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ABSTRACT 

The ultimate goal of this dissertation was to produce maps of 

surface evaporation for agricultural areas based on Landsat Thematic 

Mapper (TM) spectral data. This achievement was dependent upon 

successful attainment of four intermediate goals: 

1) Enhancement of TM thermal spatial resolution; 

19 

2) Atmospheric correction of TM visible and near-IR spectral data; 

3) Atmospheric correction of TM thermal data; and 

4) Remote estimation of crop aerodynamic properties. 

A statistical technique was developed to combine low-resolution 

(120 m) TM thermal data (TM6) with higher resolution (30 m) TM. 

reflective data based on the relation between TM6 and the TM red and 

near-IR wavebands. This method was successful in improving the visible 

appearance of the TM6 image and retaining the original thermal spectral 

information over diverse agricultural landscapes. 

Several atmospheric correction procedures were examined to 

determine which techniques could provide the ease and accuracy necessary 

for the remote ET model. The Lowtran7 radiative transfer code was 

chosen for correction of TM visible and near-IR data (TM1-TM4) because 

it provided adequate accuracy (±0.02 reflectance, 1 a RMS) and easy 

application. For TM6, results using the Lowtran7 code with a variety of 

atmospheric models were unsatisfactory. However, a simple linear 

regression of measured surface temperatures (Ts) and TM6 digital numbers 



provided estimates of Ts to within ±l.2 °C of measured values. Though 

the procedure was accurate, it required concurrent ground-based 

measurements of Ts and would obviously be inconvenient if it were used 

on an operational basis. 

20 

Reasonable estimates of aerodynamic parameters were made for an 

alfalfa canopy from remote measurements of red and near-IR reflectance. 

The uncertainty in sensible heat flux density associated with the error 

in remote estimates of aerodynamic resistance was ±25%. Since these 

results were probably crop-specific and possibly site-specific, more 

data sets of this nature will need to be collected for other crops to 

determine a universal relation between remotely sensed data and 

aerodynamic properties. 

Data from the satellite-based TM sensor and ground-based 

meteorological instruments were combined to produce maps of latent heat 

flux density (LE: a function of evaporation rate (E) and heat of 

vaporization (L» for Maricopa Agricultural Center, Arizona. The 

satellite-based estimates of LE differed from coincident ground-based 

m2asurements, using a Bowen-ratio apparatus, by 4% in cotton and -6% in 

alfalfa. These results were within the suggested accuracy goal of ±ll%. 
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CHAPTER 1 

INTRODUCTION 

In a controversial article published in 1960, von Foerster and his 

colleagues presented the "doomsday equation," predicting that world 

population would approach infinity in 2026 (von Foerster et a1., 1960). 

Nearly thirty years later, the projection has proved to be conservative 

(Umpe1by, 1987) and we are millions of people ahead of schedule. 

Whether this catastrophic scenario comes to pass remains to be seen. 

However, the rapidly increasing rate of population growth has already 

resulted in a number of problems. For example, escalating costs and 

shortages of water and energy are fueling a rivalry between agricultural 

and metropolitan interests for these resources. Competition for a fixed 

water supply, coupled with a growing demand for food, has focused world 

attention on agricultural water use and created public pressure for 

improved irrigation management. In response to this pressure, several 

decades of research have produced improvements in the design of water 

distribution systems and land-levelling, thus giving irrigators more 

control over water application. However, it is unrealistic to expect 

large gains in water use efficiency simply through improving the 

accuracy of water application systems; we must also refine methods for 

regulating water use. 
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A key step in managing a scarce resource is monitoring the use of 

that resource. Many conventional methods for monitoring water use 

depend on direct measurement of soil water content to determine 

available water. Measurement of crop water status is a more likely 

indicator of irrigation requirements because it integrates the effects 

of crop species, age, soil moisture, evaporative demand, and pest 

damage. However, measurement of total plant water, plant water 

potential, and/or stomatal resistance is generally expensive due to the 

number of samples required to cover the temporal and spatial domains and 

the time required to evaluate these samples. 

In recent years, attempts have been made to correlate plant water 

status with more easily Ineasurable variables such as meteorological 

data. In particular, measu~ement of evaporation from the soil and 

transpiration of water by plants (hereafter referred to as 

evapotranspiration or ET) can provide irrigators with a good indication 

of both available soil water and plant condition. Interest in the 

magnitude of ET is not restricted to agricultural applications; in fact, 

it extends far beyond irrigation management to such applications as 

atmospheric circulation, global climate change and regional hydrology. 

However, obtaining ET information for monitoring water use is limited by 

the lack of convenient, accurate methods to estimate ET over large 

areas, that is, to evaluate the spatial distribution of ET. 

Over a limited, uniform areas, there are numerous devices and 

procedures that can provide reasonably accurate measurements of ET. For 
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example, ET has been measured directly using tools such as weighing 

lysimeters (van Bavel and Myers, 1962) and portable assimilation 

chambers (Reicosky, 1981). Though accurate, these techniques are too 

laborious for long term measurement. Energy balance models, such as the 

Bowen ratio and eddy correlation methods based on limited meteorological 

measurements, provide a less laborious means of measuring actual ET on a 

hourly or daily basis (Gay and Greenberg, 1985; Swinbank, 1951). Still, 

results should not be extrapolated beyond an area surrounding the 

apparatus that is evaporating and transpiring at the same rate. 

Models have been used to estimate ET over large, diverse regions. 

For example, the daily potential ET from a full cover reference crop can 

be calculated using measurements of air temperature, humidity, solar 

radiation and wind speed (Sellers, 1965). Given an appropriate crop 

coefficient curve, actual ET can be estimated indirectly from potential 

ET with varying degrees of accuracy (Wright, 1981). Recently, more 

sophisticated meteorological models, designed to circumvent on-site data 

collection, have been developed and implemented (Sellers et al., 1986). 

These models have proved to be accurate but generally require an 

extensive database of site-specific meteorological, plant physiological 

and soils information. Simpler, semi-empirical models (e.g., Idso et 

al., 1981; Jackson et al., 1977; Reginato et al., 1985), which require 

less ground information and are much easier computationally, may provide 

the accuracy necessary for many applications. 
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Though these approaches can meet small scale needs, the results 

are not applicable to local and regional scales. The only viable means 

of mapping the spatial distribution of ET on regional or local scales is 

by use of remotely sensed spectral data from satellite-based sensors 

(Jackson, 1985). The opportunity is at hand to capitalize on recent 

developments in the absolute radiometric calibration of satellite-based 

radiometers and the concurrent progress in atmospheric correction 

procedures. It is now possible to convert satellite-based sensor 

digital output to radiance of the ground feature (see review by Slater, 

1988, and application by Holm et a1., 1989). Since satellite-based 

sensors acquire spatially continuous data over large regions, it is 

potentially feasible to apply energy balance methods to large areas at 

frequent intervals with relatively low cost. 

Local and Regional Estimation of Evaporation 

On a regional scale, most methods for evaluating evaporation 

employ a numerical energy balance model in conjunction with sate11ite

based spectral data and meteorological data extrapolated from the 

nearest U.S. Weather Service meteorological station. Evaporation is 

generally estimated by using thermal infrared (IR) data acquired by 

satellite-based sensors and conventional ground-based meteorological 

data as inputs to a one-dimensional boundary layer model (Carlson and 

Boland, 1978; Carlson et a1., 1981; Taconet et a1., 1986; Soer, 1980; 
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Running et al., 1989). Gurney and Hall (1983) presented a method in 

which remotely-sensed measurements of surface albedo, in addition to 

surface temperature and meteorological data, were used to calibrate an 

energy balance model and estimate daily evaporation. A variation on the 

modeling approach was presented in the Tellus project where simulated 

day and night temperatures were compared with surface temperatures 

obtained from the satellite to determine thermal inertia and daily 

evaporation (Dejace et al., 1979; Rosema et al., 1978). Price (1980; 

1982) proposed an analytical approach in which satellite-based 

measurements of surface temperature and reflectance were combined with 

meteorological data to estimate daily evaporation rates using the energy 

balance equation. Price corrected his estimates for small-scale 

micrometeorological effects by use of a numerical model. 

Regional scale methods must necessarily rely on meteorological 

data from existing weather stations which are generally located at 

nearby airports or government offices. These data are extrapolated in 

space and interpolated in time to correspond to the location and moment 

of the satellite overpass. At a local scale, such as an individual 

farming community or watershed, it is feasible to monitor meteorological 

conditions at the site during the time of satellite overpass. Thus, 

most local scale methods rely on site-specific measurements of 

aerodynamic and atmospheric conditions and apply only to an area over 

which the ground-based measurements can be extrapolated. 
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Jackson (1985) proposed that, on a local scale, the surface

dependent components of the energy balance (reflected radiation and 

surface temperature) could be evaluated remotely and combined with 

meteorological components (solar and sky radiation, air temperature, 

wind speed and vapor pressure) to evaluate the energy balance over 

agricultural areas. This technique was successfully applied to data 

obtained using ground-based radiometers by Reginato et a1. (1985) and 

aircraft-based radiometers by Jackson et al. (1987a). The values 

obtained from aircraft-based sensors were compared with results from a 

Bowen-ratio apparatus in fields of cotton, wheat and alfalfa on 5 days 

during a I-year period. The aircraft-based and Bowen-ratio estimates of 

evaporation differed by less than 12% at the location of the Bowen-ratio 

instruments. At other locations, the aircraft-based technique detected 

substantial differences in evaporation resulting from differences in 

irrigation and crop density. A logical extension of this work, and the 

subject of this dissertation, is the use of satellite-based spectral 

data with ground-based meteorological data to evaluate ET on a local 

scale. 

A Satellite-based Energy Balance Approach 

The practical evaluation of ET using the energy balance approach 

is based on the theoretical understanding of energy balance components, 

that is, the net gain and loss of energy. Therefore, it is necessary to 
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present a brief trelltise on energy balance concepts in preparation for 

discussion of the satellite-based approach and the research goals 

constituting this dissertation (notation is summarized in Table 1.1). 

Table 1.1. Summary of notation for the ET model presented in Chapters 1 
and 2. 

ET - evapotranspiration 
ETh - hourly ET (rom h- 1) 
ETd - daily ET (rom day-1) 
Rn - net radiant flux density (W m- 2 ) 

LE - latent heat flux density (W m- 2 ) 

LEi - instantaneous latent heat flux density (W m- 2 ) 

L - heat of vaporization (J kg- 1) 
E - rate of evaporation (kg s-1 m- 2 ») 
H - sensible heat flux density (W m- 2 ) 

G - soil heat flux density (W m- 2 ) 

ND - normalized difference vegetation index 
RSl shortwave incoming radiant flux density (W m- 2 ) 

RSt shortwave outgoing radiant flux density (W m- 2 ) 

RLl 10ngwave incoming radiant flux density (W m- 2 ) 
RLt 10ngwave outgoing radiant flux density (W m- 2 ) 
Ts - surface temperature (C or K) 
Ta - air temperatures (C or K) 
pcp - volumetric heat capacity (J m- 3 C- 1) 
ra - aerodynamic resistance (s m- 1) 
VP a - actual vapor pressure (Pa) 
h - plant height (m) 
zo - roughness length (m), Zo - 0.13h 
d - zero-plane displacement (m), d-(2/3)h 
u - wind speed (m s-1) 
z - height above the surface (m) 
k - von Karman's constant (0.4) 
K - thermal conductivity (W m- 2 K- 1) 
TM - Thematic Mapper sensor 
DN - digital number 
IFOV - instantaneous field of view (m) 

When water evaporates from soil and plant surfaces, the loss of 

latent heat due to evaporation is compensated by the net supply of heat 



by processes such as radiation, convection and conduction. The one

dimensional energy balance equation is conventionally written 

Rn - LE + H + G, (1) 
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where the supply of net radiant flux density (Rn) is balanced by the 

losses of latent heat flux density {LE, a product of the heat of 

vaporization L (J kg-1) and the rate of evaporation E (kg s-l m- 2 )} and 

sensible heat flux density (H), and by storage in the substrate, that 

is, soil heat flux density (G) (Monteith, 1981). All terms in Eq. (1) 

are in units of W m- 2 and values of LE, G and H are positive when 

directed away from the surface. Rn is positive when directed toward the 

surface. The evaporation rate (E) can be determined using Eq. (1) by 

assuming that L is a constant and evaluating Rn, Hand G. 

Evaluation of Rn, Hand G is based on the theoretical definition 

of each term. The net energy supply, Rn, is the sum of the incoming and 

outgoing radiant flux densities, i.e., 

(2) 

where the subscripts Sand L signify shortwave radiation (0.15 to 4 ~m) 

and longwave radiation (>4 ~m) and the arrows indicate the flux 

direction (~-incoming, t-outgoing).- The outgoing and incoming longwave 

terms can be evaluated based on surface (Ts) and air temperatures (Ta) 

using the well-known Stefan-Boltzman equation (Brutseart, 1975a); the 

shortwave terms can be measured directly using up- and down-looking 

radiometers (Jackson, 1984; Brest and Goward, 1987). 
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The sensible heat flux density, H, is a function of the difference 

between Ts and Ta (Brutseart, 1982), 

H - pCp(Ts - Ta)/ra , (3) 

where p is the density of dry air (kg m- 3 ) and cp is the specific heat 

capacity (J kg- 1 DC- 1 ) and ra is the aerodynamic resistance (s m- 1 ). 

This resistance can be expressed for neutral conditions (where Ts - Ta) 

as 

(4) 

where zo and d are roughness length and zero-plane displacement (m), 

respectively, u is wind speed (m s-l), z is the height (m) above the 

surface where u is measured, and k (-0.4) is von Karman's constant 

(Brutseart, 1982). Reasonable estimates of Zo and d for vegetated 

surfaces have been obtained by using empirical relationships with plant 

height (h), where d-0.65h and Zo - 0.13h (Monteith, 1973; Brutseart, 

1982). 

The G term is dependent upon the gradient of Ts with soil depth 

(dTs/dz), 

G (5) 

where K is thermal conductivity. A good approximation of G can be 

achieved by assuming that G is a fraction of Rn , dependent upon whether 

the surface is wet or dry, bare or vegetated (Clothier et al., 1986; 

Kustas and Daughtry, 1989). 

Theoretically, the data acquired by satellite-based sensors can 

provide the surface-dependent components of Rn , Hand G: surface 
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radiance and temperature. The meteorological components that cannot be 

derived from surface radiance and temperature, e.g. incoming shortwave 

radiation, air temperature and wind speed, can be measured using ground

based instruments and extrapolated over the area of interest. The 

aerodynamic terms, Zo and d, can possibly be derived from sate11ite

based estimates of surface roughness or crop height. Thus, by combining 

spatially continuous satellite-based spectral data with extrapolated 

meteorological data, the distribution of evaporation can be mapped over 

agricultural areas to determine irrigation water use. 

Though there are several satellite-based sensors suitable for this 

task, none are perfect. The model sensor would have spatial resolution 

fine enough to discriminate fields, spectral resolution broad enough to 

cover wavebands in the visible, near-IR, mid-IR and thermal spectrum, 

and temporal coverage on a daily or twice-daily basis. The Landsat 

Thematic Mapper (TM) sensor, though not ideal at present, appears to be 

the only choice for agricultural applications due to its wide spectral 

range and relatively high spatial resolution. The TM provides six 

wavebands in the visible, near-IR and mid-IR wavelengths and one in the 

thermal region (Table 1.2). The spatial resolution, 30 m in the 

reflected bands and 120 m in the thermal band, is one of the finest 

available from a commercial satellite-based sensor. There are two TM 

sensors currently in operation aboard satellites that pass over a given 

ground location every 16 days with orbits offset by a days, resulting in 

a-day repeat coverage. Though this temporal frequency is inadequate for 
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such applications as irrigation scheduling and plant stress detection, 

it may be sufficient for other water use monitoring purposes and to 

demonstrate the capacity of the proposed technique for measuring ET. 

Table 1.2. Spectral bands of the Landsat Thematic Mapper (TM) , where ~ 
is nominal waveband and NSR is nominal spatial resolution. 

Landsat-TM 
Spectrum Label ~ (urn) NSR (m) 

blue TMI 0.45-0.52 30 
green TM2 0.53-0.61 30 
red TM3 0.62-0.69 30 
near-IR TM4 0.78-0.90 30 
mid-IR TM5 1.57-1. 78 30 
mid-IR TM7 2.10-2.35 30 
thermal TM6 10.42-11.66 120 

Though the Landsat TM has potential for agricultural use, there 

are several aspects that need further attention before space-based 

energy balance evaluation can be attempted. The digital numbers (ONs) 

provided by satellite-based sensors are simply a relative indication of 

the energy incident on the entrance pupil of the sensor. Retrieval of 

surface radiance and temperature from ON requires that the radiometer be 

calibrated for absolute values and there be some means to correct the 

data for atmospheric effects. The absolute radiometric calibration of 

TM for wavebands TM1-TM4 has proved to be a reliable means for 

converting ON to radiance at the sensor (Slater et al., 1986) but there 

is no widely accepted means of correcting that radiance for atmospheric 

interference. Furthermore, the Landsat TM thermal data, acquired with 
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an instantaneous field of view (IFOV) of 120 m, are too coarse to 

delineate surface temperatures of even moderately-sized agricultural 

fields. These shortcomings, combined with the pressing need for a 

method to evaluate the spatial distribution of ET, are the stimulus for 

this research. 

Research Topics 

The research presented herein is an attempt to expand an existing 

energy balance model for use with satellite-based spectral data, in 

particular, Landsat TM data. The first step was to determine the 

uncertainty in the model and establish relative accuracy requirements 

for the inputs to the satellite-based approach (Chapter 2). The second 

step was to approach the general problems associated with the use of 

space-based sensors, such as the coarse spatial resolution relative to 

agricultural field size (Chapter 3) and atmospheric correction of 

reflective and thermal digital data (Chapters 4 and 5), and the specific 

problem of extracting surface characteristics, such as roughness and 

plant height, from spectral data (Chapter 6). The ultimate goal of the 

research was to produce maps of ET over an agricultural area (Chapter 

7). The field test site for nearly all facets of the research was the 

University of Arizona Maricopa Agricultural Center (MAC), located about 

48 km south of Phoenix, Arizona. In a cooperative project conducted at 

MAC from June 1985 to June 1986, several Landsat scenes were acquired in 



conjunction with ground-based measurements of atmospheric and 

meteorological conditions and surface flux density, and aircraft-based 

measurements of surface radiance and temperature (Moran, 1986). 

TM6 Image Enhancement 
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There is some evidence that surface radiance in specific 

wavelengths is related to surface temperature (Hope, 1986; Gurney et 

a1., 1983). This leads to the hypothesis that the spatial resolution of 

the TM reflective bands (IFOV 30 m) can be combined with the spectral 

resolution of the thermal band to produce an enhanced thermal image. 

This hypothesis was explored to determine if the spatial resolution of 

the Landsat thermal data (TM6) could be improved while retaining the 

original spectral information. A technique was developed and tested to 

allow the value of each resolution cell (pixel) in the original TM6 

image to be analyzed based on the values of neighboring pixels in that 

image and the TM3 and TM4 images. By limiting statistical analysis to 

windows surrounding each pixel, this method accounted for the variance 

in the surface temperature/radiance relation due to differences in 

canopies, canopy architectures and soil moisture conditions. The 

accuracy of the procedure was tested by comparing the enhanced TM6 data 

with Ts data collected at the site using an airborne infrared 

thermometer (IRT). 
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TM1-TM4 Atmospheric Correction 

Atmospheric correction is the process of converting radiance 

detected by the satellite-based sensor to values of surface radiance or 

reflectance, which are independent of atmospheric conditions. 

Currently, atmospheric corrections can be made by measuring atmospheric 

optical depth on the day of satellite overpass and using a radiative 

transfer code to compute the relationship between surface reflectance 

and radiance at the sensor (Holm et al., 1989). This procedure is too 

expensive and time consuming to be used on a regular basis. 

Several correction methods, including four radiative transfer 

codes and the dark-object subtraction method (Chavez, 1989), were 

evaluated to determine which method can provide the ease and accuracy 

necessary for the remote ET method. All results were compared with 

aircraft- and ground-based measurements of surface reflectance factors 

obtained during the satellite overpass at MAC. A similar comparison was 

made between satellite-derived estimates and surface-based measurements 

of total reflected shortwave radiant flux density (RSt ). 

TM6 Atmospheric Correction 

The atmospheric correction of satellite-based thermal data has 

principally involved simple statistical regression (Lathrop and 
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Lillesand, 1986; Malaret et al., 1985) or complex atmospheric correction 

models with measurements of atmospheric soundings (Schott and Volchok, 

1985; Byrnes and Schott, 1986). Based on thermal data collected at MAC 

by satellite- and aircraft-based sensors, the Lowtran7 atmospheric code 

was tested to determine the limits to which that model and its inputs 

could be simplified while retaining sufficient accuracy of T~. 

Remote Estimation of Aerodynamic Resistance 

The magnitude of the sensible heat flux density (H), and thus the 

evaporation rate (E), is dependent upon accurate estimation of roughness 

length (zo) and displacement height (d) in the calculation of 

aerodynamic resistance (r a ) (Eqs. 1, 3 and 4). The cornmon practice of 

estimating Zo and d from plant height (Stanhill, 1969; Brutseart, 1975b; 

Verma and Barfield, 1979; Lettau, 1969; Hatfield, 1989) is difficult for 

large, diverse areas where plant height is rarely known and not easily 

estimated from satellite-based spectral data. However, there is some 

evidence that the non-dimensional ratios zo/h and d/h are related to 

plant density (Shaw and Pereira, 1982), a parameter that can be 

estimated from remote spectral data (Pinter et al., 1987; Tucker, 1979). 

These findings, based on a numerical model, raise the possibility of 

estimating both Zo and d from satellite-based spectral data. 

Based on spectral, meteorological and agronomic data collected in 

an alfalfa test field over a ten-month period from October 1984 to July 



1986, Zo and d were computed and correlated with crop biomass, height, 

and spectral reflectance in the near infrared (NIR) and red wavebands. 

Remote evaluation of r a , based on remote estimates of Zo and d, were 

compared with conventional height-based values of ra for the alfalfa 

canopy. 

Evaluation of the Spatial Distribution of ET 
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The spatially-enhanced and atmosphere-corrected TM thermal data 

and the atmosphere-co~rected TM reflected data were combined with 

ground-based meteorological data, using the energy balance equation to 

produce images of ET from MAC. The accuracy of resulting ET values was 

tested by comparison with Bowen ratio estimates of ET acquired at the 

same location on the same day as the satellite overpasses. 

Dissertation Organization 

Since this dissertation research addressed a variety of diverse 

topics, an attempt was made to write each chapter as a distinct unit for 

easy reading. That is, each chapter has a separate introduction, 

background, and experiment description. This organization has resulted 

in some duplication in the methods sections, though an effort was made 

to keep redundancy to a minimum. 
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CHAPTER 2 

MODEL UNCERTAINTY AND INPUT ACCURACY REQUIREMENTS 

Introduction 

There are many factors that influence the uncertainty of estimates 

of ET using the remote method. The analysis of such factors is complex 

because the absolute uncertainty depends on the relative magnitude of 

each component, and thus the site conditions during measurements. 

However, based on measurements made at MAC on a single day over three 

vegetated fields (full-cover cotton, full-cover alfalfa and recently-cut 

alfalfa), an uncertainty was estimated for a range of conditions. That 

is, by varying each input component separately while holding all others 

constant, the sensitivity of the model was determined. TheIl, the 

overall accuracy of the model was estimated for each site by running the 

model repeatedly while varying the inputs randomly within a specified 

confidence range and computing the standard deviation of all output 

values. This statistical method is often referred to as the Monte Carlo 

simulation (Press et al., 1986). 
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Methods 

A set of spectral and meteorological data (as measured on site) 

were compiled for each site and the "actual" ET was determined (Table 

2.1) using the remote ET model, based on these inputs. Then, reasonable 

estimates of the measurement uncertainty (to 95% confidence) of each 

input component of the remote ET model were determined. Estimates of 

input uncertainty were based on ideal conditions where all instruments 

were operating to specifications and there were no atmospheric effects 

influencing measurements of surface radiance and temperature. This 

scenario would be conceivable on a clear day when meteorological data 

were collected in a large uniform field and spectral data were collected 

at an altitude no greater than 150 m above ground level. 

Table 2.1. Estimates of energy balance components for three sites, 
full-cover wheat, full-cover alfalfa and recently-cut alfalfa, on 
a single date in April using the remote ET method. Values of Rn, 
G, H and LEi are in units of W m- 2 and ETd is mm h- 1 • These are 
the values referred to as "actual" values in all other tables and 
text. 

Cover type Rn G H LEi ETd 
Full-cover wheat 716.7 66.9 -85.1 734.8 9.2 
Full-cover alfalfa 670.8 84.7 -15.6 601.6 7.7 
Recently-cut alfalfa 628.4 111.6 152.5 364.4 4.7 

The model was run repeatedly while varying each component to its 

reasonable minimum and maximum; the results are presented in Tables 2.2-
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2.4. Finally, the "standard" uncertainty in the ET estimate was 

determined using a Monte Carlo simulation with 10000 iterations based on 

specified 95% confidence intervals for input values (Table 2.5). 

Scientific notation used in this chapter and the accompanying tables is 

summarized in Table 1.1. 

Table 2.2. Magnitudes of uncertainty in the remote ET model input and 
output for full-cover wheat. 8 Input is the change in the input 
value expressed as a percentage of the actual value or in the 
units of the actual value. The "Percent change from actual value" 
- (new value - actual value)/(actual value)*lOO. Asterisks 
represent no change in output. 

Input 
Variable 

height 

emissivity 

RSt (TMl-4) 

ND 

u 

Percent Change from Actual Value Input 
Value 8 Input --Bn__ G H ~i- __ ETd 

0.97 m -10% 
+10% 

29.PC -IDe 
+lDe 

25.8 De _IDe 
+lDe 

0.975 -0.02 
+0.02 

30.5 W m- 2 -15% 
+15% 

0.860 -10% 
+10% 

1.55 m s-l -10% 
+10% 

915 W m- 2 -2% 
+2% 

1.02 Pa -10% 
+10% 

* 
* 

-0.6 
0.6 
0.8 

-0.9 

* 
* 2.2 

-2.3 

* 
* 
* 
* 

-2.6 
2.5 

-0.8 
0.7 

* 
* -0.6 

0.7 
0.9 

-0.8 

* 
* 2.2 

-2.2 
20.1 

-16.7 

* 
* 

-2.5 
2.5 

-0.7 
0.7 

-14.5 
17.4 

-68.2 
56.4 
56.7 

-68.7 
-113.6 

82.1 

* 
* 
* 
* -1. 3 
1.3 

* 
* 
* 
* 

-1. 7 
2.0 

-8.5 
7.1 
7.3 

-8.7 
-13.2 

9.5 
2.0 

-2.0 
-1. 8 
1.5 

-0.1 
0.1 

-2.3 
2.3 

-0.7 
0.6 

-1. 6 
2.1 

-8.5 
7.2 
7.3 

-8.7 
-13.2 

9.6 
2.1 

-2.0 
-1. 8 
1.5 

-0.1 
0.2 

-2.2 
2.2 

-0.7 
0.7 
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Table 2.3. Magnitudes of uncertainty in the remote ET model input and 
output for full-cover alfalfa. Asterisks represent no change in 
output. 

Input Input Percent Change from Actual Value 
Variable Value Il Input -Rn- G H --..!&i- _ET d 

height 0.75 m -10% * * -10.B -0.3 -0.3 
+10% * * 12.0 0.3 0.3 

Ta 2B.6°C -PC -0.7 -0.7 -3B2.3 -10.6 -10.6 
+1°C 0.7 0.7 313.9 B.B B.B 

Ts 26.B o C -PC 0.9 0.9 315.1 9.1 9.0 
+1°C -0.9 -0.9 

emissivity 0.9B -0.02 * * -620.B -16.1 -16.1 
+0.02 * * 455.1 l1.B 11.B 

RS t (TMl-4) 36.0 W m- 2 -15% 2.B 2.B * 2.B 2.B 
+15% -2.B -2.B * -2.7 -2.7 

ND O.71B -10% * 16.5 * -2.3 -2.4 
+10% * -14.2 * 2.0 2.0 

u 1. 75 m s-l -10% * * -10.6 -0.3 -0.3 
+10% * * 10.6 0.3 0.3 

RSJ. B91 W m- 2 -2% -2.6 -2.6 * -2.6 -2.6 
+2% 2.7 2.6 * 2.6 2.6 

VPa 1.14 Pa -10% -O.B -O.B * -O.B -O.B 
+10% 0.7 0.7 * 0.7 0.7 
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Table 2.4. Magnitudes of uncertainty in the remote ET model input and 
output for recently-harvested alfalfa. Asterisks represent no 
change in output. 

Input Input Percent Change from Actual Value 
Variable Value II Input --En_ G H --1&1- _ETd 

h 0.20 m -10% * * -5.1 2.1 2.2 
+10% * * 4.9 -2.1 -1. 9 

Ta 30.1°C _l°C -0.7 -0.7 21.4 -9.9 -9.9 
+l°C 0.7 0.7 -20.1 9.4 9.5 

Ts 32.0°C -l°C 1.0 1.0 -20.3 9.9 10.1 
+l°C -1.0 -1.0 21.6 -10.5 -10.5 

emissivity 0.940 -0.02 * * 36.2 -15.2 -15.1 
+0.02 * * -31. 9 13.3 13.3 

Rst (TMl-4) 32.9 W m- 2 -15% 2.8 2.8 * 3.9 4.1 
+15% -2.7 -2.9 * -3.9 -3.9 

ND 0.558 -10% * 12.7 * -3.9 -3.9 
+10% * -11.2 * 3.4 3.4 

u 0.70 m s-l -10% * * -2.5 1.0 1.1 
+10% * * 2.5 -1.1 -1.1 

RS.J. 902 W m- 2 -2% -2.9 -2.9 * -4.1 -4.1 
+2% 2.9 2.9 * 4.1 4.1 

VPa 0.53 Pa -10% -0.8 -0.8 * -1.1 -1.1 
+10% 0.7 0.8 * 1.0 1.1 

Table 2.5. Estimated standard uncertainty in the remote ET model using 
the Monte Carlo simulation technique. These values were derived 
by repeatedly running the ET model with inputs varying randomly 
within 95% confidence intervals. The standard uncertainty is the 
standard deviation of 10000 output values. 

Cover type 
Full-cover wheat 
Full-cover alfalfa 
Recently-cut alfalfa 

Average 

Standard Uncertainty (percent) 
--En_ G H --1&1_ -Krd_ 

2.1 10.8 87.7 9.9 9.9 
2.4 9.2 424.6 12.0 12.0 
2.4 7.3 26.8 12.4 12.4 
2.3 9.1 179.7 11.4 11.4 
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Results and Discussion 

Model Uncertainty under Ideal Conditions 

For all cover types, the maximum uncertainty in any input does not 

elicit a change in LEi or ETd greater than 20% (Tables 2.2-2.4). The 

most sensitive variable in the energy balance equation was sensible heat 

flux density (H), where changes from the actual values ranged from 1.3 

to 620.8 percent. The input variables that elicited that greatest 

change in LEi and ETd ~ere surface and air temperatures (Ta and Tn) and 

emissivity. A one degree uncertainty in Ta or Ta could lead to nearly 

10% change in LEi and ETd . An uncertainty in emissivity of 0.02 could 

lead to changes in LEi and ETd of 16%. 

The "standard" uncertainty of the estimation of energy balance 

components (computed as the standard deviation of 10000 random 

iterations) for the remote ET method (Table 2.5) was small. The values 

of LEi and ETd varied by less than 13% at any site. This uncertainty is 

comparable to the uncertainty of conventional ground-based instruments, 

such as the Bowen ratio and eddy correlation (Kanemasu et al., 1987). 



43 

Model Uncertainty usin& Satellite-based Data 

When ET is estimated over larger areas using satellite-based data 

rather than low-altitude aircraft-based data, the "reasonable estimates" 

of input uncertainty increase for several input parameters. In 

particular, the uncertainty of plant height, Ts, Rst (TMl-4) and ND 

increase substantially. Over an extended area, plant height cannot be 

estimated for each field. For a given vegetated field in an 

agricultural area, plant height could range from 0.5 m (alfalfa) to 5 m 

(pecans). The values of Ta , Rst (TMl-4) and ND are dependent upon 

atmospheric conditions on the day of overpass. For example, Price 

(1983) noted that on a relatively clear summer day the atmospheric 

correction of satellite-based estimates of surface temperature may 

exceed 10°C. Holm et a1. (1989) reported that for relatively clear, 

dry atmospheres in central Arizona, the percent difference between 

ground-based and satellite-based estimates of surface reflectance over 

vegetated targets was nearly 10% in the near-IR and 100% in the green 

and red wavebands. This uncertainty translates into large uncertainties 

in RSt (TMl-4), ND and subsequent computations of Rn , G and H. 

These sources of uncertainty in the satellite-based model are a 

source of concern and provide the direction for the research in this 

dissertation. This research, therefore, addresses atmospheric 

correction, spatial resolution enhancement and means to circumvent the 

need for accurate plant height information. 
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CHAPTER 3 

COMBINING TM THERMAL DATA WITH HIGHER-RESOLUTION MULTISPECTRAL DATA 

Introduction 

Surface temperatures (Ts) are a major component of a number of 

algorithms developed to evaluate agricultural parameters such as crop 

stress (Idso et al., 1981; Jackson, 1982), evapotranspiration (Price, 

1982; Reginato et al., 1985; Jackson et a1., 1987a), crop yield (Idso et 

al., 1979) and soil moisture (Reginato et al., 1976). Most algorithms 

were developed and tested with Ts measurements made at near-ground level 

or from low-altitude aircraft. In such case, the sensor spatial 

resolution was adequate for agricultural landscapes characterized by 

small, discrete fields. However, when these algorithms are extended to 

satellite-based sensors, the relative coarseness of thermal sensors (120 

X 120 m for Landsat Thematic Mapper (TM» makes it difficult to 

adequately specify surface temperatures of individual fields. Field 

boundaries and roads, often at different temperatures than the field of 

interest, can contaminate many pixels. 

As an example, consider a resolution of 120 X 120 m relative to a 

moderate size rectangular agricultural field, 2.0 by 0.5 km in size 

(Figure 3.1A). In the long direction, over 15 120 m-pixels lie within 
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the field boundaries, relatively unaffected by border temperatures. In 

the short direction, a maximum of four pixels lies entirely within the 

field boundaries. When a vegetated field of this size is surrounded by 

fallow fields, all border pixel values will likely be a composite of the 

temperatures of the bare soil and the vegetation, and will not be 

indicative of the condition within the field. Thus, only a small subset 

of the pixels covering such a field are reliable measurements of the 

actual surface temperature in the field. In contrast, the TM reflective 

bands, TMl-5 and TM7 (Table 3.1), are acquired at an areal resolution 16 

times smaller than that of the thermal band, that is, 30 X 30 m (Figure 

3.1B). 

A 

Figure 3.1. Illustration of the spatial resolution of Landsat TM 
thermal (A) and reflective (B) spectral data relative to a 
2.0 km by 0.5 km agricultural field. 
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Table 3.1. Spectral bands of the Landsat TM and SPOT HRV sensors, where 
A is nominal waveband and NSR is nominal spatial resolution. 

Landsat-TM SPOT-HRV 

Spectrum Label A (urn) NSR (m) A (urn) NSR (m) 

panchromatic Pan 0.51-0.73 10 
blue TMI 0.45-0.52 30 
green TM2 0.53-0.61 30 XSI 0.50-0.59 20 
red TM3 0.62-0.69 30 XS2 0.61-0.68 20 
near-IR TM4 0.78-0.90 30 XS30.79-0.89 20 
mid-IR TM5 1.57-1. 78 30 
mid-IR TM7 2.10-2.35 30 
thermal TM6 10.42-11.66 120 

Several methods have been proposed for combining lower- and 

higher-resolution bands (Welch and Ehlers, 1987). Such methods have 

been applied to SPOT HRV 20 m multispectral (XS) by combination with the 

10 m panchromatic (Pan) data (Table 3.1). Basically, the methods are of 

two types, those that seak only to obtain optimum image display and 

those that seek to retain the spectral information in addition to 

enhancing image display. An example of the former was discussed by 

Cliche et al. (1985) where techniques were applied to SPOT Pan and XS 

data to produce visual products resembling color infrared aerial 

photography. An example of tha latter was given by Price (1987). 

Price (1987) presented a method in which the SPOT panchromatic and 

multispectral data were merged based on statistical analysis. Price 

found that data from SPOT multispectral channels XSI and XS2 (Table 3.1) 

were highly correlated with the SPOT Pan channel. Thus, he was able to 
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use the Pan values to estimate values of XS1 and XS2 at 10 m resolution 

using a linear equation and a simple correction factor. This procedure 

was shown to be highly successful for XS1 and XS2 but was unsatisfactory 

for the XS3 data because the Pan and XS3 data were not linearly related. 

Instead, Price computed a look-up table containing the expected (mean) 

value for XS3 for each given value in Pan, after the Pan 10 m data were 

averaged to 20 m resolution. Price derived 10 m data from XS3 using the 

Pan/XS3 look-up table and applying a correction factor (f) so that the 

average of the four subpixel values equaled the measured values of the 

20-m pixel. Price considered this second procedure to be only 

moderately successful. 

A method is proposed herein to combine the spatial resolution of 

the Landsat TM reflective bands with the spectral resolution of the 

thermal band, based on the reported relation between Ts and the 

normalized difference (NO) vegetation index, {(TM4-TM3)/(TM4+TM3)}. 

Gurney et al. (1983) found that NO accounted for 38% of the variance in 

Ts over a vegetated landscape in Central Alaska. Hope (1986) reported 

that a linear relation existed between NO and Ts for a given crop but 

that this relation varied with different canopies, canopy architectures 

and soil moisture conditions. According to Hope's findings, it was 

evident that computation of a single NO/Ts relation would not accurately 

characterize a diverse agricultural land; instead, the NO/Ts relation 

would need to be calculated for each field. The proposed technique 

accomplishes this by allowing each pixel in the image to be analyzed 



based on the values of neighboring pixels within a small, surrounding 

window. The pertinent statistics are calculated as the window moves 

across the image. Thus, the relation between NO and TM6 is determined 

for each field within the image, regardless of differences in canopy 

architecture and soil conditions. 

Window-based Method 

The window-based band combination method was conceived for 

application to agricultural landscapes where conditions within fields 

were assumed to meet two criteria: 

1) the variation of NO was relatively small; and 

2) values of TM6 lying on or near field boundaries varied more 

than values in the field center. 

These assumptions provide the statistical foundation for the window

based method. The first assumption allows values of NO to be used to 

identify the location of discrete fields within an image. The second 

assumption implies that the statistical mode of the TM6 values within 

the identified field is representative of the actual thermal emittance 

from that field. As such, TM6 values deviating from the within-field 

mode are considered to be contaminated by border effects and are 

replaced with the mode. In this way, the more variable border values 

are replaced with values from the center of the field and resolution 

more closely resembles' the 30 m cell size. 

48 
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The band-combination procedure is achieved by using a processing 

window, starting in the upper left corner of the image and moving across 

the entire image until all pixels are treated. (In this paragraph, a 

"pixel" refers to the spectral value representative of a 30 m resolution 

cell). A 25 X 25 pixel window is delimited around each ND pixel, 

designated as the "center" pixel. Partial windows are delimited for 

center pixels located less than 12 pixels from the edge of the image. 

Within the window, all pixels that match the ND of the center pixel 

(within ±O.OS ND) are identified. Thus, the pixels within a uniform 

area surrounding the center pixel (generally, a single field) are 

located and cataloged by (x,y) coordinates. Values of thermal data at 

these (x,y) locations from the TM6 image are compiled and the 

statistical mode of those values is computed. Then, as the window moves 

across the ND image, a new thermal image (TM6A) is created by placing 

the values of the TM6 mode in the (x,y) location of the center pixel. 

Landsat Digital Data 

Landsat-TM digital data are commercially available in two formats, 

CCT-A data, which have been radiometrically corrected for detector 

differences by histogram equalization, and CCT-P data, which are both 

radiometrically and geometrically corrected. In both formats, the 

thermal data are resampled to match the 30 m resolution of the 

reflective bands. The CCT-A data are available on special request from 
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the EOSAT Corp. and is not geometrically corrected. In the CCT-P 

geometric correction, a cubic convolution procedure is applied to the 

thermal data in an attempt to smooth the blocky aspect of the resampled 

image. Hence, the original spectral response from each 120 m pixel is 

irretrievably lost. Thus, CCT-A data are more suitable for use in 

algorithms where it is necessary to know the absolute values of surface 

temperature. 

There are, however, disadvantages to the use of CCT-A data. The TM 

sensor is composed of sixteen detectors for each visible, near-IR and 

mid-IR band, and four detectors for the thermal band, with the detectors 

arranged linearly in the along-track direction. As the sensor scans 

along the forward and reverse directions in the across-track path, every 

l6-line swath (or 4 line swath for the thermal band) is laterally offset 

from the previous swath. This offset is accounted for in the CCT-P 

processing, but not in the CCT-A. Over small areas, i.e. 6-10 km, the 

offset can be corrected by manually shifting each swath to the left or 

right until all the pixels are in order. This misalignment is nominally 

the same for all TM bands, including the resampled TM6 band, so once one 

band has been corrected, the others can be aligned using the same 

offsets. 

The resamp1ing of the TM6 thermal data from 120 m to 30 m 

resolution results in an additional geometric offset that must be 

accounted for. Since the sensor scans in the forward and reverse 

directions, the resamp1ing procedure applied to the thermal data expands 
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each 120 m pixel from left to right in the forward scan and from right 

to left in the reverse scan. This results in a three pixel lateral 

offset in each l6-line swath. So, in addition to the correction applied 

to all the bands to correct for scan misalignment, the 16 lines 

corresponding to reverse scans in TM thermal data must be shifted an 

additional 3 pixels laterally to compensate for the spatial resampling 

procedure. 

Image Processing 

The window-based technique was applied to 15 X 12 krn subsets of 

two Landsat-5 TM CCT-A scenes, one acquired on 23 July 1985 and one on 

24 June 1986, covering an agricultural area in Central Arizona (TM Path 

37, Row 37). Each subset included the Maricopa Agricultural Center 

(MAC). The farm, which is owned and operated by the University of 

Arizona, is divided into a research and a demonstration area. The 608 

ha demonstration farm has fields up to 0.27 X 1.6 krn in size, dedicated 

to demonstrating new farming techniques on a production scale. On the 

July date, there was a variety of crops grown on the farm, including 

cotton, corn, alfalfa and grapes, and areas of bare soil. On the June 

date, there were two cotton fields of particular interest. These fields 

were in the process of being flood irrigated, where one half of each 

field was wet and the other dry. 
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The preprocessing steps for both dates were identical. First, all 

the bands were corrected for the misalignment due to sensor scanning and 

TM6 was corrected for the geometric offset due to the resampling 

procedure, as described in the previous section. Then, an ND image was 

created from the preprocessed TM3 and TM4 images and a TM6A image was 

created based on values in the ND and TM6 images. 

For comparison purposes, the look-up table technique described by 

Price (1987) was applied to the TM6 image. Based on all the pixels in 

the image, a TM6 mean was calculated for each ND value and a new thermal 

image (TM6B) was created at 30 m resolution, based on the look-up table 

values, the original ND image, and the correction factor (f) for 

subpixel mean. The Price look-up table technique, rather than the Price 

linear equation technique, was chosen because it was reported to be 

appropriate for circumstances where the coarse and fine resolution data 

were not well correlated. As discussed previously, Gurney et al. (1983) 

and Hope (1986) reported that the correlation of ND and Ts was weak over 

diverse terrain. 

The accuracy of the procedures was tested by comparing the 

processed TM6 images with Ts data collected using an airborne infrared 

thermometer (IRT) along transects through the center of twelve large 

fields in the MAC demonstration farm. The aircraft was flown at a 

nominal altitude of 150 km above ground level (AGL) , resulting in an IRT 

instantaneous field of view (IFOV) of approximately 40 m diameter. The 

IRT was mounted nor~D1al to the ground surface and data were collected on 
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a small computer at one second intervals along each field and across 

field boundaries. During the fifteen minute overflight, 190 

measurements were collected on 23 July 1985 and 205 measurements on 24 

June 1986. A video camera, mounted with the IRT, was used to document 

surface conditions simultaneous with IRT data collection and an audible 

tone was automatically recorded at the moment of each IRT measurement. 

Based on the video data, each IRT measurement of Ts was located on the 

ND image and a data set was compiled of Ts values and the corresponding 

pixel values from the ND, TM6, TM6A and TM6B images. 

Results 

The results of the window-based and look-up table procedures for 

23 July 1985 and 24 June 1986 are presented in Figures 3.2 and 3.3. The 

images are overlain with an outline of the MAC boundaries. Note the 

enhanced field delineation in the TM6A and TM6B images compared to TM6. 

There was some residual b10ckiness in the TM6B image due to the subpixe1 

mean correction factor (f). Along the borders of dissimilar fields, the 

f correctiorl tended to raise the low temperature values and lower the 

high temperature values within a 4 X 4 pixel area, and thus retained the 

blocky character of t.he original image. 
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Figure 3.2a. The original TM6 image (upper) and the normalized 
difference image (lower) for 23 July 1985. Both images are 
overlain with an outline of the MAC boundaries. 



55 

Figure 3.2b. The window-based TM6 enhancement (TM6A, upper) and 
the look-up table TM6 enhancement (TM6B, lower) for 23 July 
1985. Both images are overlain with an outline of the MAC 
boundaries. 
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Figure 3. 3a. The original TM6 image ·(upper.) and the normalized 
difference image (lower) for 24 June 1986. Both images are 
overlain with an outline of the MAC boundaries. 
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Figure 3.3b. The window-based TM6 enhancement (TM6A, upper) and 
the look-up table TM6 enhancement (TM6B, lower) for 24 June 
1986. Both images are overlain with an outline of the MAC 
boundaries. 
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The look-up table method (TM6B) was more successful than the 

window-based method (TM6A) in preserving narrow features such as roads 

and field berms. This is due to the local nature of the window-based 

method where the statistical mode is computed only within a window 

surrounding the center pixel. Thus, tllere will be occasions when the 

thermal data associated with the NO of a narrow feature will be 

composites of the temperatures of the features and its surroundings. 

That is, the thermal pixels straddle the narrow feature and all thermal 

data associated with the NO are contaminated by bordering temperatures. 

On the other hand, with the look-up table method, the average thermal 

value associated with each NO value is based on all the pixels within 

the scene subset and there is less likelihood that this condition will 

be encountered. 

Results of the regression of Ts with the corresponding pixel 

values from the NO, TM6, TM6A and TM6B images are presented in Table 

3.2. It is notable that the correlation of Ts with NO on both dates was 

unexpectedly high (r2 - 0.82 and 0.68). This could be due to the 

uniform nature of the agricultural fields in the June and July images, 

unlike the varied surfaces examined by Gurney et al. (1983) and Hope 

(1986). 
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Table 3.2. Regression analysis of IRT measurements (Ts) with 
corresponding pixel values from the NO, TM6, TM6A and TM6B images. 

23 June 85 (n-190) 24 June 86 (n-205) 
Image Slope Intercept r2 Image Slope Intercept r2 
NO -7.76 451.3 0.82 NO -5.61 335.4 0.68 
TM6 1. 85 94.7 0.87 TM6 1.64 106.8 0.83 
TM6A 2.01 87.5 0.94 TM6A 1.84 99.8 0.94 
TM6B 1. 93 91.2 0.91 TM6B 1.77 102.4 0.90 

Oata presented in Table 3.2 showed that the correlation between Ts 

and the TM6 thermal data was improved on both dates with application of 

the window-based or look-up table techniques. The correlation 

coefficients (r2) of the regression equations of Ts and TM6 data were 

0.87 and 0.83. With the look-up table method, r2 values increased to 

0.90 and 0.91 and with the window-based method the r2 values were 

slightly higher, 0.94 on both dates. The regression lines and data for 

23 July 1985 and 24 June 1986 are presented in Figures 3.4 and 3.5. 

These figures illustrate the scatter of the TM6 and NO data and the good 

correlation of the TM6A and TM6B data. 
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Figure 3.4. Regression analysis of IRT measurements (Ts) with 
corresponding pixel values from the ND, TH6, TH6A and TH6B 
images acquired 23 July 1985. 
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Figure 3.5. Regression analysis of IRT measurements (Ts) with 
corresponding pixel values from the ND, TM6, TM6A and TM6B 
images acquired 24 June 1986. 

Discussion 

The window-based method for combining lower-resolution Landsat-TM 

thermal data with the higher-resolution reflective bands has several 
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advantages. First, the method retains the magnitude of the original DN 

within each field in contrast to enhancement methods that smooth or 

average the DNs. Second, the method accounts for local differences in 
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the relation between the lower- and higher-resolution images. This is 

advantageous in the case of thermal data, where the overall relation 

with ND is good but there are local variations with crop type, soil 

color and moisture. Accounting for such variations improves the overall 

precision of the procedure. 

The accuracy of the window-based method depends upon the nature of 

the scene. It will be most useful when applied to agricultural areas, 

fenced rangelands or regions otherwise characterized by discrete, 

relatively uniform fields within a diverse landscape. The dimensions of 

the window are variable and must be gauged by the size of the lower

resolution pixel and the size of the ground fields. The window should 

be at least 5 times as large as the lower-resolution pixel. This figure 

is based on the worst case, where the window straddles two disparate 

fields and two of the lower-resolution pixels are contaminated by 

boundary reflectance. In such a case, a 5 X S-pixel window assures that 

at least one lower-resolution pixel lies fully within the field of 

interest. If the fields are very large, the size of the window should 

be larger to increase statistical accuracy in the calculation of the 

mode by increasing the sample size. 

Concluding Remarks 

The window-based and look-up table methods produced comparable 

results when applied to Landsat TM thermal data. The window-based 
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method appeared to be slightly more accurate for agricultural scenes, 

probably due to the computation of the ND/TM6 relation within localized 

windows rather than for the whole image. This additional accuracy was 

obtained at the expense of processing speed, since the window-based 

method is more computation intensive than the look-up table procedure. 

Both methods increased the clarity of the thermal image, though the 

look-up table method tended to retain some of the blocky character of 

the original TM6 image. This aspect may be of some importance when the 

image is to be used in visual interpretation or map production. The 

look-up table method, however, was more successful in preserving narrow 

objects such as roads and field berms. 
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CHAPTER 4 

ATMOSPHERIC CORRECTION OF LANDSAT TM VISIBLE AND NEAR-IR DATA 

Introduction 

Remotely sensed spectral data have long been promoted for 

agricultural applications, such as monitoring changes in crop biomass, 

cropping patterns, and soil moisture. However, in order to fully 

realize the potential of such data for agricultural applications, it is 

necessary t~ converc sensor output (termed digital number, ON) to values 

independent of F.tmospheJ:ic conditions, that is, values of surface 

radiance or reflectance. Currently, such conversions can be 

accomplished by measuring atmospheric optical depth on the day of 

satellite overpass and using a radiative transfer code to compute the 

relationship between surface reflectance and radiance at the sensor. 

This procedure has proved to be accurate (Holm et a1., 1989; Moran et 

a1., 1990a), but is too expensive and time consuming to be used on an 

operational basis. 

Several simpler atmospheric correction procedures have been 

proposed for satellite-based digital data in the visible and near-IR 

spectrum (Otterman and Fraser, 1976; Singh, 1988; Dozier and Frew, 1981; 

Tei11et, 1986; Kneizys et a1., 1988), but few have been validated with 
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ground data under different atmospheric conditions and most are 

dependent upon the use of a radiative transfer model. Ahern et al. 

(1977) proposed an image-based method for atmospheric correction that 

eliminated the need for on-site measurements of atmospheric conditions. 

They extracted path radiance (or haze) information using a clear lake 

present in the scene and then, based on this estimate of path radiance, 

inferred atmospheric transmittance and downwelling radiance with a 

radiative transfer model. A simplified derivation of this method, 

termed the dark-object subtraction method, has been used for some 

applications. The dark-object subtraction method allows path radiance 

information to be extracted using the darkest object in the scene, not 

necessarily a clear water body, and circumvents the need for radiative 

transfer code by ignoring the transmittance and downwelling radiance 

terms (Vincent, 1972; Chavez, 1988; Chavez, 1989). 

Several correction procedures, including four radiative transfer 

codes, dark-object subtraction (DOS) and a modified DOS approach, were 

examined to determine which technique could provide the ease and 

accuracy necessary for the remote ET method. The ideal method would be 

one in which little ancillary site data are required. Furthermore, the 

atmospheric correction should provide estimates of outgoing shortwave 

radiant flux density to within ±15% accuracy; that is, the same 

uncertainty proposed in the accuracy assessment in Chapter 2. 

An experiment was designed to collect simultaneous values of 

satellite-, aircraft-, and ground-based spectral data over large, 
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uniform ground targets for an extended time period. Several correction 

procedures were used to convert the satellite-based digital data to 

surface reflectance and radiance. Values of satellite-derived surface 

reflectance were compared with aircraft- and ground-based measurements 

in visible and near-IR wavebands. A similar comparison was made between 

satellite-derived estimates and surface-based measurements of total 

outgoing shortwave radiant flux density (the RSt term in Chapter 1, Eq. 

(2». RSt was computed by summing the RSt~ in the visible and near

infrared wavebands and dividing by the modeled ratio of partial to total 

shortwave radiant flux density (see Jackson, 1984, and the discussion in 

Chapter 1 of this report). 

A summary of notation is given in Table 4.1 for easy reference. 

An attempt was made to use conventional notation for theoretical 

discussions in each chapter. Unfortunately, this led to some overlap in 

the notation listed in Chapters 1 and 4. For example, L refers to heat 

of vaporization in Chapter 1 dnd radiance in Chapter 4. The reader is 

advised to refer to the notation table accompanying the respective 

chapter for proper definitions. 
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Table 4.1. Summary of notation for Chapter 4. 

PgA 

A 
d 

PeA 

PrA 
PPA 
P3A 
PWA 
ON 
ci 

spectral radiance at ground level (W m- 2 sr- 1 ~m-l); 
spectral radiance at the satellite sensor (W m- 2 sr- 1 ~m-l); 
shortwave outgoing radiant flux density at ground level 

(W m- 2 ); 

downwelling atmospheric radiance due to scattered solar flux in 
the atmosphere (W m- 2 sr- 1 ~m-l); 
- upwelling atmospheric spectral radiance scattered in the 

direction of the sensor entrance pupil and within the sensor's 
field of view (W m- 2 sr- 1 ~m-l); 

- directional spectral reflectance of the surface, assuming 
atmospheric scattering and absorption were accounted for; 

- directional spectral reflectance of the surface, assuming no 
atmosphere (subscript u means uncorrected); 
- solar spectral irradiance on a surface perpendicular to the 

sun's rays outside the atmosphere (W m- 2 ~m-l); 
- atmospheric transmittance along the path from the sun to the 

ground surface, where TZA - exp(-SAsecOZ); 
- atmospheric transmittance along the path from the ground 

surface to the sensor, where TVA - exp(-SAsecOv); 
- spectral-extinction optical thickness; SA - IpeA dz, where Z is 

height within the atmosphere; 
- angle of incidence of the direct solar flux onto the earth's 

surface; 
- angle between the line from the sensor to the surface and the 

normal to the surface of interest; 
waveband; 

- earth to sun distance in astronomical units; 
- the extinction coefficient, which represents the attenuation of 

the incident beam due to scattering and absorption; 
extinction coefficient for Rayleigh scattering; 
extinction coefficient for aerosol scattering; 
extinction coefficient for ozone absorption; 
extinction coefficient for water absorption; 
satellite-based digital number; 
satellite sensor absolute calibration coefficient 

(m2 sr ~m W- 1 ). 



Electromagnetic Theory and Remote Sensing 

The interaction of electromagnetic radiation with the earth's 

atmosphere is complex. In this section, discussion will be limited to 

interaction within the atmospheric windows of the visible, near-IR and 

mid-IR spectrum. Discussion is further simplified by ignoring 

atmospheric refraction, turbulence, and polarization, and assuming the 

sky is cloud-free. Equations are based on the derivations and 

simplifications provided by Slater (1980) Chapters 3, 4 and 8, and by 

discussions of scattering phenomena with W.D. Sellers (Univ. of Ariz., 

Dept. of Atmospheric Sciences). 
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The radiance of a surface (Lg~) is a function of the irradiance 

reaching the surface and the reflectance of the surface. Slater (1980) 

expressed this as a mathematical relationship 

Lg~ - (pg~/~d2) (Eo~cos8z rz~ + ~Ld~~)' (1) 

A satellite-based sensor detects the radiance transmitted through 

the atmosphere to the sensor (Ls~)' This term is a function of the 

surface radiance, the atmospheric transmittance and the atmospheric 

radiance due to scattering. This function can be expressed as 

Ls~ - Lg~rv~ + Ld~t. (2) 

Equations (1) and (2) can be combined to form a single equation 

describing the interaction of incoming solar irradiance with the 



atmosphere and the surface, assuming single-scattering within the 

atmosphere, 

LSA - {(pgA/~d2) (EoA cosOz TZA + ~LdA~) TVA} + LdAt· 

Using equation (3), it is possible to solve for directional surface 

reflectance, 
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(3) 

PgA - {~d2(LsA - LdAt)/TvA} / {EoA cosOz TZA + ~LdA~}' (4) 

and, when atmospheric effects are ignored, Equation (4) simplifies to 

PgAU - (~d2LsA)/(EoAcosOz)' (5) 

where u signifies uncorrected (or apparent) reflectance. 

For remote sensing applications, several of the components in 

Equations (4) and (5) are known. The value of LSA can be computed from 

sensor output (DN) using the in-flight calibration mechanism aboard the 

satellite. Values of EOA have been published for the response functions 

of the filters in the satellite-based sensors (Slater et al., 1986). Oz 

can be computed from date and time of overpass and 0v can be acquired 

from header data on the computer compatible tape (eeT) with the image 

data. This leaves four unknowns in Equation (4) : PgA , T A, LdA~' and 

LdAt. Since we are solving for PgA , there are actually only three 

variables to be determined. These elements deserve some discussion. 

Atmospheric transmittance 

The atmospheric transmittance can be written as 

TA - exp(-6A secO), (6) 
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where 0 is 0v for computation of TVA and Oz for computation of TZA ' The 

extinction optical thickness, SA' is calculated from the integral ffJeA 

dz, where fJeA is the extinction coefficient, which represents the 

attenuation of the incident beam due to scattering and absorption, and Z 

is the height within the atmosphere. For solar radiation in the visible 

to mid-IR region, the extinction coefficient is assumed to be the sum of 

four attenuation coefficients, 

(7) 

where fJ rA is the coefficient for Rayleigh scattering, fJPA is aerosol 

scattering, and fJ3A and fJWA are ozone and water absorption (Slater, 

1980). Equation (7) assumes that the C02 absorption is minimal relative 

to the ozone and water absorption. 

Diffuse solar radiance 

The incoming and outgoing diffuse radiance terms (LdAt and LdA~) 

are the result of two types of scattering, Rayleigh and aerosol 

scattering. Rayleigh scattering occurs when the circumference of the 

scattering particles is less than about one-tenth the wavelength of the 

incident radiation and the scattering coefficient is inversely 

proportional to the fourth power of the wavelength (Sellers, 1965). 

Consequently, blue light (A ~ 0.425 ~m) scatters about 5.5 times more 

than red light (A ~ 0.650 ~m). Rayleigh scattering of unpolarized 
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sunlight has maxima in the forward and backward directions and minima in 

the side directions (Liou, 1980). 

For larger size particles, aerosol scattering is dominant, and for 

particles greater than 30 times the wavelength of the incident 

radiation, scattering is independent of wavelength (Sellers, 1965). 

Aerosol scattering is primarily in the forward direction and the amount 

of forward scattering increases as the particle size increases relative 

to wavelength. 

In general, neither LdAt nor LdA~ can be determined accurately 

without the use of a radiative transfer code that accounts for multiple 

scattering and different surface ref1ectances. 

Experiment 

Several multi-disciplinary, mUlti-agency experiments were conducted 

at the University of Arizona's Maricopa Agricultural Center (MAC) to 

collect simultaneous ground-, aircraft-, and satellite-based radiometer 

measurements over uniform surfaces. From April 1985 to June 1986, 

atmospheric measurements and aircraft-mounted and ground-based 

radiometer measurements were made on each day of the Landsat-5 overpass, 

weather and equipment permitting (Moran, 1986). Landsat Thematic Mapper 

(TM) digital data were ordered if the sky was clear at the zenith and 

around the sun at the time of satellite overpass. Twelve TM scenes were 



acquired during the period of the experiment. This experiment will be 

referred to as the MAC I Experiment. 

Ground-based data 
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During the MAC I experiment, ground-based measurements of surface 

reflectance were made over a uniform target on two occasions during the 

satellite overpass. A 16 by 4 pixel target area (pixel size: 30 m by 30 

m) was located in a large fallow field at MAC. In order to intersect 

the maximum number of satellite-based detectors, the target was oriented 

with the long side of the rectangle perpendicular to the linear array of 

the TM sensor detectors (9 degrees east of north). 

Exotech 4-band radiometers and the Modular Multispectral 

Radiometer (MMR) were used to measure reflectance factors of the ground 

targets. The Exotech radiometers had filters that allowed the first 

four TM responses to be approximated. The MMR had filters that 

simulated all seven TM wavebands. The radiometers were attached to 

backpack harnesses and thereby suspended about 1.5 m above the ground 

and about 1.0 m from the porter who walked along a transect that 

intersected the pixel centers. Twelve readings were collected at equal 

intervals within each pixel with each instrument. These readings were 

then averaged and a single reflectance factor was calculated for each 

pixel based on calibrated reflectance panel measurements (Jackson et 

'al., 1987b). This sampling procedure was the same as that reported by 



Slater et al. (1987) for surface reflectance measurements during 

satellite calibration experiments at White Sands, New Mexico. 

Aircraft-based data 
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Aircraft-based spectral reflectance data were collected along a 

route designed to cover 12 of the largest fields, including the ground 

target. Flights were scheduled to coincide with satellite overpasses and 

ground-based data collections. The aircraft was flown at a nominal 

altitude of 150 m. The airborne sensors included an Exotech radiometer 

with TM filters, an infrared thermometer (IRT) and a color video camera 

mounted to provide a view normal to the ground surface. The video data 

were used to identify the ground location and surface type for each 

spectral reflectance datum. A portable data logger signaled the device 

to collect a sample every 2 seconds and recorded the time of sampling to 

0.0001 hr. 

The reflectance panel measurements recorded by the ground-based 

instruments during each flight were used to calculate the aircraft-based 

reflectance factors of the various ground surfaces. This was 

accomplished by comparing the voltages from the two radiometers over a 

calibrated reflectance panel before and after the flight, calculating a 

ratio of aircraft-based to ground-based Exotech voltages, and 

multiplying the ground-based panel readings by this ratio. Knowing the 

absolute reflectance calibration of the panel, the reflectance factors 



of the various ground surfaces measured from the aircraft could be 

calculated. 
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A simple comparison of ground- to aircraft-based reflectance 

factors was conducted by Holm et al. (1989). Six readings collected by 

the airborne sensor over a fallow field were compared with 64 

corresponding ground-based samples. The reflectance factors were 

computed as described previously and averaged to produce one reflectance 

factor for the aircraft-based and ground-based measurements per band. 

The differences between the ground- and aircraft-based reflectances were 

0.004 or less for the four bands. 

Satellite-based data 

The seven TM satellite image acquisitions used in this analysis 

are listed in Table 4.2. All TM scenes were acquired with Level-A 

processing from EROS Data Center, Sioux Falls, South Dakota. The Level

A processing consists of a "radiometric" correction to normalize 

detector response within each of the spectral bands but no "geometric" 

correction. The radiometric correction of the TM scenes results in 

substantial enhancement of the digital numbers (DN) and requires some 

work (as described by Holm et al., 1989) to reverse the correction 

process. The reversal is necessary in order to use the TM absolute 

calibration factors to convert DN to radiance. 
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Table 4.2. Satellite overpass specifications for MAC I. DOY refers to 
day of calendar year, Time is local overpass time (decimal) and 0v 
and 0z are instrument view and solar zenith angles (in degrees). 

Date DOY Time __ 0 v- __ Oz_ 
23 Jul 85 85204 10.54 +5.0 29.84 

8 Aug 85 85220 10.54 +5.0 30.08 
27 Oct 85 85300 10.54 +5.0 50.88 
20 Mar 86 86079 10.49 +5.0 43.76 

5 Apr 86 86095 10.49 +5.0 38.35 
21 Apr 86 86111 10.54 +5.0 33.35 
24 Jun 86 86175 10.54 +5.0 27.56 

Atmospheric measurements 

The total optical depth of the atmosphere was determined from the 

slopes of Langley plots in which the natural logarithm of the voltages 

from the solar radiometers was plotted against air masses for several 

wavelengths throughout the spectral range of interest. Total optical 

depth was partitioned into Mie, Rayleigh, and ozone optical depths using 

the procedure described by Biggar et al. (1990), and gaseous 

transmittance was estimated using the 5S radiative transfer code (Tanre 

et al., 1985) (Table 4.3). These values were used as inputs to a 

radiative transfer model (Herman and Browning, 1965) to compute the 

spectral radiance observed by a satellite-based sensor. 
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Table 4.3. Spectral optical depth values in the TM wavebands estimated 
for seven dates in 1985 and 1986 at MAC. DOY refers to the day of 
year. "Mie, Ray and 0 3 " are. Mie, Rayleigh and ozone optical depth 
values. 

TMI TM2 TM3 TM4 
DOY Time Mie Ray 0 3 Mie Ray 0 3 Mie Ray 0 3 Mie Ray 0 3 

85204 10.53 .127 .156 .009 .099 .081 .039 .079 .045 .019 .054 .017 .002 
85220 10.53 .173 .157 .006 .139 .081 .026 .114 .045 .013 .083 .017 .002 
85300 10.53 .124 .156 .006 .096 .081 .025 .076 .045 .012 .053 .017 .001 
86079 10.53 .084 .158 .008 .064 .082 .034 .049 .045 .017 .033 .017 .002 
86095 10.53 .085 .156 .012 .069 .081 .052 .056 .045 .017 .041 .017 .003 
86111 10.53 .058 .154 .005 .049 .080 .030 .041 .044 .013 .031 .017 .000 
86175 10.53 .175 .156 .013 .136 .081 .054 .108 .045 .027 .074 .017 .003 

Radiative Transfer Codes 

Four radiative transfer codes were used, in conjunction with the 

sensor absolute calibration, to retrieve surface reflectance and 

radiance from TM sensor output. These could be categorized as "exact" 

and "approximate" codes. Exact codes solve the theoretical radiative 

transfer equations directly (Chandrasekhar, 1950). The codes require as 

input the atmospheric optical depth due to Rayleigh and aerosol 

scattering and water and ozone absorption, the complex refractive index 

of the aerosols, a size distribution of the aerosol particles, and the 

ground reflectance. Two exact codes were tested: 

1) Herman-Browning Code (Herman and Browning, 1965); and 

2) Successive Orders Code (Tanre et al., 1985). 
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Approximate codes calculate atmospheric transmittance and 

background radiance for a given atmospheric path at low spectral 

resolution. Representative atmospheric, aerosol, cloud and rain models 

are provided in the codes with the options to replace them with user

provided theoretical or measured input values. Two codes were tested: 

1) Lowtran7 Code (Kneizys et a1., 1988); and 

2) 5S Code (Tanre et a1., 1985). 

The outputs from the Herman-Browning, Successive Orders and 5S 

codes were obtained from personnel at the Optical Science Center at 

University of Arizona, Tucson, Arizona. Since the Lowtran7 code was 

available to the author at the U.S. Water Conservation Laboratory, 

additional and extensive testing was performed to determine the 

usefulness of this code for atmospheric correction. 

Data Processing 

A subset of TM digital numbers was selected from each of seven TM 

scenes (Table 4.2) for correlation with the aircraft-based reflectance 

factors. Two targets, one bare soil "and one full-cover vegetation, were 

selected from each scene. Uniform subsets from within each target were 

selected by visual examination of a DN printout of the area. The 

subsets consisted of 12-36 pixels which were averaged to obtain a mean 

DN value for the area. A set of two to five aircraft-based pixels, 
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corresponding spatially to the location of the TM pixels, was averaged 

to produce a single reflectance factor for each averaged DN value. This 

resulted in 56 points: two points per seven scenes per four TM bands. 

In addition to estimation of surface reflectance, total shortwave 

outgoing radiant flux density (RSt ) was computed from satellite-based 

data for comparison with ground-based estimates. RSt was determined by 

summing Rst~ in TMl-TM4 wavebands and dividing by the ratio of 

partial/total (P/T) radiant flux density (Jackson, 1984). The PIT ratio 

for the TM wavebands was 0.32. 

Table 4.4. TM Sensor calibration coefficients (ci)' Coefficients are 
in counts per unit radiance (W m- 2 sr- 1 ~m- ). "Mult" refers to 
the multiplicative factor and "add" to the additive factor. 

TMI TM2 TM3 TM4 
Date mult add mult add mult add mult add 

before Oct '85 13.82 2.79 7.12 3.06 9.25 3.12 10.30 2.73 
after Oct '85 13.89 2.71 7.20 2.56 9.40 2.60 10.35 2.36 

The DNs extracted from the Landsat TM images required some 

preprocessing (as described by Holm et al., 1989) to reverse the 

radiometric correction routinely applied by the EROS Data Center. The 

TM "raw" DNs were then converted to top-of-the-atmosphere radiance (Ls ).) 

using the absolute radiometric calibration coefficients of the TM 

(Slater et al., 1986) (Table 4.4). The uncorrected surface reflectance 

(pg).u) was computed from values of Ls ). using Equation (5). Corrected 

reflectance (Pg).) was computed using three approaches: 
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1) The Radiative Transfer Code Solution. PgA was determined from 

a linear relation between of LSA and PgA (over the range 0.0 to 

0.7), derived from radiative transfer code output based on a 

variety of input parameters and atmospheric models. 

2) The Dark-Object Subtraction (DOS) Technique. PgA was computed 

using Eq. (4), where LdAt was estimated from the image histogram, 

TVA - TZA - 1.0, and LdA~ - 0.0. 

3) The Modified DOS Approach. PgA was computed using the Lowtran7 

code (as in approach 1), where the atmospheric model was chosen 

based on the value of LdAt estimated from the image histogram (as 

in approach 2). 

Radiative Transfer Code Solution 

As discussed in the previous section, four radiative transfer 

codes were used, two exact and two approximate. The exact codes were 

based on on-site measurements of atmospheric properties, whereas the 

approximate codes (5S and Lowtran7) offered the user choices of 

atmospheric models. The 5S code was run using a Rayleigh atmosphere 

with ~stimates of water vapor and gaseous absorption. The Lowtran7 code 

was run with four different models: 

#1. Mid-latitude Summer Model; 

#2. Standard U.S. Atmosphere Model; 



#3. Rayleigh atmosphere with zero water vapor and estimates of 

gaseous absorption; 

#4. User-defined atmosphere based on surface values of air 

temperature, barometric pressure, and relative humidity 

(collectively termed TPRH) , and selected Lowtran7 atmospheric 

models. 
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The user-defined atmosphere (#4) was determined by matching 

modeled profiles of atmospheric water vapor, pressure, and temperature 

to values measured at the surface. That is, the most appropriate 

Lowtran7 models were chosen based on the ability to match measured 

values at the ground. For the MAC site, the sub-arctic Winter model was 

best for water vapor and the U.S. Standard model was best for 

temperature and pressure. The desert extinction model was chosen for 

aerosols because it defined the highest visibility of all available 

models. 

A comparison of the User-defined atmosphere (based on the above 

mentioned models) with the Lowtran Rayleigh, Mid-Latitude Summer and 

Standard U.S. atmospheric models for estimation of TPRH is presented in 

Figure 4.1. Note that all four models produced reasonable estimates of 

atmospheric pressure (Figure 4.1a). None of the models produced ground

level air temperatures as high as were recorded at MAC during the summer 

months. For the Rayleigh and User-defined atmospheres, the ground-level 

air temperature was used as input to the model and the results were more 
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reasonable (Figure 4.lb). The relative humidity was overestimated by 

all models except the sub-arctic Winter model (Figure 4.lc). This low 

humidity model fit the MAC data fairly well over all seasons. The 

Rayleigh model assumed that there was no atmospheric water vapor 

absorption. A short discussion of Lowtran7 application to TM data and a 

sample input file for each Lowtran7 model are included in Appendix 1. 
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Figure 4.1. A comparison of the Lowtran User-defined model with 
the Lowtran Rayleigh, Hid-Latitude Summer, and Standard U.S. 
models for estimation of (a) barometric pressure, (b) air 
temperature, and (c) relative humidity on 23 July 1985. 
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Dark-Object Subtraction Technique 

The path radiance term (LdAt ) was estimated from image data using 

the "improved" dark-object subtraction technique described by Chavez 

(1988). A histogram was generated from a quarter of the TMI scene, 

covering a 30x30 km area on the ground. The histogram was characterized 

by an offset towards higher DN values and a very sharp increase in the 

number of pixels at some non-zero DN values. This dark-object DN value 

was assumed to be indicative of the amount of upwelling path radiance in 

that band. An atmospheric scattering model (Table 4.5) was used to 

predict similar DN values for all spectral bands based on the DN value 

for band TMI. These values were then used to do a dark-object 

subtraction correction. That is, the band-specific, dark-object DN was 

subtracted from each pixel value in the respective band, thus accounting 

for the additive effect of upwelling path radiance. 

Table 4.5. Relative scattering model for dark-object subtraction method 
(from Chavez, 1989). 

Atmospheric Conditions 
Very Clear 
Clear 
Moderate 
Hazy 
Very Hazy 

Relative Scattering Model 
A - 4 

A- 2 

A- 1 

A- O. 7 

A- O. S 
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Modified DOS Approach 

A modification of the dark-object subtraction procedure was 

explored in this experiment. The DOS technique (Chavez, 1988) was used 

to estimate path radiance, and, as suggested by Ahern et al. (1977), a 

radiative transfer code was used to infer TA and LdA+' and compute 

surface reflectance. That is, the image-based estimate of LdAt was used 

to select the most appropriate Lowtran7 atmosphere. Then, rather than 

use Eq. (4) to solve for surface reflectance (with the DOS assumptions 

that TA - 1 and LdA+ - 0), surface reflectance was computed directly 

from at-satellite radiance using the Lowtran7 code. 

For example, values of LdAt computed using the Lowtran7 code and 

those estimated using the DOS histogram technique are listed in Table 

4.6. Using the modified DOS approach, one would compare the DOS LdAt 

values with the Lowtran7 modeled estimates of LdAt to choose the most 

suitable Lowtran7 model. Since scattering is greatest in the shorter 

wavelengths, TMI would likely have the most accurate DOS estimate of 

LdAt ; thus, TMI was used as the basis for model selection. 

Consequently, according to Table 4.6, the User-defined Model would be 

most appropriate for 21 April and the Mid-latitude Summer Model for 24 

June. 
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Table 4.6. Values of upwelling path radiance and transmittance on 21 
April 1986 and 24 June 1986, using the dark-object method and the 
Lowtran7 code with four atmospheric models. 

TMI 21 A~ril 1986 24 June 1986 
Lowtran7 L -d>.t- __ 1'>._ -bd>.t _ __ 1'>._ 
Rayleigh 2.005 0.8476 2.071 0.8478 
Std. U.S. 2.450 0.7045 2.519 0.7045 
Mid-latitude Summer 2.845 0.5870 2.921 0.5870 
User-defined Model 2.298 0.7205 2.424 0.7171 

Dark-object 2.249 1.0 2.820 1.0 

TM2 
Lowtran7 -bd>' t- __ 1' >._ -bd>.t _ __ 1'>._ 

Rayleigh 1.164 0.8905 1.254 0.8907 
Std. U.S. 1.608 0.7632 1.653 0.7632 
Mid-latitude Summer 1.989 0.6548 2.044 0.6548 
User-defined Hodel 1.535 0.7780 1.572 0.7737 

Dark-object 1.851 1.0 2.685 1.0 

TM3 
Lowtran7 -bd>' t- __ 1' >._ -bd>.t _ __ 1'>._ 
Rayleigh 0.485 0.9295 0.522 0.9296 
Std. U.S. 0.745 0.8141 0.765 0.8141 
Mid-latitude Summer 0.981 0.7118 1.009 0.7118 
User-defined Model 0.698 0.8291 0.714 0.8237 

Dark-object 0.763 1.0 1. 2989 1.0 

TM4 
Lowtran7 -bd>.t ___ 1'>._ -bd>.t _ __ 1'>._ 
Rayleigh 0.232 0.9826 0.249 0.9826 
Std. U.S. 0.461 0.8658 0.470 0.8658 
Mid-latitude Summer 0.647 0.7665 0.667 0.7665 
User-defined Model 0.413 0.8881 0.421 0.8786 

Dark-object 0.531 1.0 1.152 1.0 

The modified DOS method differs from the method described by Ahern 

et al. (1977) in two aspects. First, LdAt was derived using the image 

histogram rather than the spectral response of a clear lake. Second, in 

the modified DOS method, surface reflectance was computed using a 
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radiative transfer code (Lowtran7) with a modeled atmosphere. For the 

method described by Ahern et al. (1977), the radiative transfer code was 

used to infer TA and LdA +, and surface reflectance was computed using 

Eq. (4). 

Results 

It should be noted that, though 56 points were selected, the 

author was dependent upon the generosity of othersll for some of the 

processing steps and, due to time constraints, not all dates could be 

included in each analysis. Therefore, the dark-object subtraction and 

modified DOS methods were applied to two dates (21 April 1986 and 24 

June 1986), the Herman-Browning and Successive Orders codes were applied 

to four dates (23 July 1985, 27 October 1985, 20 March 1986 and 5 April 

1986), and the 5S and Lowtran7 codes were applied to all seven dates 

(all dates listed plus 8 August 1985). Plots of satellite-based PgA and 

RSt with aircraft-based values for each correction procedure and for the 

uncorrected case are included in Appendix 2. Regression analysis was 

done for each correction, each waveband and all wavebands to determine 

the correlation coefficients (r2) and slopes of the satellite- and 

II Personnel from the Optical Science Center at Univ. of Ariz., Tucson, 
Ariz. (in particular, S. Biggar, D. Gellman, R. Holm, P. Slater, B. Yuan, 
and R. Santer) provided measurements of optical depth at the MAC site on 
each date and output from the 5S, Successive Orders, and Herman-Browning 
radiative transfer codes. P. Chavez of the U.S.G.S., Flagstaff, Ariz., 
provided the DN values for the dark-object subtraction method. 
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aircraft-based estimates (Tables 4.7 and 4.8). Though these tables, and 

the figures in Appendix 2, are useful for reference purposes, they are 

difficult to interpret because the data sets differed for each analysis 

and both the slope and r2 values must be considered simultaneously to 

evaluate the success of the correction. 

Table 4.7. Regression analysis for comparison of sate11ite- and 
aircraft-based reflectance factors derived using nine atmospheric 
correction procedures: 

UNC 
HBC 
soc 
5SR 
L-R 
L-M 
L-S 
L-U 
DOS 
MDS 

1. UNC: Uncorrected; 
2. HBC: Herman-Browning code; 
3. soc: Successive Orders code; 
4. 5SR: 5S code with Rayleigh atmosphere; 
5. L-R: Lowtran7 code with Rayleigh atmosphere; 
6. L-M: Lowtran7 code with Mid-latitude Summer atmosphere; 
7. L-S: Lowtran7 code with Standard U.S. atmosphere; 
8. L-U: Lowtran7 code with User-defined atmosphere; 
9. DOS: Dark-object subtraction; 
10. MDS: Modified DOS approach. 
Note that the number of dates analyzed (n) varies for each 
procedure. Results are presented graphically in Appendix 2. 

TM1 TM2 TM3 TM4 ALL 
...!L.~ sloQe r2 sloQe ~ sloQe ~ slope r2 slope 

7 0.941 0.640 0.982 0.715 0.989 0.717 0.989 0.835 0.975 0.765 
4 0.962 0.830 0.964 0.864 0.997 0.848 0.995 0.966 0.995 0.981 
7 0.955 0.798 0.945 0.907 0.984 0.830 0.983 0.911 0.992 0.927 
7 0.939 0.745 0.980 0.837 0.988 0.797 0.988 0.908 0.994 0.920 
7 0.949 0.759 0.985 0.839 0.991 0.787 0.991 0.850 0.995 0.838 
7 0.949 0.841 0.987 0.947 0.990 0.896 0.963 1.006 0.993 1.042 
7 0.904 0.887 0.986 0.887 0.990 0.836 0.991 0.926 0.995 0.942 
7 0.950 0.777 0.987 0.869 0.991 0.818 0.986 0.913 0.994 0.914 
2 0.974 0.577 0.968 0.691 0.995 0.716 0.999 0.854 0.994 0.836 
2 0.989 0.753 0.994 0.887 0.994 0.846 0.955 0.947 0.988 0.956 
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Table 4.8. Regression analysis for comparison of satellite- and 
aircraft-based estimates of total shortwave outgoing radiant flux 
density (Rst ) derived using nine atmospheric correction 
procedures. Note that the number of dates analyzed (n) varies for 
each procedure. Since DOS and Modified DOS data were only 
available for 2 dates (resulting in only 4 data points), the r2 
values were not significant, and thus, were not included in this 
table. Results are presented graphically in Appendix 2. 

r2 Slo~e -!L 
1. Uncorrected 0.941 0.915 7 
2. Herman-Browning code 0.967 1.010 4 
3. Successive Orders code 0.926 0.921 7 
4. 5S code with Rayleigh atmosphere 0.944 0.920 7 
5. Lowtran7 code with Rayleigh atmosphere 0.969 0.881 7 
6. Lowtran7 code with Mid-latitude Summer atmosphere 0.949 0.985 7 
7. Lowtran7 code with Standard U.S. atmosphere 0.961 0.932 7 
8. Lowtran7 code with User-defined atmosphere 0.953 0.950 7 
9. Dark-object subtraction 2 
10. Modified DOS approach 2 

In order to evaluate the ability of each correction procedure to 

accurately estimate surface reflectance, the root mean squared (RMS) 

error of satellite-derived estimates of surface reflectance was computed 

for each procedure. The RMS error is the standard deviation of the 

difference between the satellite-based estimates and ground-based 

measurements for 2 ground targets and 4 spectral wavebands and all 

acquisition dates. The RMS error of the uncorrected estimates for the 

same dates were also computed for comparison. 

The correction based on exact radiative transfer codes, Herman-

Browning and Successive Orders, with on-site measurements of spectral 

optical depth, reduced the RMS error of satellite-derived surface 



reflectance and radiant flux density estimates by about 400% (Figures 

4.2 and 4.3). Thus, the RMS error was approximately 0.01 reflectance 

and less than 3 W m- 2 • 
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exact radiative transfer codes with exact input: (UNC) 
uncorrected estimates using Equation (5); (HBC) Herman
Browning code; and (SOC) Successive Orders code. 
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Figure 4.3. RMS error of RSf using exact radiative transfer codes 
with exact input: (UNC) uncorrected estimates using TH 
sensor calibration; (HBC) Herman-Browning code; and (SOC) 
Successive Orders code. 

The approximate codes, Lowtran7 and 5S, produced variable results 

depending on the suitability of the atmospheric model (Figures 4.4 and 

4.5). For example, when the Lowtran7 Rayleigh model was applied, the 

RMS error of reflectance factor estimates was only slightly less than 

for uncorrected estimates. However, when more complex models were 

chosen (accounting for water vapor absorption and aerosol scattering), 

the Lowtran7 code produced results substantially better than the 

uncorrected estimates. It is notable that the 5S code with a Rayleigh 

atmosphere produced results comparable to the Lowtran7 code with more 
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turbid atmospheres, such as, Std. U.S. or Mid-latitude Summer. This 

could be attributed to theoretical differences in the Lowtran7 and 5S 

codes. In any case, the use of approximate radiative transfer codes 

decreased the error in satellite-derived estimates of reflectance. The 

RMS error of RSt was uniformly small (less than 5 W m- 2 ) and varied only 

slightly with different correction procedures. 
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Figure 4.4. RMS error of reflectance factor estimation using 
approximate radiative transfer codes with modeled input: 
(UNG) uncorrected estimates using Equation (1): (L-H) 
Lowtran7 code using the Hid-Latitude Summer Hodel default: 
(L-S) Lowtran7 code using the Standard U.S. Atmosphere Hodel 
default: (L-U) Lowtran7 code with measurements of TPRH and 
the Std. U.S. Hodel default; (5SR) 5S code using a Rayleigh 
atmosphere with water vapor and gaseous absorption: and (L
R) Lowtran7 code using a Rayleigh atmosphere with only 
gaseous absorption. 



20.00~--------------------------------------' 

N 15.00 
( 

E 
......... 
~ 

-.....J 

( 

~ 10.00 
I.... 
o 
I.... 
I.... 

W 

[f] 

~ 5.00 ................ . 

UNC L-M L-S L-U 5SR L-R 

93 

Figure 4.5. RHS error of RSt using approximate radiative transfer 
codes with modeled input: (UNC) uncorrected estimates using 
Eq. (1); (L-H) Lowtran7 code using the Hid-Latitude Summer 
Hodel default; (L-S) Lowtran7 code using the Standard U.S. 
Atmosphere Hodel default; (L-U) Lowtran7 code with 
measurements of TPRH and the Std. U.S. Hodel default; (5SR) 
5S code using a Rayleigh atmosphere with water vapor and 
gaseous absorption; and (L-R) Lowtran7 code using a Rayleigh 
atmosphere with only gaseous absorption. 

The dark-object subtraction method theoretically accounts for the 

additive effect of atmospheric path radiance. For this data set, the 

method produced higher RMS errors in reflectance and RSt than the 

uncorrected data (Figures 4.6 and 4.7). This inaccuracy was due to the 

assumptions that r~-1.0 and Ld~~-O.O. For example, on 21 April 1986 and 
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24 June 1986, atmospheric transmittance values computed using Lowtran7 

code for TM1 were significantly less than 1.0 (Table 4.6), ranging from 

0.59 to 0.85. The error in surface reflectance estimation associated 

with the assumption TA=1.0 (according to Eq. (4» would be approximately 

l/(TvATZA )' .where TVA and TZA are transmittance along the viewing and 

solar paths, respectively. Likewise, the assumption that LdA+-O.O can 

cause considerable error in reflectance estimates since LdA+ can be as 

large as 25% of LgA , even for relatively clear atmospheres (Biggar, 

1990). On the other hand, there was relatively good agreement between 

estimates of LdAt based on Lowtran7 code and those determined from the 

image histogram. 
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Figure 4.6. RHS error of reflectance factor estimation using 
image-based correction methods: (UNe) uncorrected estimates 
using Equation (1); (DOS) dark object subtraction based on 
the image histogram; (MDS) Modified DOS approach. 
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Figure 4.7. RKS error of RSf using image-based correction 
methods: (UNe) uncorrected estimates using Equation (1); 
(DOS) dark object subtraction based on the image histogram; 
(HDS) Modified DOS approach. 

The use of the modified DOS method gave results comparable to the 

Lowtran7 results presented in Figures 4.4 and 4.5. This reaffirms the 

idea that much of the error associated with the DOS technique is due to 

the assumptions the TA-I.O and LdA~-O.O and the disregard for multiple 

scattering effects. However, to appraise the value of the modified DOS 

approach, a more rigorous test should be made using data from other 

locations with greater aerosol concentrations and higher humidity 

levels. 
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Overall, these results emphasized the importance of using 

multiple-scattering radiative transfer codes for retrieval of surface 

reflectance and radiance from satellite-based sensors. They also stress 

the importance of selecting a correction method to suit the selected 

wavebands and geographic location. For example, the dark-object 

subtraction technique is appropriate for correction of TMl-TM3, where 

attenuation is primarily due to scattering; for TM4, scattering is 

oftentimes minimal and absorption by water vapor is dominant, thus dark

object subtraction can produce greater error than no correction at all. 

Discussion 

There have been suggestions that, for low reflectance scenes 

(roughly 0.0 to 0.1), a Rayleigh correction or any reasonable correction 

based on rough estimates of atmospheric conditions and a multiple

scattering radiative transfer code would improve estimates of surface 

reflectance from satellite-based data (Hovis, 1985; Slater, 1988). This 

conclusion is based on the error in low surface reflectance estimates 

due to high atmospheric path radiance. At higher reflectances, the path 

radiance term is less significant and aerosol scattering must be 

accounted for (Turner et al., 1975). 

For this data set, the surface reflectance factors ranged from 

0.01 to over 0.6 in TM bands 1-4. When the analysis was limited to the 

reflectance range of 0 to 0.15, the RMS error of nearly all the 
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correction procedures decreased noticeably. Figures 4.8-4.10 provide a 

comparison of the RMS error for each correction procedure for two ranges 

of target reflectance: 1) target reflectance ranged from 0 to 0.6 (solid 

bars) and 2) target reflectance was limited to the range 0 to 0.15 

(striped bars). In the latter case, the error in atmospheric correction 

remained the same or was reduced for all correction procedures. Over 

the limited reflectance range, the dark-object subtraction procedure 

resulted in lower error than uncorrected values, unlike the results over 

the entire reflectance range (Figure 4.10). 

Unfortunately, by limiting the reflectance range of this data set 

to < 0.15, all the data in the near-IR spectrum (TM4) were eliminated. 

Thus, it was difficult to draw conclusions from the results presented in 

Figures 4.8-4.10. The improvement in correction results may be 

attributed to two arguments: 1) the effect of aerosol scattering was 

minimized in the 0 to 0.15 reflectance range; and 2) the effect of water 

vapor absorption was minimized by limiting the spectral range to the 

visible region. 



Q) 

u 
c 
o -

98 

0.05 -r--------------------, r-~-----, 

All Data .. 
0.04+········· .. ························· .... ············ ..................................................................................................... j 

Refl<O.15 

g 0.03 -Q) 

~ 

1-
a 
t 0.02 w 

[fJ 

2 
~ 

0.01 -l .................... " 

0.00 -t----""'-'-
UNC HBC 'SOC 

Figure 4.8. Comparison of RHS error of reflectance factor 
estimation over two ranges of reflectance. Exact radiative 
transfer code with exact input (X-axis labels from Figure 
4.2). Solid bars represent the entire range of reflectance 
targets (0.0 to 0.6) and striped bars represent results over 
targets of 0.0 to 0.15 reflectance. 
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Figure 4.10. Comparison of RHS error of reflectance factor 
estimation over two ranges of reflectance. Dark-object 
subtraction and modified DOS method (X-axis labels from 
Figure 4.6). Solid bars represent the entire range of 
reflectance targets (0.0 to 0.6) and striped bars represent 
results over targets of 0.0 to 0.15 reflectance. 

Concluding Remarks 

The results of this research demonstrated that atmospheric 

correction is indeed necessary for agricultural applications of 

satellite-based spectral data in the visible and near-IR wavelengths. 

They also disproved the notion that any correction is better than none. 
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For example, the dark-object subtraction (DOS) technique produced 

greater error in estimations of near-IR reflectance than no correction 

at all. On the other hand, the four radiative transfer codes (RTCs) 

tested in this analysis were all successful in reducing the overall 

error of reflectance estimation. As expected, the exact RTCs produced 

the most accurate estimates of surface reflectance, but the approximate 

RTCs were surprisingly successful. When care was taken to choose 

appropriate models for water vapor and aerosol profiles, surface 

reflectance was evaluated to within ±0.02 reflectance (1 a RMS). The 

RMS errors of satellite-derived estimates of RSt were uniformly low 

(less than 5 W m- 2 ) for all RTC-based correction procedures. These 

uncertainties were within the confidence limits suggested for RSt and ND 

in Chapter 2. 

A modified DOS approach (based on work by Ahern et al., 1977) was 

tested in an effort to combine the image-based nature of the DOS 

technique with the accuracy of the Lowtran7 radiative transfer code. 

Using the DOS technique to choose an appropriate atmospheric model for 

evaluation with the Lowtran7 code, surface reflectance was computed from 

at-satellite radiance to within ±0.02 and RSt to within ±5 W m- 2 (1 a 

RMS). However, it should be emphasized that these results were probably 

site-specific since they were achieved under relatively clear, dry 

conditions at MAC. Further studies should be undertaken at other 

locations with greater aerosol concentration and higher humidity levels. 
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CHAPTER 5 

ATMOSPHERIC CORRECTION OF LANDSAT TM THERMAL DATA 

Introduction 

Atmospheric absorption and scattering of therma1-IR radiation can 

cause serious errors in the evaluation of surface temperature from 

satellite-based sensors. Over the spectral interval 10-12 ~m, water 

vapor is the dominant absorber (LaRocca, 1985). Li and McDonnell (1988) 

reported that 10-60% of the radiation emitted from the ocean was 

absorbed by atmospheric water vapor before it reached satellite 

altitude. Thus, the sea surface temperature detected by the satellite 

appeared to be 1-10 OK lower than that at the sea surface, due almost 

entirely to water vapor absorption. Relative to water vapor, the 

absorption and scattering due to gases and aerosols is small (Grassl, 

1987). 

As precipitable water increases, ground temperatures detected by 

satellite sensors tend to converge, making temperature discrimination 

increasingly difficult (Kiang, 1982). Consequently, the overall effect 

of the atmosphere is to reduce the thermal image contrast (Byrnes and 

Schott, 1986). These uncertainties in surface temperature can cause 

considerable error in the remote estimation of evaporation. According 
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to data presented in Tables 2.2-2.4, a 1 DC error in surface temperature 

can result in a 10% error in the estimation of surface evaporation. 

In this chapter, results are presented from an experiment in which 

Landsat Thematic Mapper (TM) thermal data (TM6: 10.44-12.42 ~m) were 

corrected for atmospheric effects using techniques similar to those used 

in earlier studies. The atmospheric correction accuracy was assessed by 

comparison of TM6-derived estimates of surface temperature with 

concurrent measurements of surface temperature in fallow and cropped 

fields on five dates. 

Experimental Background 

The atmospheric correction of satellite-based thermal data has 

principally involved simple regression of surface temperature and 

satellite digital data (Lathrop and Lillesand, 1986; Malaret et al., 

1985), regressive multi-band techniques (McMillin and Crosby, 1984), 

empirical multi-altitude correction techniques (Schott, 1979), and 

atmospheric correction models (Byrnes and Schott, 1986; Wukelic et al., 

1989). The regression models described by Lathrop and Lillesand (1986) 

and Malaret et al. (1985) calibrated the sensor directly by comparing 

the image data with simultaneously acquired surface temperatures. Their 

results were highly accurate but Lathrop and Lil1esand reported that the 

equations were restricted to conditions when atmospheric influences were 

negligible. 
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For satellites that acquire data in two wavebands within the 

thermal-IR window region, the split-window correction technique is 

useful. This technique automatically corrects for atmospheric effects 

based on the differential absorption properties of water vapor in two 

wavebands (McMillin and Crosby, 1984). However, in the case of Landsat 

TM, only a single thermal-IR waveband is available, so the split-window 

technique is not an option. 

The profile calibration technique described by Schott (1979) uses 

radiance values observed by airborne sensors at multiple altitudes over 

the same target to compute values of atmospheric transmittance and 

upwelling radiance. Schott (1979) and Schott and Volchok (1985) 

demonstrated that this technique worked well to calibrate airborne and 

satellite-based sensors. This empirical technique circumvents the need 

for precise measurements of air temperature, pressure, water vapor 

content, and gases, but requires that multi-level measurements of target 

radiance be acquired near the time of satellite overpass. Therefore, it 

has advantages for in-flight sensor calibration but is not suitable for 

atmospheric correction of thermal data on an operational basis. 

There is some interest in using atmospheric correction models, 

such as Lowtran (Kneizys et al., 1988), for correction of satellite

based thermal data. Schott and Volchok (1985) compared the profile 

technique with the Lowtran correction (using local, coincident 

radiosonde data) for calibration of Landsat TM6. They concluded that 

systematic errors in their satellite-derived surface temperatures were 
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due to overestimation of the atmospheric transmittance by the Lowtran 

code and gain errors in the satellite internal calibration. Wuke1ic et 

a1. (1989) conducted a similar study using the Lowtran code to compute 

the atmospheric correction of Landsat TM6 for comparison with ground 

temperatures of water and non-water surfaces. They found that, when 

local radiosonde data were used with the Lowtran code to adjust for 

atmospheric effects, the satellite-derived temperatures were within 1 °C 

of ground temperature values. However. using non-local and non

coincident radiosonde data resulted in errors as large as 12°C. 

Theoretical Background 

The radiance reaching a satellite-based sensing system (Ls) can be 

expressed as (e.g., Schott and Vo1chok, 1985) 

(1) 

where T is the atmospheric transmittance, f is the surface emissivity, 

Lg is the blackbody radiance associated with an object on the ground 

with temperature Ts ' Pg is the surface reflectance (pg - 1.0 - f), L+ is 

the downwelling radiance from the sky and Lt is the upwelling radiance 

from the air column between the surface and the sensor. Thus, the 

surface radiance can be expressed as 

Lg- (Ls - Lt)/Tf - (1.0/f-1.0)L+, 

and the surface temperature (Ts) can then be derived from Lg by 

integration of the Planck function, 

(2) 
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(3) 

over the spectral bandpass A, where C1 - 1.19x10s (W m- 2 sr- 1 pm4 ), C2 

1.439x104 (pm OK), Ts is the surface temperature (OK), and A' is the 

wavelength (pm)~/. 

The emissivity term, £, in Eqs. (1) and (2) refers to the ratio of 

the emittance of a given surface to the emittance of an ideal blackbody 

at the same wavelength and temperature. The emissivity of the surface 

causes the radiometric temperature to be less than the kinetic 

temperature (Jackson, 1988). The kinetic (absolute) temperature is a 

measure of the average kinetic energy of atomic and molecular units in 

motion within bodies above absolute zero. The radiometric (apparent) 

temperature is an estimate of the kinetic temperature, generally 

evaluated from a measurement of radiation emitted from the surface using 

an infrared sensor. Thus, the data collected using ground- or 

satellite-based sensors must be corrected for the surface emissivity. 

Kinetic and radiometric temperatures (Tx and Tr , respectively) are 

related by the Stefan-Boltzman law, 

Lg - £uTx
4 

- uTr
4

, (4) 

where u is the Stefan-Boltzman constant (S.674x10- s W m- 2 °K- 4 ). The 

Stefan-Boltzman law was derived by integrating the Planck function (Eq. 

(3)) over the wavelength interval 0 to ~ (Slater, 1980, p. 241). When 

~I The scientific abbreviations used in this chapter are similar to those 
presented in Table 3.1, except that the A subscript, denoting integration 
of the quantity over the spectral bandpass, has been omitted for the sake 
of clarity. 



107 

the infrared sensor (e.g., the infrared thermometer (IRT» is calibrated 

with a blackbody source over the interval 0 to ~, Eq. (4) can be used to 

determine kinetic temperature from radiometric temperature. The 

conversion can be expressed 

(5) 

In summary, Eqs. (1) and (2) account for the surface emissivity in 

the conversion of at-satellite radiance to surface radiance and Eq. (5) 

can be applied to aircraft-based infrared thermometer (IRT) readings 

acquired at ground-level or aboard low-altitude aircraft. 

Atmospheric Correction Procedure 

Conversion of TM thermal data to at-satellite Ts 

The use and processing of Landsat TM thermal data acquired on 

computer compatible tapes (CCTs) from the Earth Observation Satellite 

Co. (EOSAT) was described in the Landsat Digital Data section of Chapter 

3. For radiometrically-corrected A-tapes, there is a simple conversion 

from digital number (DN) to at-satellite spectral radiance (Ls) given by 

Markham and Barker (1966) as 

Ls - 5.6322xlO- 3 (DN) + 0.1236, 

where Ls is in units of mW cm- 2 sr- 1 pm- 1 • These coefficients are 

applicable to data acquired after 15 January 1964. 

(6) 



The conversion of Ls to temperatur.e (Tsu' where u signifies 

uncorrected) by integration of Eq. (3) can be simplified using an 

equation developed by Lansing and Barker (1983), where 

Tsu - K2 / (In(K 1/Ls + 1.0»), 
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(7) 

and Kl - 60.776 (mW cm- 2 sr- 1 ~m-l) and K2 - 1260.56 (OK) for Landsat-5 

TM. For Landsat-4 TM, Kl - 67.162 and K2 - 1284.3. 

Computation of Lt. r. E, L! 

Atmospheric path transmittance (r) and upwelling path radiance 

(Lt ) were computed using the Lowtran7 radiative transfer code. The 

Lowtran7 code computes transmittance and radiance for 5-cm- 1 frequency 

intervals, and average transmittance and integrated radiance over the 

TM6 bandwidth (10.44-12.42). When the temperature of the surface 

boundary is set to absolute zero, the at-satellite radiance is equal to 

the upwelling path radiance. 

Unlike the response functions for the TM reflective wavebands, the 

TM6 response function is fairly flat (Figure 5.1) and the minor 

correction of Lowtran7 output for the spectral response function of the 

TM sensor can be ignored (D.E. Gibbons, Pacific Northwest Lab., 

Richland, Wa. 99352, personal communication). In order to minimize 

error in this analysis, the response function was incorporated into the 

computation of transmittance and radiance using Eq. (2) in Appendix 1. 

Then, average transmittance was computed and integrated radiance was 
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estimated using the trapezoidal rule to compute the planar area (K) by 

approximation (Slater, 1980), where 

K - h(0.5yo + Yl + Y2 + ... + Yn-l + 0.5Yn), (8) 

and K has been divided into n equidistant strips of h width and Yo to Yn 

lengths. 
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Figure 5.1. Normalized spectral response function of the Landsat 
TH thermal waveband (TH6). 

The Lowtran7 code was run with five different atmospheric models, 

similar to those used in the correction of the visible and near-IR 

wavebands in Chapter 4. The models were : 



#1. Mid-Latitude Summer Model; 

#2. Standard U.S. Atmosphere Model; 

#3. Rayleigh atmosphere with zero water vapor and estimates of 

gaseous absorption; 

110 

#4. User-defined atmosphere based on surface values of barometric 

pressure (P), air temperature (Ta) and relative humidity 

(RH) and selected Lowtran7 atmospheric models; and 

#5. User-defined atmosphere based on non-local, non-coincident 

radiosonde data collected in Tucson, Az., at 1700 MST. 

As in Chapter 4, the User-defined atmosphere #4 was determined by 

matching modeled profiles of air temperature, barometric pressure and 

relative humidity (collectively termed TPRH) to values measured at the 

surface. That is, the most appropriate Lowtran7 models were chosen 

based on ability to match measured values at the ground. For the MAC 

site, the Sub-Arctic Winter model was best for water vapor, and the 

Standard U.S. Atmosphere model was best for temperature and pressure. 

The Desert Extinction model was chosen for aerosols because it defined 

the highest visibility of all available models. 

The User-defined atmosphere #5 was defined by radiosonde profiles 

of atmospheric water vapor, temperature, and pressure. Data were 

collected in Tucson, Az., over the altitude range 0-10 km AGL at 

approximately 0.3 km intervals on each overpass day at 1700 MST. Thus, 

the measurements did not correspond spatially or temporally to the 
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Landsat TM acquisition. Use of non-local, non-coincident radiosonde 

data was suggested by F.X. Kneizys (U.S.A.F. Geophysics Lab., personal 

communication) though it has not proved successful for previous studies 

(Wukelic et al., 1989). Examples of Lowtran7 input files for the five 

atmospheric models are included in Appendix 1, Table Al.6. 

Surface emissivity was estimated from values reported by Reginato 

(1987) and Reginato and Jackson (1988) for similar surfaces. In these 

reports, emissivities of a variety of surfaces were measured at MAC 

using the technique described by Fuchs and Tanner (1966). The results 

are listed in Table 5.1. 

Table 5.1. Surface emissivity measured over a variety of surfaces at 
MAC farm by Reginato (1987) and Reginato and Jackson (1988). 

Surface 
Dry bare soil, medium rough 
Dry bare soil, rough 
Dry soil with plowed straw 
Cotton plants 30 cm tall 
Dry soil in cotton furrow 
Alfalfa stubble, 10 cm tall 
Alfalfa full-cover, 60 cm tall 
Dry bare soil, loose, medium rough 
Dry bare soil, loose, smooth 
Dry bare soil, hard, medium rough 
Dry bare soil, hard, smooth 

1986 
0.962 
0.967 
0.969 
0.987 
0.984 

1987 
0.965 
0.961 
0.973 
0.978 
0.982 

0.939 
0.994 
0.948 
0.947 
0.921 
0.896 

Downwelling sky radiance (L+) integrated over the hemisphere above 

the surface is a small term in Eq. (1) and is sometimes omitted in 

surface temperature calculations. Li and McDonnell (1988) reported that 

its effect on sea surface temperatures was only 0.2-0.5 DC. A simple 
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method for estimating L~ was recently suggested by Wuke1ic et a1. 

(1989); this method was adopted for use in this analysis. The value of 

L~ in the 10.44-12.42 pm waveband was estimated as a fraction of the 

value obtained using the Idso-Jackson empirical formula for the 8-12 pm 

waveband (Suits, 1985). The formula presented by Wuke1ic et a1. (1989) 

was 

L~ - (1.807x10- 10 ) Ta 4 (1.0-0.26 exp[-7.77x10- 4 (273.15-Ta)2]), (9) 

where Ta - absolute ambient temperature at the surface (OK). 

Retrieval of Surface Temperature from TM6 Digital Data 

Retrieval of surface temperature from TM6 DN was a three-step 

process. First, DN was converted to at-satellite spectral radiance 

(La)' based on the conversion coefficients presented in Eq. (6). Then, 

surface radiance (Lg) was derived from La by solution of Eq. (2), where 

values of Lt and r were computed using the Lowtran7 radiative transfer 

code, surface emissivity (e) was estimated from values listed in Table 

5.1, and L~ was computed using Eq. (9). Finally, surface temperature 

(Ta) was estimated from Lg by use of the simplified integration of the 

Planck function (Eq. (7». 
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Experiment 

Landsat-5 TM acquisitions 

Landsat-5 TM images were acquired over the Maricopa Agricultural 

Center demonstration farm on 12 dates from April 1985 to June 1986 

during the MAC I Experiment (described in Chapter 4). Five dates were 

chosen for analysis (Table 5.2) based on the criteria that 1) the sky 

was cloud-free, 2) ground-based meteorological data were collected 

coincident with the Landsat overpass, and 3) aircraft-based thermal data 

were available over large vegetated and fallow fields on each date. 

Table 5.2. Air temperature (Te) and relative humidity (RH) at MAC 
during Landsat overpass time (~10.54) on 5 dates. 

Date Ie-'.:Ql !lliill 
23 Jul 85 32.5 20 

8 Aug 85 25.0 25 
5 Apr 86 15.0 15 

21 Apr 86 22.0 20 
24 Jun 86 35.1 20 

Aircraft-based thermal data 

The aircraft-based thermal data were collected along a route 

designed to cover twelve of the largest MAC fields. Data were collected 
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over a 25-minute period bracketing the satellite overpass time. The 

airborne sensors included an infrared thermometer (IRT) and a color 

video camera mounted to provide a nadir view of the ground surface. The 

video data were used to identify the ground location and surface cover 

type for each thermal sample. A portable data logger signaled the 

device to collect a sample every 2 seconds and recorded the time of 

sampling to 0.0001 hr. 

The aircraft was flown at a nominal altitude of 150 m, resulting 

in a field of view (FOV) of approximately 40 m diameter at the surface. 

No atmospheric correction was applied to these data, since the effects 

of water vapor absorption in this waveband at this altitude should be 

negligible (Lorenz, 1968). 

Meteorological data 

A portable meteorological station was erected at the farm on each 

overpass date. The station supported an anemometer, psychrometer, solar 

pyranometer and an automated recording device that took instantaneous 

readings of each instrument every 6 seconds. These data were processed 

and compared with similar measurements acquired by a CR-2l 

meteorological station located in another field at the farm. Values of 

Ta and RH from the two stations were averaged, rounded to the nearest 5% 

and considered indicative of the farm conditions. 
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Spatial and Temporal Coregistration of Satellite and Aircraft Data 

A subset of TM digital numbers (DN) was selected from each of the 

five TM scenes for correlation with the aircraft-based thermal data. 

Analysis was limited to the largest MAC fields (Fields 15, 23, and 27-

32), where the field size was at least 0.3 by 1.6 km in size. For this 

field size, there were at least two 120-m thermal pixels within the 

boundaries of each field in the narrow direction (see Figure 3.1). For 

each date, uniform fields of either bare soil or full-cover vegetation 

were selected for analysis. Within each selected field, the most 

uniform subsets of the data were selected. The subsets generally 

corresponded to an area covered by 6 to 8 contiguous TM6 pixels along 

the major axis of the field. Aircraft data were coregistered to 

satellite data using information derived from the video tape and visual 

comparison of the variation of aircraft- and satellite-based 

temperatures along the field transect. The results of date and field 

selection are presented in Table 5.3. 



116 

Table 5.3. Data description for thermal correction analysis. "Date" 
and "Field" refer to the date and field of aircraft- and 
satellite-based data acquisitions. "Time" is the time of the 
aircraft overpass. "Tr" is the radiometric temperature measured 
by the airborne IRT at aircraft overpass time. "Trt " is Tr 
corrected to satellite overpass time. "Tkt" is Tr converted to 
kinetic temperature (using f) and corrected to satellite overpass 
time (Tkt is referred to as Ta in the text). DN is the Landsat 
TM6 digital number corresponding to the surface location of Tr . 

Date Field Time f --Ir _____ --Irt---- --Ikt ____ DN 
23 Jul 85 #3l,Bare soil 10.696 0.95 51. 7 50.7 51.4 195.3 

8 Aug 85 #27,Cotton 10.427 0.98 29.1 29.8 30.0 142.5 
#28,Cotton 10.455 0.98 29.3 29.9 30.0 141.0 
#31,Bare soil 10.548 0.94 48.1 48.1 48.8 166.7 

5 Apr 86 #27,Wheat 10.421 0.97 22.4 23.1 23.3 136.3 
#29,Bare soil 10.464 0.89 36.4 36.9 38.0 172.1 
#32,Bare soil 10.526 0.93 39.2 39.3 40.0 179.0 

21 Apr 86 #29,Bare soil 10.631 0.89 43.0 42.4 43.7 188.4 
#30,Bare soil 10.650 0.89 44.3 43.6 44.9 192.1 

24 Jun 86 #29,Bare soil 10.469 0.93 52.7 53.2 54.1 196.3 
#22,A1fa1fa 10.605 0.93 30.7 30.3 30.4 150.5 

An empirical correction was applied to the aircraft data to 

account for differences in the time of satellite and aircraft 

overpasses. After the MAC I Experiment, several sets of IRT data were 

collected from a portable, stationary mast positioned over bare soil for 

the time interval 1000 to 1100 MST. Analysis of these data showed that, 

regardless of air temperature, the slope of the regression of time by 

soil temperature was approximately 6.5 DC hr- 1 (Figure 5.2). Based on 

this empirical relation and the times listed in Table 5.3, aircraft-

based measurements of surface temperature were corrected to surface 
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temperature at satellite overpass time. This empirical correction, 

based on soil surface temperatures, was applied to both soil and 

vegetated targets (Table 5.3). The values of Tkt in Table 5.3 are the 

surface temperatures converted to kinetic temperatures using emissivity 

and corrected to satellite overpass time using the empirical correction. 

Values of Tkt will be referred to as Ts (surface temperature) for the 

remainder of the text. 
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Figure 5.2. Bare soil surface temperature measured from 1000 to 
1100 MST on two dates: a) 12 July 1989 and b) 16 March 1990. 
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Results 

The output of the Lowtran7 code for five different atmospheres is 

summarized in Table 5.4.' The Mid-Latitude Summer and Standard U.S. 

atmospheres were characterized by large atmospheric water vapor content 

and relatively low visibility. Thus, r was low and Lt was large. For 

the Rayleigh atmosphere there was no atmospheric water vapor and no 

aerosol scattering, so r was nearly one and Lt was small. The User

defined atmosphere based on TPRH was sensitive to values of RH and Ts at 

the surface. On cool days with low humidity in April, r > 0.9; whereas, 

in August, when temperature and humidity were higher, r < 0.8. But for 

all days, there was little variation in Lt due to the high visibility 

specified in the User-defined atmosphere. For the User-defined 

atmosphere based on radiosonde data, rand Lt varied. The r values 

ranged from 0.47 to 0.91, demonstrating the variability in atmospheric 

profiles over a single site at different times of year. 

Surface radiance was computed from DN using equations (2) and (6), 

with the values of rand Lt listed in Table 5.4. L~ was approximated 

using Eq. (9). Surface temperatures were derived from surface radiance 

values based on the simplified conversion formula of Eq. (7). 



Table 5.4. Lowtran7 output for the Landsat TM thermal waveband using 
five atmospheres. 

Atmospheric Model 

Mid-Latitude Summer Model 

Standard U.S. Atmosphere 

Rayleigh Atmosphere 

User-defined Atmosphere 
Based on TPRH 

User-defined Atmosphere 
Based on Radiosonde data 

Date 

all dates 

all dates 

23 Ju1 85 
8 Aug 85 
5 Apr 86 

21 Apr 86 
24 Jun 86 

23 Ju1 85 
8 Aug 85 
5 Apr 86 

21 Apr 86 
24 Jun 86 

23 Ju1 85 
8 Aug 85 
5 Apr 86 

21 Apr 86 
24 Jun 86 

-1
t 
__ 

0.223 

0.0800 

0.00828 
0.00828 
0.00807 
0.00817 
0.00833 

0.0409 
0.0456 
0.0301 
0.0329 
0.0386 

0.1930 
0.3660 
0.0539 
0.0735 
0.1770 

Temperature retrieval without Lowtran7 code 

_ T_ 

0.628 

0.843 

0.980 
0.980 
0.980 
0.980 
0.980 

0.848 
0.790 
0.928 
0.914 
0.873 

0.584 
0.474 
0.907 
0.892 
0.745 
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The accuracy of retrieval of surface temperature from TM6 digital 

data without use of the Lowtran7 code is indicated in Figure 5.3. The 

graphs show the relation between aircraft-based Ts and satellite-derived 

temperature estimates with 

a) no atmospheric or emissivity correction (Lt-L~-O.O; T-e-l.O); 

and 
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b) emissivity and minimal correction (Lt-O.O; T-1.0; L+ computed 

from air temperature using Eq. (9); E estimated in Table 

5.1). 

There were two notable trends in the satellite data presented in 

Figures S.3a and 5.3b. First, for the April dates when Ta and RH were 

low, the uncorrected satellite-based temperatures corresponded well with 

Ts. The largest temperature discrepancies occurred with the August data 

when values of RH and Ta were highest. This supports the findings of 

Wuke1ic et a1. (1989) that uncorrected TM6 data gave good approximations 

of surface temperature values on clear days, when the atmospheric 

transmittance was greater than or equal to 0.900 and the path radiance 

less than or equal to 0.101. It also supports the conclusion of Li and 

McDonnell (1988) that atmospheric correction is greatest in summer when 

the humidity is high. 

Second, the corrections for E and L+ (Figure 5.3b) caused a slight 

decrease in all the satellite-based temperatures but there was little 

change in the slope or r2 values from the regression illustrated in 

Figure 5.3a. Over the range of E (0.89 to 0.98) and Ta (15 to 35°C) 

considered here, neither E nor L+ appeared to have a large role in 

atmospheric correction. 
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Figure 5.3. Aircraft-based measurements of surface temperature 
versus surface temperature derived from satellite-based data 
with a) no atmospheric or emissivity correction; and b) 
emissivity and atmospheric correction without Lowtran7 code. 
The solid line is the 1:1 relation and the dashed line is 
the linear regression line. 
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Temperature retrieval with Lowtran7 code 

The graphs in Figure 5.4 show the relation between Ts and 

satellite-derived temperature using Lowtran7 code with five different 

atmospheric models: a) Rayleigh, b) Mid-Latitude Summer, c) Std. U.S., 

d) User-defined based on TPRH and e) User-defined based on radiosonde 

data. In each case, Lt and T were estimated using Lowtran7 code, L+ was 

computed from air temperature using Eq. (9), and e was estimated from 

measured values in Table 5.1. 

The Lowtran7 Rayleigh correction (Figure 5.4a) accounted for only 

the molecular scatter in the thermal waveband and thus, did not produce 

results much different from the simple correction for e and L+ (Figure 

5.3b). These results emphasize the minor effect of molecular scattering 

on satellite-based data in this waveband. 

The Lowtran7 Mid-Latitude Summer correction tended to 

overcompensate for atmospheric effects on all dates (Figure 5.4b). This 

was primarily due to overestimation of atmospheric water vapor; RH at 

the surface was greater than 70% on all dates. The Standard U.S. 

atmosphere correction also overestimated water vapor on all dates (RH ~ 

50%) and over-corrected for atmospheric effects by nearly 10°C for the 

April data (Figure 5.4c). 



Q: 
e 
~ 
8. 
E .s 
] .. 
i 
~ 

001~.--------------------------~ 

0) Royloigh Almosp/w. 

50 

40 

" 
30 

Y = 5.296 + 0.831(X) r"2 = 0.787 

202O~-----3O~----~40------~50------~50 

Alrcraft·baIed T. (C) 

00r-----------------------~--~ 

c) Slandard U.s. AlmospIw ..... A 

o 

r'"2 = 0.786 
20 

·50 00 20 30 40 
Alrcraft·baIed T. (C) 

00 " .) Almosplw. tm.I on 

00r-----------------~--------~ 

Q: 70 
e 

too 
".' 

E -,." .s 50 
~ 
.1: .,~ .. 
~ 

40 . 
III 

.' ., 
~ 30 

Y = 8.757 + 1.216(X) r"2 = 0.786 
202O~--~--~~--~~-T~--~~~ 

30 40 50 00· ro 00 
Alrcraft·based T. (C) 

oo~--------------------~----~ 

Q: 
d) Usw-o.nned AlmospIw. 
Based on p. T and RH 

e 501+---------------~--~L-----~ 

1 
E 
.s 40+------4~~--~------------~ 1 ..... { 
i.··'·' 
&1 30 •••••• 

~ 
Y = 9.734 + 0.937(X) r'"2 = 0.937 

2020 30 40 50 50 
Alrcraft·based T. (C) 

" 

124 

Q:7 
Radiosonde dolo 23Jul65 

" e 
~ 00 
8. 
E .s 
] 
C> 

'}! 
S ., 
~ 

" 8 Aug 65 
0 

SApr88 
.... 

21 Apr 88 

" 24Jun 88 

Y = 8.731 + 0.985(X) r'"2 = 0.822 

30 40 50 00 70 00 
Alrcraft·baIed T. (C) 

Figure 5.4. Aircraft-based measurements of surface temperature 
versus surface temperature derived from satellite-based data 
using Lowtran7 code with five different atmospheric models: 
a) Rayleigh, b) Hid-Latitude Summer, c) Std. U.S., d) User
defined based on TPRH, and e) User-defined based on 
radiosonde data. The solid line is the 1:1 relation and the 
dashed line is the linear regression line. 
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The Lowtran7 User-defined correction based on TPRH (Figure 5.4d) 

produced results that were less extreme than the Standard U.S. 

atmosphere. This was primarily due to the designation of lower RH 

values at the surface. It should be emphasized, however, that RH values 

at altitudes from 1 km to 100 km were specified according to the 

Standard U.S. atmosphere. Thus, satellite-based estimates of surface 

temperature were still too high (Y-intercept - 9.734). It is notable, 

however, that by using site-specific measurements of RH and Ta , the 

satellite-based estimates of surface temperature produced a more near1y

linear relation with Ts ' where the r2 value increased from less than 0.8 

for all other corrections to 0.937 for the User-defined correction. 

The atmospheric correction based on radiosonde data (Figure 5.4e) 

produced results similar to the User-defined correction based on TPRH 

(Figure 5.4d) for all dates except 23 July 1985. On 23 July, the 

satellite-derived temperature was nearly 30°C warmer than Ta. This may 

have been due to a significant difference in atmospheric conditions at 

MAC and Tucson. The regression equation illustrated in Figure 5.4e was 

based on all dates except 23 July 1985. 

In order to evaluate the ability of each correction procedure to 

accurately estimate surface temperature, the root mean squared (RMS) 

error of satellite-derived surface temperature was computed for each 

procedure (Figure 5.5). The RMS error is the standard deviation of the 

difference between the satellite-based temperatures and Ta for all 

acquisition dates. The largest RMS error (19.2°) was obtained using 
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the Lowtran7 Mid-Latitude Summer model and the smallest error (4.6 0
) was 

obtained using no correction at all or the Lowtran7 User-defined 

atmosphere based on TPRH. In all cases, the RMS error was greater than 

the desired uncertainty of ±1 DC, suggested in Chapter 2. 
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Figure 5.5. RHS error of satellite-derived surface temperature 
for seven atmospheric conditions. The X-axis labels refer 
to the regression graphs in Figures 5.3 and 5.4: 

5.3a: no atmospheric or emissivity correction; 
5.3b: emissivity and atmospheric correction without Lowtran7; 
5.4a: Rayleigh atmosphere; 
5.4b: Hid-Latitude Summer atmosphere; 
5.4c: Std. U.S. atmosphere; 
5.4d: User-defined atmosphere based on TPRH; and 
5.4e: User-defined atmosphere based on radiosonde data. 
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Temperature retrieval based on empirical regression with Ts 

Since the results were so poor using the Lowtran7 code with 

approximations of atmospheric conditions, a simple empirical regression 

of Ts with DN was attempted. When all the dates were included in the 

analysis (Figure 5.6), the correlation between Ts and DN was 

unacceptable. 
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Figure 5.6. Comparison of measurements of surface temperature 
with coregistered DN values for all data on five dates. 

However, when the caution of Lathrop and Lillesand (1986) was 

heeded and data were restricted to conditions when atmospheric 

influences were negligible (the April dates only, where r > 0.9), the 

data produced a significant linear relation (r2 - 0.999). These data 
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are plotted in Figure 5.7 with the computed regression line (solid) and 

the relations suggested by Lathrop and Li11esand (1986) (dashed line) 

Ts (oG) - -38.33 + 0.463(DN), (10) 

and Ma1aret et a1. (1985) (dotted line) 

Ts (OK) - 206.127 + 1.0S4S(DN) - 0.00371(DN2) + 6.606x10- s (DN 3). (11) 

The April measurements lie very close to the dotted line representing 

Eq. (11). However, there was some divergence of the measurements from 

the dashed line of Eq. (10), especially at high surface temperatures. 

Since all three regression equations presented in Figure 5.7 were 

derived under different atmospheric conditions (though all were 

considered "clear"), it would be an unlikely coincidence for them to 

fall along a single course. Of significance, however, was the very high 

r2 value obtained for all three analyses. This supports the viability 

of this method for use under very clear conditions. These conditions 

could be characterized as relatively cool days with high visibility and 

low RH. 
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Figure 5.7. Empirical regression of measurements of surface 
temperature with coregistered DN values for the April data 
only. when atmospheric conditions were relatively "clear". 
The solid line represents the regression equation of the 
April data, the dashed line was the regression proposed by 
Lathrop and Lillesand (1986) (Eq. 10) and the dotted line 
was the regression proposed by Halaret et al. (1985) (Eq. 
11). 

In order to fully explore the use of empirical regression for 

retrieval of Ta from Landsat TM6 DN, a larger data set was compiled by 

extracting transects of TM6 DNs along the center of several fields from 

each scene. These data were registered to similar transects of data 

acquired by the airborne IRT at the time of overpass. Linear regression 

equations were computed for each date from these data sets (Table 5.5). 

The correlation coefficients were consistently greater than 0.96 and the 

RMS error for each date was less than 1.4 °C. In general, the 

regression equations appeared to be related to relative humidity; as RH 

increased, the slope increased and the intercept decreased. 
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Table 5.5. Empirical regression of measurements of surface temperature 
with coregistered DN values for an expanded data set, up to twelve 
fields per date. 

Date n Regression Eguation r2 RMS error JY:L 
23 July 1985 54 Til -57.33 + 0.562(DN) 0.987 1.3 °C 20% 

8 Aug. 1985 84 Til -80.15 + 0.769(DN) 0.979 1.2 °C 25% 
5 Apr. 1986 131 Ts -37.08 + 0.432(DN) 0.965 1.3 °C 15% 

21 Apr. 1986 72 Til -43.29 + 0.464(DN) 0.974 1.0 °C 20% 
24 June 1986 49 Til -54.03 + 0.552(DN) 0.987 1.3 °C 20% 

Discussion 

The strong linear correlation between Til and DN and the link 

between the regression equation and RH could be the key to a simple 

procedure for retrieval of Til from TM6 digital number. The theoretical 

basis is the near-linear calibration equation for the TM sensor over the 

range of surface temperature from 20-60 °C. The data presented in 

Figure 5.8 were obtained by solving Eqs. (6) and (7) for a range of DN 

values from 130-200. Thus, the data represent the case when Lt-O.O and 

r-l.O. When Lt > 0.0 and r < 1.0, as is the case for data in Table 5.5, 

the slope increases and the intercept becomes more negative. 
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Based on the regression equations in Table 5.5 and the conversion 

equations (6) and (7), empirical equations were derived for conversion 

of surface radiance (Lg) to at-satellite radiance (La)' 

La - aLg + p, (12) 

where, according to Eq. (1), a-re and p-rpgL~ + Lt. Since rpgL~ is 

negligible, P~Lt; since e is close to one (0.9 to 1'.0 for all surfaces), 

a~T. Thus, values of a and p can be compared to Lowtran7 estimates of T 

and Lt listed in Table 5.4. Such a comparison was made in Table 5.6 and 

Figure 5.9 for the Lowtran7 results based on user-defined atmospheres 

with TPRH and radiosonde data. It appeared that the Lowtran7 code 

generally overestimated transmittance and underestimated upwelling 

radiance. These results support the findings of Byrnes and Schott 
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(1986) that the Lowtran code yielded greater values of path 

transmittance and lower values of upwelled radiance. 

Table 5.6. Empirical estimates of rand Lt compared with Lowtran7 
estimates. Lowtran7 (L7) estimates were copied from Table 5.4 for 
two atmospheres: 1) User-defined atmosphere based on TPRH and 2) 
User-defined atmosphere based on radiosonde data. 

r 
Date Em~irica1 L7 TPRH 

23 Jul 0.688 0.848 
8 Aug 0.499 0.790 
5 Apr 0.876 0.928 

21 Apr 0.822 0.914 
24 Jun 0.700 0.873 

j 0.5~I-N-n-H~~ J u .• ..-... ~H\~~ 

L7 radios, Em~irica1 
0.584 0.336 
0.474 0.450 
0.907 0.156 
0.892 0.225 
0.745 0.308 

0., 

n 

n: 

n' 

n -
0 .. _ 

0.1 

n I 

L* 
L7 TPRH 

0.041 
0.046 
0.030 
0.033 
0.038 

lRi 
L7TPAH -

L7 radios, 
0.193 
0.366 
0.054 
0.074 
0.177 

L7 radloaondo 

~ 
EmpIrical 

- !JuJ~ ~~·2~~·2~Jun 
Figure 5.9. Empirical estimates of rand Lt compared with 

Lowtran7 estimates for two atmospheres: 1) User-defined 
based on TPRH, and 2) User-defined based on radiosonde data. 

The empirical relations presented in Table 5.5 may provide a means 

of determining linear relations between Ts and DN for other dates when 
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measurements of Ts are not available. For example, the linear relation 

between the empirical estimates of transmittance (a) and upwelling 

radiance (P) (Figure 5.10) could be exploited to determine Lt , if an 

estimate of T were available. Moreover, it is possible that T could be 

determined from easily-measured parameters, such as relative humidity. 

Unfortunately, this possibility could not be confirmed using this data 

set due to the large uncertainty of on-site RH measurements. 

A similar relation between Lt and T based on Lowtran7 code for 

five atmospheres is presented in Figure 5.11. It is notable that the 

slope and intercept of the regression equation for the Lowtran7 data 

(Figure 5.11) were both lower than those for the empirical data (Figure 

5.10). Furthermore, for the Lowtran7 data, when T - 1.0, Lt = 0.0; this 

was not the case for the empirical data. This discrepancy could be due 

to the assumptions used to equate a-T and P-Lt in Eq. (12), resulting in 

an underestimation of T and an overestimation of Lt. Another 

explanation for the discrepancy could be the apparent underestimation of 

Lt by the Lowtran7 code, suggested by Byrnes and Schott (1986) and 

confirmed by this data set (Figure 5.9). 
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Figure 5.11. Theoretical relation between upwelling radiance and 
atmospheric transmittance for five dates, based on Lowtran7 
data for five different atmospheres, presented in Table 5.4. 
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When the atmospheric transmittance is not known and cannot be 

estimated, it may be possible to correct TM6 data by selecting a 

regression equation from the variety presented in Table 5.5, based on a 

single measurement of Ts during satellite overpass. The regression 

equations from Table 5.5 were plotted in Figure 5.12 (for DN-130 to 200) 

to illustrate an assortment of Ta/DN relations for different atmospheric 

conditions. The regression equation for r-1.0 was derived using rand 

Lt values from Figure 5.10. This set of relations could be used as a 

look-up chart for selecting atmospheric corrections based on a single 

value of Ta and a corresponding DN. A similar relation between DN and 

Ta based on Lowtran7 code for five atmospheres is presented in Figure 

5.13. Though the general trends were similar to those presented in 

Figure 5.12 (that is, slope increased with decreasing r values), the 

regression lines were steeper for empirical than for theoretical 

relations. More data sets of this nature need to be collected to 

confirm these results. 
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Figure 5.12. Empirical relation between TM6 DN and measurements 
of surface temperature for a variety of atmospheric 
transmittance values, from data presented in Table 5.5. 
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Concluding Remarks 

In most TM6 calibration studies, the ground target is a water body 

whose surface temperature is measured simultaneously with overpass, the 

emissivity is known, and the target is relatively large and uniform. In 

this study, the ground targets were agricultural fields where 

temperature was measured "near" overpass time, emissivity was estimated 

from previous measurements of similar fields, and the field size was 

only 2x12 pixels. Though care was taken to minimize these shortcomings, 

the accuracy assessment was less than optimal. 

With these limitations in mind, several general statements can be 

made concerning the results of this research. It appears that the 

Lowtran7 radiative transfer code will not be useful for TM6 correction 

without concurrent atmospheric measurements. In nearly all cases, over

estimation of atmospheric water vapor resulted in over-correction of at

satellite radiance values. On the other hand, on relatively cool dry 

days, the uncorrected estimates of surface temperature corresponded well 

with ground-based measurements. 

As expected, use of non-local, non-coincident radiosonde data with 

the Lowtran7 code produced unreliable results. It appears that the 

atmospheric conditions in the late afternoon in Tucson do not 

necessarily reflect conditions at MAC during overpass. On the other 
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hand, previously published studies show consistently successful results 

using local, coincident radiosonde data with the Lowtran7 code. 

A simple regression of surface temperature with TM6 DN resulted in 

significant linear relations that compared well with relations found in 

earlier studies. This method could provide a useful alternative to the 

Lowtran method but would require surface temperature measurements 

concurrent with the overpass. 

Results from this research lead to suggestions for a number of 

simple correction procedures. Unfortunately, these suggestions could 

not be fully explored with the MAC I data set. The next step in this 

research would be to follow-up on these possibilities using other data 

sets. 
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CHAPTER 6 

REMOTE ESTIMATION OF CROP AERODYNAMIC PROPERTIES 

Introduction 

The quantities of thermal energy stored in the canopy or fixed by 

photosynthesis are small in relation to the total amount of energy 

received by the canopy. The energy available to a crop canopy is 

therefore almost entirely used for evapotranspiration and for heating 

the air. This energy balance was expressed in Chapter 1, Eq. (1) as 

Rn - G - LE + H, (1) 

where Rn - G is the available energy, Rn is the net radiant flux 

density, G is the soil heat flux density, LE is the latent heat flux 

density and H is the sensible heat flux density (W m- 2 ). This chapter 

will emphasize the evaluation of H and, in particular, the resistance to 

transfer of sensible heat due to roughness-induced turbulence. 

The sensible heat flux density (H) depends on the surface/air 

temperature difference as well as the resistance of the atmosphere to 

movement of sensible heat (Brutseart, 1982). Using this definition, H 

can be written as 

(2) 
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where p is the density of dry air (kg m- 3 ) and c p is the specific heat 

capacity (J kg- 1 DC- 1), Ts and Ta are surface and air temperatures (DC), 

and ra is the aerodynamic resistance (s m- 1 ). Wind speed near the 

ground is observed to increase linearly with the logarithm of height, 

and this log-linear function provides a basis for evaluating the 

aerodynamic resistance. The resistance above a canopy can be expressed 

in terms of wind speed and surface roughness as 

(3) 

where Zo and d are the roughness length and zero-plane displacement (m), 

respectively, u is wind speed (m s-l), z is the height (m) above the 

surface where u is measured, and k (-0.4) is von Karman's constant 

(Brutseart, 1982). Physically, the sum of Zo + d represents the height 

within the canopy where wind speed would go to zero, if the wind speed 

were to decrease linearly with the logarithm of depth in the canopy 

(Sellers, 1965). 

The magnitude of the sensible heat flux density (H) above a 

canopy, and thus evaporation rate (E), can be estimated by applying 

roughness length (zo) and displacement height (d) to the calculation of 

aerodynamic resistance (ra ) (Eqs. 2 and 3). Values of Zo and dare 

commonly estimated from plant height (h) based on empirical studies of 

the logarithmic wind profile over mature crop canopies (Stanhil1, 1969; 

Monteith, 1973; Brutseart, 1975b; Verma and Barfield, 1979; and Lettau, 

1969). This estimation method has two disadvantages that preclude it 

from use in the remote ET method. First, it is difficult to apply over 



141 

large, diverse areas where plant height is rarely known. Second, there 

is evidence that the commonly accepted coefficients, Zo - 0.13h and d -

0.65h, do not hold for all ranges of canopy development. For example, 

Hatfield et al. (1984) found that Zo values for partial canopies of 

cotton were approximately 0.25h. Other studies have reported that the 

non-dimensional ratios zo/h and d/h were not constant, but rather, were 

related to plant density and biomass (Hatfield, 1989; Shaw and Pereira, 

1982; Raupach et al., 1980; Garratt, 1978; Jacobs and van Boxel, 1988). 

These complications in the estimation of Zo and d for the remote 

ET model led to the hypothesis that was the basis for the research 

presented in this Chapter. That is, assuming that Zo and d were related 

to crop biomass and height, and assuming that biomass and height can be 

determined from satellite-derived estimates of surface reflectance 

(Pinter et al., 1987; Tucker, 1979), it follows that Zo and d can be 

determined from satellite-based data. 

This hypothesis was tested with spectral, meteorological, and 

agronomic data collected in an alfalfa test field over a ten-month 

period from October 1984 to July 1985. First, the relationship between 

crop biomass and spectral reflectance in the near infrared and red 

wavebands was evaluated. Then, relations between plant height and 

spectral reflectance in the Thematic Mapper (TM) wavebands were 

determined, so that Zo and d could be estimated as simple functions of 

plant height. Finally, statistical tests were conducted to determine 

"the relationship between surface reflectance and wind-profile 
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measurements of Zo and d. The remote estimates of Zo and d were used to 

compute values of aerodynamic resistance (r a ) which were compared with 

conventional height-based estimates of resistance. 

Theory 

In a uniform region close to the earth's surface under adiabatic 

(i.e., neutral) conditions, wind speed is generally accepted to be a 

logarithmic function of height, i.e., 

u - (u./k) In[(z-d)/zoJ, (4) 

where u. is the ratio of shear stress at the surface and air density 

(termed friction velocity (m s-l» (Brutseart, 1982). The value of Zo 

can be determined by extrapolating an observed linear relation between u 

(at height z) and In(z-d), to the point where u-o at z-d-zo . In 

practice, d is assumed to be zero (Sellers, 1965) or O.65h (Brutseart, 

1982), or is determined by minimizing the error in evaluation of Eq. (4) 

(Robinson, 1962), or is calculated from three wind speeds U1' u2' and u3 

measured at heights Zl' z2' and Z3 using the equation (Monteith, 1973) 

(u1-u2) / (u1-u3) - [In(zl-d) - In(z2-d)] / [In(zl-d) - In(z3-d)]. (5) 

The logarithmic wind relationship is only valid in near-neutral 

stability conditions where the air temperature is nearly constant with 

height. Stability can be evaluated using a Richardson number (e.g., 

Sellers, 1965), 

Ri - [(g ATa )/(Ta (AU)2)] (In(z2/z 1)Z), (6) 
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where g is the acceleration due to gravity (m s-2). Ri approaches zero 

in near-neutral conditions, when the temperature gradients are small and 

the wind speed gradients are large. 

The deriva~ion of Eq. (4) assumes no horizontal advection of heat 

below the measuring level. This assumption will be valid, and the 

horizontal temperature gradients will be small, close to the surface in 

the middle of a large expanse of uniform canopy. The size of the 

uniform region required for valid results is a matter of debate. 

Theoretical estimates of the upwind fetch-height ratio (where fetch is 

the distance to the upwind discontinuity in surface conditions) range 

from 10 to 140 or more (Sellers, 1965). 

Background 

The simple relationships of Zo - 0.13h and d - 0.65h have been 

considered reasonable approximations as long as the surface is flat and 

uniformly covered (Monteith, 1973; Brutseart, 1982). However, this 

formulation predicts the same Zo for two canopies of the same average 

height but with different density and spatial distribution of leaves. 

Lettau (1969) compensated for this by making zo/h - 0.5s/S, where s is 

the silhouette area and S is the total area of the average obstacle. 

Other empirical equations for the estimation of Zo and d for 

incomplete canopy cover have been proposed but they appear to be plant 

specific. Verma and Barfield (1979) cited unpublished data from John 
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Norman which showed that the ratio zo/h changed as a function of the 

height/width (h/w) ratio for corn. The general shape of this function 

(reproduced in Figure 6.1a) indicates that zo/h increased with h/w, 

stabilizing at a value near 0.13 for h/w > 2.0. Hatfield (1989) 

collected similar data for four cotton row crops (Figure 6.1b) and 

reported that the Zo followed a uni-modal curve over the growing season, 

peaking prior to full canopy closure. In a wind tunnel experiment using 

regularly arrayed cylinders, cubes and spheres, Raupach et a1. (1980) 

reported a similar function when plotting zo/h by roughness 

concentration (Figure 6.1c). Based on a numerical model using second

order closure principles, Shaw and Pereira (1982) reported that the 

roughness length was a uni-modal function of density, increasing with 

density in sparse canopies but decreasing with density in dense canopies 

(Figure 6.1d). Seginer (1974) plotted results from 12 studies showing 

values of zo/h versus the density and drag coefficients (termed cah) of 

the roughness elements. In all cases, zo/h initially increased with 

cah; in most cases, zo/h reached a peak and then declined to some 

extent, similar to the curve shapes illustrated in Figure 6.1b-6.1d. 
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Figure 6.1. Reproductions of curvilinear relations between zO' h 
and canopy conditions reported by a) Verma and Barfield 
(1979), b) Hatfield (1989), c) Raupach et a1. (1980) and d) 
Shaw and Pereira (1982). Plant height/width refers to row 
crops where width is the distance between rows. Plant area 
index is the total area of one side of all plant material 
per unit ground area. Roughness concentration is defined as 
the ratio of frontal area to floor area per roughness 
element. 



146 

These empirical results imply that there is a relationship between 

aerodynamic roughness and crop biomass. Furthermore, there is evidence 

that crop biomass can be estimated based on the near infrared (NIR) and 

red reflectance of crop canopy. The simple ratio of NIR/red 

ref1ectances or a normalized difference (NO) between these bands [(NIR

red)/(NIR+red») are common examples of vegetation indices (VIs) useful 

for biomass assessment (Tucker, 1979; Richardson and Wiegand, 1977). 

Pinter et a1. (19B7) reported that the biomass of an experimental 

alfalfa plot could be estimated satisfactorily using the ratio of NIR to 

red reflectance, regardless of cloud conditions, if measurements were 

made beneath the clouds. 

Hatfield (19BB) reported that Zo and d could be estimated from NO 

and NIR/red, respectively. For NO values less than 0.6, these equations 

were given as 

Zo - -0.173 + 1.16BNO - 1.125N02 and 

d - -0.015 + 0.029(NIR/red). 

(7) 

(B) 

For NO values greater than 0.6, Zo was set to 0.1 m and d was allowed to 

increase linearly at the same rate. With these estimations of Zo and d, 

he found that the ra values were too small for partial-cover cotton and 

wheat canopies. He adjusted ra for partial-cover canopy conditions by 

computing a scaling factor (r as ) based on the NIR/red ratio. He 

reported that for NIR/red values less than B.O, rae - ra X ras, where 

rae was the stability-corrected aerodynamic resistance for the range of 

canopy cover conditions, ra was stability-corrected aerodynamic 
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resistance for a full-cover canopy and res - 8.0 - 0.12(NIR/red). He 

noted that this was an empirical fit to the problem and suggested that 

further micrometeoro1ogica1 experiments were needed to determine a 

universal relation between remote spectral data and aerodynamic 

properties. 

Experiment 

An alfalfa field at the U.S. Water Conservation Laboratory 

(USWCL), Phoenix, Ariz., was the site for this research. 

Micrometeoro1ogica1 data were monitored on a half-hourly basis, and 

spectral and agronomic characteristics of the crop were observed on a 

regular basis over a one-year period. Results from this experiment have 

been reported by several authors (Pinter et a1., 1987; Moran et a1., 

1990c; Clothier et a1., 1986) and the following descriptions of the 

experimental materials and methods were excerpted from these 

publications. 

Field description and preparation 

An 80 X 60 m field was segmented into 18 basins separated by low 

berms of about 0.2 m height. The field was surrounded by vacant land to 

the east, south and west and there were some one-story buildings along 

·the northern boundary. Alfalfa seeds (Medicago sativa L. cv Lew) were 
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broadcast planted at a rate of 43.5 kg ha- 1 • The soil was an Avondale 

loam [fine-loamy, mixed (calcareous), hyperthermic Anthropic 

Torrifluvent]. The field was tended for one year, during which all 18 

basins were irrigated uniformly. After one year's growth, a 

differential irrigation treatment was initiated, in which there were 4 

different irrigation regimes. These ranged from wet (2 irrigations per 

harvest cycle) to dry (no irrigations per cycle). After each harvest, 

deficit irrigation treatments were rotated to different basins so that 

plants were not exposed to drought stress during consecutive regrowth 

periods. 

Multispectral reflectance measurements 

Crop canopy reflectances were measured using an Exotech Model 100A 

portable radiometer equipped with 15° field-of-view lenses and spectral 

bandpass filters similar to those of the Landsat Multispectral Scanner 

(MSS). Only data from the red (0.6 to 0.7 ~m) and NIR (0.8 to 1.1 ~m) 

wavebands will be discussed in this report. The radiometer was hand

held over 1 by 9 m target areas in each plot. Access to targets was 

provided by east-west boardwalks that were elevated about 0.2 m above 

the surface of the soil. All measurements were taken with the 

radiometer extended at arm's length towards the south and approximately 

1.75 m above the soil surface. The sensor was pointed in a nadir 



direction, with each lens viewing an area approximately 0.3 m in 

diameter when the plants were 0.5 m in height. 
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Multispectral observations were made several times a week at a 

morning time period corresponding to a constant solar zenith angle of 

57°. Data were collected regardless of cloud conditions. Ref1ectances 

were calculated as the ratio of radiances measured over each alfalfa 

target to irradiances measured over a 0.6 by 0.6 m, horizontally 

positioned, calibrated BaS04 reference panel. Correction factors were 

applied to the BaS04 data to compensate for the non-1ambertian 

reflectance properties of the panel at a solar zenith of 57°. Twelve 

measurements in each plot were combined to yield an average reflectance 

for each band. The entire measurement sequence over 18 experimental 

basins required about 15 minutes to complete. The data reported here 

were the average of the ref1ectances of all 18 basins, resulting in a 

single reflectance factor for the entire field per day per waveband. 

Agronomic measurements 

Above-ground plant biomass was estimated from four, 0.25 m2 

circular samples taken several times a week over a one-year period from 

20 Aug 1984 to 5 July 1985. Plants in the field were cut by hand with a 

curved knife, leaving a stubble height of 2 to 3 cm. Plant material was 

dried in an oven for at least 48 h at 60-70 °C. Dry biomass (g m- 2 ) was 

calculated as the sum of dry weights for the four 0.25 m2 samples. 
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Plant height was measured along a transect through the center of each 

basin and averaged to produce an estimate of overall canopy height. 

Since the reflectance data, biomass, and plant heights were sampled on 

different time scales, the estimates of biomass and height were 

interpolated to daily values. 

Meteorological measurements 

A tower supporting six 3-cup anemometers at a variety of heights 

was located near the center of the 60 x 80 m experimental field. From 

the beginning of the experiment until 22 February 1985, the anemometers 

were located at heights of 2.0, 1.75, 1.5, 1.25, 1.0, and 0.75 m. After 

that date, the anemometer at 1.75 m was moved to a height of 0.5 m; the 

heights of all other anemometers remained unchanged. Two other towers 

were located nearby with 9 bare thermocouples, each shaded by a mylar 

shield. The thermocouples were located at 0.1 m increments along the 

tower from 0.1 to 0.9 m above the soil surface. The anemometer voltages 

were converted to wind speed using the calibration factors provided in 

March 1984 by Leo Fritschen (University of Washington) for the 3-cup 

generator-type anemometers. The thermocouples were assumed to be 

accurate to within 0.1 DC. Wind direction was measured on another 2-m 

tower using a Gill wind vane. All instruments were sampled at 1-min 

intervals with a 30-min average computed and stored on disk. 
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Considering wind directions from the west, south and east, the minimum 

fetch was about 30 m. 

Estimation of Zo and d from Wind Profile Measurements 

Data selection 

Though the USWCL alfalfa experiment was conducted for three years, 

this research project was limited to the period when biomass samples 

were collected two or three times per week. This period extended from 

20 August 1984 to 5 July 1985. Within this period, analysis was limited 

to the days on which spectral data were collected. On each of these 

days, the wind profile data were screened to eliminate obvious problems 

and equipment failures. For each 30-min time interval, neutrality was 

determined by a calculation of Ri (Eq. (6» based on the temperature and 

wind speed differences from 0.5 or 0.75 m (depending on crop height) and 

1.0 m height. From this data set, further restrictive criteria were 

used to select appropriate wind speed input data: 

1. Only wind profiles with Ri numbers of -0.1 to +0.1 were 

considered for further analysis. This was the same threshold used 

by Hatfield (1989) to identify near-neutral conditions for 

partial-cover cotton. 



152 

2. Data were excluded if the wind direction was not between 90 0 

(E) and 270 0 (W) from north. This increased the fetchjheight 

ratio to a minimum of 30 and eliminated the influence of buildings 

to the north of the field. 

3. The highest wind speed (at z-2 m) was between 3.0 and 2.0 

m S-l. This minimized the systematic influence of wind speed 

changes on the magnitude of d and Zo (Monteith, 1973). 

4. The lowest wind speed used was never below 0.8 m s-l. This 

criterion assured that the wind speed was at least 3 times the 

start-up speed of the anemometer. 

5. Data were excluded if the tallest plants in the basin were 

lower than the height of the basin berms, that is, 0.2 m. This 

precaution was necessary, since the berms presented bluff 

roughness elements independent of the agronomic characteristics of 

the crop. 

6. Several dates were eliminated because the crop canopy showed 

evidence of lodging, due to high winds or frost. Plant lodging 

results in a change in the canopy architecture that is not 

indicative of a typical alfalfa canopy. 
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These selection criteria resulted in a set of data of plant 

height, biomass, and surface reflectance factors for 183 days over a 

period of 280 days (from 27 October 1984 to 4 July 1985), covering seven 

harvest periods. Of these 183 days, 97 days had acceptable wind profile 

data, resulting in a data set of 260 30-minute profiles. The 97 days 

were fairly evenly distributed over the 280 day period, thus providing 

wind profile data every 2 or 3 days. 

Estimation of Zo and d using wind profile data 

Values of Zo were computed by determitling a linear relation 

between the wind profile data and In(z-d). According to Eq. (4), the 

slope of this line was (u./k) and the intercept 1n(z-d) - 1n(zo)' 

Values of Zo computed in this manner were deemed acceptable only if the 

least-squares fit had a correlation coefficient (r2) greater than 0.9. 

Evaluation of Zo using Eg. (3) required a reasonable estimation of 

d. Four different methods were used to approximate d and for each 

approximation, values of Zo were determined, resulting in four output 

data sets. The four methods for estimating d were: 

1. d was assumed to be zero. According to Sellers (1965), the 

wind profile above the vegetation can be described just as well by 

u - (u./k)ln(z/zo) as by Eq. (4). He estimated that for a wheat 

crop of h-60 em, zo/h - 0.38. 
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2. d was calculated as a function of plant height, d- 0.65h. 

This is the conventional method of computing d for full cover 

vegetation, though there is some evidence that djh is not constant 

over all stages of canopy development (Verma and Barfield, 1979). 

3. d was obtained by iteratively computing the least-square fit 

of the wind profile data and In(z-d), while incrementing d with 

each iteration, to determine the value of d (~o within 1 cm) 

resulting in the best fit of the profile data (Robinson, 1962; 

Hatfield, 1989; Kustas et al., 1989). This procedure was 

streamlined by using a simple bisection of the d values to 

determine the "best" d value with a minimum of computations. 

Reasonable threshold values were set so that values of d computed 

in this manner were limited to a range of 0 to 50 cm. 

4. d was evaluated using the wind profile data in Eq. (5) 

(Monteith, 1973). Wind speeds at 2.0 m, 1.50 m and 0.75 m height 

were selected for ul' u2' and u3. As in Method 3, values of d 

computed in this manner were limited to a range of 0 to 50 cm. 

For purposes of discussion, in the following sections the results from 

each of these techniques will be differentiated by reference to "Methods 

1-4," respectively. 
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Results 

Biomass vs. NIR/red 

There appeared to be a complex relation between biomass and the 

NIR/red ratio vegetation index (Figure 6.2). Pinter et a1. (1987) 

suggested that overall relationship between alfalfa biomass and NIR/red 

was described by two linear relations which intersected at the 100% 

canopy cover point. They maintained that, prior to complete canopy 

cover, the ratio index showed high sensitivity to increasing amounts of 

vegetation. After canopy closure, a larger change in biomass was 

required to evoke a unit increase in NIR/red, and the amount of scatter 

in the data increased proportionately with increasing biomass. The data 

presented in Figure 6.2 support their conclusions. 
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Figure 6.2. Relation between alfalfa biomass and NIR/red ratio 
vegetation index for 183 days from 27 October 1984 to 4 July 
1985. Solid lines were derived from regression equations 
proposed by Pinter et al. (1987) for alfalfa biomass. 

Plant height vs. NIR/red 

Plant height was linearly related to biomass with a correlation 

coefficient (r2) of 0.904 (Figure 6.3). Consequently, the relation of 

plant height and NIR/red was very similar to that of biomass and NIR/red 

(Figure 6.4). That is, there appeared to two linear relations, one 

before and one after canopy closure. As in the case of biomass, NIR/red 

was very sensitive to plant height until canopy closure; then, the 

amount of scatter increased. 
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Figure 6.3. Relation between alfalfa plant height and biomass for 
183 days from 27 October 1984 and 4 July 1985. The solid 
line was derived from regression analysis of these data. 
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Computation of d and zo_ 

The estimation of d using Methods 3 and 4 produced disappointing 

results (Figure 6.5). Displacement had no discernable relation to plant 

height and, in fact, d appeared to be randomly distributed over the 

range of plant heights. These results, though unexpected, were not 

unprecedented. Sellers (1965) computed values of d that were so 

variable and random (occasionally being negative), that he concluded it 

was nearly impossible to attach any real physical significance to them. 

Kustas et al. (1989) and Matthias et al. (1990) reported relatively 

large standard errors in estimation of d for partial-cover cotton in 

Arizona. Aerodynamic estimates of d and Zo require high p~ecision 

measurements of Te and u profiles, and the errors of measurement in this 

experiment were presumably too large for a successful analysis. 
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Figure 6.5. Relation of alfalfa plant height with aerodynamic 
displacement height estimated from wind profile data using 
two methods. With Method 3, d was obtained by computing the 
best fit for the wind profile data in Eq. (4). With Method 
4, d was evaluated using the wind profile data at 2.0, 1.5 
and 0.75 m in Eq. (5). Data were obtained on 97 days from 
27 October 1984 to 4 July 1985. 

Considering the apparent failure to produce reasonable estimates 

of d using Methods 3 and 4 (Figure 6.5), further analysis of Zo was 

limited to Zo values obtained using Methods 1 and 2 and the conventional 

method of computing Zo as a function of plant height, Zo - O.13h. The 

plot of Zo - O.13h by the wind-profile Zo estimations showed a strong 



linear correlation for large values of Zo and a slightly curved 

relationship for low values (Figure 6.6). 

50 

...... 40 
E 
u 

'"" 
~30 
'0 
L 
Q. 

1? 20 
"j 
'"" o 
N 10 

20 

E 15 
u 

'"" ,.... 
Jl e 10 
Q. 

"tl 
.£ 
~ 

""'" 

I d = 0 (Melhod 1) I XX 

If< x X 
---x--

x~~x ~ ~ 
x x. 

XX xx~ 

x 
>sc >l<~x)O( XX 
xxx x X 

~ ~~ xXX 

* 
x 

x x 

x~ x 

-Ac)ll,<~>x 
4 8 12 

Zo = O.13h (em) 

Id = O.6Sh (Melhod 2) I 
x 

x x 

x 
)0( ~ XX X X 

X x~ ~ 
** x x x Xx 

~ xx~ x)(~ 
x x X Xx >sc x 

x x x x ~x 
x x x x x x 

~~ x 
... 

)II,< xx~ 
~xx 

x 

4 8 12 
Zo = 0.13h (em) 

160 

Figure 6.6. Relation of Zo - O.l3h with wind-profile estimates of 
zo' assuming that (a) d-O and (b) d-O.65h. Data were 
obtained on 97 days from 27 October 1984 to 4 July 1985. 
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This trend was more evident when zo/h (based on Methods 1 and 2) 

was plotted against biomass (Figure 6.7). A curve was hand-drawn 

through the points in Figure 6.7 based on the average of the zo/h values 

over discrete increments (25 g m- 2 ) of biomass. The data reported in 

Figure 6.7 confirmed that zo/h may not be constant over a range of 

biomass values. The ratio was lower than expected when plants were 

quite small; it reached a peak value just before the crop reached 

complete canopy cover; and it stabilized to a constant value when the 

crop canopy was closed. This trend was similar to that reported by 

Hatfield (1989), Raupach et al. (1980), and Shaw and Pereira (1982) 

(Figure 6.1). The slightly upturned portion of the curve at low biomass 

levels may be due to two phenomena. First, the rough-bluff berms 

surrounding each basin may have an interactive influence on the 

aerodynamic properties of the canopy at low biomass levels, thus 

affecting the wind profile even when the plant height is greater than 

the berm height. Second, there may be a threshold roughness level 

influenced by the soil rather than plant roughness, causing the zo/h 

value to increase at low crop heights. 
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Figure 6.7. Relation of zo/h with alfalfa biomass for 97 days 
from 27 October 1984 to 4 July 1985. A solid line was drawn 
through the points based on the average of the zo/h values 
over discrete increments (25 g m- 2 ) of biomass. Estimates 
of Zo were based on wind profile data, assuming (a) d-O and 
(b) d-0.65h. 
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Remote estimation of Zo and d 

One of the goals of this research was to determine the nature of 

the relation between Zo and the surface reflectance in the NIR and red 

wavebands. According to Figure 6.6, there were three possible roughness 

trends that could correspond to the developing canopy in this alfalfa 

data set. That is, two trends were developed from the wind profile data 

assuming d-O and d-0.65h, and one trend was computed from plant height, 

zo- 0.13h. These data showed three distinctive relationships with 

NIR/red reflectance (Figure 6.8). All three could be fit by exponential 

equations with r2 values near 0.8. The exponential fit revealed the 

sensitivity of the NIR/red ratio to Zo values when biomass was low and 

the relative insensitivity as biomass increased. 

The relation between Zo and ND was less clear (Figure 6.9). 

Though the scatter about the regression line decreased, there was very 

little discrimination of Zo values at high biomass levels. In fact, at 

NO > 0.8, the data could easily be fit by a vertical line. 

Unfortunately, the relation suggested by Hatfield (1988), Eq. (7), 

cannot be easily compared to the relation suggested for this data set, 

since it was only valid for the range of NO < 0.6. It is apparent from 

Figure 6.9 that the majority of data in this experiment exceeds that 

range. 
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Figure 6.S. Relation of Zo and NIR/red reflectance for alfalfa on 
97 days from 27 October 1984 to 4 July 1985. Three 
estimates of Zo were presented: a) Zo - O.13h; b) Zo was 
based on wind profile data assuming d-O; and c) Zo was based 
on wind profile data assuming d-O.65h. 
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Figure 6.9. Relation of Zo and Normalized Difference (ND) for 
alfalfa on 97 days from 27 October 1984 to 4 July 1985. 
Three estimates of Zo were presented: a) Zo - O.13h; b) Zo 
was based on wind profile data assuming d-O; and c) Zo was 
based on wind profile data assuming d-O.65h. 
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Since d could not be determined using wind profile measurements 

(Figure 6.5), the only relation of interest in this analysis was the 

link between d-0.65h and NIR/red. The shape of such a relation would be 

identical to the data presented in Figure 6.4. These data can be fit by 

the exponential equation 

d - 0.65h - exp(0.9506 + 0.1755(NIR/red)}, (9) 

with a correlation coefficient r 2-O.819. This exponential relation 

differs from the linear relation found by Hatfield (1988), as given by 

Eq. (8). There may be two explanations for this difference. First, 

Hatfield's estimates of d were acquired based on wind profile data over 

partial-cover cotton, whereas the data presented here were based on the 

conventional height-based relation. Second, as with the Zo data, 

Hatfield's equation only applied to conditions where NO < 0.6; for NO > 

0.6, he allowed d to increase linearly at the same rate. These data, on 

the other hand, covered a much larger range of NO values. 

Remote Estimation of r a_ 

Evaluation of the absolute accuracy of remote estimations of Zo 

and d was difficult. Generally, the accuracy of the estimates is 

evaluated by comparison of independent measurements of H with estimates 

based on the computed ra values (Kustas et a1., 1989). In this case, no 

independent estimates of H were available. Relative accuracy, however, 
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was assessed by computing ra values using remote estimates of Zo and d 

(termed z~ and d') in Eq. (3) and comparing these to conventional 

estimates of ra based on Zo - 0.13h and d - 0.65h. Equation (3) was 

evaluated based on a wind speed of 2.5 m s-l and an instrument height of 

2.0 m, with z~ estimated using three NIR/red relations (Eqs. (10-12) in 

Table 6.1). Values cf d' were estimated using the NIR/red relation (Eq. 

(9) in Table 6.1) or were assumed to be zero (for Method 1). 

Table 6.1. Summary of relations between wind-profile zo' height-based 
Zo and height-based d values with NIR/red reflectance ratios. 
"Eq" is an equation number for reference in the text. "Method" 
refers to the method used to estimate the "Index" Zo or d. 
Methods 1 and 2 were based on wind profile data, assuming d-O or 
d-2/3h. 

~ Index Method Relation with NIRLred r2 
9 d d - 0.65h d' - exp(0.9506 + 0.1755 (NIR/red)} 0.819 

10 Zo Zo - 0.13h z' 0 exp(-0.7688 + 0.1813 (NIR/red)} 0.845 
11 z 0 Method 1 (d-O) z' 0 exp(-0.0105 + 0.2244 (NIR/red)} 0.851 
12 Zo Method 2 (d-2/3h) z' 0 - exp(0.1021 + 0.1484 (NIR/red)} 0.777 

The first step in assessing the relative accuracy of remote 

estimates of ra (r~) was to compare values of ra based on Zo - 0.13h 

and d - 0.65h with values of r~ based on 0.13h' and 0.65h', where 11' is 

the remote estimate of plant height (Eqs. (9) and (10) in Table 6.1). 

If the r2 values for Eqs. (9) and (10) were 1.0, the estimates of r~ 

and ra would fall along the 1:1 line in Figure 6.10. In reality, there 

was random scatter about the 1:1 line with a distinct digression from 
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the line at high ra values. This fall-off may correspond to a similar 

trend found by Hatfield (1988) for r! in canopies of less than 70% 

canopy closure. He suggested that an adjustment should be made to 

account for this apparent anomaly in the remote estimates. 
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Figure 6.10. Estimates of aerodynamic resistance (r.) based on 
remote spectral data and based on plant height data using 
Eq. (3), where z-2.0 m and u-2.5 m s-l. For "Remote r a ," 

z~ was computed using the relation illustrated in Figure 
6.8a and d' was computed using Eq. (9). For "Conventional 
r a ," zo-0.13h and d-0.65h. Data were collected over 183 
days from 27 October 1984 to 4 July 1985. 



169 

The next step in the analysis was to compare r~ based on wind

profile data with conventional height-based ra (Figure 6.11). Two 

comparisons were made: 1) using Eq. (11) and assuming d-O and 2) using 

Eqs. (9) and (12) in Table 6.1. In both cases, the r~ values were 

lower than ra based on plant height. Using Method 2, where d' was 

assumed to be O.6Sh' (Figure 6.llb), r~ for mature canopies (low r~ 

values in Figure 6.llb) was very close to height-based ra' Prior to 

this, height-based methods overestimated r a , with the magnitude of error 

increasing with decreasing biomass levels. In other words, the height

based method of determining ra (derived from empirical studies of full

cover crop canopies) appeared to be accurate for mature, high-density 

canopies, but tended to overestimate the aerodynamic resistance of low

biomass alfalfa canopies. 
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Figure 6.11. Estimates of aerodynamic resistance (r.) based on 
remote spectral data and based on plant height data using 
Eq. (2), where z-2.0 m and u-2.5 m S-l. For "Conventional 
r.," zo-O.13h and d-O.65h. For "Remote r.," a) Zo was 
computed using the relation illustrated in Figure 6.8b, 
assuming d-O, and b) Zo vas computed using the relation 
illustrated in Figure 6.8c, and d was computed from Eq. (8). 
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Error Assessment 

In order to evaluate the accuracy of r~ and the consequent effect 

on estimation of H, the root mean square (RMS) error was computed for 

data presented in Figures 6.10 and 6.11 (Table 6.2). The RMS error is 

the standard deviation of the difference between r~ and ra for 183 

dates from 27 October 1984 to 4 July 1985. The RMS error of data 

presented in Figure 6.10 represents the error associated solely with 

remote estimation of plant height; that is, independent of supposed 

differences in Zo and d for partial vs. mature canopies. For a range of 

ra values from 15 to 95, the RMS error was 6.9 s m- 1 . Thus, the 95% 

confidence interval for r~ estimates was ±13.5 (1.96x6.9). According 

to Eq. (2), the percent uncertainty in H associated with (ra- 50 ±13.5) 

would be approximately ±25%. This is slightly larger than the 

uncertainty in H suggested in Chapter 2 for a ±10% uncertainty in plant 

height estimation. For values of ra greater than 50 s -1 m , the error in 

H would decrease; for ra less than 50 s m- 1 , the error would increase. 

The RMS error of data presented in Figure 6.11 represents a 

combination of the error associated with remote estimation of plant 

height, and that associated with differences in Zo for partial vs. 

mature canopies. For d'-0.65h' (Figure 6.11b), the RMS error was 11.7 s 

m- 1 , resulting in a ±45% uncertainty in H, assuming ra ~ 50 s m- 1 • This 

error was nearly twice the error associated with remote estimation of 
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plant height alone (Figure 6.10). Thus, though a substantial proportion 

of the error in r~ was associated with the uncertainty of remote 

measurements, there was a considerable amount of error associated with 

differences in canopy biomass. For d'-O (Figure 6.lla), the total RMS 

error was 18.1 and uncertainty in H was ±70%. 

Table 6.2. Root mean square (RMS) error of ra data presented in Figures 
6.10 and 6.11 and consequent error in computation of sensible heat 
flux density (H), assuming ra - 50 s m- 1 • For ra > 50, percent 
error in H would decrease; for ra < 50, percent error in H would 
increase. 

Figure 
6.10 
6.lla 
6.llb 

RMS (s m-l) 
~a error _ _ 

6.91 
18.09 
11.71 

% error in H (W m- 2 ) 

±25% 
±70% 
±45% 

Concluding Remarks 

It appears that the log-linear model for estimating Zo and d 

(derived from Eq. (3» is sensitive to small measurement errors in Ta 

and u. This wind- and temperature-profile data set was collected at 

half-hourly intervals over a ten-month period, using an automated 

system. Though care was taken to calibrate and maintain the instruments 

on a regular basis, the lack of daily supervision inevitably resulted in 

large measurement error due to the increasing probability of performance 

degradation with time. The log-linear model appeared to be more 

sensitive to instrument measurement error for the estimate of d than ZOo 
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For this data set. estimates of d were nearly random (Figure 6.5). 

whereas estimates of Zo agreed with theoretical and empirical precedents 

(Figures 6.1. 6.6 and 6.7). 

The results of this research confirmed the suspicion that Zo was 

not a constant function of plant height. but rather. a more complex 

function influenced by changing biomass levels. At high biomass levels. 

Zo values based on wind-profile data agreed with Zo - 0.13h. With 

decreasing biomass levels. the wind-profile data indicated Zo > 0.13h. 

resulting in a decrease in resistance to sensible heat transfer. This 

data set did not address the lowest ranges of biomass. where it has been 

suggested that Zo < 0.13h. forming a uni-modal relation between Zo and 

biomass with a peak at intermediate biomass levels. When this 

interaction is ignored and zo/h is assumed to be constant over the 

alfalfa growing season. the consequent uncertainty in H could be ±25% or 

greater. 

It appears that reasonable values of Zo and d can be estimated for 

an alfalfa canopy from remote estimates of red and NIR reflectance 

factors. The uncertainty in H associated with the error in remote 

estimates of ra was ±25%. This uncertainty was close to the goal set 

for H in Chapter 2. However. it should be emphasized that ra is a 

function of wind speed; this analysis addressed only the wind speed 

range from 2.0 to 3.0 m s-l. The next step in the analysis would be to 

conduct a similar analysis over a larger range of wind speeds and 
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develop a three-dimensional relationship between r a , NIR/red reflectance 

and wind speed. 

As with other experiments addressing this issue, these results are 

probably crop-specific and possibly site-specific. More data sets of 

this nature need to be collected for a variety of crops in order to 

fully understand the nature of the relationships. 
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CHAPTER 7 

SATELLITE-BASED EVALUATION OF SURFACE EVAPORATION 

The ultimate objective of this dissertation research was to 

produce maps of surface evaporation for an agricultural area. In this 

chapter, data from satellite-based radiometers and ground-based 

meteorological instruments were combined to produce local maps of latent 

heat flux density (LE: a product of the heat of vaporization L (J kg- 1 ) 

and the rate of evaporation E (kg S-l m- 2 )], using the remote technique 

described by Jackson (1985). Landsat Thematic Mapper (TM) data were 

used to evaluate reflected radiation and surface temperatures and 

ground-based meteorological instruments were used to measure solar and 

sky irradiance, air temperature, wind speed, and vapor pressure. The 

satellite-based estimates of LE were compared with coincident ground

based measurements using a Bowen-ratio apparatus in fields of cotton and 

alfalfa. 

Remote Energy Balance Method 

The procedure for estimating energy balance components from remote 

sensors and ground-based meteorological instruments has been described 

by Reginato et a1. (1985), Jackson et a1. (1987a), Jackson (1988), and 



Moran et a1. (1990b). It is based on the evaluation of the energy 

balance equation, i.e., 

LE - Rn - G - H, 
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(1) 

where Rn is the net radiant flux density, G is soil heat flux density, 

and H is sensible heat flux density~/. All terms in Eq. (1) are in 

units of W m- 2 ; LE, G, and H are positive when directed away from the 

surface. The evaporation rate (E) can be determined using Eq. (1) by 

assuming that L is a constant and evaluating Rn , G, and H. 

Net Radiant Flux Density 

Net radiant flux density (Rn) is the sum of incoming and outgoing 

radiant flux densities, i.e., 

Rn - Rs , - Rs t + RL, - RL t , (2) 

where the subscripts Sand L signify solar (shortwave) radiation (0.15 

to 4 ~m) and 10ngwave radiation (> 4 ~m), respectively, and arrows 

indicate the flux directions (+-incoming, t-outgoing). Incoming solar 

radiant flux density (Rs ,) can be measured with a calibrated pyranometer 

sensitive to radiation over most of the solar spectrum, and incoming 

10ngwave radiant flux density (RL,) can be estimated from ground-based 

measurements of air temperature and vapor pressure using the relation 

(3) 

~I Most notation for this chapter is summarized in Table 1.1. 
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where Ea - 1.24(eo /Ta)1/7 (Brutsaert, 1975a), u - the Stefan-Bo1tzman 

pres~ure (mb). 

The outgoing terms (RSt and RLt ) can be obtained from data 

collected with down-looking multispectral sensors. The total reflected 

solar radiant flux density (RSt ) can be estimated from the radiance 

measured by the TM sensor in the visible and near-IR (NIR) wavebands 

(TM1-TM4) using the ratio of partial to total radiance suggested by 

Jackson (1984). The outgoing longwave radiant flux density RLt can be 

obtained from the remotely measured surface temperature Ts (OK), 

(4) 

where Es - surface emissivity. 

Soil Heat Flux Density 

Soil heat flux density (G) is traditionally measured with sensors 

buried just beneath the soil surface. G is dependent on surface 

vegetation cover; therefore, a ground-based measurement should not be 

extrapolated spatially. A remote measurement of G is not possible, but 

a relation between G/Rn and spectral data in the red and NIR wavehands 

has been developed for the time of overpass (Clawsoni/). The relation 

is 

~I Personal communication, K. L. Clawson, formerly at the U. S. Water 
Conservation Laboratory, Phoenix, AZ, now with NOAA, Idaho Falls, ID. 
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G/Rn - 0.583e-2.13ND, (5) 

where ND is the normalized difference [(NIR-red)/(NIR+red)], a spectral 

index that estimates the amount of vegetation present. 

Sensible Heat Flux Density 

The sensible heat flux density can be expressed as 

H - PCp(Ta - Ta)/ra , 

where pcp is the volumetric heat capacity (J m- 3 C- 1) and ra is a 

stability-corrected aerodynamic resistance (s m- 1), as given by 

ra - (In[(z-d+zo)/zo]/k}2(1+l5Ri) (1+5Ri)1/2/u, 

(6) 

(7) 

(adapted from Mahrt and Ek, 1984) for the stable case [(Ta - Ta) < 0], 

and 

(8) 

for the unstable case [(Ta - Ta) > 0]. In Eqs. (7) and (8), Ri is the 

Richardson number (Sellers, 1965), g is acceleration due to gravity (m 

s-2), u is wind speed (m s-l), z is height (m) above the surface at 

which the wind speed is measured, d is displacement height (m), Zo is 

roughness length (m), k is von Karman's constant (0.4), and C - 75k2 [(z

d+zo)/zo]1/2/{ln[(z-d+zo)/zo]}2. 



Image Processing 

To be incorporated into the remote energy ba1an~~ model,. the TM 

data had to be processed to correct for atmospheric effects, and to 

compensate for the coarse spatial resolution of TM6. 

Atmospheric Correction 
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Atmospheric correction of TM visible, near-infrared and thermal 

data was addressed in Chapters 4 and 5 of this dissertation. Several 

correction procedures were examined to determine which technique could 

provide the ease and accuracy necessary for the remote ET model. The 

results were appraised by reference to idealistic goals suggested in 

Chapter 2; these goals and achievements are summarized in Table 7.1. 

The Lowtran7 radiative transfer code with the Standard U.S. Atmosphere 

model was chosen for correction of TMl-TM4 because it provided adequate 

accuracy and easy application. For TM6, results using the Lowtran7 code 

with a variety of models were unsatisfactory. However, a simple 

empirical regression of measured Ts and TM6 digital number (DN) resulted 

in strong linear correlations for each date. This method provided 

satellite-based estimates of Ts to within ±1.2 DC of measured values. 
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Table 7.1. Summary of accuracy goals and achievements for retrieval of 
surface radiance, reflectance and temperature from Thematic Mapper 
digital numbers. See referenced Chapters, Figures and Tables for 
details and definitions. 

Goal 
Compute RSt to within 

±15% or ±8 W m- 2 

4.3a 

Compute Pg )., to within 
±0.01 reflectance 

Compute Ts to 
within ±1 °C 

Achievement Reference 
95% confidence for eight methods: 

Herman-Browning ± 4 W m- 2 Figure 

Successive Orders ± 4 W m- 2 " 
Lowtran7 MLS ± 7 W m- 2 Figure 4.5 
Lowtran7 SUS ± 7 W m- 2 " 
Lowtran7 U-D ± 9 W m- 2 " 
Lowtran7 Rayleigh ± 8 W m- 2 " 
5S Rayleigh ± 7 W m- 2 " 
Dark-object Subtraction: ±40 W m- 2 Figure 4.7 
Modified DOS ± 9 W m- 2 " 

95% confidence for eight methods: 
Herman-Browning ±O.016 Figure 4.2 
Successive Orders ±0.O22 " 
Lowtran7 MLS ±0.030 Figure 4.4 
Lowtran7 SUS ±O.028 " 
Lowtran7 U-D ±0.036 " 
Lowtran7 Rayleigh ±0.052 " 
5S Rayleigh ±0.032 " 
Dark-object Subtraction: ±0.104 Figure 4.6 
Modified DOS ±0.044 " 

95% confidence for seven methods: 
No correction ± 4.70 Figure 5.5 
Correction wol Lowtran7 ± 5.3 0 " 
Lowtran7 MLS ±19.4° " 
Lowtran7 SUS ± 6.9 0 " 
Lowtran7 UD (TPRH) ± 4.9 0 .. 
Lowtran7 UD (radiosonde): ±12.6° .. 
Lowtran7 Rayleigh ± 7.5 0 .. 
Empirical Regression ± 1.2 0 Table 5.5 
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TM6 Spatial Enhancement 

A method to enhance the spatial resolution of the 120 m TM6 data 

was described in Chapter 3 of this dissertation. This method is 

applicable to areas characterized by discrete fields having relatively 

uniform cover within fields. The key to this method lies in the fact 

that the Landsat-TM reflective bands are spatially registered with TM6 

and are acquired at a spatial resolution 16 times that of TM6 (30 m). 

The enhancement method is a two step process: (1) field boundaries are 

defined based on common values in the high resolution reflective bands; 

(2) a new thermal image is created by replacing each thermal pixel with 

the statistical mode of the original thermal pixels (resampled to 30 m) 

within the designated field. The visual enhancement of TM6 was deemed a 

qualitative success, based on the substantial increase in image clarity 

illustrated in Figures 3.2 and 3.3. Quantitatively, the enhanced TM6 

data had a better correlation with measured Ts than the original TM6 

data. 

Experimental Site and Procedure 

The experimental site was the University of Arizona Maricopa 

Agricultural Center (MAC). During the MAC I experiment, meteorological 

measurements were made on each day of the Landsat-S overpass, weather 
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and equipment permitting. Data reported here were limited to two dates 

when TM data were acquired and Bowen-ratio data were collected, and to 

fields in which the Bowen-ratio equipment was located. The Bowen-ratio 

equipment was located in a cotton field (0.27 X 1.6 km) on 23 July 1985, 

and an alfalfa field (0.14 X 0.8 km) on 24 June 1986. 

A portable micrometeoro10gica1 station, located in the .same field 

as the Bowen-ratio equipment, recorded incoming solar radiation, wet

and dry-bulb air temperatures, and wind speed (at 1.5 m) at 6-sec 

intervals. Fluctuations of the 6-sec wind speed values were reduced by 

smoothing the data with a 30-point (3-min) running average. These 

measurements provided data for the calculation of RSl ' RLl , and r e , of 

Eqs. (2), (7), and (8). 

The Bowen-ratio apparatus consisted of a psychrometer exchange 

mast, a net radiometer, a soil heat flux plate, anemometer, and a data 

acquisition and processing system (Gay and Greenberg, 1985). The net 

radiometer and the anemometer were placed 2 m above the soil surface. 

The soil heat flux plate was buried about 1 cm below the soil surface. 

The psychrometer mast interchanged the sensors at 6-min intervals (to 

minimize instrument bias in the gradient measurements), allowing 

evaporation calculations to be made on 12-min averages. 

The Landsat CCT-A digital numbers were converted to radiance 

values using the Lowtran7 code as described previously, and the 

radiances of the first four reflective bands were used to yield values 

'of RSt • The surface temperatures, retrieved from TM6 based on empirical 
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regression equations, were used to calculate RLt and (Ta - Ts). Since 

fa could not be estimated remotely using this data set, values were 

assigned to each TM pixel based on NIR/red reflectance. That is, 

threshold values of NIR/red were determined to separate soil, alfalfa, 

and cotton and values of fa (from Table 5.1) were assigned to areas 

encompassed by each cover type. G was estimated using Eq. (5) and the 

TM-based images of Rn and ND, corrected for atmospheric effects. Values 

of Zo and d, for Eqs. (7) and (8), were estimated using relations with 

the NIR/red reflectance ratio (see Table 6.1 and discussion in this 

dissertation, Chapter 6), where 

Zo - exp(-0.769 + 0.181 (NIR/red)}, and 

d - exp(0.95l + 0.176 (NIR/red)}. 

Results and Discussion 

(9) 

(10).. ..... 

Maps of LE based on Landsat TM spectral data and ground-based 

meteorological data are presented in Figure 7.1. The maps are overlain 

with the MAC farm field boundaries. Values of LE are directly related 

to the range of grey levels portrayed in the map, where light and dark 

areas indicate high and low flux densities, respectively. The data 

presented in Figure 7.1 illustrate both the between- and within-field 

diversity of LE. Over the ground surface covered by each map (approx. 

250 km2 ), values of LE ranged from 0 to 1080 W m- 2 and values of 

sensible heat flux density (H) were occasionally in excess of 400 W m- 2 . 
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Figure 7.1. Maps of instantaneous latent heat flux density (LE) 
(at 10.5 h) based on Landsat TM spectral data and ground
based meteorological data: 23 July 1985 (upper) and 24 June 
1986 (lower). Grey levels relate to the magnitude of flux 
density (W m- 2 ), where white designates the highest values, 
and black, the lowest. Over the ground surface covered by 
each map (= 250 km2 ), LE ranged from 0 to 1080 W m- 2 . The 
images are overlain with the MAC boundaries. 



185 

A comparison of remote estimates of Rn, G, H, and LE with values 

measured using the Bowen-ratio apparatus is shown in Figure 7.2. The 

bars indicate values at a common location within the field, that is, at 

the location of the Bowen-ratio apparatus. The percent differences 

between remote and Bowen-ratio estimates for each component are listed 

in Table 7.2, along with accuracy goals suggested in Chapter 2, Table 

2.5. 

Table 7.2. Percent difference between remote and Bowen-ratio estimates 
of Rn, G, H, and LE for alfalfa and cotton fields on 23 July 1985 
and 24 June 1986. The accuracy goals suggested for ideal 
conditions (Chapter 2, Table 2.5) are also included for 
comparison. 

Date 
23 July 1985 
24 June 1986 

Crop 
Cotton 
Alfalfa 

% Difference 
---Rn _ 

10.7 
0.1 

Avg. accuracy goals (Table 2.5): ±2.3% 

(%11). Remote vs. 
_ G_ H 

70.3 -79.3 
11.5 -42.1 

Bowen-ratio 
LE 
3.6 

-6.2 

±9.1% ±179.7% ±11.4% 

The percent difference (%11) between remote and Bowen-ratio 

estimates of Rn, G, Hand LE varied with crop type. For alfalfa, 

percent differences were within the suggested accuracy goals for all 

components except G, where the accuracy goal was ±9.l% and the %11 was 

11.5%. These results were considered acceptable. For cotton, the %11 

'for Hand LE were within accuracy goals but the error in Rn and G 
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exceeded suggested limits. The large %A for G (70.3%) was likely due to 

the small magnitude of G for the mature cotton field. The %A for Rn was 

10.7%. Though this exceeded the accuracy goal of 2.3%, it was still 

relatively small, considering the potential error in the remote 

estimation method, and was comparable to the accuracy of ground-based 

net radiometers (Kanemasu et a1., 1987). 

Of the four energy balance components, LE and Rn are by far the 

largest values for cropped fields; values of Hand G are often an order 

of magnitude smaller than LE and Rn' Thus, the accuracy of the estimate 

of Rn will have the greatest effect on the accuracy of LE. This is 

apparent in the results presented in Table 7.2. Though differences 

between remote and Bowen-ratio estimates of G and H were large, the %A 

of LE values (3.6% for cotton and -6.2% for alfalfa) were still within 

the suggested accuracy goal of ±11.4%. This uncertainty is comparable 

to the uncertainty of conventional ground-based instruments (Kanemasu et 

al., 1987). 
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Concluding Remarks 

The results reported here indicate that a satellite-based 

technique will yield values of LE from full-cover cropped fields that 

compare well with values measured with a Bowen-ratio method. This 

outcome was attributable to the progress made in image enhancement, 

atmospheric correction, and canopy characterization, presented in the 

four previous chapters. The highlights of the research are summarized 

here. 

A statistical technique was developed to combine low-resolution 

(120 m) TM thermal data (TM6) with higher resolution (30 m) TM 

reflective data based on the relation between TM6 and the TM red and 

near-IR wavebands (Chapter 3). This method was successful in improving 

the visible appearance of the TM6 image and retaining the original 

thermal spectral information over diverse agricultural landscapes. 

Several atmospheric correction procedures were examined to 

determine which techniques could provide the ease and accuracy necessary 

for the remote ET model (Chapters 4 and 5). The Lowtran7 radiative 

transfer code was chosen for correction of TM visible and near-IR data 

(TMl-TM4) because it provided high accuracy (±O.Ol reflectance, 1 aRMS) 

and easy application. For TM6, results using the Lowtran7 code with a 

variety of atmospheric models were unsatisfactory. However, a simple 
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linear regression of measured surface temperatures (Ts) and TM6 digital 

numbers provided estimates of Ts to within ±1.2 DC of measured values. 

Reasonable estimates of aerodynamic parameters were made for an 

alfalfa canopy from remote measurements of red and near-IR reflectance 

(Chapter 6). The uncertainty in sensible heat flux density (H) 

associated with the error in remote estimates of aerodynamic resistance 

was ±25%. 

Suggestions for Future Research 

The ultimate goal of this dissertation was to produce maps of 

surface evaporation for agricultural areas based on Landsat Thematic 

Mapper (TM) spectral data. Though substantial progress was made towards 

this goal, several aspects of the remote energy balance method need 

further attention before it can be applied on an operational basis. 

Atmospheric correction of TM thermal data is presently based on a 

concurrent set of measurements of Ta over a variety of surfaces. This 

procedure would obviously be inconvenient if the method were to be used 

on an operational basis. Ideally, a correction technique should be 

based on information that is readily available from conventional weather 

stations or from the satellite digital data. In any case, the 

correction procedure needs to be simplified in order to be incorporated 

into a convenient operational procedure. 
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Estimations of surface roughness and aerodynamic resistance are 

currently based on an empirical relation with the NIR/red reflectance 

ratio. This relation was developed from data collected in an 

experimental alfalfa field. Though the accuracy was acceptable, the 

results were considered to be crop-specific and not necessarily 

applicable to other crops. More data sets of this nature need to be 

collected from a variety of crops in order to determine a universal 

relation between remote spectral data and aerodynamic properties. 

The reliable evaluation of sensible heat flux density using Eq. 

(6) is based on the assumption that Ts is the temperature of the 

transpiring surface. In the case of partial-cover crop canopies, Ts is 

actually a composite of the temperature of the plants and soil. When 

the soil is dry, this results in measurements of Ts that are dominated 

by the soil surface rather than by the transpiring vegetation. Thus, 

for the partial canopy case, H is commonly overestimated and values of 

LE, based on Eq. (1), are underestimated. This problem has been 

explored by Kustas et al. (1987b) over rangeland vegetation in the Owens 

Valley, California. It remains an active research topic. 

Finally, there are difficulties in extrapolating ground-based 

measurements of air temperature (Ta) and wind speed (u) over complex 

terrain. Both Ta and u are sensitive to local topography and changes in 

surface cover. For example, Bro~1 reported differences in Ta of 5 DC 

~I Personal communication, Paul W. Brown, Extension Biometeorologist, 
Dept. of Soil and Water Science, University of Arizona, Tucson, AZ 85721 
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between instruments located in irrigated agricultural fields and 

adjacent desert land. Such measurement variation in Te and u must be 

accounted for because it causes proportional variation in H (Eq. 6). To 

date, the remote method has been applied only to flat, uniform fields; 

the full potential of this method will not be realized, however, until 

the difficulties of more complex terrain are resolved. 
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APPENDIX 1 

LOWTRAN7 RADIATIVE TRANSFER CODE 

The Lowtran7 code (Kneizys et a1., 1988) is designed to calculate 

atmospheric transmittance and background radiance for a given 

atmospheric path at low spectral resolution (frequency> 5 cm- 1
). 

Representative atmospheric, aerosol, cloud, and rain models are provided 

in the code with options to replace them with user-provided theoretical 

or measured values. This appendix provides a description of how the 

Lowtran7 code was used for the research presented in Chapters 4 and 5. 

Application to TH Visible and Near-IR Wavebands 

For Chapter 4, the Lowtran7 code was used to derive integrated at

satellite radiance (LsA ) in the visible and near-IR wavebands for 

several assumed values of surface reflectances (PgA)' Although the 

relation between LSA and PgA is quadratic over the range of reflectance 

values 0-1 (Slater and Jackson, 1982), it is sufficiently linear over 

the range 0 to 0.7 to allow interpolation uith negligible error. Thus, 

surface reflectance factors were determined using a linear equation, 

(1) 
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where A~ and B~ were derived from the regression of values of LSA and 

Radiance integration over wide bandwidths 

The Lowtran7 code requires a starting and ending wavelength (or 

frequency) and the integration is performed assuming a response of 100% 

at all wavelengths. The TM detector/filter combination has a normalized 

response function of nearly 100% at one wavelength and less than 100% at 

other wavelengths. The waveband integration can be accomplished by 

calculating radiance over short wavelength intervals (for example, dA' 

.002 ~m) and then computing total radiance as 

LgA - fLg(A')S(A')dA' / fS(A')dA', (2) 

where Lg(A') and S(A') are the radiance and spectral response over 

wavelength interval dA'. This process is tedious. so an alternative was 

explored to expedite the procedure. 

The Palmer moments method (Palmer, 1984) was used to compute the 

"center" wavelength of the waveband and the range of wavelengths that 

defined an area equivalent to that under the response curve of the 

actual waveband. These three methods were used with the Lowtran7 code 

to compute surface radiance values for TM bands 1-4 (Table Al.l) on four 

dates. Estimation of LgA with Eq. (2) was simplified by using the 

trapezoidal rule (Slater, 1980), rather than integration, to estimate 

the planar area in the numerator and denominator. 
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The Palmer equivalent-area method produced results comparable to 

response function integration (Eq. 2). The central wavelength method 

was not as successful. Therefore, the Palmer equivalent-area technique 

was chosen as an easy, yet accurate, way to compute integrated radiance 

for this research. The wavelength ranges for TM bands 1-4 are presented 

in Table A1.2. 

Atmospheric and aerosol models 

As discussed in Chapter 4, the Lowtran7 code was run with four 

different atmospheric models: 

#1. Mid-Latitude Summer Model; 

#2. Standard U.S. Atmosphere Model; 

#3. Rayleigh atmosphere with zero water vapor and estimates of 

gaseous absorption; 

#4. User-defined atmosphere based on surface values of pressure, 

temperature, and relative humidity, and the Standard U.S. 

Atmosphere model. 

An example of each input file is included in Table A1.3. Since 

the input files are difficult to interpret without a guide, a list of 

the parameters each file had in common is given in Table A1.4 and the 

substantive information for each input file is listed in Table A1.s. 

All example atmospheres assumed no clouds or rain. 
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Table A1.1. Comparison of surface radiance values computed using 
Lowtran7 code with three methods of integrating over the bandpass: 

Date 
85204 

85300 

86079 

86095 

A) exact band response function integration (using Eq. 2), B) 
Palmer-method equivalent area and C) Palmer-method central 
waveband. The percent error of the Band C methods was computed 
relative to A. 

-.1g ). (W m- 2 sr- 1 } Error (~} 

J.... -aL -ID-~ B} C) 
TM1 4.81 4.80 4.47 -0.2 -7.1 
TM2 5.88 5.88 5.76 0.0 -2.0 
TM3 5.50 5.50 5.59 0.0 1.6 
TM4 8.40 8.38 8.36 -0.2 -0.5 
TM1 3.80 3.79 3.54 -0.3 -6.8 
TM2 3.68 3.68 3.58 0.0 -2.7 
TM3 2.88 2.88 2.93 0.0 1.7 
TM4 6.86 6.85 6.83 -0.2 -0.4 
TM1 3.98 3.97 3.74 -0.3 -6.0 
TM2 4.76 4.76 4.65 0.0 -2.3 
TM3 4.23 4.23 4.30 0.0 1.7 
TM4 6.58 6.57 6.55 -0.2 -0.5 
TM1 4.23 4.22 3.93 -0.2 -7.1 
TM2 4.79 4.78 4.67 -0.2 -2.5 
TM3 4.56 4.56 4.63 0.0 1.5 
TM4 7.09 7.08 7.06 -0.1 -0.4 

Table A1.2. Palmer moments method results for Landsat TM response 
functions. The Palmer starting and ending wavelengths can be used 
in the Lowtran7 code to determine an integrated radiance value 
equivalent to that provided by the detector/filter response 
function in equation (2). 

Center Starting Ending 
Band Wavelength Wavelength Wave 1 eng.t;h 
TM1 0.486 0.451 0.521 
TM2 0.571 0.526 0.615 
TM3 0.661 0.622 0.699 
TM4 0.838 0.771 0.905 
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Table A1.3. Examples of four Lowtran7 input files for TM1 waveband. 
The input values are listed in proper order for Lowtran7 code, 
how~ver the formats of each line do not necessarily conform to the 
Lowtran7 Fortran format statements. See the manual to properly 
input these data. 

Mid-Latitude Summer Model 
2 2 2 1 0 0 0 0 0 0 0 
1 0 0 0 0 0 .000 .000 
100.000 .360 180.000 .000 .000 
1 2 204 0 
33.073 11l. 978 .000 .000 17.540 
19194.000 22173.000 20.000 
0 

Standard U,S, Atmos12here 
6 2 2 1 0 0 0 0 0 0 0 
6 0 0 0 0 0 .000 .000 
100.000 .360 180.000 .000 .000 
1 2 204 0 
33.073 111.978 .000 .000 17.540 
19194.000 22173.000 20.000 
0 

Rayleigh Atmos12here 
722 166 
o 0 0 0 0 0 

6 6 
0.000 

6 6 
.000 

6 

10 0 0 m204s 
3.620E-01 9.690E+02 3.250E+01 
1.000E+00 .OOOE+OO .OOOE+OO 
2.000E+00 .OOOE+OO .OOOE+OO 
1.000E+01 .OOOE+OO .OOOE+OO 
2.000E+01 .OOOE+OO .OOOE+OO 
3.000E+01 .OOOE+OO .OOOE+OO 
~ .. 000E+01 .OOOE+OO .OOOE+OO 
5.000E+01 .OOOE+OO .OOOE+OO 
7.500E+01 .OOOE+OO .OOOE+OO 
1.000E+02 .OOOE+OO .OOOE+OO 
100.000 .360 180.000 
1 2 204 0 
33.073 11l. 978 
19194.000 22173.000 

o 

.000 
20.000 

Continued on next page 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 
.000 

.000 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 
.000 

17.540 

0 1 .000 .08 
.000 .000 .360 

.000 0 

.000 .000 .000 

0 1 .000 .08 
.000 .000 .360 

.000 0 

.000 .000 .000 

1 1 .000 .08 
.000 .000 .360 

.000E+00ABH666666666666 

.000E+0066H666666666666 

.000E+0066H666666666666 

.000E+0066H666666666666 

.000E+0066H666666666666 

.000E+0066H666666666666 

.000E+0066H666666666666 

.000E+0066H666666666666 

.000E+0066H666666666666 

.000E+0066H666666666666 
.000 0 

0.000 .000 .000 
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Table Al.3. Examples of Lowtran7 input files for TMI (continued). 

User-defined Atmosphere 
722 166 

10 0 0 0 0 0 
6 6 
0.000 

6 6 
.500 

6 1 
.000 

1 .000 
.000 

.08 
.360 

10 0 0 m204s 
3.620E-Ol 9.690E+02 3.250E+Ol 
1.000E+00 .OOOE+OO .OOOE+OO 
2.000E+00 .OOOE+OO .OOOE+OO 
1.000E+Ol .OOOE+OO .OOOE+OO 
2.000E+Ol .OOOE+OO .OOOE+OO 
3.000E+Ol .OOOE+OO .OOOE+OO 
4.000E+Ol .OOOE+OO .OOOE+OO 
5.000E+Ol .OOOE+OO .OOOE+OO 
7.500E+Ol .OOOE+OO .OOOE+OO 
1.000E+02 .OOOE+OO .OOOE+OO 
100.000 .360 180.000 
1 2 204 0 
33.073 111. 978 

o 
.000 

2.000E+Ol 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.000 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 
.000 

.000E+00ABH666666666666 

.000E+00665666666666666 

.000E+00665666666666666 

.000E+00665666666666666 

.000E+00665666666666666 

.000E+00665666666666666 

.000E+00665666666666666 

.000E+00665666666666666 

.000E+00665666666666666 

.000E+00665666666666666 
.000 0 

.000 17.540 0.000 .000 .000 

Table Al.4. Communal input information for each example input in Table 
Al.3. 

Type of Atmospheric path
Mode of execution-
Executed with Multiple Scattering
Surface Albedo-
Wind Speed-
Sensor Altitude-
Ground altitude-
Day of Year-
Latitude-
Longitude-
Greenwich Time (decimal hours)
Initi&l Frequency-
Final Frequency-
Frequency Increment-

Slant path to space 
Radiance with scattering 
Yes 
0.8 
0.5 m s-l 
100.000 km (altitude of aircraft) 
0.360 km 
204 
33.073 
11.978 
17.540 
19194 
22173 
20 



Table A1.S. Substantive input information for each example input in 
Table A1.3. 

Mid-Latitude Summer 
Model atmosphere
Aerosol Model Used-

Standard U.S, Atmosphere 
Model atmosphere
Aerosol Model Used-

Rayleigh Atmosphere 

Mid-Latitude summer 
Mid-Latitude summer 

Standard U.S. 
Standard U.S, 

Model atmosphere- New Model Atmosphere 
Aerosol Model Used- No aerosol attenuation 
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Water vapor profile defined by relative humidity (RH) where RH - 0 
at all levels in the profile. 

Pressure (P) and temperature (T) profiles defined by surface T and 
P and by the Standard U.S. Atmosphere at all other 
atmospheric layers 

All other profiles (gaseous absorption) - Standard U.S. Atmosphere 

User-defined Atmosphere 
Model atmosphere- New Model Atmosphere 
Aerosol Model Used- Desert extinction (with 

meteorological visibility defined by wind speed) 
Water vapor profile defined by actual RH at the surface and by the 

sub-arctic winter model at all other layers in the 
atmosphere 

Pressure (P) and temperature (T) profiles defined by surface T and 
P and by the Standard U.S. Atmosphere at all other 
atmospheric layers 

All otr.~r profiles (gaseous absorption) - Standard U.S, Atmosphere 

Application to TK thermal waveband 

The procedure for retrieval of surface temperature from satellite-

based digital data based on Lowtran7 code output is discussed in Chapter 

5. The Lowtran7 code was run with five different models: 



#1. Mid-Latitude Summer Model; 

#2. Standard U.S. Atmosphere Model; 

#3. Rayleigh atmosphere with zero water vapor and estimates of 

gaseous absorption; 
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#4. User-defined atmosphere based on surface values of pressure 

(P), temperature (Ta) and relative humidity (RR) and 

selected Lowtran7 atmospheric models; and 

#5. User-defined atmosphere based on non-local, non-coincident 

radiosonde data collected in Tucson, Az. at 1700 MST. 

Examples of Lowtran7 input files for the five atmospheric models are 

included in Table Al.6. Substantive and communal information for each 

Lowtran7 input file in Table Al.6 is similar to that presented in Tables 

Al.4 and A1.s, except the mode of execution was "thermal radiance" and 

the frequency interval was 769.231 to 1020.408 cm- 1 at 5.0 cm- 1 

increments. 



200 

Table A1.6. Examples of five Lowtran7 input files for TM thermal band 
(TM6) correction. The input values are listed in the proper order 
for Lowtran7 code, however the formats of each line do not 
necessarily conform to the Lowtran7 Fortran format statements. 
See the manual to properly input these data. 

Mid-Latitude Summer Model 
2 2 1 1 0 0 0 0 0.000 .00 
1 0 0 0 0 0 0.000 

000 
0.000 

.000 

o 1 
.000 

.000 
.000 .360 

100.000 0.000 180.000 
769.231 1020.408 5.000 
o 

Standard U.S. Atmosphere 
6 2 1 1 0 0 0 0 

.000 0 

0.000 .00 
6 0 0 0 0 0 0.000 

000 
0.000 

.000 

o 1 
.000 

.000 
.000 .360 

100.000 0.000 180.000 
769.231 1020.408 5.000 
o 

Rayleigh Atmosphere 
7 2 116 6 6 6 6 6 6 1 
o 0 0 0 0 o 0.000 0.500 
10 0 0 m204 
3.620E-01 9.690E+02 
1.000E+00 .OOOE+OO 
2.000E+00 .OOOE+OO 
1.000E+01 .OOOE+OO 
2.000E+01 .OOOE+OO 
3.000E+01 .OOOE+OO 
4.000E+01 .OOOE+OO 
5.000E+01 .OOOE+OO 
7.500E+01 .OOOE+OO 
1.000E+02 .OOOE+OO 
100.000 0.000 
769.231 1020.408 
o 

3.250E+01 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 

180.000 
5.000 

Continued on next page 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 
.000 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 
.000 

.000 0 

1 0.000 .00 
.000 .000 .360 

.000E+00ABH666666666666 

.000E+0066H666666666666 

.000E+0066H666666666666 

.000E+0066H666666666666 

.000E+0066H666666666666 

.000E+0066H666666666666 

.000E+0066H666666666666 

.000E+0066H666666666666 

.000E+0066H666666666666 

.000E+0066H666666666666 
.000 0 
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Table A1.6. Examples of Lowtran7 input files for five runs (continued). 

User-defined Atmosphere based on TPRH 
7 2 1 1 6 5 6 6 666 1 1 

.000 
0.000 

.000 
.00 

6 1 0 0 0 0 0.000 0.500 
100 0 m204 
3.620E-01 9.690E+02 
1.000E+00 .OOOE+OO 
2.000E+00 .OOOE+OO 
1.000E+01 .OOOE+OO 
2.000E+01 .OOOE+OO 
3.000E+01 .OOOE+OO 
4.000E+01 .OOOE+OO 
5.000E+01 .OOOE+OO 
7.500E+01 .OOOE+OO 
1.000E+02 .OOOE+OO 
100.000 0.000 
769.231 1020.40B 
o 

3.250E+01 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 

1BO.000 
5.000 

2.000E+01 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 
.OOOE+OO 

.000 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 
.000 

.360 

.000E+00ABH666666666666 

.000E+00665666666666666 

.000E+00665666666666666 

.000E+00665666666666666 

.000E+00665666666666666 

.000E+00665666666666666 

.000E+00665666666666666 

.000E+00665666666666666 

.000E+00665666666666666 

.000E+00665666666666666 
.000 0 

User-defined Atmosphere based on Radiosonde data 
7 2 1 1 6 6 6 6 666 1 1 

.000 
0.000 

.000 
.00 

o 0 0 0 0 0 0.000 0.500 
27 0 0 m204 
7.B70E-01 9.200E+02 3.5BOE+01 2.000E+01 
9.670E-01 9.020E+02 3.240E+01 1.900E+01 
9.B70E-01 9.000E+02 3.220E+01 1.900E+01 
1.495E+00 B.500E+02 2.6BOE+01 2.000E+01 

5.B77E+00 5.000E+02 
6.310E+00 4.730E+02 
6.696E+00 4.500E+02 
7.595E+00 4.000E+02 
B.179E+00 3.700E+02 
B.593E+00 3.500E+02 
9.703E+00 3.000E+02 
1.073E+01 2.590E+02 

100.000 0.000 
769.231 1020.40B 
o 

-6.20E+00 2.600E+01 
-7.50E+00 1.900E+01 
-9.90E+00 1.900E+01 
-1.57E+01 1.900E+01 
-1.93E+01 2.000E+01 
-2.24E+01 2.000E+01 
-3.10E+01 2.100E+01 
-3.9BE+01 2.100E+Ol 

1BO.000 .000 
5.000 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.OOOE+OO 

.360 

.000E+00ABH666666666666 

.000E+00ABH666666666666 

.000E+00ABH666666666666 

.000E+00ABH666666666666 

.OOOE+OO .OOOE+OOABH666666666666 

.OOOE+OO .000E+00ABH666666666666 

.OOOE+OO .000E+OOABH666666666666 

.OOOE+OO .000E+OOABH666666666666 

.OOOE+OO .OOOE+OOABH666666666666 

.OOOE+OO .OOOE+OOABH666666666666 

.OOOE+OO .000E+00ABH666666666666 

.OOOE+OO .OOOE+OOABH666666666666 
.000 .000 0 
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APPENDIX 2 

GRAPHIC SUPPLEMENT TO CHAPTER 4 

This appendix contains plots of satellite- and aircraft-based 

estimates of PgA and RSt for each correction procedure and for the 

uncorrected case. This is the graphic representation of the regression 

analyses presented in Tables 4.7 and 4.8. The analyses of reflectance 

factor estimates are presented first, sorted by correction procedure in 

the following order: 

1. Uncorrected; 

2. Herman-Browning code; 

3. Successive Orders code; 

4. 5S code with Rayleigh atmosphere; 

5. Lowtran7 code with Rayleigh atmosphere; 

6. Lowtran7 code with Mid-latitude Summer atmosphere; 

7. Lowtran7 code with Standard U.S. atmosphere; 

8. Lowtran7 code with User-defined atmosphere; 

9. Dar.K-object subtraction (DOS); and 

10. Modified DOS Method. 

Then, the analyses of total outgoing shortwave radiant flux 

density (RSt ) are presented, in the same order. There is a total of 

twenty figures. 

. ; 
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UNCORRECTED 
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Figure A2.1. Sate11ite- and aircraft-based estimates of surface 
reflectance, uncorrected for atmospheric effects. The 
symbols 1-4 refer to Landsat T.M wavebands TM1-TM4. 
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Figure A2.2. Sate11ite- and aircraft-based estimates of surface 
reflectance, corrected using Herman-Browning radiative 
transfer code. The symbols 1-4 refer to Landsat TM 
wavebands TM1-TM4. 
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SUCCESSIVE ORDER 
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Figure A2.3. Satellite- and aircraft-based estimates of surface 
reflectance, corrected using Successive Orders radiative 
transfer code. The symbols 1-4 refer to Landsat TH 
wavebands THl-TH4 . 
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Figure A2.4. Satellite- and aircraft-based estimates of surface 
reflectance, corrected using 5S radiative transfer code with 
a Rayleigh atmosphere. The symbols 1-4 refer to Landsat TH 
wavebands THl-TH4. 
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Figure A2.S. Satellite- and aircraft-based estimates of surface 
reflectance, corrected using Lowtran7 radiative transfer 
code with a Rayleigh atmosphere. The symbols 1-4 refer to 
Landsat TH wavebands TH1-TH4. 
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Figure A2.6. Satellite- and aircraft-based estimates of surface 
reflectance, corrected using Lowtran7 radiative transfer 
code with the Hid-latitude Summer atmosphere. The symbols 
1-4 refer to Landsat TH wavebands TH1-TK4. 
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LOWTRAN7, STD. U.S. ATMOSPHERE 
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Figure A2.7. Satellite- and aircraft-based estimates of surface 
reflectance, corrected using Lowtran7 radiative transfer 
code with the Standard U.S. atmosphere. The symbols 1-4 
refer to Landsat TH wavebands THI-TH4. 
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Figure A2.B. Satellite- and aircraft-based estimates of surface 
reflectance, corrected using Lowtran7 radiative transfer 
code with a User-defined atmosphere. The symbols 1-4 refer 
to Landsat TH wavebands TK1-TH4. 
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DARK-OBJECT SUBTRACTION 
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Figure A2.9. Satellite- and aircraft-based estimates of surface 
reflectance, corrected using the dark-object subtraction 
(DOS) method. The symbols 1-4 refer to Landsat TH wavebands 
THl-TH4. 
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Figure A2.10. Satellite- and aircraft-based estimates of surface 
reflectance, corrected using the modified DOS method. The 
symbols 1-4 refer to Landsat TH wavebands THl-TH4. 
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UNCORRECTED 
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Figure A2.ll. Satellite- and aircraft-based estimates of total 
outgoing shortwave radiant flux density (Rs ,), uncorrected 
for atmospheric effects. 
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Figure A2.l2. Satellite- and aircraft-based estimates of total 
outgoing shortwave radiant flux density (Rs ,), corrected 
using Herman-Browning radiative transfer code. 
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Figure A2.l3. Satellite- and aircraft-based estimates of total 
outgoing shortwave radiant flux density CRst), corrected 
using Successive Orders radiative transfer code. 
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Figure A2.l4. Satellite- and aircraft-based estimates of total 
outgoing shortwave radiant flux density CRSt), corrected 
using SS radiative transfer code with a Rayleigh atmosphere. 
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Figure A2.1S. Satellite- and aircraft-based estimAtes of total 
outgoing shortwave radiant flux density (RSt )' corrected 
using Lowtran7 radiative transfer code with a Rayleigh 
atmosphere. 
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Figure A2.l6. Satellite- and aircraft-based estimates of total 
outgoing shortwave radiant flux density (Rst ), corrected 
using Lowtran7 radiative transfer code with the Hid
latitude Summer atmosphere. 
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Figure A2.17. Satellite- and aircraft-based estimates of total 
outgoing shortwave radiant flux density (RSt )' corrected 
using Lowtran7 radiative transfer code with the Standard 
U.S. atmosphere. 
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Figure A2.18. Satellite- and aircraft-based estimates of total 
outgoing shortwave radiant flux density (RSt )' corrected 
using Lowtran7 radiative transfer code with a User-defined 
atmosphere. 
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Figure A2.l9. Satellite- and aircraft-based estimates of total 
outgoing shortwave radiant flux density (Rs ,), corrected 
using the dark-object subtraction (DOS) method. 
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Figure A2.20. Satellite- and aircraft-based estimates of total 
outgoing shortwave radiant flux density (Rs ,), corrected 
using the modified DOS method. 
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