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Introduction

"The Kursk 1991 Experiment (KUREX-91) was conducted as one of a suite of

international studies to develop capabilities to monitor global change" (Deering and Konzoderov,

1992). The studies were designed specifically to understand the earth's land-surface vegetation

and atmospheric boundary layer interaction. An intensive field campaign was conducted at a site

near Kursk, Russia during the month of July in 1991 by a team of international scientists to aid

in the understanding of land-surface-atmosphere interactions in an agricultural/grassland setting.

We were one of several teams of scientists participating at KUREX-91 at the Streletskaya

Steppe Reserve near Kursk, Russia. The main goals of our research were to:

1. characterize biophysical properties of the prairie vegetation

. characterize radiation regime through measurements and from estimates derived

from canopy bidirectional reflectance data.

Four objectives were defined to achieve these goals:

. Determine dependence of leaf optical properties on leaf water potential of some

dominant species in discrete wavebands in the visible, near-infrared and mid-

infrared (spanning 0.4-2.3 #m range).

.
Characterize the effective leaf area index (LAI) and leaf angle distribution of

prairie vegetation.

. Characterize the radiation regime of the prairie vegetation through measures of

the radiation balance components

° Examine, develop and test methods for estimating albedo, APAR and LAI from

canopy bidirectional reflectance data.

The following papers are the result of our research efforts. The papers have been submitted to

Remote Sensing Reviews for publication.

REFERENCE:

Deering, D.W., and V. V. Kozoderov. 1992. KUREX-91" A USSR/US Study for global

climate processes in steppe vegetation, Proc. International Geosc. and Remote Sens. Syrup., May

26-29, 1992, Houston, Texas, pp. 1035-1038.
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ABSTRACT

Reflected radiation by a crop canopy can be influenced by changes in the biological processes and
attributes of the canopy. The study was conducted to characterize the effective leaf area index (LAI)
and leaf angle distribution of the Streletskaya Steppe Reserve of the Russian Republic and the Konza
Prairie in Kansas and to determine dependence of leaf optical properties on leaf water potentials of
some dominant species in discrete wavebands in the visible and near-infrared (NIR) (spanning 0.4-1.0
/zm range). Biophysical properties were measured in July 1991 on the reserve for the Kursk
Experiment (KUREX-91) and at the prairie during the summer of 1989 for the First ISLSCP Field
Experiment (FIFE-89). Leaf area index, leaf angle distribution, mean tilt angle, canopy height, leaf
optical properties, and leaf water potential were measured. Generally, the KUREX-91 steppe sites

were characterized by high leaf area index and an uniform leaf angle distribution, while the FIFE-89
prairie sites were characterized by low leaf area index and an erectophile canopy. The magnitude of
the leaf optical properties is variable between species; a significant difference between plant groups
and between locations was detected for reflectance, but not generally for transmittance. Leaf optical
properties are not related to leaf water potential (over the -0.5 to -3.5 MPa range) for dominant plant
species observed at the KUREX-91 and FIFE-89 sites. Characterization of the biophysical properties
during the FIFE-89 and KUREX-91 experiments provide information useful in understanding the
differences in canopy bidirectional reflectance observed at the two grasslands.

INTRODUCTION

Reflected radiation by a crop canopy can be influenced by changes in the biological processes

and attributes of the canopy. Optical properties of individual leaves depend upon many factors

including water content (Thomas et al., 1971; Bowman 1989), internal cellular structure (Gates et al.,
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1965;Gausmanet al., 1969; Gausman, 1974) and surface characteristics (Breece & Holmes, 1971;

Grant, 1987). Leaf orientation along with illumination and view geometry create a intricate system

of reflected and transmitted radiation so reflectance from a canopy can differ with canopy geometry

(Jackson & Pinter, 1986). Reliable interpretation of remote sensing data, requires monitoring and

measurement of biological processes and canopy attributes to understand radiant energy interaction

and the resulting reflected signal. Biophysical properties were measured at the Streletskaya Steppe

Reserve of the Russian Republic in the former Soviet Union in July 1991 for the Kursk Experiment

(KUREX-91). Similar properties were also measured at the Konza Prairie in Kansas, USA during

the summer of 1989 for the First ISLSCP Field Experiment (FIFE-89) (Walter-Shea et al., 1992).

The overall goal is to characterize and contrast the biophysical properties of selected sites at

the Streletskaya Steppe Reserve and the Konza Prairie during KUREX-91 and FIFE-89, respectively.

Specific objectives were: 1) characterize the effective leaf area index (LAI) and leaf angle distribution

of the grasslands; and 2) determine dependence of leaf optical properties on leaf water potentials of

some dominant species in discrete wavebands in the visible and near-infrared (NIR) (spanning 0.4-

1.0 _m range).

MATERIALS AND METHODS

Site Description

Biophysical properties of the KUREX-91 steppe were measured between 7 July 1991 and 26

July 1991 in plots located within or near the 50m x 50m canopy reflectance area (Deering &

Kozoderov, this issue) at each of three sites (sites 12, 13 and 14.) Harvest practices varied between

the sites. Site 12 was mown three out of every four years and was last mown two years before the

experiment. Site 13 was mown the year before the experiment and also just prior to the experiment.

Site 14 was absolutely reserved. Leaf area index, mean tilt angle, leaf angle distribution, canopy

height, described in this paper and canopy temperature and fraction of instantaneous absorbed

photosynthetically active radiation (fAPAR) described in Blad et al. (this issue) and Walter-Shea et

g_.-



al. (this issue), respectively, were measured in five plots encircling the bidirectional canopy

reflectance area (Figure 1). Each plot was 3m x 3m with the plot corners orientated in the cardinal

directions. All measurements, except the LAI, for each of the plots were coordinated with the canopy

reflectance measurements. Two plots of approximately 15m x 10m in size and separated by about

100m were used for measurements of leaf optical properties and leaf water potential (OL). These two

plots were located to the east of the canopy reflectance area at site 12 and to the north at site 14;

measurements of these properties were not made at site 13.

Biophysical properties of the FIFE-89 prairie were measured between 25 July 1989 and 12

August 1989 with a similar field design as at the steppe (Deering et al., 1992 and Walter-Shea et al.,

1992) at two sites: site 906(2133-ECA) and site 911 (4439-PAM). Leaf optical properties and OLwere

measured northeast of the canopy reflectance area at both sites.

Canopy Architecture

Leaf area index, mean tilt angle and leaf angle distribution were estimated with the LI-COR 3

(P.O.Box 4425, Lincoln, NE, USA 68504) LAI-2000 Plant Canopy Analyzer at the steppe and the

prairie. The instrument uses light penetration theory and the assumption of opaque leaves to infer

these parameters (Welles & Norman, 1991). The mean tilt angle is the orientation of the canopy

elements (elements including leaves, stems, etc.) from the horizontal. A 270 degree view cap was

mounted on the instrument lens to restrict the instrument's field of view including the operator's

silhouette. A black tarp was used to shade the canopy in the instrument's field of view to meet the

diffuse light requirement for LAI estimations for the measurements on the steppe. Mean tilt angle

and leaf angle distribution measurements do not require the canopy to be shaded. Measurements were

replicated three times within each plot during each measurement period coordinated with the canopy

reflectance measurements (at designated solar zenith angles) and a daily average and standard

3 The use of company names and brand names are necessary to report factually on available data;
however, the University of Nebraska and NASA/GSFC neither guarantee nor warrant the standard
of the product, and the use of the name by the University of Nebraska and NASA/GSFC implies no
approval of the product to the exclusion of others that may also be suitable.



deviation were computed. LAI was measured at least once on the same day of canopy reflectance

measurements. Leaf area index, mean tilt angle and leaf angle distribution of the prairie sites were

estimated soon after dawn (solar zenith angles > 75°) so shading of the canopy was not necessary. Five

measurements per plot were made. Measurements on the prairie were made only once a day and only

periodically throughout the experiment.

Heights of the tallest, shortest and medium foliage and inflorescence in each plot were

measured on the steppe. Three replications of height yielded an average foliage and average

inflorescence height for each site. Canopy heights were measured at all sites early in the experiment

and again at site 12 after a heavy rainfall caused the vegetation to lodge. The tallest plant height and

an average height per plot were measured on the prairie, once at each site from which an average

height per site was calculated.

Leaf Optical Properties and _L

Leaf optical properties and _Lwere measured from randomly selected leaves of the dominant

species. Dominant steppe grass species were from the genus Brornus L. (bromegrass) and

Calamagrostis Adans. (reedgrass). Vegetative and reproductive growth stages were present. Dominant

steppe forb species were Salvia L. (sage), Veratrum L. (false hellebore) and Fragaria virginiana

Duchn. (strawberry). Typically, two leaves of each grass species and growth stage were measured at

each plot on one site on each day of measurement. Forb species were measured only several times

during the entire experiment. Dominant prairie grass species were Andropogon gerardii Vitman (big

bluestem), Panicum virgatum L. (switchgrass),

Sporobolus asper (Michx.) Kunth (tall dropseed).

also used on the prairie.

Sorghastrurn nutans (L.) Nash (indiangrass) and

A similar selection strategy used on the steppe was

Hemispherical reflectance and transmittance at near-normal incidence were measured with

the Nebraska Multiband Leaf Radiometer (NMLR) (Mesarch et al., 1991) and the Spectron

Engineering (225 Yuma Court, Denver, CO, USA 80223) SE590 spectroradiometer attached to a LI-



CORLI-1800 Integrating sphere. The NMLR is a custom-built radiometer which provides optical

coverage in seven wavebands similar to those of the LANDSAT Thematic Mapper. Pre- and post-

calibration of the NMLR indicated that only the first four wavebands were functioning properly

during 1991; the nominal wavelength limits of these bandwidths are approximately 450-520 (blue

visible), 520-600 (green visible), 630-690 (red visible) and 760-900 nm (near-infrared). The mean

bias error of transmittance factors determined from calibration was approximately 0.75% for

wavebands 1-4 (the error is assumed to be of similar magnitude for reflectance.) The SE590 is a high

spectral resolution radiometer which measures over the 400 to 1100 nm wavelength range (wavebands

approximately every 3 nm and a bandwidth of 10-15 nm per waveband.) The mean bias error of

transmittance factors determined from the SE590 calibration was approximately 0.5% across all the

wavebands (the error is assumed to be of similar magnitude for reflectance.) Comparison of

transmittance from neutral density filters measured with the NMLR and the SE590 (integrated over

the half-bandwidth wavelengths of the NMLR wavebands) demonstrate that the NMLR and SE590

are comparable with mean bias errors of -0.15%, -1.08%, -0.71% and -0.76% for wavebands one

through four, respectively. The standard light source for the LI-COR Integrating sphere illuminates

a 1.14 cm diameter spot size on the leaf sample target. A standard light source was modified to

produce a narrow light beam (3.5 mm x llmm spot size), ideal for narrow leaf measurements. The

modified light source was used with the SE590 on the steppe and the NMLR at both the steppe and

prairie. Only a standard light source was used with the SE590 at the prairie. Two leaves were taped

together to form the sample, so as to encompass the entire light beam from the standard light source.

Table 1 contains the number of samples measured by species, instrument and experiment.

Leaf water potential was measured at both the steppe and prairie with a Scholander-type

pressure chamber (Precision Machine Co., 2933 'N' St., Lincoln, NE, USA, 68504) on the same leaves

as had been used for the leaf optical properties (Stewart & Nielson, 1990). Typically, two to four

additional leaves from surrounding plants of the same species were also measured.

Leaf optical properties and _L were measured periodically on days of canopy reflectance

measurements and also on other days independent of sky conditions.



Statistical Approach

SE590 data were integrated over the half-bandwidths

datasets from both radiometers for manageable comparison

wavelengths of the NMLR to combine

of leaf optical properties. A pairwise

comparison of the mean leaf optical properties by species, plant group and experiment was conducted

using a Tukey HSD test, with a Tukey-Kramer adjustment for unequal sample sizes (SYSTAT, Inc.,

1800 Sherman Ave., Evanston, IL USA 60201-3793.) Mean differences were considered significantly

different below the 5% probability level and considered highly significant below the 1% probability

level.

RESULTS and DISCUSSION

Canopy Architecture

The LAI of the KUREX-91 steppe site 13 was similar to the LAI at FIFE-89 prairie sites 906

and 911 while the LAI at steppe sites 12 and 14 was considerably larger (Figure 2). The large

variations in LAI, especially at site 14, are undetermined. The mean and standard deviations of leaf

angle distribution and mean tilt angle for the prairie sites were approximately the same. The average

leaf angle distribution and mean tilt angle of KUREX-91 site 13 were significantly different between

7 July 1991 and 26 July 1991. However, measurements on both dates for KUREX-91 site 13 were not

significantly different than measurements throughout the FIFE-89 experiment and represent an

erectophile canopy (Figure 3). The leaf angle distribution and mean tilt angle for steppe sites 12 and

14 are not significantly different from each other and represent an uniformly distributed canopy.

Leaf angle distribution and mean tilt angle were not significantly different after the canopy lodged

at steppe site 12.

Canopy heights were considerably smaller at KUREX-91 site 13 than at sites 12 and 14 (Table

2). Site 13 was mown so inflorescences were not present. FIFE-89 canopy heights at sites 906 and

911 were larger than the canopy height at KUREX-91 site 13.

Leaf Optical Properties



Reflectance and transmittance averaged over all grass species and all forb species are typical of

spectra of healthy green vegetation (Knipling, 1970) (Figure 4). Properties measured by the SE.590

and NMLR were not significantly different for the KUREX-91 data, but significant differences were

found between the two radiometers in both reflectances and transmittances of the NIR (1.5-1.9%) in

the FIFE-89 data. Differences between the measurements of the FIFE-89 grass leaves may be caused

by the difference in measuring techniques used with the radiometers (i.e., SE590 measurements were

made with a larger beam of light on two leaves taped together.) Although the differences between

instruments for the KUREX-91 forbs were not significant, the reported differences may be

influenced most by the limited sampling with the two radiometers.

A pooled data set from measurements made by both radiometers was created since there was

a lack of statistical significant difference between radiometer and spectroradiometer across all

wavebands. Each species was compared to the other and the ranges of the mean differences between

species is presented in Table 3. The variations between leaf reflectance of steppe grass species were

highly significant for vegetative bromegrass and the reedgrass in blue visible and NIR regions. Steppe

grass leaf reflectances were also highly significantly different from sage and false hellebore

reflectances in the green and red visible regions while the grasses were highly significantly different

from the strawberry in NIR. Transmittance differences were highly significant between the

bromegrass and the reedgrass in the visible region and between the reedgrass and the false hellebore

in the NIR region.

A similar test was conducted on the four prairie grass species. Reflectance differences were

highly significant between switchgrass and indiangrass and between switchgrass and big bluestem for

measurements in the NIR region. Switchgrass transmittances were highly significantly different from

the other grass species across all wavelength regions.

Each dominant species at KUREX-91 and FIFE-89 were compared to each other to see if leaf

optical properties differed between the two experimental sites (Table 3). Bromegrass (vegetative

growth stage) reflectance was highly significantly different from most of the prairie grass species

reflectances in the blue visible and the NIR regions. Differences between the steppe sage and false

7



hellebore leaf reflectances and the prairie grass leaf reflectances were highly significant in the visible

region; strawberry reflectance was highly significantly different than all the prairie grass reflectances.

Steppe bromegrass transmittance was highly significantly different than prairie switchgrass

transmittance in the green visible region. Steppe vegetative reedgrass transmittance was highly

significantly different than prairie big bluestem, indiangrass and tall dropseed transmittances in the

blue visible region. Steppe reedgrass transmittance was highly significantly different than prairie big

bluestem, indiangrass and tall dropseed transmittance in the red-visible region. The steppe forb

transmittance were not statistically different from the prairie grass transmittance, except between

strawberry and switchgrass in the NIR region.

Optical properties were generalized, for measurements by both the radiometer and the

spectroradiometer, into grass and forb plant groups (since within group differences were generally

small) to show general differences among plant groups between the two experimental sites (Table 3).

The differences at the various wavelength regions is illustrated well with the SE590 spectral data

averaged over the appropriate species group (Figure 5). Steppe grass group reflectance was highly

significantly different from forb group reflectance across all regions and from prairie grass group

reflectance in the NIR region (Table 3). The steppe grass group transmittance was significantly

different than the forb group transmittance. The prairie grass group transmittance was significantly

different than the steppe grass group transmittance in the red-visible region and significantly

different from the steppe forb group transmittance in the NIR region. Variation between individual

grass and forb species was twice as large as variation between plant groups.

Leaf Water Potential

Leaf water potentials ranged from -0.5 to -3.5 MPa during the July measurement period at KUREX-

91 (Figure 6). The _L measured within hours soon after dawn (21 July 91) ranged from -0.5 to -2

MPa, while _L measured afterwards ranged from approximately -1.0 to-3.5 MPa. The vegetative

growth stage reedgrass plants recovered more than the reproductive growth stage reedgrass plants.

Leaf water potentials measured in the afternoon (on two occasions) were slightly greater than those

C
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measured in the mid-morning hours, however, precipitation had occurred in the previous 24 hours

of these days. Leaf water potentials indicate the steppe vegetation was stressed early in the day which

was slightly alleviated during the night or when some moisture was provided. Pre-dawn leaf water

potentials of plants at FIFE-89 (-0.1 to-1.25 MPa) indicated that the FIFE-89 plants tended to

recover over night from stress conditions of -1.0 to -3.0 MPa during the day (Figure 6).

Leaf Optical Property and _L Relationship

Leaf optical properties of the KUREX-91

the range of-0.5 to-3.5 MPa (Figure 7).

al., 1992).

explained

steppe vegetation did not vary significantly with SLover

Similar results were observed at FIFE-89 (Walter-Shea et

Thus differences in leaf optical properties between species and plant groups cannot be

by *L over the range observed.

CONCLUSIONS

The biophysical property measurements collected during KUREX-91 and FIFE-89 provide

information useful in understanding canopy bidirectional reflectances observed at the Streletskaya

Steppe and the Konza Prairie. Generally, the KUREX-91 steppe sites were characterized by high

LAIs and an uniform leaf angle distribution, while the FIFE-89 prairie sites were characterized by

low LAIs and an erectophile canopy. The magnitude of the leaf optical properties is variable between

species; significant differences between plant groups and between locations were detected for leaf

reflectance, but not generally for leaf transmittance. Leaf optical properties appear not to be related

to leaf water potential over the observed range of -0.5 to -3.5 MPa for dominant plant species

observed at the KUREX-91 and FIFE-89 sites.
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LIST of FIGURES

Figure 1 General site layout for KUREX-91 indicating the relative locations of various

measurement plots to the bidirectional canopy reflectance measurement area. Numbers 1 through 5

represent the plots for measurements of leaf area index, mean tilt angle, leaf angle distribution and

canopy height measurements. Numbers 6 and 7 represent the plots of leaf optical properties and leaf

water potential measurements.

Figure 2 - Estimated leaf area index (using LI-COR LAI-2000 Plant Canopy Analyzer) for selected

KUREX-91 and FIFE-89 sites. Lines represent trends in the data at each site.

Figure 3 - Leaf angle distributions and mean tilt angle (MTA) for selected KUREX-91

sites. KUREX-91 site 131 leaf angle distributions were measured 7 July 91. KUREX-91

angle distributions were measured 26 July 91.

and FIFE-89

site 13z leaf

Figure 4- Average leaf reflectance and transmittance measured with Spectron Engineering SE590

Spectroradiometer (Solid lines) and Nebraska Multiband Leaf Radiometer (NMLR)(points) attached

to a LI-COR Integrating sphere. Dashed lines and error bars represent one standard deviation from

the mean. a) KUREX-91 grasses, b) KUREX-91 forbs and c) FIFE-89 grasses. No error bars are

present for NMLR KUREX-91 forb leaf optical properties since only two samples were measured.

Figure 5 - Average leaf optical properties measured with the SE590 and integrating sphere, a)

Comparison of KUREX-91 grass species group and forb species group b) Comparison of KUREX-91

and FIFE-89 grass species group.

Figure 6 - Measurement of leaf water potential (eL) over time by species, a) KUREX-91 and b)

FIFE-89.



Figure7 - _af optical properties of dominant species at KUREX-91 as a function of _L" Leaf

optical properties were measured with SE590 (integrated over the NMLR bandwidth limits) and

NMLR, attached to an integrating sphere. Open symbols represent leaf optical properties for

waveband 3 (630-690 nm)and solid symbols represent waveband 4 (760-900 nm). a)Reflectance and

b) Transmittance.
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Table 1 - The number of samples measured for leaf optical properties for each dominant species at
KUREX-91 and FIFE-89 using the Nebraska Multiband Leaf Radiometer (NMLR) and a Spectron
SE590 attached to a LI-COR integrating sphere.

EXPERIMENT SPECIES
RADIOMETER

NMLR SE590
TOTAL

Bromegrass - Vegetative 16 10 26

Bromegrass - Reproductive 14 8 22

Reedgrass - Vegetative 28 12 40

Reedgrass - Reproductive 14 4 18
KUREX-91

Sage 2 3 5

False Hellebore 2 3 5

Strawberry 2 3 5

Big bluestem 34 10 44

Indiangrass 39 11 50

FIFE-89 Switchgrass 28 6 34

Tall dropseed 7 0 7



Table 2- Mean and standard deviation of canopy height for the selected sites of KUREX-91

FIFE-89. Sam foliage, KUREX-91 inflorescence

89 foliage, res

_le size was 45, 15 and 5 for KUREX-91

_ectively.

and

and FIFE-

Location Site Date

KUREX-91

12

13

14
imnmmunmlllml Dml eel mDInmmmDmmmml

906 August 7
FIFE-89

911 August 8

Height (cm)

Foliage Inflorescence

July 10 52.8 ±21.0 133.2 ±6.7

July 25 47.8 ± 17.4 104.4 ±8.8

July 10 14.8 ±6.8 N/A

July 15 70.6 ±20.9 112.0 ±12.4
immmmmmmmmmmDDml mmmmmDmDmmmmmmumm

29.0 ±8.7 N/A

20.0 ± 1.4 N/A



Table3 - Range of mean differences from TUKEY HSD test of leaf optical properties for individual

plant species and between plant group comparisons. Significant mean differences are below the 5%

probability level. Individual refers to data pooled together between radiometers for each species.

Group refers to data pooled between radiometers and plant group (i.e., grass or forb).

Data Comparisons
Reflectance (%)

Non-

significant Significant

Individual: KUREX-91 grass
0.2 - 2.7 2.5 - 3.7

Individual: KUREX-91

N/A

Individual: KUREX-91

and forb

forb

0.8- 4.8

grass
0.4 - 4.3

Individual: FIFE-89 grass

3.2-9.3

0.1 - 0.9 1.7 - 2.1

Individual: KUREX-91 grass

and FIFE-89 grass 0.0 - 2.5 1.9 - 5.1

0.1 - 4.6

Individual: KUREX-91 forb

and FIFE-89 grass 2.7- 7.8

Transmittance (%)

illllllllililililiillllllllilillOlllll ilillllll iiiiIIiiiliili i illlllliilillll
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ABSTRACT

Photosynthetically active radiation (PAR) absorbed by vegetation is an essential parameter

in understanding vegetative photosynthetic capacity and surface conductance used in regional and

global carbon cycle studies. This study was conducted to contrast absorbed photosynthetically

active radiation at the FIFE-89 Konza prairie site to that of the KUREX-91 steppe grassland site

and to investigate variations in relationships between absorbed PAR and spectral vegetation

indices derived from bidirectional reflectance factors. Incoming, reflected and transmitted PAR

were measured from which fractions of reflected, transmitted and absorbed PAR were computed

at selected FIFE prairie and KUREX steppe sites. Fractions of direct and diffuse PAR

transmitted through a canopy were estimated as a means of understanding results. Fractions of

absorbed PAR were much lower at the FIFE sites (ranging from 0.35 to 0.65) than those at

KUREX (ranging from 0.75 to 0.95) and can be explained by differences between leaf area

index, leaf angle distribution, and direct and diffuse sky conditions. Scattering of PAR may be
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an important parameter in canopy light penetration particularly at large LAI and large solar

zenith angles. The magnitude of spectral vegetation indices computed and plotted as a function

of the fraction absorbed did not differ considerably even though LAI and the fraction of

absorbed PAR did. Adjusting for background improved the distinction between spectral

vegetation indices at the two experimental sites. Relationships between fraction of absorbed

PAR and spectral vegetation indices derived from bidirectional reflectance factors were not

consistent over illumination and view angles.

Keywords: diffuse and direct PAR fractions, reflected and transmitted fractions of PAR,

bidirectional reflectance factor, spectral vegetation index

INTRODUCTION

Photosynthetically active radiation (PAR) absorbed by vegetation is an essential parameter

in understanding vegetative photosynthetic capacity and surface conductance values which are

useful for regional and global carbon cycle studies. The amount of radiant energy attenuated

in a canopy is a function of leaf optical properties, canopy architecture (i.e., leaf area index, leaf

angle distribution and gap fraction) and the direct and diffuse PAR fractions. The partitioning

of PAR into direct and diffuse components is dependent on atmospheric conditions and solar

illumination angle. Thus, PAR fractions intercepted (flPAR) and absorbed (fAPAR) by

vegetation are functions of canopy architecture (Richardson & Wiegand, 1989), solar zenith

angle (Pinter, 1993; Walter-Shea et al., 1993a) and atmospheric conditions (Hipps et al., 1983).

Diurnal variation in fAPAR associated with canopy architecture could significantly affect

estimates of fAPAR (Richardson & Wiegand, 1989). Remote sensing can provide data from

which flPAR(00 and fAPAR(0_) potentially can be estimated using ratios of reflected visible and
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near-infrared (NIR) radiant energy known as spectral vegetation indices (SVIs) (Asrar et al.,

1984). Two common SVIs are the simple ratio (SR=NIR/red) and the normalized difference

vegetation index (NDVI=[(NIR-red)/(NIR+red)]). Huete (1988) proposed a soil adjusted

vegetation index (SAVI = [(NIR-red)/(NIR+red +0.5]*(1.5)]) which in theory should remove the

soil contribution to NDVI.

Recent emphasis in estimating global vegetative cover and productivity has led to the use

of NOAA-AVHRR (Advance Very High Resolution Radiometer) data measured at view zenith

angles 56 ° either side of nadir to analyze biophysical parameters on regional and global scales.

Spectral vegetation indices must retain sensitivity to surface characteristics while being relatively

independent of sun and view angles if they are to provide reliable remotely-sensed estimates of

surface conditions (Pinter et al., 1987). However, SVIs have been shown to vary as a function

of illumination and viewing geometry (Wardley, 1984; Shibayama et al., 1987; Deering &

Middleton, 1990; Middleton, 1991). Nadir-derived SVIs in alfalfa changed with solar zenith

angle in a similar manner as fAPAR(0s) (Pinter, 1993). Thus, relationships between nadir-

derived SVIs and fAPAR(0s) might hold over a range of solar zenith angles (Bartlett et al., 1990;

Pinter, 1993). However, off-nadir-derived NDVI departs from the apparent nadir-derived NDVI

linear relationship with fAPAR(0s) (Asrar et al., 1992; Walter-Shea et al., 1993a). Even when

relationships kept similar form, relationships between off-nadir derived SVIs and fAPAR(0s)

were solar and view zenith angle dependent (Walter-Shea et al., 1993a) with the simple ratio

apparently the most sensitive to sun-view geometry. Sellers (1985) demonstrated through the

use of a simple radiative transfer model that SVI dependence on solar zenith angle was a

function of canopy architecture and may diminish with large LAI. However, NDVI became less
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sensitivewith sun-viewgeometrywith increasingLAI in alfalfa whileSR becameincreasingly

dependentwith sun-viewgeometrywith increasingLA/(Walter-Shea et al., 1993a).

The objectives of this paper are to 1) characterize and contrast instantaneous fractions of

absorbed PAR [fAPAR(0s)] in a moderate-cover prairie grassland (FIFE-89 sites) to that in a

high-cover steppe grassland (KUREX-91 sites) and 2) investigate variations in the relationships

between fAPAR(0s) and SVIs derived from BRFs.

MATERIALS AND METHODS

Incoming (K _,p_(0s)), reflected (K t p_(0s)) and transmitted (K _ tp_,(O_)) PAR received on a

one meter in length horizontal surface were measured with a LI-191SA Line Quantum Sensor 2

(LI-COR, Inc., Lincoln, NE 68504) above and within the prairie and steppe vegetation. PAR

components were measured at five representative plots at FIFE-89 sites 906 and 911 and

KUREX-91 sites 12 and 14. Measurements were coordinated with bidirectional canopy

reflectance measurements. Fractions of reflected, transmitted, intercepted and absorbed PAR

as functions of solar zenith angle [IRPAR(0_), fTPAR(0s), flPAR(0s) and fAPAR(0_),

respectively] were calculated from these measurements.

Fractions of reflected and transmitted PAR are simply the ratios of reflected and

transmitted PAR to total incoming PAR, i.e., K t p_(0_)/K _ p_(0_) and K J,_p_,(0s)/K _ p_(0_),

respectively. Instantaneous fractions of intercepted and absorbed PAR were calculated as:

:The use of company names and brand names are necessary to report factually on available

data; however, the University of Nebraska and NASA neither guarantee nor warrant the standard

of the product, and the use of the name by the University of Nebraska and NASA implies no

approval of the product to the exclusion of others that may also be suitable.
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fIPAR(0s) = 1 - fTPAR(0s) (1)

fAPAR(0,) = fIPAR(0s)* (1 -fRPAR(Os)) (2)

In addition,aLI-190SQuantumSensor(LI-COR Inc., Lincoln, NE 68504)wasmounted

onanA-framefor point measurementsof incomingPARandtwoLI-190Ssensorsweremounted

within the canopyat the soil surfacefor measurementsof transmittedPAR at KUREX site 14

(Fritschen, this issue).Thesemeasurementsyieldednear-continuousmeasurementsof incoming

and transmittedPAR from which fTPAR(00and fIPAR(0_)werecalculated.

The fractionsof PARtransmittedthroughthecanopywhicharedirect [fTPARb_,_(0s)]and

diffuse [fTPAR_ff,,_c(0_)]componentswereestimatedfollowing a proceduresimilar to that given

by Fuchs et al. (1984).

Diffuse sky PAR penetration into a canopy of non-scattering leaves, d(0_), was computed

as:

d(0,) = (1/70 j i f(O,ep,O,) r(0) sin0 cos0 dO d_b (3)

where 0 is the zenith angle of an unscattered ray of sky diffuse PAR between 0 and 7r/2, q_ is

the azimuth angle of the diffuse ray between 0 and 27r, f(0,_) is the relative hemispherical

radiance distribution of clear sky (Steven, 1977) and r(0) is the penetration of a ray given as

r(0) = exp (-GL/cos0) (4)



whereG is thecanopyextinctioncoefficient,L is the leafareaindexandcos0correctsfor path

lengthof the ray into thecanopyat angleO.

Scattered PAR within a canopy is small since most of the radiation is absorbed by leaves,

so that the contribution of scattered PAR to total PAR penetration through a canopy can be

considered negligible. Thus, the sum of the estimates of the sky direct and diffuse PAR

fractions penetrating a non-scattering vegetative canopy is assumed to be equivalent to the

measured transmitted fraction, frPAR(0s), so that

fTPAR(0_) = q(0s)r(0_) + (1-q(0_))d(0_) (5)

q(0_) is the ratio of direct PAR to total PAR above the canopy at 0s. Direct and total PAR were

measured at FIFE-89 whereas only total PAR was measured at KUREX-91. Thus, sky direct

and diffuse PAR components for the KUREX sites were estimated using the 5S atmospheric

radiative transfer model using average input parameters from Halthore et al. (this issue) for July

14 and 20, 1991. Estimated values of fTPAR(0s) are compared to measured values to determine

the validity of the equations from which the canopy diffuse and direct penetrated PAR

components are estimated.

Canopy radiances at FIFE-89 site 911 were measured with a Barnes model 12-1000

modular multiband radiometer (MMR). The PARABOLA (Deering & Leone, 1986) was used

to measure canopy radiances at the KUREX-91 sites.

The MMR measures reflected shortwave radiation in seven wavebands: 0.45-0.52 _m,

0.52-0.60 #m, 0.63-0.69/_m, 0.76-0.90 _m, 1.15-1.30/zm, 1.55-1.75 _m, and 2.08-2.35/zm.



The instrumentwassetwith a 15° instantaneousfield of view andwasmountedon a portable

mast that maintaineda distanceof 3.1 m from the soil surface. Reflectedradiation was

measuredfrom sevenview zenithanglesin thesolar principalplane:nadir and20, 35 and50°

to either side of nadir.

The PARABOLA wasmountedon the end of a 6m boomsupportedon a large tripod.

The PARABOLA measuresreflectedand incidentradiation in threewave bands:0.65-0.67,

0.81-0.84 and 1.62-1.69 /_m. The scanning head turns on two axes, which enables the

acquisition of radiance data for almost the complete (470 sphere in 15 ° instantaneous field of

view.

Canopy reflected data were converted to units of spectral radiance (W m 2 sr 1 /zm _)

according to the technique of Markham et al. (1988). Nadir-viewed radiances measured over

the reference panels were corrected for non-Lambertian properties following the techniques of

Jackson et al. (1987) and Walter-Shea et al. (1993b) to yield estimates of irradiance. A 1.2 xl.2

m moded sintered polytetrafluorethylene-based (Spectralon) panel (Labsphere Inc., North Sutton,

NH) and a painted barium sulfate reference panel were calibrated for use at FIFE-89 and

KUREX-91, respectively. Canopy spectral measurements were subsequently expressed as

bidirectional reflectance factors (BRFs) which correct for irradiance differences and facilitates

comparison within and among dates (Bauer et al., 1981). The BRF was calculated as the ratio

of the radiance measurements over the canopy to the irradiance estimated from a time-based

linear interpolation (to estimate irradiance at the time of individual target measurements)

(Robinson & Biehl, 1979).
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The Normalized Difference Vegetation Index (NDVI), Simple Ratio (SR) and Soil

AdjustedVegetationIndex (SAVI) were computedusing BRFs collectedfrom the multiband

radiometersover vegetation representativeof the vegetation from which fIPAR(0s) and

fAPAR(0s)weremeasured(Walter-Sheaet al., 1992; Eck & Deering, this issue).

RESULTS AND DISCUSSION

Instantaneous fractions of absorbed PAR (fAPAR(0s)) decreased with increasing solar

zenith angles at high LAI KUREX-91 site 14 over solar zenith angles of 37 to 72 ° and ranged

in value from 0.75 to 0.95 (Figure 1). In contrast, data collected at the First ISLSCP Field

Experiment in 1989 (FIFE-89) and KUREX-91 site 12 indicated fAPAR(0s) values increased or

remained constant as solar zenith angle increased over a range of 20-50 ° (see Walter-Shea et al.,

1992). Also, lower LAI, especially at FIFE-89 sites, yielded considerably smaller fAPAR(0s)

than those at KUREX-91. Instantaneous fractions of reflected PAR [fRPAR(0s)] were small at

all sites and tended to increase or remain constant as solar zenith angle increased at all sites

regardless of LAI (Figure 2). Diurnal variations in transmittance were strong in canopies of low

LAI. Instantaneous fractions of transmitted PAR [fTPAR(0s)] at KUREX-91 site 14 increased

as solar zenith angle increased but decreased at all other sites (note: range of solar zenith angle

was not consistent at all sites). Point quantum sensors indicated that fTPAR continued to

increase beyond those measured with the line quantum sensor as solar zenith angle increased.

(Note: continuous measurements of fTPAR(0_) agree well with the discrete measurements from

the line quantum sensor with a mean relative error of -1.8%). As a result fAPAR(0_) at site 14

decreased with solar zenith angle while at all other sites mean fAPAR(0s) generally increased

as solar zenith angle increased over the range of measurements (Fig. 1). Contrasts in fAPAR
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diurnal variationhavebeenreportedelsewhereandattributedto leafdisplayand row structure

(Richardson& Wiegand, 1989).

A simplecanopyradiativetransfermodel describingtransmittedsky direct and diffuse

PAR fractionspenetratingacanopywasusedto investigatetheeffectof canopyarchitectureand

sky condition on fTPAR(0s). Transmitted PAR fractions were estimated following the

proceduresdefinedin Eqs. (3-5)usingvaluesof GandLM representativeof theselectedFIFE-

89 andKUREX-91 sites(seeMesarchet al., this issue). A G value equal to 0.5 (representing

a canopy with a spherical leaf angle distribution) and LAIs equal to 3.9 and 5.6 were used to

represent KUREX-91 sites 12 and 14, respectively. A G value equal to 2(sin0s)/Tr (representing

a canopy with a vertical leaf angle distribution) and LAIs of 1.5 and 1.9 were used to represent

FIFE-89 sites 911 and 906, respectively. Estimated tTPAR(0s) agreed within 15% MRE for

FIFE-89 sites and KUREX-91 site 12 (with LAI less than 4) while agreement was slightly larger

than 20% at site 14 with LM of 5.6 (Fig. 3). The gross estimates indicate that most of

t_PAR(0s) is explained by LM, leaf angle distribution and sky PAR components. Model

estimates of fTPAR(0_) decrease with increasing solar zenith angle as was observed at FIFE-89

and KUREX-91 site 12 (as was observed for wheat at limited solar zenith angles (Richardson

& Wiegand, 1989). The results were contrary to measured values at KUREX site 14 (see Figure

2), especially at large solar zenith angles. Scattering of PAR by canopy elements may be a

particularly important component of the interaction not represented in the simple model,

especially at large LAI. Wheat canopy of large LAI resulted in small fTPAR regardless of sky

condition indicating LAI is of great importance at full cover (Hipps et al., 1983).
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Spectralvegetationindicesvaried with solar and view zenith angles (seealso Eck &

Deering, this issue)asfound elsewhere(Wardley, 1984;Shibayamaet al., 1987; Deering &

Middleton, 1990; Middleton, 1991). NDVIs were symmetrical about nadir for KUREX-91 site

14 while those for KUREX-91 site 12 and FIFE-89 sites 906 and 911 were asymmetrical about

nadir (Fig. 4). Values of NDVI derived from BRFs varied in value from approximately 0.70

to 0.85 for KUREX-91 site 14 data while the NDVI values for KUREX-91 site 12 varied from

0.65 to 0.80 (Fig. 4a). Values of NDVI varied in value from 0.60 to 0.85 and 0.55 and 0.75

at FIFE-89 sites 911 and 906, respectively (Fig. 4b). SR and SAVI values varied in a similar

manner.

Relationships between fAPAR(0s) and SVIs derived from various BRFs were not consistent

over illumination and view angles (Fig. 5) as has been shown in alfalfa (Walter-Shea et al.,

1993a), prairie (Walter-Shea et al., 1992) and through modeling exercises (Asrar et al., 1992).

Nadir-derived NDVI generally increased as fAPAR(0s) increased at FIFE and was fairly constant

at high LAI at the KUREX-91 site 14. Connecting the nadir values across experiments gives

a "continuum" of fAPAR yielding an expected pattern of NDVI increasing as fAPAR increases

which saturates at high fAPAR(0s). Note that the NDVI value at the largest fAPAR value at

FIFE-89 (0.55) was similar to the NDVI value at the largest fAPAR value at KUREX-91 (0.95).

SAVI yields a more reasonable contrast in indices from these two experimental sites. Also,

angular effects in SAVI as a function of fAPAR appear reduced. If a priori information on LAI

of the sites is known, the separation between SAVI at the sites would be greater since the

adjustment factor would equal 1 for KUREX-91 sites (SAVI would be equal to NDVI). Similar

trends as with NDVI occur with SR.
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In summary, reflected PAR was similar in magnitude and diurnal variation at selected

FIFE-89 and KUREX-91 sites. However, the diurnal variation in transmitted PAR fraction

varied considerably between the two research sites and was a dominant component at the FIFE-

89 sites. As a result, fAPAR at KUREX-91 decreased with increasing solar zenith angle or

remained constant while fAPAR at FIFE-89 increased. Leaf area index, leaf angle distribution

and the direct and diffuse sky components explained the majority of transmitted PAR as

determined through a simple canopy radiative transfer model. Results indicated scattering of

PAR by canopy elements may be an important component in radiation penetration, particularly

at large LAI and large solar zenith angles. Spectral vegetation indices varied as a function of

fAPAR according to LAI and view zenith angle. NDVI and SR values at FIFE-89 and KUREX-

91 were similar in magnitude even though LAI and fAPAR were quite different between the

sites. Expected separation in spectral vegetation indices between sites occurred using SAVI.

Background effects are of particular concern in estimating LAI and fAPAR using remote sensing

in areas of incomplete vegetative cover.
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List of Figures

Figure 1. Instantaneousfraction of absorbedphotosyntheticallyactive radiation (fAPAR) as

a function of solar zenithanglefor FIFE-89 Konzaprairie sites906 (August6) and 911 (July

28, August4, andAugust8) andKUREX-91 steppesites12 (July 14)and 14(July 20and21).

Lines representregressionfit to thedata.

Figure 2. Instantaneousfractionsof reflectedand transmittedPAR (fRPAR and frPAR),

respectively)asafunctionof solarzenithanglefor FIFE-89KonzaPrairie site906and911 and

KUREX-91 steppesites 12 and 14. Closedsymbols representfRPAR and open symbols

representfTPAR. Solidline indicatesnear-continuousfI'PAR measuredby twosensorsmounted

nearthe soil surfaceat site 14.

Figure 3. Comparisonof estimatedand measuredinstantaneousfraction of transmitted

photosyntheticallyactiveradiation[fTPAR(0_)]for FIFE-89 sites906 and911 andKUREX-91

sites 12and 14. Lines representregressionfit to the data.

Figure 4. Normalized Difference Vegetation Index (NDVI) calculatedfrom bidirectional

reflectancefactorsasafunctionof view andsolarzenithangles, a)KUREX-91 sites12and 14.

b) FIFE-89 sites 906 and 911. Positive view zenith angles representview angles in the

backscatterdirection, negativeview zenithanglesrepresentview anglesin the forward scatter

direction.
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Figure 5. Spectralvegetationindices calculated from bidirectional reflectance factors as a

function of instantaneous fraction of absorbed photosynthetically active radiation in the

backscatter, forward scatter and nadir direction. Spectral vegetation indices at large fAPAR are

from KUREX sites, a) Normalized Difference Vegetation Index (NDVI) and Soil Adjusted

Vegetation Index (SAVI). Closed symbols represent NDVI, open symbols represent SAVI. b)

Simple Ratio (SR) Vegetation Index.
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INTRODUCTION

Net radiation (Rn) is the balance of the incoming ($) and outgoing (f) shortwave

radiation (0.3 /_m-3.0 #m) and longwave radiation (3.0-100 #m) streams

Rn = Rst - Rs! + RlL - R/T, (1)

where Rs is the shortwave radiation and RI is the longwave radiation. Net radiation is the

quantity of energy available at the earth's surface to drive the processes of photosynthesis,

heating of the air and soil, the evaporation of water and miscellaneous processes such as

respiration (Rosenberg et al., 1983).

Thermal infrared scanners and hand-held infrared thermometers (IRTs) have been used

to measure plant canopy and surface temperatures (e.g., Fuchs and Tanner, 1966; Blad and
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Rosenberg, 1976; Pinter and Reginato, 1982; Jackson, 1983; Hatfield et al., 1984). For most

remote sensing applications, earth surface features are assumed to be opaque to thermal radiation

so that its transmissivity is equal to zero (Lillesand and Kiefer, 1979). Good estimates of total

outgoing thermal radiation (hemispherical) using IRTs with restricted fields of view can be

obtained if the IRT view zenith angle is about 40-45 degrees (Vining and Blad, 1990).

The objective of this paper is to evaluate various methods for estimating the latter two

terms in equation (1), especially the R1 t term, and determine those methods which provide the

best estimates of these longwave streams. In a companion paper (Blad et al., 1993) values of

the longwave balance obtained with the best methods as determined in this study are combined

with the shortwave balance fluxes [the first two terms on the right-hand side to equation (1)] to

give estimates of Rn. Jackson et al. (1985) estimated R1 t in Eq. (1) using remotely sensed data

and estimated RI 4, with Brutsaert's (1975) equation

R/I --- (oT 4) [1.24(eo/T)lrr], (2)

where tr is the Stefan-Boltzmann constant, T is the air temperature (K) and eo is the actual vapor

pressure of the atmosphere. Using the values of the longwave radiation streams estimated in this

manner in combination with estimates of the shortwave radiation balance, Jackson et al. obtained

estimates of Rn that were in close agreement with measure values.

EXPERIMENTAL SITES AND METHODS

The research reported herein was conducted as part of a NASA sponsored experiment

known as FIFE (First ISLSCP Field Experiment; see Sellers et al., 1988), which was conducted

on or near the Konza Prairie in Kansas during the growing seasons of 1987, 1988 and 1989; and
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theKUREX-91 experimentconductedon theStreletskayaSteppeReservein RussiaduringJuly

1991.

FIFE was initiated in the late spring/earlysummerof 1987. Basedupon vegetative

phenology,four intensivefield measurementanddatacollectionperiodswereconductedin 1987.

We alsocollecteddatabetweenthe 1987intensivefield campaigns(IFCs) duringMay, July, and

Augustof 1988, andduringJuly andAugustin 1989.

The KUREX-91 experimentwasconductedduring July 1991with databeingcollected

from two grasslandsites---onemowedin 1987but not 1990or 1991,anda secondsite which

hadnot beenmowedfor severalyears.

A calibrated,eight-channelBarnesModular Multiband Radiometer(MMR) Model 12-

1000(Robinsonet al., 1982) was used during the FIFE studies to collect emitted radiation from

the surfaces of observation. Channel 8 of the MMR recorded emitted longwave radiation in the

10.4 _m-12.5 _m region. Thermal calibration of the MMR was performed prior to and after

data collection in 1987 according to Jackson et al. (1983), and after the experimental period in

1988. A specially designed portable mast held the MMR approximately 3.1 m above the soil

surface. The MMR, with a field-of-view (FOV) of 15 °, produced a circular view spot with a

diameter of approximately 0.8 m when pointed at nadir. The mast was tilted to collect data

from seven view zenith angles, i.e., nadir and 20, 35 and 50 ° to either side of nadir. The

outgoing hemispherical longwave radiation was calculated using the average temperature of the

+35 ° view zenith angles in the solar principal plane.

A Scheduler Plant Stress Monitor, hand-held infrared thermometer (IRT) was used to

obtain the directional outgoing thermal radiation during the KUREX-91 study. IRT readings

were taken facing the four cardinal compass points in five 2 m x 2 m plots at each site. The

IRT was held at an angle of about 45 ° approximately 1.5 m above the soil surface, and three
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readings were taken for each direction. Outgoing hemispherical longwave radiation was

calculated using the average of the 12 IRT temperatures taken per plot.

Eppley pyrgeometers, which measure hemispherical longwave radiation in the region 4.0

ktm-50.0 #m, were located near the sites where the MMR data were collected. Enz et al. (1975)

noted that during clear days the dome of the pyrgeometers would absorb solar radiation and

radiate longwave to the thermopile causing the pyrgeometer output to be too high. Albrecht et

al. (1974) noted similar problems. Subsequently, Albrecht and Cox (1977) developed

procedures for calibrating the pyrgeometer, thereby improving data quality. Their calibration

equation was given as

E
- L - Eors 4 + ko(Td 4 - rs4), (3)

where

E

L

Ts

Td

E

17
k

= sensor output,

= incident irradiance,

= Stefan-Boltzmann constant,

= sink temperature,

= dome temperature,

= emissivity of the thermopile,

= instrument sensitivity, and

= a constant.

k is determined during the calibration, and rl is supplied by the factory.

The pyrgeometers used in these studies were calibrated using the procedures of Albrecht

and Cox (1977). However, due to equipment and laboratory limitations the values of k were
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erroneous so we used a value of k = 52. The factory supplied value for _ and a k of 5 were

used in Eq. (3) to calculate incoming longwave radiation.

The incoming longwave models evaluated in this paper, and discussed below, require air

temperature and/or actual vapor pressure of the air. During the FIFE and KUREX-91 studies,

these parameters were measured with a Scheduler Plant Water Stress Monitor, a modified and

enhanced hand-held infrared thermometer manufactured by the Carborundum Company of Solon,

Ohio. Random checks of the parameters measured with the Scheduler were made against

measurements made with other instruments during experimental periods and were found to show

good agreement.

Estimates of RI 4,

Several researchers have developed empirical and/or theoretical formulae to estimate

incoming longwave radiation. These formulae, generally, require that one or more of the

following be known: 1) fraction of cloud cover, 2) air temperature at shelter height, 3) vapor

pressure at shelter height, 4) elevation of surface above mean sea level, and 5) incident solar

radiation. Because we collected data only under clear skies, the discussion here is limited to

clear sky incoming longwave radiation models.

Brunt (1932) produced a simple algorithm whereby the downward flux of longwave

radiation is a function of air temperature (T), in degrees Kelvin (K), and the actual vapor

pressure (eo) in millibars [mb]:

2Smith, Eric. Department of Meteorology, Florida State University, Tallahassee, Florida, personal
communication.



Rl_ : oT 4(a + belon), (4)

where a and b are empirically derived constants. For data pertaining to the northern

hemisphere, Brunt found values for a and b to be 0.52 and 0.065, respectively.

Monteith (1961), in an effort to redefine the constants of the Brunt formula, found

Rlt = oT4(0.53 + 0.065eo_:_). (5)

Because the value of b is the same in (3) and (4) and a differs only by one one-hundredth, we

used

Rlt = o T4 (0.525 + 0.065eo_/2), (6)

a reasonable compromise.

Brutsaert (1975) analytically derived an equation (Eq. 2) for atmospheric emissivity

which was used to estimate clear-sky incoming longwave radiation. This equation incorporates

both eo and T.

Swinbank (1963) believed that the importance of water vapor's contribution to longwave

radiation was exaggerated. With this premise in mind, he developed an equation to estimate

incoming longwave radiation based only on air temperature at shelter height. This equation is

R/I = (5.31 x 10 -14) (T6). (7)

Swinbank's work has received some criticism for being too empirical and not taking into account

a wider range of atmospheric conditions (Discussion, 1964), among other concerns.
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Deacon(1970)showedthatEq. (7) couldbederivedfrom theknowledgeof atmospheric

emission. Additionally, he suggestedthat the valueobtainedfrom Eq. (7) shouldbe adjusted

to accountfor atmosphericpressureat thepoint of observation.This correctiontakesthe form

R/l -- Rsb - 0.035(z/1000) oT 4 (8)

where R_b is the value obtained from Eq. (7) and z is the height of the station above mean sea

level in meters.

Paltridge (1970) further suggested that the values obtained from the formula of Swinbank

would be too high during the day because of a bias in Swinbank's model towards inversion

conditions. Comparison of measured incoming longwave to values derived from Eq. (7) led

Paltridge to state that it overestimated by about 30 Wm 2 for hourly averages.

Idso and Jackson (1969), like Swinbank, developed a procedure tbr calculating incoming

longwave radiation based only upon screen-level air temperatures. Their equation was developed

from a wider range of air temperatures than that of Swinbank. Idso and Jackson wrote their

equation as

R/l = oT 4 [1-c(exp-d(273-7)2)], (9)

where c = 0.261 and d = 7.77 x 10 4.

Aase and Idso (1978) compared Eq. (9) to the formula of Brutsaert for the purpose of

evaluating the performance of each at temperatures lower than 0°C. Using daily averages of air

temperature and humidity obtained at Sidney, Montana it was observed that the Brutsaert method

always underestimated the true value while that of Idso and Jackson underestimated, matched,

and then overestimated RI _, as the air temperature went from 0 ° to -37°C. These findings led
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Satterlund(1979) to suggestan equationfor better prediction of incoming longwavewith

extremesin air temperatureandhumidity. Usingthedatasetsof AaseandIdso(1978)andStoll

andHardy (1955)he developedthe following empirical equation:

R/t = (oT 4) (1.08) [1-exp(-eo _°16) 1. (10)

Satterlund compared results from Eq. (10), using the data sets of Aase and Idso (1978) and Stoll

and Hardy (1955), to the results obtained from the algorithms supplied by Brutsaert (1975) and

Idso and Jackson (1969). He found that Eq. (10) gave the best fit to the data.

Idso (1981) noted that several of the longwave equations (Brunt, Swinbank, Idso and

Jackson, Brutsaert) did not compare well at all times, particularly when the air temperature fell

below 273 K. He further noted that work on atmospheric water vapor dimers may explain why

these particular longwave models do not compare well to measured values at all air

temperatures. Therefore, Idso sought to provide a longwave model based upon existing

knowledge of absorption/emission in the 8 to 14 #m waveband while incorporating the water

dimer hypothesis. Two equations emerged from his work:

Rll -- (o T 4) (0.179eo_rrexp (350/73) (11)

Rll = (oT 4) [0.70 + 5.95 x 10 -s eoexp(1500/T)] (12)

Air temperature and/or actual vapor pressure measurements are needed in the above

equations. The Scheduler records air temperature and vapor pressure deficit (VPD). If air



temperatureandVPD areknown, thenactualvaporpressurecanbedeterminedin thefollowing

way

eo = (6.108) (lOa/b) - VPD (13)

where

e o

a

b

= actual vapor pressure [mb]

= (7.5) (T)
= 237.3 + T

and T is the air temperature in °C. The VPD as given by the Scheduler is in units of kPa and

is converted into units of [mb] by multiplying by 10 before use in Eq. (13).

Equation (13) was used to estimate actual vapor pressure for the FIFE 1987, 1989 and

KUREX-91 data sets, and for four of seven days of the 1988 data set. Due to equipment

problems Scheduler data were not available for the other three days of data collection in 1988

so an alternate data source was used. For these days dry (Td) and wet (Tw) bulb temperatures,

measured at a height of approximately two meters on Portable Automated Mesonet (PAM)

stations, were used. Wet and dry bulb temperatures can be used to calculate estimates ot_ eo

from

e ° = e s - AP(Td-Tw) (14)

where

es = 6.108(10_t_ (15)



A = 6.6.10 -4 (1 + 1.15.10-3,Tw) (16)

A is in units of °Cl, and a and b are defined in Eq. (13). P is a pressure term, and for this

study was set equal to 966 rob.

Statistical Methods

Willmott and Wicks (1980) and Willmott (1981, 1982) raised concerns about the

exclusive use of r and r2 in the context of model performance evaluation. Willmott (1981) noted

that very dissimilar values of estimates and measurements can produce an r very near one.

Moreover, small differences between measured and estimated quantities can produce a low or

even negative r (Willmott and Wicks, 1980). A statistical parameter, the d index of model

agreement, was proposed by Willmott (1982). Used in conjunction with other common

statistical measures, d aids in evaluating the accuracy of models. A d= 1 indicates complete

agreement between modeled and measured values, a d=0 indicates complete disagreement.

Mean bias errors (MBE) describe the average deviation of the predicted values from the

measured values. Root mean square errors (RMSE) describe the average total error in the

estimating procedure and can be partitioned into a random or unsystematic component (Eu) and

a systematic component (Es).

Unsystematic errors may occur because of unobserved intermittent instrument problems,

inconsistent data collection techniques, or random variations in the phenomena being observed.

These random errors can be visualized as a measure of clustering about a regression line drawn

through a cloud of points. Large random errors would occur if data points were greatly

dispersed and small random errors if points were tightly clustered about the regression line.
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Systematicerrorsmayariseduetoconsistenterror inexperimentalprocedure,instrument

calibrationerror, or in thepredictingequation. Theseerrorsmaybe thoughtof asthedistance

from the one-to-oneline to the regressionline. If the distanceis large, there is a large

systematicerror, while a small error indicatesthe two lines are in closeproximity.

Mean relative error (MRE) is the averagepercentagethat the estimatesover or under

predict relative to the measuredvalues.

RESULTS

Equations(2)and(6-12)wereusedto computeestimatesof incominglongwaveradiation.

Valuesof incominglongwaveradiationestimatedwith Eqs. (7) (Swinbank'smodel) and (8)

(Deacon'smodel)werereducedby 30Wm 2 based upon the suggestion of Paltridge (19770), and

will be referred to as MSw and MDc, respectively. The results from the ten algorithms were

compared to simultaneously measured values recorded by the pyrgeometers, located nearby.

Estimates derived from the incoming longwave radiation models were compared to

measured values and statistically analyzed for the 1987 (Table 1) and 1988 (Table 2) data sets.

Comparison of the information in Tables 1 and 2 indicates that all models performed better in

1988 than in 1987, as manifested by the d, r, and r2 statistics. Eq. (12) shows the largest MBE

in both years and MSw and MDc exhibit the smallest. Most of the models have an MRE of less

than 10%, exceptions being Eq. (9) and (12) in 1987 and Eqs. (2) and (12) in 1988. Eq. (10)

possesses the largest RMSE in both years while the MSw and MDc models have the lowest, for

both 1987 and 1988. The random error (Eu) is small and lies between 10 Wm 2 and 20 Wm 2

for all models in both data sets. However, the systematic error (Es) is large for all models,

except for MSw and MDc. In these two cases Eu is two to four times larger than Es.
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In regardsto the low biasesin MSw andMDc, we shouldrecall that Paltridge (1970)

noteda 30Wm2 overestimationin valuesproducedfrom Eq. (7). We alsonote thatEq. (8) is

anelevationcorrectionto Eq. (7) andthefindingsof Paltridgeapplyequallywell to it. Es for

Eqs. (7) and(8) is approximately30Wm-2for the 1987dataset, andis 33Wm-2and26Wm2,

respectively,for the1988dataset. Thus,thefindingsof Paltridge(1970)arecorroboratedhere,

asevidencedby thesmall biasesof the MSw andMDc models.

The objectbehindtheevaluationof theselongwaveradiationmodelsis to find one that

will consistentlyyield acceptableestimatesof R1_. Of thosemodelsevaluated,theMDc model

performedbestoverall--a modelwhich requiresonly air temperatureandstationelevationas

input. If the elevation information is not available,the MSw model would also work well.

Except for Eq. (11), the modelsusingeoandT did not perform aswell as Eq. (6) or MDc.

Idso (1981)expressedsomereservationsabouttheuseof Eq. (11) andsuggestedthat Eq. (12)

is generallymoreuseful.

DISCUSSION

We noted above that the RI _, models performed better in 1988 than in 1987. An obvious

question is why? First, we recall that the 1987 R1 _, estimates were all derived from input

obtained from the Scheduler, whereas part of the 1988 RI _ estimates were derived from wet and

dry bulb temperatures measured at PAM stations. We separated the 1988 R1 _ estimates into

those obtained via PAM input and those using Scheduler data, and statistically analyzed them

(Table 3). From Table 3 it is observed that each d statistic is lower for each model, in each of

the two separate cases, than when all the data are combined (Table 2). Thus, there is a

synergism when the PAM-derived RI _ estimates are combined with those derived from the

Scheduler data. We further observe that the PAM-derived estimates are generally further away
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from their measuredmean,as indicatedby MBE and Es, thanare their Scheduler-derived

counterparts.Additionally, themeasuredmeanfor thePAM datasetis approximately36Wm2

lower than themeasuredmeanfor the total dataset (Table2), but themeasuredmeanfor the

Schedulerportion of the data set is approximately24 Wm-2higher. There appear to be

compensatingerrors in the 1988total datasetwhich give rise to higherd andr statistics,than

thoseof the 1987dataset. As a final notein theseregards,wenotethatthe d statisticsfor the

Schedulerportion of the1988datasetaremorein linewith thoseof the1987datasetthanthose

d statisticsfrom the PAM-derivedportion.

Except for Eq. (12), Es varies little between the 1987 and 1988 Rll data sets,

particularly if we only considerthe Schedulerportion of the 1988dataset. Therefore, we

suggestthatestimatesderived from Eqs. (2), (6), and(9-12)be reducedby theamountsshown

in Table4.

Basedon resultsfrom the 1987and 1988FIFE studies,a subsetof the modelswas

evaluatedusing FIFE-89andKUREX-91 data. Thestatisticalinformationon the performance

of thosemodelsis given in Table3.

The Brunt model gave the best estimatesof incoming longwave radiation for the

KUREX-91 dataset,while the Deacon,modifiedSwinbank,andBrunt modelsall performed

well usingtheFIFE-89data. Usingthis information, theBrunt modelwasselectedto estimate

the incominglongwaveradiation streamsfor use in estimatingthe net radiation. The model

outputswere not adjustedby subtractingthe 30 Wm-2bias error, asshownin Table4.

Themodeledincominglongwaveradiationflux densitiesfor theFIFE-89andKUREX-91

areplotted againstthe measuredincoming longwavein Figure 1. There is good agreement

betweenthe measuredandmodeledvalues. TheKUREX-91 data tended to cluster around the

1:1 line, but were restricted to a narrow range of RI # values, ranging from about 280 to 350
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Wm "2. The FIFE-89 data covered a much wider range of R1 _ values and showed a distinct

tendency for the modeled values to overestimate RI_ compared to the measured values,

especially at the higher RI* flux densities. Adjusting the data by subtracting 30 Wm -2 would

have brought the FIFE-89 modeled and measured values into closer agreement, but would have

caused the model values for the KUREX-91 study to underestimate the RI _ flux densities.

To complete the longwave radiation balance for the FIFE-89 and KUREX-91 studies, the

outgoing longwave radiation flux densities were calculated from the surface temperature data.

The results are shown in Fig. 2 and in Table 6. There is very good agreement between the

measured and estimated values (MRE of 1 and 2% for the KUREX-91 and FIFE-89 data,

respectively), especially at flux densities between 375 and 450 Wm 2.

The results of these studies suggest that the components of the longwave radiation balance

can be adequately estimated using the Brunt equation for estimating RI_ and the surface

temperatures measured by IRTs with view zenith angles of 35-45 °.
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Table 4. Overestimates (biases) found in the RI ,_ models.

Model Name Equation # Bias

Brutseart 2 35 Wm 2

Brunt 6 30

Swinbank 7 30

Deacon 8 30

Idso-Jackson 9 40

Satterlund 10 35

ldso 1 11 30

ldso 2 12 60
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LIST OF FIGURES

Fig. 1. Flux densities of incoming longwave radiation estimated with the Brunt equation (1932) compared

with measured values at FIFE-89 and KUREX-91. The solid line is the l:l line.

Fig. 2. Flux densities of outgoing longwave radiation estimated from average canopy temperatures

measured with the MMR thermal channel (+35 ° view zenith angle in the solar principal plane)

at FIFE-89 and with the IRT (Scheduler at 45 ° view zenith angle in the four cardinal directions)

compared with measured values. The solid line is the I:1 line.
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ABSTRACT

Net radiation (R.n) is the major source of energy for evaporating water, heating the soil and air, and photosynthesis.

The objective of this study is to estimate this important parameter with various models that have been developed

to estimate the radiation balance components with remotely sensed data, and readily available meteorological data.

Data used in this paper were collected over grassland vegetation during the FIFE-87, -88, -89 studies and the

KUREX-91 study. For all studies estimated values of Rn were within about 10% of measured Rn. For the

KUREX-91 study, measured and estimated Rn agreed to within about 1%. Improvement in a model(s) to estimate

the reflected shortwave flux would provide an even better estimate of Rn since in all studies the reflected radiation

stream was overestimated compared to the measured values. There was no clear trend for under or overestimation

of incoming shortwave radiation from study to study. Components of the longwave balance were estimated with

low mean relative errors when the incoming longwave flux was corrected for a bias in clear daytime values. Thus,

it appears feasible to use remotely sensed data to estimate the incoming and outgoing shortwave radiation fluxes and

the outgoing longwave radiation flux and to combine these fluxes with estimates of the incoming longwave radiation

flux estimated from models which incorporate air temperature and vapor pressure data.

Keywords: net radiation, radiation balance, reflected radiation, albedo, remote sensing
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INTRODUCTION

Netradiation(Rn)is thebalanceof theincoming(_) andoutgoing(_) shortwave(0.3/_m-4.0/_m)and

longwave(4-100/_m)radiationstreamsasshownin Eq.(1)where

Rn : RsL - l?sT + R/_ - R/r, (1)

where Rs is the shortwave (solar) radiation and RI is the longwave radiation. Rn is the fundamental quantity of

energy available at the earth's surface to drive the processes of photosynthesis, evaporation of water, and heating

of the soil and air (Rosenberg et al., 1983). It varies spatially and temporally. It can be measured at specific

locations with net radiometers, but since it is strongly influenced by the surface over which it is measured, it is

difficult to extend measurements made at a specific location to other sites, especially if the surfaces are

heterogeneous. However, the shortwave and longwave incoming radiation components of net radiation are

essentially independent of surface conditions so that ground point measurements of these components can be

extrapolated to regional scales or can be estimated using radiative transfer models.

Remote sensing offers the potential to estimate reflected and emitted radiation from different types of

surfaces and over areas of various sizes. Satellites and other remote sensing instruments measure only part of the

total energy reflected from a surface whereas the total hemispherical reflectance or hemispherical emittance is

required to compute the radiation balance (Eq. 1). Therefore, it is necessary to develop algorithms and techniques

to estimate hemispherical reflectances and ernittances using spectral data collected by remote sensors with restricted

fields of view and over discrete wavebands. To extend discrete wavebands at limited viewing directions to cover

the full spectrum hemispherically, the fractional contribution from each waveband must be multiplied by an

appropriate weighting coefficient and summed to represent the total reflected radiation.

The incoming shortwave radiation component is typically measured with an upright pyranometer. Point

measurements of incoming shortwave may be extended to a much larger area if atmospheric scattering and absorbing

properties are assumed to be uniform over the region. Radiative transfer models are useful for estimating incoming

conditions (e.g., the complex model of Dave et al., 1975 and the simple model of Bird & Riordan, 1984). Others

have evaluated use of satellite data to produce estimates of incoming shortwave at the spatial resolution of a given

sensor (Hanson, 1971; Tarpley, 1979; Gautier et al., 1980; Diak & Gautier, 1983). Starks, et al., 1991 describes



anapproachtoestimateRs_fromradiationreflectedfromabariumsulfateormolded,halon panel measured with

a spectral radiometer.

A number of studies have been undertaken to estimate reflected shortwave radiation streams or surface

albedo using data from instruments which measure spectral reflectance with restricted fields of view and then to

compare these estimates with values measured with hemispherical pyranometers (Jackson, 1984; Irons et al., 1988;

Starks et al., 1991). The Starks et al. method was employed in 1987 and 1988 at the FIFE site and yielded

estimates of Rs t with mean relative errors of about 20-25 %.

The R1 _ term in Eq. 1 is typically measured with an upward-facing pyrgeometer. Numerous empirical

and/or theoretical formulae to calculate incoming longwave radiation have been developed. Simple formulae for

clear sky conditions were evaluated and are discussed in a companion paper (Starks et al., this issue). The RI f

term can be estimated from surface temperature measurements made with infrared thermometers or thermal

scanners. A brief discussion of this approach is also given in the Starks et al. (this issue) paper.

Jackson et al., (1985), Daughtry et al., (1990), and Kustas & Daughtry (1990) have shown the potential

of remote sensing to estimate net radiation using slightly different methods from those described in this paper. The

primary objectives of this study are: (1) to test the validity of the procedure proposed by Starks et al. (1991) to

estimate the shortwave radiation balance from grassland surfaces for the KUREX-91 and FIFE-89 studies using

spectral bidirectional reflectances and (2) to combine these estimates of the shortwave radiation balance with

estimates of the longwave radiation balance discussed in a companion paper (Starks et al., this issue) to test the

feasibility of estimating net radiation using remotely sensed data. Measurements made during FIFE-87, -88, -89

and KUREX-91 are used to evaluate the approach proposed by Starks (1990) to estimate Rn.

MATERIALS AND METI:IOD

Experiments were conducted on the Konza Prairie (Kansas, USA) during the FIFE-87, -88, -89 studies and

on the Streletskaya Steppe Reserve (Russia) during the KUREX-91 experiment. Canopy shortwave spectral

bidirectional reflectance, directional canopy temperature and the various components of the radiation balance

(incoming and outgoing shortwave and longwave radiation streams) were measured. FIFE-89 data were obtained



fora burned, ungrazed grassland site. KUREX-91 data were taken at two grassland sites--a site mowed in 1989

but not in 1990 or 1991 (site 12), and one which had not been mowed for several years (site 14).

The FIFE-87 and -88 data were obtained from sites of varying vegetative condition. At the different sites,

leaf area indices ranged from 0.3 to 3.0. Some sites were heavily grazed, others were not grazed or burned for

many years. Sites were located on lowlands, hilltops and slopes of varying aspect and inclination.

Bidirectional reflectance data were obtained with a Barnes: Model 12-1000 Modular Multiband Radiometer

(MMR) at the FIFE-87 through -89 sites and with the Goddard PARABOLA instrument (Deering & Leone, 1986)

at the KUREX-91 sites.

The MMR measures reflected shortwave radiation in seven wavebands: 0.45-0.52 _tm, 0.52-0.60/zm, 0.76-

0.90/_m, 1.15-1.30 _tm, 1.55-1.75/_m, and 2.08-2.35/zm; and emitted radiation in the 10.5-12.5/_m waveband.

The instrument was set with a 15 ° field of view and mounted on a portable mast that maintained a distance of 3.1

m from the soil surface. Measurements were made from seven view zenith angles in the solar principal plane: nadir

and 20, 35 and 50 ° to either side of nadir. Incident radiation was estimated from MMR measurements made

approximately every 30 rain over a calibrated painted barium sulfate panel for FIFE-87 and over a calibrated 1.2

x 1.2 m molded, sintered polytetrafluorethylene-based (Spectralon) panel (Labsphere Inc., 2 North Sutton, NH)

during FIFE-88 and -89.

The PARABOLA was mounted on the end of a 6 m boom supported on a large tripod. The PARABOLA

has a 15 ° field of view and measures radiation in the 0.650-0.670, 0.810-0.840 and 1.620-1.690 _m waveband

region. The scanning head turns on two axes, which enables the acquisition of radiance data for almost the

complete (4_r) sphere. Irradiance is estimated from the nadir position over a calibrated painted barium sulfate

reference panel. For this study, only the PARABOLA reflected data in the solar principal plane were used to

simulate conditions under which the MMR collected data.

The method of Walthall et al. (1985) was used to simtdate directional hemispherical reflectance from the

solar principal plane reflected data. The SPECTRAL 2 model developed by Bird and Riordan (1984) was used to

develop weighting coefficients to extend the spectral data collected by the MMR and PARABOLA to the entire solar

_Use of company or tradenames is for informational purposes only and does not imply endorsement by the University of
Nebraska, the United States of Agriculture, or the National Aeronautics and Space Administration.



spectrum.Theapproachof Starks et al. (1991) was then used to combine the directional-hemispherical reflected

radiance with weighting coefficients to produce estimates of surface albedo.

Each component of the radiation balance was measured using instruments mounted on an A-frame which

was moved from site to site and/or from instruments mounted on the SERBS system at the KUREX-91 sites

(Fritschen, this issue). At the KUREX-91 sites incoming and reflected shortwave components were obtained from

Eppley Precision Spectral Radiometers z (PSP) in association with PARABOLA measurements (Deering and Eck,

this issue). Incoming and outgoing longwave radiation streams were measured with Eppley Precision Infrared

Radiometer PIR pyrgeometers 2. Net radiation was measured with REBS net radiometers mounted on the A-frame

1-1.5 m above the top of the vegetation. For the FIFE-89 studies all components of the radiation balance were

measured from instruments mounted on a portable A-frame, or from automated mesonet stations located near the

sites where remotely sensed data were collected. These instruments included an upright and inverted Eppley

Precision Spectral Radiometer (model PSP), REBS net radiometer: (Q*3), and upright and inverted Eppley

Pyrgeometers. The instruments on the A-frame were mounted to be approximately 1 m above the soil surface. The

statistical methods used by Starks et al. (1991) were followed. The "d" index of model agreement they used was

developed by Wilmott and Wicks (1980) and Wilmott (1981, 1982). Definitions of the statistical parameters are

given in the footnote of Table 1.

RESULTS AND DISCUSSION

Estimation of Rs _,, Rs t and Albedo

The approach suggested by Starks et al. (1991) was used to estimate the incoming solar radiation flux

density from nadir-viewed reflected reference panel data collected by the MMR and PARABOLA. Modeled values

for FIFE-89 and KUREX-91 data are compared with measured values in Figure 1 and Table 1 (d = 0.99, MRE

= 6%; and d = 0.99, MRE = 0.04% for KUREX-91 and FIFE-89, respectively). The results show good agree-

ment between the measured and modeled values, with a slight tendency for the model to overestimate the flux

density of solar radiation, especially at flux densities below about 500 Wm -2. This good agreement between

measured and modeled values suggests that the approach used here is feasible for estimating Rs ¢.



Thereflectedshortwaveradiationstreamwasestimatedwiththemethod given by Starks et al. (1991) using

the MMR and PARABOLA solar principal plane data. Estimated values are compared with measured values in

Figure 2 and Table 2. There was a definite trend for the modeled reflected shortwave fluxes to be greater than

measured values with MRE values of 17.7 and 19.0%, and d indices of 0.92 and 0.69 for the KUREX-91 and

FIFE-89 data, respectively.

Data shown in Figures 1 and 2 were used to calculate the albedo of the surface. Results are given in

Figure 3 and Table 3. Modeled values tended to be higher than measured albedo by about 2 % with a MRE of about

11% at KUREX-91 and by approximately 3% with a MRE of about 19% at FIFE-89. These findings are similar

to those reported by Starks et al. (1991) for data collected during the FIFE-87 and -88 studies. Possible reasons

for modeled albedos being higher than measured ones were suggested by Starks et al. (1991). These include: the

use of weighting coefficients which are based upon incoming global solar radiation rather than spectral reflectance

from vegetation, shadowing of the surface seen by the hemispherical instruments on the A-frame, and inadequate

accounting for radiation coming from the hot spot in the Walthall et al. (1985) model for estimating bidirectional

reflectance.

Coincident measurements of incoming and reflected shortwave components with the MMR and PARABOLA

over the same surface characteristics at FIFE-87 and FIFE-89 (although limited, N = 13) provide an opportunity to

evaluate any differences resulting from the use of the different radiometers (PARABOLA data were limited to solar

principal plane to mimic the method used with the MMR). The same trends are indicated in both sets of data. The

PARABOLA overestimated both incoming and outgoing shortwave radiation streams while the MMR underestimated

the incoming solar radiation and overestimated outgoing shortwave radiation (Table 4). Note that the agreement

of the reflected shortwave component for the PARABOLA and MMR estimates with measured values is not strong

(with d statistics of 0.52 and 0.68, respectively).

Eck & Deering (this issue) investigated the effect of using spectral reflectance from vegetation to compute

appropriate weighting coefficients. Using that approach, the PARABOLA estimates of albedo were slightly better

than estimates derived from MMR data using weighting coefficients derived from incoming solar radiation.



Estimation of Rn

Net radiation estimates for FIFE-87 and FIFE-88 were made using Rs # and Rs t data presented in Starks

et al. (1991) combined with R1 # estimates given in Starks et al. (this issue). The Rl t values were calculated using

the Stefan-Boltzmann equation with T R obtained using a nadir view. The results of the modeled Rn versus the

measured REBS Rn are graphed in Fig. 4. The statistical data for these comparisons are given in Table 5. For

these two years the d and rz values are all high, indicating close agreement between measured and modeled values

and MRE values are less than 7%. In 1987 the estimated Rn was slightly lower than the REBS measured value,

but in 1988 it was slightly higher. The close agreement of the estimated Rn with measured Rn during these two

years is a little misleading because of compensating errors. The uncorrected error in the estimate of R1 # was larger

than that for the corrected RI # but was opposite in sign from the estimate of Rs/,. These errors tended to bring

the total estimated incoming radiation stream closer to the measured value.

Net radiation was also calculated from measurements of each component radiation stream Cmeasured

components" in Table 5) and compared to the REBS measured Rn. A small systematic error of less than about 10

W m : is observed for these data. The d statistic indicates the agreement between the component estimated Rn and

the REBS measured Rn is just slightly better than the agreement between the REBS measured Rn and estimated Rn.

For the FIFE-89 and the KUREX-91 studies, the estimated components of the shortwave radiation balance

described earlier in this paper were combined with the longwave balance components discussed in the Starks et al.

(this issue) companion paper. The net radiation was calculated using the bias adjustment in RI _ suggested by Starks

et al. and also without this adjustment. Rn was also calculated from the measured individual component parts of

the radiation balance. The statistics for comparing REBS measured Rn with estimated and measured component

Rn are presented in Table 6, and REBS measured and estimated Rn values (adjusted RI I,) are shown in Fig. 5.

These data indicate a better agreement between REBS measured Rn and estimated Rn for the KUREX-91 study than

with the FIFE-89 study. However, the agreement is more a result of cancelling errors than one of improved

estimates. In the KUREX-91 study, the incoming and outgoing shortwave radiation streams were overestimated

yielding a slight overestimate of the shortwave balance. The incoming longwave stream was underestimated while

the outgoing longwave stream was overestimated yielding an underestimate of the longwave balance. The overall

effect (i.e., from a slight overestimate of shortwave balance and an underestimate of the longwave balance) is for



theerrorin estimatingthenetradiationbalanceto benearzero(MBE=-4Win'2). At FIFE-89 the outgoing

shortwave stream was overestimated while the incoming shortwave stream was only slightly underestimated yielding

an underestimate of the shortwave balance. The incoming longwave stream was underestimated while the outgoing

was overestimated yielding an negative longwave balance. The net effect was an underestimate of the net radiation

balance (MBE = -55 Win2). The results for FIFE-87 were similar to those of FIFE-89 while the results for FIFE-

88 were similar to KUREX-91. In all cases, Rn was estimated with MRE values of about 10% or less.

CONCLUSIONS

The results of this study suggest that Rn can be reliably estimated with remotely sensed data combined with

some readily available meteorological data. In fact, Rn was estimated almost as well with remotely sensed inputs

as when individual components of the radiation balance were measured and used to compute Rn. The agreement

between measured and estimated Rn was particularly good when canopy cover was complete. Under near full-

canopy cover, conditions measured and estimated values were generally within 5 %. The agreement was especially

good for the KUREX-91 study with MRE values of about 1%. The major flaw in the approach described in this

paper is the overestimation of the reflected shortwave radiation flux density. A better approach for estimating this

component of the radiation balance is needed. Improvements are likely to result from use of weighting coefficients

developed from spectral radiation curves derived from radiation reflected from vegetation and from a model which

adequately accounts for the reflected radiation from the hot spot.
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LIST OF FIGURES

Fig. 1. Flux densities of incoming solar radiation estimated with the model of Starks et al., (1991) compared with

measured values at FIFE-89 and KUREX-91. The solid line is the 1:1 line.

Fig. 2. Flux densities of reflected solar radiation estimated with the model of Starks et al., (1991) compared with

measured values at FIFE-89 and KUREX-91. The solid line is the 1:1 line.

Fig. 3. Albedo values calculated from incoming and reflected solar flux densities obtained with the Starks et al., (1991)

model compared with measured values. The solid line is the 1:1 line.

Fig. 4. Flux densities of net radiation from the radiation balance components in Figures 1, 2, 4 and 5, compared with Rn

measured with the REBS net radiometer on the A-frame. The solid line is the 1:1 line.

Fig. 5. Flux densities of net radiation from the radiation balance components for the FIFE-89 and KUREX-91 studies,

compared with Rn measured with the REBS net radiometer on the A-frame. The solid line is the 1:1 line.
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