature variability due to topography and to investigate the correlation between 

residual temperatures and hydrologic parameters such as soil moisture and 

evapotranspiration. 

The surface temperature model was constructed to he as simple as possible, 

given the limited supply of relevant and observable, spatially distributed information. 

Unlike many existing models for surface temperature, the model was easily 

parameterized with remotely sensed satellite data which describe surface topography, 

albedo and vegetation cover. The basic ideas were that: 1) surface temperature, to 

a first approximation, is a simple linear combination of net radiation and air 

temperature and 2) net radiation is a function of sun angle, slope and aspect. The 

simple TS algorithm was developed by combining the most useful elements of a soil - 

based and atmospheric exchange model. These components reflect the dominant 

surface energy exchanges due to radiation and the fluxes of sensible and soil heat. 

This model cannot be expected to model all features of distributed temperature. 

Additional factors may give rise to coherent biases in the residual difference between 

the modeled and observed temperature. The correlation between these residuals and 
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spatial patterns of soil, soil moisture and vegetation cover were investigated also. 

Preliminary results indicate that rough estimates of distributed soil thermal properties 

are possible using this model and a series of satellite thermal images. 

Problem Statement 

Soil Temperature 

A primary objective of this research was to develop a model of semi -arid land 

surface temperature based on the most basic environmental conditions yet robust 

enough to produce acceptable results under non -ideal conditions. Traditional energy 

balance formulations of surface temperature require precise knowledge of many 

parameters at fine temporal and spatial resolutions [Sellers et al., 1986; Matthias, 

1990]. For example, aerodynamic resistance, which is a function of vegetation density 

and height, wind speed and atmospheric ' stability, is particularly difficult to 

characterize. The accuracy of distributed energy balance models, therefore, is highly 

questionable because of their sensitivity to several poorly known parameters. 

The basic problem addressed by this model was how to parameterize surface 

temperature based on some minimum set of knowable surface and satellite -derived 

variables. Soil moisture, not surprisingly, was a critical parameter so strategies to 

estimate it or interpret model results using approximate constant values were 

developed. The model presented here calculates distributed values of surface and 

near -surface soil temperature based on topographically -controlled net radiation and 

a time -series of air temperature observations. Spatially distributed net radiation is 

a function of: 1) one point measurement of incoming solar radiation, air temperature, 
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and vapor pressure, 2) two distributed surface parameters related to topography and 

reflectance, and 3) a first guess (or previous time -step) estimate of the distributed 

surface temperature. 

Utility and Accuracy of TIR Measurements 

The required accuracy and resolution of surface temperature for regional and 

local energy balance studies is not well defined. Current methods of estimating 

surface temperature are of limited use and /or of questionable accuracy for high - 

resolution models of distributed hydrology and energy fluxes. The use of satellite 

thermal scanners to measure the distributed surface temperature (as modified by the 

atmosphere) is hampered by low spatial resolution or infrequent acquisition. Direct 

observations of surface temperature using satellite data also are greatly and 

differentially affected by the atmosphere so have a large inherent source of error. 

Atmospheric homogeneity in semi -arid regions, such as SW Arizona for example, 

ranges from length scales of 10 -100 km2 with a strong diurnal component [Brazel, 

1985; Hillger, 1993]. Thus, attempts to use non -local and non -simultaneous 

atmospheric corrections are of questionable help [Cooper and Asrar, 1989, Perry and 

Moran, 1994]. 

Soil Moisture 

The question of whether soil temperature, soil heat flux or soil thermal inertia 

are useful to detect soil moisture anomalies in semi -arid environments was a major 

impetus to this dissertation. The idea of using satellites to monitor rain shadows or 

the distribution of wet soil is not new. Early investigations focused on reflectance, 
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vegetation status, soil temperature [Griend, et al., 1986] and thermal inertia 

[Schieldge, et al., 1982]. Model sensitivity to soil moisture, surface expressions of 

temperature variability and ways of combining observed and modeled temperatures 

were investigated to address this question. 

Soil Physical Properties 

Given the net radiation at the surface, the magnitude of the soil heat flux 

depends on the physical properties of the soil [De Vries, 1975; Berge and 

Stroosnijder, 1986]. Water is the most important transient constituent of soils, so 

there is considerable temporal variability, particularly in semi -arid environments. 

Thus, there is considerable uncertainty when it comes to parameterizing soil physical 

properties in any distributed model. The most common approach, is to adopt some 

reasonable local estimates of soil thermal properties as a fixed parameter and just 

accept the consequences of this assumption. This approach was adopted in large part 

here. The potential exists, however, to use satellite or aircraft thermal images over 

sparsely vegetated desert lands to invert soil thermal properties using a model (such 

as this one) that allows for spatially variable surface properties. 

Soil emissivity is another soil property that influences the surface energy 

budget and surface radiometric temperature. Radiometric and kinetic temperature 

can be different by 4.5° C. In terms of model sensitivity, a decrease in emissivity of 

0.01 results in an increase in temperature of just 0.5° C in the model developed, in 

contrast to a 1.0° C change based only upon the Stefan- Boltzmann equation. TIMS 

data is the most likely candidate for developing a successful inversion model of soil 



29 

thermal properties [Kahle et al., 1991; Hook et al., 1992]. LANDSAT TM and 

ground data, however, was the focus of this dissertation. In this context, the 

appropriate question is: 

- Can thermal patterns be related to soil thermal properties? 

- What information is in spatial and temporal patterns? 

Four -Dimensional Data Assimilation 

A primary focus of this dissertation has been to evaluate disparate data sets 

of surface temperature and other surface and meteorological characteristics in the 

context of a simple physical model. This is the essence of four -dimensional data 

assimilation (4DDA) models. The art of applying 4DDA has been developed to fill 

gaps in data sets used to initialize general circulation models (GCMs) [NRC, 1991; 

Daley, 1992]. In general, the objective of 4DDA is to mesh together inconsistent or 

irregular data sets in time and space. This same problem is common to many fields 

and is encountered when attempting to parameterize distributed hydrologic models 

using a combination of ground and satellite data. From the point -of -view of a 

spatially distributed understanding or view of the surface, two questions that will be 

asked are: 

- What is the quality of a given data set, and 

- How can these data be integrated together best? 

Energy Balance 

One secondary product of this research is a means to estimate the relative 

partitioning of energy at the Earth's surface. If a reasonably closed budget can he 
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made of available energy and turbulent energy fluxes, then the resulting latent heat 

flux can be used to help close the water cycle, which is inherently more difficult to 

characterize across large areas. The basic issue is: 

- How valid are modeled data which can only be verified at a point when 

applied to a large area? 

Field Measurements: Walnut Gulch Experimental Watershed 

Field measurements were made at the USDA -Agricultural Research Service 

(ARS) Walnut Gulch Experimental Watershed, which is located approximately 80 km 

SE of Tucson, AZ. The purpose of the field measurements was to obtain "ground 

truth" observations coincident with satellite overpasses. Data collected at or over 

this site constitutes the observed data upon which this modeling effort was focused 

so a general site description will be given here and the measurements will he 

discussed in detail in other chapters. Other general references to this data set can 

be found in Kustas et al. [1991] and Kustas and Goodrich [1994]. 

The watershed covers approximately 150 km2 just off the San Pedro River. 

Runoff occurs only in response to active precipitation over the area, which averages 

about 8" annually. The terrain is rolling hills which are covered by desert shrubs on 

the lower west half and by dry rangeland grasses on the east half. Soils grade down 

to a largely altered limestone base and the surface is often covered by a rocky desert 

pavement. 

Numerous investigations by a team of investigators were made including 

continuous micro -meteorology and soil conditions from two permanent METFLUX 
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(MF) sites, gravimetric soil moisture sampling, ground and aircraft radiometric and 

surface temperature observations, vegetation cover, soil and detailed topographic 

surveys. A long -term, continuous record of precipitation from 85 raingauges and 

runoff was also available. Intensive field investigations were made during the 

summers of 1990 and 1992. Two satellite overpasses were available in 1990, on days - 

of- the -year (DOY) (June 5, DOY 156; Sept. 9, DOY 252) which were just before 

and just after the intensive "Monsoon 1990" field experiment. A total of eight 

Landsat TM overpasses were collected during 1992. The intensive study sites were 

called MF #1 (Lucky Hills) and MF #5 (Kendall). 

Organization of Dissertation 

This dissertation consists of three parts - the first describes the model and the 

second describes a spatially distributed data set from Walnut Gulch which is used in 

the final section to compare with the model and run several simulations of interest. 

Chapter 1 introduces some of the major concepts and issues addressed by this 

dissertation. A simple TS model is introduced and the essential model algorithms are 

described (Chapters 2 -3) without going into details, which are covered in Appendices 

B-J. Soil temperature modeling and several other methods of estimating surface 

temperature are reviewed and compared with the simple T, model in Appendix A. 

Model sensitivity and satellite data processing are covered in Chapters 4 and 5. 

Field data used to validate and drive the model are described in Chapters 6 and 7. 

Data at three different spatial scales are compared with direct observations of Ty and 

used to illustrate some applications and limitations of the model in Chapters 8 and 
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9. Ideas on extending this model to larger areas are covered in Chapter 10. Finally, 

conclusions, recommendations and implications of this research are in Chapter 11. 

The proper formulation or magnitude of several parameters used in this 

research was found to be ambiguous or absent in the common literature. 

Considerable effort was expended to better understand and simulate these 

parameters, which in many cases, proved to be negligible for this model. Other 

research more sensitive to these parameters can benefit, hopefully, from these 

clarifications. These topics are addressed in the appendices listed below: 

C) Relative magnitudes of direct and diffuse solar irradiance, 

E) Conversion of satellite -band reflectance to albedo, and 

F) Ratio of satellite -band (partial) to total solar irradiance. 

Other appendices offer extended background and descriptions of basic data forms 

and the procedures used to calculate parameters useful to distributed models. These 

topics include: 

A) Simple surface temperature models, 

B) Digital elevation models, 

D) Surface reflectance and vegetation indices, 

G) Radiative source model for atmospheric correction, 

H) Sensors used to measure surface temperature, 

I) Image registration, 

J) Aerodynamic resistance to sensible heat transfer, and 

K) Basic energy balance modeling. 
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CHAPTER 2 

SURFACE TEMPERATURE MODEL DEVELOPMENT 

Introduction 

One of the most fundamental and innovative parts of this dissertation is the 

idea that surface temperature (Ta) can be parameterized very simply. Intuitively, 

surface temperature can be related to atmospheric influences (eg. air temperature) 

and soil influences (eg. soil thermal inertia). The relative importance of these effects 

depends upon time -of -day, the degree of aerodynamic mixing, spatial homogeneity, 

evaporative fraction, soil saturation and cover type. Two relatively simple, but 

significantly different physical models that describe the interaction between hare 

surface temperature and either atmospheric or soil factors are introduced below. 

Later, the two parts are heuristically combined to account for both processes. The 

models considered were: 1) the force- restore temperature model and 2) a simple 

one -layer energy balance model. The new model will be justified by demonstrating 

that each of the aforementioned physical models can be represented as a simple 

linear equation of Ta and R,,, with a proportionality factor that is approximately equal 

in each case. In addition, the robustness of each model was evaluated under variable 

environmental conditions. Thus, the major objectives of this chapter were to: 

1) derive the simple TS algorithm, 

2) demonstrate the new model's effectiveness relative to its constituent parts 

using simple RMS comparisons with observed Ts. 
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Basis for Surface Temperature Algorithm 

One modeling objective was to develop a simple algorithm that depends upon 

the past thermal and moisture state of the soil profile. The ability to mode! 

subsurface temperatures is almost as important as the description of surface 

temperature because without this component, the surface has no feedback from the 

changing capacity of the soil to transport and store heat. These properties are 

described by the soil thermal conductivity (AS) and the soil heat capacity (Cs), 

respectively. Soil thermal inertia (P= "1sCS) is the parameter which best 

characterizes the net effect of these two thermal properties. NASA's Heat Capacity 

Mapping Mission (HCMM) program spawned many early attempts to model and 

utilize surface thermal inertia [Kahle, 1977; Gillespie and Kahle, 1977; Price, 

1977,1985; Schieldge, et al., 1980,1982; Watson, 1982; Nash, 1985,1988]. Several 

different numerical schemes were employed by these authors to calculate surface 

temperature. A common model derived from these results is described below. 

Force -Restore Algorithm 

The primary environmental sensitivity of the simple Ts algorithm is based 

upon the force -restore method of calculating surface temperature [Deardorff, 1978; 

Dickinson et al., 1993]. The multiplier to the driving force (G, in this case) can he 

shown to be inversely proportional to thermal inertia (P="1 sCs): 

Ts r-(r) wDdt [ ? Ç 
+ 71(t-A01 

wD P 
(2.1) 

The exact algorithm is fairly complex [Dickinson et al., 1993] but was used in the 
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final algorithm comparison. Equation (2.1) is most useful in that it describes how 

surface temperature can be a function of soil thermal inertia and a lagged sub- 

surface soil temperature (Ti). The trouble with (2.1) is that there is no direct linkage 

with atmospheric feedback. For reasons of simplicity and similarity which will soon 

be evident TZ in (2.1) was dropped and an arbitrary bias (a) was added. The 

resulting expression is: 

2©t1/2 (i) D G 
TS(t) = a + kf R, ; where kf_r = ( ) 

JXsCs 
Rn 

(2.2) 

The ratio of G /R,, derived from observations varies diurnally and daily as is 

illustrated in Figure 2.1 with a mean daytime average value around 0.30. Figure 2.la 

shows the unfiltered time- series derived from observations. Typical diurnal average 

values (x) and standard deviations (vertical bar) for characteristically wet and dry 

days (as indicated by volumetric soil moisture greater than or less than 4%, 

respectively, Figure 2.1b -c) and the resulting daytime average values as a function of 

day -of -year (daytime determined by incoming solar radiation greater than 10 W m -2, 

Figure 2.1d) also are shown. A broken line identifies the constant value I would 

choose to represent the mean daytime average for this function. The combined 

effects of the factors in kf_r exhibit even greater consistency and average around 0.030 

(Figure 2.2), for a time increment (b t) of 3600 s and where observed soil moisture 

was used to define soil thermal properties according to (2.9 -10). 

Atmospheric Exchange /Energy Balance Model 
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The sensible heat flux (H) for a single -layer surface is defined as: 

H= PCP - Ta) (2.3) 
rah 

where the thermal heat capacity of the air (p Cp) and aerodynamic resistance to heat 

(rah) are more fully defined elsewhere. Surface temperature can be expressed as a 

simple linear equation by assuming that the sensible heat fraction (H/(H E)), ratio 

of G to R and aerodynamic resistance in the energy balance equation are relatively 

constant: 

Ts, rah = Ta + krah Ra , where k,,, - ( r"h ) ( H (1_2) (2.4) 
pCP H+XE Rn 

The ratio of H /(H +X E) derived from observations varies diurnally and daily 

as is illustrated in Figure 2.3 with a mean daytime value around 0.33. Mid -day values 

of bulk aerodynamic resistance (rah /p Cp) derived from observed fluxes and 

temperatures using (2.3) were relatively constant ( "0.15 °C m2 W -') as were daytime 

averages during this monsoon -like calibration period. The diurnal and average 

behavior of G /Ra was covered previously. The combined effect of these three 

"constants" is given in Figure 2.4 and appears more consistent diurnally and daily 

than either parameter alone. Note that the two right -most factors of kr,,,, reduce to 

H /Rn and that without a direct observation of aerodynamic resistance, the 

observational verification of (2.4) reduces to (TS- Ta) /Rn, which is given as the 

"theoretical" value. A stability- corrected aerodynamic resistance (kV =0. l3 *u *(T,- 

Ta)) was used to plot the "observed" behavior of krah. The constant daytime product 
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was assumed to be 0.033 (dashed line). 

The form of (2.4) allows this equation to be solved using observed or 

remotely- sensed estimates of Rn and observed Ta if the expressions in parenthesis can 

be shown to be reasonable constant. Alone, (2.4) has limited prognostic value since 

there is no soil feedback to T. Its value is that it justifies the inclusion of Ta and 

reveals the practical (not physical) similarities between the average magnitudes of the 

constants of proportionality. 

New Formulation: Simple Ts Algorithm 

The simple surface soil temperature algorithm is defined as: 

T:. new 
_ á+ k,KM R.; where k ° 

2dtI26) G 

JsCs 
Rrt 

(2.5) 

with G /Rn fixed at the observed daytime average value of 0.30. Throughout the rest 

of this chapter, the simple TS algorithm (2.5) will be synonymous to and annotated 

as the "new" model (Ts.new) The simple temperature algorithm was formed by 

combining (2.2) and (2.4) based upon: 

I) similar form of the equations, 

2) similarities between the constants of proportionality, 

3) practical difficulties estimating distributed surface aerodynamic resistance, 

and 4) the desire to have TS be sensitive to soil moisture. 

The distinctive features of (2.5) are that the constant of proportionality (k) depends 

on soil thermal inertia (a function of soil moisture), the ratio of G /Rn was assumed 

constant for this ecozone and atmospheric buffering is supplied by near -surface Ta. 
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The primary advantage of including thermal inertia is that surface temperature can 

be related to soil moisture. The disadvantages, conversely, are that distributed soil 

temperatures cannot be modeled accurately without some knowledge of potentially 

heterogeneous soil properties. Several other factors must be considered in the 

presence of variable vegetation and topography (see 3.1). The most restrictive 

assumption, as will be seen later, is that of a constant G /Rr, ratio. The assumption 

of a constant sensible heat fraction should be a guide to the successful application 

of this model. A comparison of Figures 2.2d and 2.4d suggests that this combination 

is only valid during the day. Reasonably good night -time results are due to the good 

approximation of TS by Ta at this time. The fact that (2.4) was derived for a single - 

layer model probably implies other limitations such as the need for a simple and 

homogeneous canopy structure. 

Comparison of Basic TS Algorithms 

As a second step in justifying (2.5) as an appropriate algorithm for surface 

temperature, the three approximate expressions above (2.1,4,5) can be compared to 

observed temperatures to help identify strengths and weaknesses in each formulation. 

Fixed METFLUX station data at Walnut Gulch (Chapter 7) was used to drive each 

algorithm. Two time series from the Kendall site were chosen, one in 1990 (DOY 

205 -222) and one in 1992 (DOY 228 -245). The three algorithms will be referred to 

as force -restore (F -R, 2.1), aerodynamic resistance (Rah, 2.4), and simple Ts (NEW, 

2.5). 

In general, the performance of these algorithms ranged from mediocre to fair 
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(Table 2.1). Each of these models could be adjusted to fit clear day temperature 

cycles reasonably well but little if any calibration was done. A more useful property 

than scalability, however, is adoptability or robustness. Rather than focus on the 

inconclusive statistics, it is useful to examine how each algorithm responded to 

sudden changes in environmental conditions. Both test periods included a variety of 

such changes; only the 1990 period will be described in detail below. CIoudiness will 

be characterized by average daytime incoming solar radiation (Figure 2.5a). Soil 

moisture will be characterized by an antecedent precipitation index (API, o) and 

average daily soil moisture at 2.5 cm (x) (Figure 2.5b). The significance of 

evaporation will be characterized by average daytime relative humidity (+ ) and 

latent heat flux ( *, observed using an eddy correlation system) (Figure 2.5c). 

A portion of the results from the 1990 comparison are given in Figure 2.6. 

The figure shows observed IRT temperatures (o), observed air temperatures (.) and 

modeled surface temperatures (x) and lists the average day- and night -time RMS 

error between observed and calculated temperatures. The 1990 period starts with 

a relatively clear, gradual drying trend where TS should gradually increase (DOY 205- 

213). Thunderstorms wet the site on DOY 205 (0.5 cm), 213 (2.0 cm), 214 -215 (2.0 

cm) and 218 (0.1 cm) but average daytime solar radiation is only affected on the last 

date. An increase of soil moisture acts to dampen diurnal temperature swings. As 

the soil gradually dries out, it heats up. In contrast, intermittent cloudiness just 

affects the surface temperature for the duration of the cloud cover. These effects 

and their affect on observed and modeled temperatures can he seen in a seven day 
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detail of the 1990 period in Figure 2.6. Only the simple TS (NEW) and force -restore 

(F -R) model responded adequately to the soil wetting episode and resulted in similar 

RMS errors. Overall, the simple TS model did best for the duration of both test 

periods. Parameters in both the aerodynamic resistance and force -restore models 

seemed to have a seasonal dependance. The new and simpler reformulation of the 

force -restore algorithm (2.5) fit both day and night -time data at this site best. 

Conclusion 

The fusion of (2.2 and 2.4) results in the combination of a near- surface 

atmospheric term (Ta) with a factor of proportionality related to soil thermal inertia. 

which is a fuction of soil moisture. The simple TS model did better than either (2.1) 

or (2.4) alone under conditions of considerable environmental variability. An energy 

balance constrained by the assumption of constant sensible and soil heat fraction was 

used to justify a bias factor equal to air temperature. Operationally, however, soil 

thermal inertia was used to weight R,,. Thus there is no explicit danger in using 

model estimates of TS to estimate H (using 2.4). Model derived energy balance 

studies are a topic in Chapter 9. 
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TABLE 2.1 

ALGORITHM COMPARISON - MODEL JUSTIFICATION 

Average RMS Error between Observed and Calculated T$ 

1990 Kendall DOY 205 -221 

Rah F -R NEW 

day 4.3 3.8 3.2 
night 2.4 2.2 2.3 

1992 Kendall DOY 227 -243 

Rah F -R NEW 

day 6.0 3.6 3.5 
night 0.9 3.1 1.1 

Note: the Force -Restore model required ß t be multiplied by 1.5 for these results. 
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Figure 2.1 Average diurnal and daily average plots of G /Rn. a) time -series of 
observed data. Means of each observation period (x) and standard 
deviations (bar) during the multi -day interval shown below are given for 
b) relatively wet and c) relatively dry days. Daytime average values ( + ) 

during variable monsoon environmental conditions are shown in (d). The 
relatively wet periods are illustrated by the shaded har. 
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Figure 2.2 Average diurnal and daily average plots of kf_r. Layout is similar to Figure 
2.1 with the exception that theoretical ((TS- Ta) /Rn) values (o) are shown 
also. 
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Figure 2.3 Average diurnal and daily average plots of sensible heat fraction where 
H /(Rn -G) should be equivalent to H /(H +X E) hut can he calculated using 
different observations. Layout is similar to Figure 2.1. 
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Figure 2.4 Average diurnal and daily average plots of krah based on observations and 
a derived aerodynamic resistance. Layout is similar to Figure 2.2. 
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Figure 2.6 Detail comparison three basic Ts algorithms: a) aerodynamic resistance 
(Rah, 2.4), b) force -restore (F -R, 2.1), and c) simple T, model (NEW, 
2.5). Data were from Kendall for the period DOY 213-220, I()90. 

Observed air temperature (...) is shown for reference. 
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CHAPTER 3 

DISTRIBUTED MODEL STRUCTURE AND DESCRIPTION 

Introduction 

The rest of this dissertation presents a simple watershed -scale model that 

calculates the spatial distribution and diurnal cycle of surface and near -surface soil 

temperature based on topographically -controlled net radiation, a measure of surface 

meteorological conditions and remotely sensed surface cover characteristics. The 

purpose of this chapter is to: 

- introduce the concept of the spatially distributed model, 

- modify the simple surface temperature algorithm for remotely- sensed, 

distributed parameters, 

- describe the basic model components without getting into too many specifics, 

- describe how the model was parameterized for Walnut Gulch, and 

- review critical model assumptions and limitations. 

Model parameters, acronyms and abbreviations are defined in Table 3.1 and are 

described in greater detail below. Detailed justifications of algorithms and 

methodology will be referred to later chapters or appendices. 

Overview 

The basic premise of this model is that the surface soil temperature varies in 

space due primarily to variable: 1) canopy cover, 2) solar heating and 3) soil 

properties but our knowledge of these elements varies from relatively good to 

relatively poor depending upon the situation. Atmospheric and deep soil boundary 
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conditions are equally important to the diurnal state of near- surface temperature. 

These elements are shown schematically in Figure 3.1. One modeling objective was 

to emphasize what is known over what probably can not be known from available 

remote sensing platforms. Another goal was to develop a model based on the 

simplest environmental factors yet robust enough to produce acceptable results under 

non -ideal conditions. The modeling strategy followed here was to: 

1) develop a simple physical model, 

2) minimize the number of free parameters by fixing insensitive or 

unknowable variables, 

3) drive the model with a mixture of ground and satellite observations, 

4) evaluate model results against observations made at a range of spatial 

scales during a sequence of satellite observations. 

A flowchart of the modeling scheme used is given in Figure 3.2. In brief, spatially 

distributed net radiation is a function of: 1) an area average observation of incoming 

solar radiation, air temperature, and vapor pressure, 2) three remotely sensed surface 

parameters related to topography, albedo and vegetation cover, and 3) an estimate 

of the distributed surface temperature. In turn, spatially distributed surface and sub- 

surface temperature are functions of: 1) estimated soil thermal properties, 2) spatially 

distributed net radiation 3) observed air temperature, and 4) a periodic annual 

temperature cycle at depth. The implicit relationship between net radiation and 

surface temperature requires that these variables be approximated iteratively. Two 

tuning parameters help adjust the model to local ground conditions but are held 
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constant after this initial calibration. One of these factors adjusts the surface heating 

rate; the other factor adjusts the first -layer temperature gradient. Hourly average or 

shorter observations of solar fluxes and air temperature were used to drive the model 

through its diurnal cycle. 

The modeling approach taken here assumes that: a) the surface temperature 

is strongly coupled to the net radiation (Re), b) near -surface meteorological 

conditions are relatively homogeneous across the study area and c) the ratios of 

G /Rn and H /(Rn -G) are relatively constant. This approach is most suitable for 

relatively small study areas (<100 km2), clear sky conditions and relatively 

unvegetated (or senescent) environments. Its strengths are that it accounts for 

surface temperature differences due to topography, albedo and some effects of 

vegetation. The model was derived under daytime conditions but fortunately does 

well at night. 

Spatially Distributed Surface Temperature 

The simple surface temperature (Ts) algorithm introduced in Chapter 2 was 

extended to a distributed model by including several observable, spatially -variable 

surface characteristics. The main objective continued to he finding ways of 

estimating the surface temperature by the sum or product of several components 

which are relatively easy to obtain. Weighting factors related to soil thermal inertia 

(k) and the ratio of G to R (kr) were defined previously (knew= ks* kr). Two new 

weighting factors were required to account for canopy optical transmittance (ka) and 

directional and diffuse radiation (kd). The basic linear equation still required the 
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primary inputs of air temperature (Ta) and net radiation (Rs): 

TS(t) = TQ(t) + kk k k, R(t) [ °C] (3.1) 

Each of these components will be described below in more detail. 

Net Radiation 

Net radiation is the sum of all short (solar) and long -wave (thermal) radiation 

at the Earth's surface. Local short -wave radiation is determined from the incoming 

solar radiation just above the surface (Qi ), a factor that combines directional and 

diffuse radiation effects (kd) and surface albedo (a ). Long -wave radiation is a 

function of air and surface temperature (Ta, TS), air and surface emissivity ( e s), 

and the Stefan -Boltzmann constant (e). Distributed net radiation (R) was modeled 

using: 

R = kd Q (1-a) a(EQ7.: - Esl s ) {W m`1 (3.2) 

Incoming solar radiation can be modeled or measured at one point and is 

assumed to be spatially homogeneous. Measured radiation is preferable because of 

many inaccuracies related to incorporating clouds into surface radiation models 

[Monteith and Unsworth, 1990; Dahlgren, 1985]. A single observed value of Q;n is 

only useful to a distributed model if the time averaged (hourly) value of solar 

insolation is approximately uniform across the study area. Measurements of total 

incoming solar radiation observed 2 m above the surface at Kendall was used here 
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for Q. Mid -day ratios of long to short-wave radiation were around 20 %. 

Directional and Diffuse Effects 

A digital elevation model (DEM) is used to find the slope and aspect of each 

pixel [Dozier and Frew, 1990]. A solar illumination factor (y) [Sellers, 1965] adjusts 

incoming solar radiation (measured at a single ground station) to the actual radiation 

incident on any given slope: 

y = cos(8z) cos(S) + sin(8Z) sin(S) cos(4)z - A) (3.3) 

where the slope (S) and aspect (A) are in radians and solar zenith (6,) and azimuth 

(0z) are expressed in terms of declination (ó ), latitude (ilr) and local solar hour (H,) 

as shown in Appendix B. Shadowing effects due to variations in the local horizon can 

be significant in mountainous terrain [Dubayah, et al., 1990] but were ignored here 

due to the relatively gentle relief. Solar illumination factors ranged from 0.80 to 0.90 

with a variance of 0.05. 

Most radiation at the surface is direct but a small fraction, approximately 20% 

for clear sky conditions, is diffuse radiation and thus largely isotropic [Appendix Cl. 

Diffuse radiation is most often reported as a fraction of the total radiation - the 

diffuse to total ratio ). Solar illumination affects only the direct component so the 

combined effect of these two factors increases the amount of reflected radiation by 

several percent: 

ke = y(i-E) + t (3.4) 

where kd will be called the directional factor and was evaluated with fixed at 0.15 
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(since a part of the diffuse irradiance is directional). 

Canopy Effects 

The effect of a plant canopy is modeled in two steps. Canopy transmittance 

(r e) was assumed to follow a Beer's Law model such that ground or below- canopy 

solar radiation (Qgnd) varied exponentially as a function of leaf area index (LAI), 

canopy extinction coefficient (x), and path length (m =sec 6Z) [Ross, 1975; Asrar et 

al., 1984]: 

Qsna _ e -K LAI Nt 

Q; 
(3.5) 

This effect also was assumed to be spectrally independent. For simplicity both LAI 

and x are held constant at 0.5, which approximate values of LAI observed at Walnut 

Gulch [Weitz, 1991] and values of K derived for spherical leaf distributions and 

applied to prairie grasses [Ripley and Redmann, 1975]. An LAI of 0.5 is consistent 

with satellite -derived LAI's estimated from scatter plots of band 3 and band 4 

reflectance [Price, 1993]. Canopy transmittance mainly affects Qin but will be applied 

to Rd as is commonly done [Ross, 1975]. 

Next, a distributed measure of' canopy cover (fe) was related to a vegetation 

index derived from TM satellite images [see Chapter 7]. The most common remote 

measure of vegetation cover is the normalized difference vegetation index (NDVI), 

which is given for TM reflectances by: NDVI= (p4- p3) /(p4 +p3). The significant 

fraction of bare soil cover characteristic of Walnut Gulch (30 -60 %) [Weitz, et al., 

1994] biases the NDVI so the soil adjusted vegetation index (SAVI) was used here 



with the scaling constant (L) set to 0.5 [Huete, 19881: 

SAVI - p4 - p3 

p4 + p3 + L 
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(1 +L) (3.6) 

Moran et al. [1994] found that vegetation cover estimated around each METFLUX 

station was related to SAVI using: fc 3.9(SAVI -0.1). The SAVI of full canopies 

within the nearby San Pedro Riparian area, however, rarely exceed 0.3 so a slope of 

3.9 seems low in a regional context (Figure 3.3). The following weights are based on 

annual ranges observed within this TM quadrant over several years: 

4 =0.0 SAVI <0.1 

ff= 4.0(SAVI -0.1) 0.1 sSAVI s0.35 

4 = 1.0 SAVI > 0.35 

(3.7) 

These effects can be combined using a simple weighting scheme to give the 

canopy factor (ka) by which net radiation is reduced by the spatial distribution and 

optical thickness of a canopy: 

k _ (1 fc ) + fc Te = 1 - 4 (1 -e-") (3.8) 

This equation reduces to ice =1 for bare soil. For convenience, surface temperature 

is calculated as a function of the composite surface radiation, rather than in terms 

of the bare (unattenuated) and under- canopy (attenuated) fractions. This assumes 

that TS is a linear function of radiation. 

Ratio of G to R 

Several relationships have been used to relate soil heat flux to net radiation 
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(let kr =G /R ). In agricultural areas, Reginato, et al. [1985] used kr= (0.1- .042h) 

where h is crop height in meters. Clothier, et ah [1986] observed variations in kr 

between 0.1 and 0.5 depending upon time of day and amount of crop present and 

also developed linear regression equations sensitive to crop height and vegetation 

index. This work was extended by Kustas and Daughtry [1990] who related the 

midday ratio of kr to spectral measurements over various crops using the equation 

kr= 0.35 -0.2 *NDVI. Much less work has been done in semi -arid environments, in 

part because of the limited NDVI range these regions exhibit. Native grasslands 

observed during the FIFE experiment, however, were fit by Humes [ 1993] to a 

slightly different regression: kr= 0.35 -0.4 *NDVI. Data collected from fixed 

METFLUX stations at Lucky Hills and Kendall (Figure 3.4) suggest that a value of 

0.33 can be used for the daytime average ratio of soil heat flux to net radiation for 

most day -time conditions. 

Soil Thermal Properties 

The relative effect soils have on surface temperature and net radiation (ks) 

was described in Chapter 2 in terms of a force -restore model [Deardorff, 1978; 

Dickinson et al., 1993]. This factor is a function of daily frequency (w D), time period 

(d t) and soil thermal inertia (P= ,/ACS): 

- 
2wD At 

J [m2C W"`] (3.9) 

Soil thermal inertia mainly varies as a function of surface soil moisture (Ow) whose 

spatial distribution is rarely known but can be estimated from passive microwave 
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measurements [Schmugge, et al., 1994] or from an antecedent precipitation index 

(API) (see Chapter 7). Soil thermal properties in this model were assumed to be 

independent of depth and primarily a function of surface (3.5 cm) soil moisture. Soil 

moisture was fixed in space to the value measured at a surface reference station. 

Soil thermal properties are difficult to come by so it is often necessary to 

estimate the values of Cs and s using theoretical relationships based on soil 

composition [de Vries, 1975] or more general classifications such as are found in 

many GCM land- surface parameterization schemes [eg. Dickinson et al., 1993]. Soil 

properties around the METFLUX stations at Walnut Gulch were measured so the 

first procedure was followed. Site -to -site soil property variability is another problem. 

As long as the soil fraction is constant (as it was over MF 1 and 5), however, soil 

thermal property variability is more a function of soil moisture. A soil fraction of 

0.63 was assumed constant over the study area. 

Volumetric heat capacity (Cs) was defined in terms of the volumetric soil (6,), 

organic (80) and moisture (Ow) fractions [de Vries, 1975] as: 

CS = (2.0 es + 2.5 8a + 4.2 8w) 106 [J m -'C '] (3.10) 

This relationship gives heat capacities between 1.5 and 3.4 MJ m-3C "1 for typical 

values of soil moisture (0.05 -0.25), soil volume (0.63) and organic content (0.01). 

Thermal conductivity (a.$) was calculated first using deVries [1975] physical 

model and then fit using a simple function of soil moisture. This agrees with values 

of thermal conductivity derived from observed values of soil heat flux and 



temperature (Figure 3.5) using: 

= 1.75 + 0.4 In(6w) 
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[TV m (3.11) 

This relationship gives thermal conductivities between 1.0 and 3.0 W rn -lel, which 

were typical for the soils in this area [Kustas, 1990]. 

The variation of soil conductivity, heat capacity and thermal inertia verses soil 

moisture is given in Figure 3.6 relative to several other models [de Vries, 1975; 

Dickinson, et al., 1993] for comparison. Note that thermal conductivity must be set 

to 0.5 for low water contents (6W <0.03). 

Reflectance 

A two -step linear transformation was required to transform TM band digital 

count (DCÇ) to surface reflectance (pA), which is defined more fully in Appendix D. 

At- satellite radiance (Ls) was found using: 

L,(A) = m(A) DC(A) + b(A) (3.12) 

The linear coefficients for satellite radiance (m, b) were tabulated by Markham and 

Barker [1986]. Atmospheric effects were accounted for by developing a linear 

regression between at- satellite band radiance and band -averaged surface reflectance 

[Moran, 1990] based on output from a moderate- resolution radiative transfer code 

[MODTRAN: Kneizys, et al., 19881: 

L,,(A) = M(A)p(A) + Lpam(A) [R` rn "lsr'1] (3.13) 

where the coefficients for atmospheric path radiance (Lpath) and multiplier (M) are 
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given for this survey in Table 5.5. 

Albedo 

Albedo (a) was found from a weighted average of visible and near- infrared 

reflectances. The weights were derived from an estimate of fractional reflected solar 

irradiance (Appendix E). The expression used for albedo, in terms of Landsat 

Thematic Mapper (TM) band reflectances (P band), was: 

a = .067(pl) + .155(p2) + .166(p3) + -4.09(p4) + .157(ps) .045(p7) (3.14) 

Emissivity 

Local values of surface emissivity (E s) in the 8 -14 um thermal hand range from 

0.95 for soils to 0.99 for vegetation [Humes, et al., 1994a]. If one assumes a simple 

linear relationship between surface emissivity and a measure of vegetation cover 

(such as NDVI), satellite spectral data can be used to estimate surface emissivity. 

For most rangeland sites, however, emissivity can be fixed at an average value of 

0.98. Sensitivity analysis using this model (Chapter 4) suggests that an error in 

emissivity of ±0.02 will result in less than 0.5 °C change in modeled surface 

temperature. 

Atmospheric Homogeneity 

The atmospheric parameters of air temperature and atmospheric emissivity 

are assumed to be relatively homogeneous at scales less than 100 km2 due to 

atmospheric mixing. Thus, their values are assumed to be simply related to values 

measured at one surface station. The air temperature is adjusted by the average 
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observed adiabatic lapse rate of 8.5° C km -1. Across most of Walnut Gulch, this rate 

results in less than 4° C of adiabatic cooling. 

Broad -band atmospheric emissivity is estimated as a function of air 

temperature (Ta, [ °K]) and vapor pressure (ea, [mb]) under clear sky conditions [Idso, 

1981]: 

ea = 0.70 + 5.95 x 10-5 ea e 
1s"rQ (3.15) 

The assumption that incoming solar radiation and near- surface air were 

relatively homogeneous can be verified by the high correlation (r2 > .9) these variables 

exhibit in Figure 3.7 between the Kendall and Lucky Hills study sites on DOY 156 

and 252 (10 km horizontal separation; z =150 m). Radiation on DOY 252 was 

inhomogeneous due to scattered afternoon clouds. The higher Kendall site appears 

to be 2° C cooler than Lucky Hills during daylight hours. 

Soil Profile Temperatures 

Soil profile temperatures are calculated in order to track the soil temperature 

gradient given two boundary conditions. Profile temperatures (T(z,t) =T;) were 

calculated using the eight -layer finite- difference (FD) algorithm given by Campbell 

[1985], in terms of implicit (ß t =rßß) and explicit (ß E = (1 -r7 )ß) FD coefficients. The 

finite -difference equation is given by: 

Iß' T +(1 -213')T + ß' = [RE 
T +(1 -2 f E)T + ßE T j]; (3.16) 

The time partioning factor (r7 <1) is set to 0.6, which means the calculations were 

weighted toward the stable backward -difference method. The FD coefficients (ß) in 
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(3.15) are defined as the ratio of the conductance (Ki =1 s/0 z) to the heat storage 

capacity (Cpl= CsAz /Ot), which results in an expression that involves the thermal 

diffusivity (a. /Cs). Thus: 

ß 
K = 

s A t 
Cp CS Az2 

[J C-2] (3.17) 

The upper boundary was driven by the modeled surface temperature. In turn, 

this was coupled to the profile by an adjustable surface conductance (ka). This 

calibration parameter was found once each day by fitting the modeled first -layer 

temperature with the temperature measured at a depth of 3.5 cm. This is equivalent 

to specifying the first -layer temperature gradient. Typical values of surface 

conductance range from 5 to 15 [W m -2C -1] compared to subsurface conductances 

which are greater than 20 for relatively thin (5 cm) layers. Unless noted otherwise, 

ko was fixed to 8 W m 2C -`. 

The lower boundary temperature was calculated using a simple annual sine 

function (Tann) derived from field measurements at 50 cm (Figure 3.8) which varies 

with day -of -year (DOY) across the whole area as: 

T = T + 10 sin( 2 36Y - 2.3) (3.18) 

At some fictitious node at a much greater depth, the temperature (Too) was assumed 

constant and was fixed to the mean annual temperature ("17.5" C). The gross 

annual behavior of soils throughout the U.S. can be found in state -by -state 

Climatological Data updates of the National Climatic Data Center. 
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Initially, TZ is determined by linear interpolation between a uniform surface 

temperature and the regional annual temperature at 50 cm (3.17). If less than eight 

subsurface layers are used, surface temperature gradients are less accurate (Figure 

3.9a). Likewise, subsurface temperatures should be allowed to equilibrate with 

driving forces from at least sunrise to the (generally) midday time of interest (Figure 

3.96). All model runs reported here equilibrated for 36 hours to insure stable soil 

heat fluxes. Surface temperature can either be initialized from remotely sensed data 

or from a value measured on the ground and then allowed to evolve for more than 

24 hrs. 

Radiometric Verses Simulated Surface Temperature 

In order to compare the spatial distribution of surface temperature calculated 

using this model with satellite measurements, it was useful to modify the temperature 

of areas covered by a significant amount of vegetation by an estimate of leaf 

temperature. Micro -infrared thermometer (MIRT) measurements at Walnut Gulch 

showed that most leaf canopy temperatures were maintained very close to air 

temperature [Humes, et al., 1994a }. Thus, an estimate of the effective surface 

radiometric temperature (Toff) was formed using a simple combination of ambient 

air temperature and bare soil temperature weighted by fractional cover (fc) and the 

appropriate emissivities: 

0.98 T'ff 0.9675 ( 1 fc) +0.997af (3.19) 

For a fractional cover of 0.33 and a temperature difference (Ts-Ta) of 10 °, the 
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effective radiometric surface temperature (observed by satellite) can be 3.5 °C less 

than the mean bare surface soil temperature. Actual values depend on the effective 

component emissivities. 

Summary of Distributed Surface Temperature Formulation 

Net radiation was computed as a function of several point measurements (Q;,,, 

Ta, ea, E 5), three distributed surface parameters (y, a, SAVI) and an unknown (T) 

(Figure 3.10). The current surface soil temperature (TS) was computed as the sum 

of air temperature (Ta) and a contribution proportional to net radiation (Rn) or 

available energy. Thus: 

Ts(t) Ta(t) + kc ks k,. R(t) (3.20) 

Given an initial value of T5, (3.1 and 3.2) were solved iteratively. Convergence was 

found to be rapid and stable, with generally less than three iterations required before 

the incremental change in R was less than 5 W /m3. Computational speed was 

enhanced by waiting until after this iterative loop to calculate soil profile 

temperatures. The simple surface temperature algorithm adopted above appears to 

be relatively robust throughout most of the year. 
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TABLE 3.1 

LIST OF NOTATIONS 

A = Available energy (= Ra -G) W m_2 

As = Slope aspect angle rad 
AVHRR = Advanced High -resolution Radiometer 
AGL = Above ground level 
Cs = Heat capacity of soil J m -3C "' 

C = Specific Heat of air at constant pressure ( =1004) J 
Cp = Heat storage capacity of soil (= CSA z/A t) W m -2C "' 

D = vapor pressure deficit mb 
DC = Digital count 
DEM = Digital elevation model 
DOY = Day -of -Year 
Eod = Solar irradiance at the surface W m -22 

Eo = Solar irradiance (TOA) W m 
Ea = Spectral solar irradiance W m -22 

FD = Finite -difference 
FOV = Field -of -view 
G = Soil heat flux W m 
Gsto = Soil heat flux stored above flux plate W m-2 
GMT = Greenwich meridian time 
GPS = Global positioning system 
H = Sensible heat flux W m "22 

Hatm = Scale height of atmosphere km 
HCMM = Heat Capacity Mapping Mission 
IRT = Infrared thermometer 
IFOV = Instantaneous field -of -view 
K = Soil conductance ( =a. s/A z) W m "2C "' 
L = Obukov roughness length 
LAI = Leaf are index m22 m "22 

Ld = Diffuse sky radiance W m -2sr"' 

Lg,d = Emitted ground radiance W 
Lpath = Atmospheric path radiance W m-'sr -1 

Ls = Sensor radiance W m --sr "' 

LA = Spectral radiance W m "'-sr "'um "' 

MF = METFLUX site 
NEAT = Noise equivalent change in temperature "K 
NEA p = Noise equivalent change in reflectance 
NDVI = Normalized vegetation index 
NIR = Near infrared 



P = Thermal inertia ( =,/A SCS) 

Qgnd = Incoming solar radiation at ground level 
Q1 = Incoming solar radiation (above canopy) 
R = Net radiation 
Rd = Gas constant for dry air (=287) 
R = Gas constant for moist air ( =461) 
S = Slope angle 
So = Solar constant ( =1367) 
SAVI = Soil- adjusted vegetation index 
S/N = Signal to Noise ratio 
T = Temperature 
Ta = Air temperature 
To = Aerodynamic temperature at reference height 
TS = Surface (kinetic) temperature 
TZ = Sub- surface temperature 
Too = Constant temperature at depth 
Tann = Sinusoidal annual temperature variation 
Toad = Atmospherically -corrected ground temperature 
Trad = Radiometric temperature 
Tsar = At- satellite temperature 
TIR = Thermal infrared 
TM = Landsat Thematic Mapper 
TOA = Top -of- atmosphere 
USDA = U.S. Department of Agriculture 
UTM = Universal Transverse Mercator 
d = surface displacement 
d /cF = Ratio of instantaneous to mean annual Earth -Sun 
e' = Saturated vapor pressure at Ta 
ea = Vapor pressure at reference height 
fc = Fraction of vegetation cover 
fs = Fraction of soil cover 
g = Acceleration of gravity (=9.8) 
h = Plant height 
k = Von Karman's constant (=.4) 
k = Canopy factor (on Rn) 
kd = Directional factor (on Ra) 
ks = Soil factor (on Rn) 
kr = Ratio of G to R 
ko = surface conductance 
kW' = Stability corrector for sparse canopies 
m = Slant optical path ( =sec (3 ) 

p = Pressure 
q = Specific humidity 

Wsi/2 m"2C"1 

W m-' 
W m_- 

W m_- 

J kg-'K' 
J kg-' K-' 
rad 
W m-' 

°C 
°C 
°C 
OC 

OC 

°C 
OC 

°C 
°K 

m 
distance- 

mb 
mb 

m s - 

m 

m'C W-' 

Wm-'C-` 
( = ln(Zm/Zh)) - 

mb 
g kg ̀ 
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ra = Bulk aerodynamic resistance s ni' 
rs = Surface resistance to evaporation s m"' 
raa = Aerodynamic resistance for s m'' 
rac = Bulk aerodynamic resistance for canopy fraction s mi` 
rah = Bulk aerodynamic resistance to heat s m-' 
ram = Bulk aerodynamic resistance to momentum s m-' 
ras = Bulk aerodynamic resistance for soil fraction s "' m 
rh = relative humidity 
u = Wind velocity m s "' 

= Friction velocity m s' u 
wo = columnar water vapor mm 
zh = Surface roughness for heat m 
zm = Surface roughness for momentum m 
zo = Surface roughness m 
a = Albedo 
a = Priestley -Taylor constant 
ß = Bowen ratio, H /a. E 
p = Finite difference weighting coefficent J 
y = Solar illumenation factor - 

y = Psychrometric constant, pCF, /e,l ( =0.667 a STP) mb C' 
r = Pseudo -adiabatic lapse rate C km "' 

rd = Dry- adiabatic lapse rate ( =9.8) C km-` 
6 = Atmospheric optical depth 
S = Damping depth ( =,/2l s /cù Cs) m 
A = Slope of e5 vs. Ta curve ( =. es /RTa2) mh C' 
e = Ratio of dry to wet gas constants ( = 0.622) 
e = Emissivity of air 
e = Emissivity of surface 

= Obukov roughness ratio (z /L) 
r = FD time partitioning factor 
60 = Volumetric fraction of organic material - 

6s = Volumetric fraction of soils 6 = Volumetric fraction of water 
6, = Solar zenith angle rad 
K = Canopy extinction coefficent 
X = Wavelength um 

= Latent heat of vaporization of water J kg "' 

). E = Latent heat flux W m"'- 

A = Soil thermal conductivity W m "'C "` 

v = Junge particle -size parameter 
E = Ratio of diffuse to total radiation 
p a = Density of air kg -3 

P b = Bulk density of soil kg m-3 
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p = Density of water vapor kg m -3 

p = Reflectance 
p gnd = Atmospherically -corrected ground reflectance 
pa = Spectral reflectance - 

Q = Stefan -Boltzmann constant (= 5.67x10 -8) W m "'K' 
T atm = Transmittance of atmosphere 
r 

e 
= Transmittance of canopy 

T eff = Effective atmospheric transmittance (= E /E0) 
T = Transmittance of atmospheric gases cm -atm 
T = Transmittance between sensor and target 
r = Transmittance between sun and target 

= Solar azimuth angle rad 
= Radiative flux W m"'' 

T h = Stability corrector for heat 
T m = Stability corrector for momentum 
F = Stability corrector for Renyolds roughness 
(,), = Annual frequency s 
cil D = Diurnal frequency (=22r/86400) 
ail Earth = Earth's orbital angular frequency (=2.7/365.25) rad clay -1 
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distributed: topo, albedo, VI 

Other Models 
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G (soil,T 

Figure 3.1 Schematic diagram of model elements. 
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DISTRIBUTED SURFACE TEMPERATURE MODEL 

Mode Options: time- series, profile, area 

Inputs: SAVI (3.6), albedo (3.14), slope, aspect 

nt Inputs: t, Ta, rh, Q, 8w, u 

Cale: Soil thermal properties - ks (3.9 -11) 

Reset parameters that vary daily (at midnight): Tann (3.18) 

Choose observed or modeled Q 

Cale: fractional cover from SAVI - fc (3.7) 

Cale: canopy transmittance - kc (3.8) 

Set: soil heat fraction - kr = 0.30 

Calc: soil illumination factor - y (3.3) 

Calc: directional radiation factor - kd (3.4) 

Update Ts 

Cale: shortwave radiation; atmo. emissivity - ca (3.15) 
n=5 

Cale: longwave and net radiation - Rn (3.2) 

Cale: surface soil temperature - Ts (3.1) 

Test: ¿ Rn < 5 W /m2 

Cale: soil temperature profile - Tz, G (3.16) 

Option: mixed canopy emissivity correction (3.19) 

Collect daily averages 

Outputs: Ts, Tz, G 
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Figure 3.2 Generalized flowchart of distributed Ty program with references to 
equations in this chapter. 



B) 250 

Ñ 200 
E 
It 150 
cn 

100 
® 
® 50 

DOY 
322 

0.1 0.2 0.3 0.4 
Soil Adjusted Vegetation Index 

0 
0 

o 
o 

+ Grass 
o Shrub 

o 

o 

1 

LAI 
2 

0.5 

0.2 0.4 
SAVI 

h9 
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CHAPTER 4 

MODEL SENSITIVITY 

Introduction 

Model sensitivity studies are useful to assess the rate and direction of change 

in output variables given controlled and consistent changes in input variables. Simple 

models are useful to better understand complex physical systems but such 

parameterizations should reflect physical laws and cause and effect. Since all models 

represent simplifications of the real world, care must be taken to avoid 

misinterpreting model idiosyncracies, structure and unexpected feedbacks as 

reflections of the real world. Defining basic model sensitivity, as established below, 

is an important first step toward a better understanding of model behavior and 

limitations. 

Several limitations of this model and this sensitivity analysis must he clearly 

understood. This model relates surface temperature to assumed locally homogeneous 

meteorological parameters and to surface characteristics such as topography, surface 

reflectance and vegetation cover. No attempt was made to satisfy the energy 

balance, although results showed no significant departures from this constraint. The 

effects of wind and clouds on surface temperature were not considered. Linear 

effects should be distinguishable from non -linear ones but this requires care in 

defining parameter ranges. Sensitivity has only been assessed on one day -of- the -year 

(DOY), conditions on other DOY might give different results. This analysis has been 

done at a single point for a short time series. The model, however, was designed to 
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be applied spatially and its behavior and sensitivity could be much different at this 

scale. 

Procedure 

Model sensitivity was assessed using a simple variational procedure. Each 

model parameter was perturbed only twice, symmetrically above and below its default 

or standard value while all other parameters were fixed. If the perturbation is 

representative of the expected or natural variation in the input parameter, then the 

result is characteristic in the expected range of variability or sensitivity in the output 

parameter. Surface temperature was the primary output of this model and its 

variability was measured in terms of: 

1) absolute change from default model TS, 

2) relative or percent change from default model Ts, and 

3) parametric change required to change TS by 1 °C (unit change). 

The range of variation in the input parameters were chosen arbitrarily based upon 

typical natural ranges or in order to illicit quantifiable responses. Model sensitivity 

was documented in Tables 4.1 -3 for day -time average, night -time average and time - 

of- overpass (10:15) cases, respectively. The default model was driven by observed 

meteorologic variables from DOY 161 -162, 1992 which were typical of the clear and 

dry conditions this model was designed for. This sensitivity analysis was derived from 

the second day's results; the model was run for 24 hours to allow the soil 

temperature profile to stabilize. Input parameters were split into three classes. The 

three diurnally- varying meteorological parameters (Q;,,, Ta and rh) are listed first. 
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Next, parameters that are relatively constant (e k°, kr), that exhibit seasonal 

variability (a, SAVI) or that have a long response time (Ow) are given. The effects 

of topography as characterized by slope (S), aspect (A) and diffuse to global 

radiation ratio (Z) complete each table. A qualitative assessment of each parameters 

importance is given under the column heading "feedback ". The relative importance 

of temporal and spatial variability will be discussed below. 

Results 

Meteorological Parameters 

Observed incoming solar radiation (Qin) drives the short -wave radiation 

balance and exerts a strong positive feedback on surface temperature during sunlight 

hours (see 2.2). A change in solar insolation of approximately 40 W m-- will alter Ty 

by 1 °C so at mid -day, as much as 25° of TS could be due to Q. A sudden shading, 

of soil such as would occur due to the passage of a cloud in front of the sun. 

however, results in a change of temperature more on the order of 5° C due to several 

other effects. Errors in the radiation budget on the order of 34 W m -2 will result in 

errors of 1 °C. 

Observed air temperature (Ta) and TS are closely related day and night as the 

iermal inertia of the surface air mass controls the long -wave radiation balance both 

diurnally and seasonally. A change in Ta was almost directly matched by an equal 

change in TS regardless of the time -of -day (Figure 4.1a), unlike many factors which 

are active primarily during daylight hours. Direct solar input or net short -wave 

radiation drives surface temperatures up faster than air temperatures in the morning. 
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Air and surface temperatures tend to converge at night to a minimum value just 

before dawn in the absence of solar forcing. Thus, soil thermal inertia acts like a 

buffer to moderate sudden changes in TS. Given the form of the modeled surface 

temperature equation (2.1), it was not surprising that air temperature was the major 

factor controlling night -time surface temperature. 

Relative humidity was used to determine atmospheric emissivity (2.14) which 

was a minor component in the long -wave energy balance (2.2). Typical diurnal 

variations in relative humidity on the order of 35% result in maximum excursions in 

TS of only 1 °C and were considered negligible although this parameterization 

remains an integral part of this model. 

Other Sensitivities 

Surface temperature was sensitive to first -layer soil moisture (Ow) and this 

parameter is used to calibrate the soil temperature model for temporal changes in 

soil thermal properties (2.8). Sensitivities were greater as volumetric soil moisture 

increased. A sudden storm can result in a change in soil moisture of 10 %. The 

resulting change in soil thermal inertia greatly dampens diurnal temperature ranges. 

Sudden decreases in surface temperature have been observed as well, hut this is 

more likely due to the direct cooling effect of cold rain on the generally warmer soil 

(which is not parameterized here). Thermal inertia differences between dry soils can 

he expected to be negligible. Soil moisture capacity might result in characteristic 

differences after drying for a day, however, the effect of rapid surface drying in semi- 

arid environments complicates this situation. 
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The parameters k° and kr could be used as model tuning parameters but were 

held constant to reduce the number of possible model states. Surface temperature 

was independent of surface conductance (k°) but this parameter was very important 

in determining the first -layer temperature gradient and thus the soil heat flux (2.16). 

Thus, model sensitivities were assessed for ko relative to the first -layer temperature 

(Ti). This parameter exhibited asymmetric sensitivity with the greatest sensitivity for 

wet soils. Several parameters, but particularly ko, act to increase or decrease 

temperature maximum or minimums (Figure 4.1c). This is a useful property for 

model calibration and tuning. Temperature extremes were largest for dry soils which 

have a lower soil thermal inertia. 

The ratio of G to R (kr) has to change by only 0.025 or less than 10% to 

change daytime surface temperatures. This ratio is affected by vegetation cover and 

by soil moisture, which were parameterized separately, so it is held constant at values 

typical for semi -arid environments. Since G is a much larger fraction of Rn at night, 

a more physical parameterization would be to hold this factor constant at one of two 

values depending on the time of day. For simplicity and because errors were minor 

at night, a single constant value was used. 

Surface emissivities can vary by 0.05 between full canopies and hare soil but 

this extreme case results in less than 1 °C of temperature change in this model. 

More typical composite emissivities at the scale of remote sensing pixels are thought 

to be closer to 0.98 [Humes, et al., 1994] so es was held constant at this value and 

parameter sensitivity in (2.2) was considered negligible. 
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Two important spatially variable parameters, albedo and vegetation cover, 

were parameterized in terms of reflectances (2.11) and vegetation index (2.6 -7), 

respectively. Both exhibit spatial and temporal variabilities of the order tested here 

and both result in a negative feedback to surface temperature. Brighter albedos 

decrease the net solar radiation while increasing vegetation cover results in increasing 

solar losses due to canopy transmittance (2.5). The former effect was linear and 

negligible at night, the second exhibited strong asymmetry by shading soil during the 

day and by reducing radiative losses at night. The threshold parameterization of 

cover (2.6) resulted in negligible differences between the SAVI =O and SAVI =0.125 

cases. 

Topographic Effects 

Slope and aspect relative to solar position, as parameterized by the solar 

illumination factor (2.3), were major determinants of instantaneous T, hut these 

effects were reduced considerably when integrated throughout the day. DOY 162 

was close to the summer solstice so the sun was about 10° from the zenith at noon 

and rose and set approximately 25° north of true east and west. Daylight lasted 

about 14 hours. At satellite overpass time (10:15) the solar zenith and azimuth were 

30° and 80 °, respectively. These facts were used to run sensitivity tests at 10:15 and 

solar noon so that 20° slopes were sampled at cardinal points relative to the solar 

azimuth. 

Slopes directly into and away from the solar azimuth at 10:15 developed 

modeled temperatures different by 10° C. Temperatures on slopes at 900 to this axis 
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showed 2° of difference. The absolute temperature differences given in Table 4.3 

were relative to a horizontal plane. In contrast, daytime average temperatures in 

Table 4.1 showed maximum contrasts of less than 2° C. Instantaneous surface 

temperature maps will reflect the underlying topography where as this influence may 

be absent from a map of daily average values. Topography results in temperature 

profiles that are considerably skewed from the horizontal case (Figure 4.1b). 

Maximum and minimum values, however, showed less variation. 

Topography influences surface temperature only by moderating the effect of 

direct solar radiation. Topography has no effect on surface temperature at night. 

Approximately 20% of clear sky total solar radiation is diffuse and less than this is 

hemispherically isotropic. This directional factor (2.4) was considered but is 

negligible on clear days. Surface temperature on days with significant haze, however, 

will exhibit a much reduced topographic signature. 

Summary 

Model sensitivity was assessed using a simple variational procedure. Each 

model parameter was varied symmetrically about its default or standard value while 

all the other parameters were fixed. The atmosphere serves as a source of positive 

feedbacks to this model, as it does in actuality. Qi is the primary driving force 

during the daytime and Ta is structured to be strongly related to T, all day long. 

Topography exerts considerable influence over instantaneous surface temperatures 

through its interaction with direct solar irradiance. Its influence over the course of 

a day, however, is weak and rarely positive. Topography has no effect at night. Soil 
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moisture exerts a strong negative or damping effect on TS which suggests that the 

thermal signal may be noisiest when it is the most interesting. Only canopy cover, 

parameterized in terms of a vegetation index (SAVI), has as strong a negative 

feedback, particularly with respect to instantaneous measurements in the monsoon 

season. 



85 

TABLE 4.1 
MODEL SENSITIVITY - DAYTIME 

Var. Unit 

INPUT 
Daytime Hourly 

Avg. Variation 

OUTPUT 
TS_ 

feedback notes abs. rel. unit 

Q;. W m'2 458 ±10% ± 1.2 ±3.4 38 + + 
Ta °C 26 ±10% ±2.3 ±6.6 1.1 + + 

rh % 18 ±50% ±0.3 ±0.9 28 negl. 

8 % 5 ±2 -0.8,1.8 -2.4,5.3 2.5,1.1 1 

k° W/m2-°C 
kr - 

8 
.33 

±3 
t .05 

1.0,-1.6 
-±1.1 

3.5,-5.3 
± 3.1 

3.0,1.9 
.045 

+ + 
+ 

1,T, 

a .15 ±.05 +0.7 +2.0 .07 
SAW .125 ±.125 0.2,-1.0 0.5,-2.8 .62,.12 1 

Es .98 ±.02 +0.31 +0.8 .06 negl. 

Var. Unit Variation abs. rel. unit feedback notes 

S @30° deg 0 0,10,20° -0.4,.15 -1.,0.4 25 + 

A @20° deg max sol 0 -1.0 2.7 
A@20° deg W slope -90 -1.0 2.9 
A @20° deg E slope 90 0.3 0.8 + 
A @20° deg min sol 180 -0.2 0.5 

% 87.5 ±5 ±0.1 ±0.35 50 negl. 

1) Effect is assymetric: pos. deviation, neg. deviation. 
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TABLE 4.2 
MODEL SENSITIVITY - NIGHTTIME 

INPUT 
Nighttime Hourly 

OUTPUT 
0 T, 

Var. Unit Avg. Variation abs. rel. % unit feedback notes 

Q;,, W m2 0 t 0% 0.0 0.0 0 negl. 
Ta °C 17.5 ±10% ±1.7 ±11 1.0 ++ 
rh % 22 ±50% -!-0.3 ± 1.8 33 negl. 

6,,, % 5 ± 2 0.3,-0.6 0.8,-3.6 6.7,3.3 + 1 

k° - 

kr 
8 

.33 
-±°3 

±.05 
-0.9,1.1 
+0.4 

-4.0,5.0 
+2.4 

3.3,2.7 
.125 negl. 

1,T, 

a .15 ±.05 0.0 0.0 0 negl. 
SAVI .125 -* .125 -0.3,1.5 -1.6,9.0 .42,.08 + 1 

es .98 ±.02 +0.25 +1.6 .08 negl. 

Var. Unit Variation abs. rel. % unit feedback notes 

S@30° 30° deg 10 ± 10° 0.0 0.0 0 negl. 
A @20° deg 0 ± 90,180° 0.0 0.0 0 negl. 
( % 87.5 ±5 0.0 0.0 0 negl. 

1) Effect is assymetric: pos. deviation, neg. deviation. 



87 

TABLE 4.3 
MODEL SENSITIVITY - 10:15 

Var. Unit 

INPUT 
Value @ Hourly 

10:15 Variation 

OUTPUT 
0 T 

feedback notes abs. rel. unit 

Qin W III-2 893 ±10% ±2.0 ±4.5 43 + + + 

Ta °C 29 ±10% ±2.7 ±5.9 1.1 + + 
rh % 12 ±50% ±0.3 ±0.7 20 + 

6 % 5 t 2 -1.5,3.3 -3.5,7.8 1.3,0.6 -- 

k° - 8 ±3 2.0,-2.5 6.3,-7.9 1.5,1.2 + + 
kr .33 ±.05 ±2.1 ±4.6 .025 + 

a .15 ±.05 + 1.2 +2.6 .04 
SAVI .125 ±.125 0.4,-2.0 0.9,-4.4 .31,.06 
E s .98 ±.02 +0.35 +0.8 .06 negl. 

Var. Unit 10:15 Variation abs. rel. unit feedback notes 

S @80° deg 30 0,15,30° 1.9,3.3 4.0,6.7 8 + 

A @20° deg max sol 80 4.1 9.0 + + 

A @20° deg W of max -10 -2.0 -4.4 
A @20° deg E of max 170 -0.2 -0.4 
A @20° deg min sol -100 -6.3 -13.8 
( % 87.5 ±5 0.1, -0.2 0.2, -0.5 50,25 negl. 

1) Effect is assymetric: positive deviation, negative deviation. 
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CHAPTER 5 

SATELLITE AND ATMOSPHERIC CORRECTION PROCEDURE 

Introduction 

Satellite sensors measure electromagnetic radiation reflected or emitted by the 

Earth -atmosphere system. In order to monitor and evaluate distributed surface 

processes or characteristics, the signal due to the surface must be separated from 

sensor and atmospheric effects. In the context of this model, this must be done both 

at solar -reflective wavelengths (to parameterize the surface temperature model) and 

at thermal wavelengths (to initialize and evaluate the surface temperature model). 

This chapter will: 

- review the issues of sensor sensitivity and calibration stability, 

- describe the procedure used to calculate at- satellite radiance, 

- compare radiosonde and solar radiometer characterizations of the 

atmosphere and, 

- summarize solar- reflective and thermal -band sensor atmospheric correction 

factors for each day Landsat 5 satellite data were collected at Walnut 

Gulch during 1990 and 1992. 

The results of applying the correction factors will he described and discussed in 

Chapters 6 and 7. The radiative source model used to relate at- satellite radiance to 

the radiation leaving the ground is summarized in Appendix G. 
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Sensor calibration 

The first step to interpreting at- satellite radiances in terms of surface 

characteristics is to normalize or remove the influence of the satellite system. A 

band- specific linear transformation between sensor response and radiance has been 

determined prior to launch for sensors such as the Landsat Thematic Mapper (TM). 

The sensitivity, scaling and stability of this calibration are the first issues that will be 

addressed below. This research emphasizes Landsat TM data. Other sensors that 

could be used to characterize the surface include the MSS, SPOT and AVHRR 

systems so calibration coefficients will be listed for these sensors also. 

Ground and satellite sensors generally consist of complex electro- optical 

systems that focus terrestrial radiation onto some kind of photovoltaic semiconductor 

(Slater, 1980). Of greatest practical interest are the effective operating characteristics 

of each band. Important sensor characteristics include: effective band width, 

instantaneous field -of -view (IFOV), detector sensitivity and stability and radiometric 

calibration. Important satellite characteristics include: return period, equatorial 

crossing time, swath width, view angle and data storage and transmission capacities. 

Some of these characteristics are Iisted in Table 5.1. The contrast between TM and 

AVHRR sensors illustrates the common trade -off between spatial (IFOV) and 

temporal (Return period) resolution. 

Calculating at- satellite radiance 

A linear equation is used to relate both TM visible -NIR and thermal sensor 

response (in digital counts - DC) to at- satellite radiance (LS): 



= m*DC + b 
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[mW cm' µm 
-t sr-1] (5.1) 

using slope (m) and intercept (b) coefficients. Details of preflight calibration 

procedures and coefficients can be found for the Landsat TM and MSS in Markham 

and Barker [1986], for SPOT XS in Henry and Dinguirard [1990] and for NOAA 

AVHRR in Planet [1988]. The most useful sensor calibration coefficients from these 

sources are reproduced in Table 5.2. Of all these sensors, SPOT sensors have a 

variable gain factor (= 1.3m -3 where L< nL 8) which must be multiplied by the 

appropriate calibration coefficient. 

Thermal sensors have an additional non- linear response due to the 

photovoltaic characteristics of the HgCdTe detectors. Markham and Barker [ 1986] 

define the effective at- satellite temperature (Tsar) for Landsat TM -5 as: 

1260.56 

log( 
60.776 

+ 1) 
6 

(5.2) 

where the band 6 spectral radiance (L6) is in mW cm -2 sr -1 um -1. 

Sensitivity 

Bands 1 -4 of the Landsat thematic mapper (TM) are focused on an array of 

silicon (Si) detectors. Band 5 and 7 are focused on an array of indium antimonide 

(InSb) detectors and Band 6 consists of four mercury- cadmium- telluride ( HgCdTe) 

sensors whose normalized response characteristics are shown in Figure 5.1. Noise 

equivalent reflectance (NEO p) is defined to be the change in band -integrated 

reflectance required to produce an RMS signal -to -noise ratio (S /N) of unity. 
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Landsat TM visible bands have a NEO p of 0.5% [Lu and Slater, 1989] which means 

that reflectance can only be discretized effectively into 200 parts. In contrast, TM 

band 6 has a noise equivalent temperature (NEA T) sensitivity of 0.2 -0.4° K. The 

nonlinear response of (5.2) and an 8 bit storage capacity, however, results in effective 

bin widths ranging from 0.4 to more than 1.5° K. The practical implications of these 

facts are that it is pointless to stretch either visible or thermal Landsat TM data for 

the sake of enhancing sensitivity across a narrower dynamic range. 

Scaling 

Scaling of thermal data was useful to improve the contrast of images that did 

not cover the full dynamic range from 204 -334° K ( -69 to 61° C). The non- linear 

nature of the Landsat TM thermal band response, however, requires special 

consideration when scaling band 6 spectral radiances. Thermal radiances were 

assigned one of 256 linearly- related digital levels or counts (Figure 5.2a). The slope 

of this curve is a measure of the effective thermal sensitivity (Figure 5.2b), and is a 

non- Iinear function of T. Typical summer rangeland temperatures commonly fall 

between 30 and 60° C (solid lines) so they have sensitivities of 0.5° K /DC. The 

sensitivity of cold cloud tops (@ -30° C) is around 1.0 °K /DC. Effective sensitivity 

decreases even further when corrected for atmospheric water vapor (dotted line). 

Ideally, at- satellite temperatures should be scaled using a nonlinear transformation 

similar to (5.2) so as to maintain the normal distribution of temperature. If, as is 

commonly done, the data are scaled linearly, care is required to avoid excessive over - 

or under -sampling in the interval of interest. The result of these roundoff errors is 
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to introduce false highs and lows into an otherwise continuous frequency distribution 

of a naturally heterogeneous area. Two examples of linear mappings are given in 

Figure 5.3 for top -of atmosphere (TOA) and atmospherically -corrected radiances 

assuming a uniform initial distribution of radiance. This simulation and the thermal 

data used in this study were scaled linearly between 236 and 338 °K to give an 

effective sensitivity of 0.4 °K. Analog to digital (A /D) roundoff error introduces the 

non -uniform distribution which was reduced here compared with other linear scaling 

schemes. The equation used to rescale the thermal channel of Landsat 5 was: 

DC = 2.5 (T - 236) (5.3) 

where the atmospherically -corrected surface temperature (Tg°d) is defined in (5.8). 

Stability 

The calibration of satellite sensors is subject to aging and drift for numerous 

reasons after launch. Post- launch or in -flight calibration is difficult but is increasingly 

important in order to maintain absolute sensor calibration as the current generation 

of satellites age [Slater et al., 1987; Thorne and Vitko, 1993]. Degradation of pre- 

flight calibrations is documented best for visible band sensors such as the NOAA 

AVHRR [Staylor, 1990; Teilet et al., 1990; Minnett, 1993], Landsat TM [Slater et al., 

1987] and SPOT XS [Henry and Dinguirard, 1992] systems. There is evidence that 

the visible -NIR calibration coefficients of these sensors are changing approximately 

5 %, 3% and 2 % /yr, respectively. Several lines of evidence suggest that the slopes 

given in Table 5.2a for Landsat 5 have increased approximately 2.5 % /yr, or almost 
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20% in all as of 1992 [Moran, per. corn., 1993]. Given the tentative nature of these 

results the calibration coefficients given by Markham and Barker [1986] were used 

first to process all visible -NIR band TM data. This resulted in albedos and 

vegetation indices that were difficult to relate to the validation ground and aircraft 

data sets. Finally, the data were recalculated using zero- intercept calibration 

coefficients derived by regressing ground -based reflectances with at- satellite apparent 

reflectance averaged over Kendall on DOY 114, 162, 2 74 and 306 [Moran, per. corn., 

1993] (Table 5.2b). 

Much less work has been done to assess drift in satellite thermal sensors 

which are inherently more stable. Functional at- satellite temperatures greater than 

the standard calibration cutoff of 320 °K are imaged by the AVHRR 11 over desert 

areas and might indicate that high -end sensitivities have decreased since launch. 

Ground measurements made at White Sands Missile Range by Palmer [ 1993] 

indicate that the thermal band of Landsat 5 is probably within 5 %© of its pre -flight 

values after 8 years in orbit. On the basis of this scant information, Landsat TM 

thermal calibrations were assumed constant. 

Measurements and Calculations of Atmospheric Effects 

Atmospheric attenuation and scattering of reflected and emitted radiation 

represents the greatest single impediment to more quantitative and robust 

environmental remote sensing. Several effects can be estimated quite well for clear 

skies given a reasonably accurate vertical profile of the atmosphere, particularly if 

the lower and denser PBL is sampled well. Other effects, however, such as clouds, 
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dust, urban smog and fresh volcanic aerosols are extremely difficult to characterize 

in space and time. For the most part, this has limited most quantitative remote 

sensing to periods of clear atmospheric conditions. The use of mesoscale models and 

atmospheric sounders to better characterize atmospheric variability are current topics 

of important research. For now, the three most common means of characterizing the 

atmosphere are combinations of radiosonde profiles, direct optical depth 

measurements and radiative transfer programs. These topics will be covered in order 

below. 

Radiosonde Profiles 

Radiosonde profile data by itself is not particularly useful for remote sensing 

other than in simply classifying the atmospheric profile. Its value is inestimable when 

combined with a radiative transfer program to calculate atmospheric attenuation and 

scattering. There is a danger, however, in relying on non -coincident radiosonde 

measurements due to the fact that the atmosphere is not laterally homogeneous. The 

relative merits and dangers of using radiosonde profile data that is not spatially and 

temporally coincident with ones measurements is discussed by Perry and Moran 

[1993] using data from the 1990 Walnut Gulch field season. The cost and logistics 

of having local radiosonde atmospheric soundings, unfortunately, is prohibitive. If 

atmospheric sounding data is not available, the best alternative is to make manual 

or automatic measurements of optical depth, particularly at overpass time. 

Radiosonde profiles of the atmosphere were made on almost every day that 

extensive ground, aircraft and satellite measurements were made at Walnut Gulch 
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during the 1990 and 1992 field seasons. Standard meteorological radiosondes 

measuring elevation, air temperature, pressure, relative humidity, wind speed and 

direction were released by members of the U.S. Army, Ft. Huachuca Meteorological 

team approximately 45 km west of the study site, near Sierra Vista, AZ. The next 

closest routine radiosonde launch site is approximately 125 km NW at Tucson 

International Airport. During 1992, balloons were launched approximately 45 

minutes prior to the satellite overpass which was about 10:15 local or 17:15 GMT. 

This allowed radiosonde measurements to the 100 mb level to symmetrically bracket 

the satellite acquisition time. The climb to the 15 mb level took another 60 to 90 

minutes. Routine predawn (11 :30 GMT) radiosonde profile data was also available 

for several dates. 

Radiosonde -derived atmospheric characteristics for several satellite overpass 

dates at Walnut Gulch are listed in Table 53. A typical atmospheric profile of air 

and dew -point temperature, wind speed and direction is shown in Figure 5.4. Local 

radiosonde data for DOY 156 (1990) and DOY 194 (1992) are missing. Some idea 

of the atmospheric profile can be inferred for these dates by averaging routine 

morning and evening radiosonde profiles over Tucson, AZ, 150 km NW. These data 

are summarized as well. During the early summer monsoon season, however, it is 

not uncommon that a strong gradient in atmospheric moisture exists between the 

field area and Tucson so the accuracy of this extrapolation is questionable. 

Near- surface meteorological conditions at the time of launch are listed in 

Table 5.3 as a rough guide to evaluate the similarity between the radiosonde and 
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field sites. Surface air pressure averages 858 mb with very little variance. This is 

consistent with the air pressure calculated using the hypsometric equation (Wallace 

and Hobbs, 1977) which is based on the ratio of elevation (z) to an average scale 

height (Hate,) for an atmosphere with a surface virtual temperature of 288 °K: 

p(z) = p(0) exp( -Ñ ) -.1013 exp( ) - 858 mb 
. 

(5.4) 

Surface air temperature reflects seasonal as well as diurnal forcings with as much as 

a 10 °C difference between the predawn and 10 am launch. Surface relative humidity 

is related to seasonal changes in the air mass over southern Arizona due to the 

Southwestern U.S. monsoon season from July through August. Surface wind speed 

ranges from 1 to 4 m/s (note: radiosonde winds are often logged in knots. To 

convert to m/s multiply by 0.51). 

The full atmospheric profile is characterized by the columnar water vapor (wo) 

which was calculated from these profiles by applying the hydrostatic equation with 

a change in variable from elevation to pressure: 

o 

w 
i o° fgdp =.01Eq ®p (5.5) 

g Po pa) 

where w° is in mm if the specific humidity (q= 622ea /p) is expressed in g kg' and 

pressure (p) is in mb. Columnar water vapor is the most important product of these 

measurements for this study and is used below in conjunction with radiative transfer 

programs to correct thermal band data. 

As air rises in the atmosphere, its temperature decreases at the dry adiabatic 
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lapse rate (rd =9.8° C km 1) until it becomes saturated. Further lifting results in 

condensation which releases latent heat. The actual or pseudoadiabatic lapse rate 

(r) is less than rd (typically around 6 -7° C km -1). Dry air masses will he 

characterized by larger r than will moist air masses. With 50% of the mass of the 

atmosphere below 500 mb (6 km), the lapse rate of the lowest 6 km is a useful 

measure of atmospheric stability and moisture state. An estimate of the lapse rate 

for the lowest straight -Iine segment of radiosonde- measured air temperature profiles 

(generally below 5 km) was included in Table 5.3 and is illustrated in Figure 5.4. 

Within this section of the troposphere, the atmosphere was characterized by a 

pseudoadiabatic lapse rate of 6 -10° C km-1. 

Solar Optical Depth Measurements 

Optical depth was determined at the time of satellite overpass with a solar 

radiometer [Regan, et ah, 1986] located 8 km from the center of the study area (in 

Tombstone, AZ) during 1990 and located at Kendall during 1992. From these 

observations, an iterative method described by Bigger et al. [1990] was used to 

partition the optical depth into Rayleigh (6 R), aerosol (ö a) and ozone (6 03) 

components (Figure 5.5). This model assumes that aerosol particle size follows a 

Junge distribution which results in a simple wavelength dependance proportional to 

,.Z4' , where v is the Junge parameter. These optical depths are related to the 

spectral solar irradiance at the ground (Ea) by: 
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(5.6) 

where values of the exoatmospheric spectral solar irradiance are given in Table D.1 

and appropriate values of y , m and the band -averaged values of ö R, ô ö 03 and 

gaseous transmittance (r g) for TM channel 2 (0.57 um) are given in Table 5.4 for 

satellite overpass days. The effective band -average atmospheric transmittance-(r eff), 

defined as Ea /E0(A ) is also given. Finally, columnar precipitable water (w3) was 

calculated following the procedure outlined by Thome et al. [1992], which assumes 

that the slant -path water vapor optical depth is proportional to the square root of the 

slant -path precipitable water. Validation results from Tucson, AZ given by Thome 

et al. [1992] suggest that the relative accuracy of this method is within 10% of 

radiosonde estimates of precipitable water. Water vapor estimates in Tables 5.3 and 

5.4 generally are within 20% of each other. 

The effective atmospheric transmittance ranged between 0.75 and 0.84 with 

a slight inverse correlation with precipitable water and a positive correlation with 

path length. Columnar water vapor follows similar seasonal trends but on -site values 

are higher than the off -site values. No optical depth measurements were made on 

DOY 178 but the results from DOY 162 are thought to be comparable. 

Radiative Transfer Program Results 

Radiative transfer programs are computer codes which systematically track the 

vertical and wavelength dependent scattering and absorption of radiation passing 

through standard and prescribed atmosphere profiles. Two different codes have been 
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used in this study. An advanced version of the Herman -Browning code [Herman and 

Browning, 1975] locally known as the Gauss -Seidel code [Thome, per. com., 1993] 

was used to calculate atmospherically corrected solar- reflective -band reflectance. A 

higher resolution version of the radiative transfer program known as LOWTRAN 7 

[Kneizys et al., 1989], called MOTRAN [Berk, et al., 1989], was used to derive a 

linear atmospheric correction for satellite- derived surface temperatures based on the 

observed radiosonde profile [Perry and Moran, 1993; Doraiswamy and Perry, 1991]. 

The same strategy was followed in either case: 

1) the appropriate model parameters and observations were used to simulate a series 

of realistic satellite to surface (reflectance or temperature) pairs and 

2) a best -fit linear equation between the desired surface parameter (reflectance or 

temperature) and at- satellite radiance was used to process the satellite image. 

This same concept can be used to relate digital counts to surface properties of 

interest since TM at- satellite radiance is linearly related to digital count. 

Observed optical data in Table 5.4 were used as outlined above to compute 

the solar -reflective -band atmospheric correction factors (M, B) given in Table 5.5 

using the equation: 

Ls = M p + B (5.7) 

A typical suite of correction curves is given in Figure 5.6a for the six visible -NIR 

channels of Landsat 5. Band 1 shows the greatest variation since atmospheric effects 

are strongest in this part of the spectrum. 
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Off -site but time synchronous radiosonde -derived atmospheric profiles 

(summarized in Table 5.3) were used in a similar manner with MODTRAN to find 

the ground thermal radiance (Lgd) using (F.8 -9) and es =0.98 to compute: 

LS - L 
8d 

- (1-E:¡LdTs 
L - 

EtTt 
(5.8) 

and then using (5.2) to derive thermal -band atmospheric correction factors (m, b) 

given in Table 5.6: 

Tgd=m Twit +b (5.9) 

This table, which should be used in conjunction with Table 5.3, also compares the air 

temperature at launch time between the radiosonde and field sites, lists the 

LOWTRAN- derived atmospheric transmittance along the ground -satellite slant path 

(r S), the thermal path radiance (Lpa,h), and restates radiosonde -derived columnar 

water vapor. A typical correction curve is given in Figure 5.6b for band 6 of Landsat 

5. As expected, ground temperatures are hotter than at- satellite temperatures. In 

general, this radiative transfer program was run in low resolution mode with a cold 

blackbody (T=0, e =0) in place of the Earth. 

Atmospheric water vapor below 10 km is the major source of attenuation in 

the 10.5 -12.5 (TM) thermal band while both water vapor and ozone attenuation 

almost double the thermal correction required for the 8 -12.5 (IRT) hand (Figure 5.7). 

The cumulative temperature correction for an air temperature of 30" C and a surface 

temperature of 40° C using the 1976 standard profile is shown as a percent in Figure 
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5.7a and in terms of a temperature correction in Figure 5.7b. In either case, little 

or no corrections are required for the air mass above 10 -20 km. This is useful 

information since radiosonde data is often missing at these altitudes and there will 

be negligible error introduced by using standard profile concentrations at this height. 

As much as 25% of thermal temperature corrections comes from the moist air mass 

within a kilometer of. the surface but this usually amounts to a correction of less than 

2° C. 
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TABLE 5.1 
THERMAL SENSOR CHARACTERISTICS 

air IRT 
Sensor /Satellite 

TM AVHRR 

Return Period 15 min 16 days 12 hrs 

Height of Obs. 150 m 705 km 833 km 

IFOV 15° 2.9 ur 1.35 mr 
40 m 120 m 1.1 km 

FOV 15° 15.4° ± 56° 

Swath Width 40 m 185 km 3091 km 
Pixel Width 1 1742 2048 

Resolution (bit) 8 10 

NEST T (°C) <.05 0.5 0.12 

Bands (um) 8 -14 10.4 -12.5 10.3 -11.3 
11.5 -12.4 
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TABLE 5.2 
a) PRE -FLIGHT CALIBRATION COEFFICENTS 

Ls(X) = m(1) DCmW( ) + b(1) [mW cm -2 um-1 sr 11 

Landsat-5 TM (1/15/84)1 
1 

m .0602 
b -.15 

2 

.1175 
-.28 

3 
.0806 
-.12 

4 
.08145 

-.15 

5 7 

.0108 .0057 
-.037 -.015 

Landsat -5 MSS (11/9/84)1 
1 2 3 4 

m .2087 .1386 .1126 .0945 
b .3 .3 .5 .3 

SPOT -2 HRV2 (12/20/90)2 
Pan XS1 XS2 XS3 

m .0578 .0534 .0409 .0748 
b 0 0 0 0 

NOAA-11 AVHRR (9/20/88)3 
1 2 

m .0906 .0827 
b -3.730 -3.390 

TABLE 5.2 
b) IN- FLIGHT CALIBRATION COEFFICENTS 

Landsat-5 TM (1992)4 
1 2 3 4 5 7 

m .0740 .1466 .11346 .09777 .0108 .0057 
b 0 0 0 0 -.037 -.015 

Notes: 

1 - Markham and Barker, 1986, 1987 
2 - Henry and Dinguirard, 1992 
3 - NOAA Tech. Memo. 107, Appendix B, 1988 
4 - Moran, per. comm., 1993 
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TABLE 5.3 
RADIOSONDE- DERIVED ATMOSPHERIC CHARACTERISTICS 

launch - -- Surface - -- Column <6km 
DOY time p Ta rh u w° r 

[GMT] [mb] [ °C] [%] [m /s] [cm] [ °C /km] 

1990 - Tucson, AZ 

156 1.57 
252 3.26 

1990 - Ft. Huachuca, AZ 

252 17:27 859.2 30.0 37 2.5 2.40 7.9 

1992 - Ft. Huachuca, AZ 

114 16:40 858.7 22.8 17 3.5 0.39 8.2 
162 10:56 855.7 17.2 21 1.0 0.94 7.0 

16:25 856.7 26.7 16 3.0 0.79 9.0 
178 11:25 854.4 21.7 16 3.5 1.22 7.0 

16:55 855.7 30.0 12 3.0 1.19 10.0 
194 
226 11:31 859.8 20.6 73 2.5 2.93 6.1 

16:24 862.3 25.0 63 3.0 2.98 7.5 
274 11:33 860.6 18.9 24 3.0 0.95 7.2 

16:16 862.2 23.9 21 3.0 0.69 8.8 
306 16:11 858.5 14.4 61 1.0 0.78 9.7 
322 16:15 855.9 16.1 20 1.5 0.46 7.2 
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TABLE 5.4 
OBSERVED OPTICAL DEPTH DATA 

Landsat TM band 2 (0.57 um) 

DOY p 
[mb] 

v 6a 6R 6O3 T 
[cm atm] 

T W 
[g cm-2] 

m 

1990 

156 850 3.3805 .0977 .0711 .9270 .7634 1.15 
252 850 3.7891 .0393 .0700 .9223 .8001 .82 1.30 

1992 

114 853.4 2.5074 .1714 .0704 .0367 .9974 .7530 1.21 
162 847.1 2.3232 .1126 .0699 .0345 .9958 .8015 1.40 1.14 
178 use 162 
194 848.0 2.3853 .1112 .0700 .0328 .9941 .8026 2.02 1.16 
226 849.6 2.8413 .1545 .0701 .0300 .9907 .7680 3.26 1.21 

274 850 2.5021 .0916 .0701 .0254 .9968 .8267 .94 1.41 

306 847.8 2.4555 .0978 .0700 .0290 .9962 .8182 1.01 1.67 
322 845.4 2.4105 .0797 .0698 .0255 .9971 .8371 .72 1.85 
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TABLE 5.5 
OPTICAL DEPTH -DERIVED ATMOSPHERIC CORRECTION FACTORS 

Ls(1) = M(1) p gnd + BO.) [W m2 sr"'] 

Factor: B (atmospheric path radiance) 

DOY 1 2 
Landsat TM band 

3 4 5 7 

1990 
156 27.11 12.99 6.56 1.98 .06 .01 
252 23.02 10.59 5.14 1.41 .03 .01 

1992 
114 27.94 14.01 7.68 2.89 .22 .06 
162 20.55 13.17 7.08 2.47 .21 .07 
178 use 162 
194 26.25 12.85 6.77 2.29 .17 .05 
226 27.96 13.94 7.43 2.61 .14 .03 
274 23.46 11.31 5.77 1.79 .09 .03 
306 22.01 10.55 5.43 1.73 .06 .03 
322 20.62 9.88 5.03 1.57 .09 .02 

Factor: IVI (multiplier) 

1990 
156 464 427 377 261 54.9 18.9 
252 418 383 339 235 49.3 17.0 

1992 
114 438 401 362 255 54.3 18.7 
162 449 426 384 266 56.4 19.4 
178 use 162 
194 458 419 374 258 54.4 18.7 
226 437 402 359 244 51.9 17.9 
274 383 356 320 222 47.1 16.2 
306 321 294 267 188 40.3 13.7 
322 287 268 242 170 36.1 12.5 
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TABLE 5.6 
LANDSAT TM THERMAL CHANNEL ATMOSPHERIC CORRECTION 

Tg d= m Tsat + b[°K] 

-- launch -- 
DOY time Ta 

[GMT] [ °C] 

Fleld 
Ta 

[ °C] 

[W m-2 sr-'] 
T s Lpath wo 

[cm] 
m b 

1990 - Tucson 

156 12:00 22.6 .8624 2.00 1.04 1.17 -51 
avg 31.5 .8420 2.50 1.21 -63 

24:00 41.3 .8224 2.96 1.27 1.20 -60 
252 12:00 25.5 .6250 5.90 2.37 1.56 -164 

avg 29.5 .6310 5.91 1.56 -164 
24:00 39.9 .6367 5.92 2.35 L56 -164 

17:27 30.0 29.5 

1992 - Ft. Huachuca 

114 
16:40 22.8 24.5 .9435 .785 .23 1.07 -20 

162 10:56 17.2 .8956 1.52 .64 1.11 -32 
16:25 26.7 29.0 .9074 1.37 .55 1.10 -30 

178 11:25 21.7 .8765 1.84 .80 1.13 -38.5 
16:55 30.0 32.0 .8730 1.93 .80 1.14 -40 

194 ' 

25 
226 11:31 20.6 .6863 4.63 1.92 1.37 -105 

16:24 25.0 26.5 .6917 4.73 1.86 1.37 -105 
274 11:33 18.9 .8914 1.57 .66 1.11 -33 

16:16 23.9 25.0 .9191 1.15 .47 1.09 -25.5 
306 

16:11 14.4 16.5 .8986 1.32 .59 1.10 -29 
322 

16:15 16.1 18.5 .9369 .80 .31 1.07 -19.5 
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Figure 5.1 Characteristic sensor system response functions for a) Everest IRT, h) 
Landsat TM Channel 6, and c) Landsat TM Channel 1 -5,7. 
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Figure 5.2 Dynamic range and thermal -hand sensitivity for at- satellite (dark line) and 
atmospherically -corrected (light line) digital numbers. 
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Figure 5.4 Typical radiosonde profiles from Ft. Huachuca on DOY 17$, 1992. LEFT: 
air and dew point temperature. RIGHT: wind speed and direction/6. 
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Figure 5.6 Typical linear transformation of a) at- satellite radiance to surface 
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115 

Effective thermal correction vs. Altitude 
A) 100 ® ®o 

0 

H 
CD 

50 

E 
E 
m 
U 0 

B) 

C) 

10° 102 

1 0° 102 

10° 102 
Altitude [km] 

Figure 5.7 Effect of thermal correction with (log) altitude. 
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CHAPTER 6 

OBSERVED SURFACE TEMPERATURES 

Introduction 

Measurements of surface temperature are necessary at a range of space /time 

scales in order to properly quantify the surface state and to validate the surface 

temperature model. This chapter describes the set of surface temperature 

measurements that were used for this purpose. Checking the consistency of any 

single set of observations poses many challenges. The difficulty is compounded when 

satellite, aircraft, ground transect and fixed observations must be co- registered and 

reconciled. The issue of adjusting observations to a common point in time, the time 

of satellite overpass, is one example of such a challenge in the temporal domain. 

The next level of complexity is known as four -dimensional data assimilation (4DDA) 

where a variety of observations are used to update a spatially -distributed model 

running continuously at fixed time steps. The results of this chapter are directly 

applicable to this type of problem even though the model was not run in a 

continuous, self -correcting manner. An uncommon benefit of this relatively diverse 

data set is that it helps to put measurements at a range of scales into a regional 

context. So often in remote sensing or hydrology, it is necessary to rely on a single 

isolated observation and hope that it was both accurate and representative of some 

larger area. Having such a large data set to work with, however, should not lead to 

complacency; for an equally strong argument for the opposite case can also be made 

that our knowledge of the surface is far from complete and this data set illustrates 
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the difficulty of maintaining a comprehensive, redundant and long -term measurement 

campaign. The objectives of this chapter are to: 

- compare measurements of surface temperature made at several sites or 

scales, 

- use Line 1 data to review factors which affect the spatial variability of 

surface temperature, 

- describe the collection and processing of each set of observations, and 

- summarize the observed spatial and temporal variability of surface 

temperature observations. 

This chapter begins by describing each observation and its adjustment in a 

progression of spatial scales, starting with fixed and transect ground measurements, 

aircraft transect measurements and finally satellite -scale surface temperature 

measurements. Results of each measurement are discussed next. The details of 

these measurements can be overwhelming. The end result, "the big picture ", is how 

these processed observations compare and vary throughout the year. A comparative 

review of the relative magnitudes and annual variability of all the surface 

temperatures in this data set ends this chapter and ties the observations together. 

Procedures 

Surface temperature has been observed at a range of space /time scales 

around Walnut Gulch over several years. Observations were limited to and adjusted 

to the time of satellite overpass ( "10:15) for ten mostly clear LANDSAT TM 

satellite image acquisitions over SE Arizona during 1990 and 1992. An outline of the 
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USDA -ARS Walnut Gulch Experimental Watershed is given in Figure 6.1 along with 

the locations of eight micro -meteorological METFLUX (MF) stations ( *), low -level 

flight lines (...) and the satellite image window used in this study ( - --). The northern 

edge of this window cuts off MF 4, unfortunately, but was necessitated by the 

coincidence of the TM image boundary during 1990. 

The primary temperature data were split into four groups by location and 

scale of measurement. The four groups represent: 

- the distributed watershed (labeled Walnut Gulch), 

- areal transects along flight -line 1, and 

- two METFLUX sites: Kendall (MF 5) and Lucky Hills (MF 1). 

All these areas are part of a grazed semi -arid rangeland. Several non -synchronous 

and possibly non -coincident surface temperature measurements were made at each 

of the two METFLUX sites. They included: 

- fixed tower infrared thermometer (IRT) observations, 

- a boom or yoke -mounted IRT making extensive ground transects, 

- a low -flying aircraft -mounted IRT, and 

- data extracted from the TM satellite image. 

Fixed IRT Measurements 

A variety of instruments were used to collect thermal band measurements at 

Walnut Gulch. The basic physical characteristics of these instruments are 

summarized in Appendix H. The most versatile and thus most widely used 

instrument was the hand -held infrared thermometer (IRT). Fixed ground IRT 
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measurements were made from the Kendall and Lucky Hills METFLUX towers for 

portions of both 1990 and 1992. An Everest 4000 LCS IRT was mounted 2.5 m off 

the ground on the south -facing side of the tower (to avoid shadows) and aligned 

approximately 25° from nadir. The instrument had a 15° FOV which resulted in a 

ground IFOV of -1.3 m. At Kendall, the targeted surface was a rocky soil with a 

low fraction of grass ( -10 %). At Lucky Hills, the targeted surface in 1990 was 

mostly rocky soil. Two IRT's were operational in 1992 at Lucky Hills in an attempt 

to capture the pure soil and shrub components; only the soil temperature data is 

reported here. The 1990 data were acquired mostly during the intensive field 

campaign and was active between DOY 151 (MF 1) or DOY 156 (MF 5) and DOY 

228. Fixed IRT data collection during 1992 was not begun until DOY 226 but 

extended through the end of the year. Fixed IRT data were interpolated to 10:15 

from the average values recorded in the field at 20, 30 or 60 minute intervals. 

Ground Transect Data 

Ground transect IRT measurements were made at the Kendall and Lucky 

Hills study areas in 1990 but only at Kendall during 1992. At the Kendall site, areal 

surface temperature (and reflectance) were estimated using a yoke -mounted, 4 -band 

Exotech radiometer and IRT both before and after satellite overpass time [Moran 

et al., 1993]. Measurements were made along a series of four 240 m long transects 

arranged in a 4x8 grid to simulate 32 adjacent TM pixels (Figure 6.2a). Eight to 

twelve samples were taken every 30 m along the transect while walking continuously 

(1990) or stopping every few meters (1992). These measurements were averaged into 
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30 m (pixel), 240 m (line), 2x240 m (quadrant) or 4x240 m (slope) spatial averages. 

Only slope averages are reported here. A second set of transects were laid -out on 

an adjacent hillside. Two of the transect quadrants were on a northwest facing slope; 

the other two quadrants were on a slope facing southeast. Many Monsoon '90 

investigators, unfortunately, refer to these data sets as north- facing and south facing, 

respectively. 

At the Lucky Hills site, a single 300 m -long, multi -line transect (Figure 6.2b) 

was made with a Barnes 8 -band modular multispectral radiometer (MMR) and IRT 

combination. These data, which simulate ten TM pixels, were averaged together for 

each run. No ground transect data were collected at Lucky Hills during 1992. 

Aircraft Data 

Nadir aircraft IRT measurements were made along two 10 km -long flight lines 

(Lines 1 and 7), which passed over the eight meteorological stations used during 

Monsoon '90, both before and after satellite overpass time. In addition, four 

adjacent "mini" aircraft transects were made over the Kendall site in order to get a 

larger areal average sample over the ground transect grid, described above. 

Arrangements could not be made until mid August in 1992 to fly again so aircraft 

data during this phase of the study were only acquired on the last four TM overpass 

dates (DOY: 226, 274, 306 and 322). The flight path developed in 1990 was retained 

although only two mini -transects were flown over Kendall. In 1992, the aircraft also 

overflew riparian stands of cottonwoods and mesquite over the San Pedro River to 

the west of the primary field site (Figure 6.1). 
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Several representative profiles along Line 1 are useful to help interpret the 

aircraft IRT measurements. The elevation profile along Line 1 is given in Figure 

6.3a. Locations of METFLUX stations ( *) and recovered flight -line targets (o) are 

indicated on each plot in this series. To contrast the effect of seasonal factors that 

influence surface temperature, appropriate profiles are given in the last three plots 

for both the dry pre -monsoon acquisition on DOY 156 ( - - --) and the green post - 

monsoon acquisition of DOY 252 (- - -). 

Topography is quantified in terms of the solar illumination factor (Appendix 

B; Figure 6.3b). The vertical shift between the two dates is due to solar zenith (0,) 

while the different shape is a function of solar azimuth (0,) (Table 6.1). In general, 

the METFLUX stations were situated on ridge tops, which resulted in significant 

local variability in solar illumination, particularly for MF 1. 

The soil adjusted vegetation index (SAVI) is used to monitor changes in 

vegetation cover and greenness (Chapter 7; Figure 6.3e). Pre -monsoon SAVI was 

low and featureless whereas post- monsoon SAVI doubled in value and was highly 

variable. Peaks in this curve are related to relatively lush vegetation in wash bottoms 

and are prominent within 500 m of MF 1 and MF 2. In contrast, riparian areas 

along the San Pedro and irrigated fields have post -monsoon SAVI values of 0.3 and 

0.5, respectively (not shown). 

Surface albedo exhibits an opposite trend, with lower average values being 

associated with post- monsoon vegetation cover and higher values characteristic of the 

dry, pre- monsoon period (Figure 6.3d). Surface reflectance is highest across 
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relatively bare ridges and bright sandy washes. The interplay of vegetation and wash 

results in a seasonal inversion in peaks and troughs, with the exception of a bright 

area around 4500 m. 

The aircraft was flying at a nominal above -ground -level (AGL) height of 150 

m and traveling about 50 m/s (112 mi /hr). The IRT had a 15° field -of -view and a 

nominal sample rate of once per second. These factors result in a typical pixel size 

of 40 m and an along -track spacing of 50 m, which would under -sample the transect 

slightly. The aircraft position was interpolated linearly between flight -line markers 

visible in a synchronous color video and this coordinate was extracted from the 

satellite and modeled image data to form coincident profiles. Flight -line targets are 

marked with a dot in Figure 6.1 and with an open circle in Figure 6.3. Reviewing the 

flight video was quite laborious and staying on -line required considerable pilot skill 

as the area's rolling topography gradually rises to the east. The quality of the 1990 

Line 1 flight -line recovery was considered as good as possible ( ±50 m). Still, no 

intermediate flight line markers were identified between MF station 2 and 3 so these 

locations are more questionable. Even fewer ground reference points were identified 

in the 1992 video with a consequent decrease in locatability. Precise flight line 

locations for the Kendall mini transects and any flights over the San Pedro have not 

been recovered from available flight videos. The use of a differential GPS system 

on the aircraft would greatly simplify flight -line recovery and result in more usable 

aircraft data. 

Satellite Data 
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High resolution (30 m visible; 120 m thermal) Landsat Thematic Mapper 

(TM) images of Walnut Gulch are the basis for this effort to study the distributed 

surface characteristics of this semi -arid rangeland. No other operational sensor has 

this high spatial resolution in both the visible and thermal channels. So despite its 

16 day return period, Landsat TM data represents the best available source of 

information on slowly varying land -surface characteristics. 

Partly cloudy conditions during the intensive Monsoon '90 observation period 

blocked all potential TM acquisitions. A dry season image was acquired on DOY 

156 (June 5) and post monsoon image acquired on DOY 252 (Sept. 9) was past peak 

greenness but still relatively lush. The convective nature of this region's summer 

monsoon rainfall results in cloud masses beginning to coalesce and grow by 

midmorning. On several occasions, atmospheric conditions that were acceptable at 

9 :30 would deteriorate by satellite overpass time to frustrate efforts to acquire 

distributed data. A generous grant from EOSAT in 1992 made it possible to acquire 

every possible image between DOY 114 (Apr. 23) and DOY 322 (Nov. 17). Of 14 

possible overpasses, images on 8 days were acquired and only one (DOY 226) had 

appreciable cloud cover. 

The satellite data were transformed into surface reflectances and temperatures 

in a single step and then rotated into UTM coordinates (Chapter 5, Appendix I). 

Several different windows were defined around points of interest, such as MF sites 

1 and 2, and these data were extracted and averaged to give point satellite values 

(Table 6.3). The number of pixels in each respective window was: Kendall = 100, 
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Lucky Hills = 50, San Pedro = 100, Field =20. 

Satellite transects corresponding to the aircraft transects consisted of a series 

of pixels derived from the interpolated ground locations between known MF stations. 

Any roll or drift in the actual aircraft flight path could result in significantly different 

values at a given point, but the general trend should not be affected. 

Results 

Fixed Ground Data 

All fixed METFLUX data presented here shares a common format. Detailed 

diurnal trends of a 20 min average ( *) are given for two days during 1990. DOY 156 

represents a clear, dry pre -monsoon day while DOY 214 characterizes a clear, wet 

monsoon season day (Figures 6.4a -b, respectively). Annual plots of a given 

parameter, surface temperature in this case, show: 

- a 7 -day running average ( - --) of the daily mean, 

- the daily mean (000), and 

- extreme day -time and night -time values (...), 

for the 1990 and 1992 annual cycles (Figures 6.4c -d, respectively). 

On a clear day, surface temperature exhibits a strong diurnal trend which 

peaks around 13:00. The morning heating rate is slightly greater than the afternoon 

cooling rate. The surface continues to radiate heat on clear evenings so there is a 

continued gradual cooling after sundown with the temperature minimum occurring 

around dawn. The presence of low clouds tends to limit night -time heat losses in 

which case night -time temperatures are relatively constant. 
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Large excursions in the annual average daily mean temperature were 

associated with cold fronts and clouds. The annual cycle was roughly sinusoidal but 

daily temperature ranges varied between 25 and 40° C and early summer surface 

temperatures reached 55° C. 

Ground Transects 

Ground transect observations were made to help validate near -coincident 

aircraft and satellite measurements. In contrast to the latter two methods which were 

practically instantaneous, ground transect measurements took an appreciable length 

of time to make at a time of day when the surface temperature was changing at a 

rate of 8 °C /hr. Approximately 15 minutes were required to complete each transect 

quadrant described above. Four yokes were deployed during the Monsoon '90 

experiment but only one yoke was in use on DOY 156 and 252. During the Walnut 

Gulch '92 experiment, two yokes were used which resulted in less optimal ground 

sampling with respect to the satellite overpass time. An adjustment, therefore, 

needed to be made for the natural diurnal change in surface temperature with time. 

Interpolation and Extrapolation to Time -of- Overpass 

Several methods of estimating the diurnal surface heating rate were compared 

in order to approximate the average transect surface temperature at the time of 

satellite overpass. Direct measurement of the temperature rate -of- change using a 

fixed IRT is the simplest solution, if available. Another commonly available 

observation from which morning heating rates can be computed is air temperature. 

Finally, a series of repeat transect measurements can be interpolated to the satellite 
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overpass time. This technique is simple but requires a greater logistical effort. Any 

linear correction will be in error if clouds or other meteorological phenomena affect 

the surface energy budget irregularly. A further limitation results when rates derived 

at a point (as with the first two methods) are different from the rates characteristic 

of a much larger area, particularly if the surface cover is different. 

Each of these techniques were compared using ground transect data from 

Kendall in 1990 and 1992. When available, ground heating rates derived from the 

fixed IRT's were almost constant at 6.5 °C /hr for this set of predominately clear sky 

observations while the air temperature changed more slowly, at about 2.0 °C /hr 

(Table 6.1). A linear least- squares fit (Figure 6.5; dotted line) to the ground transect 

measurements (+ and o) resulted in much more variable heating rates but was used 

to give the adjusted temperature ( *), judged to be most representative of ground 

transect conditions at the time of overpass. When a clear and consistent trend was 

not obvious, as was the case with two closely spaced observations or for noisy data 

similar to the last two dates shown in Figure 6.5, the slope of either a fixed IRT or 

air temperature were useful to interpolate/ extrapolate the data. 

Minor differences between northwest and southeast -facing slopes were also 

apparent in Figure 6.7. Each ( +) symbol represents the average temperature for a 

given line on one aspect. In general, there should be four pluses and circles each 

date data were collected. Temperatures from the northwest -facing slope tended to 

he slightly lower than from the opposite slope with both measurement variance and 

bias increasing as both the solar zenith and the relative azimuth increases (Table 
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6.1). In general, time -of -day heating effects dominated slope effects. 

Aircraft Data 

Aircraft data were only collected on the five dates Iisted in Table 6.2, which 

also indicates what, if any adjustment was made to shift the curves to the time of 

satellite overpass. Data quality and quantity were limiting factors in this analysis. 

Another line of data, Line 7, was also available but has not been fully processed for 

lack of time. Data quality on two of the five available dates was poor. A loose cable 

connection on DOY 306 resulted in a loss of all the data collected over line 1 on this 

date. On DOY 252, almost no heating is evident between 10:00 and 11:30 due to 

developing haze at that time. It appears as if data east of 5300 m on DOY 274 is 

particularly noisy. 

Aircraft thermal transect measurements exhibited a strong diurnal trend 

during relatively dry periods (DOY 156) but a much reduced diurnal trend during 

monsoon periods (DOY 252) characterized by moister soils and greener vegetation 

(Figure 6.6a,ó, respectively). A simple 3 -point running average filter was used to 

filter this data. There was significant correlation between transects of temperature 

(Figure 6.6) and solar illumination factor (Figure 6.3) which reflects the importance 

of topography. These effects were clearly evident in the pre -monsoon transects but 

were less important on DOY 274 when relatively lush vegetation along the washes 

was responsible for most temperature lows. 

A primary thesis of this dissertation is that topography, or solar illumination 

interacting with topography, is responsible for most daytime surface temperature 
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variability at the landscape scale in semi -arid regions. As shown above, there is both 

a temporal and spatial component to this variability. Both of these effects are 

related to the solar illumination factor. The three transects collected on DOY 156 

at approximately hourly intervals are useful to demonstrate this relationship. The 

solar illumination factor for each of these transects are shown in Figure 6.7a. When 

the widely varying temperatures shown in Figure 6.6a were normalized by the mean 

solar illumination, the two mid -morning curves were practically coincident. This 

normalization does not work as well early in the morning ( -9 am), probably due to 

less dependance on solar effects. Temperature variability along the line was reduced 

from ±2 °C to ± 1 °C and would be less if the geometric registration of the data 

were better. This suggests a convenient, method to adjust aircraft data to the time 

of satellite overpass using the ratio of desired -time to actual -time solar illumination 

factors (Figure 6.7b). 

The distribution or range of surface temperatures as a function of time is 

another characteristic or indicator of the dominant process responsible for the 

distributed temperature signal. Early morning transects tend to have a more uniform 

temperature. Histograms of ground data collected at Kendall (Humes, 1993) showed 

a similar trend - uniform early morning temperature which became more widely 

distributed toward noon (Figure 6.8). Apparently, both surface and air temperatures 

tend to equilibrate overnight and it is not until the surface has had more time to heat 

up that differences between bare soil, shaded soil and foliage component 

temperatures result in a broader range or distribution of temperatures. 
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Satellite Data 

The most noticeable feature of the TM satellite thermal images acquired over 

Walnut Gulch was their low contrast. This can be seen in scene histograms and line 

1 profiles given in Figure 6.9. Over 90% of the pixels fell within 5 °C of the scene 

mean. Several interesting features, however, should be noted. Most histograms 

exhibit a slight cool skew due to shadows and topographic effects. This was 

particularly prominent on DOY 226 due to cloud shadows. Low, moist clouds 

generally have temperatures around ( -20 °C). Broad and distinctly asymmetric scene 

histograms from DOY 156, 252, 194 and 226 all indicate atmospheric contamination. 

In contrast, the other dates have relatively narrow, symmetric distributions. 

Satellite surface temperatures on DOY 90 -156 (June) and 90 -252 (September) 

(Figure 6.10) are useful to illustrate some characteristics and problems with this data. 

The satellite images have means of 54.3° C and 39.0° C in June and September 

respectively. The apparently bimodal distribution in September was largely an 

artifact of the non -linear satellite temperature transformation (Chapter 5). Most of 

the temperature difference between these dates was due to a seasonal effect - the sun 

was higher and the days were longer in June than in September. The mean water 

vapor correction was relatively large on both dates: 4.5° C and 6° C in June and 

September, respectively. On DOY 156, the satellite data were almost 2° C warmer 

than yoke and aircraft ground temperatures even before correcting for atmospheric 

water vapor. This is physically impossible but it is not known where the problem lies. 

Potential sources of error include: 1) satellite or IRT calibration errors and 2) 
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differences in integrated radiance due to different bandpasses (IRT: 8 -14µm; TM 

ch6: 10.5 -12.5µm). Emissivity errors, in contrast, would tend to make matters worse 

so can not be a compensating mechanism. On DOY 252, the water vapor corrected 

satellite temperature was much closer to the actual ground temperature but was still 

high by 1.5 °C. Most of this error can be attributed to the great distance this water 

vapor correction was extrapolated (100 km). For these reasons, the mean bias in the 

validation images are uncertain. Relative patterns, however, are significant and will 

be considered in more detail in Chapter 9. 

Summary: Accuracy of TIR Measurements 

To review, the primary temperature data were split into four groups by 

location and scale of measurement. The four groups represent: 

- the distributed watershed (labeled Walnut Gulch), 

- areal transects along flight -line 1, and 

- two METFLUX sites: Kendall (MF 5) and Lucky Hills (MF 1). 

All these areas are part of a grazed semi -arid rangeland. Satellite averages over a 

riparian area of the San Pedro River and an irrigated field are included here for 

contrast. Several non -synchronous and possibly non -coincident surface temperature 

measurements were made at each of the two METFLUX sites. They included: 

- fixed tower infrared thermometer (IRT) observations, 

- a boom or yoke -mounted IRT making extensive ground transects, 

- a low -flying aircraft- mounted IRT, and 

- data extracted from the TM satellite image. 
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Results were summarized using multiple bar charts (Figure 6.11). A clear 

seasonal trend is obvious with unusually cool temperatures occurring during the 

active monsoon season, primarily due to reduced solar radiation and air temperature 

and increased evaporative cooling. The hottest temperatures (50 -55° C) occurred 

early in the summer over the dry, senescent landscape. The coolest temperatures 

(12 -18° C) were associated with full canopy vegetation at the height of the summer 

monsoon. 

In order to accentuate differences among these observations, average satellite 

temperatures over Kendall on the 10 observation dates were subtracted from each 

set of data representing other locations or techniques. This is not to suggest that 

Kendall satellite data are judged to be particularly accurate, rather this choice was 

a matter of convenience. The difference between the atmospherically corrected 

(corr) and top -of- atmosphere (TOA) temperatures (Figure 6.12a) is indicative of the 

water vapor correction, which is no more than 5° C. In general, Kendall satellite 

temperatures appear to be representative of temperatures across the whole area. 

Satellite surface temperatures along Line 1 (Figure 6.12b) were 3° C warmer 

than Kendall on several occasions. The limited aircraft data consistently was cooler 

than the satellite data, particularly on DOY 156. In combination with the results 

below, this implies that the satellite data were undercorrected. 

Satellite temperatures at the Lucky Hills MF site were consistent with those 

derived over Kendall but the fixed IRT readings were variable. The large positive 

difference on DOY 226 can be attributed to patches of sun, cloud and shadow which 
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covered portions of both MF windows at the time of overpass. The consistent 

negative anomaly at both stations and at all scales on DOY 156 indicates that the 

satellite data might have been particularly under- corrected on this date. This might 

he due to the use of non -coincident and non -simultaneous radio -soundings from 

Tucson on this date (Chapter 5). 
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TABLE 6.1 
KENDALL GROUND IRT MEASUREMENTS 

DOY 8 
Z 

[°] 
'Az 
[°] 

ke 

[yoke C] 

Transect 
rate 

[ °C /hr] 

Fixed 
TS rate 
[ °C /hr] 

Fixed 
Ta rate 
[ °C /hr] 

1990 

156 29.5 101 48.5 6.7 6.2 1.2 
252 39.5 126 34.9 4.2 1.1 

1992 

114 34.3 117.5 34.8 8.1 2.6 
162 28.8 99.5 42.3 1.7 0.8 
178 29.5 99.5 
194 30.6 101.5 28.5 4.4 1.4 
226 34.2 113.5 
274 45.0 137 33.6 3.8 6.7 2.1 
306 53.2 147 20.4 -0.6 6.1 2.6 
322 57.3 149 21.2 -0.2 6.9 2.2 
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TABLE 6.2 
LINE 1 AIRCRAFT IRT AND SAVI MEASUREMENTS 

DOY/ 
Run <t> 

[hr] 

Observed 
<Ta> 

[ °C] 

Adjusted 
TS 

[ °C] 

Observed 
SAVI 

[ -] 

SAVI 
Used 

[-1 

1990 

156a 8.952 37.6 .068 
b 10.163 47.4 .071 

10.200 47.6 .071 
c 11.0935 52.7 .085 

252b 10.031 35.44 .185 
c 10.163 36.27 N/G 

10.200 36.3 .185 
d 11.166 36.24 N/G 
e 11.2515 35.19 N/G 

1992 

274a 10.146 30.9 .153 
b 10.240 31.0 .156 

10.250 31.0 .156 

306 data lost .122 

322a 10.170 20.4 .109 
10.250 21.1 .114 

b 10.258 21.2 .114 

N/G = no good 
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TABLE 6.3 
SUMMARY OF OBSERVED SURFACE TEMPERATURES 

Day -of -Year 
1990 I 1992 ---> 

Type 156 252 114 162 178 194 226 274 306 322 

Satellite - Watershed scale - Atmo. Corrected and Top -of -Atmo. 

Corr 54.3 39.0 35.5 39.3 41.9 29.8 25.0 33.0 19.0 21.0 
TOA 49.8 31.5 33.8 38.1 40.0 27.4 19.5 31.0 18.7 19.7 

Satellite - Local scale - Riparian and Irrigated Field 

Rip 34.8 39.7 40.8 29.6 18.6 30.3 17.8 19.4 
Irr - 26.7 30.3 36.1 24.1 12.2 29.3 17.7 19.3 

Line 1 transects 

Sat 54.3 39.4 35.6 39.7 45.2 28.5 24.8 33.3 19.2 21.7 
Air 47.6 36.3 31.0 - 21.1 

Kendall study area 

Sat 54.9 38.0 35.8 41.2 42.6 28.2 22.2 33.6 19.6 22.0 
Air 48.9 35.1 31.4 17.5 20.5 
Gnd 48.5 34.9 34.8 42.3 28.5 33.6 20.4 21.2 
Fix 50.9 28.1 33.0 19.5 20.3 

Lucky Hills study area 

Sat 54.6 40.6 35.5 40.0 42.6 28.6 23.4 32.9 19.2 21.4 
Air 46.7 37.1 31.2 16.2 20.7 
Gnd 48.5 34.9 - 

Fix 51.0 30.2 35.0 21.3 22.4 
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Figure 6.7 Variation of solar illumination angle as a function of time (a). The results 
of normalizing each curve above by its solar illumination angle (h). Data 
for 11:09 normalized to 10:16. 



0.5 

0 . 4 5 - 

0 . 4 - 

0 . 3 5 - 

0 . 3 - 

0 . 2 5 - 

0 . 2 - 

0 . 1 5 - 

0 . 1 - 

0 . 0 5 - 

1 4 4 

-- 
7.7 h 

8.2 h 

9.2 h 

9.7 h -- 
11.1 h 

11.4 h 

O 
15 20 25 30 35 

(AS, Temperature (C) 

KENDALL AREA - DOY - 221 

rgi 

15 

8 am 
..rfr 

10am 

l 

1 

noon - 

25 30 35 40 45 50 
Model Temperature [C] 

Figure 6.8 Histogram of ground transect temperatures at Kendall on DOY 212 [,after 
Humes, 1993] (a) compared with several modeled frequency distributions 
to show differences in diurnal variability (h). 



10 
2 8 
z 6 

ai 4 

II" 2 

Walnut Gulch Satellite Data 

DOY015610 g_ 

6_ 
. 4_ 

2_ 

. j 

D0Y0252 

. 

20 
4pp D0Y211461%- 

g_ 
20 

4 
OY2162 0 ' 

- 6- 
4- . 

2- 
, , 

20 48OY2178 - 20 4OY2194 0 

8- 
6, 
4- 
2_ 

20 40 
OY2226 D _ 20 8OY22740 ' 

. 8- 
6- 
4- y I 

2 

. 

0 4QOY2306 
U g_ 

pp 

4DOY2322 0 

6- 
4- 
2_ 

- - 

20 40 60 
Surface Temp [C] 

20 40 60 
Surface Temp [C] 

145 

Figure 6.9 Histograms of Landsat TM satellite TIR observations for the 10 dates 
covered in this analysis. 
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Figure 6.10 Transects of Landsat TM satellite TIR observations extracted over line 
1 on 5 dates when aircraft data were also collected. 
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CHAPTER 7 

DISTRIBUTED AND METEOROLOGICAL MODEL INPUTS 

Introduction 

A primary focus of this research has been to integrate distributed surface 

characteristics and meteorological time -series into a distributed surface process 

model, in this case of surface temperature. There are several issues that distributed 

model parameterization must confront, either directly or implicitly. 

The first issue regards temporal sampling: do periodic (- monthly) satellite 

snapshots of the surface accurately capture diagnostic seasonal changes in surface 

morphology? The amount of detail captured by a SPOT or TM image can he 

overwhelming but it is important to appreciate the instantaneous nature of this 

snapshot, particularly with regard to satellite and solar view geometry, highly variable 

atmospheric attenuation and stability of surface fluxes. Pristine atmospheric 

conditions minimize but do not eliminate many of these problems. For these 

reasons, processes and characteristics that are slowly varying or static are most useful 

as distributed model inputs. 

The second issue concerns spatial sampling: to what degree does surface 

heterogeneity confound the classification or interpretation of EM energy at the pixel 

level? One allure of forthcoming multispectral scanners is the possibility of using 

mixture analysis [Huete, 1986; Bierwirth, 1990; Huete and Escadafal, 1991] to 

untangle mixed scene integrated radiances that characterize most sensors currently 

in orbit. The alternative has been to use the highest spatial resolution data available 
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in the hope that each IFOV is relatively pure. Alternatively, focused studies of semi- 

arid rangelands can estimate plant cover and growth by assuming a characteristic 

vegetation density as was done here. This technique is no panacea - it is biome - 

specific, requires extensive ground sampling and is difficult to validate. 

Topography and surface reflectance (for albedo and vegetation cover) were 

chosen as primary distributed model inputs because they generally conform to these 

constraints. Several available DEM's from which topography was derived are 

described in Appendix B. The procedures used to collect and derive surface 

reflectance are described below. Soil moisture was found to be a critical parameter 

so the collection of soil moisture profiles and gauge precipitation is described and the 

possible relationship between these measures is explored. Finally, time -series of 

point meteorological observations are introduced using a series of plots which 

summarize basic annual trends. 

Surface Reflectance Measurements 

The purpose of this section is to give the basis for quantitative estimates of 

reflectance parameters at a series of overlapping scales. This section was organized 

similar to the review of observed surface temperatures (Chapter 6) so reflectance 

observations have been split into four groups by location and scale of measurement. 

It is important to keep these differences in mind to appreciate the consistency of the 

data set. 

Surface reflectance factors were derived directly from a series of ground -based 
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measurements. The preferred methodology was developed by the U.S. Water 

Conservation Lab in Phoenix, AZ and was described in Jackson et al. (1987) and 

Moran et al. (1989). The basic procedure is to use two similar, calibrated downward - 

looking multi -channel radiometers, one roving over an unknown ground reflectance 

and one stationary over a highly reflective plate of constant and known reflectance 

(p o). Measurements need not be simultaneous, constant plate measurements once 

a minute are more than adequate to sample most temporal variations in solar 

irradiance, even under partly cloudy conditions. Band average ground reflectances 

(p g(x,y,A )) are simply related to the ratio of sampled radiances (L(a. )) or output 

voltage: 

Pg(x,y,.l) = P, 
L,(t,1) 

Lg(x,y,l) (7.1) 

The most common remote measure of vegetation cover is the normalized 

difference vegetation index (NDVI), which is given for TM reflectances (p ) hy: 

NDVI= (p4- p3) /(p4 +p3). Semi -arid NDVI values are complicated by significant soil 

background effects due to large bare soil cover fractions. Both soil wetness and soil 

brightness can bias the NDVI so the soil adjusted vegetation index (SAVI) was used 

here with the scaling constant (L) set to 0.5 [Huete, 1988]: 

SAVI - p4 p3 
(1+L) 

p4 +p3 +L 
(7.2) 

Finally, the integrated wide -band reflectance or albedo is also an important 

and distinctive distributed parameter. Albedo controls the partitioning of short -wave 
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radiation at the surface. Albedo was calculated using normalized weights derived 

from a cumulative distribution function of modeled albedo (Appendix E): 

a = .078(p1) + .098(p 2) 
+ .085(p3) + .155(p4) + .276(p5) + .308(p7) (7.3) 

Albedo changes slowly throughout the season but exhibits significant spatial 

variability depending upon surface cover and composition. Individual band 

reflectances have not been corrected for solar zenith effects so these will be present 

in the albedo as well. 

Direct Determination of Albedo 

There are several ways to measure or compute surface albedo. The most 

direct local -scale surface measurement of albedo is made by ratioing (rather than 

differencing) the output of a common net radiometer. These instruments measure 

the temperature difference between concentric black and white rings [Sellers, 1965; 

Robinson, 1966] which are shielded from advective effects by a pyrex glass 

hemisphere with good transmission characteristics throughout the visible region 

[Ohmura, ? ?]. Results from this technique are presented below. A slightly better 

measurement could be made by alternatingly inverting a wide -band pyranometer, 

which minimizes differences due to sensor system response. 

Another measure of surface albedo could be made with the same instruments 

required to make transect reflectance measurements (see below). This measurement 

requires only one multi -channel radiometer and one upward -looking wide -band 

pyranometer measuring incident solar radiation (Eg) if the ratio of partial to total 



solar irradiance (P /T, see Appendix F) is known and Lg = E Lg(a. ): 

- 
nL (t) 

g(t) PIT Eg(t) 
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(7.4) 

Ground Transect Data 

A portable Exotech radiometer was used to measure surface reflectance using 

either 4 Landsat TM -like or 3 SPOT -like band filters. Only data collected with the 

Landsat filters will be presented here. The goal of these ground measurements was 

to validate satellite- derived reflectance measurements so it was essential to cover as 

large an area as possible at or around the time of satellite overpass so illumination 

and geometry conditions would be identical. The Kendall site, characterized by 

rolling grass -dominated hills was the primary ground validation site; additional 

ground radiometric measurements were made at Lucky Hills during 1990. A 

downward- looking radiometer and IRT were suspended about 2 m above ground 

surface on several backpack -mounted booms or yokes. During the extensive field 

campaign in 1990, the Kendall transects were covered by four yokes within 10 

minutes of overpass time. On DOY 156 and 252, however, only one yoke was 

available. During the 1992 field campaign, only two yokes were used so that a 

measurement window of 40 min bracketed the satellite overpass time. 

Aircraft Data 

A portable Exotech radiometer similar to the one used on the ground was 

mounted at nadir outside of a low -flying ( -150 m AGL), single -engine airplane. 

Apparent reflectances were calculated by ratioing aircraft measurements with 
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simultaneous measurements of a fixed, ground -based Exotech inverted over a highly 

reflective Halon plate [Moran et al., 1992]. At least four MF stations visible in a 

simultaneous video record of the flight path were used to piece -wise linearly map the 

apparent reflectances to a ground position. Aircraft data characteristic of the 

Kendall and Lucky Hills study sites were determined by averaging six records 

(covering -300 m) on either side of the MF stations. Greater positional equivalence 

should be expected between the extracted satellite and aircraft data sets (both 

centered on the MF site) than between the aircraft and transect measurements 

(Kendall transect lies north of MF site). Aircraft data characteristic of flight line 1 

(Tables 7.1 -2) were determined by averaging approximately 200 observations between 

MF 1 and MF 4. Aircraft measurements were only available for the last three TM 

overpasses during 1992. Four sets of reflectance data were collected on DOY 252 

at Kendall but only the first one was judged to be consistent with the extracted 

satellite transect data. 

Satellite Data 

Vegetation index and albedo were extracted from atmospherically -corrected 

satellite radiances as was described in Chapter 4. These data were sampled and 

averaged over:- small (50 pixel) windows at a few fixed sites, Line 1 flight -line and a 

large part of the whole watershed (- 500x400 pixels), to give the satellite values in 

Tables 7.1 -2 at point, line and watershed scales, respectively. 

Results 

The results of these measurements are summarized and contrasted below. 
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Surface characteristics vary relatively slowly (unlike the last chapter where large 

diurnal temperature changes required that observations be interpolated to the time 

of satellite overpass) so the best data set closest to the time of satellite overpass was 

taken to be representative. When multiple ground and aircraft observations were 

made, the data set closest to the time of satellite overpass will be used unless 

otherwise noted. 

Albedo 

Measurements of incoming and outgoing short -wave radiation using a pair of 

Eppley pyranometers were made by Nichols et al. [1993] as part of the Monsoon '90 

experiment. Over a 10 day period at the Kendall and Lucky Hills sites, the ratio of 

these measurements exhibited diurnal patterns which were either: a) symmetric about 

noon (Kendall) or b) asymmetric (Lucky Hills) (Figure 7.1). The ratio was limited 

to times when the sun was more than 200 above the horizon. The asymmetric shape 

of some of these diurnal trends is characteristic of slight timing offsets between the 

sensors. Average albedos were 0.185 and 0.170, respectively (Figure 7.1) during this 

relatively wet and green monsoon period. Large -scale albedos reflect the trends 

observed in SAVI but with higher albedos being characteristic of dry conditions and 

lower albedos being characteristic of wet, vegetated conditions. These observations 

suggest that DOY 226 is closest to peak vegetation cover during 1992. Aircraft and 

ground albedos were consistently higher than satellite -derived albedos in 1992 but 

the opposite trend can be observed in the 1990 data. 

Ground Transects 
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Transect by transect apparent reflectances were provided by Moran [per. 

comm., 1993] and SAW and albedo were calculated using (2,3), respectively. Ground 

transect measurements at Kendall were very consistent in 1992 (Tables 7.1 -2). The 

1992 SAVI was largest around DOY 114, with a slow but steady decrease through 

DOY 322. Albedo was nearly constant but was consistently higher on the southeast - 

facing slope (- 0.205) in contrast to the northwest -facing slope ( "0.175) (data not 

shown). This difference was attributed to greater cover on the northwest -facing 

slope. Bidirectional reflectance and solar zenith effects would have given the 

opposite effect so are considered of secondary importance. 

Aircraft Data 

Aircraft data are plotted separately for each date data was collected (Figure 

7.2) with position relative to MF 1 (@ 1000 m) increasing from west to east. These 

data have been smoothed with a 3 -point moving average. Four runs were made on 

DOY 252 but only the first two appeared usable. Ground and satellite observations, 

however, suggest that only the 10.03 observation can be trusted. 

Line 1 average SAW values range from lows around 0.1 during the dry season 

to average highs of 0.2 during the monsoon season. SAVI was particularly 

featureless on DOY's 156, 306 and 322 except for an anomaly near the 4000 m mark. 

Considerably more variance was present on DOY 252 and 274. Spatial 

correspondence of the features in any one transect exhibits as much as 100 m offset. 

This might be attributable to the georeferencing procedure but more likely was 

related to flight direction, which exhibited a consistent horizontal offset for the three 
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matched pairs of data given for 1992 (Figure 7.2c -e) which were flown in opposite 

directions. In contrast, transect albedo had greater spatial variance when the SAVI 

was low and weaker contrasts during the monsoon period (Figure 7.3). The 

relationship between specific surface features and these data were discussed in 

greater detail in Chapter 6. 

Satellite Data 

Histograms of image SAW and albedo are useful to gauge the overall 

character of these reflectance properties across the whole watershed (Figure 7.4). 

A subtle seasonal vegetation cycle was reflected in the histograms of the SAVI. This 

cycle can be characterized as a narrow, low (0.10 -0.15) distribution during early 

summer and late fall with a gradual broadening and shifting to higher average values 

( "0.2) during the monsoon period. Albedo exhibited very little variation at this scale 

except for DOY 156, which was noticeably brighter. Late fall albedos during 1992 

were surprisingly dark even though the SAVI had fallen considerably from its peak 

level and might indicate that albedo was affected more by soil moisture or biomass 

than was the case on DOY 156. 

Line 1 transects of satellite- derived SAVI and albedo (Figure 7.5) show the 

relative correspondence between the mean property values and the spatial and 

temporal evolution of these properties. DOY 156 characterized extremely dry 

conditions and DOY 252 characterized typical monsoon season conditions (large 

SAVI variance) while most of the other dates reflect intermediate states. There is 

a negative correlation, in general, between corresponding extreme values as expected. 
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Summary: Characteristics of Surface Reflectance 

Satellite transects extracted over Line 1 were useful to compare with aircraft 

results to evaluate sensor sensitivity, correction procedures and spatial correlation. 

Satellite data were plotted at a constant vertical scale using a heavy dot; aircraft data 

were plotted using a plus. There was good qualitative agreement between satellite 

and aircraft transects of SAVI (Figure 7.6) and albedo (Figure 7.7) with satellite 

values exhibiting slightly less contrast compared with aircraft transects, particularly 

on DOY 252. Albedos around position 3700 m were consistent with time and sensor 

whereas a feature around position 6000 m appeared incoherent. In general, satellite - 

derived reflectance parameters characterized the spatial distribution of surface values 

reasonably well. 

The SAVI and albedo around the satellite overpass time (-10:15) during 1990 

and 1992 are summarized in Figures 7.8 -9 and Tables 7.1 -2. In general, 1990 data 

provided the sharpest spatial and temporal contrasts while 1992 was unusual in that 

early and periodic light rains resulted in fairly uniform canopy conditions throughout 

the period of field measurements. Aircraft and ground observations were reasonably 

consistent with a few exceptions. Reflectance measurements exhibited much less 

variability than did surface temperature measurements. Reflectances characteristic 

of an irrigated agricultural area were extracted from each 1992 satellite image to give 

a better sense of contrast between dry and wet conditions. The irrigated full canopy 

SAVI peaks around 0.5 on DOY 194. Ground and aircraft SAVI tended to be 

slightly less than satellite -derived SAVI which averaged around 0.15 in 1992. Post- 
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monsoon season SAVI were slightly larger in 1990 ( -0.18) while late spring values 

(DOY 156) were significantly less (- 0.08). Significant discrepancies between the 

measurements only occurred at Lucky Hills on DOY 252 for unknown reasons 

although the ground transect data is suspect. 

There were few differences between spatially -averaged albedos derived from 

different sensors and a corresponding lack of temporal variability in comparison to 

SAVI measurements. No clear biases were evident except for some noise in the 1990 

data. Irrigated crops were actually brighter than the rangelands using this estimate 

of albedo, probably due to the large near- infrared reflectance. Scattered clouds on 

DOY 226 help make this one of the brighter scenes. 

Soil Moisture 

Soil moisture is a critical state parameter which partitions rainfall between 

runoff and infiltration as well as determines the evaporative fraction of latent to 

available energy. The rapid spatial and temporal variability of soil moisture is 

legendary [Nielsen et al., 1973; Greenholtz et al., 1988; Smith et al., 1989]. Surface 

(< 5 cm) soil moisture in the arid southwest largely dissipates within 48 hrs of a 

rainfall event (see Figure 7.11). Small -scale precipitation and soil moisture variability 

( -104 m) was found to be great in the Lucky Hills area [ Faures, 1990; Tian, 1993; 

Whittiker, 1993] although watershed -scale values clearly exhibited a seasonal trend. 

Distributed soil moisture is measured best with active or passive microwave sensors 

[Jackson et aI, 1992; Moran et al., 1993; Schmugge et al., 1986; Schmugge et al., 

1994] but high quality observations are difficult to acquire regularly and coincident 
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with the TM overpasses of interest here. Surface temperature depends on soil 

moisture as outlined in Chapter 2 so the question is how to include this dependance 

in the model. The strategy adopted here was to hold soil moisture constant at the 

value of the daily area average antecedent precipitation index (API). An API is just 

a simple decay model of soil moisture based on loosing a constant fraction of 

available energy every day. The resulting map of distributed surface temperature can 

be subtracted from the observed TM surface temperature to produce a residual 

surface temperature map which, hopefully, shows the same pattern as a map of API 

contours derived from Walnut Gulch's extensive raingauge network. This procedure 

skirts the issue of parameterizing distributed soil moisture but seemed most realistic 

considering available data sources. The relationship between residual surface 

temperature and a proxy measure of soil moisture, such as API, will be developed 

further in Chapter 9. If a good correlation exists, than it might be possible to 

estimate soil moisture from some measure of surface temperature. The purpose of 

this section is to identify and describe direct and proxy observations of surface soil 

moisture made at Walnut Gulch during 1990 and 1992. 

Gravimetric Data 

Personnel from the USDA -ARS Southwest Watershed Management Unit 

made periodic measurements of gravimetric soil moisture around several MF sites 

(including Lucky Hills and Kendall) during the summers of 1990 and 1992. Three 

to five canned ( -500 g) samples were collected around each site using a trowel to 

penetrate the rocky soil between 2.5 and 5 cm. Gravimetric soil moisture was 
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converted to volumetric soil moisture using bulk densities derived from a single 50 

cm pit excavation at each MF site. Soil moisture ranged between 2 and 20 % by 

volume. These results are summarized in Table 7.4 under the column heading "Vol. 

sm" for MF 1 and 5. This sampling method was labor intensive and subject to 

considerable sample bias but represents the most direct soil moisture observations. 

Dielectric Data 

More extensive transects of soil moisture estimates were made during 1990 

using a dielectric probe as part of an effort to validate PBMR microwave 

measurements [Jackson et al, 1993]. Soil moisture and surface temperature vary 

slowly along the several km transect located between MF 4 and 5 (Figure 7.10). 

Observations were made in triplicate every "10 m and grouped into 100 m line 

averages. This data suggests that spatial variability of soil properties was not so great 

as to invalidate the limited gravimetric sampling procedure described above. 

Soil Resistance Data 

Sensors whose electrical resistance changes with soil moisture were buried in 

triplicate at 2.5, 5.0 and 15.0 cm at each MF station [Amer et al., 1994]. The bulk 

resistivity of a partially saturated soil to current is expressed by Archie's Law [Keller 

and Frishnecht, 1966]. Conversely, soil moisture can be expressed in terms of 

apparent resistivity (p [kohm -m]) using typical coefficients and assuming p w 0.05 

kohm -m: 
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ew = (P / PQ) °3 _ .225 *pas (7.5) 

The relationship between sensor resistance (R [kohms]) and soil moisture (Ow) might 

be expected to be similar. The arbitrary three parameter power -law equation that 

Saud et al. used to fit the data has the same general form: 

ew= a *R-b +c (7.6) 

Each sensor, unfortunately, appeared to require a unique calibration to transform 

resistance into soil moisture. This laborious calibration procedure was carried out 

prior to field installation using nonlinear regression and estimated soil moisture levels 

between 5 and 18% [Amer et al., 1994]. The resulting transformations, however, 

appear suspect, particularly with respect to the asymptotic background soil moisture 

level, which tend to be approach the value c in (7.6) when applied to the field data. 

Only the coefficients a (z45) and b 0.7) were retained in this analysis; the 

background soil moisture level was fixed at 2.5% based on gravimetric data. The 

background level might be greater than this at depth but was not changed from 2.5 

due to lack of specific data. The soil resistance sensor volumetric soil moisture or 

"in situ" reading at the time of satellite overpass is given in Table 7.4 for Kendall 

(MF 5). Soil resistance sensor volumetric soil moisture at two depths is given as a 

function of time in Figure 7.11, which also shows the gravimetric validation 

measurements ( *). Agreement was reasonable so the in situ time -series will he used 

to validate the API, described below. 

Precipitation Data 
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The USDA -ARS observes 85 recording raingauges across Walnut Gulch or 

approximately 1/2 km2. A set of 14 gauges were maintained year -round with a 

weekly chart; most of the rest were maintained only during the wettest months of 

July, August and September. In June of 1990 all gauges were placed under 

continuous observation. This data, digitized to 0.1" and the nearest hour, was 

aggregated into storm event totals for each gauge of record in 1990 and using just the 

year- around gauges in 1992. A storm event was defined here to be temporally 

coincident rainfall during any four -hour window that maintained a similar chart 

recorder response across a series of gauges. This loose definition of an event was 

adopted to facilitate an event -based file naming protocol and to lump together widely 

scattered rainfall from slowly moving storm cells. One indication of soil moisture 

status or recent weather conditions was taken to be the average precipitation that 

was recorded within the watershed in the 48 hours preceding a satellite overpass 

( "Watershed baseline ", Table 7.4). The shortcomings of this measure are that storm 

extent and actual soil moisture are not indicated. An antecedent precipitation index 

was formulated with a decay rate comparable to the decay rate observed in resistance 

sensor -derived values of soil moisture. The derived recession constant resulted in 

little carry-over of residual moisture between monsoon storms that typically had a 

frequency of 7 -10 days. API was calculated using a simple daily time step (4 t =1) 

and a recession constant (k) of 0.75: 
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API = k * ppr °t (7.7) 

This value of k results in a rapid decline in API and compares with a "typical" range 

between 0.85 and 0.9 [Linsley et al., 1982]. A value of 0.75 was determined by 

approximating the shape of surface (2.5 cm) volumetric soil moisture decay curves 

at the Kendall MF station (Figure 7.11). Faures [1990] used a similar concept to 

relate soil moisture to an exponential decay: 

8 = 8 e-t'nt 
0 

(7.8) 

Faures based his decay constant (k =.066 for D t =1 day) on TDR sensors buried 

between 0 -15 cm at Lucky Hills during 1990. This study, based on soil resistance 

probes, suggests a greater decay constant of 0.262 if API can be used as a proxy for 

soil moisture. The difference between these two rates seems to he due to the 

response characteristics of the two different sensors rather than intrinsic differences 

in soil properties. 

Approximate Distribution of Soil Moisture 

The USDA precipitation data set makes possible the computation of a 

spatially distributed antecedent precipitation index (API) which was tracked daily at 

each station, notably in the vicinity of Lucky Hills (gauge #583) and Kendall (gauge 

#560) (Table 7.4, Figures 1243). Values of API listed in Table 7.4 (in mm) are 

comparable with gravimetric and resistance sensor estimates of soil moisture (in %), 

however, this API overstates high Ow and asymptotes to zero rather than the 

background 8w level. An adjusted API was calculated to compensate for these 
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differences using API /2 + 2.5 in order to utilize API as a proxy measure of 

distributed soil moisture. These values of adjusted API were contoured across 

Walnut Gulch for satellite observation dates during 1990 and 1992 (Figures 7.14 -15). 

Open circles indicate reporting gauges with at least trace amounts of moisture. 

Monsoon rains during 1990 were much more intense than in 1992 with maximum 

values occurring around DOY 226 with a gradual dry down to uniform but above 

background levels on DOY 252. The watershed was unusually dry on DOY 156, 

1990. At the height of the monsoon during 1992, watershed estimated soil moisture 

levels were relatively modest in comparison with 1990. The semi -arid vegetation (tuff 

grasses and creosote), however, appears to have received adequate moisture to 

maintain enhanced (though unspectacular) values of the SAVI (Table 7.1). A 

watershed baseline soil moisture is given in Table 7.4 which approximates the 

expected average or mode of soil moisture. These values were used in the T, model 

runs for these dates. 

Meteorological Data 

It is beyond the scope of this dissertation to analyze the surface 

meteorological data collected by the permanent metflux (MF) stations at Lucky Hills 

and Kendall. Several parameters, however, were critical for driving this model in 

time while others are useful for model verification. Air temperature was the most 

important of these parameters and was discussed with respect to local uniformity 

(Chapter 2) and regional interpolation (Chapter 10). The climatological mean values 

and ranges for these data are listed in Table 7.5 in summary form. Simple averaging 



166 

was used to obtain these values although more rigid statistical measures, such as 

percentile frequency distributions, would be more representative of mean conditions. 

Description of Plots 

All the meteorological data collected during 1990 and 1992 at Lucky Hills and 

Kendall (MF 1 and 5, respectively) were summarized in a series of plots (Figures 

7.16x). Each figure consists of four parts: 

a) diurnal plot for "typical" dry conditions (DOY 156, 1990), 

h) diurnal plot for "typical" monsoon conditions (DOY 214, 1990), 

c) annual plot for 1990, 

d) annual plot for 1992, 

The typical days were selected rather arbitrarily. The typical monsoon date was near 

maximum greenness and had a significant (20 mm) precipitation event in the 

afternoon. Each observed reading in the diurnal plots is shown using star symbol. 

It was possible to plot several combinations of characteristic values in the annual 

plot. The options were: 

a) every point (not used), 

b) daily extreme values, 

c) average day and night -time values (day -time = Qin > 5 W m "2), and 

d) running 7 -day (weekly) average. 

Concluding Remarks 

Topography and surface reflectance (SAVI and albedo) were used to 

characterize the static and slowly varying spatially distributed model inputs while 
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observed meteorological readings, primarily Ta, were used to drive the model in time. 

Measurements of SAVI and albedo at a wide range of length scales were found to 

be consistent for the ten satellite overpass dates reported here. Soil moisture is 

another critical parameter but is generally unavailable, particularly as a function of 

time across a large area. An adjusted API was developed across Walnut Gulch to 

compare with surface temperature anomalies derived from the difference between 

observed and modeled surface temperature, calculated using a uniform soil moisture. 
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TABLE 7.1 
SUMMARY OF OBSERVED SURFACE REFLECTANCE CHARACTERISTICS 

SAVI 

Day -of -Year 
1990 ( 1992 ---> 

Type 156 252 114 162 178 194 226 274 306 322 

Satellite - Watershed scale - Atmo. Corrected 

Corr .094 .202 .159 .166 .148 .162 .178 .169 .127 .117 

Satellite - Local scale - Riparian and Irrigated Field 

Rip .199 .205 
Irr .439 .456 

.186 .238 

.289 .510 
.329 
.407 

.290 

.321 
.164 
.368 

.137 

.293 

Line 1 transects 

Sat .087 .178 .155 .159 
Air .071 .185 

.139 .150 .173 .167 
.156 

.118 

.122 
.112 
.114 

Kendall study area 

Sat .035 .208 .180 .165 
Air .075 .210 
Gnd .250 .170 .165 

.142 .153 

.153 

.139 

.161 

.158 

.148 

.143 

.120 

.119 

.126 

.118 

.108 

.115 

Lucky Hills study area 

Sat .040 .120 .160 .149 
Air .071 .150 
Gnd .340 

.129 .137 .159 .163 
.157 

.124 

.121 
.114 
.111 
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TABLE 7.2 
SUMMARY OF OBSERVED SURFACE REFLECTANCE CHARACTERISTICS 

ALBEDO 

Day -of -Year 
1990 J 1992 ---> 

Type 156 252 114 162 178 194 226 274 306 322 

Satellite - Watershed scale - Atmo Corrected 

Corr .268 .225 .202 .204 .200 .194 .201 .184 .169 .171 

Satellite - Local scale - Riparian and Irrigated Field 

Rip .177 .183 
Irr .236 .223 

.182 

.228 
.180 
.224 

.176 

.237 
.165 
.197 

.150 

.188 
.155 
.205 

Line 1 transects 

Sat .241 .178 .198 .197 
Air .198 .178 

.197 .184 .192 .183 
.180 

.164 
.162 

.166 

.167 

Kendall study area 

Sat .275 .226 .210 .216 
Air .197 .175 
Gnd - .175 .193 .212 

.215 .199 

.186 

.225 

.189 

.201 

.180 

.190 

.192 

.182 

.188 

.197 

.172 

.192 

Lucky Hills study area 

Sat .285 .241 .221 .221 
Air .207 .176 
Gnd .240 

.219 
- 

.202 .201 .204 
.182 

.182 

.168 
.182 
.168 
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TABLE 7.3 
SATELLITE -DERIVED AVERAGE REFLECTANCE FACTORS 

Site 1: Lucky Hills (50 pixels) 
Landsat TM band 

DOY i 3 4 5 7 SAVI ALBEDO 

1990 

156 .154 .200 .293 .321 .322 .293 .040 .285 
252 .122 .161 .220 .302 .246 .197 .120 .241 

1992 

114 .103 .147 .178 .281 .241 .196 .160 .214 
162 .120 .145 .183 .279 .235 .206 .149 .216 
178 .120 .147 .186 .268 .243 .205 .129 .212 
194 .091 .134 .167 .253 .229 .184 .137 .195 
226 .097 .136 .162 .260 .212 .163 .159 .197 
274 .087 .132 .164 .265 .220 .178 .163 .198 
306 .080 .121 .153 .226 .210 .164 .124 .175 
322 .081 .121 .156 .222 .212 .161 .114 .174 

Site 5: Kendall (100 pixels) 
DOY 1 2 3 4 5 7 SAVI ALBEDO 

1990 

156 .149 .192 .281 .306 .320 .288 .035 .275 
252 .099 .133 .173 .309 .231 .165 .234 .226 

1992 

114 .094 .131 .159 .271 .241 .192 .180 .201 
162 .113 .134 .171 .275 .239 .202 .165 .208 
178 .111 .138 .178 .267 .247 .202 .141 .207 
194 .083 .124 .158 .251 .235 .181 .153 .189 
226 .134 .170 .189 .279 .232 .175 .139 .223 
274 .080 .123 .160 .257 .231 .182 .187 .192 
306 .078 .124 .165 .237 .229 .171 .120 .184 
322 .081 .126 .170 .242 .237 .173 .118 .188 
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TABLE 7.4 
SOIL MOISTURE STATUS 

Watershed 
48 hr Ppt 

[mm] 

Lucky Hills 
Vol API 

sm 1 #583 
[ %] [mm] 

Kendall 
Vol 

sm 5 

[%} 

API 
#560 
[mm] 

Insitu 
sm 5 

[Vol 

Watershed 
Baseline 

[Vol 

1990 

156 0.0 0.0 - 2.5 
212 4.5 2.2 1.3 3.0 0.8 2.6 4.0 
214 31.0 11.4 8.7 18.3 30.3 8.4 12.0 
216 9.0 12.1 13.4 13.4 17.6 8.6 12.0 
217 0.0 9.6 10.0 9.3 13.2 5.9 12.0 
221 2.0 3.6 4.0 7.8 5.8 4.7 12.0 
252 9.0 2.8 3.2 3.0 4.0 

1992 

114 0.0 2.7 0.0 2.8 0.0 3.1 3.0 
130 0.0 2.6 1.0 10.8 2.5 4.4 
146 7.1 9.9 4.7 18.8 10.5 9.6 
162 0.0 1.6 0.4 2.3 0.4 2.5 3.0 
178 0.0 1.6 .0.0 1.8 0.2 2.6 3.0 
194 3.3 - 10.4 14.4 12.6 9.0 
210 5.3 11.0 3.4 19.7 6.6 8.2 
226 14.2 16.9 14.1 18.1 17.5 14.2 10.0 
258 7.9 15.4 12.3 14.1 3.7 11.4 - 

274 2.2 0.1 3.1 0.0 3.0 3.0 
290 2.0 0.0 2.3 0.0 2.9 - 

306 6.4 5.0 
322 3.1 3.0 
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TABLE 7.5 
a) OBSERVED METEOROLOGICAL VARIABLES 

Plot Parameter Units Symbol Annual Annual Diurnal 
Average Range Range 

7.16.1 Solar Rad. - in [W m2] Q;,, 7501 500:1000 1000 
7.16.2 Net Radiation [W m "2] Rn 4501 300:600 700 
7.16.3 Sensible Heat [W m2] H 502 0:100 250 
7.16.4 Latent Heat [W m-2] LE 1252 50:250 450 
7.16.5 Soil Heat [W m-2] G 252 0:50 175 
7.16.6 Air Temp. - 2 m [C] Ta 18 -5:40 15 
7.16.7 IRT Surface Temp. [C] TS 17 -5:55 35 
7.16.8 Soil Temp. - 5 cm [C] TZ 17 5:33 10 
3.6 Soil Temp. - 50 cm [C] T50 17.5 8 :28 1 

7.16.9 Relative Humidity [ %] rh 30 10:100 70 
7.16.10 Soil Moisture 5 cm [ %] sm 5 3:20 15 

7.16.11 Wind Speed - 4 m [m s "'] u 3 2:4 10 
7.16.12 Wind Direction [deg] ud 0:360 0:180 

b) DERIVED PARAMETERS 

7.16.13 Evaporative Fraction [ -] LE /(H + LE) 0.75 0.5:1.0 0.5 
7.16.14 Bowen Ratio [ -] H /LE 0.50 
7.16.15 Soil Fraction [ -] G /R 0.30 0.1:0.4 
7.16.16 App. Transmittance [ -] Qin /Qe 0.8 
7.16.17 Radiation Weight[Cm2 W -1] (Ts-TO/Rn 0.03 

NOTES: 1 Daytime maximum 
2 Daytime average 
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Figure 7.1 Estimates of albedo derived from measurements of incoming and 
outgoing short -wave radiation at the surface. 
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Figure 7.2 (a -b) Walnut Gulch Aircraft transect data (SAVI) along Line 1 for 1990. 
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Figure 7.2 (c -e) Walnut Gulch Aircraft transect data (SAVI) along Line 1 for 1902. 
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Figure 7.3 (a -h) Walnut Gulch Aircraft transect data (albedo) along Line 1 for 1090. 
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Figure 7.3 (c -e) Walnut Gulch Aircraft transect data (albedo) along Line 1 for 1992. 
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Figure 7.4 Histograms of satellite- derived SAVI (left) and Albedo (right) for most 
of Walnut Gulch. 
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Figure 7.4 Continued - Histograms of satellite- derived SAVI (left) and Albedo 
(right) for most of Walnut Gulch. 
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Figure 7.5 Transects of satellite- derived surface reflectance properties along Line I 

showing spatial and temporal relationships between SAVI and alhedo. 
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Figure 7.5 Continued - Transects of satellite -derived surface reflectance properties 
along Line 1 showing spatial and temporal relationships between SAVI 
and albedo. 
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Figure 7.10 Soil moisture (dielectric probe) and IRT temperatures along PBMR 
ground truth transect. 
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Observed and Estimated Soil Moisture 
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Figure 7.11 Comparison of soil moisture (resistance sensor) decay rate (dots) with 
adjusted API (open circles) at MF 1 during the 199Q monsoon. 
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Figure 7.12 Walnut Gulch soil moisture status: Daily variation in a) watershed 
average precipitation, b) API near MF 1 and 5, and c) soil moisture 
(resistance sensor) at 2.5 cm during 1990. 



Walnut Gulch Soil Moisture Status 

50 100 150 200 250 300 .350 

50 100 150 200 250 300 350 

00 50 100 150 200 250 
Day -of -Year - 1992 

300 350 

189 

Figure 7.12 Continued - Walnut Gulch soil moisture status: Daily variation in a) 
watershed average precipitation, b) API near MF 1 and 5, and c) soil 
moisture (resistance sensor) at 2.5 cm during 1992. 
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Figure 7.13 Walnut Gulch soil moisture status: Spatial variation in adjusted API for 
1990 and early 1992 satellite overpass dates. The state of the watershed 
on both years is displayed for contrast. Open circles are reporting rain 
gauge locations. Only dates printed in bold actually had a satellite 
observation. 



Walnut Gulch Soil Moisture Status 

191 

LEGEND: o Active Raingauge Contour Interval [3 mm] 

Figure 7.13 Continued - Walnut Gulch soil moisture status: Spatial variation in 
adjusted API for monsoon and fall 1992 satellite overpass dates. The 
state of the watershed on both years is displayed for contrast. 
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CHAPTER 8 

MODEL CALIBRATION, VALIDATION AND FIELD EVALUATION 

Introduction 

An important step in the modeling process is to determine model parameter 

values. Some values can be fixed to physical constants. In contrast, other 

parameters, even in a so- called physical model, embody the simplification from 

nature to model and must be chosen by evaluating their effect on model error across 

a range of values. This process is referred to as model calibration. 

Even simple models are able to approximate complex phenomena with 

frequent calibration. This requires representative observations against which to 

calibrate the model, takes considerable time and thought and generally limits the 

model's usefulness. Distributed models share these characteristics with more 

common hydrologic time -series with the caveat that observations are rarely made at 

more than a few points across a complex heterogeneous surface. Such is the case for 

this area where only two sites were observed consistently during the course of this 

study. The problem is to calibrate and validate this distributed model based on a 

real lack of knowledge on the true distributed state of the surface. A simple, 

hopefully robust, approach was adopted to deal with this ambiguity. The modeling 

strategy followed here was to: 

1) Develop a simple physical model, 

2) Minimize the number of free parameters by fixing insensitive or 

unknowable variables, 



210 

3) Drive the model using solar and meteorological values from the Kendall 

site, 

4) Compare or validate these results with observations made at Lucky Hills, 

5) Evaluate model results against observations made at a range of spatial 

scales during the sequence of satellite observations. 

6) Highlight model advantages, limitations and suggested improvements. 

The meaning of the second point will become more clear in the illustration below - 

its intent is to fix parameters, such as kfl, that probably vary spatially but for which 

no information exists. The model has been described in Chapters 2 and 3. A simple 

calibration is described below. 

Model Simplification and Calibration 

The thermal model described in Chapters 2 and 3 requires that seven 

parameters be estimated and fixed based on local observations, relevant literature 

and/or trial and error model experience. First, a site -specific seasonal temperature 

cycle was defined in terms of the annual average temperature (Too =17.5° C) at depth 

and the annual temperature range (A Tann -10° C). These values were derived from 

Lucky Hills field measurements at a depth of 50 cm (Figure 3.5). Next, the daily 

radiation partitioning factor (kr) was fixed at 0.33, which is a commonly cited mid- 

day, bare soil value and is consistent with observations (Figure 3.6). Surface 

emissivity (es) was fixed at a partial canopy value of 0.98 based on field observations 

and commonly published values for soils and grasses. Determining the thermal 

properties of spatially variable soils required considerable generalizations. Thermal 
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conductivity (A ) and heat capacity (Cs) were parameterized simply in terms of soil 

moisture by fixing the volume fraction of soil minerals and organics to 0.63 and 0.01, 

respectively. The first layer soil temperature was found to be very sensitive to the 

surface conductance (ko). This parameter was held constant because the spatial 

extent of soils and the corresponding variability in this parameter were entirely 

unknown. The general range of this parameter from trial and error model runs at 

only two fixed METFLUX sites was between 5 and 12 so a constant value of 8 was 

used. This uncertainty in the sub -surface parameterization is not particularly 

significant for this study whose major focus was surface temperature. Once these 

values have been specified the surface temperature model can he driven in time by 

ground meteorological observations and parameterized in space using a DEM. albedo 

and a vegetation index. The remaining parameter, soil moisture, can he fixed using 

ground data or inverted (in principle) from observed surface temperatures. 

Point Validation 

The model was validated using fixed point METFLUX data series from two 

locations that included both surface and sub -surface temperature measurements. 

This makes it possible to evaluate the model under optimal (on -site) driving forces 

and under more typical distributed conditions where the driving forces originate off - 

site. Fluxes from the Kendall site were used to drive the model over a point (Lucky 

Hills) 10 km distant with slightly different surface characteristics. The primary 

concern was to evaluate the difference between observation and model at the time 

of satellite overpass (- 10:20) both on -site and off -site. A secondary concern was the 
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model's diurnal performance which will be of concern later when applying this model 

to the daily energy balance. Quantitatively, this was done by calculating the mean 

absolute difference for morning periods (am:0700- 1230), afternoon periods (pm :1230- 

1800) and night -time (Q;,, <5, ie. a lack of solar radiation). Two time -series were 

available; in 1990, between DOY 202 and 227 and in 1992, between DOY 227 and 

254. 

Results 

There are three ways to appreciate differences between time- series of 

observed and modeled temperatures. The most detailed is to view a plot of the 

diurnal cycle along with quantitative error calculations. The plot reinforces and 

illuminates how the time- series are different but is limited in how much information 

can be assimilated easily. Alternatively, daily errors can be plotted verses DOY as 

bars making it convenient to compare daily error magnitude with other factors, such 

as the estimated state of surface soil moisture. Finally, tabulated numbers are useful 

for more absolute comparisons. Each of these techniques will be used to illustrate 

this data set below. 

Plots of the diurnal cycle of modeled (- - -) and observed ( +) surface 

temperature, modeled ( - ----) and observed (x) 2.5 cm subsurface temperature and 

observed air temperature (.) are shown in Figure 8.1 for two relatively clear days 

during the 1990 and 1992 validation periods. Air temperature is shown because of 

its importance in this model's parameterization, particularly at night. In general, 

morning surface temperatures are simulated better than afternoon surface 
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temperatures and night -time surface temperatures are within a degree or two of 

observed values. Daily maximum temperature can be in error by 5 °C. The rapid 

rise (and fall) of surface temperature under clear sky conditions can result in 

significant ( >2 °C) temperature errors even when the qualitative agreement between 

the curves is good. Day -time subsurface temperatures are modeled fairly well in this 

example but night -time values of TZ on DOY 209 show a consistent bias of 3 -4 °C. 

Sub -surface temperature errors at this shallow depth are similar to surface 

temperature errors although other results indicate that the absolute error decreases 

with depth as impulsive surface effects are filtered by the ground. Quantitatively, the 

1990 results are very good, with morning mean absolute difference (MAD) errors of 

around 0.7 °C (Table 8.1) with slightly greater errors in 1992 for this example. The 

MAD error was chosen for the table because it is closer to the simple difference 

statistic used for evaluating model error at a single time (ie. time -of- overpass) 

Plots of day -time and night -time root mean square (RMS) errors for the 1990 

and 1992 point validation periods are given in Figures 8.2 -3. Night -time errors are 

plotted as negative values for plotting convenience, not because they are negative. 

Part A in these figures illustrates the estimated soil moisture state derived from 

continuous soil moisture resistance sensor measurements at these sites and from the 

scaled API (see Chapter 7). In addition, relative levels of average daily latent heat 

flux are illustrated using a bar plot (again, negative values were just used for plotting 

convenience). Parts B and C in these figures show the daily RMS error in surface 

temperature and sub -surface (2.5 cm) temperature, respectively. DOY 209 can be 
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characterized as a clear day at the end of an extended dry-down and the associated 

errors in surface temperature are among the lowest for this period of record. Two 

other aggregation periods were defined - in 1990: between DOY 207 -213 (mostly 

clear) and between DOY 205 -221 (mixed atmospheric and soil moisture conditions) 

and in 1992: between DOY 231 -235 (mostly clear) and between DOY 231 -247 (mixed 

conditions). Conditions on DOY 233 are more variable and are characterized by 

larger errors that seem to indicate more uncertainty in soil properties. The 

associated MAD errors for these periods are included in Table 8.1 for on -site 

(Kendall) and off -site (Lucky Hills) model runs. One important inference from 

Figures 8.2 -3 is that model error is not correlated with daily latent heat flux or soil 

moisture conditions. Large errors tend to be related to impulsive weather changes 

that are not tracked quickly enough by this model, particularly when the time 

increment is one hour or more. A poor response time may be the reason the 1992 

surface temperature errors are greater than in 1990 (60 verses 20 min increment). 

The results shown in Figures 8.1 -3 and Table 8.1 can be summarized by observing 

that mid- morning surface temperature errors can be less than 1.0 °C under clear sky, 

dry conditions but tend to be closer to 2 °C under a variety of sky and soil conditions. 

Atmospheric heterogeneity (particularly laterally variable solar radiation) can lead 

to 4 °C errors between on -site and off -site surface temperature models but with a 

longer term average closer to 2.5 °C. Afternoon surface temperature errors are on 

the order of 3° C. 
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FIELD EVALUATION 

The next step was to evaluate the model, as best as possible, across a range 

of scales on the dates of satellite overpasses. Three examples will be given to 

demonstrate how the model accounted for first -order soil temperature effects. This 

will illustrate, indirectly, the strengths and weaknesses of the present model. 

Model evaluation was hindered on the days of satellite overpasses by the lack 

of simultaneous measurements of both profile and surface temperature. This was the 

case in 1990 on DOY 156 when the profile thermocouples were not operational and 

on DOY 252 when the fixed IRT had been removed from the station. A full 

complement of temperature data was missing for the first four overpass dates in 1992 

too - a fixed IRT was not reinstalled at either METFLUX site until the morning of 

DOY 226. 

Model Evaluation at Point and Local Scales 

As described in Chapter 6, ground ( *) and aircraft ( +) transect IRT 

measurements were made shortly before and after satellite overpass time. More 

confidence was placed on these time and space -averaged measurements because they 

more closely approximate the mixed IFOV sampled by the satellite. They are plotted 

in Figure 8.4 along with the METFLUX fixed -point temperatures (symbols) and 

modeled data (lines) for DOY 156 and 252, as was done in Figure 8.1, and in Figure 

8.5 for 1992 Kendall data. Both the ground and aircraft IRT temperatures tend, to 

he lower than the fixed IRT under relatively full -cover conditions. This was 

attributed to a bias toward bare surface conditions (thus hotter TS) below the fixed 
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IRTs relative to the average watershed vegetation state. The rapidly changing 

surface temperature illustrates the difficulty in collecting distributed ground -truth 

data synchronously with a satellite overpass. Each star symbol ( *) represents the 

spatial average across one of four yoke grids. Even though the surface transect grid 

was laid out on two opposing slopes, most of the difference in the transect 

measurements appears to be due to the high rate of surface temperature change 

during the morning (cars /at(a 10:00)5 ° /hr). 

On DOY 156 (Figure 8.4a) the agreement between the average ground and 

aircraft transect data and the fixed station data was excellent at both sites. The 

surface temperature on the ground and from the aircraft, adjusted to time of 

overpass, was 49 °C. The agreement between the modeled and measured data was 

good on DOY 156, particularly in the morning, when most remotely- sensed, 

distributed data were acquired during this campaign. 

More problematic were the comparisons of transect and modeled 

temperatures on DOY 252 (Figure 8.4b). The measured transect data (symbols) 

were 3 -4 °C cooler than the modeled surface temperatures (dashed -line). At 

Kendall, the average surface temperature along the ground transects and from the 

aircraft, adjusted to time of overpass, was 35 °C. The corresponding model 

temperature was 39 °C. The model over- estimate may be due to two related effects. 

First, the fixed -point IRT had been removed from both sites by DOY 252. Since the 

radiation partitioning weight normally is determined from the fixed -point data. this 

factor was chosen based on past experience. This estimate, however, was based on 
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measurements of relatively bare soil while the transect measurements on this date 

were influenced by a relatively high grass /soil ratio. 

Similar situations occurred throughout 1992, and these are summarized in 

Figure 8.5 and Table 8.2. The table lists the site characteristic parameter values 

which were derived from 50 -100 TM pixel windows centered over each site. 

Watershed average soil moisture values were assumed the same at both sites. Both 

on -site and off -site model runs were made, as was the case for model validation 

(above) except that the emphasis here is on the "instantaneous" mean difference 

(MD) between model and observed estimates of surface temperature. The range of 

scales presented here falls between fixed point (fix) METFLUX observations and 50- 

100 pixel satellite averages (sat) with ground transect (yoke) observations being more 

comparable to the satellite spatial average. In general, model results appear to 

conform to the validation study estimates of less than 2° C modeling error. A clear 

exception occurs under partly cloudy conditions (DOY 2226) where the mean 

difference is closer to 5° relative to yoke transects and as much as 11° C relative to 

satellite data supposedly corrected for atmospheric effects. The area around Kendall 

is contaminated by both cloud and shadow - the warmest pixels are still just 25.8° C. 

Lucky Hills is not directly contaminated but lies between a cloud and a shadow so 

it must just have had a shadow cross it and probably suffers greater water vapor 

attenuation than clear regions further away from clouds. Atmospheric correction of 

the satellite data on a few other dates (DOY 0156, 0252 and 2194) probably suffers 

from high atmospheric water vapor. Variable soil moisture conditions probably 
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contribute to temperature differences on DOY 0252, 2194, 2226 and 2306. The 

model almost always overestimates the apparent surface temperature. This could be 

due to a number of effects including: errors in the energy balance (particularly during 

the monsoon season), overestimate of apparent surface emissivity (particularly when 

vegetation cover is low: 1.7° error per .02 decrease in e S), non -radiative surface 

cooling (due to rain) and the temperature difference between soil and transpiring 

vegetation. Without more control on the distribution of vegetation, it will he difficult 

to improve model performance to better than 2° C. 

Model Evaluation Along Aircraft Transects 

Aircraft IRT transects along flight -line 1 (over metflux stations 1 -4) provided 

an interesting contrast with data extracted from the modeled and satellite surface 

temperature at the same time. The aircraft transects were made either shortly before 

or after the TM -5 overpass. Figures 8.6 -7 show the relative correspondence between 

model (.), satellite (.) and aircraft transects ( + ) plots of surface temperature. Both 

the aircraft and modeled temperatures were smoothed using a 3 -point running 

average filter. Mean differences between transect average model and observed 

temperatures are summarized in Table 8.3. The following general observations can 

be made: 

- Spatial trends across the transect are absent from the model temperatures but are 

significant in satellite observations on DOY 2162, 2178 and 2226. On DOY 

2226, a cloud obscures MF 1 at 1000 m. The large error between model and 

satellite data may be related to soil moisture variability or atmospheric water 
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vapor contamination. 

- Aircraft temperatures exhibit considerably higher spatial variance than either the 

model or satellite data. Although the aircraft and model temperatures have 

similar length scales, the aircraft data appear to be more of a line average 

whereas the model pixel is more of an area average. 

- Topographic influences are enhanced late in the year when the solar zenith angle 

is large. 

- Model temperatures tend to be warmer observed temperature; DOY 0156 is the 

lone exception and this may be due to a poor atmospheric correction. 

- Observed variance is low on days immediately after a rain when the soil is 

particularly wet (DOY 2226); a corresponding reduction in contrast is not 

present in the modeled temperature. 

- There is better spatial correlation between model and satellite data than there is 

between model and aircraft data. The aircraft data appears to respond more 

quickly to small -scale changes in surface cover. 

The precipitous increase in model temperature around 8000 m is due to a lack of 

input data (ie. edge of image used to model line and area averages). All the 

comments related to local -area temperature differences above are applicable here 

as well. Except for a few unexplained trends, model and satellite transects agree well 

and reinforce the importance of topography at the local scale. A regional trend 

analysis could be performed by using a 31 -point (or 1.5 km width) moving average 

filter but the lack of a consistent trend throughout the year would hinder the 
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interpretation of these results. 

Differences between the modeled and observed transect temperatures 

represent certain deficiencies in this model. The most likely causes of these 

deficiencies are the assumption of homogeneous soil thermal properties and the poor 

representation of vegetation effects. There are many potential sources of the small - 

scale variability. These include: 1) inexact geometric correspondence between the 

model transect and the actual flight line, 2) unusually cool, wet soils and transpiring 

vegetation along washes, 3) unusually warm roads and other man -made bare surfaces, 

4) timing errors between the two transects, 5) smoothing due to IRT response time. 

6) errors due to aircraft roll and 7) errors due to the different ground sampling area 

or pixel sizes. 

Modeling Spatially Distributed Surface Temperature Using Satellite Data 

The main objective of this research was to generate a map of mid -morning 

surface temperature for comparison with thermal images taken by overflying aircraft 

and satellites. As described in Chapter 2, the model incorporates spatially 

distributed topography and surface reflectances, such as are available from the 

Landsat thematic mapper (TM) satellite, to model surface temperature. Coincident 

TM thermal measurements at a resolution of 120 m serve as an instantaneous 

validation of the modeled results. A total of ten Landsat TM -5 images were 

acquired for this project, two in 1990 and eight in 1992, at about 10:15 am local time. 

A portion (514x434 pixels) of these images over the upper central portion of Walnut 

Gulch were georeferenced to a UTM grid and the albedo and the soil adjusted 
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vegetation index [SAVI; Huete, 1988] were calculated. The two scenes with the 

largest temporal contrast were both acquired in 1990 (on DOY 156 (June 5) and 

DOY 252 (Sept. 9)) and will be used to illustrate the spatial distribution of input 

and output variables (Figure 8.8). Spatially variable input images consisted of the: 

DEM (b), albedo (c -d) and SAVI (e -f). Greater vegetation cover results in a lower 

mean September albedo (0.225 vs 0.27) but a higher mean September SAVI (0.20 vs 

0.095). Relatively dense vegetation can be seen in washes near the northwest and 

southeast corners of the September images but it is important to note that this effect 

was enhanced by contrast stretching and only represents a maximum SAVI of around 

0.25. In the observed surface temperature images (Figure 8.8g -h), topographic 

influences are clear in the Tombstone Hills (SW corner) and a chain of small 

volcanic cinder cones extending SW to NE across the center of the images (eg. 

circles on location map, Figure 8.8a). The maximum temperature difference between 

the sunlit and shaded sides of one of these cones was 12° C. The relatively dense 

vegetation cover described above is apparent also in the September temperature 

image. 

Summary: Model Accuracy 

Side -by -side histograms of modeled and atmospherically -corrected satellite 

surface temperature are given for each satellite overpass date in Figures 8.9 -10 and 

the area average temperatures are summarized in Table 8.3. Area average model 

temperatures tend to be at least 4° C warmer than atmospherical ly -corrected satellite 

temperatures. The modeled temperature histogram consistently shows less variance 
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than the observed histogram and in particular, has the greatest trouble matching the 

frequency distribution of the coolest 50 percentile. This probably reflects the limited 

parameterization of canopy cover and shadow within this model. 

Differences in the spatial distribution of surface temperature can be used to 

infer deficiencies in this model and the distribution of surface properties that were 

previously assumed to be uniform. The spatial distribution of modeling error is 

highlighted in Figures 8.11 -12. These plots are identical to Figures 8.8k -I except that 

all ten images are shown together using a lower contrast gray -scale process. The 

watershed boundary is shown as a scale reference. Temperature differences greater 

than 10° C are saturated white (regions of cooler than expected Ts) while the very 

darkest areas are indicative of slight negative differences (regions of warmer than 

expected TS, primarily on DOY 0156). Some temperature differences, particularly 

around steep topographic gradients, are the result of registration errors. Many 

features, however, are enhanced by superimposing or stacking all these difference 

images except for DOY 0252, 2194 and 2226 (Figure 8.12). In the presence of 

random noise or uncorrelated spatial correlations, this stacking should boost the 

coherent signal -to -noise ratio by a factor of 2. The north side of hills tend to 

saturate which suggests that self- shadowing needs to be considered in areas of 

considerable topography. A N -NW trending swath across the upper middle area was 

consistently darker or warmer than expected and coincides with a distinctive iron - 

stained soil. Higher levels of soil moisture (and atmospheric effects) decrease 

internal scene contrast on DOY 2194 and 2226. A watershed source area in the SE 
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corner also appears darker or warmer than expected in spite of a good cover of grass 

which is manifest in lighter shades or cooler than expected temperatures on DOY 

0252 and 2194. 

If the surface soil moisture on all the dates used in the composite is assumed to he 

uniform, then slight temperature variations that correlate between these residual 

images may be related to soil thermal properties such as volumetric heat capacity or 

thermal inertia. For example, a range of thermal conductivity between .5 and 1.5 

W/m -deg or a range of bulk density between 1.2 and 1.8 kg /m3 can result in three 

to four degrees of temperature variability. It would then be possible to use the 

composite difference image of Figure 8.12 as an approximate spatial distribution of 

soils with 2 -3 different thermal characteristics. This intriguing possibility will he 

explored in more detail in Chapter 9. 
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TABLE 8.1 
MODEL VALIDATION - METFLUX (FIXED) SITES 

DAILY MEAN ABSOLUTE DIFFERENCE (MAD) 

1990 1992 

# of days 
Period 

1 

209 
7 

207 -213 
O =0.03 

17 
205 -221 

1 

233 
5 

231 -235 
8W =0.055 

17 
231 -247 

On -site comparison - Kendall 

a =0.22, SAVI =0.21 a =0.20, SAVI= 0.16 

Ts - 10:20 
- am 0.8 1.0 1.9 1.1 1.5 1.85 
- pm 0.5 1.9 2.6 3.6 2.85 2.2 

- night 1.5 1.1 1.0 1.5 2.3 1.95 

Tz - day 1.2 1.3 1.6 2.0 1.9 1.7 
- night 2.0 1.9 1.5 0.9 1.8 1.4 

Off -site comparison - Lucky Hills 

a =0.24, SAVI =0.15 a =0.20, SAVI =0.16 

Ts - 10:20 
- am 0.7 1.2 2.3 2.8 2.5 2.2 
- pm 1.7 3.7 4.0 2.2 3.3 3.1 

- night 1.85 1.5 1.2 1.9 2.2 2.4 

Tz - day 1.15 0.9 1.3 1.4 1.6 1.6 
- night 0.9 1.2 1.2 1.4 1.95 2.2 



225 

TABLE 8.2 
MODEL EVALUATION - POINT & LOCAL AREA AVERAGES 

INSTANTANEOUS (10:20) - Ts & Mean Difference (MD) 

Day -of -Year 
1990 1992 ---> 

156 252 114 162 178 194 226 274 306 322 

A 0.025 0.04 0.03 0.03 0.03 0.09 0.15 0.03 0.05 0.03 

On -site comparison - Kendall 

a 0.275 0.225 0.21 0.215 0.215 0.20 0.225 0.20 0.19 0.20 
SAVI0.05 0.21 0.18 0.165 0.14 0.15 0.14 0.16 0.12 0.12 

Mod 50.6 38.8 34.3 41.7 44.1 32.2 33.7 33.8 22.2 24.4 

Fix 50.9 28.1 33.0 19.5 20.3 
MD -0.3 - 5.8 0.8 2.7 4.1 

Yoke 48.5 34.9 34.8 42.3 28.5 33.6 20.4 21.2 
MD 2.1 3.9 -0.5 -0.6 3.7 0.2 1.8 3.2 

Sat 55.0 38.0 35.8 41.2 42.6 28.2 22.2 33.6 19.6 22.0 
MD -4.4 0.8 -1.5 0.5 1.5 4.0 11.5 0.2 2.6 2.4 

Off -site comparison - Lucky Hills 

a 0.285 0.24 0.22 0.22 0.22 0.20 0.20 0.205 0.18 0.18 
SAVI0.05 0.12 0.16 0.15 0.13 0.14 0.16 0.16 0.125 
0.115 

Mod 50.7 42.8 35.3 42.8 45.1 33.3 34.8 34.7 23.2 25.6 

Fix 51.0 30.2 35.0 21.3 22.4 
MD -0.3 4.6 -0.3 1.9 3.2 

Sat 54.6 40.6 35.4 40.0 45.0 28.6 23.4 33.0 19.2 21.4 
MD -3.9 2.2 -0.1 2.8 0.1 4.7 11.4 1.7 4.0 42 
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TABLE 8.3 
MODEL EVALUATION - LINE 1 & SCENE AREA AVERAGES 

INSTANTANEOUS (10:20) - Ts & Mean Difference (MD) 

Day -of -Year 
1990 I 

156 252 

ow 0.025 0.04 

1992 
114 

0.03 

---> 
162 178 194 

0.03 0.03 0.09 
a from TM images 

SAW from TM images 

226 

0.15 

274 

0.03 

306 

0.05 

322 

0.03 

Line 1 

Mod 50.9 42.1 35.2 42.5 44.9 32.9 34.2 34.4 23.0 25.4 

Air 47.6 36.3 - 31.0 21.1 
MD 3.3 5.8 3.4 4.3 

Sat 54.3 39.4 35.6 39.7 45.2 28.5 24.8 33.3 19.2 21.7 
MD -3.4 2.7 -0.4 2.8 -0.3 4.4 9.4 1.1 3.8 3.7 

Area average 

Mod 54.5 43.8 36.8 44.2 46.5 33.6 35.0 35.9 23.8 26.4 

Sat 54.3 39.0 35.5 39.3 41.9 29.8 25.0 33.0 19.0 21.0 
MD 0.2 4.8 1.3 4.9 4.6 3.8 10.0 2.9 4.8 5.4 
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Figure 8.1 The simple surface temperature model was calibrated over Kendall (right) 
and validated over Lucky Hills (left) for two different dates 
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Figure 8.2 Evaluation of the surface (h) and subsurface (c) components of the 

temperature model at the Kendall site using a 25 day series of MF data 
for 1990. Surface soil moisture status is indicated in (a). 
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Figure 8.3 Evaluation of the surface (b) and subsurface (c) components of the 
temperature model at the Kendall site using a 25 day series of MF data 
for 1992. Surface soil moisture status is indicated in (a). 
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Figure 8.4 Model results in comparison to fixed MF, ground transect and aircraft 
data for the two satellite dates in 1990. 



ci) 50 

40 
ca 

á 30 

ai 20 

~10 

50 

? 40 
cs 

a3° 
E 20 

10 

50 

40 

ri30 
Ea) 20 

~ 10 

w 50 

.2 40 
E' 
Q30 
E 20 

10 

Site comparison - Kendall - 1992 

DOY 114 

x x xxxxz 

50' 
40- 

X 

xXxX 30- 
x x x 

xx x-xxxxx* 
10- 

DOY 162 

. X 
X 

x X X x x 

x x 

Xx 

X x x 

6 
DOY 178 

- 

x x=*. . 

1 18 
50 
40- 

x X 

x X x30" 
, 

x . 

10- 

6 
DOY 194 

x x 

x 

12 18 

.;xxXX. 
x X 

X x 

- 

6 
DOY 226 
rms=1.6 

12 18 
50 

40" 

6 
DOY 274 
rms=1.1 

. 

x x X X x ( . 
- ... 

. 

. .. 
x 

x 

12 18 
. . 

' ' 
x x x 

x....X 

0 

o ° 
x x 

x x1 

- . . 
. 

o 
o . p 

o XxxXxx' 30- e X x ö X 
x o x x o p 

10- 

6 
DOY 306 

' rms=1.6 

. 

. 

'' o oo 

12 18 
. 

50 
+ 40- 

o o o0 30- 
° 

-- . 20- 
X X x x 

x x x Q s: oc 
. 

. . 

6 
DOY 322 
rms=2.2 

x x z x 
x x x 

. 

12 18 

O 0 p 0 

XxXxX. 
o 0 o 

. 

' 

x x x x, 

o 
° o o 

6 12 
Time 

18 6 12 
Time 

18 

LEGEND: 
0000 
xxxX 

Modeled Ts 
Observed Ts 
Force -Restore Ts 

Ta 
G nd I RT 

+ Air IRT 

2 3 1 

Figure 8.5 Model results in comparison to fixed MF, ground transect and aircraft 
data for the eight satellite dates in 1992. 
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temperature over Line 1. 
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Figure 8.6 Continued - Comparison of satellite, model and aircraft estimates of 
surface temperature over Line 1. 
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DOY 156 ° 32 1 DOY 252 

Figure 8.7 Continued - Sequence of Walnut Gulch images showing: a) the 

basic physical layout, b) the DEM. The rest of the images 
contrast model distributed inputs and outputs for DOY 156 and 
252, 1990: c -d) TM albedo, e -f) TM SAVI, g -h) observed TM 
surface temperature and i -j) modeled surface temperature. 
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Figure 8.8 Comparison of modeled and observed TM surface temperature frequency 
distributions over Walnut Gulch. 
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Figure 8.8 Continued o Comparison of modeled and observed TM surface 
temperature frequency distributions over Walnut Gulch. 
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DOY2306 -- ;f_` .: DOY2322 
Figure 8.9 Gray -scale images of the difference between modeled and 

observed temperature for all ten satellite overpass dates. 
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Composite Difference 

Figure 8.10 A composite or average of six relatively dry- season temperature 
difference images. Noise has been reduced due to stacking. 
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CHAPTER 9 

MODEL SIMULATIONS 

Introduction 

The purpose of this chapter is to explore briefly the implications of several 

model simulations with regard to the magnitude and spatial distribution of several 

prognostic parameters. The simple TS model will be used to evaluate: 

- parameter sensitivity, 

- soil moisture, 

- soil thermal inertia, and 

- a distributed energy balance. 

Finally, the general utility of thermal infrared (TIR) measurements and models to 

hydrologic basin studies will be inferred from this limited set of examples. 

Parameter Sensitivity 

Model sensitivity was determined in Chapter 4 using a simple parameter 

variation scheme. Parameter sensitivity also can be seen in the observed response 

of ME'l'FLUX (MF) time -series records to natural forcings around the time of a 

heavy rainstorm. The complex nature of these forcings raises questions about what 

factor or factors are responsible for the bulk of the surface temperature response. 

A good example of this is illustrated in Figure 9.1a which records the passage of a 

major rain storm (precip. =3.9 cm) over the Kendall MF site in the pre -dawn hours 

of DOY 224. Clouds reduced incoming solar radiation (and blocked satellite 

viewing) both on days preceding and subsequent to the rainfall. A 4° C drop in air 
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temperature accompanied the rainfall, which is evident as well in a 3° C drop in 

surface temperature. Several questions present themselves: 

1) How much of the change in surface temperature is attributable to T, and 

how important was the change in thermal inertia? 

2) How big a thermal anomaly will exist 36 hours later relative to a 

simulation with the same driving forces but having a constant 

background soil moisture level? 

Each of these factors, including the role of solar forcing, will be investigated in turn 

using observed background clear -sky and simulated storm fluxes. 

Simulation results are presented in Table 9.1, which lists the model parameters 

that were varied individually, the degree of perturbation, the observed change in 

surface temperature and its persistence or rate -of- change. Only air temperature 

affects the surface temperature day or night. The simulation suggests an 

instantaneous response to changes in Q;,, and Ta but there probably is some lag or 

hysterisis. Different constant background levels of soil moisture result in 

considerable day -time variability but the effects at night are close to negligible. The 

higher background levels of soil moisture also decreased day -time surface 

temperatures (Figure 9.2). A large increase in soil moisture that decays to 

background levels over several days shows a large initial response but decays quickly. 

In contrast, the subsurface temperature anomaly has greater persistence. The time 

required for the surface to dry out depends on many factors but is on the order of 

a few days in most semi -arid regions during the summer. This model does not 
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distinguish between surface soil moisture and deep soil moisture which might stretch 

out the dry-down effect. Returning to the event of DOY 0224, most of the effect on 

the night of the rain appears to be attributable to a sudden change in air 

temperature. A 3° C difference between simulated dry and actual TS was present the 

day after (Figure 9.1c) despite considerable cloudiness. 

Soil Thermal Properties 

Surface temperature is a function of many variables. The influence of soil 

thermal inertia has long been recognized as one of these critical variables [Price, 

1977]. If the physics of the conceptual simple TS model is reasonably correct, then 

it should be possible to use model and observed surface temperatures to investigate 

spatially distributed soil thermal properties. The question of greatest interest to 

hydrologists is to know the spatial distribution of soil moisture. This is just a special 

case of the more general problem of determining soil thermal inertia. 

There are several proxy measures of soil moisture derivable from remotely 

sensed surface temperatures in semi -arid rangelands. These include surface 

temperature itself, a temperature difference and radiation normalized change in 

temperature or thermal inertia. Humes [per. corn., 1993] observed contrasts of 50 C 

in 1990 TIMS aircraft data over Walnut Gulch. Surface temperature also exhibits 

distinctly low and anomalous values shortly after a rain, in part due to the dousing 

effect of cool rain drops. 

Thermal inertia (P) can be expressed as: 



2*R. At1/24)D P= 
Ts - 
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(9.1) 

using the simple TS model, which introduces the ratio of net radiation to surface 

temperature contrast (AT. =TS Ta) as an important diagnostic parameter. This is 

consistent with previous studies which found thermal inertia to be a function of the 

daily maximum temperature contrast [Price, 1980]. Any first -order solution (such as 

9.1) can be expected to suffer from noise in the estimated values of each of these 

unknowns. The problem of determining a reasonable distribution for soil thermal 

inertia is more tractable if broken into a deterministic or base component (Po) and 

an incremental change (a P) between Po and the true value: 

P=Po+AP (9.2) 

Soil thermal inertia is related to soil moisture in that thermal conductance and heat 

capacity are strong functions of soil moisture (see 3.10 -11). Soil moisture changes 

over the range 5 -10% result in larger thermal inertia and surface temperature 

anomalies than do soil moisture changes from 10 -30% because of a saturation effect 

(Figure 9.3). A value of thermal inertia which is consistent with typical dry soils 

makes a convenient base level for modeled values. Incremental thermal inertia then 

is related to spatially distributed soil thermal properties under dry conditions, or to 

spatially distributed soil moisture for wet conditions. The expression for incremental 

thermal inertia is: 



tir 
Po (T - To,) P=P Qr - 01 - 41 Ar 2wD 2*R. 
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(9.3) 

A low value ( "0.1) for the thermal inertia multiplier (ir) indicates little model error 

while larger values ( "0.5) indicates that the modeled or base -level thermal inertia 

is low by a factor of two. These concepts were investigated in two ways: 1) to map 

dry regions with different apparent thermal inertia (ie. soils) and 2) to map the 

spatial distribution of soil moisture in a "wet" condition. 

Thermal Inertia Mapping 

The temperature difference (observed minus modeled) for six dates where the 

soil was known to be relatively dry (DOY: 0156, 2114, 2162, 2178, 2274, 2322) were 

averaged into a single composite average as shown in Figure 8.8. The model used 

a fixed background soil moisture (13,,,=0.03) and assumed that the available energy 

was a fixed fraction (0.67) of net radiation. A similar average composite of the 

thermal inertia multiplier was calculated using (9.3) from the ratio of spatially 

distributed net radiation and the foregoing temperature difference. The frequency 

distribution for each of these cases is given in Figure 9.4a. Both histograms show 

similar near -normal distributions with a slight positive skew. Minor random natural 

variations in soil thermal properties would produce a normal distribution. The mean 

positive value of jr suggests that the current parameterization of thermal inertia is 

low by 25% and the mean corrected thermal inertia is 885 [W/s m'-C`]. Images of 

the composite differences (Figure 9.4b) exhibit significant spatial coherence and 

suggest that the positive skew might be related to noise and modeling errors 
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associated with significant topographic relief. Either of these images could form the 

basis of a spatially distributed thermal inertia correction factor and is clearly related 

to major soil units. 

Soil Moisture Mapping 

The effect of soil moisture was investigating by focusing on data from DOY 

2194, which exhibited the highest soil moisture baseline (9 %) of clear overpass dates 

as well as some spatial variability based on corrected API maps (see Figure 7.13). 

The same modeling procedure as before (Ow= 0.03) was used to produce a map of 

4r, which exhibited a clear bimodal peak with a mean value or 0.4, Figure 9.5a. The 

sources of these peaks can be illustrated by plotting 4r verses corrected API, Figure 

9.5b. Data for the dry baseline just described is shown in this scatter plot with solid 

lines generalizing two different trends that are apparent. A pair of dashed lines 

illustrate how the trends shift when O is fixed to 0.09. The vertical trending data 

points represent moist soils characterized by a normal frequency distribution very 

similar to the composite dry case above. The diagonally trending points represent 

areas which show a positive correlation with corrected API. The mean difference 

between background and observed levels of normally distributed 4r (mean of 0.5 on 

DOY 2194) appears to be the only quantitative measure of soil moisture without the 

key collaborative information distributed API provides. This mean difference implies 

a soil thermal inertia anomaly of 530 W.'s m'2C' and an corrected soil moisture of 

8.5% based on Figure 9.3a. The only other clear date with appreciable soil moisture 

was DOY 0252 and a similar analysis yields a thermal anomaly of 200 W,/s m-2C-1 
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which converts to an apparent soil moisture of 5.5 %. These limited results agree 

well with the estimated levels of soil moisture across the watershed on the two dates. 

This analysis was limited by the probable but unknown effect other factors, 

such as topography and vegetation cover, play in the dispersion or contribution to 

apparent thermal inertia. Three- dimensional scatter plots similar to Figure 9.5 might 

be of use to further investigate these relationships. A procedure to correct for the 

observed distribution of dry season thermal inertia should also be implemented. The 

method presented above relies on differences and could be classified as a second - 

order analysis and should be more sensitive to soil moisture anomalies. A more 

thorough investigation of this and other, more direct temperature verses soil moisture 

relationships should be made. 

Energy Balance 

A better understanding of the magnitudes and dynamics of the surface energy 

budget has long been the goál of many hydrologic and ecologic investigations 

[Sorooshian and Kerr, 1988; Kustas et al., 1992; Shimmel et al., 1993]. Chapter 7 

demonstrated how the simple T5 model agrees with observed temperatures to within 

a few degrees. It is possible to use these temperatures, along with the previously 

determined net radiation and soil heat flux, to investigate the spatial distribution and 

accuracy of sensible and latent heat fluxes. This process has many limitations and 

potential problems but then so do traditional bulk resistance energy balance methods. 

Problems in estimating surface temperature doubtlessly account for some of the 

observed errors but the inexact formulation for each and every flux term is an 
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additional and less quantifiable source of error. The goal of this exercise, therefore, 

is to see if the large scale patterns and mean values improve our understanding of 

the energy dynamics of a semi -arid watershed. 

Overview - Observed Energy Balance 

Daytime average (based on ()in >25 W m "2, or roughly 5:45 -19:15 during mid- 

summer) and instantaneous (interpolated to 10:15) observed fluxes at the Lucky Hills 

and Kendall sites are shown as sets of histograms in Figure 9.6 for 1990 and Figure 

9.7 -8 for 1992. Data for the Kendall site are summarized also in Table 9.2. The 

order of histogram bars in each set are, from left to right, observed: 

- incoming solar (Q,,,), net radiation (R), sensible heat flux (H), soil heat flux 

(G), latent heat flux (LE) and residual latent heat (R -G -H). 

Available energy (LE +H) exhibits some seasonality but much less than LE since l -1 

increases as LE falls. The latent heat flux, however, dominates this term, particularly 

on DOY 2194 and 2226. Instantaneous and average values of sensible and soil heat 

flux tend to be around 100 W m-2. Low solar zenith angles significantly decrease all 

fluxes on DOY 2306 and 2322. 

Modeled Data and Site Comparison 

Modeled daytime average and instantaneous fluxes at the Lucky Hills and 

Kendall sites are shown as sets of histograms in Figure 9.9 -10 for 1992. The order 

of histogram bars in this set are slightly different than for observed values and are, 

from left to right, modeled: 

- incoming solar (Q,,,, <observed >), net radiation (R), sensible heat flux (H, 
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< kB"1 > ), soil heat flux (G), latent heat flux (LE, < P -T >) and model residual 

latent heat (R -G -H). 

The mean and standard deviations for instantaneous and daytime average histograms 

over the Walnut Gulch window are summarized also in Tables 9.3 -4, respectively. 

METFLUX (observed) and single pixel model estimates of the 1992 fluxes are 

compared in a series of cross -plots for instantaneous and day -time periods, Figures 

9.11 -12. These cross -plots are discussed in more detail below. 

Net radiation at the time of satellite overpass is uniformly low, sensible heat 

flux shows almost no seasonality with the largest under -estimates occurring on dry 

days, soil heat flux has similar problems but on wetter monsoon dates. The 

cumulative effect on residual latent heat flux is minimal as most errors tended to 

cancel each other. The two wettest days LE flux were under -estimated by almost 100 

W m -2. It is interesting to note that net radiation showed great site -to -site similarity, 

latent heat flux somewhat less in contrast to soil heat flux which were characterized 

by large site -to -site variabilities. The explanation is two -fold: both Rt, and, to a 

lesser extent, LE are locally smoothed by atmospheric mixing whereas soil heat flux 

depends on site -specific soil properties and solar aspects. In addition, soil properties 

were assumed homogeneous in the model. The model of sensible heat flux was 

clearly deficient although the source of the problem is not known. It would he 

advantageous if the daily average fluxes would introduce a filtering effect such that 

differences between model and observed data were further reduced over the course 

of a day. This seemed only to be the case for LE whereas Rr, was over- estimated 
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consistently; H still showed no seasonality. Soil heat flux exhibited considerable 

scatter, in part due to the fact that G became zero or negative in some instances 

during the first or last averaging period which added to the already great variability. 

Some alternative formulations to each of these fluxes are reviewed below before 

considering the spatial distribution of energy fluxes. 

Alternative Distributed Models 

Means of calculating the spatial and temporal evolution of distributed net 

radiation, surface temperature and soil heat flux were described in Chapter 3. 

Several formulations of evapotranspiration and sensible heat flux were described in 

Appendix A and J, respectively. The approach taken here was to calculate sensible 

heat based on a stability- corrected, kB -1 modified aerodynamic resistance (J.6 and 

J.9) and then to find the latent heat flux as a residual of the other terms. Each 

comparison will consist of two parts, the first compares and contrasts each flux term 

with an alternative formulation. Next, the instantaneous and day -time average 

distribution and balance of energy will be discussed. 

Net Radiation Models 

The distribution and magnitude of net radiation calculated using (3.2) was 

compared with a more complex and physically realistic model described by Dozier 

and Frew [1990] and Dubayah et al. [1990] and calculated using the public- domain 

software known as the Image Processing Workbench (IPW) [Frew, 1990]. Both 

models distribute net radiation based on topography; only the IPW calculation takes 

into account topographic shading. The IPW calculation is based on exoatmospheric 
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solar radiation attenuated by a modified version of the atmospheric radiative transfer 

code LOWTRAN and is not strictly comparable to the single ground measure of 

incoming solar radiation used to drive (3.2). Thus, only the relative magnitudes of 

the two net radiation images shown in Figure 9.13 will be discussed. An annotated 

version of the parameter files used in the LOWTRAN and IPW programs is given 

in Table 9.5. 

Soil Heat Flux Models 

The distribution and magnitude of soil heat flux was examined using several 

common alternative formulations based on empirical relationships with net radiation 

and vegetation index. These concepts were introduced in Chapter 3 so are only 

summarized here. 

- Method I: the first -layer soil heat flux derived from modeled Ts, 

- Method II: constant G to R,, ratio ( =0.33) based on Figure 3.4, and 

- Method III: G /Rn = 0.35 - 0.27 SAW [after Humes, 1992]. 

Frequency histograms for two of these calculations (I and III) over the Walnut Gulch 

window on DOY 2274 at 10:15 are shown in Figure 9.14 with their corresponding 

gray -scale images. Results for method II were very similar to method III because of 

the characteristically low vegetation indices and are not shown. Mean values of G 

from the simple TS model (method I) came closest to matching the Only two observed 

values of G (114 and 75 W m-2) at this time whereas methods II and III were 50 and 

40 W 111-2 high, respectively. Over the longer term, however, modeled values of G 

tend to be lower than observed, particularly during the monsoon period. This trend 
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could be due to a warm bias in the observations, which tended to be below exposed 

bare soil. Method I resulted in the relatively uniform values with highs and lows in 

physically consistent locations relative to the more significant topographic relief. 

Greater variance or sensitivity to less significant topographic features is characteristic 

of both method II and III soil heat fluxes. As vegetation cover becomes more 

important, such as over a larger area, Method III might become more viable. Other 

G /R ratios can be found in the literature. A simple exponential form developed in 

agricultural areas [Jackson et al., 1987] appears to overestimate the G /Rr, ratio for 

sparse canopies (Figure 9.15). 

Latent Heat Flux Models 

Several latent heat flux models were introduced in Appendix A in order to 

solve the energy balance equation for surface temperature. One of the simplest and 

most successful approaches was based on the Priestley -Taylor equation using a soil 

moisture sensitive alpha parameter (A.15). Residual latent heat fluxes at the 

METFLUX sites agree reasonably with modeled values, however the watershed 

average value and distribution seems high (Figure 9.16). The Priestley -Taylor 

distribution of LE looks reasonable although the mean is 50 W m "2 lower. One 

limitation of the Priestley- Taylor formulation is that it is primarily a function of 

atmospheric parameters and will tend to remain relatively uniform over patchy 

vegetation that develops during typical monsoon wet seasons. 

Distributed Flux Comparison 

The short conclusions that can be drawn from these comparisons follow. It 
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is difficult to judge the absolute accuracies of any one model without extensive 

observations so relative effects will be stressed. Very narrow distributions of H and 

G suggest that H is not sensitive to surface state. Wider than average midday 

distributions are probably due to surface hetrogeneity. The energy balance seems 

reasonable despite many problems. 

Summary: Utility of TIR Measurements and Models 

The utility of satellite thermal measurements and models to study various 

ground phenomena were investigated. Topics covered were limited to: the source 

of transient thermal anomalies, soil thermal inertia (dry and wet cases), surface 

energy balance, basin -scale experimental design and seasonal radiation loading. 

Distinct soil moisture anomalies observed immediately after a heavy summer rain are 

related to the combined effect of increased thermal inertia, radiative and conductive 

cooling. Only the thermal inertia effect has persistence, but it is limited to the time 

it takes the near -surface to dry' to background levels, which may be on the order of 

two days in the arid Southwest. The likelihood that an infrequent return period 

sensor such as Landsat TM will image any given event, therefore, is rare. The 

usefulness of a satellite such as the AVHRR, with a 12 hr return period, is probably 

limited for this case by spatial averaging with its 1.1 km nadir pixel size but was not 

investigated here. Background soil moisture levels do change seasonally and were 

detected from the difference between modeled (arbitrarily low, fixed soil moisture) 

and observed surface temperatures. Soil moisture in semi -arid rangelands, therefore, 

can be mapped using satellite thermal sensors, but is more likely associated with 
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average near -surface soil moisture levels than individual storm footprints. This 

method would be most accurate if thermal observations were made approximately 

1 hr after solar noon, at the time of the surface temperature maximum. 

Unfortunately this coincides with the time of active storm development during the 

summer monsoon season. Sensitivity studies should be made to determine the 

relative trade offs between time of observation and thermal anomaly magnitude. 

This model indicates that night -time thermal measurements, alone, are of little use 

to soil moisture studies. 

Composite dry season thermal images can probably be used to estimate the 

approximate distribution of background soil thermal inertia but this has yet to be 

confirmed. The potential problem is that other effects, such as vegetation cover and 

density, adversely affect the residual composite method described above. 

Surface temperatures derived using the simple TS model can be used to derive 

spatially distributed estimates of soil, sensible and latent (residual energy) heat flux. 

Initial flux values derived from a pixel average surface descriptions, however, agree 

poorly with point average measurements of soil and sensible heat flux. Errors in H 

were greatest on hot, dry days whereas errors in G were greatest on days having 

higher soil moisture. Residual estimates of LE were more acceptable, apparently 

due to a fortuitous cancellation of errors. The spatial distribution of these fluxes, 

however, can still be useful in siteing future experimental studies in that they 

highlight different zones having similar fluxes and can be used for basic scenario 

testing. 
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TABLE 9.1 
STORM SIMULATIONS 
Monsoon '90 - Kendall 

Variable Perturbation 
Day -time 

Effect 
[C] 

Night -time 
Effect 

[C] 

Notes 

Q;,, 20% 4° 0° fast 

Ta 2° C 2° 2° fast 

8, - background 4% 4° 0° 

AN, - decaying 15% 7° 0.5° slow 
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TABLE 9.2 
SUMMARY OF OBSERVED ENERGY BALANCE 

Kendall 

Day -of -Year 
1990 I 1992 ---> 

Flux 156 252 114 162 178 194 2261 274 306 322 

Instantaneous 

Rn 495 509 493 542 516 427 346 289 

LE 235 204 186 376 416 197 212 127 

H 108 130 130 95 84 125 83 74 

G 98 145 168 117 76 75 38 49 

Average Day -time 

R 267 274 261 298 324 261 189 150 

LE 129 135 116 237 265 126 118 68 

H 72 95 107 69 44 99 68 60 

52 34 59 33 46 39 19 22 

NOTE: ' DOY 226 was affected by partial cloud cover. 
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TABLE 9.3 
SUMMARY OF SIMULATED ENERGY BALANCE 

Instantaneous & Distributed 

Day -of -Year 
1990 I 1992 ---> 

Flux 156 252 114 162 178 194 2261 274 306 322 

Mean 

R 540 513 519 520 499 557 517 438 391 322 

LE 265 296 298 285 269 374 339 226 256 174 

H 144 121 113 123 120 112 113 126 68 69 

G 129 96 108 111 110 72 65 84 67 82 

Standard Deviation 

Rn 30.6 38.1 34.2 28.4 28.1 30.1 41.5 34.8 38.0 39.2 

LE 27.4 29.2 22.6 23.5 23.5 25.6 31.1 21.7 22.1 23.6 

H 8.1 8.2 11.2 9.0 9.8 9.2 9.7 9.6 16.3 24.0 

G 5.9 6.2 6.2 6.1 6.0 5.3 6.0 6.7 6.6 7.7 

NOTE: 1 DOY 226 was affected by partial cloud cover. 
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TABLE 9.4 
SUMMARY OF SIMULATED ENERGY BALANCE 

Day -time Average & Distributed 

Day -of -Year 
1990 I 1992 ---> 

Flux 156 252 114 162 178 194 2261 274 306 322 

Mean 

R 334 344 317 318 295 385 380 281 292 229 

LE 155 203 176 166 144 245 270 157 175 100 

H 116 87 73 91 95 88 73 77 73 76 

G 61 54 66 59 55 46 44 46 44 52 

Standard Deviation 

Rr, 8.6 18.1 8.7 7.9 7.9 14 35 14.5 21.9 21.8 

LE 9.6 13.0 15.5 12.2 9.3 14 35 17.6 18.1 15.2 

H 8.0 4.2 13.4 7.6 5.1 5.4 6.9 17.2 13.3 6.4 

G 1.9 1.9 1.5 1.7 1.6 1.7 2.2 1.6 2.1 2.4 

NOTE: 1 DOY 226 was affected by partial cloud cover. 
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TABLE 9.5 
MODEL INPUTS USED WITH IPW 

Net Radiation 

Parameter Value Notes 
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Figure 9.1 Model results for a rainstorm in the pre-dawn hours of DOY 0224: a) 
observed (met) and modeled (mod) temperatures, h) observed near - 
surface soil moisture, c) surface temperature difference between constant 
(3 %) and observed soil moisture. 
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Figure 9.2 Model simulation for wet soil drying under clear conditions: a) base -line 
(3 %) and simulated decaying soil moisture, h) simulated baseline (mod) 
and perturbed (obs) temperatures, c) surface (Ts) and subsurface (Tz) 
temperature differences between baseline and perturbed model results. 
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Figure 9.3 a) Response of thermal inertia (P) as a function of soil moisture for 
modeled (2.10 -11) and corrected (125 %) formulations. b) Sensitivity of 

surface temperature to changes in soil moisture in response to a 100 Wm- 

-- change in net radiation. 
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Figure 9.4 Frequency distribution and average images of a) temperature 
difference and b) thermal inertia multiplier for a composite of six 
relatively dry modeled minus observed (TM) images over Walnut 
Gulch. The objective was to map soil thermal characteristics. 
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Figure 9.5 Frequency distribution (a) and scatter plot (b) of the thermal inertia 
multiplier on DOY 2194, which was relatively wet ( -9% average soil 

moisture). Data plotted are for modeled soil moisture fixed at 3cé; 
dashed lines indicate shift in trends when modeled soil moisture is set to 
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9 %. 
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Figure 9.6 1990 daytime average observed fluxes at a) Lucky Hills and h) Kendall. 
Sets of bar plots for satellite overpass dates (156, 252) and the period of 
intensive field measurements. The order of histogram bars in each set 
are, from left to right, observed: incoming solar (Qin), net radiation (Re), 
sensible heat flux (H), soil heat flux (G), latent heat flux (LE) and 
residual latent heat (Ra -G -H). 
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Figure 9.7 1992 daytime average observed fluxes at a) Lucky Hills and h) Kendall 
for each Landsat TM satellite overpass date showing some seasonality in 
the observations. The order of histogram bars in each set are, from left 
to right, observed: incoming solar (Qin), net radiation (Ra), sensible heat 
flux (H), soil heat flux (G), latent heat flux (LE) and residual latent heat 
(Rn-G -H). 
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Figure 9.8 1992 instantaneous (10:15) observed fluxes at a) Lucky Hills and h) 
Kendall. Some of these fluxes are twice daytime average values. The 
order of histogram bars in each set are, from left to right, observed: 
incoming solar (Qin), net radiation (Ra), sensible heat flux (H), soil heat 
flux (G), latent heat flux (LE) and residual latent heat (Rn-G -H). 
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Figure 9.9 1992 daytime average modeled fluxes at a) Lucky Hills and h) Kendall for 
each Landsat TM satellite overpass date. The order of histogram bars in 
each set are, from left to right, modeled: incoming solar (Q,,,, 
< observed > ), net radiation (Rn), sensible heat flux (H, < kB ' > ), soil 
heat flux (G), latent heat flux (LE, < P -T >) and model residual latent 
heat (Rn-G -H). 
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Figure 9.10 1992 instantaneous (10:15) modeled fluxes at a) Lucky Hills and h) 
Kendall. The order of histogram bars in each set are, from left to right, 
modeled: incoming solar (Q;,,, < observed > ), net radiation (R), sensible 
heat flux (H, < k13-1>), soil heat flux (G), latent heat flux (LE, < P -T > ) 

and model residual latent heat (Rn-G -H). 
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Figure 9.11 Cross plots of 1992 instantaneous (10:15) observed verses modeled 
fluxes for both Lucky Hills and Kendall. 
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Figure 9.12 Cross plots of 1992 daytime average observed verses modeled fluxes for 
both Lucky Hills and Kendall METFLUX sites. The residual latent 
heat flux is used for the modeled component. 
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Figure 9.13 Comparison of a) standard model and b) IPW formulation of net 
radiation showing relative frequency and spatial distributions. 



272 

Walnut Gulch Watershed (2274) 

G from Ts Model mean = 
sdev = 6.7 

50 100 150 200 250 

G/Rm-6ñ 5 -0333SAVI 
sdev = 10.6 

_ad 
50 100 150 200 250 

Figure 9.14 Comparison of a) standard model and b) simple linear 
formulation of soil heat flux showing relative frequency 
and spatial distributions. 
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Figure 9.15 Comparative response of two common formulation of soil heat flux 
relative to a vegetation ratio. The exponential decay might he too large 
for characteristically sparse rangeland canopies. 
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Figure 9.16 Comparison of a) standard model and b) Priestley -Taylor 
formulation of evapotranspiration showing relative frequency 
and spatial distributions. 
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CHAPTER 10 

EXTENSION OF DISTRIBUTED MODELS TO LARGER SCALES 

Introduction 

This dissertation has developed and tested a simple distributed model of 

surface temperature. This same modeling framework can be extended easily to 

encompass the full range of energy balance components which make up regional - 

scale inter -storm hydrologic models. The stipulation that the model developed here 

can only be run in close proximity to surface meteorological stations, however, seems 

like a major limitation. This kind of model can be applied at a much larger scale by 

using a network of regional ground stations and models of solar irradiance with only 

some loss of absolute accuracy. This chapter describes the basic steps necessary to 

extend the previous model to a much larger area. 

The first issue is to determine the scale and extent of the investigation. A full 

degree grid cell is a logical size for a regional study and is fully or mostly covered by 

a single TM or SPOT image, respectively. Each TM image, however, requires 37 

Megabytes /band. Image volume can be reduced by a factor of 16 if the TM image 

is subsampled or averaged to a 120 m resolution, which usually suffices in a regional 

survey. 

Digital Elevation Model 

A good DEM is an essential first step in any kind of distributed hydrologic 

modeling, particularly since most atmospheric properties are functions of elevation. 

Depending upon the area of interest, a DEM will have to be constructed from stereo 
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satellite data, resampled from 1:250000 data (3 "x3 ") or averaged out of high 

resolution 30 m data sets. Our experience with satellite- derived DEM's has been 

discouraging (they are complicated, take time and require many precise ground 

control points) but future Eos missions are scheduled to produce vast quantities of 

high quality stereographic image pairs at a range of resolutions from 60 m to 500 m. 

A USGS /DMA 1:250000 (3 ") DEM has a footprint of 79x93 m at 32° N and 

can be resampled easily to 90 or 120 m resolution during the coordinate 

transformation from lat /long to UTM. There are several alternatives to nearest 

neighbor resampling, which tends to filter out topographic details. One of the most 

satisfactory schemes is to resample to equivalent slope and aspect as illustrated in 

Figure 10.1 (for 2 -d case). This can be accomplished using a first -order polynomial 

which uniquely describes a plane in space given at least three locations: 

p(x,y) = al + a2x1 + a3x2 = a rx (10.1) 

using a linear least squares fit to N adjacent points by solving the following matrix 

equation [Lancaster and Salauskas, 1987]: 

VTV a = V r d (10.2) 

where the coefficient (a), position (x) and difference (d) column vectors are: 

al 1 (Po-za) 

a2 , x= , 
d_(pl-zI) 

X2 
WN-ZN) 

and the position matrix (V) is defined as: 

(10.3) 
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(10.4) 

Meteorological Fields 

The basic problem is one of extending or assimilating an irregular set of 

ground observations into a regularly sampled space -time network for the purposes 

of energy balance modeling. Simple interpolation of surface meteorological data 

makes the significant assumption that a well -mixed atmosphere varies smoothly from 

place to place but responds regionally to frontal weather systems and topography. 

This assumption is better for time- averaged systems than instantaneous problems so 

some time averaging is warranted at this scale of aggregation. Optimal aggregation 

periods were not addressed in this research. 

Air Temperature 

Regional air temperawre can be interpolated from a network of surface 

observations by taking topography into account. The guiding principle here is that 

air temperature is constrained by the adiabatic lapse rate, which can be derived from 

regional radiosonde soundings: 

T.; = Trc - y0zu (10.5) 

The procedure is to reduce observed air temperature to sea level or some other 

datum, interpolate this topographically unbiased field to whatever grid size is 

required, then adjust (cool) each pixel value using the elevation difference to the 
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datum. Kriging observed temperatures was also attempted but there were insufficient 

observations (generally less than 15 in 3x3 °) to clearly define a variogram. A black 

box gridded interpolation was much easier to implement and honored all the 

observed data. A nested interpolation scheme was used to avoid intensive gridding 

outside of the area of interest. Ground meteorological data was first interpolated to 

a 25 km grid, which in turn was interpolated to 1 km or 120 m over the area of 

interest (Figure 11.2). There are many limitations with such a simple interpolation 

of something as complex as air temperature hut, with several well -placed 

supplemental /validation ground meteorological stations, this scheme provided a good 

first estimate of this important variable. 

Air Pressure 

Air pressure (dry) is determined largely by elevation and the concept of scale 

height (H), which is almost 8.44 km for the case of the atmosphere. Pressure (p 

[mb]) at a given elevation (z) can be found assuming a sea -level potential 

temperature of 288 °K using the following relationship: 

p(z) = 1013 exp(-z/H) (10.6) 

A DEM is all that is required to form this field, to a first approximation. 

Water Vapor 

The specific humidity (q), a measure of the amount of water vapor in the air 

is a function of air temperature, pressure and relative humidity (rh). Useful 

observations are routinely made at the surface and from radiosonde profiles. The 
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e (T ) rh 
q(z) = E e = 0.622 s ° 
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(10.7) 

where expressions for saturated vapor pressure (es) can be found in any 

meteorological text. Again, this field needs to be normalized to a common datum 

before interpolated and the result gridded using the known distribution of surface 

elevation. 

Wind Speed 

Wind speed and direction are very difficult to estimate without more 

complicated dynamical models and a well characterized surface. In a gross sense. 

however, wind follows a diurnal cycle which is often quiescent at night and averaging 

2 -3 m/s during the day, with significant changes in direction and magnitude 

depending upon the prevailing pressure field. Winds aloft and at higher elevation 

probably are stronger than at ground level but there is insufficient data to postulate 

a specific relationship. The simplest approach, therefore, was just to interpolate the 

observed field. 

Solar Irradiance 

Many models of solar irradiance exist [Sellers, 1965; Igbal, 1970]. Equations 

used in this research to estimate solar irradiance are described below. The 

latitudinal variation in solar irradiance becomes important on the scale of a 10 grid 

(mag ?). More important, however, are atmospheric inhomogeneities at this scale. 
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Geostationary satellite data becomes an important tool to try to model the spatial 

and temporal variability in partly cloudy skies as has been discussed by Dubayah 

[ 1993]. 

Incoming solar radiation (Qi) was parameterized as: 

Q , = 1367()2 [(t2- thine Sins + 2n cose cos6(sint2- sintt)] (10.8) 

where the latitude (0) and solar declination (S) are in radians and the interval times 

(t) are fractional hours. The normalized Sun -Earth distance (drd) has previously 

been defined (see D.4). Hour angle (r) is the radial angle a point at longitude ( ) 
must turn to reach solar noon: 

- 15 
T(t) = 

180 [t-12.25] + (4)-kb) 

Solar declination (S) is defined in terms of Julian day -of -year (DOY) as: 

S = 23.45 
180 

cos[- 
365 (172 -DOY)] 

(10.9) 

(10.10) 

Basin -scale Validation 

Regional scale flux validation is another critical issue. One important 

conclusion from this and other studies is that low -level aircraft can be used for 

ground truth over much larger areas but with the same degree of accuracy as is 

provided by ground transect measurements. Proper synchronism over GCM grid size 

areas, however, requires that even these measurements be corrected to time -of- 

overpass by means of extrapolation, normalization or modeling. Each of these topics 
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has been discussed previously. Many controlled tests need to be conducted to 

prepare for a regional validation effort. For example, several reflectance and IRT 

ground transect sites could be spaced -out under a long aircraft transect that is flown 

every 30 min during typical mid -day observation periods. The goal would he to test 

interpolation methods between rather than at the time of measurement. 
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Figure 10A. Surface representation using different interpolation schemes. 
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CHAPTER 11 

CONCLUSIONS 

This dissertation presented a simple model that calculates the spatial 

distribution of surface and near -surface soil temperature based on topographically - 

controlled net radiation. Every effort was made to keep the model general and 

robust enough for a range of semiarid and non -agricultural watersheds but care 

should be exercised when first applying these results to new areas. This research 

covered several spatial scales and most of the annual cycle of conditions that 

characterize Walnut Gulch, Arizona. Model validation, however, was not attempted 

over other similar environments. Detailed conclusions were usually included at the 

end of each chapter. More general conclusions, recommendations and implications 

of the dissertation's main findings are given below. 

The Simple and Distributed Surface Temperature Model 

A linear combination of air temperature and net radiation weighted by soil 

thermal inertia approximates the diurnal temperature of semiarid rangelands to 

within 2° C over Walnut Gulch, AZ. 

The formulation of the model given in Chapter 2 highlights the fundamental 

difference between this and more traditional atmospheric models (often developed 

in agricultural settings) that tend to be more sensitive to evaporative demands, such 

as vapor pressure deficit. In a sense, daytime soil temperatures in semiarid regions 

tend to be more soil limited (dependant) than atmosphere limited (dependant). The 

advantages of this formulation are: 
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- it combines both soil and atmospheric principles to form a robust algorithm 

specially applicable to semi -arid rangelands, 

- the parameterization of TS is independent of aerodynamic roughness, which 

is difficult to estimate, 

- model inputs are common ground and satellite observations at a range of 

spatial scales, 

The concurrent limitations and assumptions of this soil temperature model are: 

- the model was developed for the case of daytime conditions, but it happens 

to work well at night because Ta closely approximates TS in this environment, 

- the model was developed and parameterized assuming sparse rangeland 

vegetation with LAI -0.5 and fractional vegetation cover characteristic of 

semiarid grasslands, 

- near -surface atmospheric parameters were assumed homogeneous over the 

area of investigation. The effects of regional landscape and atmospheric 

patterns and cloud cover were not considered. 

Most spatial complexity in the distributed surface temperature was partitioned 

into several physically -based multipliers to facilitate understanding and data 

analysis. 

Landscape effects were clearly parameterized as multiplicative factors which 

allow secondary effects to be understood more clearly; the factors are: 

- k,, the ratio of G to R,,, this factor was fixed initially, 

- kS, the effect of soil thermal inertia, a function of soil moisture, 
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- k, the effect of canopy transmittance, a function of canopy cover and sun 

angle, 

- kd, the effect of directional and diffuse radiation on incoming solar radiation 

measured near the surface. 

Model sensitivity to soil thermal inertia requires that soil moisture he estimated with 

reasonable accuracy. An iterative procedure was developed in Chapter 9 to use dry 

season observed temperatures as the basis for wet season estimates of soil moisture. 

The energy balance is undoubtedly affected by constraining G /Rn and H /Rn to be 

equivalent to their typical clear daytime mean values. Several factors which mitigate 

this effect are the implicit and decoupled nature of this assumption and the role 

other parameters have in scaling the surface temperature. 

Basic Relationships 

The parameterization of diffuse radiation and albedo required detailed 

analysis although the effects can be described simply. 

Diffuse (non- directional) irradiance was fixed at 15% of the total solar irradiance. 

Radiative transfer simulations found that direct solar radiation predominates 

over the diffuse component at Walnut Gulch under clear sky conditions. This makes 

net radiation a function of topography. In contrast, cloudy conditions considerably 

decrease the local variance in net radiation, and hence T. The hemispherical diffuse 

to total radiation ratio was found to be about 0.20. A significant fraction of the 

diffuse irradiance, however, is directional so a more practical diffuse to total ratio is 

around 0.15. 
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Albedo was calculated from the weighted sum of six Landsat TM bands. 

A simple method to transform band reflectance into surface albedo proved to 

be a major problem. The goal was to derive a set of weights which, when applied 

to narrow -band surface reflectances, would allow them to be summed to a reasonable 

estimate of broad -band surface albedo. Several weighting schemes were considered 

using a variety of typical reflectance spectra. The weighting schemes included: 1) 

effective band- width, 2) extended band -width, 3) partial -to -total (P /T) solar 

irradiance, 4) cumulative albedo, and 5) cumulative reflected radiation. No single 

weighting method proved effective for the range of test reflectances. The perceived 

problem with weights based on solar P/T ratios was that albedo is more a function 

of the product of reflectance and solar irradiance than it is of solar irradiance alone. 

In fact, weighting scheme (3) underestimated green canopy albedo by more than 

15 %. There seems to be no way to derive a set of weights that matches albedo to 

better than a couple percent under a range of typical surface reflectance conditions. 

Weights based on the simple concept of extended band -width reproduced albedo 

within 5% in most cases. The basic problem with this line of analysis was that 

albedo is a ratio of two areas whose value is not simply related to a sum of narrow - 

band components. Additional work in this area is warranted but efforts should be 

directed toward a more complex inversion of albedo from the narrow -hand 

reflectances. A bidirectional model calibrated for Walnut Gulch suggested that solar 

angle effects were insignificant during most of the year. 
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Data Assimilation and Landscape Variability 

A mix of satellite and ground data offer the best opportunity to study basin -scale 

energy and water balance dynamics. 

Among the most challenging endeavors facing the next generation of earth 

scientists is a coherent understanding of the spatial /temporal distribution and 

behavior of many coupled processes at the Earth's surface. Global climate change 

is one current focus of these efforts but the need and timing also arises from the 

current mature but disconnected state of many fields of hydrology, meteorology, 

ecology, oceanography and remote sensing. Satellite data is an invaluable resource 

for regularly assessing shifting patterns of land use, land cover and vegetation growth. 

The boundary-layer atmosphere over land remains largely indiscernible from space, 

however, and it is only logical to rely on ground -based observations and meteorologic 

forecast tools to estimate the critical variables of air temperature, wind speed and 

incoming solar radiation. These general principles were followed but since this study 

focused on a relatively small area, it relied on local atmospheric homogeneity and 

a single ground observation to provide critical temporal driving variables. The ability 

to smoothly and routinely integrate data with different spatial and temporal 

resolutions remains a significant area of research. Ingesting raw data is just part of 

the problem as the following caveat suggests: 

Semiarid rangelands, numbingly uniform to the unaccustomed eye or from a 

distant perspective, are, in fact, particularly difficult to characterize using most 

standard data sources. 
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Estimating the spatial distribution of solar radiation (due to intermittent 

cloudiness) and air temperature (due to adiabatic and mesoscale effects) are major 

problems that must be addressed before this work can be applied at a larger scale. 

Sparse semiarid vegetation tends to form clusters separated anywhere from 1 -10 m 

so many issues regarding vegetation cover fraction and composition were left 

unresolved by the relatively high resolution Landsat TM data. More work needs to 

be done to resolve subpixel satellite data in semiarid environments. 

Southeastern Arizona is a mosaic of diverse and dynamic landscapes whose 

integrated behavior and inter -relationship with the climate are just beginning to be 

studied. 

This study detailed some of the landcover characteristics of two relatively 

similar environments: grass and shrub -dominated rangelands, which were required 

inputs to this distributed model. Some data over the nearby San Pedro Riparian 

area was shown for contrast. Annual landcover changes in albedo were minor; 

however, a dramatic greening occured in response to significant and extended rainfall 

during the late summer and winter months. Ecozones change gradually but 

significantly with elevation. Much work remains to be done to characterize the 

surface in this region's manzanita chaparral, oak and pinion woodlands, and 

ponderosa forests. The consequences of land use patterns such as overgrazing and 

aquifer degradation can have prolonged and profound effects on the landscape hut 

require more study at a larger scale. 



290 

Field Procedures 

Good aircraft data is invaluable for validating basin -scale retlectances and 

temperatures but must be coupled with excellent flight -line recovery. 

Some of the difficulties inherent in maintaining a comprehensive, redundant 

and long -term field measurement campaign were illustrated in Chapter 6 where 

surface temperature observations were described. The goal of our measurement 

program was to make observations almost simultaneously across a range of spatial 

scales. In general, there was excellent agreement between ground and aircraft 

results. This is good news and a credit to the ground crews who supported these 

missions since it is difficult to be at more than one location at a given time. The 

aircraft did an excellent job covering large segments of the study area except for the 

following weaknesses: 1) scrubbed flights left significant data gaps, 2) electronic 

connections between the instruments and data recorders must be air -worthy and 

monitored periodically in- flight, and 3) flight -line recovery was slow and tedious - a 

differential GPS navigation system is strongly recommended. 

Optical depth and water vapor corrections were critical but strategies and 

instrumentation for collecting them must be strengthened before studying larger 

basins. 

Spatially and temporally coincident optical depth and radiosonde observations 

were invaluable to interpreting satellite data along -side aircraft and ground 

measurements. This is demanding task, particularly at more than one location so a 

focused effort must be made to find alternative atmospheric correction 
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methodologies that will be more operational at the scale of one degree grids. 

Linear water vapor corrections from near -by radiosoundings were applied to 

at- satellite temperatures but satellite and aircraft results were often different 2° C. 

A greater effort needs to be made to correct and better understand atmospheric 

effects in satellite thermal data. 

Fractional vegetation cover and LAI were poorly validated in this survey. 

Multi -band surface reflectance was transformed into albedo and vegetation 

index to help partition net radiation and to estimate vegetation cover. Determining 

surface cover is a research topic in its own right and one that requires considerable 

ground sampling to validate. The procedure presented here is practically arbitrary 

but was a necessary step in the modeling process. Models that put more emphasis 

on multiple canopy components should place a higher priority on acquiring and 

correlating remotely sensed and ground biologic characteristics. 

Temporal interpolation and extrapolation of several ground and aircraft data sets 

was required before they could be used for validation purposes. 

Multiple ground observations bracketing the time of satellite overpass were 

most useful to interpolate survey results. Temperature corrections based on the rate - 

of- change of a fixed IRT can be used as well. The need to correct surface 

observations will grow as basin study size increases. This will he particularly 

problematic for long aircraft transects and necessitates at least a few fixed ground 

station where local rates can be determined. 

Ground, aircraft and satellite surface temperature were in general agreement but 
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the source of some anomalies requires field checking. 

Aircraft thermal transect measurements exhibited a strong diurnal trend when 

the soil was dry but this was less important during the monsoon period. There was 

a strong correlation between solar illumination angle (related to topography) and Ts 

but some effects were difficult to explain so more detailed ground follow -up work 

would be useful in the future where model and observations diverge. Considerable 

surface detail was lost when moving from the aircraft data to the 120 m resolution 

satellite data. This was due, in part, to the approximate congruence of Walnut 

Gulch's predominant landforms to this length scale which tends to average a mixture 

of cover types and slope /aspect combinations within a single pixel. This loss of detail 

may not be important on a daily scale, considering the naturally lower variance of 

daily values indicated by sensitivity tests. More work could be done exploring how 

surface detail is lost by spatial filtering. 

Model Results and Applications 

The ability of this model to estimate the diurnal trend of surface temperature was 

good, particularly midmorning when most coincident satellite data is available. 

Model performance, based on minimal calibration, was good even during non - 

ideal (partly cloudy) sky conditions. The model tended to overestimate TS in times 

of enhanced latent heat flux. Time -of- overpass (instantaneous) model errors were 

from 0 -4° C. Time integrated errors were relatively less, from 1 -2° C. Absolute 

model accuracies ( -2 °C) were marginally adequate for most energy budget 

applications but these temperatures may still represent the most comprehensive 
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estimate available of distributed temperature on a diurnal basis. 

The high correlation between aircraft and model transects demonstrated the 

importance of topography in determining soil temperature. 

The most salient feature of the modeled images was how well they 

approximated the spatial and temporal pattern of temperature. During the height 

of the growing season, however, the vegetation- modified model temperature did not 

broaden the scene temperature variance as much as was observed. Observations at 

the same high resolution of the model, such as is produced by the NS001 sensor, 

would be useful to for more detailed model validation. 

Differences between modeled and observed temperatures can be related to the 

spatial distribution of soil thermal properties or soil moisture, depending upon 

surface state. 

Deviations or residuals between model and satellite images were within ±2°C 

of the mean difference. These residuals seem to correlate with large -scale changes 

in surface properties such as vegetation cover and soil type. The new surface 

temperature model was used to study surface spatial heterogeneity by making the 

reasonable assumption that atmospheric characteristics are more spatially uniform 

than are surface characteristics. This is the result of efficient surface layer mixing 

under relatively moderate winds within sparse, semi -arid canopies and the 

heterogenous nature of soils and surface covers. Differences between modeled and 

observed temperatures when the watershed was dry and relatively barren can be 

related to dry soil thermal inertia. In contrast, differences during the wetter seasons 
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are related to wet soil thermal inertia. The only quantitative result that could be 

derived was average background soil moisture level. Insitu measurements of soil 

thermal inertia are required to validate these findings. A similar analysis should he 

done using AVHRR data to see if the regional soil moisture level is detectable. 
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APPENDIX A 

COMPARISON OF SIMPLE TS MODELS 

Introduction 

This appendix compares the simple TS algorithm introduced in Chapter 2 with 

a more diverse suite of surface and subsurface temperature models. Six different 

algorithms or methods for estimating TS were simplified to accept similar driving 

variables and were compared in order to better appreciate and quantify their relative 

merits. Three of these algorithms solve for TS "directly "; three algorithms find TS as 

a residual or "indirectly" by calculating the latent heat flux first and assuming the 

available energy is known. The direct algorithms were: 1) a sinusoidal model, 2) the 

force -restore model, and 3) the simple TS model described below. The indirect 

methods were: 1) Priestly -Taylor, 2) two -layer Shuttleworth- Wallace, and 3) two - 

component Priestly -Montieth algorithms of evaporation. Model evaluation was based 

upon two criteria: 1) the ability to estimate surface temperature and 2) the ability to 

approximate other components of the energy budget. The second task, however, was 

compromised by a lack of understanding of the bulk aerodynamic resistance of 

sparsely vegetated rangelands. In the end, model simplicity, robustness and goodness 

of fit were used to rank the models. These models will be described below and then 

contrasted with point meteorologic observations to evaluate their accuracy. 

Algorithm Standardization 

A robust, computationally efficient surface temperature algorithm is required 

for use in spatially distributed models. The two physical models of surface 
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temperature (Chapter 2) reduced easily to a simple linear equation of temperature 

and driving force [W m-2]. All the algorithms described below were standardized as 

much as possible to this general form, which also facilitated a first -order comparison 

relative to observed values: 

T, = TQ + Driving Flux * Scale Factors (A.1) 

where the driving force was some fixed fraction of Rn for the "direct" methods and 

was sensible heat for the "residual" methods. Each model required as input observed 

air temperature, soil moisture and some fraction of net radiation. The ratio of soil 

heat flux to net radiation (kr) was fixed at 0.35. This forces the available energy to 

be fixed at 0.65 R. The model developed in Chapter 3, in contrast, was also 

sensitive to surface albedo, surface vegetation cover (SAVI) and topographically - 

modified net radiation. Driving forces were expressed in terms of fractional net 

radiation because this can be estimated directly from remote sensing data [Jackson, 

1985]. Manual model calibration was limited: the purpose here is not to fine -tune 

each algorithm but rather to evaluate the applicability of each algorithm relative to 

several observed series of surface temperature observations. These models are most 

applicable for bare soils, unless noted otherwise. 

Direct Models of T and TZ 

Almost all surface temperature models are based, at least in part, on the one - 

dimensional equation for heat conduction (A.2) and diffusion (A.3) through a layer 

of soil characterized by a volumetric heat capacity (Cs) and a thermal conductivity 
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(A.2) 

(A.3) 

Temperature (T) is an implicit function of both time (t) and depth below the surface 

(z). Typically, (A.3) is solved by specifying a periodic surface temperature for the 

upper boundary condition and a simply varying annual (Tann) or constant temperature 

(Toe) for the lower boundary condition. Another group of models, however, are based 

on other components of the energy balance. These methods calculate X E, treat H 

as a residual given the available energy, and solve the bulk resistance formulation of 

sensible heat for surface temperature. Three "residual" models (described later) will 

be contrasted with the three "direct" temperature algorithms that are described 

below. 

Simple periodic models 

Simple periodic models, described by Carsiaw and Jaeger [1959], Koorevaar, 

et al. [1983] and Nash [1985] are useful first approximations to surface temperature. 

They can be generalized to give quite satisfactory results by using Rn as the driving 

force. For a periodic diurnal forcing with a frequency (c.) p), the solution for a time - 

and depth -dependent soil temperature T(t,z) is found directly as the sum of a 

constant average temperature (Tavg) and a periodic term related to the diurnal 

temperature range (ti To) which is out -of -phase with the surface forcing: 
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T(t,z) = Tan, + AT0 e -va°sin(wDt - z/SD) (A.4) 

It can be seen that the diurnal damping depth (6D= 1/ [21 /(6)DCS)]) controls both the 

exponential attenuation and phase offset with depth. Typical diurnal damping depths 

are on the order of 25 -50 cm while annual damping depths are on the order of 3.5- 

5.0 m, depending upon soil moisture. The periodic temperature algorithm (A.4) was 

modified in this study to: 

T(t,z) = T (1-? ) + T ( z ) + =R" e va°sin(c,) ti - - 2.28) (A.5) 
" SA °"" 16 ° SD 

where time has been normalized relative to sunrise (tsr) and sunset (tss) using t' = (t- 

tsr)/(tss-tsr) and temperatures at depth were constrained to follow an simple sinusoidal 

annual pattern (Tann) defined by (3.18). 

Finite -difference models 

A finite difference (FD) model was coupled to the simple Ts algorithm in 

order to find G and to better represent the thermal inertia of the soil profile. The 

basic FD solution to the heat conduction equation (A.3) was solved for soil profile 

temperatures (T(z,t) =Ti1) by Kahle [1977] as: 

[7;1.1 = Tà ` ß [7f-1 - 27; 
+ 

T;,I, (A.6) 

She chose a lower boundary at 50 cm and had to use time steps of less than a minute 

to maintain numeric stability. The FD coefficients (Q) in (A.6) were defined as the 

ratio of the conductance (Ki =X s/A z) to the heat storage capacity (Cpi = CAA z/0 t), 

which results in an expression that involves the thermal diffusivity (%.s /Cs). Thus: 
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(A.7) 

A more stable algorithm is given by Campbell [1985], in terms of implicit (01=n0 ) 

and explicit (ß E _ (1 -i )p) FD coefficients. His equation is defined by: 

[ß' T_1 +(1- 20')T + ß/ T -il.i = [ßE T +(1 -23E)T + ßE T ] (A.8) 

When the time partioning factor (n <1) is set to 0.6, calculations are weighted toward 

the stable backward- difference method. This is the most computationally intensive 

hut most realistic method for calculating sub -surface temperature. Observed surface 

temperature was used to drive this model when evaluating the temperature profile. 

Force- Restore models 

Another approach to calculating TS is to use a periodic thermal forcing with 

a linear damping component such as described by Deardorff [1978], Lin [1980] and 

Dickinson [1988]. This technique, common in GCM's, rarely uses more than four 

layers [Blondin, 1991]. A three -layer model based on this force -restore method 

would be described by: 

aT 2c. 

at 
- 

PDG 
-caD(Ts - T) 

aT 
- = Jc (04 ( 

at 
. pip; - T ) T - T) 

(A.9) 

(A.10) 

where the first -layer temperature (T) has a diurnal frequency (G3 D), the second -layer 

temperature (Ti) has an annual frequency (wA), the driving force is the soil heat flux 
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(G). This method works for driving forces which are not strictly periodic but requires 

a relatively complex algorithm [Dickinson et al., 1993]. 

Profile Results 

The finite -difference and force -restore methods are slower but incorporate 

past states (memory) in current determinations. Their description of the soil 

temperature profile, however, is very different. A diurnal suite of soil temperature 

depth profiles is given in Figure A.1 for the finite- difference (F -D) model, the 

periodic (SIN) model and for point observations (OBS). The surface temperature 

range of all three plots is similar, but the behavior with depth is quite different for 

the periodic model. A more quantitative assessment of profile behavior can he made 

by plotting diurnal logarithmic amplitude range (ST) verses depth (z) (Figure A.2). 

The approximate best fit line to the observed data (dashed line) has a loglo slope of 

-3.0 and also fits the finite difference results. This implies a simple periodic damping 

depth of 15 cm and a diffusivity (calculated using 3.10 -11) only possible with a soil 

moisture of 20 %. 

Indirect Models: Inverting Sensible Heat Flux for TS 

At the Earth's surface, conservation of energy partitions net radiation (Rn) 

into sensible (H), latent (RE) and soil (G) heat fluxes: 

R = H +XE +G (A.11) 

where all the fluxes have units of W m -2. Flux is considered positive if directed away 

from the surface so typical daytime fluxes are all positive. The bulk or single -layer 
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= PaCp T - T 
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(A.12) 

where the aerodynamic temperature (To) closely approximates surface radiometric 

temperature (Ti.) for full canopies [Huband and Monteith, 1986] but becomes 

relatively less for sparse canopies [Stewart, et al., 1989; Hall et al, 1991]. In the 

absence of a practical alternative, Tr will be used in place of To. The radiometric 

temperature of bare soil (or that portion of the soil that is bare) is Ts. The hulk 

aerodynamic resistance to heat transfer (rah [s m-1]) is the electronic circuit analog 

for the effective resistance imposed by the atmosphere on the generation of sensible 

heat. Its value and the ability to estimate the sensible heat flux from remotely sensed 

data is the subject of much active research. For simplicity, rah will be held constant 

at 165, which is a typical value under neutral conditions at average (2 m s "1) wind 

speeds (Appendix J). A simple but problematic method of calculating surface 

temperature uses the energy balance equation (A.11) to find H, then solves (A.12) 

for TS (or Tr): 

Ts=T+ A - lE 
Pa ó l ro. 

(A.13) 

This strategy for calculating TS will be evaluated using three different models 

of evaporation. Several clear reviews on the relative merits and application of 

different models of a. E to specific rangeland problems are given by Shuttleworth 

[1991], Mahfouf and Noilhan [1991], Humes [1993] and Stannard [1993]. Some of 
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the more useful models will be described below and compared with direct 

METFLUX measurements at Walnut Gulch. The three residual models will be 

referred to as modified Priestley- Taylor (P -T), two -layer Shuttleworth- Wallace (2SW) 

and two- component Penman -Monteith (2PM). 

Priestley- Taylor model 

The Priestley- Taylor equation is a simplification of the Penman- Monteith 

model [Monteith, 1981; Thom, 1972] which represented a combination of energy 

balance and bulk mass transfer considerations. A much simpler expression was found 

to estimate potential evaporation under conditions of minimal advection [Priestly and 

Taylor, 19721: 

LE = a AA 
A + 7 

(A.14) 

where y (20.66 mb °C I) is the psychometric "constant" and A = aes /aT slope of 

saturation vapor pressure curve with respect to temperature. The ratio A /y is on the 

order of 2.5 for typical daytime temperatures. The empirical parameter a averages 

around 1.26 for well- watered conditions. Water stress decreases Ce to around 0.7 and 

several fields studies have related a to soil moisture [Flint and Childs, 1991] or 

cumulative evaporation [Stannard, 1993]. The following relationship in terms of the 

relative soil saturation was adopted for this study: 

® 
a = 0.70 + 0.56(=t) 

e, 
(A.15) 
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Two -layer Penman- Monteith (Shuttleworth- Wallace) model 

Sparse canopies require more complicated multi -layer models to partition 

energy properly between vegetation and soil components. Two common models were 

developed by Shuttleworth and Wallace [1985] and by Choudhury and Monteith 

[1988]. Both of these models are burdened by a large number of parameters but 

they are useful to evaluate simpler parameterizations and this will be done shortly. 

The Shuttleworth- Wallace model uses a two -layer approach to a uniform but sparse 

canopy. Total A. E is a weighted sum of the contributions from a full canopy (f) and 

the underlying bare soil (fs), respectively. 

aE = f PM, + fs PM, (A.16) 

In terms of Penman -Monteith coefficients, the respective canopy (PM) and soil 

(PMs) contributions are given as: 

AA + [paCoD - Art]/[raa + ra] PM. - 
A + y(1 + r.sc[r,a+r,e]) 

(A.17) 

PM - 
AA + [paCoD - orQ,A]l[r,a + ras.] (A.18) : 

A Y(1 rsi[rm+ra]) 

where the energy available to the soil (As) is R *e"LA1 -G, the energy available to the 

canopy (A) is A -As and the vapor pressure deficit (D) is the difference between the 

saturated and ambient air vapor pressures. The x and LAI above are canopy 

extinction and leaf area index, respectively, and were both set to 0.5. The various 

resistance terms were defined similar to Shuttleworth- Wallace [1985] as: 



soil surface resistance r,, 2000 a ®Jai 

soil aerodynamic resistance r, 125 

canopy surface resistance rr 250/L 
canopy aerodynamic resistance r« 12/L 

eddy diffusivity resistance r 40 
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(A.19) 

The reader is referred to Shuttleworth and Wallace [1988] for a complete description 

of the partitioning coefficients (f) and resistances (r). The coefficients are plotted 

as a function of LAI in Figure A.3. 

Two component Penman- Monteith 

Several successful models of sparse canopies envision a linked series -parallel 

resistance between the bare surface, the canopy and the atmosphere [Wallace and 

Shuttleworth, 1988; Sellers, et al, 1988]. In semi -arid rangelands, vegetation cover 

can average 30 -40% even in the wet season and tends to be patchy. This leads to an 

effective decoupling of the canopy and soil components such that each process occurs 

independently of the other. The partitioning coefficients of (A.16) become fractions 

in this model and can be used to express the latent heat flux in terms of two 

independent components defined as before: 

AA + pa pDl[rm + r..1 PM, - 
L + y(1 + rs,l[r.+r,,,l) 

DA + pQ óDl[rm + r 
PMs - 

A + y(1 + rsf[rm+r,J) 

(A.20) 

(A.21) 

The components are calculated in a two- component model using all the previously 

defined variables in addition to setting fractional canopy cover (f) to 0.3. 
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Comparison of Soil Temperature Models 

Surface temperature (direct methods) or latent heat flux (residual methods) 

were calculated for three time periods in 1990: DOY 209, DOY 207 -213 and DOY 

205 -222 using fixed METFLUX data from the Kendall site. The environmental 

conditions that characterized these periods was described previously (Figure 2.5). 

The purpose in considering TS and a corresponding value of X E was to check whether 

the two were consistent based on energy conservation. In order to calculate the 

complementary parameter (X E or TS) using the energy balance, the sensible heat flux 

was calculated using a constant bulk aerodynamic resistance of 165 s m-' derived 

from sparse crop and rangeland conditions reported by Shuttleworth and Wallace 

[1985] and Stannard [1993]. Neutral, stability and kB-' corrected values of 

aerodynamic resistance resulted in greater errors. Night -time values of X E are 

constrained to be non -negative for the residual models because of instability in the 

calculation of night -time bulk résistances. The results of the single diurnal cycle 

calculations are presented in two figures. All the results are summarized in Table 

A.1. Direct methods are contrasted in Figure A.4; Residual methods are contrasted 

in Figure A.S. The figures show the relative diurnal cycle of the observed fluxes in 

the top left box. Below, three sets of panels illustrate the relative magnitudes of 

surface temperature and latent heat flux observations (o) and calculations (x). 

Canopy temperature ( +) is plotted for the two 2- component models. Since air 

temperature is so prominent in (2.5), it is plotted as well (dots). The day -time 

average RMS error between observations and calculations is shown in the upper left- 
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hand corner of each box and in Table A.1. Night -time errors were not considered. 

These errors can be put into perspective by considering the observed difference 

between Bowen Ratio and eddy correlation measurements. Stannard et al. [1993] 

and Kustas et al. [1993] assessed observed RMS errors (W m'2) at Walnut Gulch as 

follows: net radiation -15, soil heat flux -30, sensible heat flux -25 and latent heat 

flux -40. Residual latent heat flux errors, when all the other components were 

observed, were also on the order of 40 W m'2. 

General Observations 

Remarkably similar temperature and latent heat flux values were produced 

by these model runs despite considerable differences between these models and 

negligible calibration effort (Figures A.4 -5, Table A.1). This suggests that it is not 

difficult to model clear day surface temperatures, so long as the model has been 

calibrated reasonably close in time. Model adoptability, as before, and physical 

reealism are the two most important factors to consider over an extended model run. 

Absolute TS model errors were similar, however, the direct methods resulted in the 

lowest RMS errors. Models based on soil thermal inertia (simple TS and force - 

restore) gave similar results, particularly after the latter ran for several days and 

adjusted its memory to that of the thermal profile. The 2 -layer and 2- component 

models were more sensitive to vapor pressure deficit than relative soil moisture. This 

resulted in X. E increasing as soil and atmospheric conditions became drier. 

Observations, however, indicate that soil moisture was the controlling parameter as 

both X E and soil moisture steadily decreased each day following a rain, Thus, 
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models with thermal inertia worked best for estimating TS in this environment. 

After carefully developing expressions for stability and kB -1 corrected 

aerodynamic resistance (Appendix J), it was frustrating to find a constant value of 

rah result in the lowest RMS between observed and modeled latent heat flux. This 

may be due to the grass dominated nature of this site and an incomplete knowledge 

of sensible heat transport in semi -arid rangelands. The reasons, perhaps site- and 

climate -specific, why sensible heat flux can be treated so simply needs to be 

investigated more fully. None -the -less, latent heat RMS errors of 70 W m were 

larger but not unreasonable compared to point measurement accuracies [Kustas et 

al., 1993] and suggest that these simple estimates of surface temperature were 

compatible with the overall energy budget. It is not known whether this remains true 

at distributed spatial scales. On the basis of its simplicity and these approximate 

results, the simple TS model was chosen to investigate issues of distributed 

temperature modeling. 

The relative merits of these A. E models with respect to observed data and 

several other models indicates that the modified P -T expression does quite well and 

represents a nice compromise of parametric efficiency and physical realism. The 2- 

layer and 2- component models were more sensitive to vapor pressure deficit than 

relative soil moisture and this results in increasing ,l E as soil and atmospheric 

conditions become drier. Observations suggest that soil moisture is the controlling 

parameter as both E and soil moisture steadily decrease each day following a rain. 
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TABLE A.1 

SURFACE TEMPERATURE MODEL COMPARISON 

Average daytime RMS between Observed and Calculated TS or E 
Kendall Site 

Temperature [ °C] Latent Heat [W m -2] 

MODEL 1 Day 7 Days 17 Days 1 Day 7 Days 17 
Days 

Sin 3.5 3.9 4.5 52 45 68 
F -R 4.4 4.9 3.7 60 42 53 
New 3.3 3.9 3.6 71 61 67 

P-T 3.5 4.3 4.2 68 60 69 
2SW 4.1 4.9 4.8 52 59 79 
2PM 5.6 6.6 6.6 44 51 64 

average 4.1 4.7 4.6 58 53 67 
residual 54 48 48 
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Figure A.1 Diurnal soil temperature profiles for: a) finite -difference (FD) and b) 
periodic (SIN) models relative to c) the observed profile. Each line 
represents the soil temperature profile at hourly intervals for 24 hours. 
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Figure A.2 Plot of the diurnal range in Tz verses depth from the same data as is 

plotted in Figure ti.1 for a) observed (*), b) force-restore (x) and c) 

periodic (+) soil temperature profiles. The best-fit line to the observed 
data has a slope of -3 (dashed line). 
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Figure A.3 Shuttleworth- Wallace partition coefficients for canopy (000) and soil 

(...) fractions, a) as a function of DOY for the 1990 test period and b) 

as a function of LAI. 
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Figure A.4 Direct Model Comparison - a) reference plot of observed diurnal fluxes 
and symbol legend, and model comparison of three direct surface 
temperature algorithms: b) periodic model, c) force -restore model, and 
d) new model. 
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Figure A.5 Indirect Model Comparison - a) reference plot of observed diurnal 
fluxes and symbol legend, and model comparison of three algorithms of 
latent heat flux, from which TS has been found as a residual: h) 
Priestley- Taylor model, c) 2 -layer Shuttleworth -Wallace model, and d) 
2- component Priestley -Taylor model. 
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APPENDIX B 

DIGITAL ELEVATION MODELS 

Introduction 

Topography is a critical determinant of instantaneous surface temperature (see 

Chapters 3,6). Elevation, slope and aspect are the topographically -controlled 

parameters required by this model. The availability, accuracy and derivation of these 

parameters over Walnut Gulch will be described below. A standard USGS 30 m 

digital elevation model (DEM) has been used in this research for compatibility with 

the Landsat TM data. This was convenient but can be computationally taxing as the 

area of interest increases. Several other DEM's (of differing resolution and 

accuracy) that cover Walnut Gulch and the larger San Pedro River basin will also he 

described. The detail represented by a 30 m DEM might he redundant or 

inconsequential at larger scales. The issue of appropriate scale of representation 

must be addressed before extending this model to areas an order of magnitude 

larger. Other topics of concern are the use of equivalent, rather than average, 

topographic parameters [Dubayah et al., 1990] and statistical measures for suhgrid 

spatial variability [Entekhabi and Eagleson, 1989; Famiglietti and Wood, 1993]. 

Time does not allow a thorough investigation of each of these issues hut their 

importance is acknowledged. 

Accuracy and Availability of DEM's 

General circulation models (GCM) utilize coarsely parameterized elevation 

at multiple degree resolution to estimate adiabatic effects. This coarse resolution has 
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many obvious flaws [Morill, 1993] and its application to land- surface 

parameterizations is in its infancy [Miller, p.140, 1993]. Global DEM's at higher 

resolution are available but are of questionable accuracy in many cases. Uniform 

and geodetic quality stereo imaging from space, however, is an exciting area of 

research and development [Muller, 1989]. Over southern Arizona, several DEM's 

were or are in the process of being made available with coverage over Walnut Gulch. 

Orthophoto DEM 

The USDA -ARS Southwest Watershed Management Unit in Tucson, Arizona 

contracted a high precision, 1 :5000 orthophoto survey of Walnut Gulch in 1988. 

Initial aerial triangulation of the ground control survey indicated a horizontal and 

vertical accuracy of about 0.3 m. Two subwatersheds were digitized at a grid 

resolution of 30 m and interpolated to 15 m using breakline and ridgeline 

information. The whole area was digitized into 23 blocks over the course of 3 years 

under a cooperative agreement with the BLM orthophoto map training program. 

The characteristics of each of these surveys is detailed in Table B.1 and the physical 

layout is given in Figures B.1 -2. Ground truth field checking was begun last summer 

but even before this time it was obvious that there were problems smoothly 

mosaicing all the tiles together (Figure B.3). 

Standard USGS 7.5' DEM 

The USGS is in the process of generating DEM's for many of its quad sheets 

from 1:80000 scale aerial photos. These data have been resampled to a 30 ni 

resolution and projected on a UTM grid. Accuracy varies depending upon the 
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amount of control but National Map Accuracy Standards specify horizontal and 

vertical accuracies of 2.5 and 1.5 m, respectively. The USGS 1:24500 or 7.5' DEM 

over most of Walnut Gulch has been completed and is covered by four of the quads 

listed in Table B.2. These four quads were mosaiced together using the SUBSET 

utility in ERDAS 7.4 based on the adjusted corner locations given in Table B.2. No 

join lines were discernable in the composite image. 

Standard DMA 1:250000 DEM 

An even coarser resolution DEM is available from the EROS data center 

which covers one degree by one degree or exactly half of the standard 1:250000 scale 

mapping sheets. Elevations are digitized at 3 arc seconds which is equivalent to 183 

m N -S and 157 m E -W at the approximate coordinates of Walnut Gulch (31.45 N, 

110.00 W). Nominal accuracy is 130 m horizontal and -*30 m vertical depending 

upon source maps and actual feature to feature accuracy may he much higher 

[USGS, 1987]. The data are projected using latitude /longitude coordinates (WGS -72 

datum). These data have been extracted for the four half sheets listed in Table B.2 

and mosaiced together as before across the whole Upper San Pedro Watershed (8000 

km2). This image was reprojected to UTM (NAD -27 datum) using the ERDAS 

utility called PROGCP. 

Characteristics of DEM's 

A DEM is nothing more than an ordered set of elevations. Distributed 

models usually require coincident coverages of each parameter so the raw x -y -z data 

were converted to a binary image format and cut down to the appropriate 
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dimensions. Of all possible model coverages, elevation is the one most commonly 

stored at "double precision" using 16 binary bits. Normal 8 bit DEM coverages 

usually require an offset and scale factor to maintain resolution. The upper left 

coordinates and 8 bit offset and scale factor for each DEM described above are 

listed in Table B.lb. 

Slope and aspect are the two most basic attributes of DEM's after considering 

elevation. Aspect (A) is the gradient of the slope. Slope (S) is the derivative or 

centered difference of elevation [Dozier and Frew, 1990]. 

tan S = [(á )i (-ay 
)il ln 

tan A = -` z/a)7 
-az/ax 

(B.1) 

(B.2) 

The presence of low slopes is enhanced by considering the sine of the slope angle. 

Both slope and aspect errors are likely to increase as the DEM becomes more 

coarse. The slope and aspect of equivalent planes should be used when reducing 

DEM resolution to minimize these inaccuracies. 

The solar illumination factor (y) adjusts direct solar radiation incident on 

horizontal surfaces for both the slope and aspect of local topography [Sellers, 1965]: 

y = cos(6) cos(S) + sin(6z) sin(S) cos(4)Z - A) (B.3) 

where the slope and aspect are in radians and solar zenith (8z) and azimuth (0r) are 

expressed in terms of declination (6 ), latitude (qr) and local solar hour (H7) using: 
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cos(8Z) = sin(*) sin(ö) + cos(*) cos(ô) cos( 12H) (B.4) 

tan(chz) - 
- cos(ô) sin(12H) 

cos(ö) sin(*) - sin(8) cos(*) cos(12H) 
(B.5) 

Shadowing effects due to variations in the local horizon can be significant in 

mountainous terrain [Dubayah, et al., 1990] but were ignored here due to the 

relatively gentle relief. Solar illumination factors during mid -morning observation 

times (9 -11 am) ranged from 0.80 to 0.90 with a variance of 0.05 (Figure B.4). 

The sky view factor (FV) is defined as the ratio of the diffuse sky irradiance 

at a point to that on an unobstructed horizontal surface. Dozier and Frew [ 1990] 

define FV explicitly. The arduous task of defining the local horizon is made 

somewhat simpler by considering only 16 equally spaced directions. As shown below, 

the sky view factor can be assumed to be one except in mountainous terrains. 

Comparison 

The influence of topography on net radiation is well established in mountain 

basins [Marks et al., 1984; Mulla, 1988; Proy et al., 1989; Dubayah et al., 1990; Marks 

and Dozier, 1992; Bales et al; 1992] but rare in less extreme terrains [Dubayah et al., 

1990]. The relative effects of the characteristics discussed above will he illustrated 

using the Walnut Gulch (WGDEM40) and Emerald Lake [Marks et al., 1992] 

watershed DEM's. 

First, consider the distribution of elevation throughout these two basins 
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(Figure B.5). The average elevation of Emerald Lake (EL) is greater than 3000 m 

compared with Walnut Gulch (WG) with a mean around 1450 m. Characteristic 

differences are present in the slope and aspect as well (Figure B.6). WG is 

characterized by sin(S) generally less than 0.1 while the mean sin(S) for EL is 0.5. 

Thus, slopes are generally less than 6° in WG and more than half of the slopes in EL 

are greater than 30 °. More striking are the radically different sky view factors, which 

are very close to one for WG but follow a broad and varied distribution having a 

mean value of 0.6 for the predominately north -facing EL watershed. The spike in 

the EL aspect at 0° is a result of this being the default value for the lake surface; the 

spikes in the WG aspect occur at 0 and ±90° so are thought to he minor 

idiosyncracies in the computation of aspect. The large characteristic differences 

between these two basin topographies can not be attributable to different DEM 

resolutions although it is clear that the surface is smoothed as resolution increases 

[Dubayah et al., 1990; Isaacson and Ripple, 1990]. Rather, this comparison suggests 

that gentle large -scale topographic variability, even over relatively dissected terrain, 

dilutes the importance of sky view factor and secondary reflected radiation, which 

greatly simplifies the calculation of net radiation across basins such as Walnut Gulch. 
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TABLE B.1 
AVAILABLE DIGITAL ELEVATION MODELS 

General Image Characteristics 

File Scale Area Resolution Accuracyl Dimension Source /Name 
[km2] [m] [m] Xpix,Ypix 

ELAKE 1:5000 
WS101 1:12000 
WS011 1:12000 
WGDEM40 1:12000 
USGSUTM 1:24500 
WGDEM30 1:24500 
AZSE 1:25000 
AZSEUTM 1:250000 
AZSElkm 1:250000 

1.25 5 
0.02 15 

8 15 
150 40 

30 
30 

10000 3 sec 
10000 120 
10000 1080 

-0.3 
-0.3 
-0.4 
-2 
-2 
-30 
-30 
-30 

481, 291 
95, 95 

386, 208 
738, 439 

1188, 936 
798, 931 

2401, 2401 
1592, 1862 

177, 207 

Orthophoto 
Orthophoto 
Orth op hoto 
Orthophoto 
USGS 
USGSUTM 
DMA 
AZSE 
AZSEUTM 

File Size 
Xpix,Ypix 

Specific File Information 
Upper Left Coord. Z Offset Scale or 

X, Y [m] Maximum 

ELAKE 
WS101 
WS011 
WGDEM40 
USGSUTM 
WGDEM30 
AZSE 
AZSEUTM 
AZSE 1 km 

481, 29 
95, 95 

386, 20 
738, 439 

1188, 936 
798, 931 

2401, 2401 
1592, 1862 

177, 207 

349350, 4051800 
589125, 3512850 

'595110, 3514620 
577440, 3517840 
582780, 3527080 
582780, 3526920 

33.00, -111.00 
500000, 3652870 
500000, 3652870 

1257 
1338 
1421 
1000 

0 
0 

o 
o 
0 

2156 

NOTE: Accuracy' = vertical 
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TABLE B2 
USGS QUAD SHEETS USED 

1:24500 

Tombstone 
Hay Mountain 
Haberstock Hill 
Black D' iamond Pk 
Turquoise Mt 

1:250000 

Tucson East 
Nogalas East 
Silver City West 
Douglas West 



Figure B.1 Subwatershed DEM's within Walnut Gulch: a) WS 101, h) WS 11. 
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Walnut Gulch - Line 1 - DOY 156 
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Figure B.4 Three sets of solar illumination factors along Line 1 on DOY 156 which 
illustrates the relative effects of topography and solar zenith. 
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Walnut Gulch Watershed (4Om DEM) 
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Figure B.5 Distribution of a) elevation, b) sin(slope), c) aspect and d) sky view 
factor for the Walnut Gulch (150 km2) watershed. 
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Figure B.6 Distribution of a) elevation, b) sin(slope), c) aspect and d) sky view 
factor for the Emerald Lake (0.4 km2) watershed. 
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APPENDIX C 

RELATIVE MAGNITUDES OF DIRECT AND DIFFUSE SOLAR IRRADIANCE 

Introduction 

Direct solar irradiance is that fraction of total irradiance received from the 

direction of the sun. Diffuse irradiance makes up the remainder of the global 

irradiance and in contrast to direct solar irradiance, its hemispheric distribution is 

relatively isotropic. As much as 100% of the natural lighting on cloudy skies is 

diffuse. Under clear sky conditions, however, diffuse irradiance is a much smaller 

component of the radiation incident on the Earth's surface. Its importance to the 

present study arises because topographic scaling of incoming radiation (see Chapter 

2) is only appropriate for the direct component. Other questions of interest include: 

- what is the hemispherical distribution of diffuse irradiance? 

- what fraction of the total or global surface irradiance is diffuse? 

- how does diffuse irradiance vary by wavelength and solar zenith angle? 

Previous Work 

Direct solar irradiance (ED) can be evaluated knowing a value for the solar 

constant, the Julian day of the year, solar geometry and atmospheric effects as was 

described by (4.5). The building industry's interest in the solar load on non - 

horizontal surfaces has generated some interest in parameterizing the effects of 

diffuse irradiance [Dahlgren, 1985; Page, 1986]. In order to address the questions 

above, however, these models tended to be too simplistic or required atmospheric 

turbidity measurements that are not available. Standard texts on solar radiation 
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[Paltridge and Platt, 1971; Ibqal, 1975] have expressions for diffuse irradiance but are 

inconsistent with two detailed studies by Steven [1977] and Dave [1978]. 

Braslau and Dave [1973] and Dave [1978] summarized the results of an 

extensive set of diffuse radiation calculations as a function of atmospheric profile, 

wavelength, solar zenith, view angle and azimuth, and reflectance. They used a 

relatively simple 60 km, 15 layer atmosphere based on McClatchey et al. [ 1970] with 

both molecular (Rayleigh) and aerosol (Mie) scattering of multiple orders. 

Parametric sensitivity was covered well but the ratio of diffuse to total solar 

irradiance was difficult to assess. In general, their results showed significant 

anisotropy and sensitivity with respect to solar zenith angle and wavelength. Aerosols 

significantly increased the amount of diffuse irradiance, particularly at longer 

wavelengths. 

Observations of clear sky irradiances [Steven, 1977] also exhibited a strong 

peak in the direction of the sun. These measurements were made using an 

actinometer with a 0.025 sr field -of -view at 34 points uniformly distributed around 

a hemisphere. The data were normalized by the horizontal diffuse irradiance 

(defined by Eq. C.4) at each solar zenith angle. Diffuse irradiance within 5° of the 

solar zenith angle ( "circumsolar" irradiance) ranged from 3 to 5 times the normalized 

hemispherically -integrated diffuse irradiance as the solar zenith angle increased from 

35° to 65 °. Again, it was difficult to assess the ratio of hemispherically -integrated 

diffuse irradiance to total solar irradiance from this study. 

Methodology 
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No approximate method was found which would adequately and accurately 

resolve all the questions raised above so these issues were investigated using the 

radiative transfer program MODTRAN (Berk, et al., 1989) in the adequate but low 

spectral resolution mode which is equivalent to LOWTRAN 7 (Kneizys, et al., 1988). 

Solar diffuse and direct irradiance were calculated for two cases using: 1) standard 

atmospheric profiles and 2) observed atmospheric profiles (see Chapter 4). 

Case 1 (generic conditions) were run under the following program- specific conditions: 

- observer at z = 0 (sea level), 

- 1976 standard atmospheric profile below z = 100 km, 

- clear sky: 23 km visibility (rural extinction model), 

- standard stratospheric background aerosols, 

- multiple scattering, and 

- assumed lambertian ground reflectance of 0.1. 

Case 2 (observed clear -sky conditions) were run using: 

- observer at z = 1.4 km, 

- air pressure at 1.4 km = 850 mb, 

- user -defined tropospheric profile below z = 50 km (see Table 4.4), 

- 1976 standard atmospheric profile above z = 50 km, 

- dry season Landsat 5 band reflectances (see Table 4.2) and 

- all other parameters as in the generic case above. 

Radiative transfer calculations were made at 20 cm -1 intervals between 0.25 and 3.0 

um (solar reflective range) using the Landsat TM sensor band response functions 
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extracted from 5S (Tanre, et al., 1987). 

Each model run resulted in a set of solar radiances throughout the solar 

reflective range at a single hemispherical coordinate. A group of 15 unique 

hemispherical view directions or "view points" were used to define the hemispherical 

solar irradiance. Ten view points were in the solar azimuth plane (defined to be the 

plane intersecting the 00-1800 axis in a circular plot) at zenith angles between ±75° 

but never closer than ±5° to the solar zenith angle (Figure C.1). Four view points 

were perpendicular to this plane at 25, 45, 60 and 75° with equivalent images across 

the plane of symmetry. A final pair of view and image points were at a zenith and 

azimuth angle of 45 °. Thus 20 real or image view points were used to define the 

hemispherical distribution and magnitude of direct and diffuse irradiance. This 

procedure is very similar to the technique used by Irons et al. [1988] to calculate 

albedo from bidirectional reflectance measurements. 

Most model outputs were in terms of spectral radiance (Lo.), W m sr "' um -1) 

so the solar radiance had to be integrated across wavelength (X) and over the 

hemisphere in order to estimate the total band- integrated components of direct and 

diffuse irradiance. First, a simple numerical summation was used to convert spectral 

to total band -integrated radiance (L10 , W m'2 sr'): 

3 

L=Eu)Ax 
.0 

(C.1) 

where /1 =1 nm. Next, hemispherical symmetry and several approximations were 

required to transform the limited number of total radiance values into hemispherical 
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irradiance (E). A standard 2 -d interpolation routine (GRIDDATA, Math Works) was 

used with corner boundary points fixed at the mean value of radiance on the plane 

perpendicular to the solar direction. The non -isotropic distribution of diffuse 

irradiance necessitates extensive numerical integration at most solar zenith angles. 

For a zero solar zenith angle, however, radiances are axially symmetric and 

hemispherically -integrated irradiance is defined analytically by: 

wrs 

E= 2nL 
J 

cose sine de = nE L. sinZe 
o ei- 

(C.2) 

where each discrete Li is the average radiance on the annulus of rotation between 

the view angles of ei_ and 6i +. If radiance is only calculated at five view angles (7.5, 

22.5, 37.5, 52.5 and 75 °), then the following weights will give the approximate 

hemispherically -integrated diffuse irradiance (Ed): 

Ed = nj.067L73 + .183L223 + .25L.sz3 + .25L523 + .25L75] (C.3) 

Global or total irradiance is just the sum of the direct and diffuse components. 

Results 

Diffuse irradiance was found to be strongly peaked in the direction of the sun 

due to the solar aureole and the peak magnitude was proportional to atmospheric 

path length or solar zenith angle (Figures C.2a and b). These results are consistent 

with Dave [1976] and Steven [1977]. Diffuse irradiance remained relatively constant 

as the solar zenith angle varied because background levels of diffuse radiance 

decreased as the circum -solar peak magnitude increased. The ratio of diffuse to 
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global radiation remained fairly constant around 0.2 (Figure C.3). Approximately 20- 

25% of this diffuse radiation was concentrated in the circum -solar direction. Diffuse 

radiance in the quadrants away from the sun was fairly isotropic with values which 

decreased from 50 to 15 W m "2 sr-1 as the solar zenith angle increased. At small 

solar zenith angles, typical values for diffuse solar irradiance were 200 W m2. Direct 

solar irradiance has a strong cos 6 variation with solar zenith angle, with a maximum 

of 813 W m 
"2 

at nadir. Most of these results are summarized in Table C.1 which lists 

the atmospheric path length (m) dependence of direct solar irradiance (E), 

hemispherically -integrated diffuse irradiance (Ed) and the ratios of diffuse to global 

irradiance for two cases depending upon the spectral integration width. There is a 

factor of 7r difference between Ld and Ed, which if forgotten, would significantly 

underestimate the importance of diffuse irradiance. Total band- integrated and TM 

band 1 ratios of diffuse to global irradiance are plotted in Figure C.3 (dotted line). 

The distribution of direct and diffuse solar irradiance in the 7 Landsat TM 

hands is described in Appendix F which focuses on calculating the ratio of partial -to- 

total band solar irradiance. It is shown that Landsat TM near -infrared bands 

contributed between 15 and 20% of the total band integrated direct solar irradiance 

(Table C.1). In contrast, near -infrared TM bands contributed little more than 1% 

to the total band integrated radiance and can be neglected. These results are 

consistent with Dave [1978]. The partial /total ratio for diffuse irradiance was slightly 

higher than for solar irradiance with average values of 0.492 and 0.473, respectively. 

Results from Biggar [1989] were used to validate the methodology described 
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above. Biggar accounted for the angular distribution of irradiance by evaluating the 

diffuse component at 40 different hemispherical view points using the successive 

orders model of [Deuze, 1974]. His atmospheric model consisted of a standard 

continental aerosol and 23 km visibility. The 40 points were integrated analytically 

using Fourier coefficients. His calculations of diffuse to global ratios are summarized 

in Figure C3 (solid lines) for Landsat TM band 1 as functions of air mass and 

surface reflectance. Bigger's results, which were limited to TM band 1, corroborate 

the results presented in Table C.1, particularly at nadir. At other solar angles, the 

ratio calculated above appears to be a slight overestimate, probably due to 

insufficient discretization of the of the hemispherical radiance. 

Summary 

Radiative transfer simulations found that direct solar radiation predominates 

over the diffuse component at Walnut Gulch under clear sky conditions. This makes 

net radiation a function of topography. In contrast, cloudy conditions considerably 

decrease the local variance in net radiation, and hence T. The hemispherical diffuse 

to total radiation ratio was found to be about 0.20. A significant fraction of the 

diffuse irradiance, however, is directional so a more practical diffuse to total ratio is 

around 0.15. 
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TABLE C.1 
RATIOS OF DIFFUSE /GLOBAL SOLAR IRRADIANCE 

Total band -integrated TM band 1 

m ED Ed global ratio ED Ed ratio 

1.0 0 813 201 1014 .198 68 31 .316 
1.1 25 783 220 1003 .219 64 34 .347 
1.4 45 703 198 901 .220 54 30 .356 
1.75 55 630 182 812 .221 45 26 .367 
2.35 65 521 147 668 .216 32 21.5 .400 
3.85 75 349 110 459 .238 14 14.5 .506 
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A) View Points: Solar Zenith @ 0 deg 

) Data Points 
o Solar Zenith Angle 

B) 
View Points: Solar Zenith @ 45 deg 

Figure C.1 Polar plots showing points at which hemispherical radiance was 
determined for a) zero solar zenith angle and b) 45° solar zenith angle. 
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LOWTRAN: 1 A.U., rho =.1 ,vis =23km,strato.aero.,solarz =0 
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Figure C.2 Hemispherical distribution of irradiance at a) zero solar zenith angle 
and b) 65° solar zenith angle. 
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Diffuse to Global Ratio 

TM band 1 Diffuse, 
.00 
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rho =0.5 
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1 2 3 4 5 
Air Mass (m) 

Figure C.3 Comparison of the ratio of diffuse to global solar irradiance as a 
function of air mass for Biggar's [1989] results (solid line) and this 
investigation (dashed line). 
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APPENDIX D 

SURFACE REFLECTANCE AND VEGETATION INDICIES 

Introduction 

This section introduces the basic concepts of reflectance and vegetation 

indicies and shows how the simplified reflectance results presented in this dissertation 

are related to the more general and accurate bidirectional surface reflectance. 

Vegetation indicies attempt to convert simple reflectance ratios into factors more 

related with surface vegetation. Numerous factors conspire to "pollute" most 

common ratios. 

Directional Reflectance 

Surface reflectance (p ), the ratio of reflected to incident radiation, is the most 

common normalized measure of short -wavelength surface radiation. Reflectance is 

a function of many factors but the most important are: wavelength, solar zenith angle 

(Or), view zenith angle (6"), sólar azimuth (coZ), view azimuth (4),) and surface 

irradiance (E). In a simplified functional form, the ratio of the directional radiance 

of the surface (La) to the directional irradiance (EA) can be written as (Slater, 1980): 

L1(ez,tz,eS,4)s,E) 
Px(6z,(1)z,ß,,,ts) 

Ex(ez,tx) 
(D.1) 

which is also know as the bidirectional reflectance distribution function or BRDF. 

Thus, to fully describe surface reflectance requires a suite of measurements of 

hemispherical reflectance made under varying illumination conditions. In the field, 

this requires extensive measurements made over one or more seasons and close 
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attention to soil and plant condition [Deering and Leone, 1986]. 

Qi, et al. [1994] have used the simple model of Rahman et al. [1993] to 

parameterize bidirectional effects at Walnut Gulch. This model is expressed as: 

(cosez cosB,)k-1 
P Po i-t (cosez + cosB,) 

1 -e2 

1 -po 
) 

1 +G 
(D.2) 

[1 + e2 - 2e cos(7C - p)]3í2 

using the parameters p 0, k and e, which take on values like 0.11, 0.65, and -0.15, 

respectively, in the red band during the dry season. The other factors are: 

G = (tan2e, + tan2ev - 2tane,tanevcosA4))1/2 

and 

(D.3) 

cos* = cogs, cosev + sine, sinev cos04 (D.4) 

The results are fair but considerable effort is required to parameterize this model 

(Figure D.1). 

A more useful concept is that of directional reflectance, which is limited to 

the set of possible solar -satellite geometries. This requires a slightly less extensive 

set of measurements, made several times a day throughout the year but with the 

sensor restricted to the solar and satellite ecliptic planes [Deering et al., 1992]. 

Directional reflectance measurements have been made at several locations around 

Walnut Gulch [Qi and Chehbouni, 1992; Kharem, 1993] and some typical results are 

given in Figure D.2. The large spectral variability with off -nadir viewing angle need 
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not be a concern for this research since the TM views the surface close to nadir. 

Solar zenith effects appear limited to large zenith angles and the NIR end of the 

spectrum. Other sources for typical spectral signatures include Bowker et al. [1985] 

and Deering et al. [1990]. 

A simpler but more pragmatic approach has been taken within this 

dissertation, such that only the instantaneous reflectance has been considered. 

PA = 
a La 

E ere. 
z 

(D.5) 

where AZ and AS are assumed constant. This is an appropriate simplification 

considering the consistent nadir satellite views inherent to Landsat TM images and 

is appropriate to the level of available ground truth for distributed, directional 

reflectance. In addition, vegetation cover will be parameterized with a vegetation 

index which has been shown to be less sensitive to view and solar angle geometries 

[Huete et al., 1992; Qi, 1993]. 

Exoatmospheric Reflectance 

Exoatmospheric reflectances (pa) can be found from TM band digital counts 

(DÇ) by correcting for solar irradiance (Esr,), Earth -sun distance (d), solar zenith 

angle (8Z) and atmospheric transmittance 

1980]: 

(r atm) [Markham and Barker, 1986; Slater, 



Px 
d2 

Coser 
DC(X) 

+ b(1)] T2 
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(D.6) 

Ground reflectances require that atmospheric corrections be made, usually using 

direct observations or a radiative transfer program. Atmospheric transmittance 

ranged from 0.75 to 0.84, as detailed in Chapter 5. 

Spectral Signatures and Vegetation Index 

Satellites are limited to measuring radiation which has been reflected or 

emitted from the Earth or atmosphere below it. Satellites can he used to distinguish 

between different sources in much the same way that our eyes distinguish green grass 

and yellow -brown soil from a low -flying airplane. Satellites are designed to measure 

radiation at specific wavelengths (or more commonly to integrate the energy within 

a finite range or band). Radiation measurements made with a high spectral 

resolution (a function of band width and band spacing) can be plotted verses 

wavelength to show the spectral signatures of various sources. The spectral 

signatures of several typical Arizona soils and plants between 0.4 and 1.2 um are 

shown in Figure D.2. There are many important, characteristic differences between 

soil and plant spectra which allow them to be distinguished. The most useful feature 

has proven to be the ratio of near -infrared to red reflectance (NIR /RED), also 

called the simple vegetation index (SVI), which is high for green plants and low for 

most soils. The basic shape of most spectra remains fairly constant, however, the 

magnitude of the response has been shown to be a function of soil moisture [Huete 
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and Warrick, 1990], plant stress [ref], viewing geometry [Chehbouni et al, 1994], dead 

plant litter [Huete and Jackson, 1987], and atmospheric clarity [Kaufman and Tanre, 

1992]. Emitted radiation also shows characteristic spectral signatures [Kayle, 1975] 

but tends to be less useful because most current satellites are equipped with only one 

or two wide -band thermal sensors. 

The most common remote measure of vegetation cover is the normalized 

difference vegetation index (NDVI), which is given for TM reflectances (p) by: 

NDVI = (p 4 -p 3) /(p4 +p 3). A significant soil background component is characteristic 

of semiarid spectral measurements. Soil wetness and soil brightness can bias the 

NDVI so the soil adjusted vegetation index (SAVI) was used here with the scaling 

constant (L) set to 0.5 [Huete, 1988]: 

SAW - p4 p3 
(1 +L) 

p4 + p3 + L 
(D.7) 

The SAVI is less sensitive to topographic effects too [Huete, per. comm.]. 

Chehbouni et al. [1994] illustrate another useful property of the SAVI- family of 

vegetation indices (Figure D.3), which is view angle symmetry. Again, solar zenith 

angle effects are seen to be negligible below 8Z "30° but can inflate the index by 

20% by Oz 45° 

Finally, the wide -band (0.3 -1.5) reflectance or albedo is also an important and 

distinctive distributed parameter. Albedo controls the partitioning of short -wave 

radiation at the surface. Albedo was calculated using normalized weights derived 

from a cumulative distribution function of modeled albedo (Chapter 4): 
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a = .078(p1) + .098(p2) + .085(p3) + .155(p4) + 276(p5) + .308(0) (D.8) 

Albedo changes slowly throughout the season but exhibits significant spatial 

variability depending upon surface cover and composition. Individual hand 

reflectances have not been corrected for solar zenith effects so these will be present 

in the albedo as well. 
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Figure D.1 Three parameter bidirectional reflectance function for red reflectances 
on a relatively dry grassy surface. 
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Figure D.2 Bidirectional reflectance factors of different view and solar zenith 
angles made a) early in the vegetation season (DOY 156) and h) at the 
peak of vegetation (DOY 220) on the Kendall site. Negative numbers 
indicate that the sensor viewed the ground from the east [Qi, 19931. 
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APPENDIX E 

CONVERSION OF SATELLITE -BAND REFLECTANCE TO ALBEDO 

Introduction 

The amount of solar radiation reflected by the surface is a simple function of 

surface albedo. In order to calculate net radiation, the surface albedo must be 

known or estimated. Surface albedo is the ratio of total reflected to total incident 

solar radiation over the solar reflective range, which will be defined to include 99% 

of total solar irradiance at the ground. Surface albedo (a) has been calculated using 

the following definition in terms of total solar irradiance (E) and ground reflectance 

(P): 

a - 

f Emal 
0 

fp(1)E(1)a1 
o (E.1) 

where the integral can be limited in practice to the solar reflective range from 0.25 

to 3.0 um. Some definitions also contain a cos 8Z normalization [Pinty and Ramond, 

1987] but this is implicit in E above. Satellites and other remote sensors, however, 

measure only reflected radiation in discrete wave -bands. After accounting for 

atmospheric effects, this gives rise to the issue of how to relate satellite band 

reflectance measurements to surface albedo. The basic approach taken here was to 

derive a set of weights such that the weighted sum of sensor band reflectances gave 

an accurate estimate of albedo. 
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Known or Assumed Spectral Responses 

Many authors on this topic correctly identify three factors that are critical to 

estimate the surface albedo [Brest and Goward, 1987], but few if any have 

synthesized these facts into a robust operational model of albedo. Reasonable 

estimates of surface albedo require: 

1) Precise knowledge of the solar spectral irradiance, 

2) A good estimate of surface spectral reflectance, and 

3) Accurate sensor spectral response functions. 

A short description of each of these fundamental quantities is presented below before 

describing how they were combined to study the conversion of satellite -hand 

reflectance to albedo. The spectral responses of each of these functions is plotted 

in Figure E.1 using a uniformly scaled x -axis of wavelength. 

Solar Spectrum 

Values of exoatmospheric irradiance were extracted from the radiative transfer 

program called MODTRAN [Beck, et al., 1989] at 20 cm -' intervals between 0.25 and 

3.0 um. These values are comparable with those given by Neckel and Labs [ 1984] 

and Iqbal [1975]. Solar irradiance at the ground was simulated using MODTRAN 

with the 1976 U.S. Standard Atmosphere [Anderson et al, 1986], from an elevation 

of 1400 m, and for a solar zenith angle of 45 °. The spectral distributions of 

exoatmospheric, ground and equivalent blackbody (5900° K) solar irradiance are 

shown in Figure E.1a. 
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Typical Reflectance 

Four reflectance spectra were used to find total and satellite -band integrated 

reflectance. Two spectra represent dry sand and meadow grass. They were digitized 

from curves presented by Pinker and Ewing [1986]. Two spectra are representative 

of dry and wet rangeland conditions at Kendall during 1990 (DOY 309 and 220, 

respectively). The spectra are composites of ground measurements made using a 

Spectron 5 nm resolution spectral radiometer between 0.45 and 0.90 um [Ruyle, et 

al., 1993] and a MMR to estimate near and mid- infrared reflectance [Batchily, per. 

corn., 1993]. Artificial leaf water absorption features were added at 1.4 and 1.95 um 

since these regions are avoided by most sensors [Bowker et al., 1985]. These 

reflectances were extrapolated to 0.25 and 2.5 um, smoothed and digitized at 25 nm 

intervals (Figure E.lb). 

Landsat 5 Spectral Response and Satellite -band Reflectance 

The spectral response of the visible and near -infrared channels of Landsat 5 

(Figure E.1c) were extracted from tables included in the radiative transfer program 

5S [Tanre, et al., 1987] at a resolution of 5 nm. For each channel (i), the spectral 

response weight (Bi) was used to simulate the satellite -band reflectance (p ;), defined 

as: 



P; _ 

1/2 

E p(1)E(1)Bi(.l)./1.t 
>, 

E E(1)Bi(1)A t 
xl 
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(E.2) 

where the band limits (1) were defined in Table E.1 and are identical to those in 

Markham and Barker [1986]. Satellite band reflectance was calculated assuming an 

ideal or complete removal of atmospheric effects - in practice, satellite- derived 

reflectance will be affected by atmospheric noise. 

Methodology 

The problem addressed here was how to estimate surface albedo from a set 

of satellite -band reflectances. Albedo represents a normalized and integrated 

product of reflectance and solar irradiance. Cumulative distribution functions of 

exoatmospheric irradiance, solar irradiance at the ground (8, =45) and reflected 

radiance (Figure E.1d) illustrate the different wave- length dependencies inherent to 

each of these functions. The basic approach taken was to derive a set of weights (w;) 

such that the weighted sum of sensor band reflectances gave an accurate estimate of 

albedo: 

a =Ep,w1 

Weights can be derived from solar, sensor or surface characteristics, or a combination 

of these. Five approaches to weighting the bands were investigated. Weights were 

derived from (ordered simple to complex): 

1) a simple algebraic average of satellite reflectances, 
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2) the effective sensor band -width, 

3) the sensor band -width extended to the midpoint between adjacent bands, 

4) the ratio of partial (or band -weighted) to total solar irradiance, and 

5) the ratio of partial to total solar irradiance weighted by an estimate of 

surface reflectance. 

A more precise definition of these weighting functions is given below. Simulated 

surface albedos were compared with calculations of surface albedo for each of the 

five sets of weights introduced above, given either seven or four satellite -band 

reflectances for Landsat 5. In each case, the weights were normalized to sum to one 

and listed in Table El. For the 4 -band TM simulation, weighting factors for band 

4 are the sum of the factors for bands 4 and 5 derived in the 7 band simulation. This 

has the effect of better representing near -infrared contributions. 

Algebraic Average 

Albedo could be derived from satellite -band reflectances by averaging them 

together, in which case band weights are identical and equal to one over the number 

of bands (w1 = 1 /N). 

Effective Band -width 

Given that near and mid -infrared reflectances are greater than visible 

reflectances, weights based on effective band -width might emphasize this region in 

(E.3). This rational is almost indefensible but weights based on hand -width do 

surprisingly well. Effective band -width was defined as: 



Bweff = E B.(1)I11 
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(E.4) 

Weights based on effective band -width were very similar to those based on band - 

width-at- half -maximum (BWHM) for Landsat 5 so only the former were listed in 

Table E.1. 

Extended Band -Width 

A common approach to estimating albedo is to extend observed reflectances 

to the mid -point between adjacent bands and use the resulting step -wise reflectance 

spectra to calculate albedo [Briegleb, et al., 1986]. Alternatively, the normalized 

band -widths of the extended bands can be used as weights similar to the case of 

effective band- width. 

Fractional Solar Irradiance 

Jackson [1984] observed that the sum of partial -to -total (P /T) ratios of solar 

irradiance captured by a given sensor were largely independent of solar zenith and 

atmospheric scattering. Normalized P/T ratios of irradiance form logical band 

weights for parameters dominated by solar irradiance. P/T ratios for all seven 

Landsat 5 bands have not been published so these were derived in another section 

(Table C.1). P/T solar irradiance ratios were defined as: 

E. 
wd - 

L Ei 

Fractional Reflected Radiance 

(E.5) 

This measure is similar to the following one and will be covered below. It is 
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different in that this is a narrow -band rather than a wide -band measure of reflected 

radiation. 

Fractional Estimated Albedo 

The ultimate tool for determining the most appropriate weighting factor is a 

plot of cumulative albedo, but this presupposes knowledge of reflectance, which is 

largely unknown. If reflectance can be estimated, however, it is possible to derive 

a best case set of weights against which to compare other weighting techniques. Dry 

season reflectances were used to estimate cumulative albedo using (E.6) and this is 

plotted in Figure E.2a. One complicating feature made apparent by this plot is that 

the low wavelength albedo limit is not zero but equal to the starting reflectance 

(which is 0.03 at 0.25 um). This makes it seem that 33% of the albedo is determined 

below 0.4 um. Weights were determined by identifying the fraction of albedo above 

the lower wavelength limit and subtracting adjacent pairs of numbers to give the 

incremental contribution (Figure E.2b). This makes it possible to use practically the 

same set of weights for both the 7 and 4- channel cases since it is more likely that 

higher wavelength bands will be missing, particularly for TM simulators like the 

Exotech. 

Results 

Given a set of satellite -band reflectances, there exist several possible sets of 

weights whose partial products sum exactly to a given albedo. Thus the goal is not 

to find the set of weights that results in the lowest error, but to find a consistent and 

physically plausible weighting scheme. For cases where a typical reflectance spectra 
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is assumed, it is important to assess the errors which would result from a poor choice 

of representative reflectance. 

Weights based on effective band -width resulted in the lowest error compared 

with broad -band albedos when all seven TM bands were considered. This seems to 

be a fortuitous result of excessive mid -infrared weights compensating for low visible - 

band weights. If this compensation occurs for a variety of typical ground spectra, this 

technique merits further consideration. Excessively high albedos (error > 10 %) 

resulted when effective hand widths were used to weight only four TM hands. 

Weights based on extended band -width were comparable to those observed 

using P/T albedo. Infrared wavelengths were overemphasized in the 7 -hand case so 

the same compensating errors observed before were present. Still, this would appear 

to be the best a priori weighting technique for TM in this environment. 

Normalized weights derived from solar irradiance P/T ratios resulted in 

significant ( > 10 %) errors which underestimated albedo due to insufficient weighting 

in the near -infrared and over emphasis of contributions below 0.6 um. A 10% under- 

estimate of albedo would result in an over -estimate of net short -wave radiation of 

only 2.5% or about 10 W m -2. This is about 25% of the absolute uncertainty 

commonly attributed to residual calculations of latent heat flux and at the sensitivity 

limit of net radiometers [Stannard, et al., 1993]. The importance of such a difference 

depends on the application but is best minimized. 

Weights based on the partial -to -total distribution of albedo resulted in errors 

of 0.5% when applied to the calibration data set (dry conditions) and only 2% 
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compared with the validation data set (monsoon season). The weights (Table E.1) 

indicate that slightly less than half (46.5 %) of the albedo arises in the near infrared 

while roughly half the albedo (51.3 %) is due to effects below 0.7 um. Albedo is 

almost independent of TM band 5 and 7 reflectance. Band 3 should be given more 

weight than band A. 

Discussion 

The errors in estimating albedo from a simple linear combination of narrow - 

band reflectance are listed on the right -hand side of Table E.1 for typical dry and wet 

season reflectance spectra. The simple average of narrow -band reflectance was 

included for comparison. Clearly more work is required to determine the robustness 

of the P/T albedo and BWext techniques. The problem of determining the best 

weighting factor is made more difficult by the non -unique nature of linear - 

combinations. This characteristic, however, helps explain why weighting methodology 

has been so poorly defined - a large set of weights result in reasonable estimates of 

the broad -band albedo. Weights based on the P/T albedo technique were used for 

this study because seasonal variations in surface reflectance do not result in 

significantly different weighting factors and this set of weights represents the most 

defensible spectral distribution of albedo on theoretical grounds. The most 

appropriate weights for any other combinations (number or band -width) of bands 

must be derived separately. 

A simple method to transform band reflectance into surface albedo proved to 
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be a major problem. The goal was to derive a set of weights which, when applied 

to narrow -band surface reflectances, would allow them to be summed to a reasonable 

estimate of broad -band surface albedo. Several weighting schemes were considered 

using a variety of typical reflectance spectra interpolated to 2 nm resolution between 

0.25 and 2.5 um. The weighting schemes included: 1) effective band -width, 2) 

extended band -width, 3) fractional or P/T solar irradiance, 4) fractional albedo, and 

5) fractional reflected radiation. Solar irradiance at the surface was derived from a 

radiative transfer model using the 1976 standard atmosphere. No single weighting 

method proved effective for the range of test reflectances and for two cases 

consisting of all 6 or the first 4 Landsat TM bands. The perceived problem with 

weights based on solar P/T ratios was that albedo is more a function of the product 

of reflectance and solar irradiance than it is of solar irradiance alone. In fact, this 

weighting scheme underestimated green canopy albedo by more than 15 %. There 

seems to be no way, however, to derive a set of weights that matches albedo to better 

than a couple percent under a range of typical surface reflectances. Weights based 

on the simple concept of extended band -width reproduced albedo within 5% in most 

cases. The basic problem with this line of analysis is that albedo is a ratio of two 

areas whose value is not simply related to a sum of narrow -band components. 

Additional work in this area is warranted but efforts should be directed toward a 

more complex inversion of albedo from the narrow -band reflectances. 
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TABLE E.1 
CHARAC, IERISTIC BANDWIDTH AND REFLECTANCE 

Landsat 5 TM band characteristics [um] 

1 2 3 4 5 7 
upper .521 .615 .699 .905 1.79 2.351 
center h .485 .586. .660 .835 1.677 2.223 
lower .1 .451 .526 .622 .771 1.564 2.083 
BWHM .070 .089 .077 .134 .226 .268 

Simulated Satellite -band Reflectance Albedo 

dry range .080 .110 .151 .213 .201 .146 .165 
wet range .060 .084 .111 .230 .213 .146 .160 
dry sand .164 .233 .282 .311 .421 .349 .296 
grass .032 .065 .092 .350 .406 .238 .255 
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TABLE E.2 
NORMALIZED WEIGHTS FOR ALBEDO 

CASE: 7 Landsat TM bands 
Mean % Error 

1 2 3 4 5 7 dry wet 

P/T Ref .067 .155 .166 .409 .157 .045 4.6 5.9 

BWeff .078 .098 .085 .155 .276 .308 -1.1 1.1 

BWext .100 .100 .100 .200 .250 .250 0.4 2.8 

P/T Solar .146 .235 .198 .264 .111 .045 -14.7 -17.1 

Average .167 .167 .167 .167 .167 .167 -9.1 -12.1 

1 2 3 4 5 7 sand grass 

P/T Ref .025 .068 .067 .175 .088 .026 4.7 -0.1 

B We ff .078 .098 .085 .155 .276 .308 -1.2 0.6 

BWext .100 .100 .100 .200 .250 .250 2.0 5.0 

P/T Solar .146 .235 .198 .264 .111 .045 -13.8 -17.9 

Average .167 .167 .167 .167 .167 .167 -9.7 -28.5 
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TABLE E3 
NORMALIZED WEIGHTS FOR ALBEDO 

1 2 

CASE: 4 Landsat TM bands 
Mean % Error 

3 4 dry wet 

P/T Albedo .090 .187 .245 .477 0.6 -2.0 

BWeff .113 .141 .122 .623 7.0 10.2 

BWext .167 .167 .167 .500 -1.1 -1.8 

P/T Solar .168 .232 .195 .405 -6.7 -10.5 

Average .250 .250 .250 .250 -17.0 -25.9 
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Figure E.2 Detail of the cumulative distribution for albedo (ratio of incoming and 
reflected radiation) (a) and the corresponding trailing distribution (b). 
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APPENDIX F 

RATIO OF SATELLITE -BAND (PARTIAL) TO TOTAL SOLAR IRRADIANCE 

Introduction 

Since satellite measurements of radiation and reflectance are restricted to 

narrow bands within the solar spectrum, a procedure was developed by Jackson 

[1984] to correct narrow -band measurements of reflected solar radiation by using an 

atmosphere radiative transfer program to estimate the ratio of partial -to -total 

integrated radiance - the partial spectrum /total spectrum or P/T method. The 

method is complicated by the fact that satellite reflectances are affected by the 

atmosphere, with columnar water vapor being the most significant profile variable. 

A radiative transfer program was used to calculate the effect of several atmospheric 

scattering and absorption conditions influencing ground -based reflectance 

measurements. Jackson found that the P/T ratio was essentially independent of solar 

zenith (error <.2 %), atmospheric turbidity (error= 1 %) and precipitable water 

(error2 %) and only mildly dependent upon water vapor absorption (errorz7%). 

The same methodology can be applied to satellite measurements by considering 

atmospheric path effects both for downwelling solar radiation and upwelling reflected 

radiation. 

Jackson published only P/T ratios for the Exotech and Barnes MMR field 

radiometers. The P/T ratios for these ground sensors and several additional 

common satellite sensors are given in Table F.1. Except for the diffuse P/T ratios, 

these results were derived from LOWTRAN using the following major options: Solar 
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irradiance at sea level, Earth -Sun distance =1 A.U. (DOY 98), Interval = .25-3.0 um 

at 20 cm-1 and interpolated to 1 nm, 1976 Standard Atmosphere, 23 km visibility, 

stratospheric background aerosols. Solar zenith angles were constant at 45o or varied 

as indicated for the Landsat TM results. 

Methodology 

Model outputs were in terms of spectral radiance (L(1), W m -2 sr-1 um-1) so 

the solar radiance had to be integrated across wavelength (A.) and over the 

hemisphere in order to estimate the total band -integrated and narrow -hand 

components of direct and diffuse irradiance. A simple numerical summation was 

used to convert spectral to total band- integrated radiance (L101): 

3 

Lot = E L(x)A1 
.0 

(F.I) 

where =1 nm. Narrow -band radiances for each spectral hand (i) of a sensor (eg. 

Landsat TM) were calculated similarly by including the sensor band response 

functions (B1) and summing over the appropriate interval: 

L. = E L(l)B;(l)G,l (F.2) 
a 

The partial radiance (Lpart) is just the sum of the band integrated fluxes found using 

F2: 

L, AA (F.3) 
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Discussion 

These calculations result in ratios different from those quoted by Jackson 

[1984] or mentioned by Moran [1990] but are thought to be correct. Jackson's 

original study used an irregular combination of radiative transfer results in contrast 

to the more coherent and more widely -used LOWTRAN code. A P/T ratio of .32 

is quoted by Moran in reference to studies at the Maricopa Agricultural Coop Site 

south of Phoenix. This could be an error or it could represent the ratio for the 

specific atmospheric conditions she encountered. Radiosonde data described 

elsewhere was used to calculate the Landsat TM P/T ratio for the specific conditions 

encountered on satellite overpass days at Walnut Gulch during 1990 and 1992. The 

ratio varied from .457 to .485, a range of approximately ±.015 relative to the average 

ratio of .473 derived from the standard test case using all seven TM bands. 
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TABLE F.1 
PARTIAL/TOTAL RATIOS 

1 

Landsat TM band 
2 3 4 5 7 Total P/T 

Direct Solar Irradiance [W in-2] 

0 68 89 72 97 41 16 813 .472 
25 64 85 70 95 41 16 783 .473 
45 54 75 63 88 40 15 703 .475 
55 45 65 56 81 38 15 630 .476 
65 32 49 46 70 36 14 521 .475 
75 14 26 28 50 32 12 349 .464 

Diffuse Solar Irradiance [W m2] 

0 31.4 28.9 17.4 15.7 1.57 0.30 201 .474 
30 33.9 32.0 19.8 18.2 2.23 0.47 221 .482 
45 30.1 28.9 18.2 17.3 2.04 0.47 198 .490 
55 26.1 26.4 17.0 16.6 2.23 0.56 182 .488 
65 21.4 21.4 14.1 14.4 2.04 0.53 147 .502 
75 14.4 15.4 11.3 12.6 2.54 0.69 1 10 .517 

Global Solar Irradiance [W m -2] 

0 99.4 118 89.4 113 43 16 1014 .472 
25 97.9 117 89.8 113 43 16 1004 .475 
45 84.1 104 81.2 105 42 16 901 .479 
55 71.1 91.4 73.0 97.6 40 16 812 .479 
65 53.4 70.4 60.1 84.4 38 15 668 .480 
75 28.4 41.4 39.3 62.6 35 13 459 .479 
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APPENDIX G 

RADIATIVE SOURCE MODEL FOR ATMOSPHERIC CORRECTION 

Introduction 

The basic equations that relate at- satellite radiance to the radiation leaving 

the ground are included here for convenient reference to the procedures described 

in Chapter 5. Their detailed derivation is beyond the scope of this dissertation [see 

Slater, 1980]. The concept of atmospheric transmittance will be introduced first, 

followed by the general radiative source model, which is then broken down into the 

special cases of solar reflective and thermal -band atmospheric correction. 

Atmospheric transmittance (r) is governed by the Beer -Lambert -Bouger 

Absorption Law which states that equal fractions of flux (4, ) are attenuated by equal 

path lengths (z) through an absorbing medium: 

-z = 7 = e -óz 
Z 

43' cf 

(6.1) 

In the case of the atmosphere, the absorption coefficient is called the extinction 

optical depth (6) and is a function of the columnar concentrations of several gases 

such as water vapor, carbon dioxide and ozone as well as Rayleigh and aerosol 

scattering. The path length is characterized by the fractional normalized path length 

(m) in terms of a zenith angle (Or): m = sec Oz. 
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General Model For Atmospheric Correction 

Radiation reaching the satellite can be decomposed (conceptually) into several 

components [Tanre et al., 1979]. There is a ground component composed of directly 

and diffusely reflected radiation and there is an atmospheric or path component 

which has been scattered into the sensors line -of -sight either simply or from multiple 

reflections. In general, the radiance captured by the sensor (Li) can he written in 

terms of the incident solar irradiance at the ground (Egd), emitted surface radiance 

(Lgd), atmospheric path radiance directed toward the sensor (Lpath) and direct beam 

atmospheric transmittance along the ground to satellite slant path (7 S): 

_ [-P-E gnd [W an'2 sr"ij (G.2) 

Each of these variables is implicitly a function of wavelength so each typically 

represents a band integrated quantity. 

Visible and NIR -band Atmospheric Correction 

Solar irradiance (E0) attenuated by the atmosphere along the solar zenith 

slant path (7 i) dominates Egnd in the solar reflective wavelengths and Lgnd is 

negligible. There is also a component of diffuse radiance (Ld) incident on the 

surface: 

EgnC 

E. cos @z 

d2 
tg + Ld (G.3) 

Often it is convenient to replace E. by the solar constant (So), which is 

defined as the total integrated solar irradiance on a unit flat surface in space normal 
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to the solar zenith at the mean Earth -Sun separation (1 A.U.). The best current 

estimate of the solar constant is 1367 W m z [Lean, 1991]. The inverse square law 

is modified to be the ratio of actual (d) to mean (d) Earth -Sun separation when the 

mean solar irradiance is used. Several approximations are available to help estimate 

the variation of solar constant with Julian day -of -year (DOY) but care must he taken 

not to square or invert an expression that has already done this implicitly. For 

example: 

d (- )Z = 1 +.0335 *cos( T. *DOY) + .00009 *sin( T *DOY) 

d = 1-.01673 *cos(Teo,h *DOY) 
d 

(G.4) 

(G.5) 

where Earth's orbital period (Tearth) is approximated by 27r/365.25. The ratio Cd/d)2 

varies by only 3.5 %, with a low of .967 (aphelion = L017 A.U.) on July 5 and a high 

of 1.034 (perihelion = .983 A.U.) on January 3 [Sellers, 1965; Peixoto and Oort, 

1992]. 

Combining (G.2) and (G.3) results in the most useful operational form of the 

visible /NIR -band atmospheric correction equation: 

S cos 6 
L, = p Tr[ ° Z TZ + Ld] + Lpah (G.6) 

n (d/d)z 

In the absence of atmospheric effects (G.6) simplifies to the equation for 

exoatmospheric reflectance: 



aL 
P = () Z 

s°; coseZ 
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(G.7) 

where the band -integrated exoatmospheric solar irradiance (So) must be used when 

considering individual bands. Markham and Barker (1986) list values of S01 for the 

Landsat TM satellite. These are reproduced in Table G.1 along with the appropriate 

exoatmospheric solar irradiance values for other common satellites. 

Thermal -band Atmospheric Correction 

Terrestrial thermal emission dominates the other terms in (G.2) at thermal 

wavelengths and the direct solar component is zero. Thus: 

L, = [ELgd + pLJlrs + Lpwu (C.8) 

Surface emissivity averages around 0.98 (which implies a thermal reflectance of 0.02) 

so diffuse sky radiance reflected by the surface amounts to only 5% of the thermal 

exitance of the surface and is often neglected. Another approximation to the diffuse 

sky radiance as adopted by Wukelic et al. [1989] and Moran [1990] (sometimes 

referred to as the "Idso -Jackson" formula) was used here to give Ld: 

LJ = 1.807x10-10 T`(°K) { 1.0 - 0.26 exp[-7.77x10 Ta(°C))} [mWcm 
"Z (G.9) 

Since LS in (G.8) is measured, Lg,d can be found using r and Lpath.derived from a 

radiative transfer program. 
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TABLE G.1 
MEAN EXOATMOSPHERIC SOLAR IRRADIANCE 

Landsat-5 TM (mW cm-2 um-1)1 
1 2 3 4 5 7 

195.7 182.9 155.7 104.7 21.93 7.452 

Landsat -5 MSS (mW cm-2 um -1)' 
1 2 3 4 

184.9 159.5 125.3 87.0 

SPOT -2 HRV2 (W m-22 um -1)2 

Pan XS1 XS2 XS3 
1670 1865 1615 1090 

NOAA-11 AVHRR (mW cm"'- um-1)3 
1 2 

184.14 241.14 

NOTES: 

- Markham and Barker, 1986, 1987 
2 - Henry and Dinguirard, 1992 
3 - NOAA Tech. Memo. 107, Appendix B, 1988 
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APPENDIX H 

SENSORS USED TO MEASURE SURFACE TEMPERATURE 

Introduction 

Before describing the setting and methods used to gather each of these data 

sets, the basic physical characteristics of the instruments used to make the 

measurements will be summarized. 

Infrared Thermometers 

A variety of instruments were used to collect thermal band measurements at 

Walnut Gulch. The most versatile and thus most widely used instrument was the 

hand -held infrared thermometer (IRT; Everest 130 A & E). In general, this 

instrument has a wide 8 -13 um bandwidth whose average system response is given 

in Figure H.la. Measurements were reported to a direct digital read -out LED and 

to a portable data -logger. All field IRT's were adjusted during calibration to directly 

output blackbody temperature while the emissivity dial is set to 0.98. In other words, 

the effective emissivity was 1.00 and the IRT's output radiometric temperature. Two 

different integration schemes are possible. The fast response mode was always used. 

The IRT's were found to be within 1.0 °C of blackbody standards immediately before 

and after a data collection run but were not corrected for this bias. Different models 

were equipped with different aperture settings. A two degree aperture was used for 

micro -IRT or canopy temperature studies. At a distance of 25 cm, the instantaneous 

field -of -view (IFOV) would be just under 1 cm. A fifteen degree aperture instrument 

pointed close to nadir was used on a portable yoke for ground transect 
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measurements. At a height above the ground of about 150 cm, the IFOV would be 

40 cm. This same instrument mounted nadir below the wing of a low flying airplane 

was used for all the aircraft transect measurements. At an average height above 

ground of 150 m, the IFOV would be 40m. 

LANDSAT TM channel 6 

The thermal channel of the LANDSAT Thematic Mapper (TM) was used 

extensively in this study. A typical 10.4 to 12.5 um band 6 system response is given 

in Figure H.lb. This instrument has a 2.9 urad IFOV which translates to about 120 

m at the surface. TM band 6 has 8 bits of resolution and a NEST T of 0.2 °C which 

translates into a 0.5 °C operational accuracy [USGS /EOSAT, 1984]. This high 

spatial resolution is only possible every 16 days across the 185 km suborbital swath 

path. Nominal local overpass time at 31.75 °N latitude is 10:15. At- sensor radiance 

was calculated using the coefficients from Markam and Barker [ 1986] and the 

atmospheric water vapor correction was made using the LOWTRAN radiative 

transfer code and time synchronous but 45 km distant radiosonde soundings (Perry 

and Moran, 1993). This procedure assumed the surface emissivity to be a constant 

0.98. More details concerning the integrity and atmospheric correction of TM 

thermal data can be found in Chapter 5. 

Other Sensors 

Other thermal band measurements, made largely during the intensive 

Monsoon '90 Field Experiment period, exist but were not utilized for reasons of 

complexity, calibration and sheer data volume. An Infametrics 760 thermal scanner 
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with an IFOV of 1.8 um ( -30 cm on the ground) and 20° FOV was often flown with 

the IRT in the low flying aircraft [Kustas and Goodrich, 1994]. A NASA C130 flew 

several transects at 500, 1525 and 3050 m AGL with the NS001 and TIMS sensors 

which both have IFOV's of 2.5 um [Humes and Schmugge, 1993]. Finally, two hands 

of diurnal data at a ground resolution of 1.1 km are available from the Advanced 

Very High Resolution Radiometer (AVHRR). Several studies utilized this data set 

to estimate the quality of atmospheric corrections [Perry and Moran, 1993], to 

estimate satellite radiation balance [Pinker, et al., 1993] and to look at general 

relations between temperature and vegetation index [Doriswamy and Perry, 1992] 

Surface emissivity 

The true distribution of surface emissivity is required to convert radiometric 

temperature to kinetic temperature. The distributed value of this parameter is 

difficult to estimate accurately. Others have shown that emissivity is approximately 

constant over the 8 -14 um window for common soils [Labed and Stoll, 1991] and that 

the natural range in thermal band emissivity at Walnut Gulch is from 0.95 for bare 

dry soils to 0.99 for green vegetation [Humes, et al., 1993]. Mixtures of soil, woody 

plant material and green leaves have average emissivities of 0.98. An error in 

emissivity of 0.01 results in an error converting radiometric temperatures to kinetic 

temperatures of from 3 to 5 °C, depending upon the surface temperature. The 

surface temperature model, however, is less sensitive to emissivity so a 0.01 error 

results in a model error of only 1 °C. The effects of variable surface emissivity might 

he lessened by adopting a surface emissivity that varies with the vegetation index. 
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A piece -wise linear function could be defined as in Chapter 2 in terms of the SAVI 

with a 0.1 minimum threshold and a 0.35 maximum or assumed full cover limit: 

E =.95 SAVI s0.1 

E = .95 + .04(SAVI-.1)/.25 0.1 < SAVI < 0.35 

E=.99 SAVI 0.35 

(H.1) 

Without any specific measurements to evaluate this procedure, however, surface 

emissivity was assumed to be constant at 0.98 and the Stefan -Boltzmann Law was 

used to relate radiometric temperatures (Trail) to surface or kinetic temperatures: 

lrad = Es /J (H.2) 

Grasses, such as black grama (Bouteloua eriopoda) and tabosa (Hilaria mutica), are 

more prevalent at Kendall while shrubs, such as white thorn (Acacia constricta) and 

creosote (Larrea divaricota), are more prevalent around Lucky 1-lills. 
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Figure Hi. TIR band response functions for handheld IRT (a) and Landsat TM 
(b). 
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APPENDIX I 

IMAGE REGISTRATION 

Introduction 

One of the important and time consuming steps in producing a set of spatially 

distributed parameters for use with a distributed model is geometric surface 

registration. The goal of image registration is to map a given physical location to the 

set of coincident pixels formed by stacking ( "co- registering ") maps of different 

parameters ( "coverages "). Even under ideal conditions, mean registration accuracy 

is rarely better than 1.0 pixel units. This implies that coincident pixels are not 

identical but rather, statistically close to a given location. The advantage of image 

registration is that time -consuming manual identification of coincident points of 

interest in each image (usually of low contrast) is replaced by a fully automatic and 

objective procedure that makes possible multi -image and multi- parameter analysis 

of the full image. Accurate co- registration is absolutely critical for spatially 

distributed parameter sets and models. The purpose of this section is to: 

1) Describe the procedure used here to register the satellite and DEM data, 

2) List and give a physical description of the primary registration points. 

Procedure 

Each satellite image used here has been registered to Universal Transverse 

Mercator (UTM) coordinates based on this site's longitude (Zone 12) and the NAD- 

27 datum. A SPOT panchromatic 10 m resolution image was co- registered using 17 

aerial survey control points. Two new sets of control points were developed from the 
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registered SPOT image that were readily identifiable in the coarser resolution TM 

data. One set of 23 points was centrally located over Walnut Gulch; the other set 

of 18 points was distributed throughout the full scene. These points were identified 

in each TM image and the image was rectified using a linear, nearest neighbor 

interpolation (equivalent to rotation). Some of the details of the procedure will he 

outlined briefly. 

The first step was to identify a set of ground control points (GCP) whose 

UTM coordinates were known. This requires the accurate siting of USGS survey 

markers in a high resolution satellite image or visiting uniquely identifiable points 

with a global positioning system (GPS) receiver for a period sufficient to get accurate 

sub -pixel horizontal coordinates. Both strategies were pursued here, although the 

second had limited success for technical reasons. 

Two SPOT 2, HRV -1 panchromatic images centered on Walnut Gulch were 

collected on 11/10 (DOY 314) and 11/27 (DOY 331), 1990 for the purpose of 

generating a satellite stereo DEM. The images were acquired at view angles of 

L19.5 (looking east) and R27.6 (looking west), respectively. The solar elevation at 

the time of overpass ( -11 AM local) was 40.3° and 34.8 °, respectively. Initial GCP's 

were found from the DOY 314 image because of its more nadir view angle and 

higher solar elevation. An attempt was made to locate in this image all survey 

markers adjacent to major roads. In addition, two GPS surveys were undertaken to 

corroborate survey monument and geographic reference locations. The best set of 

GCP's, however, were a subset of the orthophoto control point survey markers (from 
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a precision aerial survey in 1989), which were locatable in the SPOT image. This set 

of primary GCP's are listed in Table I.1 and shown in Figure I.1. 

A standard image processing package (ERDAS 7.4) was used to register the 

SPOT image using a first -order or linear, nearest neighbor transformation. The RMS 

horizontal error of the primary GCPs after rectification was 2.4 pixels. The raw 

image was subsampled upon rotation to a 20 m resolution to save space and to mimic 

the surface resolution of the TM images. Two sets of secondary GCP's were located 

in the rotated image at clearly identifiable points such as road intersections. The 

first set was centrally located; the second was distributed throughout the full image 

(Table I.2). The RMS horizontal error of the secondary GCP's were 0.6 and 4.5 

pixels, respectively. One or both of these sets of points were located in each TM 

image and used to rectify the image. RMS errors within Walnut Gulch in the TM 

images were typically 1.5 pixels. 
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TABLE I.1 
PRIMARY GROUND CONTROL POINTS 

NAME 
UTM [NAD -27] 
Easting Northing 

PAN 20314 
Xpix Ypix 

APS-2 590545.55 3509804.97 2917 3613 
SCS-A 577297.69 3508788.51 1773 3974 
KEN 593875.00 3511342.00 3177 3396 
SCS-1 579364.01 35l 1955.29 1881 3623 
SCS-2 579772.49 3508500.76 1997 3951 
TOMB 585378.52 3513048.90 2390 3397 
SCS-15 592267.90 3509071.52 3087 3650 
SCS-16 592291.87 3505913.31 3160 3958 
SCS-17 596464.75 3501588.02 3621 4300 
SCS-22 598734.31 3505943.88 3721 3829 
SCS-23 598763.65 3502724.42 3796 4144 
FARGO 601078.51 3512423.30 3783 3148 
SCS-26 601102.44 3515409.19 3718 2858 
SCS-27 603968.26 3515601.33 3964 2782 
SCS-29 603554.58 3510441.49 4043 3295 
T-007 589592.77 3508429.03 2865 3766 
T-308 597078.80 3511744.44 3441 3295 
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TABLE I.2a 
SECONDARY GROUND CONTROL POINTS 

Walnut Gulch Area 

NAME 
UTM [NAD -27] 
Easting Northing 

PAN 20314x 
Xpix Ypix 

US8O&RG 584260 3513970 968 954 
US80&85 585550 3512700 1097 1081 
US8O&MM 586830 3511360 1225 1215 
US8O&WG 587160 3510910 1258 1260 
MM&RG 590700 3514880 1612 863 
GR&pit 592510 3510440 1793 1307 
GR&RR 596530 3511760 2195 1175 
GR&wash 598870 3512090 2429 1142 
GR&bend 603070 3513000 2849 1051 
KENpond 599560 3511250 2498 1226 
pipe& M M 588650 3512180 1407 1133 
pipe&GR 591270 3510050 1669 1346 
pipe&RR 595590 3505520 2101 1799 
pit&RR 595630 3509440 2105 1407 
CR&RR 595090 3504500 2051 1901 
CR&ran 596780 3504330 2220 1918 
CR&p 601980 3502730 2740 2078 
pl&Ntnk 599150 3506790 2457 1672 
pl&Stnk 600920 3504290 2634 1922 
Mineyd 584180 3504960 960 1855 
SP&WG 576500 3509380 192 1413 
SP&US82 576370 3509860 179 1365 
F1& WG 580810 3510500 621 1299 
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TABLE I.2b 
SECONDARY GROUND CONTROL POINTS 

Upper San Pedro Area 

NAME 
UTM [NAD -27] 
Easting Northing 

PAN 20314x 
Xpix Ypix 

SPClifford 574157 3520491 1050 1535 
RRScaton 570697 3518171 877 1651 
Pwr&Pipe 582557 3516471 1471 1736 
S-78 565297 3531311 607 994 
SP&Stdavid 571257 3530071 905 1056 
MMfork 594457 3523691 2065 1375 
MMwash 591817 3518351 1933 1642 
EGleasonN 612977 3514291 2991 1845 
EGleasonS 612137 3510251 2949 2047 
Cowan&80 591837 3504351 1934 2342 
Cowan&RR 595037 3504511 2094 2334 
OrchardS 618777 3494511 3281 2834 
PearceRd 616697 3530471 3177 1036 
LineWash 567637 3546671 724 226 
SP&I10 568077 3537031 746 708 
Whetstone 561617 3506351 423 2242 
SandsRd 559997 3506351 342 2242 
TrumanRd 566717 3507231 678 2198 



383 

TABLE I.3a 
LOCATION OF SECONDARY GROUND CONTROL POINTS 

Walnut Gulch Area 

NAME Location description 

US80 &RG Intersection of US 80 & Robertson Gulch 
US80 &85 Center of median, Intersection of US 80 & US 85 
US80 &MM Intersection of US 80 & Middle March Rd. 
US80 &WG Intersection of US 80 & Walnut Gulch 
MM &RG Intersection of Middle March Rd. & Robertson Gulch 
GR &pit Center of gravel pit along Gleeson Rd. 
GR &RR Intersection of Gleeson Rd. & Reeves Ranch Rd., by substation 
GR &wash Intersection of Gleeson Rd. & wash by Kendall gate 
GR &bend Prominent SE bend in Gleeson Rd. at E. end of watershed 
KENpond Center of pond just west of Kendall 
pipe &MM Intersection of pipeline & Middle March Rd. 
pipe &GR Intersection of pipeline & Gleeson Rd. 
pipe &RR Intersection of pipeline & Reeves Ranch Rd. 
pit &RR Center of gravel pit along Reeves Ranch Rd. 
CR &RR Intersection of Cowan Rd. & Reeves Ranch Rd. 
CR &ran Intersection of Cowan Rd. & Ranch Rd. 
CR &pl Intersection of Cowan Rd. & power line 
pl &Ntnk Center of prominent N. stock tank near power line 
pl &Stnk Center of prominent S. stock tank near power line 
Mineyd Intersection of N. end of cleared mine yard and Sierra Vista Rd. 
SP &WG Intersection of San Pedro River & Walnut Gulch 
SP &US82 Intersection of San Pedro River & US 82 
Fl &WG S. bank at inside corner of omega meander above flume 1 



384 

TABLE I.3b 
LOCATION OF SECONDARY GROUND CONTROL POINTS 

Upper San Pedro Area 

NAME Location description 

SPClifford 
RRScaton 
Pwr&Pipe 
S-78 
SP&Stdavid 
MMfork 
MMwash 
EGleasonN 
EGleasonS 
Cowan&80 
Cowan&RR 
OrchardS 
PearceRd 
LineWash 
SP&I10 
Whetstone 
SandsRd 
TrumanRd 

Intersection of San Pedro River & Clifford Wash 
Intersection of abandonded railroad & Sacaton Wash 
Intersection of power line & pipe line 
Survey monument S -78 at juction of Sabin Camp Rd. and old RR 
Intersection of San Pedro River & Dragoon Wash just N of St David 
Fork in Middle March Rd. at Forest Service assess Rd. 
Intersection of Middle March Rd. & Clifford Wash 
Intersection of Courtland Rd. & Whitehead Ridge Rd. 
Intersection of Gleeson Rd. & Courtland Rd. 
Intersection of Cowan Rd. & US 80 
Intersection of Cowan Rd. & Reeves Ranch Rd. 
NW corner of orchard just S of Gleeson Rd & Frontier Rd. 
Fork in Sixmile Hill Rd & Courtland Rd just S of Pearce 
SE end of linear wash segment, typically at UL of TM image 
Intersection of San Pedro and I -10, between spans 
Intersection of US 82 & US 92 in Whetstone 
Intersection of US 82 & Sands Ranch Rd. 
Intersection of US 82 & Truman Rd. 
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USDA -ARS WALNUT GULCH EXPERIMENTAL WATERSHED 

) METFLUX Site 
Rain gauge 

o Primary Control Points 
X Secondary Control Points 

Figure I.1 USDA -ARS Walnut Gulch Experimental Watershed showing locations of 
METFLUX sites, rain gauges, primary and secondary ground control 
points. 
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APPENDIX J 

AERODYNAMIC RESISTANCE TO SENSIBLE HEAT TRANSFER 

Introduction 

The simple TS model introduced in the main body of this dissertation does not 

depend on any energy balance calculations or conservation. In order to compare it 

with energy balance models or to use TS to estimate sensible or latent heat, however, 

energy balance formalism must be introduced or referenced. Bulk aerodynamic 

resistance to sensible heat transfer is one such key concept that bears developing 

here. A primary goal of this section is to develop a better understanding of this 

important but highly conceptual parameter and to review common estimates of its 

value under a range of conditions. 

Sensible Heat Flux 

The bulk or single -layer sensible heat flux is simply written as [Hall et al., 

1992]: 

PaCOTa - T 
Iw m Z] (J.1) 

r.k 

where the aerodynamic temperature (To) closely approximates surface radiometric 

temperature (Tr) for full canopies [Huband and Monteith, 1986] but becomes 

relatively less for sparse canopies [Stewart, et al., 1989; Hall et al, 1991]. The bulk 

aerodynamic resistance to heat transfer (rah) is the electronic circuit analog for the 

effective resistance imposed by the atmosphere on the generation of sensible heat. 

Its value and the ability to estimate the sensible heat flux from remotely sensed data 
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is the subject of much active research (see below). 

Aerodynamic Temperature 

Aerodynamic temperature, defined by (J.6), is not easily determined since it 

depends on the surface radiative temperature, an independent measure of sensible 

heat flux and one of several algorithms for aerodynamic resistance. Humes [1993] 

found that (Tr-To) -0.85 + 0.90(TrTa) using ground and helicopter data over the 

FIFE site. This reduces to (To Ta) 0.85 + 0.10(Tr Ta) which suggests that H 

largely is independent of the surface temperature contrast in this case. Off nadir 

measurements of Tr (which integrate more of the vegetation effects) could he 

expected to provide a better assessment of To, but Vinning and Blatt [ 1992] were 

unable to establish any useful relationships using FIFE data. In the absence of a 

practical alternative, therefore, the Tr will be used in place of To. 

Bulk Aerodynamic Resistance 

Under neutral atmospheric conditions (TS Ta), bulk aerodynamic resistance 

(ra) is defined as [Brutseart, 1982]: 

ra = 1 log[ z 
-d +zb] t log[ z 

-d +zo] 

za ku z0 
[s m -'] (J.2) 

The second term in (J.2) is defined as the friction velocity (u.), k is the Von Karman 

constant (k =0.4) and u is the mean wind speed at screen height. The difference of 

sensor height (z) and displacement height (d) is much greater than roughness length 

(z0) for typical arid rangeland vegetation so zo in the numerator will he neglected 

from now on. Many empirical relations between crop height (h) and the parameters 
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d and zo exist [Brutsaert, 1982]. Kustas et al. [1993], however, have determined these 

values from extensive field measurements at all the Monsoon '90 METFLUX station 

(Table Ji) and these have been used in all calculations. 

Stability and kB-1 Corrections 

Several corrections to ra can be made for atmospheric stability (I` ) and for 

differences between the roughness lengths of heat (zh) and momentum (zm) which 

increase as vegetation becomes sparse. There are two basic formulations for stability 

corrections. An additive stability correction [Dyer, 1974] is expressed in terms of a 

normalized Obukhov length scale (IF m h = f(i; )). A multiplicative stability correction 

[Mahrt and Ek, 1984] is expressed in terms of a Renyolds number (W = f(R;)), 

where: 

z -kgNvz 
L pa Co TQ (ü )3 

R, - -gz(T.: - 

(.I.3) 

For negligible evaporation (E), the virtual sensible heat (Hv = H + .61 *Ta *1004 *E) 

reduces to H and (J.3) and (J.4) are almost identical. The two formulations will be 

shown to have the same general effect. Their behavior as a function of wind speed 

and temperature difference is shown in Figure J.1 for two values of surface roughness 

(0.04 and 0.01). Hogstrom [1988] compares several formulations of the additive 

correction and these results are summarized by Brutsaert [1982]. The interested 

reader is referred to the citations above for the explicit form of the stability 
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corrections. 

Following the notation of Brutsaert [1982] and Stannard [1993], the general 

form of the Businger -Dyer (B -D) formulation is: 

log( -z-d) + T.(C) + kB -i 
z r = r(kB-) - 

rd, = rQ(11.,11 h,kB-1) - 

k 

log(-) + 'h(C) + kB 
zh 

k u'(P,p) 

(J.5) 

(J.6) 

where kB"' is defined below and the corrected friction velocity (u *) is defined as: 

k u - log(-) + T,(C) 
u z (J.7) 

where u is the wind speed at screen height and the subscripts h and m refer to heat 

and momentum, respectively. The general form of the Mahrt -Ek (M-E) formulation 

is: 

ra, = rQ(F,,kB-1) - 
'FM?) ltoS( z-d) 

zo 

k u' 
(J.8) 

Note that the additive nature of the stability functions given here requires that they 

be defined as in Stannard [1993]. One significant difference between these two 

formulations is that B -D requires an iterative solution while M -E does not. 

The resistance to heat and mass transfer (ie. sensible and latent heat flux) is 

greater than is the resistance to momentum transfer (ie. wind) [Thom, 1972]. As 
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can be seen from (J2), bulk atmospheric resistance is defined in terms of an 

aerodynamic surface roughness, which has been derived from wind measurements. 

An added resistance which counters this under -estimation is known as kB-' 

[Chamberlain, 1968]. Theoretical and experimental evidence suggests that kW' is of 

order 2 for relatively full canopies [Garratt and Hicks, 1973]. In plowed fields (rough 

bluff bodies), Brutsaert [1975, 1982] observed values between 2 and 10 and related 

kB -1 to z0. Measurements over sparse, shrubby rangeland vegetation led Kustas et 

al. [1989; 1990] to develop a parameterization in terms of wind speed and surface -air 

temperature difference: 

kB-1 = ln(z`) = skit u(T, - TQ) (J.9) 
z,, 

where the zero- intercept slope (skB) was found to be 0.17 in Owens Valley, CA. 

[Kustas, et al., 1989] and 0.13 at Walnut Gulch [Kustas et al., 1993]. A very similar 

expression was found over a fallów savannah site during the Hapex -Sahel experiment 

[Chehbouni et al., 1993] where skB has been replaced by k2 ( =.I6) and u by u.. 

Depending upon the value used for zo in the friction velocity, this correction would 

he about an order of magnitude less than the one proposed by Kustas. A value for 

kW1 of 0.16 will be used in all calculations below. 

Comparison of Bulk Resistance Equations 

Wind speed, surface roughness and surface temperature contrast are the 

primary variables that determine aerodynamic resistance (J.2 -9). Several of these 

expressions are plotted in Figure J.1 as a function of wind speed at four different 
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values of Ts -Ta (4, 8, 12 and 16 °C). Resistance under neutral conditions (J.2), 

plotted as a solid line, forms a natural datum from which to contrast the corrected 

values. The following three cases were calculated using a B -D -like resistance: 

1) stability corrected momentum transport (ra(1lrm,iirm,0), J.5), 

2) stability corrected heat transport (ra(iir m,tir h,0), J.6), 

3) stability and kB -' corrected heat transport (ra(jr m,ir h,kB -'), J.6), 

and one case was calculated using a M -E stability corrected resistance (ra(llr r,0), J.8). 

In an unstable atmosphere (T5 > Ta), the profile corrections for momentum 

and heat transport reduce the effective resistance which promotes the vertical 

transport of sensible and latent heat (Figure J.la). The correction for sensible heat 

is slightly greater than for momentum and the B -D and M -E sensible heat corrections 

are similar. Stability corrections are reversed when the kB "' resistance is considered 

and become less dependent on wind speed as the temperature contrast increases. 

Stability corrections decrease with increasing wind speed and become independent 

of temperature contrast as aerodynamic turbulence rather than roughness becomes 

the dominant process determining surface resistance. All corrections are larger the 

greater the temperature contrast. At wind speeds less than 2 m s-1, kB "' resistances 

become unstable and become a function of number of iterations. This behavior 

could be a function of the model used here but Rahman [1993, p.33] also notes that 

the current formulations for sensible heat flux are insensitive to vertical advection 

which becomes relatively more important at low wind speeds. 

In a stable atmosphere (Ts < Ta), the profile corrections for momentum and 
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heat transport increase the effective resistance, particularly at low wind speeds 

(Figure J.lb). Momentum and heat corrections are equivalent so only one of these 

is plotted. Both stability and kB -' corrections increase aerodynamic resistance 

relative to neutral conditions which acts to weaken sensible and latent heat transport. 

All the corrections are strong functions of wind speed although the stability 

corrections merge as turbulence becomes dominant. The magnitude of B -D and M -E 

corrections are similar. 

Unstable conditions promote the transport of latent and sensible heat hut 

magnitudes will vary greatly at low wind speeds and large temperature contrasts, 

particularly around sparse vegetation. Fluxes should not depend upon the choice of 

B -D or M -E stability functions but are quite sensitive to the parameterization of kB-` 

corrections. kW' corrections should be used with caution at wind speeds below 2 

m /s. Stable conditions are common at night and over irrigated agricultural fields. 

Ottoni et al [1992] reviewed several resistance equations applied under stable 

conditions and showed that some kind of kB-' correction was required over relatively 

smooth Bermudagrass surfaces. In general, however, the choice of aerodynamic 

resistance is not as critical under stable conditions as it is under unstable conditions 

due to lower fluxes and the similar behavior of these corrections. 
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TABLE J,1 
INTENSIVE -STUDY SITE CHARA(:1 ERISTICS AT WALNUT GULCH 

ME 11-LUX Site Zorn do <h> cover albedo SAVI 
[m] [m] [m] [%] 

1 - Lucky Hills .04 .5 .27 26 .11 .05 
5 - Kendall .01 .5 .10 40 .15 .05 
SP - San Pedro 100 .10 .50 

Roughness parameters from Kustas et al. (1993) 
Vegetation height and cover from Weitz et al. (1993). 
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Figure J.1 Aerodynamic resistance estimates using several approximations for 

unstable (a) and stable (b) atmospheric conditions. 
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