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Abstract

Spectral reflectance is the ratio of incident-to-reflected radiant flux measured from an object or area over specified
wavelengths. Unlike radiance and irradiance values, reflectance is an inherent property of an object and is independent
of time, location, illumination intensity, atmospheric conditions and weather. Although reflectance is a key unit of
measure in remote sensing, it is not measured directly and instead must be derived. Accordingly, the conversion of field
and laboratory measurements of spectral radiance into reflectance values is a frequent requirement with ground data in
support of airborne and satellite remote sensing applications in the environmental and earth sciences. In this paper,
laboratory and computer methods for processing field spectroradiometer measurements of spectral radiance into
calibrated absolute reflectance values are described. Target radiance measures are obtained under direct and diffuse
illumination using a portable field spectroradiometer, with irradiance spectra captured by near simultaneous acquisition
of reflected radiation from a reference panel. The approach for converting raw target and panel radiance spectra to
calibrated reflectance involves five major processing stages: (i) panel calibration, (ii) solar zenith angle computations,
(iii) spectral and angular interpolation, (iv) computation of reflectance, and (v) automated batch mode execution of
stages (ii)—(iv) for processing large data volumes. Equipment, methods, and computer programs for achieving these
stages are described. Example forestry ground spectra acquired in the Boreal Ecosystem Atmosphere Study (BOREAS)
are presented to illustrate raw field measurements and final reflectance products. These methods would also be useful in
other applications such as agriculture, water resources, oceanic studies, rangeland management, and geological
exploration and mineral identification. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction
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a number of remote sensing analytical approaches such
as vegetation canopy reflectance modelling (Strahler and
Jupp, 1990; Li and Strahler, 1992; Rosema et al., 1992),
spectral mixture analysis (Adams et al., 1993), satellite
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models (Sellers and Schimel, 1993; Blackburn and
Milton, 1995). These spectra are also useful in atmo-
spheric correction, validation and reflectance calibration
of remote sensing imagery and for sensor calibration
and inter-comparison based on ground targets of known
spectral properties (O’Neil et al., 1997; Milton and
Goetz, 1997; Middleton et al., 1997; Gray et al., 1997).
Spectral data are typically obtained for small areas at
ground level or from tower platforms in a variety of
configurations using portable field spectroradiometers
(Deering, 1989; Milton et al., 1995) which provide highly
detailed spectral information of known targets identified
in the field (Teillet, 1995). These instruments measure
the amount of energy reflected from a ground area or
object of interest over different wavelengths (Milton,
1987), and these measurements can be converted to
spectral radiance values if appropriate equipment
calibration factors exist. The magnitude of spectral
radiance depends on the amount of incoming solar
radiation (spectral irradiance) reaching the target, and
this can vary significantly according to date and time of
day (solar zenith angle, path length), atmospheric
conditions and weather, topography and local orienta-
tion of the surface, and intervening features which may
further alter or attenuate incoming radiation (e.g. forest
canopies, shadowing). The ratio of incident-to-reflected
radiant flux over specified wavelengths is termed spectral
reflectance, which, as pointed out by Curran (1985), is a
term often used mistakenly in the literature instead of
radiance. Reflectance is an inherent property of an
object which, unlike radiance and irradiance values, is
independent of the intensity and nature of illumination.
As a result, reflectance is generally the standard unit in
remote sensing when using information from different
sensors, times, or locations, or when comparing spectral
measurements against known reflectance properties of
objects (e.g. mineral identification from spectral li-
braries, geologic exploration). For a given spectral
measurement, the angular measure of radiance is
converted to a bidirectional reflectance factor (BRF);
that is, the spectral radiance measured at a specified view
angle to the object of interest ratioed by the irradiance at
a given angle of incidence illumination.

In this paper, we describe computer analysis methods
developed for processing raw field spectra to calibrated
reflectance measurements. This involves (i) laboratory
calibration of reference panels; (i) computing the solar
zenith angle (SZA) for a given field measurement based
on date, time, and global position; (iii) spectral and
angular interpolation of calibration coefficients and
derivation of the appropriate coefficient for the
computed SZA; (iv) computation of reflectance, and
(v) computer software to coordinate these stages into an
integrated and automated environment for reflectance
processing of large volumes of field data. Equipment,
methods, and computer programs for achieving these

stages are presented, and illustrated with an example of
raw ground spectra acquired in the field using a portable
field spectroradiometer (ASD, 1993) and the resulting
reflectance spectra derived from the processing described
herein. Forestry examples from the Boreal Ecosystem
Atmosphere Study (BOREAS) are presented to illustrate
these ideas. We note that these reflectance processing
methods have also been used in other applications
involving agriculture, mountain terrain analysis, polar
sea ice, and tropical ocean coral reefs (Misurak et al.,
1993; Peddle et al., 1995, 1999a; Johnson et al., 1999;
Peddle and Johnson, 2000) and would be suitable for a
wide range of other applications such as geology, water
resources, ecology, and others.

2. Reference panels and calibration
2.1. Reference panels

Radiance is normally obtained in the field by nadir
measurement of specific ground targets, with incoming
solar irradiance spectra typically acquired from coin-
cident measurement of reflected energy flux from
reference panels with known spectral and angular
scattering properties. Several types of reference panels
and materials are available. Examples include barium
sulphate (BaSO,) (Jackson et al., 1992), pressed poly-
tetrafluoroethylene (PTFE) (Weidner and Hsia, 1981)
which is available commercially as Spectralon (Lab-
sphere, 1998), as well as neutral test cards (Milton, 1989)
manufactured as standards for use in colour photo-
graphy. PTFE offers nearly ideal Lambertian properties
and high reflectance values (95-99% for white surfaces)
over a broad spectral range (350-2500 nm). The primary
disadvantage of PTFE is the higher cost, with secondary
factors including the need to maintain a clean surface
and to avoid damage or loss. Neutral test cards such as
Kodak Grey Cards (Eastman Kodak, 1983) have the
advantage of significantly lower cost, to the point that
they may be replaced frequently in the field, while
providing reasonably consistent absolute reflectance
values in the range 80-90% (white side of card) between
500 and 1000 nm (Palmer, 1982; Philipson et al., 1989;
Milton, 1989). In this work, we have developed
calibration and processing methods for use with Kodak
Grey Cards (KGC), however, we note that some or all of
the processing steps would be applicable to other
reference panels and materials.

2.2. Panel calibration

It is essential that reference panel measurements be
calibrated, since panels and KGCs do not reflect all of
the incident radiation, and further, their reflectance can
be highly dependent on illumination angle (solar zenith
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angle). In some cases, panel-specific calibration coeffi-
cients can be purchased for certain types of reference
panels at additional cost, or general calibrations can be
used in which stated calibration variations must be
tolerated (Milton, 1989). In the case of Kodak Grey
Cards, neither of these calibration options are available.
Accordingly, a laboratory panel calibration facility was
developed at the Instrument Services Laboratory (ISL)
for characterising the spectral properties of Kodak Grey
Cards in terms of bidirectional reflectance factors
(BRF). A full description of this facility is contained in
Soffer et al. (1995), and is only summarised here briefly.

The ISL calibration facility used an Ocean Optics
ST1000 spectroradiometer which has 1024 channels
between 360 and 860 nm. The spectroradiometer was
connected to a detector head mounted on a precision
controlled rotational stage to permit spectral acquisition
over a range of user-specified view angles. The panel was
secured to a second rotational stage for setting the
illumination angle. The small size of the detector head
and the positional flexibility of the system permitted
reliable measurement in the case of near-coincident view
and illumination angles. Using nadir illumination (to
minimise experimental error), a series of KGCs were
characterised at view angles between 15 and 80°, at 5°
increments. Then, according to the Helmholz reciprocity
principle (Hsia and Weidner, 1981), which states that a
BRF at view angle 6 and nadir illumination is equivalent
to that obtained at nadir view angle and illumination
angle 0, we interpreted those view angles as solar zenith
angles (SZA) for the purpose of deriving panel calibra-
tions over the wide range of SZAs encountered in the
field. Validation of the system was accomplished
through comparisons of facility results for a 99% PTFE
(Spectralon) Panel with published BRFs of that
material, and with facility results from BOREAS
instrument calibrations at the University of Nebraska,
USA.

The BRFs of the white side of the rectangular KGCs
differed significantly between the two orthogonal panel
orientations, suggesting that this variable should be
noted in the field and accounted for in the laboratory. In
our field work, the longer axis of the KGC was always
aligned with the solar plane, allowing us to use the BRFs
obtained from the view angle plane oriented 90° to the
KGC narrow dimension for calibration. Once these
panel orientation effects were separated, the combined
variability of BRFs among five KGCs cards used in the
field was assessed together with a new, clean KGC in
terms of spatial differences within each card, differences
between cards, and experimental error. The variability
was very low, which permitted one BRF to be generated
for use with all 6 cards.

An inter-sensor comparison was also performed
between the Ocean Optics spectroradiometer used in
the laboratory, and the ASD spectroradiometer used in

the field. The size of the ASD spectroradiometer FOV
barrel made it impractical to obtain a full range of
angular measurements in the laboratory necessary for
panel BRF characterisation over a full range of SZAs
that may be encountered in the field. Instead, several
ASD spectra of KGCs were collected in the panel
calibration facility at nadir illumination and view angles
between 50 and 60°, for comparison with similarly
acquired spectra using the methods described here. The
results were consistent between the two spectroradi-
ometer instruments tested. The final output of the panel
calibration process was an Excel spreadsheet (Microsoft,
1997) containing target BRFs between 350 and 850 nm
at 14 view angles (SZAs) for 11 spectral wavebands at
S50nm intervals, plus an additional 4 bands at wave-
lengths used with a modular multiband radiometer
(MMR) instrument. Degrading the spectral resolution
to 50 nm made the panel calibration files more manage-
able given the large volume of field data being processed.
This was done after results from high-order interpola-
tions of the 15 wavebands (discussed later) showed a
very high correspondence with the high spectral resolu-
tion raw spectra.

3. Solar zenith angle computations

Knowledge of the SZA for a given field measurement
is critical as a result of the reflectance anisotropy for
nadir observations of coniferous forest canopies (Syrén,
1994) and other surfaces (Rollin et al., 2000). However,
since it can be difficult to determine SZA with any
degree of confidence while in the field without dedicated
equipment for that purpose, an alternative post-proces-
sing method was required to allow accurate specification
of SZA for the reflectance processing software.

To determine the solar zenith and azimuth angles
accurately for a given spectral observation, only the date
and time of measurement, and the latitude and longitude
are required. The date and local time were stored
automatically in the header of each ASD spectra file,
with the exact latitude and longitude of the field sites
obtained from global positioning systems (GPS) or
maps. Determining the solar position from time and
location is a standard computation in astronomical and
planetary studies (Duffett-Smith, 1990; Bishop, 1994).
This was encoded in an Excel spreadsheet, which is
summarised here to be readily accessible to the remote
sensing and environmental earth sciences communities
in a concise form, together with equations provided in
Appendix A.

First, the date and time must be converted such that it
is not dependent on the specific location or on calendar
variations. This is achieved by converting the date to
Julian Days (JD, the number of days since 1 January
4713 BC) and converting time to fraction of a day (TM).
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The position of the Sun for that day is then determined,
using Egs. (A.1)(A.4) in Appendix A, in terms of the
mean solar longitude (Lg, the location of the Sun if the
Earth had a perfectly circular orbit), the mean solar
anomaly (g, the angular distance of the Sun from perigee
due to the Earth’s elliptical orbit), and the solar ecliptic
longitude (L., the true longitude of the Sun along the
ecliptic line). With the location of the Sun known along
the ecliptic, the right ascension and declination of the
Sun for the given time (RAg, DECp) can then be
calculated in terms of the obliquity of the ecliptic (oe),
using Egs. (A.5)—(A.7). Once these have been deter-
mined, the right ascension and declination of the zenith
point (RA,, DEC,) of the observation are the final terms
required for computing solar position. DEC, is the site
latitude (Eq. (A.8)). The term RA, is defined as the local
mean sidereal time (LMST) of the observation, com-
puted as a longitudinal offset from the greenwich mean
sidereal time (GMST), using Eqs. (A.9)—(A.12). With the
exact locations of the Sun and the zenith known, the
solar zenith angle (SZA, or Zg, the standard angular
distance of the Sun from zenith) and solar azimuth angle
(Azg, number of degrees the Sun is east of north) are
determined using Eqs. (A.13)~(A.14). The SZA com-
puted for a given field measurement represents one of
the initial inputs to the calculation of reflectance,
presented next.

4. Spectral and angular interpolation

The result of the panel calibration is a matrix of BRFs
for the KGCs at 50 nm wavelength intervals for 15 view
angles. However, panel calibration data were required
for the specific SZA encountered in the field (computed
as above for each field measure), and further, these data
must be determined at high spectral resolutions match-
ing that of the field spectroradiometer. Therefore, to
achieve this level of precision, spectral and angular
interpolations were applied to the original panel
calibration results using an Excel spreadsheet (Micro-
soft, 1997) shown in Fig. 1. Although much of the Excel
code and formulations are hidden or contained else-
where in the spreadsheet, a number of important
functions are illustrated. The angular interpolation is
performed first. For each centre wavelength (column B
in Fig. 1), an equation describing the BRFs over the 15
angular measures is determined using a fourth-order
polynomial fit applied to the panel calibration data (read
from a separate worksheet, not shown), as this provided
the best fit for all reference panels over a variety of
angles. Using these equations, target BRFs (column F)
are calculated for each centre wavelength for the input
SZA (obtained by referencing the linked SZA worksheet
which computes the solar position for the field spectral
measurement). Next, the spectral interpolation is per-

formed over these target BRFs for the specified SZA.
This is done by fitting an equation to the points
described by the target BRFs at MMR and standard
wavelengths (STD), again, using a fourth-order poly-
nomial. The coefficients of that equation, their standard
errors, and the r? value for the equation are shown in the
box above the chart in Fig. 1. In the example, the i
value was very high (>0.99), which is a typical result as
the fourth-order polynomials provided highly accurate
spectral and angular interpolations. This was expected,
given the stable spectral response observed for a variety
of panels over a range of view angles, and allowed the
panel calibration process to be simplified in terms of the
number of spectra and bandwidths required to produce
optimal spectral characterisations in the laboratory.

The results of applying these equations back to the
original centre wavelengths are displayed in Fig. 1 (top
portion of column G), with the associated standard
error for each estimate shown (column H). In this
example, panel calibration data for the grey side of a
KGC panel are shown (Fig. 1). The chart includes the
full equation, its 7 value, and a plot of the curve for the
equation fit to the target BRF points, displayed as
diamonds along the curve. These equations were then
applied to compute panel calibration BRFs at each
wavelength band of the field spectroradiometer which,
for the ASD instrument, was at 1.423nm intervals.
These results, shown in the bottom right of Fig. 1,
represent the output from the spectral and angular
interpolation of the panel calibration data used in
computing reflectance.

5. Automated reflectance processing and an example
5.1. Reflectance processing software

Software to compute reflectance from field
spectral measurements of radiance and irradiance
are sometimes available from manufacturers or
spectral laboratories (e.g. PIMAVIEW). In this re-
search, an Excel macro program was written to control
batch mode execution of reflectance processing
involving large volumes of field spectroradiometer
data. The process involved three linked Excel spread-
sheets, each with different functions, together with
input spectra files and a series of batch command
modules. The spreadsheets contain: (i) the laboratory
panel calibration BRFs of the KGCs, as discussed
earlier; (ii) the solar zenith angle computations; and,
(iii) the angular and spectral interpolation routines. The
external files, which are read into the macro program
for input to the spreadsheets, included the target and
panel spectra files collected in the field [converted
from binary to ASCII format using the ASD
(1993) Portspec command], each of which contained
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Input Solar Zenith Angle : 151.55 I Panel: KGC - Gray Side
A B C D E F G H
Center Start End F% P
w len; avelength w len 4 er Fit
Band Designation (n;‘)’e <Hee 2):.:1)3 i (n:'n;e ST 'lhr?lBRF E En‘ar@ercmt)

MMR1-485 484.8400 449.5900 520.0900 0.17221 0.17481 1.51%
MMR2-560 560.5100 520.0900 600.9300 0.16977 0.16970 -0.04%
MMR3-660 660.0750 629.2900 690.8600 0.17285 0.17055 -1.33%
MMR4-809 809.2100 760.2300 858.1900 0.21398 0.21599 0.94%
STD01-358 358.1450 341.3500 374.9400 0.08093 0.08246 1.89%
STD02-400 400.3000 374.9400 425.6600 0.14194 0.13947 -1.74%
STD03-450 450.5550 425.6600 475.4500 0.17194 0.16930 -1.54%
STD04-500 499.8750 475.4500 524.3000 0.17250 0.17496 1.43%
STDO05-550 549.2900 524.3000 574.2800 0.17074 0.17089 0.09%
STD06-600 599.7700 574.2800 625.2600 0.16685 0.16684 -0.01%
STDO07-650 650.2000 625.2600 675.1400 0.17133 0.16911 -1.30%
STDO0B-700 700.4850 675.1400 725.8300 0.17624 0.17976 2.00%
STD09-750 750.5850 725.8300 775.3400 0.19814 0.19666 -0.75%
STD10-800 8004100 775.3400 §25.4800 0.21344 0.21366 0.10%
STD11-850 841.8350 825.4800 §58.1900 0.22215 0.22086 -0.58%

4th Order Equation of Fit y=Ax"4+Bx"3+Cx"2+Dx+E

Coefficient St. Error ASD Wavelength | 4th Order Fit BRF
A= -2.6908E-11 § 2.05627E-12 400.01 0.1454
B=} 6.9999E-08 § 4.92391E-09 401.42 0.1462
= -6.6562E-05 § 4.3178E-06 i i
D=f 0.027493102 § 0.001640413
E=} -3.999268049 ] 0.227450551
R2=| 0.996287914

04 Panel BRF at Provided Sun Angle

y=-3E-11x' + TE-08x’ - TE-05x! + 0.0275x - 3.9993
025 R? = 09963

EEEEEEEERENEREE
Raeflectance

0.15 4+
0.1+
0.05 4+
0 t + + 4
350.0 450.0 550.0 650.0 750.0 850.0
Wavelength (nm)
848.61 0.2298
850.02 0.2314

Fig. 1. Excel spreadsheet for spectral and angular interpolation of panel calibration BRFs.

important header information. The only requirement of (e.g. target species, sampling design, site description,
the user is to create a batch file which specifies the target illumination conditions, KGC panel information, spec-
and panel file names, the output reflectance file name, trum characteristics, etc.). These batch files can be
the latitude and longitude of the field site, and several created using any standard word processing software or

comment fields of text describing the spectral acquisition system editor.
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The first task the macro program performs is to
prompt the user for the name of the batch control file
using an interactive dialogue box — this is the only user
intervention required when running the software. After
the file name has been supplied, the macro runs in stand-
alone, unattended batch mode. During program execu-
tion, it first reads the latitude and longitude of the field
site from the batch file, together with the additional site
and data descriptors, and one set of target, panel, and
output reflectance file names. The raw spectra digital
numbers are read from the target and panel files (see
Fig. 2), and placed in a new output file to which
reflectance values are later written (Table 1). Using a
series of parsing functions, the acquisition date and time
for the target spectrum are extracted from the ASD
target file header and input to the SZA worksheet
together with the site latitude and longitude. The SZA
worksheet is then recalculated to compute the SZA for
the time of target spectra acquisition. The macro reads
the output SZA, and writes it to the spectral and angular
interpolation worksheet (Fig. 1), from which the panel
calibration fourth-order polynomial BRFs over the field
spectroradiometer wavelengths are computed. The
macro then extracts these panel calibrations, and places
them in the reflectance file. Spectral reflectance for a
given SZA (o) and at nadir view angle (0) is then
computed over the full wavelength range at the spectral
resolution of the field spectroradiometer as:

Reflectance s )
_ target radiance

B i anel calibration BRF.
panel radiance * panel calibration (1)

OJP Raw Sunlit Target and Panel Spectra
2500 T
2000 +

1500

DN

1000

Lichen
500 1

0 t t u t 1 t 1 t t t
400 450 500 550 600 650 700 750 800 850 900
Wavelength (nm)

Fig. 2. Raw spectral digital number (DN) field measurements
of sunlit lichen target and Kodak Grey Card (KGC) white
reference panel used in computation of reflectance. Spectra
shown from BOREAS SSA OJP during 1994 1FC-3.

Once reflectance has been computed, the macro
invokes a number of procedures to compile information
describing the various parameters associated with the
data acquisition (mentioned above), which were ob-
tained from the set of worksheets and external files.
These are synthesised and formatted into a header
template and written to the reflectance output file. Once
this has been done, the relevant files are closed, and the
entire procedure is repeated using a looping function to
process the next set of panel and target spectra, as listed
in the batch file. The output reflectance files are
produced in ASCII format and are suitable for input
to graphics programs, statistical software packages or
image processing routines for further analysis. A portion
of an example output reflectance file is shown in Table 1.
Example plots of reflectance spectra curves processed
using these methods are presented in the next section.
The full Excel macro and spreadsheets, including a set of
KGC panel calibrations (white and grey sides) and a test
file are contained on the public domain Computers &
Geosciences ftp site (ftp.iamg.org).

5.2. Example reflectance spectra

A large number of field spectroradiometer measure-
ments were acquired during 5 field campaigns from
January to September 1994 as part of the Boreal
Ecosystem Atmosphere Study (BOREAS), a large
international global change research project in the
Canadian boreal forest (Sellers et al., 1995). As one of
80 scientific projects in BOREAS, our Remote Sensing
Science project (RSS-19) measured and computed
understorey reflectance spectra as a contribution to the
BOREAS information system, and for use in our
research (e.g. Miller et al., 1997; Peddle et al., 1997).
To illustrate the methods and programs presented in this
paper, in this section we present and describe briefly a
set of raw field measurements (Fig. 2) and the resulting
final spectra (Fig. 3) produced by reflectance processing.

The spectra shown in Figs. 2 and 3 were acquired on
13 September 1994 during the late summer intensive
field campaign (IFC-3) at the Old Jack Pine site in the
BOREAS southern study area (SSA-OJP) in Saskatch-
ewan Canada. In Fig. 2, the target and reference panel
measurements are shown from raw spectral data
collected in the field. These field spectra form the
required spectral measurements necessary to compute
reflectance. In this example, the target viewed under
sunlit illumination was lichen (Cladina mitis, see
Halliwell and Apps, 1996), which is the dominant
ground cover species within the Old Jack Pine forest.
Spectral measurements of ground cover vegetation are
of interest in remote sensing studies since, when viewed
from a nadir mounted platform, the understorey and
background vegetation beneath a forested canopy can
contribute a significant component of the overall
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Table 1

Example output reflectance file from computer macro program. Each file contains header information describing field
spectroradiometer and data collection parameters, as well as final processed reflectance values (full table not shown)

BOREAS data — reflectance spectra
BOREAS project:

Field campaign:

Field instrument:

Panel calibration:

Reflectance data specifications
Spectral range:
Wavelength step:
Spectrum description:
Location:

Latitude (+°N; —°S):
Longitude (+°E; —°W):
Date:

Time (Local):

Time (GMT):

Solar zenith angle (°):
Solar azimuth (°):
Target description:
Illumination:
Comments:

Reflectance data
Wavelength (start)
400.00
401.41
402.83
404.26

896.61
898.03
899.45
900.88

RSS-19

IFC-3

ASD spectroradiometer

Kodak Grey Card (White Side)

400-900 nm

1.4230 nm

Average of 10 spectra; 10° FOV
SSA OJP Tower (G2L3T)
53914

—104.6925

9/13/94

13:50:37 (1:50 PM)
19:50:37

51.55

197.95

LICHEN

SUNLIT

PFL / CLEAR SKIES

Reflectance
0.041
0.039
0.041
0.041

0.311
0.306
0.305
0.301

reflected energy received at an airborne or satellite
sensor. As a result, these background spectra are often
required inputs to canopy radiation models (e.g. Li and
Strahler, 1992; Rosema et al., 1992; Hall et al., 1997;
Peddle et al., 1997) and spectral mixture analysis
algorithms (e.g. Roberts et al., 1993; Nelson et al.,
1994; Hall et al., 1995; Peddle et al., 1999b). Spectra
such as these are also useful for detailed analyses in their
own right (Franklin et al., 1991; Hanan et al., 1993;
Goward et al., 1994; Peddle, 1998).

The plot in Fig. 2 shows the raw spectral digital
numbers (DN) for the target sunlit background lichen
and the corresponding KGC panel reference spectra for
that time and location, taken several seconds after the
target spectra. In this example, the white side of the
KGC reference panel was used. As can be seen in the
plot, the reference panel spectral values are greater than
the target spectral values, as expected. In Fig. 2,
significant changes in the magnitude of difference
between target and panel measurements are seen in the

region bounded by ~ 550-760 nm, in which vegetation
spectral response features such as the green peak and red
edge occur.

In Fig. 3, the resulting reflectance spectrum for the
background sunlit lichen is shown. At each wavelength
interval, reflectance was computed as a function of the
target and reference panel measurements (Fig. 2), using
calibration BRFs from the white side of a KFC panel
using the methods described earlier (Eq. (1)). This type
of lichen has a brighter appearance in the field, which is
manifested as higher overall reflectance values through-
out the visible portion of the electromagnetic spectrum
compared to other background species. Reflectance
throughout most of the visible portion of the spectrum
ranged to about 0.20 (or 20%), with a slight green peak
noticeable near 550nm where plant pigments are
responsible for the scattering of light which causes
vegetation to appear green. The red-edge is evident from
680 to 760 nm, although the difference in magnitude of
reflectance in the red and NIR is less pronounced
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OJP Sunlit Background Reflectance Spectra

0.45 7

Reflectance

0 + + + + + + t + t t
400 450 500 550 600 650 700 750 800 850 900

Wavelength (nm)

Fig. 3. Sunlit background reflectance spectra of lichen derived
using field spectroradiometer measurements from Old Jack Pine
forest stand. Original field and panel spectra shown in Fig. 2.

compared to other forest vegetation, in part due to the
higher reflectance in the adjacent green portion of the
spectrum. Maximum reflectance values range to 0.40 in
the NIR region. These spectra have been used in a
variety of ecological and biophysical applications,
including input to canopy reflectance models, spectral
mixture analyses, vegetation index studies, and temporal
analyses of the growth and seasonal evolution of forest
vegetation species (Miller et al., 1997; Peddle et al., 1997,
Hall et al., 1997). A full account of the understorey
vegetation field spectra collected as part of the BOREAS
project, as well as additional examples and applications
of these spectra have been published previously by
Miller et al. (1997), and are not repeated here.

6. Conclusion

The processing of raw field spectra into calibrated
reflectance forms an important part of most remote
sensing projects which use ground spectroradiometer
data in support of airborne or satellite image analysis.
For example, reflectance values processed from field
spectroradiometer data are frequently used in forestry
and agricultural studies to provide key information on
vegetation monitoring and ecological properties, or in
geology to aid in surface material identification and
mineral exploration. Field or laboratory reflectance data
can also provide a sole source of information (indepen-
dent of remote sensing imagery), such as with surface
target identification using pattern search and matching
techniques with known reflectance curves from estab-
lished spectral libraries.

In this paper, a flexible and automated approach for
producing spectral reflectance values from field spectro-
radiometer data has been presented. The approach is

flexible in that panel calibration data for any solar zenith
angle can be derived based on procedures for spectral
and angular interpolation of panel measurements
obtained over a range of view angles in a laboratory
setting. In this work, laboratory calibration spectra were
obtained for Kodak neutral test cards used in the field,
which have been shown to be good reference standards
at reasonable cost (Milton, 1989). These calibration
spectra have also been useful for subsequent applica-
tions using different KGC products. An extensive macro
program controls batch processing of large volumes of
spectral data in an automated environment — the user
need only generate a batch file specifying the location of
spectral measurements and file names for processing.
The approach permits high-quality reflectance values to
be obtained from the data collected in the field.

In this work, we have described laboratory and
computer processing methods for specific types of
spectroradiometers and reference panels, with software
code placed in the public domain. This approach has
recently been modified at the University of Lethbridge
for use with an ASD FR spectroradiometer with a
spectral range 350-2500 nm (ASD, 1998) and simplified
for use with a calibrated PTFE (Spectralon) panel. We
note further that these general methods and approaches
may be suitable for other equipment and materials, and
in other remote sensing applications in the environ-
mental and earth sciences.
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Appendix A. Equations used in the computation of solar
zenith angle (SZA) and solar azimuth angle (Azp), given
date, time, latitude and longitude. Terms defined in text

Tu; = (JD — 2451545) + (1.002738 TM), (A.1)
Lo = 280.46 + 0.9856474 Tuy, (A.2)
g = 357.528 + 0.9856003 Tuy, (A.3)
L. = Lo + 1.915 sin(g) 4+ 0.02 sin(2g), (A4)
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do =1.00014 — 0.01671 cos(g)

—0.00014 cos(2g), (A.5)
oe = 23.439 — 0.0000004 Tu,, (A.6)
RAp = a tan(cos(oe) tan(Le))/15, (A7)
DECg = a sin(sin(oe) sin(L.)), (A.8)
DEC, = Latitude, (A9)

Tu, = (JD — 2451545) /36525, (A.10)

GMST = (24110.54841 + 8640184.812866 Tu,
+0.093104 Tu3 — 0.0000062 Tu3)/3600

+1.002738 T™ 24, (A.11)

Ra, = LMST = GMST + (Longitude/15), (A.12)

SZA = Zg
= a cos(sin(DEC,) sin(DEC,))
+ cos(DEC,) cos(DEC,) cos((RA, — RAp) 15)),
(A.13)

Azg =a sin(sin((RA, — RAp) 15)

x cos(DEC,)/sin(Zo)). (A.14)
Notes: Lg, g, and L. must be scaled to 0-360°; LMST
must be scaled to 0-24 h.

de is in astronomical units (AU), where
1 AU = 1.495985 x 10%km.

RA and DEC are equivalent to latitude and longitude
on earth, and are fixed with the motion of the stars, not
with the rotation of the earth. RA expressed as time
(0-24h), not degrees.
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