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ABSTRACT

Land surface albedo is the ratio of reflected to incident solar radiation. It is a

function of several surface parameters including soil color, moisture, roughness and

vegetation cover. A better understanding of albedo and how it changes in relation to

variations in these parameters is important in order to help improve our ability to model

the effects of land surface modifications on climate.

The objectives of this study were 1) To determine empirical relationships between

smooth bare soil albedo and soil color, 2) To develop statistical relationships between

albedo and ground-based thematic mapper (TM) measurements of spectral reflectances,

3) To determine how increased surface roughness caused by tillage reduces bare soil

albedo and 4) To empirically relate albedo with TM data and other physical

characteristics of mixed grass/shrubland sites at Walnut Gulch Watershed.

Albedos, colors and spectral reflectances were measured by Eppley pyranometer,

Chroma Meter CR-200 and a Spectron SE-590, respectively. Measurements were made

on two field soils (Gila and Pima) at the Campus Agricultural Center (CAC), Tucson, AZ.

Soil surface roughness was measured by a profile meter developed by the USDA/ARS.

Additional measurements were made at the Maricopa Agricultural Center (MAC) for

statistical model testing.

Albedos of the 15 smooth, bare soils (plus silica sand) were determined by linear

regression to be highly correlated (r2=0.93, p>0.01) with color values for both wet and

dry soil conditions. Albedos of the same smooth bare soils were also highly correlated

(r2�0.86, p>0.01) with spectral reflectances. Testing of the linear regression equations
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relating albedo to soil color and spectral reflectances using the data from MAC showed

a high correlation. A general nonlinear relationship given by y=8.3661n(x)+37.802

r2=0.71 was determined between percent reduction in albedo (y) and surface roughness

index (x) for wet and dry Pima and Gila field soils. Measurements of albedo, color and

spectral reflectance at the Walnut Gulch Watershed indicated that albedo values were

highly correlated with percent rock & gravel, color value and reflectance data (TM bands

1-4).
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CHAPTER 1

1. INTRODUCTION

Albedo (a) of the land surface is defined as the ratio of reflected (K1') to incoming

(K.1, ) shortwave (solar) radiation (approximately 0.3 to 3 p.m). It is an important radiative

property that regulates the fractional amount of incoming solar radiation absorbed by the

surface which affects near surface climate. Thus, various biophysical processes, such as

evapotranspiration and plant growth, are controlled by the surface albedo among others.

Albedo is influenced by several variables including soil color, moisture conditions,

presence of limestone concretions on the soil surface, iron, organic matter content, texture,

roughness, and vegetation. Specific determinations of albedo in relation to these variables

is important in order to gain a better understanding of this parameter.

Land surface albedo can be estimated using Landsat Thematic Mapper (TM)

multispectral reflectance data. General relationships between ground based measurements

of albedo and narrow band spectral reflectances have been developed for selected soils

(Brest and Goward, 1987). However, there is a need to develop relationships for a wider

range of soil types and conditions because there are many surfaces variables that affect

albedo.

The objectives of this study were 1) To determine empirical relationships between

smooth bare soil albedo and soil color for a wide range of soils collected from sites in

Arizona and elsewhere, 2) To develop statistical relationships between ground-based

thematic mapper (TM) measurements of spectral reflectances and albedo values

determined by ground-based Eppley pyranometer measurements of shortwave radiation
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fluxes, 3) To determine how increased surface roughness caused by tillage reduces bare

soil albedo and 4) To empirically relate albedo with TM spectral reflectances and other

physical characteristics of mixed grass/shrubland sites at Walnut Gulch Watershed in

southeastern Arizona.
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CHAPTER 2

2. LITERATURE REVIEW

2.1 Albedo and Spectral Reflectance from 
Vegetated Land Surfaces

Affect of Sun Angle and Latitude

Nkemdirim (1972) indicated that albedo variations for a variety of surfaces were

mainly related to the variations of the solar zenith angle, with almost constant albedo

from 80° to 30° zenith angle in the morning, and increasing albedo from 30° to 80° zenith

angle in the afternoon.

Irons et al. (1988) found that the albedo of big bluestem grass increased when

solar zenith angle increased. The relative increase ranged from 19 to 41% depending on

day and the observed solar zenith angles. The value of albedo for big bluestem grass was

0.274 for a zenith angle of 24°, and 0.375 for a zenith angle of 68° for the same day.

Federer (1971/1972) studied the variations in the solar radiation regime of a

deciduous forest when snow was on the ground. He found that roughly 65% of the

incident radiation is absorbed by stems and branches and 20% is reflected. The variations

of albedo due to varying solar zenith angles were 0.091 for 54-44° and 0.096 for 35 0 and

albedo of 0.136 for a zenith angle of 67°.

Monteith and Szeicz (1961) showed that the albedo of grass increased from 0.23

at solar elevation 60° to 0.28 at 20° with a daily mean value of 0.26. For bare soil, the

corresponding increase in albedo was from 0.16 to 0.19 with mean value of 0.17.
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Coulson and Reynolds (1971) indicated that the reflectance of most surfaces

appears to reach a maximum at sun elevation of 10-20 0 . This apparent reflection

maximum, while not completely understood, is probably the result of a combination of

two effects. First, observations show that most surfaces have a higher reflectance for light

incident at a large zenith angle than for that at more nearly normal incidence. Second, the

ratio of direct to diffuse light undergoes a rapid shift at low sun elevations.

Kriebel (1979) found an increase (0.02) of spectral reflectance from four vegetated

surfaces at small solar elevation angles.

Kukla and Robinson (1980) found that in the latitude range between 40°N and

55°S and 80 to 90°S, the annual range of mean monthly surface albedo does not exceed

10%. However the largest seasonal range of surface albedo occurs between latitudes of

60° and 70° in both hemispheres. Average annual surface albedo exhibits a slow steady

rise from the equator to about 60°N latitude and a sharp rise between 60-80°N and 58-

70°S. Surface albedo varies little between 30°N and 55°S.

Vulis and Cess (1989) indicated that for a polar orbit, solar zenith angle variability

is primarily produced through latitudinal change. Different vegetation types, having

different planetary albedos and located at different latitudes, will produce a latitudinal

dependence of planetary albedo that could erroneously be factored into solar zenith angle

variability.
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Effect of Vegetation

DeWalle and McGuirre (1973) concluded that the albedo for an oak forest ranged

from 0.16 to 0.18 with variations due to cloud conditions. Albedos during autumn did not

increase with leaf color changes and until leaf fall was nearly complete remained similar

to growing season values. Dormant season albedo was 0.12 to 0.14 without snow and 0.25

to 0.30 with snow on the ground.

Stanhill (1970) found that the albedos ranged from a minimum of 0.11 for

hardwood forest to a maximum of 0.42 for bare sand dunes. In the mountains of Israel

(Mount Carmel) the albedo for aleppo pine was 0.17, for an evergreen shrub forest 0.22,

for natural pasture 0.24, and for a winter barley the albedo was 0.26.

Berglund and Mace (1976) measured a parabolic shaped diurnal variation of

albedo of black spruce. Albedo increased with solar altitude to a maximum (0.07-0.08)

at 1200 h and then decreased. Canopy roughness was the dominant influence on albedo

variations and differences. The sphagnum-sedge type diurnal variation of albedo was M-

shaped. Albedos increased from the 1200 h minimum to each maxima (albedo values

between 0.14-0.18) as a result of reported surface flattening effects, increased specular

reflection, and changes in solar radiation quality. Albedos before the first and after the

second maxima were dominated by the microrelief roughness of the sphagnum-sedge

hummocks.

Ben-Asher (1977) in determinations of albedo in the basin of Sonoita Creek,

Arizona found that the average albedo of all groups (mountain areas with vegetation, bare
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soils and soils covered with vegetation) changed from 12.2% in January (after rain) to

14.3% in May and to 15.3% in October.

Fuller (1979) in studies of spectral reflectance changes in a burned forest, found

a gradually increasing reflectance with increasinv, age of burn from 7.12% (for 0 years)

to 20.46% (for 25 years after burn) and to 14% for mature forest.

Barry and Chambers (1966) found that the albedo of grass was 24%, cereals 23%,

market garden and root crops 21%, deciduous woods 18%, mixed woods and buildings

17%, coniferous woods and heath 16%, marsh 10% and water 9%.

Brest (1987) concluded that vegetation surfaces generally have higher albedos

(driven by high NIR reflectance) than most urban surface materials and exhibit a

characteristic seasonal pattern of reflectance, associated with phenology. Canopy structure

is important due to interactions within the canopy, which alter albedo values in

comparison to those observed from simple flat surfaces of the same material.

Field Crops, Residues, Forests, Rangelands

Subrahmanyam and Ratnam (1969) found that the diurnal variation of albedo of

two sugarcane varieties showed a similar pattern. Higher value in the morning hours

(albedo of 0.42), decreasing to a minimum at noon (albedo of 0.23), and increasing to

higher values again in the evening (albedo of 0.44).

Seo (1972) determinated albedo for fields of rice, wheat, rush, sweet potatoes,

soybeans and short grass. The daily values of albedo varied through the growing season.
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For a solar elevation of 15° the albedo of rice was 0.315. for wheat 0.30, for rush 0.245.

for sweet potatoes 0.27, for soybeans 0.28, and for short grass 0.28.

Kalma and Stanhill (1969) in studies of incoming and reflected global radiation

and net radiation of an irrigated orange plantation during one year indicated that the mean

albedo of the plantation throughout the year was 0.16. Values ranged from a minimum

of 0.12 in late spring to a maximum value of 0.21 in late autumn.

Stanhill et al. (1966) found that the variations of albedo were from 0.12 for a pine

forest to 0.37 for vegetation in a desert, and 0.168 for an orange orchard.

Graham and King (1961) in determinations of the reflection coefficient (albedo)

for a field of maize, concluded that the reflection coefficient based on the daily radiation

for a moist soil was 0.12 to 0.15 when plants were small and 0.17 to 0.19 when the crop

was fully developed. When the soil surface was dry and the plants small, the coefficient

was 0.21.

Fritschen (1967) working with albedo for different crops found that the albedo of

alfalfa surfaces varied from 0.20 to 0.27 with and average of 0.24. Similar to alfalfa, the

albedo of barley varied from 0.20 to 0.26 and averaged 0.23. The albedo of wheat ranged

from 0.18 to 0.23 with an average of 0.21. The data from oats indicated albedo values

ranging from a low of 0.16 over an emerging oats field and a wet soil surface to a high

value of 0.25. The average was 0.23. The albedo of cotton tended to increase with crop

growth, ranging from 0.18 over practically bare soil to 0.27 over 115 cm tall cotton. The

albedo of sorghum varied from 0.19 to 0.22 with an average of 0.21. The albedo of bare

soil ranged from 0.14 when wet to 0.24 when was dry.
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Kung (1964) measured the following albedo values: 0.14 for a corn field in Iowa,

0.16 for a sugarcane field in Louisiana, 0.20-0.22 for a dry farming field in Wyoming,

0.19-0.20 for a pastured grassland in W. Colorado, 0.19-0.25 for desert shrubland in

Western New Mexico, 0.27-0.28 for desert near Yuma AZ, 0.22 for Sonoran desert in the

South of Arizona, and 0.14 for forest in Central North Carolina.

Kuhn and Suomi (1958) in airborne observations of albedo found that the albedo

for dry grass varied from 0.17-0.21, and for a wet grass field the albedo was 0.20. The

albedo for a green field varied between .09 to 0.13.

Oke (1978) indicated that the albedo of agricultural crops was 0.18-0.25, 0.15-0.20

for orchards, and 0.16-0.26 for grass.

Hasson (1990) concluded in studies of pepper and tomato in a greenhouse that the

albedo was close to 0.25 when the greenhouse floor was completely covered. The albedo

for the bare soil (silty clay loam) was of 0.19. The albedo for the pepper and tomato

crops were 0.35 at 10 0 sun elevation and 0.235 at 70° sun elevation.

2.2 Albedo and Spectral Reflectance from
Bare Soil Surfaces

Soil Properties Affecting Albedo

Stoner and Baumgardner (1981) examined spectra from 485 individual soil

samples and they found the existence of five distinct soil reflectance curve forms. These

were identified by curve shape and the presence or absence of absorption bands. The

organic dominated form exhibited a low overall reflectance with a characteristic concave
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curve shape from 0.5 to 1.3 pm. The minimally altered form was characterized by overall

high reflectance and a characteristic convex curve shape from 0.5 to 1.3 p.m. The iron-

affected form, was distinguished by a slight ferric iron absorption band at 0.7 gm together

with the stronger 0.9 1.1m iron absorption band. The organic affected form, typically had

a higher overall reflectance than the organic-dominated form, and the iron-dominated

form. It was unique in that reflectance actually decreased with increased wavelength

beyond 0.75 tun.

Stoner et al. (1980) concluded that laboratory-measured spectra of moist soil were

directly proportional to the spectral response of the same field-measured moist bare soil

over the 0.52 to 1.75 p.m wavelength range. The magnitudes of difference in spectral

response between identically treated Chalmers and Fincastle soils were greatest in the 0.6

to 0.8 p.m transition region between the visible and near infrared (NIR), regardless of field

condition or laboratory preparation studied. Field and laboratory-measured moist soils

showed similar magnitudes of spectral difference between the two soils.

Mathews et al. (1973) showed that clay type and amounts of organic matter, free

iron oxides, and silt influenced intensity of energy reflected by soil in the 0.5 to 2.6 p.m

range. High contents of organic matter and free iron oxides reduced reflectance intensity

in the 0.5 to 1.2 [tm range while clay type influenced curve shape and intensity over the

entire range studied.

Bowers and Hanks (1965) concluded that surface moisture content, organic matter,

and particle size strongly influence the reflectance and absorptance of solar radiant energy

by soils. At all wavelengths measured on all samples, reflectance decreased and
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absorptance increased as moisture content increased. With both kaolinite and bentonite

clays, reflectance increased exponentially as particle size decreased.

Huete et al. (1984) determined the reflectances of dry and wet soils in four bands.

In the 0.6-0.7 pm portion of the spectrum the dry and wet Clover Springs soil reflectances

were 6.7% and 2.6%; for dry and wet Pima soil the reflectances were 25.2% and 8.9%;

for dry and wet Gila soil the reflectances were 28.5% and 10.7%; for dry and wet Brazito

soil the reflectances were of 25.3% and 10.4%; for dry and wet Silica sand the reflectance

were 43% and 25.6%.

Planet (1970) concluded that the observed darkening of wet soil was due to optical

effects of a thin liquid layer on the surface of the soil. Thus the reflectance difference of

a soil between its dry and wet states can in principle be determined. Some factors

influencing the accuracy of the determination are a) variations in the index of refraction

of the water due to dissolved soil constituents, b) changes in the physical nature of the

soil surface by the presence of water, c) similarities in the indices of refraction of the soil

and rainwater giving rise to the Christiansen effect, and d) the presence of materials

whose reflectance properties are different from that of the soil in which they are located.

Gausman et al. (1975) indicated that bare soil had much higher reflectance than

soil with standing residue(heavy stand of dead sugarcane) over the entire 0.5 to 2.5 p.m

waveband. However, the reflectances for bare soil and soil covered with littered residue

(6 mm of dead sugarcane leaves) were quite similar, with littered residue having slightly

higher reflectance than bare soil in the 0.5 to 1.3 pm and 1.4 to 1.8 pm wavebands.
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Kondrat'yev and Fedchenko (1980) found that cultivation did not produce a

significant change in the spectral reflectivity of soil. The spectral brightness, however, of

soil with clods 5 cm in diameter was 8-12% higher than that of soils with clods 20-25 cm

in diameter.

Cipra et al. (1971) showed that dry soils had higher reflectance than wet soils. The

rough surface of the disturbed soil caused the lower reflectance for soils with the crust

broken.

Gausman et al. (1977) concluded that use of the near-infrared region (0.75 to 1.3

ptm), exemplified by the 1.05 gm wavelength seemed to be better than the visible region

(0.45 to 0.75 um) or the water absorption wavebands (1.5 to 1.8 p.m and 2 to 2.5 p.m) for

distinguishing among reflectances of the soil tillage and straw treatments. Also the results

indicated that the LAND SAT multispectral scanner's band 7 (0.8 to 1.1 p.m) may be

useful for distinguishing nondisked bare soils from those with different amounts of straw

on their surface, but not for distinguishing between reflectance of nondisked bare soils,

disked bare soils, and disked soils with small amounts of straw incorporated in them.

Kondrat'yev et al.(1983) showed that the results of determination of the humus

content by the histogram method in soils from satellite measurements agree fairly well

with the map of the humus content constructed from aircraft measurements. The relative

errors in the results did not exceed 10% in 9 out of 14 cases.

Angström (1925) indicated that black mould (soil) reflected almost twice as much

when dry (a=0.14) as when wet (a=0.08), and the same happened with the dry and wet

gray-coloured sand (a=0.18 against a=0.09). Also he said that the difference in reflecting
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power may be due to the absorption especially of the long waves in the thin films of

water surrounding the sand or black mould (soil) particles. Also the decrease of the

diffuse reflection must be chiefly due to internal total reflection in the water films.

Soil Moisture

Idso et al. (1975) indicated that the fluctuations of bare soil albedo varied from

0.30 when Avondale loam soil had a volumetric water content of 0.04 to an albedo value

of 0.14 when the volumetric water content of the soil was 0.28.

Graser and Van Bavel (1982) found that the albedo varied with water potential

over a small range, different for each of three soils studied but apparently related to

texture. For Arenosa soil (fine sand), the albedo was 37.9% and 22% when wet. For

Lufkin soil (sandy loam), the albedo was 33.1% and 15% when wet, for dry Norwood

soil (silty clay), the albedo was of 23.4% and 15% when wet.

Arya (1988) indicated that the albedo value for bare soil (moist clay) was between

0.10-0.20, and 0.20 to 0.30 for wet bare sand.

Levitt et al. (1990) found a constant decrease in reflectance across the spectrum

with increased surface soil water content. Reflectance in TM band 7 (2.05-2.30 pm)

showed the largest decrease in reflectance in response to increasing water content.

Van Der Heide and Koolen (1980) showed that reflection tends to increase when

moisture content decreases. Also they found that slaking did not greatly affect reflection

(albedo) at high moisture contents, and that slaking did affect albedo at lower moisture

contents.
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Soil Color and Organic Matter Content

Escadafal et al.(1989) showed that no simple relationship exist between Munsell

color and soil spectral reflectance, except the value which is related to the brightness.

However, the expression of color in RGB (red, green and blue) coordinates allows a

much better interpretation of the relationship between color and soil reflectance. These

RGB coordinates can be computed from spectral reflectance curves, or estimated from

Munsell colors using conversion tables. In the case of rugged terrain or rough soil

surfaces, the effect of these parameters will have to be determined separately.

Post et al. (1994) indicated that the Munsell hue and value and the sand and clay

content in the <2-mm soil fraction were most strongly correlated to reflectance measured

by LAND SAT. The r2 relating the three Chroma Meter color components to band 4 (0.5-

0.6p.m) was 0.78 for the <2-mm soil fraction, and 0.85 when a weighted color was

computed. The value color component was usually the most important color parameter

affecting reflectance of energy from land surfaces; however, hue and chroma were also

important.

Franks (1985) concluded that the albedo of the Silica sand dry (.4875) was greater

than all Arizona soils studied and the albedo of the dry Clover Springs soil (.1625) was

the smallest of all the soils. With respect to temperature she found that temperature and

albedo of the soils showed some similarities, with the lowest temperature for the Silica

sand (25.57°C) and the highest temperature for the Clover Springs (42.28°C). Also she

found that the albedo of dry soils can be largely explained by Munsell color value.



31

The Munsell Soil Color Charts (1994) include 7 pages for hues of 10R, 2.5YR,

5YR, 7.5YR, 10YR, 2.5Y, and 5Y plus the GLEY page (1 and 2 for GLEY). The Hue

notation of a color indicates its relation to Red. Yellow, Green, Blue, and Purple. The

symbol for Hue is the letter abbreviation of the color of the rainbow (R for red, YR for

Yellow-Red, Y for yellow); the Value notation indicates its lightness; and the Chroma

notation indicates its strength (or departure from a neutral of the same lightness).

Torrent and Barr& (1993) concluded that soil color can be easily measured in the

laboratory with the help of tristimulus colorimeters or diffuse reflectance

spectrophotometers. Commercially available instruments give accurate and precise

measurements of the color parameters of the spectral reflectance data, provided the white

standards and soil samples are carefully prepared. The color of a soil material depends,

among other factors, on the degree of grinding and moisture content.

Shields et al. (1968) showed that the spectrophotometric technique facilitated

measurement of the color of soils at field capacity with a precision in the same order as

that obtained for dry samples. For the Chernozemic soils measurements indicate that the

decrease in value occurred primarily between air-dryness and 18% moisture, with no

significant change between 20 and 40%. With respect to organic matter the value

decreased as the carbon content increased particularly among the Chernozemic samples.

Fernández and Schulze (1987) working with soil color determined from reflectance

spectra indicated that the difference in hue was slightly greater for the moist colors than

for the dry colors. Also they found that measured values were not significantly different

from nominal (Munsell Soil Color Charts) values.
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Shields et al. (1966) concluded that spectroreflectance measurements facilitated the

most accurate measurement and characterization of the Munsell renotations of

Chernozemic and Gray Wooded soils sampled within their respective soil zones. The ratio

of renotation value: renotation chroma of the Chernozemic samples (air dry) were

distinctly lower than those of the Gray Wooded samples. The presence of moisture caused

a greater decrease in the renotation value of the Gray Wooded samples than it did in the

Chernozemic samples.

Karmanova (1981) concluded that the effect of various iron compounds on the

spectral reflectance and color of soils was not proportional to their relative content and

was manifested differently in different soils and genetic horizons. Weakly crystallized iron

compounds had the strongest effect on the spectral reflectance and color of all the soils

studied.

Soil Roughness and Mulching Effects

Chia (1967) concluded that the albedo values for bare soil surfaces varied

according to color, the moisture condition of the surface layer, the presence of limestone

concretions and the roughness of the surface. The albedo of a black soil (dry) was 0.14

and 0.069 moist, for a brown soil (moist) 0.084, for a grey soil (dry) 0.121 and 0.10

moist, and for a red soil (moist) the albedo value was 0.114.

Potter et al. (1987) indicated that most analyses of tillage effects on soil

temperature have generally ignored the effects of surface roughness; however, in their

measurements showed that surface random roughness can affect both the net radiation and
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the partitioning of energy at the soil surface. As surface random roughness increased, the

surface reflectance decreased, resulting in greater net radiation values. This means that

more radiant energy is available to be partitioned on a rough soil surface than on a

smoother surface.

Cresswell et al. (1993) indicated that the range of tillage-induced soil structures

did affect shortwave albedo, but to a smaller extent than shown in some previous studies.

A small decrease in albedo was observed as zenith angle was increased.

Sharratt et al. (1992) in studies of ridge tillage found that the Rn (net radiation)

was higher on ridged than horizontal surfaces. The higher Rn resulted from a lower

albedo (0.133) and lower soil surface temperatures (18.4°C) of the ridged surfaces. The

horizontal surface had the higher soil surface temperature (21.7°C) but lower radiation

absorption compared with the ridged treatments due to surface roughness. Generally,

rougher surfaces like those of the ridge-tillage treatments result in greater transport and

thus greater heat loss. The albedo value of the horizontal surface for the same day (June

2) was 0.171.

Reginato et al. (1977) showed that the normalized albedo for the dry Avondale

loam soil was 0.29 and 0.22 for smooth and rough soil respectively. However under wet

conditions the albedos for the smooth and rough soil were 0.15 and 0.11.

Burwel et al. (1963) evaluated the effects of tillage on surface geometry and

temporary water storage in surface depressions. Macro and random surface roughnesses

as measured by the point quadrant instrument were considered. They concluded that the
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estimates of the standard error among logarithm of the elevation heights differed among

tillage treatments, and the standard error was suggested as an index of random roughness.

Zobeck and Onstad (1987) indicated that soil roughness affects many physical

characteristics such as infiltration, solar radiation reflection, soil temperature, evaporation,

erosion and trafficability. Also they defined random roughness as the standard error of

individual elevations after oriented roughness has been removed.

Lehrsch (1985) working with soil surface roughness concluded that the condition

of the soil surface, either bare or vegetated, was the source of variation to which the

roughness parameters were most sensitive. Also he reported that of the nine parameters

studied the roughness parameter MIF (microrelief index x frequency) was identified as

having the greatest potential for describing soil surface roughness because of its

sensitivity to vegetative cover effects, among other reasons.

Uehara et al. (1976) in observation of various mulches on the ground surface

found that the albedo of an unmulched plot was 0.194 albedos were 0.601 for an

aluminum foil mulched plot and 0.116 for a black vinyl film mulched plot.

2.3 Albedo and Its Effect on Climate

Desertification

Courel et al.(1984) found that the dry season albedo of the Sahel region declined

from a maximum close to 0.30 in 1973 to values close to 0.20 during drought in 1979.

This decline was consistent with changes in plant cover determined by analysis of spectral

changes in the Landsat multispectral scanner (MSS) data and field studies.
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Otterman (1974) found a great contrast between Sinai (high albedo) and Negev,

where he observed a thermal depression effect that should, on theoretical grounds, result

in a decreased lifting of air necessary for cloud formation and precipitation, and thus lead

to regional climatic desertification.

Otterman and Fraser (1976) used space directional reflectivities from Asia, Africa

and Central America to compute surface reflectivities and estimate the surface albedo for

the entire solar spectrum. The estimated albedo was in the range to 0.34-0.52.

Otterman (1977) indicated that in arid climates protected steppe areas have a low

albedo due to dark plant debris accumulating on the crusted soil surface, whereas the

same type of terrain, when overgrazed, exhibits a high albedo of trampled, crumbled soil.

Extrapolating from observed spatial differences between overgrazed terrain and natural

steppe, Otterman suggested that anthropogenic pressures mainly due to overgrazing could

have had a very significant effect on the Earth's surface albedo both regionally an as a

global average during the last few thousand years. The Earth's average surface albedo

presently might be 0.154 whereas it might have been 0.141 about 6000 years B.P.

Otterman (1977) in analysis of the LANDSAT satellite data from an April 1977

over pass of Northern Sinai indicated a reduction in albedo in the grazing exclosure of

0.06, or 13%, as compared to the outside (Northern Sinai), which continues to be

subjected to overgrazing and anthropogenic pressures. The albedo of the grazing exclosure

was .386, the albedo of the Northern Sinai was .443 and for the Negev 0.317.

Otterman (1981) concluded that in areas affected by man, the surface spectral

reflectivities virtually coincide with those of crumbled bare soil. There is little
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accumulation of organic material. In such regions, a sharp albedo increase results from

anthropogenic impact (from 0.28 in the case of the protected Negev to 0.45 in the case

of the adjacent, impacted Sinai). This albedo difference cannot be explained as directly

due to the removal of live vegetation, but is due mainly to an accumulation of dead plants

on the crusted soil in the protected steppe and the absence of such an accumulation in the

impacted regions.

Charney et al. (1977) in simulations with the GISS (Goddard Institute for Space

Studies) global circulation model found that for high evaporation, an albedo change from

0.14 to 0.35 caused large decreases of rainfall in all three of semi-arid test areas and in

two of three monsoonal test areas.

Ellsaesser et al. (1976) tested the ZAM2 (zonal atmospheric model) and found that

the albedo feedback mechanism was positive for tropical desert precipitation (i.e.

increased albedo —> reduced rainfall —> less plant growth --> further increase albedo —>

enhanced desertification). It was, however, negative both locally and globally in its effect

on temperature, at least if deserts are associated with high temperature (i.e. increased

albedo --> greater rejection of solar energy —> lower temperature ---> reduced

evapotranspiration —> desert moderating itself). The negative feed-back in temperature was

enhanced through the global reduction of precipitable water which reduced the greenhouse

effect of water vapor.
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Temperature

Otterman et al. (1975) concluded that the high ratio of the albedo (about 50%)

between the Sinai bright surface, and the Negev (dark surface) led to pronounced

temperature differences. They reported that the Negev can have summer afternoon air

temperatures some six degrees higher than the Sinai. The surface albedo has the

predominant effect on the surface temperature. Evapotranspiration effects are apparently

not as significant.

Otterman and Tucker (1985) in measurements of surface parameters in an arid

steppe (the semi-desert of the northern Sinai) from the NOAA-6 satellite, indicated that

the radiances measured in the solar wavelength over the vegetated area were about 25%

lower than those measured over the surrounding bare sandy soil (where the surface albedo

measured from landsat was about 0.42). The radiation temperatures in the 11 channel

at 0730 LST measured over the vegetated area were as much as 2.5 K higher than over

the surrounding sands.

Vukovich et al. (1987) found that the ground temperature and albedo values of a

semiarid, sub-Saharan region of Africa were positively correlated; i.e., regions of high

albedo were regions of high ground temperature and regions of low albedo were regions

of low ground temperature. Highest values of albedo were found in a region characterized

by sparse vegetation in the dry season. Lowest values of ground temperature and albedo

were found in regions characterized by dense vegetation in the wet season.

Federer (1968) concluded that the time-averaged albedo values of hardwood trees

generally had a range of 0.03, while the albedos of all locations (hardwood, pines, juniper,
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field and hedge) had a range of about 0.13, except in winter. Hardwood surface

temperatures had a range varying from 1-5°C, while the range for all sites was from 5-

11°C. In general albedo variations and surface temperature variations contribute about

equally to differences in net radiation, both within the hardwood type and among all

types. However, under certain conditions, one or the other may dominate. The extreme

examples of this are in winter when albedo dominates and at night when albedo has no

effect.

Riou et al. (1979) in studies of evaporation, albedo and surface temperature found

that an important reduction in the evaporation from the non irrigated soil was noted, even

though the surface was wetted again during the night. The surface temperature and the

albedo readings were lower in the irrigated plot than in the drying plot (3°C of

difference).

Monteith and Szeicz (1962) indicated that the maximum temperature (cloudless

summer days) of tall crops and of open water was close to maximum air temperature; a

bare soil surface exceeded air temperature by 20°C; short grass was the coldest surface

at night. Daily totals of net radiation as a percentage of solar radiation income were: 37%

for bare soil, 41% for short grass, 46% for tall crop, and 53% for water.

Dan (1995) in evaluation of changes in neighborhood climate found that the

Richland Heights West neighborhood in Tucson AZ had the lowest surface street

temperature due to the high reflectance of the unpaved surface.
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2.4 Predicting the Albedo of Land-Soil Surfaces

Starks et al. (1991) using an empirical equation to estimate albedo from

bidirectional reflectance indicated that the estimates of albedo of prairie vegetation were

greater than the values obtained with simultaneous pyranometer measurements.

Ranson et al. (1991) used methods for estimating albedo from multiple angles, and

discrete wavelength band radiometer measurements and an empirical equation developed

from bidirectional reflectance data to show that albedo estimated from both techniques

agree favorably with the independent pyranometer measurements. However, additional

work is required to examine their validity under varying atmospheric and topographic

conditions.

Pinty and Verstraete (1992) in studies on the design and validation of surface

bidirectional reflectance and albedo models, showed that the proper estimation of surface

albedo and the retrieval of surface characteristics both require the use of bidirectional

reflectance models. To validate the reflectance models implies the inversion of such

models against data sets of reflectance observation, and the comparison of the values of

the retrieved parameters to the independent measurements of these physical parameters

in the field or in the laboratory. Finally they showed that significant challenges remain

in the development of better models of bidirectional reflectance and in the evaluation and

selection of reliable, accurate inversion procedures.

Diabate and Wald (1989) in studies of mapping the ground albedo, devised a

method which makes use of a two-dimensional color chart which comprises 256 (16x16)

colors. The albedo values were coded in 16 levels only, ranging linearly from 0.05 to 0.44
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with a step of 0.025. The albedo in the desert of Diffa was estimated to 0.44 this and the

rest of the albedo values had to be considered with care because they only indicate the

gross range variations of the albedo for the various areas. The results showed also that

the spectrum of albedo variations were in fact very broad and that major changes may

occur within a few kilometers.

Hummel and Reck (1979) working with a global surface albedo model found that

the annual global average albedo was calculated to be 15.4% as compared to 13% for

previous predictions. The annual average albedo for Arizona was estimated to be 20%.

National Soil Erosion Research Laboratory (1994), reported that soil albedo could

be estimated by the Baumer equation: SALB=0.6/exp(0.4*ORGMAT), where SALB=a

and ORGMAT is the percent of organic matter in the surface soil.
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CHAPTER 3

3. MATERIALS AND METHODS

My research of land surface albedo had two major focal areas. One area focused

on improving our understanding of the processes and factors affecting the albedo of bare

soils (no vegetation or litter present on surface). This involved field study of how soil

albedo is affected by the color of the soil, the spectral reflectance properties of the soil

and the soil surface roughness. The second area focused on improving our understanding

of how land surface albedo varies with different approaches to managing semi-desert

shrub/grass rangeland in southeastern Arizona.

Field research of bare soil albedo was done at the University of Arizona's Campus

Agricultural Center in Tucson, Arizona and at the Maricopa Agricultural Center near

Maricopa, Arizona. Study of albedo of managed semi-desert vegetation was done at the

Walnut Gulch Watershed near Tombstone, Arizona. In this chapter section 3.1 briefly

describes the study locations and section 3.2 describes the instruments used at those

locations. Section 3.3 describes the procedures used to measure albedo, spectral

reflectance and color of 15 smooth, bare soils placed on large trays at the Campus

Agricultural Center. These 15 soils (plus silica sand) were representative agricultural soils

studied by Agricultural Research Soil Scientists to develop the water erosion prediction

project (WEPP) model (National Soil Erosion Research Lab, 1994). Section 3.3 also

describes how albedos of the 15 soils were related through regression analysis to spectral

reflectances and soil color parameters. Section 3.4 describes the method used to measure

albedo of two field soils (Pima and Gila) at the Campus Agricultural Center. It also
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describes how surface roughness of the fields was measured with a portable roughness

meter. Section 3.5 describes the albedo and color data collection for various non-vegetated

fields at the Maricopa Agricultural Center. These data were used to test regression models

developed from the smooth, bare soil data collected at the Campus Agricultural Center.

Section 3.6 describes the methods used to relate albedos of intensively managed semi-

desert plots (at Walnut Gulch Watershed) to spectral and surface composition parameters.

Lastly, section 3.7 concerns the albedo of surfaces within a Tucson neighborhood.

3.1 Description of Field Study Locations and Soils

Figure 1 shows the approximate locations of the Campus Agricultural Center

(CAC) in Tucson, the Maricopa Agricultural Center (MAC) near Maricopa, and the

Walnut Gulch Watershed near Tombstone.

3.1.1 Campus Agricultural Center, Tucson

Study of the 15 soils and silica sand (see section 3.1.4) was done at the irrigation

laboratory facility at the Campus Agricultural Center (CAC). A description of the

apparatus and methods used in this phase of my research is given in section 3.3.1.

The CAC was also the location of the study of the effects of surface roughness

on the albedos of Pima and Gila field soils. The Pima soil was in field 4 and the Gila soil

was in field K. Both fields were rectangular (15m by 25m) shaped and had an area of

about 0.0375 ha (see section 3.4).
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Figure 1.	 Locations of the Campus Agricultural Center (CAC) in Tucson, the
Maricopa Agricultural Center (MAC) near Maricopa, and the Walnut
Gulch Watershed.
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The CAC is at elevation of 2430 ft (740.66m) at latitude of 32°15'N and

longitude of 110°57'W.

3.1.2 Maricopa Agricultural Center. Maricopa. Arizona

Data for testing regression equations developed from data derived from the 15

soils and silica sand were collected at MAC. Data were collected under bare soil

conditions and the soil texture was mainly sandy clay loam. The MAC is at elevation

1180 ft (359.66m), latitude 33°4'30"N and longitude 111°5848"W.

3.1.3 Walnut Gulch Watershed, Tombstone, Arizona

This part of the research was conducted at Walnut Gulch Watershed

(31°43'N,110°00'W) during the summer and fall of 1994. This catchment, the Walnut

Gulch Experimental Watershed is operated by the USDA-Agricultural Research Service

(ARS). The watershed is located about 120 km south-east of Tucson, Arizona. In this

region, annual precipitation is 250-500 mm, with two-thirds of it falling during a summer

"monsoon" season that encompasses the months of July and August (Kustas et al., 1991).

Eleven plots were studied. Each was 3.05 m by 10.7 m. All plots were on slopes of 10

to 12 percent. Three soil series selected for this study were Bernardino (four plots),

Hathaway (four plots) and Cave (three plots). These sites were established in 1983 to

study the erosion of the soil by the ARS. The treatments when established were natural

cover, clipped and bare soil. Table 1 shows how these soils were prepared by the ARS
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to study the erosion by rainfall simulator. Since 1984 vegetation on the plots has not been

disturbed, and has grown back.

The Bernardino series is a deep well drained soil with a fine textured subsoil and

is formed from old calcareous alluvium. The soil can have up to 50 percent by volume

gravel and cobbles in the surface 10 cm and usually less than 35% gravel in the

remaining profile.

The Hathaway series is a deep, well drained, gravelly medium and moderately

coarse textured soil over very gravelly, coarse textured materials of moderate depths. This

soil was formed from gravelly to very gravelly calcareous old alluvium, and can have up

to 70 percent by volume gravel and occasional cobbles in the surface 10 cm, and usually

less than 50 percent in the remainder of the profile.

The Cave series is a shallow, well drained, moderately coarse textured soil with

and indurated calcium carbonate hardpan that developed at less than 45 cm in old gravelly

and cobbly calcareous alluvium. This soil can have up to 60 percent by volume gravel

and cobbles in the surface 10 cm, and usually less than 40 percent gravel in the remaining

profile. The elevation of the plots ranges from 1356 m to 1509 m. The description of the

soil series Bernardino, Hathaway and Cave are shown in Table 2.
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Table 1.	 Key to rainfall simulator plots on Walnut Gulch Watershed (Martin 1995).

Plot Soil Treatment

5 Bernardino Clipped

6 Bernardino Natural

7 Bernardino Natural

8 Bernardino Bare

12 Hathaway Natural

15 Hathaway Natural

16 Hathaway Bare

17 Hathaway Clipped

23 Cave Bare

25 Cave Clipped

26 Cave Natural

Table 2.	 Characteristics of the Bernardino, Hathaway and Cave soils.(Martin 1995).

Soil Texture %

OM
Taxonomic

Classification
Munsell

Color (dry)

% Sand % Silt % Clay

Bernardino 84 11 5 0.93 Fine, mixed,
thermic Ustollic
Haplargids

7.5YR 4/4

Cave 64 27 9 1.87 Loamy, mixed,
thermic,
shallow Typic
Paleorthids

7.5YR 5/2

Hathaway 74 17 9 1.67 Loamy-skeltal,
mixed, thermic,
Aridic
Calciustolls

10YR 5/2
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3.1.4 Characteristics of the 15 U.S. 
Soils (Plus Silica Sand) 

The 15 soils were obtained from locations throughout the United States. A

description of these soils is given in Table 3. Sieved soil (< 2mm fraction) was placed

on eight 1.2 by 1.2 m trays with a layer of soil of 0.010m thick. The soil was smoothed

by hand and with a rolled newspaper and measurements were made with the soil either

air dry or wetted by a mist sprayer.

3.2 Instrumentation

Several instruments were used in this research including various radiometers, data

loggers and a surface roughness meter.

3.2.1 Radiometers

1) An Eppley black and white (hemispherical) pyranometer (Eppley Instruments,

Newport, RI Model number 8-48; serial number 14710; 5% accuracy, hemispherical

quartz glass dome with transmission of 92%)

The Eppley pyranometer was the primary instrument used to measure albedo. It

measured incoming (K1, ) and reflected (K1‘) solar radiation over the shortwave spectrum

from k=0.285 to 2.8 p.m. Measurements of these shortwave radiation fluxes allowed

calculation of albedo from the ratio of KT to Ksi,.
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Table 3.	 Description of U. S. soils and silica sand.

Soil Series Texture Taxonomic Classification

Amarillo, TX ls Fine loamy, mixed thermic Aridic Paleustalf

Brazito, AZ si Mixed, thermic Typic Torripsamment

Clover Sp, AZ 1 Fine-silty, mixed Cumulic Cryoboroll

Canelo, AZ si Clayey-skeletal, mixed, mesic Aquic Haplustalf

Gaston, NC cl Clayey, mixed, thermic Humic Hapludult

Gila, AZ 1 Coarse-loamy, mixed (calcareous), thermic
Typic Torrifluvent

Gothard, AZ cl Fine-loamy, mixed, thermic Typic Natrargid

Hersh, NE sic Coarse-loamy, mixed, nonacid, mesic Typic
Ustorthent

Loring, MS sil Fine-silty, mixed, thermic Oxyaquic Fragiudalf

Mexico, MO sil Fine, montmorillonitic, mesic Aeric Vertic
Epiaqualf

Miamian, OH 1 Fine, mixed, mesic Oxiaquic Hapludalf

Mohave, AZ sel Fine-loamy, mixed, thermic Typic Haplargid

Pima, AZ cl Fine-silty, mixed (calcareous), thermic Typic
Torrifluvent

Santa Rita, AZ 1 Fine-loamy, mixed thermic Typic Haplocambid

Stewart, AZ 1 Loamy, mixed, thermic shallow Typic
Durorthid

Silica Sand s Not classified
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Only one Eppley pyranometer was available for use in my research. Data

collection for albedo determination involved first orienting the Eppley in the upright

position in order to measure Ksi, . A second measure of 1(4, was obtained simultaneously

with an upright pyranometer (a Licor LI 200S). (A statistical relationship between the

Eppley and Licor readings of 1(4, was later determined by linear regression analysis).

Next, the Eppley was inverted to measure the radiation reflected (KT) from the surface

under study. To estimate the Eppley Id, during the time the Eppley was inverted (and

measuring KT only), I simply inputted the measured Licor Id, data into the linear

regression equation developed between the Eppley Ksi, and Licor K.

2) A Licor pyranometer (Licor Inc. Lincoln, NE; Model LI200S; Serial PY 12266)

This relatively inexpensive radiometer permitted estimation of 1(4, when the

Eppley pyranometer was inverted over the surface under study. This instrument provided

a slightly less accurate K4 , than the Ksi, measured by the Eppley pyranometer, but was a

satisfactory surrogate for the Eppley.

3) A Spectron spectroradiometer (Spectron, USA, Model SE-590)

This multi-spectral radiometer was used to measure spectral reflectance (p) at 0.01

um (10 nm) increments between 0.4 to 0.9 p.m. Field of view of this instrument is 15°.

All data from this instrument were record with a field portable data logger.

4) A Chroma Meter ( Minolta Comp., Ramsey, NJ; Model CR-200; Serial

79903139)

This instrument was used to determine the color parameters Y, hue, value and

Chroma. The CR-200 Chroma Meter uses a pulsed xenon arc lamp that provides diffuse
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illumination with a 00 viewing angle geometry to obtain a reading from the 8 mm diam.

measuring area. Sensors measure the light reflected from the sample in the entire visible

portion of the spectrum. This reflected light is also split by filters, and three photocells

read the color of the incident light in the blue, green, and red portions of the spectrum.

The Y is defined as the reflectance that occur in the visible region (light) between 0.4 to

0.7 11M (violet-red).

Previous research by Post et al. (1993) showed that it was necessary to correct the

Chroma Meter color readings in order to obtain agreement with Munsell color chart

measurements made by field soil scientists. Regression equations were developed and

used to make the corrections using the procedures outlined by Post el al. (1993). My

regression equations were very similar to the equations developed by Post el al. (1993)

(see appendix A).

3.2.2 Datalogger

1) A Campbell Scientific 21X Micrologger (Campbell Scientific Inc., Logan, UT)

This instrument was used to automatically record signal outputs (mV) at one-

second intervals from the Eppley and Licor radiometers.

3.2.3 Roughness meter

This pin device developed by the USDA/ARS was similar to the one used by

Kuipers (1957) and Curtis and Cole (1972) and was used to measure the roughness of the

soil surface in the Pima and Gila field soils at CAC. It is composed of 100 pins that when
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placed over the soil provide a measure of the soil contour. The data was collected in a

chart paper and later on was determined the roughness index of each plot by the natural

log of each reading and the standard deviation of 100 readings.

3.3 Methods Used to Determine Relationships of Albedo
with Color and Spectral Reflectances of Smooth Soil 

3.3.1 Apparatus Used to Measure Albedo
of the 15 Soils Plus Silica Sand 

To facilitate the measurements of the soils a movable black-painted plywood

platform (4 m by 4 m) with 1.2 m by 1.2 m opening in center of platform was used

(Figure 2 and 3). The trays were on boxes of 4m by 4m and the number of trays along

the tracks were 8. The measurements were made during November of 1994 and July 28

through September 1 1995. The readings were taken (approximately) every 40 minutes

depending of the sun elevation angle. These were collected at 10 0 increments over sun

elevation angles ranging from 20° to 70° both morning and afternoon. However, because

the sensor shadow decreased albedo (a) at high sun elevation angles (cp > 50°), I only

used the average albedo (readings) between 30° and 50° for the same soils.

Measurements of the spectral reflectance were made on small round trays of 25.4

cm of diameter on April 29, 1995. Each reading was every 2 minutes and the soil was

smoothed by hand and with a ruler. The spectral reflectance (p) was averaged over

nominal TM bands 1 (450-520 nm) to 4 (760-900 nm). The mean of bands (soil

brightness) was also measured, where mean of bands = mean p between X = 450 nm and

900 nm.



Figure 2.	 Plan view diagrammatic representation of black painted Platform, soil and
instruments.
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Figure 3. Close up of inverted Eppley pyranometer and black painted Platform
surrounding smooth Amarillo soil. Note the Pyranometer shadow cast upon
the soil surface. Photograph taken at about 12 (noon) with a solar elevation
at about 50 0
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3.3.2 Validation Tests of the Apparatus 

Because of the relatively small area of soil used and because of the hemispherical

view of the Eppley pyranometer the optimal height needed to be determined. If the sensor

was too high, then the albedo reading would be affected by reflected radiation from

beyond the 1.2 by 1.2m soil area. If the sensor was too close to the soil then the albedo

would be affected by the sensor shadow. To calculate the optimal height of the instrument

(Eppley), tests were done first over lawn (grass) and later with Gila soil on the platform

(see Figures 4 and 5). For grass (Figure 4), the albedo was not affected by sensor shadow

for sensor heights ranging from 0.30 to 1 m. Figure 5 shows that the albedo measured for

a height of 0.50 m (on Gila soil) above the platform is 0.23. Measured albedo decreased

as the sensor was moved closer to the soil. Albedo in the range between 0.17 m and 0.22

m was the same for both readings a=0.284. The downward looking Eppley pyranometer

was, thus positioned at a height of hs=0.17 m above the center of the 1.2 by 1.2 m soil

tray. At a sensor height of 0.17 m nearly all of the reflected radiation came from within

the 1.2 by 1.2 soil area. Relative contribution (S) to the total radiant flux from a partial

source area of radius (R) for a sensor height (ha) is given by (Stannard et al., 1994):

S = 1 -

( R )2

iTs
+ 1

Thus, for h=0.17 m, 93% of reflected radiation came from a circular area of radius R=0.6

m encompassing the soil tray.

1
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Figure 4. Height of Eppley vs albedo of grass. No effect of sensor shadow
(pyranometer) on measured albedo was detected for sensor heights ranging
from 0.30 to 1.0 m above grass. Data shown here were collected at a 40 0

solar elevation angle.
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Height vs Albedo (Gila soil)
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Figure 5. Height of Eppley vs albedo of Gila soil. Eppley sensor heights greater than
0.22 m above soil resulted in decreased estimated albedo values due to
reflected radiation reaching sensor from black painted platform surrounding
1.2 by 1.2 m area of Gila soil . Data shown here were collected at 35-40 0

solar elevation angles.
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3.4 Methods Used to Determine the Influence of
Surface Roughness on Bare Soil Albedo

This experiment was done to determine the effects of surface roughness on

measured albedo values of wet and dry Pima and Gila soils. The surface conditions (both

dry and wet) were:

-Plowed

-Disked

-Seed bed (half smoothed soil)

-Smoothed surface

In the case of the smoothed surface and due to the problem with the big clods

from the Pima soil, I measured albedo on the platform, but first I ran another test with

Pima and Gila soil with the following heights: low height (0.17 m) with soil covering the

platform, high height (0.64 m) with soil covering the platform and low height (0.17 m)

with no soil covering the platform. I found no effect of decreasing the albedo (Figure 6

and 7) at low height (0.17m) in sun elevations of 20° to 50°. However, the albedo

decreased at low height (0.17m) when the sun elevation was further than 50°.

Farm personnel first plowed each plot with a moldboard plow. Measurements of

albedo were then made under dry soil conditions. Measurements were then made after

irrigating a plot by sprinkler irrigation. The plots were then disked with a disk.

Measurements were then taken under dry then wet conditions.
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The sequence of roughness measurements at each field was:

June 13 and June 19 plowed Gila (dry and wet)

June 16 and June 21 plowed Pima (dry and wet)

June 22 and June 23 disked Gila (dry and wet)

June 28 and June 29 disked Pima (dry and wet)

July 4 and July 5 seed bed Gila (dry and wet)

July 6 and July 7 seed bed Pima (dry and wet)

Albedo measurements on the surface roughness were made approximately every

40 minutes on days with relatively clear sky conditions during June 13 through July 7 of

1995. The Eppley and the Licor pyranometers were at 0.75 m height and the Eppley was

mounted on a tripod and the Licor on a stand. These were placed near the center of each

field. The CS 21X data logger recorded data at 1 s intervals during 60 seconds. The data

were collected at 100 increments over sun elevations angles from 20° to 70° during

morning and afternoon.

To calculate the percent reduction of dry and wet soil (Gila and Pima) albedo (due

to surface roughness) % reduction was computed from:

% Reduction of - a % smooth soil- a % rough soil
a

a % smooth soil	
100 %
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Figure 6. Albedo of smooth Pima soil vs Sun elevation angle. Measurements made
with Eppley pyranometer at a low height (0.17m) above the platform either
completely covered with Pima soil or only the 1.2 by 1.2 m soil tray
covered with Pima soil. Measurements also made with Eppley 0.64 m
above the platform completely covered with Pima soil.
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Figure 7. Albedo of smooth Gila soil vs sun elevation angle. Measurements made
with Eppley pyranometer at a low height (0.17m) above the platform either
completely covered with Gila soil or only the 1.2 by 1.2 m soil tray
covered with Gila soil. Measurements also made with Eppley 0.64 m
above the platform completely covered with Gila soil, this was attributed
to the shadow of the instrument on the soil.
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3.5 Methods Used to Validate ReQression
Model of Albedo 

On September 23, 1995 independent testing of the linear regressions equations

(from the 15 soils) were made with soils from the Maricopa Agricultural Center. The sites

selected for this purpose were furrowed field, plowed, smoothed-crusted and disked field.

The readings were taken first with the Eppley for about 3 minutes and later with the

Spectron (10 minutes) in the same site where the Eppley was mounted. The readings with

the Chroma Meter were taken in the laboratory with samples from the same sites. Once

the data was analyzed it was possible to compare the albedo measured with the Eppley

and the albedo calculated by the equations of the 15 soils plus silica sand.

3.6 Methods Used to Determine How Management Practices 
Affect Albedo of Semi-Desert Rangeland

To do this experiment I selected days with relatively clear sky conditions during

June 8 to 14 1994, June 22 to 26 1994 (before rain) and October 8 to 11 of 1994. The

Eppley and Licor pyranometers were mounted at 0.70 m height on a tripod except cave

plot 26 that was mounted (pyranometer) at a height of 1.20 m because of the tall

vegetation. The tripod was near the center of the plot and a CS 21X data logger recorded

data at 1 s intervals during 180 seconds. The procedure for this experiment was to

measured K with the Eppley and the KT with the Licor and the surface albedo was

determined in the same way as before.
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3.7 Tucson Neighborhood 

Albedo values of surfaces within a Tucson neighborhood were also taken in the

Davis Monthan Air Force Base (DMAFB) in grass, concrete driveway, asphalt and bare

soil. This section is not considered in the Results and Discussions because this is not

relevant to this research (see Appendix A).
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CHAPTER 4

4. RESULTS AND DISCUSSIONS

4.1 Relationship of albedo with soil color. 

The albedos of 15 soil types and silica sand were studied with respect to soil

color. Chroma Meter data of soil color were adjusted to agree with Munsell color chart

values using linear regression equations (Appendix A). These regression equations were

similar to the one's developed by Post et al. (1993). The descriptions of these soils and

silica sand are given in Tables 4 and 5 for dry and wet conditions respectively. The hue

of the dry soils and silica sand studied varied from 0.7YR (Mexico) to 9.8YR (Gila) and

texture varied from sand to clay loam (Table 4). Moreover, the hue of the wet soils

ranged between 0.1Y to 9.7YR for Mexico and Gila respectively (Table 5).

The albedo for the dry and wet soils and the differences thereof is shown in Table

6. The albedos for the dry soils varied from 0.109 for Clover Springs to 0.384 for silica

sand. Whereas for the wet soils, the albedos varied from 0.048 to 0.256 (Table 6). The

difference between dry and wet soils in albedo varied from -32.70% for Amarillo soil to

-55.79% in the Mexico soil. With regards to the value for the dry soils, the lowest color

value was 3.09 for Clover Springs compared to 7.05 for silica sand. The wet soil color

value for the same soils was 1.89 compared to 6.38 for the silica sand. The difference

between dry and wet color value varied from -38.85% for Clover Springs to -9.58% for

silica sand.
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Table 4.	 Color of the 15 US dry soils and silica sand studied.

Name Hue Hue C Value Chroma Y

Amarillo 6.5YR 3.603 4.66 5.43 13.08

Brazito 9.5YR 4.818 5.38 2.68 18.05

Clover Sp. 9.0YR 4.619 3.09 1.66 5.82

Canelo 8.2YR 4.292 7.19 3.36 34.89

Gaston 3.7YR 2.482 4.29 6.38 11.00

Gila 9.8YR 4.911 6.02 3.16 23.25

Gothard 1.1Y 5.425 6.30 1.79 25.98
Hersh 0.8Y 5.308 5.35 2.88 17.95

Loring 1.0Y 5.402 6.00 5.94 22.72

Mexico 0.7Y 5.297 4.55 2.34 12.55

Miamian 1.7Y 5.682 5.35 3.79 17.75

Mohave 6.7YR 3.673 5.01 4.61 15.37

Pima 9.5YR 4.818 5.16 2.34 16.36

Santa Rita 9.5YR 4.806 4.43 3.39 11.83

Steward 1.0Y 5.402 6.72 3.22 29.80

Silica Sand 4.4Y 6.768 7.06 1.25 33.38

Hue C = Hue converted.
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Table 5.	 Color of the 15 US wet soils and silica sand studied.

Name Hue Hue C Value Chroma Y

Amarillo 6.9YR 3.750 3.91 4.79 9.21

Brazito 9.2YR 4.703 3.77 2.82 8.34

Clover Sp. 8.2YR 4.268 1.89 1.21 2.67

Canelo 7.1YR 3.843 4.83 4.40 13.70

Gaston 3.4YR 2.370 3.30 5.49 6.56

Gila 9.7YR 4.893 4.12 3.30 9.93

Gothard 0.7Y 5.284 4.03 2.42 9.75

Hersh 0.9Y 5.351 3.85 2.36 8.70

Loring 0.2Y 5.094 4.24 5.00 10.63

Mexico 0.1Y 5.049 2.83 1.85 5.11

Miamian 2.0Y 5.808 3.60 3.15 7.91

Mohave 6.8YR 3.732 4.01 4.48 9.37

Pima 8.9YR 4.558 3.30 2.33 6.61

Santa Rita 8.8YR 4.547 3.07 2.90 5.69

Steward 0.7Y 5.284 4.62 4.03 12.83

Silica Sand 5.3Y 7.115 6.38 1.97 25.32

Hue C = Hue converted.
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Table 6.	 Albedos and color values for the 15 soils measured under dry and wet
conditions.

Name Loc. Albedo
dry

Albedo
Wet

Aa Value
dry

Value wet Av

% %
Amarillo TX 0.231 0.156 -32.70 4.657 3.913 -15.98
Brazito AZ 0.246 0.145 -41.21 5.383 3.772 -29.92

Clover Sp. AZ 0.109 0.049 -55.35 3.095 1.892 -38.85
Canelo AZ 0.332 0.173 -47.98 7.191 4.830 -32.83
Gaston NC 0.185 0.102 -44.82 4.289 3.302 -23.01

Gila AZ 0.280 0.150 -46.61 6.019 4.125 -31.47
Gothard AZ 0.299 0.154 -48.48 6.298 4.031 -36.00
Hersh NE 0.262 0.140 -46.51 5.349 3.854 -27.94
Loring MS 0.271 0.143 -47.17 5.996 4.242 -29.26
Mexico MO 0.191 0.085 -55.79 4.546 2.832 -37.69

Miamian OH 0.206 0.094 -54.29 5.349 3.596 -32.78
Mohave AZ 0.219 0.144 -34.36 5.014 4.007 -20.08

Pima AZ 0.225 0.097 -56.76 5.159 3.302 -36.00
Santa Rita AZ 0.188 0.093 -50.60 4.434 3.067 -30.82

Steward AZ 0.298 0.151 -49.35 6.722 4.618 -31.30
Silica Sand 0.384 0.257 -33.16 7.057 6.381 -9.58

Average -46.57 -28.96

Aa is the percent difference between the dry and wet albedo

Av is the percent difference between the dry and wet value

Aa= (adry-a„,/ad7)100

Av= (vdry-vwet/vdry)100
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A simple linear regression between color value and albedo for dry soil and

dry+wet soil was run. It was found that the e- for the simple linear regression between

values and albedos of the dry soils was 92 % (Figure 8). The r2 for the linear regression

between value and albedo for the combined dry+wet conditions was 93% (Figure 9 and

Table 7). Simple linear regression was also done for albedo with Y, Hue and Chroma for

dry, wet, and dry+wet conditions. No significant relationships were found between albedo

and Hue and between albedo and Chroma in any of the conditions studied (Table 7).

However, a very close relationship was found between Y and albedo for all conditions

(Appendix A).

The color value and albedo were very closely related (Table 7). Moreover, the

multiple linear regression showed a very close relationship with albedo (r0.94). The

importance of the value compared to hue or chroma was also addressed by Post et al

(1993) and Escadafal et al. (1989).

The independent testing of the linear regression equations for dry+wet soil color

using data from soils at the Maricopa Agricultural Center are shown in Table 8. It is

observed in this table that the r2 of the hue and chroma was very low (not significant),

but the Y ( r2=0.91) and the value ( '2=0.91) were significant at 5%. The readings taken

on the soils at MAC were collected on September 23, 1995 sixteen days after rain

occurred (9/7/95) which caused soil crusting. It is possible that the crusting of the soil

could have been the cause of higher albedo and high readings in the soil color mainly in

the Y and color value. Because of this it was not possible to adjust the data by a

roughness factor.
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Figure 8.	 Albedo vs value for 15 US dry soils and silica sand.
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Figure 9.	 Albedo vs value of dry+wet soils and silica sand.
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Table 7.	 Regression results comparing albedo to Hue, Chroma and Value for
dry+wet soils.

Simple linear regression

a = 0.053 + 0.028 (Hue)	 1.2=0.13	 NS

a = 0.191 - 0.0005(Chroma) r2=0.0001	 NS

a = -0.089 + 0.061 (Value)	 r2=0.93**

Multiple Linear Regression

a= -0.023+0.064(Value)-0.012 (Hue)- 0.008 (Chroma)

,r- =	 0.93**	 0.94**	 0.95**

** highly significant (1%)

NS = Not significant
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Table 8.	 Albedo measured by the Eppley pyranometer and albedo calculated from
the linear regression equations (see Table 7) using the soil color data
collected on September 23, 1995 at the Maricopa Agricultural Center.

Sites Albedo
measured

Albedo
calculated

Eppley Y Hue Value Chroma

Furrowed 0.1788 0.1716 0.1629 0.1572 0.1900

Plowed 0.2070 0.1803 0.1627 0.1662 0.1899

Smoothed &
crusted

0.2956 0.2349 0.1584 0.2131 0.1897

Disked 0.2000 0.1967 0.1539 0.1800 0.1896

r2 0.91* 0.05 NS 0.91* 0.25 NS

Note: r2 is for regression between four values of a measured (four sites) and four values
of a calculated.

* significant (5%)

NS = Not significant
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4.2 Thematic Mapper (TM) spectral 
reflectance of bare soils

The relationship between albedo and reflectance of the red waveband (630-690

nm) of the solar spectrum is shown in figure 10. The r2 was 0.84 for the dry soil (Figure

10) and the r2 (0.91) for the dry+wet soil (Figure 11) was higher than the r2 for the dry

soil data only. Under all conditions (dry to dry+wet), a very close relationship was found

between the blue(450-520 nm), green (520-600 nm), and NIR (760-900 nm) band, as well

as for the mean of bands (see appendix B). The regression results comparing albedo (a)

with spectral reflectance (p) in blue, green, red and NIR portions of spectrum (TM bands

1-4) for dry+wet samples of 14 US soils and silica sand (Pima soil was not included at

this time) are given in Table 9. The regression analysis indicated that the lowest T2 (0.86)

and the highest constant (.08) was for the blue band (450-520 rim). The highest r2 (0.92)

and the lowest constant (0.004) was for the NIR (760-520 rim) band. These results further

indicated that there was a very close relationship between albedo and the TM band

reflectances. This is important beeause it is possible to estimate albedo of bare soil more

accurately using the equations of the linear regressions that were calculated in this

research.
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Figure 10.	 Albedo of dry soil and silica sand vs red reflectance.
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Figure 11.	 Albedo of dry+wet soils vs red reflectance.
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Table 9.	 Regression results comparing albedo with spectral reflectance for dry+wet
samples of 14 soils plus silica sand and mean of bands.

Simple Linear Regression

Œ =	 0.088 +1.021 Pblue r2 = 0.86**

Œ =	 0.063 +0.912 p green r-' = 0.92**

a =	 0.036 +0.792 Pied 12 = 0.91**

a = 0.0046+0.719 PNIR r2 = 0.92**

a = 0.028 +0.840 0, mean of bands r2= 0.94**

Multiple Linear Regression

a =	 0.018 +2.0(Mean of bands) - 0.99 p red + 0.15 io, green

12 =	 0.94** 0.95**	 0.96**

** highly significant (1%)



76

The independent testing of the linear regression equations of the soil reflectance

for all the bands using data from soils at the Maricopa Agricultural Center are shown in

Table 10. All the bands were highly correlated with a mean 12,---0.94. The readings taken

on the soils at MAC were collected on September 23, 1995 sixteen days after rain

occurred (9/7/95) which caused soil crusting. It is possible that the soil crusting could

have been the cause of higher albedo and higher reflectance. The data indicate that the

albedo was affected by crusting in addition to roughness because the linear regression

equations that were calculated in this research were obtained using data from smooth

soils. The reason that the MAC data was not adjusted by a roughness factor was mainly

due to the relatively high albedo and high reflectance that resulted from the soil crusting.

4.3 Surface roughness and albedo (a) of bare soils.

Table 11 shows the results of the surface roughness measurements for the three

conditions, namely plowed, disked and seed bed. The plowed, dry, Gila soil had a

roughness index of 0.1873 while the seed bed for the same soil had a roughness index of

0.0510. In the case of the plowed, dry, Pima soil the roughness index was 0.6256 whereas

the seed bed for the same soil had a roughness index of 0.0820. From these, one can see

that the roughness index of the Gila soil is more well defined, than the Pima soil for the

same conditions.
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Table 10.	 Albedo measured by the Eppley pyranometer and albedo calculated from
the linear regression equations (See Table 9) using the soil reflectance
collected on September 23, 1995 at the Maricopa Agricultural Center.

Sites Albedo
measured

Albedo
calculated

Eppley Blue Green NIR Mean
bands

Furrowed 0.1788 0.1733 0.1725 0.1647 0.1796

Plowed 0.2070 0.2024 0.2087 0.2052 0.2093

Smoothed &
crusted

0.2956 0.2363 0.2510 0.2682 0.2652

Disked 0.2000 0.1720 0.1792 0.1939 0.1897

r2 0.87* 0.91* 0.97** 0.97**

Note: r2 is for regression between four values of a measured and four values of a
calculated.

* significant (5%)
** highly significant (1%)

Table 11.	 Roughness index of Pima and Gila soil determined by standard deviation.

Surface	 Gila	 Pima

Treatment
	

Dry	 Wet	 Dry	 Wet

Plowed	 0.1873	 0.6256	 0.3509

Disked	 0.1721	 0.0930	 0.0805

Seed bed	 0.0510	 0.0358	 0.0820	 0.0449
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Surface conditions for dry Pima and Gila soils during the study are presented in

Figures 12 to 15. The plowed Pima soil had the lowest albedo (ar4.143) at sun

elevations ranging from 40° to 700 . At low sun angles the albedo increased to about 0.16

(Figure 12). These values are similar to the albedo for plowed fields (0.15) as reported

by Brutsaert (1982). The seed bed for the same soil had an albedo of 0.165 between the

sun elevations of 40° to 70°. It increased to 0.185 at the lowest sun elevation. The disked

and the seed bed tillage treatments had very similar albedos because Pima soils don't

permit tillage of a very smooth surface. This results in the formation of relatively big

clods. The same pattern was observed for the wet Pima soil but with a decreasing albedo

(Figure 13). In the case of the Gila soil (Figure 14) the lowest albedo (a,-, --, 0.20) was for

the plowed field, followed by the disked field, the seed bed and the smooth soil, which

had an albedo around 0.265. A similar pattern was observed by Cierniewski (1987) who

compared the smooth soil (high reflectance of 51%) with the surface roughness (low

reflectance of 44%) of an Entisol and other soil orders. The same tendency was observed

for the wet Gila soil. Albedo decreased with increased roughness. For example in the

plowed field, the albedo decreased to a low value of 0.1, which was considerably lower

than the albedo of 0.14 for the smooth soil (Figure 15).

The smooth soil was used as the reference soil to compare the plowed field, the

disked field, and the seed bed with regard to the percent reduction of dry and wet soil

due to surface roughness. The results of these comparisons are given in Table 12.

Accordingly, the reductions of the albedos in the plowed fields for dry Pima and Gila

soils were 32% and 25% respectively, while the percent reduction of the albedos of the
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Figure 12.	 Effect of surface roughness on albedo of dry soil.
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Figure 13.	 Effect of surface roughness on albedo of wet soil.
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Figure 14-.	 Effect of surface roughness on albedo of dry soil.
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Figure 15.	 Effect of surface roughness on albedo of wet soil.
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Table 12.	 Percent reduction of dry and wet soil albedo at sun elevation between 44°
and 50°.

Surface Gila Pima

Treatment Dry Wet Dry Wet

Plowed 25 32 32 29

Disked 26 28 20 11

Seed bed 3 10 21 19

seed beds in the same soils were 21% and 3%. For wet Pima and Gila soils, the percent

reduction of albedos in the plowed fields were 29% to 32% and the percent reduction of

albedos in the seed beds for the same soils and conditions were between 19% and 10%

respectively. This means that we have to reduce the smooth surface albedo between 32%

and 25% if estimating albedo of a plowed field dry soil. To find a better understanding

of roughness index and percent reduction of albedo a polynomial regression was run (see

Figure 16). The equation of the regression is as follow:

Y=8.3661n(X)+37.802

r2=0.71

Figure 16 shows that the relationship of roughness index and percent reduction is a

polynomial quadratic response curve. As roughness index increases the percent of

reduction of albedo also increases.
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4.4 Effects of albedo at Walnut Gulch Watershed. 

The sites at the Walnut Gulch Watershed were established by the ARS in 1983

to study the erosion of the soil. The treatments were natural cover, clipped and bare soil.

Table 13 and Figure 17 shows the average albedo values of 11 managed shrub/rangeland

plots during June and October 1994. Before the outset of the monsoon season, the albedo

for Bernardino site varied between 0.132 (plot 7) to 0.20 for plot number 8 (Table 13).

After the monsoon season, the albedos of the same sites ranged from 0.131 to o.201

respectively. In the plots of the Hathaway soil series the albedos ranged from between

0.158 (plot 15) to 0.215 for plot number 16 before the monsoon. Whereas after the

monsoon, the albedos for the same sites varied between 0.157 and 0.20. For the plots

within the Cave series site the albedo varied from 0.164 (plot 26) to 0.199 (plot 25)

before the monsoon and from 0.152 to 0.229 after the monsoon for the same sites,

respectively. There was no difference between before and after the monsoon rain for all

the plots (Table 14). However, highly significant correlations (P>0.01) of albedo were

found with percent rock and gravel (R & G), color value, reflectance bands (TM1 to

TM4) and the brightness of all the reflectance bands (SumTM) as shown in Tables 15 to

16 and Figures 18 to 19 (see also appendix D).
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Table 13.	 Albedo in different plots at Walnut Gulch Watershed.

% cover plot # Albedo Albedo Albedo Avg Std
Name/Date 6/10 6/24 10/8

BERNARDINO 19.0 8 0.200 0.194 0.201 0.198 0.004
BERNARDINO 84.4 7 0.132 0.129 0.131 0.131 0.001
BERNARDINO 69.4 6 0.138 0.150 0.146 0.145 0.006
BERNARDINO 65.2 5 0.150 0.152 0.151 0.151 0.001

6/14 6/26 10 \ 9
HATHAWAY 71.4 12 0.166 0.175 0.166 0.169 0.005
HATHAWAY 72.6 15 0.158 0.150 0.157 0.155 0.004
HATHAWAY 40.1 16 0.215 0.209 0.207 0.210 0.004
HATHAWAY 51.2 17 0.180 0.175 0.189 0.181 0.007

6/8 6/25 10\11
CAVE 15.8 23 0.196 0.229 0.247 0.224 0.026
CAVE 39.5 25 0.199 0.221 0.229 0.216 0.016
CAVE 76.2 26 0.164 0.180 0.152 0.165 0.014

Table 14.	 Analysis of variance of albedo values before and after rain at Walnut
Gulch Watershed (2 dates 6/10 & 10/8).

Source DF SS MS F

Dates 1 0.00028 0.00028 0.26 NS

Error 20 0.02158 0.00108 F005(1,20)=4.35

Total 21 0.02186

NS = Not significant
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Figure 17.	 % cover vs average albedo at Walnut Gulch.
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Table 15.	 Correlation between albedo and all the variables taken at the Walnut Gulch
Watershed.

Variables Albedo

Albedo 1.00

% Rock 0.80**

% Gravel 0.88**

% R & G 0.92**

% Soil 0.42

% Litter -0.15

% Grass -0.60

% Shrub+Forb -0.58

% Cover -0.89

Hue 0.53

Value 0.71**

Chroma -0.37

')/0 Sand -0.57

TM I (Low) 0.89**

TM I (High) 0.62

TM2(Low) 0.96**

TM2(High) 0.97**

TM3(Low) 0.94**

TM3(High) 0.93**

TM4(Low) 0.91**

TM4(High) 0.90**

SumTM(Low) 0.96**

SumTM(High) 0.95**

RVI(Low) -0.58

RVI(High) -0.64

NDVI(Low) -0.58

NDVI(High) -0.65

SAVI(0.75)Low -0.16

SAVI(0.75)High 0.06

SAVI(0.5)Low -0.23

SAVI(0.5)High -0.08

** highly significant (1%)
TM(Low)=Spectral reflectance in low sun angle (38° to 44°)
TM(High)=Spectral reflectance at high sun angle(74° to 78°)
Sum TM= sum of the spectral reflectances.
RVI, NDVI, SAVI= Vegetation indices.
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Table 16.	 Multiple linear regression for the variables at the Walnut Gulch Watershed.

All variables

a =0.2049+0.610(TM2(High))-0.00058(%grass)-0.055(RVI(High) 	 -
0.174(TM1(High)

r2=	 0.94**	 0.96**	 0.98**	 0.98**

Highly significant variables (**)

a =0.0170+0.067(TM2(Low)+0.478(TM3(Low)+0.0194(value)

r2=	 0.92**	 0.94**	 0.95**

** highly significant (1%)
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Figure 18.	 Simple linear regression for R & G, value and TMSum.
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5. CONCLUSIONS

• For 15 smooth soils and silica sand under wet and dry conditions, albedo was

highly and significantly correlated (r2=0.93, p>0.01) with color value and Y. The

independent testing of the linear regression equations using field data collected at

the Maricopa Agricultural Center (MAC) also showed a high correlation (r2=0.91)

between albedo and these two variables.

• For the same smooth soils and silica sand under wet and dry conditions, albedos

were highly correlated (r2�0.86, p>0.01) with spectral reflectances (P)

corresponding to the first four TM bands (0.45-0.90 tun). The independent testing

of these equations with data collected at MAC also showed a high correlation in

(r2�0.87) all the TM bands

• Roughness due to disking and plowing reduced smooth surface albedos for a dry

soil by 20 to 32% respectively and 11 to 32% when the soil was wet. A general

nonlinear relationship given by y=8.3661n(X)+37.802 r2=0.71 was determined

between percent reduction in albedo (y) and surface roughness index (x) for wet

and dry Pima and Gila field soils.
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• Measurements at the Walnut Gulch Watershed in southeastern Arizona indicated

that albedo values measured in June and October 1994, were highly correlated

(p>0.01) with rock & gravel, value, TM1 (0.45-0.52pm) to TM4 (0.76-0.90pm)

bands and to the sum of TM bands (brightness).

• For further studies it is recommended that variables of surface crust and vegetation

be included in the research. It is suggested that readings of albedo and surface

reflectance be taken in situ (for multiple samples of soils) not only for the smooth

soil (dry and wet) but also all kinds of roughness for bare soil and with

vegetation. Also albedos of soils should be studied with crusts present.
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APPENDIX A

Additional Tables and Simple Regression Analysis of Soil Color

Table 17.	 Albedo of different surfaces in the Palo Verde neighborhood at the Davis
Monthan Air Force Base in Tucson on July 15, 1994.

Plot # Surface type ALBEDO

1 GRASS 0.243

2 CONCRETE 0.300

3 ASPHALT
STREET

0.189

4 BARE SOIL 0.259
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Table 18. Munsell color of 40 US soils.

DRY
SOIL

WET
SOIL

Name* Hue c. Value Chroma Hue c. Value Chroma

850 MAC # 1 4.32 5.27 2.91 4.27 3.59 3.18

851 MAC # 2 3.96 5.46 3.91 3.86 4.00 4.05

852 MAC # 3 3.91 5.24 4.00 3.86 3.76 4.10

853 MAC # 4 3.87 5.32 4.32 3.64 4.00 4.32

854 MAC #5 4.18 5.14 3.81 4.00 3.67 3.71

855 MAC # 6 3.91 5.33 4.38 3.81 4.05 4.29

857 MAC # 8 4.05 5.38 4.24 3.86 4.05 4.29

858 MAC # 9 4.18 5.24 3.24 4.00 3.62 3.24

859 MAC # 10 3.96 5.19 4.48 3.95 4.14 4.29

860 MAC # 11 4.18 5.19 3.24 4.00 3.48 3.43

921 KARRO 5.36 7.62 1.86 5.29 6.43 3.00

922 DAVIDSON 2.32 3.95 5.91 2.05 2.98 4.38

923 CANELO 4.09 7.00 3.10 3.86 4.95 4.10

924 AVA 5.50 6.91 4.05 5.29 4.95 5.05

926 SUP-FULLER 4.55 7.00 3.43 4.52 5.24 3.81

927 NICHOLS. 5.36 6.76 4.76 5.24 5.14 5.33

928 MOLAKAI 1.82 3.05 4.86 1.81 2.69 3.71

929 CHALMERS 5.96 5.67 4.43 5.91 4.24 4.10

931 COMORO 5.00 4.24 2.86 4.86 2.86 2.24

900 HAYHOOK 4.46 5.49 4.68 4.43 3.68 4.27

*Code for reference soils reported by Post et al. (1993) that relates the mean Munsell
colors measured by many field soil Scientists to Chroma Meter color measurements.
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Table 18. Munsell color of 40 soils (continued)

DRY
SOIL

WET
SOIL

Name* Hue c. Value Chroma Hue c. Value Chroma

901 CONTINE 3.87 5.30 4.19 3.73 4.11 4.65

902 WHITEH. A 3.43 4.77 5.62 3.38 3.55 4.38

903 WHITEH. Bt 2.65 4.11 5.49 2.43 3.33 5.22

904 MOHAVE 3.65 5.16 4.35 3.51 3.95 4.46

905 BRAZITO 4.81 5.24 2.89 4.89 3.47 2.87

906 HOLTVILLE 4.68 5.38 2.61 4.70 3.53 2.82

907 GRABE 4.81 4.96 2.38 4.81 3.08 2.37

908 COMORO 4.89 3.87 2.35 4.84 2.59 2.03

909 CLOVERS. 4.78 2.78 1.76 4.84 2.05 1.26

910 VINT 4.38 5.30 4.16 4.43 3.70 3.47

911 GILA 4.95 5.78 2.95 4.92 3.76 2.98

912 SONOITA 4.92 6.18 3.31 4.92 4.08 3.32

913 SUPERSTITION 4.76 6.60 3.87 4.73 5.03 3.90

914 YUMA SITE#5 4.84 5.47 3.05 4.78 3.61 3.05

915 LAVEEN 4.24 5.19 3.84 4.24 3.72 3.88

916 AGUA 4.87 5.43 2.84 4.92 3.61 2.79

917 PIMER 4.92 5.54 3.23 4.87 3.70 3.26

918 PIMA 4.95 5.16 3.07 4.92 3.37 2.96

919 AVONDALE 4.27 5.28 3.87 4.13 3.60 3.79

920 PINALENO 4.14 5.14 4.27 4.00 3.64 3.89

*Code for reference soils reported by Post et al. (1993) that relates the mean Munsell
colors measured by many field soil Scientists to Chroma Meter color measurements.
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Table 19. Chroma Meter color of 40 US soils.

DRY
SOIL

WET
SOIL

Name* Hue c. Value Chroma Hue c. Value Chroma
850 MAC # 1 3.88 4.70 2.40 3.52 3.20 2.50
851 MAC # 2 3.60 5.00 3.20 3.40 3.80 3.30
852 MAC # 3 3.56 4.80 3.30 3.24 3.40 3.40
853 MAC # 4 3.48 4.70 3.50 3.24 3.40 3.30
854 MAC # 5 3.58 4.80 3.00 3.32 3.40 3.10
855 MAC # 6 3.52 4.90 3.40 3.28 3.80 3.60
857 MAC # 8 3.56 5.10 3.50 3.36 3.90 3.50
858 MAC # 9 3.72 4.80 2.70 3.44 3.40 2.80

859 MAC # 10 3.52 4.90 3.50 3.36 3.80 3.70
860 MAC # 11 3.76 4.70 2.60 3.40 3.30 2.70
921 KARRO 5.04 6.70 2.00 4.92 5.50 2.80

922 DAVIDSON 2.52 3.50 4.40 1.76 2.40 3.50
923 CANELO 3.88 6.50 2.80 3.20 4.20 3.50

924 AVA 4.96 6.20 3.70 4.52 4.20 4.10

926 SUP-FULLER 4.04 6.20 3.00 4.04 4.50 3.10

927 NICHOLS. 5.16 5.30 3.40 4.96 4.00 4.00

928 MOLAKAI 1.88 2.80 4.30 1.52 2.20 3.40

929 CHALMERS 5.48 4.60 3.30 5.20 3.30 3.00

931 COMORO 4.56 4.20 2.50 4.20 2.80 2.00
900 HAYHOOK 4.06 4.90 3.70 3.80 3.60 3.20

*Code for reference soils reported by Post et al. (1993) that relates the mean Munsell
colors measured by many field soil Scientists to Chroma Meter color measurements.
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Table 19. Chroma Meter color of 40 US soils (continued).

DRY
SOIL

WET
SOIL

Name* Hue c. Value Chroma Hue c. Value Chroma

901 CONTINE 3.36 4.60 3.70 3.24 3.70 3.50

902 WHITEH. A 3.48 4.30 4.00 3.24 3.20 3.40

903 WHITEH. Bt 2.84 3.50 4.00 2.44 2.80 3.70

904 MOHAVE 3.40 4.60 3.60 3.24 3.60 3.40

905 BRAZITO 4.28 4.90 2.40 4.08 3.40 2.10

906 HOLTVILLE 4.04 4.50 2.20 3.68 3.00 2.10

907 GRABE 4.28 4.60 2.10 3.96 3.00 2.00

908 COMORO 4.60 3.60 1.80 4.36 2.70 1.60

909 CLOVERS. 4.08 2.60 1.40 3.44 1.80 0.90

910 VINT 3.92 5.00 2.80 3.84 3.50 2.40

911 GILA 4.36 5.20 2.60 4.16 3.50 2.40

912 SONOITA 4.44 5.80 2.70 4.24 4.00 2.70

913 SUPERSTITION 4.28 5.80 3.20 4.24 4.20 3.00

914 YUMA SITE#5 4.16 5.00 2.60 3.84 3.30 2.30

915 LAVEEN 3.72 4.60 3.00 3.48 3.30 2.90

916 AGUA 4.36 4.80 2.40 4.08 3.30 2.20

917 PIMER 4.04 5.00 2.70 3.88 3.60 2.40

918 PIMA 4.36 5.10 2.50 4.04 3.20 2.20

919 AVONDALE 3.72 4.50 3.10 3.48 3.20 2.80

920 PINALENO 3.84 4.70 3.40 3.56 3.40 3.10

*Code for reference soils reported by Post et al. (1993) that relates the mean Munsell
colors measured by many field soil Scientists to Chroma Meter color measurements.
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Figure 20.	 Chroma Meter and scientist color for hue-dry (Post et al., 1993).
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Figure 26.	 Albedo of dry soil vs Y.
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Figure 27.	 Albedo of dry soil vs hue.
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Figure 28.	 Albedo of dry soil vs chroma.
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Figure 29.	 Albedo of wet soil vs Y.
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Figure 30.	 Albedo of wet soil vs hue.
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Figure 31.	 Albedo of wet soil vs value.
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Figure 32.	 Albedo of wet soil vs chroma.
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Figure 33.	 Albedo of dry+wet soils vs Y.
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Figure 34.34.	 Albedo of dry+wet soils vs hue.
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Table 20.	 Multiple linear regression analysis for soil color (dry, wet, and dry+wet).

Dry soil

Albedo = -0.05183+0.0578(value)-0.0023(chroma)-0.0016(hue)

r2 =	 0.918**	 0.919**	 0.919**

Wet soil

Albedo = -0.00129+0.0547(value)-0.0082(chroma)-0.0106(hue)

r2 =	 0.930**	 0.936**	 0.950**

Dry+Wet

Albedo = -0.02332+0.0644(value)-0.0124(hue)-0.0079(chroma)

r2 =	 0.930**	 0.936**	 0.946**

** highly significant (1%)
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APPENDIX B

Additional Tables and Simple Regression Analysis
of Spectral Reflectance of Bare Soils

Table 21.	 Spectral reflectance and mean bands values for 14 dry soils and silica
sand.

DRY SOIL

Name Blue Green Red NIR Mean of bands
450-520 520-600 630-690 760-900

Amarillo 0.0683 0.1213 0.2181 0.3115 0.2111
Brazito 0.1417 0.1843 0.2407 0.3172 0.2428

Clover Sp. 0.0455 0.0590 0.0796 0.1225 0.0860

Canelo 0.2545 0.3264 0.4247 0.4896 0.4040

Gaston 0.0598 0.1113 0.2246 0.2614 0.1923

Gila 0.1447 0.1914 0.2517 0.3324 0.2533

Gothard 0.2333 0.2762 0.3284 0.4239 0.3389

Hersh 0.1303 0.1762 0.2379 0.3385 0.2465

Loring 0.1238 0.2232 0.3298 0.4170 0.3105

Mexico 0.1010 0.1314 0.1739 0.2632 0.1872

Miamian 0.1223 0.1852 0.2395 0.2965 0.2321

Mohave 0.0933 0.1458 0.2347 0.3029 0.2216

Santa Rita 0.0851 0.1281 0.1855 0.2568 0.1852

Steward 0.2256 0.2926 0.3634 0.4332 0.3548

Silica Sand 0.3108 0.3508 0.3747 0.4331 0.3816
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Table 22.	 Spectral reflectance and mean bands values for 14 wet soils and silica
sand.

WET SOIL

Name Blue Green Red NIR Mean of bands

450-520 520-600 630-690 760-900

Amarillo 0.0480 0.0882 0.1643 0.2395 0.1598

Brazito 0.0601 0.0843 0.1205 0.1819 0.1269

Clover Sp. 0.0191 0.0236 0.0309 0.0522 0.0355

Canelo 0.0789 0.1260 0.2122 0.2737 0.1985

Gaston 0.0297 0.0557 0.1262 0.1496 0.1076

Gila 0.0582 0.0822 0.1170 0.1715 0.1214

Gothard 0.0668 0.0890 0.1228 0.2071 0.1386

Hersh 0.0634 0.0880 0.1240 0.1932 0.1333

Loring 0.0488 0.0998 0.1672 0.2338 0.1615

Mexico 0.0329 0.0437 0.0619 0.1160 0.0737

Miamian 0.0433 0.0696 0.0967 0.1348 0.0975

Mohave 0.0512 0.0861 0.1513 0.2048 0.1438

Santa Rita 0.0343 0.0529 0.0825 0.1282 0.0863

Steward 0.0687 0.1085 0.1596 0.2199 0.1585

Silica Sand 0.1784 0.2115 0.2307 0.2806 0.2371
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Table 23.	 Spectral reflectance, mean of bands, and albedo for dry+wet soils.

DRY+WET
SOIL

AVG Blue Green Red NIR Mean of bands
NAME ALBEDO 450-520 520-600 630-690 760-900

Amarillo 0.2312 0.0683 0.1213 0.2181 0.3115 0.2111

Brazito 0.2459 0.1417 0.1843 0.2407 0.3172 0.2428

Clover Sp. 0.1090 0.0455 0.0590 0.0796 0.1225 0.0860

Canelo 0.3323 0.2545 0.3264 0.4247 0.4896 0.4040

Gaston 0.1852 0.0598 0.1113 0.2246 0.2614 0.1923

Gila 0.2803 0.1447 0.1914 0.2517 0.3324 0.2533

Gothard 0.2995 0.2333 0.2762 0.3284 0.4239 0.3389

Hersh 0.2620 0.1303 0.1762 0.2379 0.3385 0.2465

Loring 0.2705 0.1238 0.2232 0.3298 0.4170 0.3105

Mexico 0.1913 0.1010 0.1314 0.1739 0.2632 0.1872

Miamian 0.2063 0.1223 0.1852 0.2395 0.2965 0.2321

Mohave 0.2192 0.0933 0.1458 0.2347 0.3029 0.2216

Santa Rita 0.1876 0.0851 0.1281 0.1855 0.2568 0.1852

Steward 0.2980 0.2256 0.2926 0.3634 0.4332 0.3548

Silica Sand 0.3843 0.3108 0.3508 0.3747 0.4331 0.3816

Amarillo 0.1556 0.0480 0.0882 0.1643 0.2395 0.1598

Brazito 0.1445 0.0601 0.0843 0.1205 0.1819 0.1269

Clover Sp. 0.0487 0.0191 0.0236 0.0309 0.0522 0.0355

Canelo 0.1729 0.0789 0.1260 0.2122 0.2737 0.1985

Gaston 0.1022 0.0297 0.0557 0.1262 0.1496 0.1076

Gila 0.1497 0.0582 0.0822 0.1170 0.1715 0.1214

Gothard 0.1543 0.0668 0.0890 0.1228 0.2071 0.1386

Hersh 0.1401 0.0634 0.0880 0.1240 0.1932 0.1333

Loring 0.1429 0.0488 0.0998 0.1672 0.2338 0.1615

Mexico 0.0846 0.0329 0.0437 0.0619 0.1160 0.0737

Miamian 0.0943 0.0433 0.0696 0.0967 0.1348 0.0975

Mohave 0.1439 0.0512 0.0861 0.1513 0.2048 0.1438

Santa Rita 0.0927 0.0343 0.0529 0.0825 0.1282 0.0863

Steward 0.1510 0.0687 0.1085 0.1596 0.2199 0.1585
Silica Sand 0.2569 0.1784 0.2115 0.2307 0.2806 0.2371
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Figure 37.	 Albedo of dry soil vs blue reflectance.
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Figure 38.	 Albedo of dry soil vs green reflectance.
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Figure 39.	 Albedo of dry soil vs NIR reflectance.
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Figure 40.	 Albedo of dry soil vs mean of bands.
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Figure 41.	 Albedo of wet soil vs blue reflectance.
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Figure 42.	 Albedo of wet soil vs green reflectance.



126

Wet Condition

	0.3 	

0.25

0.2

0.15

0.1

0.05

	

0 	
0                                  

Y=0 .0276+0.8232(x)
rA2=0.816                                                                                                  

0.05	 0.1	 0.15	 0.2	 0.25
Red (630-690 nm) Reflectance             

Figure 43.	 Albedo of wet soil vs red reflectance.



0.3

.

0.1	 0.15	 0.2	 0.25	 0.3
MR (760-900 nm) Reflectance

Y=0.0050+0.703 1(x)
14\2=0.827

0.25

0.2
0

73
22 0.15

0.1

0.050.05

0
0.05

127

Wet Condition

Figure 44.	 Albedo of wet soil vs NIR reflectance.



128

Wet Condition

0.3

0.25

0.2
0
179' 0.15
Tt

0.1

0.05

0 	
0 

Y=0.0 140+0.9216(x)
rA2=0.91                                                                                  

•                                                                                  

0.05	 0.1	 0.15	 0.2	 0.25
Mean of bands               

Figure 45.	 Albedo of wet soil vs mean of bands.



1
1Y=0.0884+1.0212(x)
rA2=0.86

1

m

0.5

0.4

0 0.3
-CI

CD_a
<7 0.2

0.1

0 	I 	 I	 I

0	 0.05 0.1	 0.15 0.2 0.25 0.3 0.35
Blue (450-520 nm) Reflectance

129

Dry+Wet Condition

Figure 46.	 Albedo of dry+wet soils vs blue reflectance.
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Dry +Wet Condition

Figure 47.	 Albedo of dry+wet soils vs green reflectance.
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Dry+Wet Condition
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Figure 48.	 Albedo of dry+wet soils vs NIR reflectance.
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Dry+Wet Condition

Figure 49.	 Albedo of dry+wet soils vs mean of bands.
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Table 24.	 Multiple linear regression analysis for bare soil in four bands for dry, wet,
and dry+wet condition.

Dry soil

Albe do = 0.04372-0.632(green)+0.610(NIR)+0.84(blue)

r2 =	 0.885**	 0.909**	 0.93**

Wet soil

Albedo = 0.01353-0.707(green)+0.583(NIR)+1.28(blue)

,)r- =	 0.920**	 0.950**	 0.975**

Dry+Wet soil

Albedo = 0.01991-0.603(green)+0.646(NIR)+0.88(blue)

r2 =	 0.920**	 0.950**	 0.960**

** highly significant (1%)
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Table 25.	 Multiple linear regression analysis for bare soil in four bands and mean of
bands for dry, wet and dry+wet condition.

Dry soil

Albedo = 0.0425+1.898(mean of bands)-0. 95 (red)- 0.18(green)

r2 =	 0.900**	 0.920**	 0.926**

Wet soil

Albedo = 0.01353-0.7070 ( green ) +0.583(NIR)+1.28(blue)

r2 =	 0.920**	 0.950**	 0.975**

Dry+Wet soil

Albedo = 0.01833+2.0(mean of bands)-0.99(red)- 0.15(green)

r2 =	 0.940**	 0.958**	 0.958**

** highly significant (1%)
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APPENDIX C

Additional Tables and Figures of Different Roughness
Conditions of a Function of Solar Elevation Angle

Table 26.	 Different roughness conditions, albedo and sun elevation angle for Pima
and Gila soil in the morning.

Sun elevation
Site 20 30 40 50 60 70

Pima (dry) Albedo
Plow 0.1634 0.1525 0.1474 0.1474 0.1476 0.1468
Disk 0.1903 0.1783 0.1764 0.1755 0.1763 0.1760

Seed bed 0.1874 0.1775 0.1735 0.1713 0.1700 0.1691
Smooth 0.2470 0.2250 0.2208 0.2133 0.2102 0.2118

Pima (wet)
Plow 0.0877 0.0834 0.0808 0.0787 0.0762 0.0758
Disk 0.1073 0.1030 0.1010 0.1014 0.1014 0.1010

Seed bed 0.0966 0.0936 0.0932 0.0908 0.0934 0.0924
Smooth 0.1365 0.1221 0.1147 0.1075 0.1030 0.1009

Gila (dry)
Plow 0.2439 0.2319 0.1975 0.1972 0.1966 0.1976
Disk 0.2093 0.2073 0.2054 0.2092 0.2074 0.2099

Seed bed 0.2826 0.2763 0.2668 0.2660 0.2634 0.2655
Smooth 0.2982 0.2850 0.2771 0.2754 0.2709 0.2661

Gila (wet)
Plow 0.1169 0.1043 0.1009 0.1005 0.1014 0.1020
Disk 0.1243 0.1102 0.1062 0.1068 0.1050 0.1037

Seed bed 0.1488 0.1392 0.1346 0.1314 0.1279 0.1263
Smooth 0.2041 0.1640 0.1473 0.1388 0.1372 0.1366
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Table 27.	 Different roughness conditions, albedo, and sun elevation angle for Pima
and Gila soil in the afternoon.

Sun elevation
Site 70 60 50 40 30 20

Pima (dry) Albedo
Plow 0.1520 0.1532 0.1538 0.1594 0.1632 0.1615
Disk 0.1743 0.1749 0.1746 0.1840 0.1844

Seed bed 0.1701 0.1721 0.1717 0.1731 0.1769 0.1880
Smooth 0.2191 0.2229 0.2251

Pima (wet)

Plow 0.0748 0.0808 0.0811 0.0814 0.0813 0.0884
Disk 0.1037 0.1058 0.1061 0.1073 0.1097

Seed bed 0.0919 0.1037 0.1101 0.1104 0.1124 0.1182
Smooth 0.1061 0.1100

Gila (dry)
Plow 0.1934 0.1972 0.1967 0.2050 0.2061 0.2118
Disk 0.2144 0.2157 0.2168 0.2160 0.2138 0.2220

Seed bed 0.2596 0.2574 0.2603 0.2827
Smooth 0.2677 0.2748 0.2851 0.2894

Gila (wet)
Plow 0.1064 0.1067 0.1071 0.1119 0.1254
Disk 0.1088 0.1084 0.1078 0.1085 0.1106 0.1141

Seed bed 0.1304 0.1291 0.1292 0.1332 0.1391 0.1444
Smooth 0.1371 0.1391
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Table 28.	 Percentage reduction of albedo due to the roughness conditions for Gila
and Pima soil.

Dry Soil
Albedo % reduction % reduction % reduction

Gila Gila Gila Gila

Sun Elev Smooth Plow Disk Seed bed

30 0.2850 18.63 27.26 3.05

40 0.2771 28.72 25.87 3.71

50 0.2754 28.39 24.03 3.41

Avg 0.2792 25.25 25.72 3.39

Wet Soil

Smooth Plow Disk Seed bed

30 0.1640 36.40 32.80 15.12

40 0.1473 31.50 27.90 8.62

50 0.1388 27.59 23.05 5.33

Avg 0.1500 31.83 27.92 9.69

Dry Soil

Pima Pima Pima Pima

Smooth Plow Disk Seed bed

30 0.2250 32.22 20.75 21.11

40 0.2208 33.24 20.10 21.42

50 0.2133 30.89 17.72 19.69

Avg 0.2197 32.12 19.52 20.74
Wet Soil

Smooth Plow Disk Seed bed

30 0.1221 31.69 15.64 23.34

40 0.1147 29.55 11.94 18.74

50 0.1075 26.79 5.67 15.53

Avg 0.1148 29.34 11.08 19.20
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APPENDIX D

Additional Analysis of Variance for
Walnut Gulch Watershed

Table 29.	 Analysis of variance before and after rain for Walnut Gulch plots (3 dates
6/10, 6/24, 10/8).

Source DF SS MS F

Dates 2 0.00032 0.00016 0.15 NS

Error 30 0.03191 0.00106 F005(2,30)=3.32

Total 32 0.03223

NS = Not significant
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Table 30.	 Analysis of variance before and after rain for Walnut Gulch plots (2 dates
6/24, 10/8).

Source DF SS MS F

Dates 1 0.00001 0.00001 0.01 NS

Error 20 0.02438 0.00122 F005(1,20)=4.35

Total 21 0.02438

NS = Not significant
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