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The Fields of View and Directional Response
Functions of Two Field Spectroradiometers
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Abstract—Accurately determining field-of-view has rarely been
considered in field spectroscopy where specifications for fore optics
used are generally limited and the influence of the spectrora-
diometer rarely considered. The issue can be compounded with
full wavelength spectroradiometric systems which include mul-
tiple spectrometers. In these systems, the size and alignment of
the viewing optics and technology adopted to transfer light from
the fore optic to individual spectrometers may cause significant
nonuniformity of spectral response across the area of measure-
ment support, and this area may not align with that assumed
from the specification that is supplied for the fore optic. When
recording spectra from heterogeneous earth surface targets, it is
important to have the area of measurement support accurately
defined as individual reflecting surfaces may be present in varying
proportions within this area, and these proportions need to be
determined to relate spectral reflectance or spectral radiance to
state variables or target classifications being considered. The area
of measurement support and the spatial and spectral responsivity
of an ASD Field Spec Pro FR spectroradiometer and a SVC
GER 3700 spectroradiometer have been determined by measuring
the directional response function (DRF) of each instrument. This
research highlights several areas of concern and makes recom-
mendations for the improvement of field spectroradiometers and
field spectroscopy methodologies. These results are specific to the
spectroradiometer/fore optic combinations investigated and at the
measurement distances specified. Although similar characteristics
can be expected for other instruments/fore optics of the same
design, and at other measurement distances, the DRFs will vary
from those reported here.

Index Terms—Directional response, field of view, field
spectroscopy, hyperspectral sensors, optical remote sensing,
spectroradiometer.

I. INTRODUCTION

F IELD spectroscopy is a fundamentally physically based
scientific method for the quantitative measurement of

spectral reflectance, radiance or irradiance in the field [1]. More
specifically, it is used by a diverse group of researchers to
gain an understanding of near-ground high spectral resolution
reflectance, or radiance, of earth surface targets [2]–[9] and
underwater surfaces [10], [11]; for the vicarious calibration of
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airborne and satellite data [12]–[14]; for the validation of quan-
titative data derived from airborne platform, or earth observing
satellite, imaging sensors [15]–[17]; and for the correction of
airborne or satellite acquired images for atmospheric effects
[18]–[21]. The basic instrument used in this subdiscipline of
hyperspectral remote sensing is the spectroradiometer, a field
portable instrument capable of high spectral resolution mea-
surements of spectral reflectance, or spectral radiance, normally
at a higher spatial resolution than imaging spectrometry would
acquire, and from a single sampling unit [22]. The use of
spectroradiometers to capture data, typically across the 400 nm
to 1000 nm or 400 nm to 2500-nm regions of the solar spec-
trum in approximately 200 to 500 or more contiguous bands,
offers a nondestructive method to characterize target surfaces
where diagnostic absorption and reflectance features or indices
derived from selected wavelength regions of acquired spectra,
may be related to physical and/or chemical state variables of
the reflecting surfaces [23]. In addition, acquired spectra may
be indicative of classifications assigned to target surfaces and
related to the proportions of individual reflecting surfaces or
subclasses within the area of measurement support.

To accurately estimate the reflectance of a target area in
the field requires the near simultaneous measurement of two
parameters: the reflected radiance from the target and the ir-
radiance incident upon the target. The radiance reflected from
the target area is normally acquired through a fixed angle fore
optic, which may contain a focusing element, or through a fiber
optic bundle. The irradiance incident upon the target area is nor-
mally acquired by measurement of a diffuse white reflectance
reference panel by a spectroradiometer with the same fore
optic arrangement as used for target measurement or by mea-
surement using a spectroradiometer with an upward-looking
cosine correcting receptor [14]. Either of these measurement
configurations, termed biconical and cosconical, respectively,
require target radiance and target irradiance to be ratioed to
give an estimate of reflectance of the target area in the direction
from which it is being measured. Only fore optics for measuring
radiance will be considered here; cosine correcting receptors for
measuring irradiance will not be considered further.

The area of the earth’s surface from which radiance is
recorded is normally considered to be delimited by the field-
of-view (FOV) of the spectroradiometer’s fore optic, analogous
to the point spread function of satellite sensors [24], [25]. The
FOV is normally defined as a solid included angle through
which light incident on the fore optic or fiber optic bundle enters
the spectroradiometer, and the FOV is considered by field spec-
troscopists to delineate the target area from which the reflected
radiance is received, referred to as the area of measurement
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support [25]. The FOV is constrained by either a fore optic lens,
a fore optic field stop, or the numerical aperture of the fibers in a
fiber optic bundle and the optical configuration of the spectrora-
diometer [26], [27]. The operator can vary the size of the area of
measurement support by increasing or decreasing the distance
of the spectroradiometer fore optic from the target surface or
by changing the fore optic. They can also vary the orientation
in space of the spectroradiometer and fore optic thereby deter-
mining the angle from which the target surface is viewed.

The manufacturers of the most commonly used spectro-
radiometers for field spectroscopy typically only specify a
nominal solid included angular value as the FOV of the fore
optics supplied with their instruments (see [28] or [29], for
example). However, the methods used to determine this FOV
parameter are not specified, and associated uncertainties are not
made explicit. Hence, the area of measurement support cannot
be calculated with any degree of certainty. To determine this
area accurately, the fore optic focal point needs to be known
to allow height above the area of measurement support to be
determined and this height, along with the included angle of
the fore optic, used to calculate the radius of the FOV and hence
determine the area of measurement support. For example, if a
spectroradiometer with a 10◦ FOV fore optic was positioned
such that the front of the fore optic was 0.5 m above a target
surface, then the area of measurement support would vary by
12%, depending on whether the fore optic focal length was
2 cm or 5 cm, that is the focal point was 52 cm or 55 cm
above the target surface. Analytical spectral devices (ASD) do
suggest a method calculate the area of measurement support
but appear to indicate using the front of the fore optic as the
datum rather than the focal point [30] whereas spectra vista
corporation (SVC), although they indicate diagrammatically
that the front of the fore optic is not this datum [29], do not
specify its location. In addition, the specified nominal FOV
gives no indication as to the responsivity of the spectrora-
diometer/fore optic system to light from different positions
within the area from which radiance is being measured. With
no further information supplied by the manufacturers, the FOV
of a spectroradiometer is assumed by users to be well defined
by the included angle stated and to describe a circular area of
measurement support, in the case of an ASD FieldSpec Pro,
or an approximately rectangular area, in the case of a SVC
GER 3700, for example. An assumption that the system has
a uniform responsivity to light from different spatial locations
within the area of measurement support is also often made.
However, [31] indicates that when an ASD FieldSpec is used
to measure the reflectance, the “anisotropic distribution of the
wavelength-dependent fibers . . . different areas of the surface
are observed with different parts of the spectrum” resulting in
steps in spectra at the joins between each detector. Therefore,
this assumption of uniformity of response is erroneous, at least
for this ASD instrument apparently.

To relate field radiance measurements to state variables or
classes of the target being measured, or to simulations of
reflectance made using optical models, there is usually a need
to know precisely the area of the earth’s surface from which
reflected radiance is being measured. The size of this area is
the sampling spatial resolution, and this resolution defines the

limit of spatial detail that can be recorded by a sensor system
[25]. Hence, knowledge of the sampling spatial resolution is
critical particularly for heterogeneous targets, such as vegeta-
tion canopies, which consist of a 3-D structure of overlapping
elements. These targets may be comprised of a number of
floristic species each of which may contain spectrally distinct
reflecting surfaces, and these surfaces may be present in varying
proportions and with varying spatial distributions. Failure to
determine the actual area of measurement support and sampling
resolution and to fully characterize the system’s spatial and
spectral responsivity within this area, termed the directional
response function (DRF) [32], may lead to uncertainties in
attributing spectral reflectance or radiance to state variables or
classifications of the target being measured.

Few researchers have acknowledged that it is necessary to
characterize the FOV of a spectroradiometer. However, [33]
using a SVC GER 1500 (which contains a single optical
slit/diffraction grating/detector array spectrometer, has a spec-
tral range of 350 nm to 1000 nm and was fitted with a “stan-
dard” fore optic) conducted an experiment to define the extent
of that instrument/fore optic system’s FOV. In addition, [27]
measured the extent of the FOV of a SVC GER 3700 spectro-
radiometer instrument/fore optic system (which contains three
spectrometers, has a spectral range of 350 nm to 2500 nm,
and which was also fitted with a “standard” fore optic). In
both of these cases, only the extent of the FOV along the
instrument’s principal axes was determined, and both found
that the FOV generally approximated to the manufacturer’s
specification. However, the FOV of spectroradiometers may
have greater variability than determined by [33] and [27]. In the
case of the full wavelength (350 nm to 2500 nm) spectroradio-
metric systems investigated by [27], the multiple spectrometers
incorporated may each have an influence on the area from
which radiance is recorded and on the DRF as the optical path
from the spectroradiometer’s entrance slit to each spectrometer
is unique. Measurements that could determine if the area of
measurement support varied for each spectrometer were not
made by [27]. In addition, neither [33] nor [27] investigated
the DRF of their respective instrument. In complex spectrora-
diometric systems, the type, size, and alignment of the viewing
fore optic and optical path from fore optic to spectrometer may
cause significant nonuniformity of responsivity and wavelength
dependencies across the area of measurement support.

Three criteria are proposed by [34] and [35] that can be used
to assess quality of field spectroscopy measurements; traceabil-
ity; repeatability; and reproducibility; and they go on to discuss
the calibration chain, the need for radiometric stability, and
the uncertainties introduced through variations in the illumina-
tion environment. However, field spectroscopy records spectral
reflectance or radiance from an area of the earth’s surface
which is spatially limited by the fore optic and characteristics
of the optical path through the spectroradiometer. These also
affect the traceability, repeatability, and reproducibility of field
spectroscopic measurements although [34] and [35] did not
address them.

This paper investigates how different fore optics and optical
path designs affect the area of measurement support and the
DRF of spectroradiometers, to gain an understanding of the
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Fig. 1. Spectroradiometer optical path schematics (a) ASD FieldSpec Pro and
(b) GER 3700.

spatial and spectral dependence influencing spectra recorded by
these field instruments.

II. METHODS

A. Spectroradiometers

The U.K. Natural Environment Research Council Field
Spectroscopy Facility (NERC FSF) holds a range of portable
field spectroradiometers. These instruments are made available
through a peer review application process to U.K. academics
for scientific research. The spectroradiometers available include
ASD FieldSpec Pro FR #6449 and SVC GER 3700 #1008,
and these instruments were used in this research. Both of these
instruments are full wavelength systems measuring across the
350-nm to 2500-nm spectral region.

The FieldSpec Pro and GER 3700 systems use different
technologies and optical designs to collect, transport, and dis-
tribute light to the three spectrometers and, in the 1000-nm to
2500-nm spectral region, also different detector technologies.
The ASD FieldSpec Pro uses a fore optic, either a fixed focus
lens or a field stop with no focusing lens element, to collect
radiance and distributed it via a fiber optic bundle to a fixed
diffraction grating spectrometer for the 350-nm to 1000-nm,
visible near infrared (VNIR), spectral region, and two oscil-
lating defraction grating monochromators with cooled single
element indium gallium arsenide detectors for the 1000-nm
to 1750-nm, first short wave infrared (SWIR-1), and 1750-nm
to 2500-nm, second SWIR-2, spectral regions [Fig. 1(a)]. The
fiber optic bundle contains 57 individual fibers (of 110 μm and
220 μm diameter for the VNIR and SWIR fibers, respectively),
and the position of each fiber within the bundle is determined

Fig. 2. Measurement configuration showing direction of movement of linear
stages, rotation of lamp, and position of ASD FieldSpec Pro or GER 3700.

through a random process at time of the bundle manufacture
with 19 fiber subsequently being distributed to each of the
three spectrometers [30]. Therefore, the ASD FieldSpec Pro
optical fiber distribution may be unique to each instrument. The
GER 3700 is typically configured with a fixed focus fore optic
lens (although a fiber optic accessory is available) attached to
the spectroradiometer with radiance received distributed using
lenses, mirrors, beam splitters, and optical slits to a fixed
diffraction grating/photodiode array spectrometer covering the
VNIR spectral region and two fixed diffraction grating/lead
sulphide array detector assemblies for the SWIR-1 and SWIR-2
spectral regions [Fig. 1(b)].

B. Measurements

All measurements to characterize the DRF and FOV of the
two spectroradiometer systems were carried out in an optical
darkroom custom built for spectroradiometric system calibra-
tion and measurements at the NERC FSF. A 55-cm linear stage,
with micrometer adjustment, was mounted on an optical table
within the darkroom and a second 55-cm linear stage, also with
micrometer adjustment, mounted orthogonally on the movable
carriage of the first stage. A miniature 20-W quartz tungsten
halogen lamp, with a 4 mm × 0.7 mm coiled filament, was then
mounted on a rotary stage (also with micrometer adjustment)
and secured, in the horizontal plane, to the movable carriage
of the vertical linear stage (Fig. 2). This configuration allowed
the lamp to be moved vertically and horizontally across the
area defined by the nominal FOV of each instrument and the
lamp to be rotated horizontally. A miniature laser diode was
mounted on the vertical center line of the rotary stage and, when
the stage was rotated horizontally, was used to ensure that the
same point of the lamp filament was aligned with the geometric
center line of each fore optic for each measurement. A quartz
tungsten halogen lamp was selected as it emits a high intensity,
continuous light across the spectral range of interest in this re-
search. A regulated stabilized power supply was used to ensure
lamp output stability for the duration of the measurements. The
darkroom walls were black and spectrally flat with a reflectance
of less than 5% and black spectrally flat optical cloth, also with
a reflectance of less than 5%, covered the optical table and the
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vertical linear stage to reduce spurious reflections from the light
source. The lamp was centered on both linear stages and on the
rotary stage and this position used as the reference point (the
“zero” point) for all subsequent measurements. The working
distance between the lamp and the front of the fore optics was
set at 1 m and kept constant for all reference measurements,
except for measurements made using the GER 3700 fiber optic
bundle where a distance of 500 mm was used. This reduced
working distance was used for the GER 3700 with fiber optic
bundle due to concerns that spurious reflectances could be
integrated into the measurements when the light was positioned
toward the responsivity limits closest to the optical bench as the
fiber bundle could have had a FOV of approximately 25◦.

The geometric center line of each spectroradiometer’s fore
optic was aligned with the center line of the lamp, and for the
ASD, the optimization routine was first initiated, then a refer-
ence spectral measurement of the lamp acquired. The reference
measurement was followed by acquiring a target measurement
spectrum of the lamp without moving any of the stages. The
lamp was then moved in 5-mm increments, both horizontally
and vertically, for both the ASD FieldSpec Pro with 10◦ fore
optic and the 5◦ fore optic measurement sequences and a target
spectrum acquired at each point to complete a grid of measure-
ment points. For the FieldSpec Pro/bare fiber bundle system
measurements, a more sparse sampling strategy was adopted
as can be seen in Fig. 7. For the GER 3700 10◦ fore optic mea-
surement sequence, the lamp was moved in 1-cm increments,
both horizontally and vertically, and target spectra acquired as
for the ASD system. For the GER system with the 3◦ fore optic
and with the fiber optic accessory, only the principal axes of
the area defined by the nominal FOV were sampled in 1-cm
increments. The spatial extent of the measurement sequences
were determined by continuing to take measurements until the
maximum height of any point of the spectrum measured was
less than 2% of the reference measurement spectrum, when
it became difficult to visually differentiate the spectra on the
control computer screen. After each horizontal and vertical se-
quence of measurements, the lamp was returned to the reference
point, and another reference measurement taken. In total, some
7250 spectra were acquired for analysis.

C. Postprocessing and Data Analysis Methods

Processing of the ASD data required a normalization adjust-
ment to each spectral data file to account for the VNIR channel
integration time and SWIR-1 and SWIR-2 gain settings deter-
mined by the instrument during the optimization routine. The
data from each spectroradiometer/fore optic configuration and
for each wavelength selected for analysis were then normalized
to the maximum amplitude measured for that wavelength within
the measurement field. To enable the spectra to be spatially
located, the positional coordinates of each measurement point
recorded from the linear stage micrometers were appended
to the spectra data files recorded by each spectroradiometers.
After initial analysis, the data files were reduced to a selected
number of wavebands typifying the reponsivity of each spec-
trometer of each instrument/fore optic, for final analysis and
display.

Fig. 3. ASD FieldSpec Pro DRF greater than 50% response with the nominal
10◦ fore optic.

As consideration is being given here to the spatial distribu-
tion of responsivity of spectroradiometric systems that measure
from a continuous field only varying in levels of spectral
intensity and at contiguous wavelengths, the points of measure-
ment are considered to be spatially autocorrelated. Therefore, a
geostatistical approach was adopted to analyze and display the
data and, for each wavelength selected for display, an ordinary
kriging routine was used for spatial interpolation. Ordinary
kriging provides a 2-D probability interpolation method using
a weighted linear combination of available data with the aim
of minimizing errors of variance [36] and provides a unbiased
estimator [37]. In addition, kriging allows for a statistical esti-
mation of error of the responsivity across the area of measure-
ment displayed at the specific contours levels selected, where no
measurement data may have been acquired. By adopting such a
geostatistical approach a 2-D graphical representations of the
area of measurement support, and DRF across this area, for
each instrument/fore optic combination at each selected wave-
length, could be produced with contours selected for display by
levels of spectroradiometric system responsivity.

III. RESULTS AND DISCUSSION

A. ASD Fieldspec Pro Area of Measurement Support and
DRF With a 10◦ Fore Optic Lens

The geostatistically interpolated DRFs, for this instrument/
fore optic/measurement distance combination, at three wave-
lengths (700 nm, 1500 nm, and 2200 nm), each typifying the
response of the VNIR, SWIR-1, and SWIR-2 spectrometers,
respectively, of the ASD instrument are displayed in Fig. 3
where a lower limiting contour of 50% of the maximum
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responsivity level has been chosen. The hatched circle in Fig. 3,
with a diameter of 17.5 cm, represents the spatial extent of the
nominal FOV specified by the manufacturer for this fore optic
using their suggested method of calculation [30]. The position
of each area of responsivity is indicative of the position of in-
dividual fibers in the fiber optic bundle and their distribution to
the individual spectrometers, where the responsivity is greater
than this 50% level. The response of the instrument to radiant
flux can be seen to be sparse with little or no coverage of
significant areas within the area defined by the nominal FOV
at this level of responsivity. The responsivity is concentrated
in the lower half of the nominal FOV, with the distribution
spatially dependent and highly irregular. The elongated area
left of center in Fig. 3 indicates that three fibers attached to
the VNIR spectrometer are adjacent to each other in the bundle,
as does the triangular area in the bottom right quadrant nearest
to the nominal FOV limit. However, given the spatial sampling
resolution selected and the diameter of the fibers in the bundle,
the position of some fibers may possibly not be displayed at this
50% responsivity level.

To investigate the area of measurement support and the DRF
of this ASD system at this measurement distance further, a
lower limiting contour of 5% of the maximum responsivity
level for the same wavelengths as previously considered was
selected and the interpolated data displayed in Fig. 4. Again,
each area of responsivity indicates of the position of individual
fibers in the optical fiber bundle, but for each spectrometer
of the ASD used in this work, only 16 fibers are evident
for each spectrometer, rather than the 19 specified by ASD,
suggesting that three fibers may not be transmitting light to
each spectrometer. The nonshaded areas in Fig. 4(a), (b),
and (c) indicate areas where the radiance received by each of
the spectrometers is less than 5% of the maximum normalized
response. The VNIR spectrometer responsivity at the 5% level
is largely distributed to the outer regions of the nominal FOV
with little coverage toward the center [Fig. 4(a)], although the
concentration of coverage at the two locations where three
VNIR fibers appear to be adjacent to each other is again evident.
The VNIR spectrometer also has significant responsivity to
areas outside the nominal 10◦ fore optic FOV. The SWIR-1
spectrometer displays little responsivity in the lower right quad-
rant, the bias being toward the other three [Fig. 4(b)] and with
less responsivity to areas outside of the nominal FOV than
displayed by the VNIR spectrometer. The SWIR-2 spectrom-
eter responsivity is biased to the lower half of the nominal
FOV with little in the upper two quadrants [Fig. 4(c)], and
also with less responsivity evident to areas outside the nominal
FOV than the VNIR spectrometer. The area of measurement
support normally assumed by field spectroscopists (the nominal
FOV) is generally within the 5% DRF contour, but for all three
channels, the coverage within this area varies significantly.
The areas of maximum responsivity are variable for all three
spectrometers, and in some cases, the responsivity peaks are
less than 50% of the maximum. The combined DRF data for
the three spectrometers, with the lower limiting contour of 5%
of the maximum responsivity level for each of the selected
wavelengths displayed, highlight the strong spatial dependency
of the spectroradiometer system responsivity [Fig. 4(d)]. The

nonshaded areas in Fig. 4(d) indicate “blind spots” for the
spectroradiometer where little or no radiance is being measured
and integrated into the full wavelength (400 nm to 2500 nm)
spectrum being recorded.

Cross-sectional plots of the responsivity of the system, at
the selected wavelengths, along the x-axis and the y-axis of
Fig. 4(d) are displayed in Fig. 5(a) and (b), respectively. These
figures highlight the strong spatial and spectral dependencies
and the response of the system to radiant flux from outside of
the 17.5-cm diameter nominal FOV. The narrow, approximately
Gaussian, response and point of maximum normalized respon-
sivity for each fiber receiving radiant flux is also evident from
these figures.

When this 10◦ lens-based fore optic is used, the areas of
responsivity for each of this ASD’s three spectrometers are
individually distinguishable and their spatial distribution un-
even within the nominal FOV specified by the manufacturer.
Therefore, the area of measurement support and the area as-
sumed from the nominal FOV are not the same. However, the
number and location of the responsivity peaks appear to align
with individual fibers in the fiber optic bundle and each area of
response to the distribution of the fibers to the spectrometers.
This indicates that the area of measurement support is being
imaged by the 10◦ lens onto the tip of the fiber optic bundle such
that each individual fiber is receiving radiance from different
spatial locations within the area of measurement support and
transmitting that to the individual spectrometers to which each
fiber is aligned during manufacturing. Consequently, each spec-
trometer is measuring radiance from different spatial locations.
The regions of the full wavelength spectrum measured by
each spectrometer are thus from distinctly different areas, with
responsivity being “weighted” by location. At the 5% limit of
peak responsivity, which contains approximately 95% of the
total reflectance, there is little overlap of the areas sampled by
each spectrometer. Hence, full spectral information is acquired
from few regions within the area of measurement support, and
it is evident that specifying an albeit nominal FOV for the ASD
FieldSpec Pro with 10◦ fore optic is highly misleading.

The ASD FieldSpec Pro has a number of different optical
accessories available including a nominal 5◦ FOV fore optic,
again with focusing element, and an 18◦ FOV field stop with
no focusing element. The area of measurement support and
the DRF of both of these fore optic accessories will now be
considered.

B. ASD Fieldspec Pro Area of Measurement Support and
DRF With a Nominal 5◦ Fore Optic Lens

The general design of the ASD fore optic lens accessories are
the same and the DRF of the 5◦ nominal FOV fore optic used in
this work was found to display similar characteristics to those
of the system with the 10◦ lens [Fig. 6(a)], when sampled at the
same measurement distance. Spatial coverage of the area within
the nominal FOV at the 5% responsivity level was not quite
complete, although coverage was proportionally more extensive
than with the 10◦ fore optic. The responsivity of the system
was again “weighted” by location. However, the responsivity
at the 5% level from outside the nominal FOV for the 5◦ fore
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Fig. 4. ASD FieldSpec Pro DRF greater than 5% response with the nominal 10◦ fore optic. (a) VNIR. (b) SWIR-1. (c) SWIR-2. (d) VNIR, SWIR-1, and SWIR-2
combined.

optic was minimal. The size of the areas within the area of
measurement support with a responsivity greater than 50% was
found to be smaller for this optic than that for the 10◦ fore optic

as can be seen in Fig. 6(b) from the width of each Gaussian
response for each fiber recording radiance from along the line
of the x-axis of Fig. 5(a).
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Fig. 5. DRF cross section along the major axes of the ASD FieldSpec Pro with 10◦ fore optic. (a) x-axis cross section. (b) y-axis cross section.

Fig. 6. DRF cross section along the x-axis of the ASD FieldSpec Pro with 5◦

fore optic. (a) 5% DRF contours. (b) x-axis cross section.

When this 5◦ lens-based fore optic is used, the areas of
responsivity of each of the three spectrometers can still be
differentiated, although there was significantly greater overlap

between them than evident for the 10◦ fore optic. Radiance was
received by at least one spectrometer from all areas within the
nominal FOV. In addition, at both the 5% and 50% responsivity
levels, the total extent of the area of measurement support
approximates more closely to that which could have been
assumed from the manufacturer’s specification for this lens-
based fore optic than for the 10◦ fore optic.

C. ASD Fieldspec Pro Area of Measurement Support and
DRF With a Nominal 18◦ Field Stop Fore Optic

The DRF of this ASD spectroradiometer with its 18◦ fore
optic at this measurement distance displays different character-
istics to that displayed when lens-based fore optics are used.
Greater spatial and spectral uniformity are evident, and the
areas of responsivity of the spectrometers can be seen to be
primarily concentric and evenly distributed (Fig. 7). The 18◦

fore optic comprises a field stop, and, as there is no focusing
element present, the area of measurement support appears not
to be imaged onto the tip of the fiber optic bundle. Hence,
each spectrometer can be considered to have a FOV rather
than each fiber, as was the case for the lens-based fore optics.
For the VNIR spectrometer, the area with a 50% responsivity
level approximates to the area of that would be assumed from
nominal FOV, although the areas of measurement support of the
SWIR-1 and SWIR-2 spectrometers are slightly less. At the 5%
responsivity level, the area of measurement support also varies
for each spectrometer. At this level, the area of measurement
support for the VNIR spectrometer is slightly larger than the
area of the nominal FOV [Fig. 7(a)]; the area of measurement
support of the SWIR-1 spectrometer approximates to the nomi-
nal FOV [Fig. 7(b)]; and that of the SWIR-2 spectrometers can
be seen to be significantly less than the area of the nominal FOV
[Fig. 7(c)]. From Fig. 8, it is evident that at the 50% responsivity
level, the area measured by the VNIR spectrometer is greater
in diameter than that of the SWIR spectrometers and that the
SWIR spectrometer FOVs are closely aligned. The responsivity
of the spectrometers in the ASD system with this 18◦ fore optic
has approximately a Gaussian distribution as can be seen from
Fig. 8(a) and (b). From these figures, it can also be observed that
for the VNIR spectrometer, the diameters of the 5% and the
50% sensitivity contours approximate to each other, although
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Fig. 7. ASD FieldSpec Pro DRF greater than 5% response with the nominal 18◦ fore optic. (a) VNIR. (b) SWIR-1. (c) SWIR-2.

there are significant differences in diameter between the 5% and
the 50% responsivity contours for the SWIR spectrometers.

The difference between the VNIR and SWIR spectrometer
FOVs at the 50% responsivity level, and the similarities at the

5% responsivity level, may indicate that it is the field stop
that is restricting the VNIR spectrometer’s FOV, while the
FOV of the SWIR spectrometers is possibly being restricted
by the numerical aperture of the fibers. The numerical aperture
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Fig. 8. DRF cross section along the major axes of the ASD FieldSpec Pro with 18◦ fore optic. (a) x-axis cross section. (b) y-axis cross section.

of each of the fiber diameters (110 and 220 μm) included
in the fiber optic bundle are not specified by ASD, although
they do advise that the FOV of the “bare” fiber bundle is 25◦

[30]. The apparent difference in numerical aperture between the
110 μm and 220 μm fibers may be due to the material used
for the fiber of the cores, and possibly the cladding, of each
of the VNIR and SWIR fibers being different. The SWIR fiber
diameter and core and cladding material may have been chosen
to optimize light transmission in the SWIR spectral range, while
those used for the VNIR fibers chosen to suit the spectral range
of that spectrometer. However, at the 5% responsivity level, the
FOV of all three spectrometers are close to being in alignment.
From the foregoing, it is evident that the area of measurement
support and DRF of the ASD FieldSpec Pro with this 18◦

fore optic more closely approximates to that assumed by field
spectroscopists than do the areas of measurement support and
DRFs of this ASD system with these lens-based fore optics,
although there are still differences.

D. GER 3700 Field Spectroradiometer Area of Measurement
Support and DRF With a 10◦ FOV Lens

Within the GER 3700 spectroradiometer, a different techno-
logical approach has been adopted to transfer light from the
fore optic to the spectrometers [Fig. 1(b)] than that used in the
ASD FieldSpec Pro. Hence, the area of measurement support
and the DRF of the GER 3700 display different phenomena to
those of the ASD system. From Figs. 9 and 10, it can be seen
that the GER 3700 is responsive to radiance from contiguous
areas within the nominal FOV of each of its spectrometers,
although the FOVs of each spectrometer do not necessarily
align with each other or match the manufacturer’s specified
nominal FOV for the 10◦ fore optic. The VNIR spectrometer
50% responsivity contour delineates an irregular area rather
than a circle, although it is completely contained within the
nominal FOV of the 10◦ fore optic (Fig. 9). However, the extent
of the VNIR 5% sensitivity contour exceeds the nominal FOV
for approximately half its diameter at 700-nm [Fig. 9(b)] and
900-nm [Fig. 9(c)] wavelengths, while at the 450-nm [Fig. 9(a)]
wavelength, the 5% contour is mainly within the nominal FOV.
The peak responsivities for each of the wavelengths displayed

in Fig. 9 are within the nominal FOV, although there is a
marked shift from the left to right along the x-axis of the
area of measurement support. Thus, spectral reflectance to
the right side of the nominal FOV has a responsivity bias to
blue wavelengths [Fig. 9(a)] compared to the left side where
the spectrometer has its maximum responsivity to infrared
wavelengths [Fig. 9(c)], while the greatest responsivity to red
wavelengths is approximately in the middle of the nominal
FOV [Fig. 9(b)]. There are areas within the nominal FOV,
primarily to the left for blue wavelengths [Fig. 9(a)] and to
the right for infrared wavelengths [Fig. 9(c)], from which little
or no reflected radiance is integrated into the full wavelength
spectrum recorded. The GER 3700 is responsive through its
full wavelength range (400 nm to 2500 nm) to radiant flux
from the central region of the nominal FOV. However, both
SWIR spectrometers have areas of responsivity to the left and
to the right of the nominal FOV from which little or no radiance
is integrated into the measurement recorded, and both display
an approximately rectangular area of measurement support
[Fig. 10(a) and (b)]. The right to left bias of blue through
red to infrared wavelengths, along the x-axis of Figs. 9 and
10, is evident in Fig. 11(a) where the location of the point of
maximum responsivity for each of the wavelengths displayed
can be seen. From Fig. 11(b), it is evident that the points of
maximum responsivity are more close to being central on the
y-axes of Figs. 9 and 10 and aligned with the optical slit of the
spectroradiometer.

Unlike the ASD system, each spectrometer in the GER 3700
is responsive to radiance from a significant and overlapping
central region of the area of measurement support. Neverthe-
less, the areas from which radiance is recorded by each of the
three spectrometers in the GER 3700 with 10◦ fore optic are
also individually distinguishable. There are areas within the
nominal FOV to which one or other of the three spectrometers
receive little or no radiant flux and the DRF of the VNIR
spectrometer is wavelength dependent with a right-to-left/blue-
to-infrared responsivity bias. The design of the fore optic; the
unique optical path from the instrument’s entrance slit to each
of the three spectrometers; the size and location of spectrograph
slits; and the magnification factors of the various elements
within each optical path may all influence the extent of the areas
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Fig. 9. GER 3700 with 10◦ fore optic VNIR DRFs at selected wavelengths. (a) 450 nm. (b) 700 nm. (c) 900 nm.

of measurement support and the DRF of each spectrometer and,
hence, those of the combined GER 3700 spectroradiometric
system.

E. GER 3700 Field Spectroradiometer Area of Measurement
Support and DRF With a Nominal 3◦ Lens

The area of measurement support and DRF of the GER
3700 fitted with its 3◦ lens, the “standard” GER fore optic,
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Fig. 10. GER 3700 with 10◦ fore optic SWIR DRFs at selected wavelengths.
(a) 1500 nm. (b) 2200 nm.

was also assessed and found to display similar, although less
pronounced, characteristics to those found with the 10◦ fore
optic fitted. The VNIR right-to-left blue-to-infrared spectral
responsivity shift was still evident as the blue wavelengths were

Fig. 11. DRF cross section along the major axes of the GER 3700 with 10◦

fore optic. (a) x-axis cross section. (b) y-axis cross section.

again found to have a maximum sensitivity toward the right of
the FOV (across the optical slit) and infrared toward the left
[Fig. 12(a)]. However, response to infrared wavelengths was
more evenly distributed than observed with the 10◦ fore optic
fitted. Along the line of the instrument’s entrance slit, there
appeared to be no spectral shift for VNIR wavelengths as the
maximum responsivity of each was approximately aligned with
the y-axis of the area of measurement support [Fig. 12(b)]. The
5% and 50% responsivity contours were found to be reasonably
well aligned with each other along the x-axis [Fig. 12(a)],
although a slight responsivity bias to the right of the x-axis was
evident for the blue wavelengths. Along the y-axis, the 5% and
50% responsivity contours were less well aligned [Fig. 12(b)].
The 5% and 50% responsivity contours for each spectrometer
are more closely aligned for the 3◦ fore optic than for the
10◦ fore optic, as can be seen by comparing Figs. 11 and
12. The area of measurement support is considered to again
be rectangular at the 5% responsivity level as it measures
approximately 8 cm along the x-axis and 10 cm along the
y-axis, due to the influence of the optical slit. However, at the
50% responsivity level the area of measurement support is more
square with axes of approximately 7 cm.
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Fig. 12. DRF cross section along the major axes of the GER 3700 with 3◦

fore optic. (a) x-axis cross section. (b) y-axis cross section.

As was observed for the GER system with the 10◦ fore
optic, the response to radiance by each spectrometer overlapped
in the central region of the area of measurement support,
although the areas of measurement support of each of the
spectrometers remained distinguishable, particularly for the
VNIR detector. There remains a blue to infrared/right to left
responsivity bias, although it is less pronounced than for the 10◦

fore optic. However, unlike the system with the 10◦ fore optic,
there were no areas within the nominal FOV from which radiant
flux was not received by a spectrometer. It is therefore evident
that the DRF and area of measurement support more closely
aligns to that which would be assumed from the specification
for the 3◦ fore optic, although it is more extensive at both the
5% and 50% responsivity levels.

F. GER 3700 Field Spectroradiometer Area of Measurement
Support and DRF With a Fiber Optic Attachment

A fiber optic accessory is available for use with the GER
3700, although presently, there is no FOV limiting fore optic
attachment supplied. The fiber optic bundle contains 400 indi-
vidual fibers, each of the same diameter. However, the nominal
FOV of this accessory has not been specified by the manu-

Fig. 13. DRF cross section along the major axes of the GER 3700 with fiber
optic fore optic at a distance of 500 mm from target. (a) x-axis cross section.
(b) y-axis cross section.

facturer. From these measurements, the area of measurement
support was found to be circular, measuring approximately
18 cm along each major axis at the 50% responsivity level and
approximately 24 cm along each major axis at the 5% respon-
sivity level [Fig. 13(a) and (b)]. It can also be seen that the width
of the area of measurement support at the 5% responsivity level
is approximately 6 cm greater than at the 50% level. Hence,
if the nominal FOV of the fiber optic accessory is calculated
from this data, at the 5% responsivity level, it is approximately
27◦, and at the 50% responsivity level, it is approximately
20◦. Furthermore, the responsivity was found to be approxi-
mately Gaussian and concentric for each of the wavelengths
displayed, although the area of maximum responsivity is wider
across the y-axis [Fig. 13(b)] than the x-axis [Fig. 13(a)].
The fibers in the fiber optic bundle supplied for the GER 3700
are mixed during manufacture such that the position of each
fiber at one end of the bundle is not the same as that fiber’s
position at the other end of the bundle and, as each fiber can be
assumed to have a circular FOV the area of measurement sup-
port will be circular, with little influence from the optical slit.

The GER 3700 system with fiber optic accessory displays
no spectral left to right bias and the area of measurement
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support and DRF of each spectrometer align more closely
with each other than was found with the other fore optics.
The response to radiance by each spectrometer covers the
full area of measurement support, and there were no areas
within this from which radiant flux was not received by each
spectrometer. In addition, and again unlike the GER optics pre-
viously assessed, when using the fiber optic accessory, the area
of measurement support of each spectrometer were primarily
indistinguishable.

These area of measurement support and DRF characteristic
differences between the fiber optic and lens-based fore optics
for the GER 3700 system indicate that, similar to the ASD
system, the area of measurement support is being imaged
into the optical path by the lens-based optics. As there was
no responsivity bias when using the GER 3700 fiber optic
accessory, which does not have a focal point, it would appear
to be the dimensions and design of the lenses and where their
points of focus fall within the optical path that are the cause of
the spectral bias. This is also indicated by the DRF differences
observed between the 10◦ and the 3◦ fore optic data, where the
focal point of each will fall at different locations within the
optical path. In addition, it would appear to be the shape and
dimensions of slits and detector arrays that cause the area of
measurement support to be elongated rather than circular for
the lens-based fore optics.

G. Measurement and Responsivity Contour Uncertainties

The uncertainties associated with the extent of the ar-
eas of measurement support and DRFs displayed are depen-
dent on both systematic and random errors introduced during
measurement and from the interpolation method adopted for the
analysis. Systematic errors will result from spectroradiometric
uncertainties such as in wavelength position and detector re-
sponse linearity and uncertainties introduced by the physical
dimension of the lamp and the spatial sampling resolution
adopted. As the size of the light source used limited the maxi-
mum possible spatial resolution of the measurements, the point
of absolute maximum responsivity for an individual wavelength
interval may therefore fall between two measurement points.
This may result in only the apparent maximum being used to
normalize the data, thus the DRFs displayed are relative rather
than absolute measures. Random errors will result from uncer-
tainties related to the lamp’s position and rotation, relative to the
fore optic geometric center line, and from spectroradiometric
dark current and thermal stability errors. Errors introduced by
spatial interpolation include the number, proximity and spatial
arrangement of samples, the nature of the phenomena being
studied (is it a continuous smooth field, for example) and
the interpolation model selected. Systematic spectroradiometric
errors are quantified during the routine quality assurance pro-
cedures applied to both instruments and are minimized by
recalibration of spectroradiometer if required and will not be
discussed further here. Uncertainties introduced through the
spatial sampling resolution are quantified during the interpo-
lation accuracy assessment.

As during the spectral measurement sequence, the reference
spatial location of the lamp (the measurement axis “zero” point)

was repeatedly measured, the spectral measurements at this
location have been used to determine a statistical confidence
level for the spectroradiometer/fore optic system responsivity
which integrates both positional and spectroradiometric uncer-
tainties. For a 95% confidence level, the measurement error at
the “zero” point was calculated to be better than ±5.5% with
35◦ of freedom for the GER 3700 system with 10◦ fore optic
and for the ASD system with the 10◦ fore optic. The uncertainty
for each of the spectroradiometers with the other fore optics was
of the same order, although with lower degrees of freedom.

There are also uncertainties related to the kriging spatial
interpolation method used, and these influence the position of
the responsivity contours and the values predicted between the
measurement points. A statistical prediction map was gener-
ated for each of the wavelengths assessed for both the ASD
FieldSpec Pro and the GER 3700, each with 10◦ fore optic, and
the maximum root mean squared errors (RMSE) were 0.048
and 0.027, respectively. The differences between the RMSE
calculated for the ASD and that for the GER instrument are due
to the difference in spatial sampling resolution selected (5 mm
and 10 mm, respectively) and rather than any specific instru-
ment phenomena. However, even given these uncertainties, the
assessment of the extent of the area of measurement support
and DRF of each spectroradiometer/fore optic combination
presented here provides sufficient information on the probable
shape, size, and level of responsivity at spatial locations across
the target area from which the spectroradiometer receives ra-
diance to enable field spectroscopy sampling strategies to be
greatly improved.

IV. CONCLUSION

To enable a spectrum, or parts of a spectrum, recorded by
a field spectroradiometer to be related to physical properties,
or to classifications of type, of target surfaces of interest, it is
necessary to know the spatial extent of the surface from which
radiance is received, that is the area of measurement support.
The responsivity of the spectroradiometer to radiance from
within that area, i.e., the “weighting” given to radiance from
any point within the area, is assumed to be equal. However, the
FOV, normally specified by spectroradiometer manufacturers,
does not provide the necessary information. At best, a FOV
only describes one of the two parameters necessary to calculate
spatial extent. These are the diameter of a circular area from
which radiance may be received by a spectroradiometer and
the distance from the apex of a triangle to the target surface
which can only be approximated as the focal point of the fore
optic is unknown. In addition, the FOV gives no indication
of instrument responsivity to radiance from different locations
within the area from which that radiance is received. More
specifically, the use of the term FOV is misleading as it leads
field spectroscopists to assume that: 1) the area of measurement
support is circular (although in their manuals GER do advise
against this assumption); 2) that there is an “edge” to this area
that can be clearly defined, although a level of responsivity is
never stated; and 3) that radiance received from any point within
the area of measurement support is equally “weighted” within
the integrated spectrum recorded.
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This research has shown that when the 10◦ lens-based fore
optic is used, the ASD system does not have a FOV, but that
each fiber within the fiber optic bundle receives radiance from
different areas within the area of measurement support and
transmits this radiance to the sole spectrometer to which that
fiber is attached. Each fiber has in effect its own FOV, leading
to each of the three spectrometers integrating radiance from
different areas (and these areas appear only to overlap toward
the extremities of each fiber/spectrometer’s responsivity) into
the spectral range recorded by that spectrometer. It should also
be noted that as the distribution of fibers to the spectrometers
are randomized at the time of manufacture, each ASD Field-
Spec Pro system will have a unique DRF, and hence the shape
and coverage of the potential area of measurement support
will be unique to each instrument. The area of measurement
support has also been shown to extend well beyond that that
the FOV parameter would define, yet, at the 5% responsivity
level, there remain areas within the nominal FOV from which
little or no radiance is received either by each or by all of the
spectrometers. When the 5◦ lens-based fore optic was used,
although each fiber still receives, and hence each spectrometer
measures, radiance from distinctly different areas, the areas
of overlap are greater, and the areas from which radiance is
received by only one spectrometer are significantly less than
found with the 10◦ fore optic, when the 5% responsivity level
is considered. In addition, the extent of the area from which
radiance is received much more closely approximates to that
which the nominal FOV would suggest and does so at both
the 5% or 50% responsivity levels, indicating a significant
improvement in characteristics over the 10◦ fore optic (although
the term FOV still has little relevance) at a 1-m sampling
distance. It should be noted, however, that the when the 18◦

fore optic which has no lens is used, the term FOV is less
misleading as the specified FOV included angle is being defined
by either the field stop or the numerical aperture of the fibers or
both. Each fiber still has its own FOV, but as all these FOVs
effectively overlap each other, each spectrometer is measuring
radiance from all areas within the area of measurement support,
similar to the manner described by [38] for the fiber bundle
without a fore optic. In addition, the area of measurement
support and DRF measured in this research for the 18◦ fore
optic are a reasonable approximation of that assumed by field
spectroscopists. It just remains for the manufacturer to state
a responsivity limit and the DRF to be defined to more fully
specify the spectroradiometer/18◦ fore optic combination. It
should also be noted however that for the FieldSpec Pro model
used here, there was no method of determining if any fibers
in the bundle were not transmitting radiance to their respective
spectrometer without making DRF measurements or returning
the instrument to the manufacturer for assessment. However,
ASD have now incorporated a reverse illumination mechanism
within their latest full wavelength spectroradiometer to allow
the fibers to be checked.

For the GER 3700 system with the 10◦ lens-based fore optic,
the area of measurement support more closely approximates a
square or a rectangle, as the manufacturer suggests, than to a
circle. The areas of measurement support for the VNIR and
SWIR spectrometers with this fore optic do display different

shapes, with those of the SWIR spectrometers more rectangular
than square. There is also a spatial and spectral shift in the
responsivity of the VNIR spectrometer, with more “weighting”
given to blue wavelengths of light from the right and infrared
wavelengths from the left of the target surface, while along
the axis in alignment with the instruments entrance slit, no
spectral shift is evident. When the 3◦ fore optic is fitted, the
area of measurement support of each spectrometer appeared
to be square and aligned, there was little evidence of an in-
frared spectral shift, and the blue shift was less pronounced,
indicating, as for the ASD with 5◦ fore optic, an improvement
over the wider angles lens-based fore optic. Again, as was
observed for the ASD system, when the fiber optic accessory
was used with the GER 3700, there was a significant im-
provement in the DRF. The DRF was found to be approxi-
mately Gaussian, concentric, and overlapping for each of the
spectrometers.

For heterogeneous earth surface targets, the use of diagnostic
spectral absorption and reflectance features, or indices derived
from these, as proxies for state variables, or the use of spectra
from such targets having classifications assigned in proportion
of specific elements within the target area, is dependent on
the reflected radiance being recorded being from a known and
quantifiable target area. With heterogeneous target surfaces, and
most natural earth surfaces, targets are heterogeneous to some
degree, if the DRF is not uniform, if spatial coverage is in-
complete and if the shape and area of measurement support are
different from that assumed, then the components considered to
be within the scene may not be quantified or correct proportions
assumed. Hence, the properties of the assumed target area will
be inaccurately represented in the actual radiance recorded
or reflectance calculated. The contribution of individual scene
components to gross radiance recorded may be excluded or over
emphasized leading to erroneous classification of the surface
or inaccurate quantification of physical and chemical variables
derived from spectral indices.

It should be noted that the DRFs reported here are for
specific instrument/fore optic combinations at the specified
measurement distances, sampling resolutions, and for the lamp
filament size used, and different results may be found if other
instrument/fore optic and measurement configurations are used
as; the ASD instrument fiber distribution will vary, as may
the SVC instrument optical path; fore optic design and mate-
rials will effect the light passing through them; measurement
distances may lead to the area of measurement support being
in or out of focus; and the sampling resolution will effect
phenomena recorded as will the lamp filament size. However,
the results reported here have significant implications for the
measurement of surface radiance. The wavelength-dependent
spatial variability of the DRF and irregularly defined areas
of measurement support evident from this study indicate that
the assumption that the systems have uniform and regularly
defined FOVs is invalid. Having knowledge of an instrument’s
DRF, and hence being able to define the area of measurement
support and responsivity, of a field spectroradiometer is nec-
essary but not alone sufficient to improve field spectroscopy
measurements. It is also necessary to consider the heterogeneity
of the target surface and statistically assess the quantity of
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individual measurements required to acquire a representative
mean of the radiance spectrum of the target of interest. A
practical solution which quantifies the uncertainty of radiance
from heterogeneous targets resulting from a nonuniform DRF
may be to include multiple measurements of radiance spectra
measured from nadir while rotating the instrument fore optic
about its optical axis and to indicate a standard error per wave-
length for the mean spectrum determined. A modeling study
investigating effects that the DRFs of the instrument/fore optic
systems reported here would have on reflectances recorded
from heterogeneous earth surfaces, and on biochemical indices
derived from these reflectance spectra, has now been conducted
and will be reported at a later date and recommendations to
improve field sampling strategies will be suggested.

The research reported here suggests that the use of a field
stop aperture in place of a lens or the optimization of lens and,
possibly, optical path design could give a more uniform DRF.
However, repositioning lenses with respect to the instrument
entrance slits will cause some defocusing of the image, improv-
ing the uniformity of directional response but with a possible
reduction in system responsivity. Other options for improving
the uniformity of the ASD lens fore optics could possibly be in
the use of optical mixers or holographic diffusers positioned be-
tween the fiber optic bundle and the lens, although, again, these
options may cause some reductions in systems responsivity.
Indeed, after being advised of the work reported here, ASD now
on request incorporate an optical mixer (a “scrambler”) into the
ASD pistol grip. It should also be noted that the latest ASD full
wavelength system, the FieldSpec 3, does incorporate a method
by which the operator can check the integrity of the fibers in
the optical bundle without access to a spectroscopy darkroom
or returning the instrument to the manufacturer. SVC have also
considered the results reported here and optimized the align-
ment of elements in the optical path of their new instrument,
the HR-1024, and make a more symmetric 8◦ fore optic and a
bare fiber option available. Initial indications are that the DRFs
of these systems and accessories greatly improve the DRFs of
each system. These improved spectroradiometric systems will
now be assessed and improvement in DRF and consequen-
tial changes in system sensitivity will also be reported at a
later date.
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