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Abstract

This paper reviews developments in the scienceelf §pectroscopy, focusing on the last twenty yéar
particular. During this period field spectroscomstbecome established as an important technique for
characterising the reflectance of natural surfacegu, for supporting the vicarious calibration of airbe and
satellite sensors, and for providing a means dfrggaip measurements from small areas (e.g. leageks) to
composite scenes (e.g. vegetation canopies), sinthtely to pixels. This paper describes the phatdiasis of
the subject and evaluates the different methodsrestidiments which have been employed across @ raing
studies. The development and use of field gonioreésedescribed, and related to methods for estigahe
bidirectional reflectance distribution function (BR) from directional reflectance measurements @figld.
The paper also considers the practical aspectsldfdpectroscopy, and identifies a number of facédfecting
the useability of field spectroradiometers, inchgithe weight and cost of the instruments, linotasi of some
commonly used methodologies and practical issues asi the legibility of displays and limited baytéife.
The prospects for the future of field spectroscapyconsidered in relation to the increasingly irtgoat
contribution that field spectral data will makeBE®-based global measurement and monitoring systems,
specifically through their assimilation into nuntai models. However, for this to be achieved édsential
that the data are of high quality, with stated g accuracy and uncertainty, and that commotopas are
developed and maintained to ensure the long-tetue\a field spectroscopic data. The importance of
employing a precise terminology for describing gle®metric configuration of measurements is highédhn
relation to issues of repeatability and reproduitybiThrough such refinements in methodology,diel
spectroscopy will establish its credentials adiable method of environmental measurement, underpg
quantitative Earth observation and its application$e environmental and Earth sciences.
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1. Introduction

Field spectroscopy pre-dates the development ajiimyaspectrometry by many years, but the two
technologies have much in common, as they shareotinenon goal of acquiring accurate data on the
spectral reflectance of Earth surface materialsfaoremote location. Field spectroscopy is
technically less challenging, as the sensing ins&nt can remain fixed over the subject of interest

for much longer, and the path length between thgliment and the object being measured is
reduced. However, field spectroradiometers genenadlasure a much smaller area, therefore, how to
sample the surface of interest becomes an addittonaideration.

Field spectroradiometers were first used to studwdm colour vision, and in particular the colour of
the Earth’s surface from the air (Penndorf, 1958 development of airborne multispectral
scanners in the 1960s spurred on the developmehe difst instruments capable of making accurate
measurements of spectral reflectance in the fieldrenment. One of the key challenges during the
1970s was to make accurate measurements in thieveaag infra-red region (1.1-2wn) which was
known from laboratory measurements to be a verypmapt part of the electromagnetic spectrum for
geological applications. Goetz (1975) describeditiseportable field spectroradiometer capable of
measuring in this region as well as the visible a@ar infra-red, the Portable Field Reflectance
Spectrometer (PFRS). Data from this instrument weheential in the design of early imaging
spectrometers (see the paper by Goetz in this &lgesue), as well as encouraging the development
of more capable field spectrometers such as therdeulsion Laboratory PIDAS field
spectroradiometer (Goetz, 1987). Alex Goetz submsituset-up the company known as Analytical
Spectral Devices (ASD Inc.) with a colleague, Br@urtiss, and this continues to this day as a
leading manufacturer of field spectroradiometessyall as being influential in the development of
methodology in the subject (e.g. Curtiss and Gdg&194; www.fieldspectroscopy.com). Spectra
Vista, another leading manufacturer of field sp@ettliometers can also trace its origins back ® thi
period, as its predecessor, Geophysical Envirormh&gsearch Corp., was established by the late
William Collins and Sheng-Huei Chang, who with Hofee Chiu developed the first airborne
spectrometer for vegetation stress applicationsdas variations in the wavelength position of the
red-edge (Chiu and Collins, 1978).

The aim of this paper is to describe the contrdyutf field spectroscopy to Earth observation at th
present time, highlighting, in particular, its tiaship with imaging spectroscopy. The paper will
also highlight a number of areas where further bgreent is needed, and make recommendations
on best practice in the subject. Further infornmratibout the history of field spectroscopy in Earth
observation, about the instruments available in®&s and 1980s, some of which are shown in
Figure 1, and about the development of methodolegyovided in papers by Slater (1985), Milton
(1987), Deering (1989) and Milton et al. (1994, 3p9
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Figure 1. Some early field spectroradiometers in @sin the field.

2. The role of field spectroscopy in Earth observain

Over the last twenty years a key role for fieldatpescopy has emerged, as a means of scaling-up
understanding of energy-matter interactions froenfihe scale of individual measurement elements
such as the leaf, to coarser canopy-scale stu@as¢n et al., 2006a). This has been reinforced by
developments in airborne and satellite sensorshwiigan that spectral reflectance data from well-
characterised areas of the Earth’s surface areessential to validate models and to maintain sensor
calibration post-launch. Distinct methodologies emgerging to address different aspects of this role
First, there are methods designed to measure dutrapproperties of individual elements of the
scene, such as leaves or minerals. Second, theereedhods designed to measure the reflectance of
areas of the Earth’s surface comprising spatiarabiages of these elemental components, organised
into vegetation canopies or soil surfaces. Thindré are methodologies for the vicarious calibratio
of airborne and satellite sensors and for atmogpherrection, in which the need to match the
spatial scale (size of support) of field spectrpscadata to that of a particular remote sensingesys

is paramount. Each of these approaches sharegéibe¢he importance of making such
measurements in the field environment, with alihef challenges and difficulties that this entails.
Field spectroscopy also has an important and agintjrrole in the education and training of remote
sensing scientists, and is an especially poweréyl of ‘learning by doing’.

2.1 Spectral measurements of natural scenes

The most widely used methodology in field spectopscconcerns measurement of the reflectance of
composite surfacas situ. Increasingly, spectral data are being incorpdratt process-based

models of the Earth’s surface and atmosphere,taadherefore necessary to acquire data from
terrain surfaces, both to provide the data to patanse models and to assist in scaling-up data fro
the leaf scale to that of the pixel. The recerdtdighment of SpecNet (Gamon et al., 2006a)
exemplifies this approach in relation to the erigtivorldwide network of flux towers. Most data are
collected with the sensor mounted vertically over surface (nadir view), but some spectral libgarie
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contain data measured in other configurations, sgcilong the solar principal plane (maximum
anisotropy) or at the antisolar peak or ‘hot sgotiinimum shadow; Coulson, 1966).

In most cases, the reflectance of a vegetationmpaana soil surface is presented as a ‘reflectance
factor’. Nicodemus et al. (1977) introduced theaapt of a reflectance factor, being the “ratiohd t
radiant flux actually reflected by a sample surfacthat which would be reflected into the same
reflected-beam geometry by an ideal (losslesskptyfdiffuse (Lambertian) standard surface
irradiated in exactly the same way as the sampleis simplification of the measurement
environment has proved a mixed blessing. It pravia@ractical method to make reflectance
measurements in the field but it also introduced@ond reflecting surface into the measurement
procedure, the spectral and angular propertieshafhwvould affect the resulting reflectance. Despit
considerable efforts by calibration panel manufiet) reference panels are neither perfectly
reflecting nor perfectly diffuse, and because efdlegree to which both these properties vary with
wavelength, it has become necessary to pay closatian to the properties of the reference panel
used (Kimes & Kirchner, 1982; Gu & Guyot, 1993; Rokt al., 2000; Bruegge et al., 2001). In
particular, reference panels and spectroradionegtieance optics must be carefully levelled, aneé car
taken that the panel completely fills the fieldviéw of the spectroradiometer, which is often
difficult to check as very few spectroradiometeasdiprovision for viewing the area measured.

The review of field spectroscopy by Milton (198 8sdribed several materials which were
commonly used to make reference panels at that Sinee then, Spectralbhas become established
as the material of choice. It has a high and staflectance throughout the optical region and is
washable, although it has the disadvantage of géngra static charge such that insects and dust
particles cling to it under some conditions. Thiteance of Spectralon is traceable to the U.S.
National Institute of Standards and Technology (NI¥rocedures for the calibration of field
reference panels are discussed by Biggar et 888)18ruegge et al. (1991), Jackson et al. (1992)
and Voss et al. (2006).

The high cost of field spectroradiometers meansrtitest measurements are ‘single-bean’, that is,
the same instrument is used to measure the spesdiahce of the target and the reference panel. A
limitation of single-beam devices is that the agstion of identical illumination conditions for both
the reference panel and the target surface isyraret due to the time lag between scans. Oftes, thi
is addressed by performing reference panel scdosebend after that from the target, and then
interpolating the reference panel radiance atrib&ant the target is measured. However, this assume
that irradiance is changing in a predictable mafetween successive reference panel scans, which
is true for smoothly varying variation, such ad tthae to solar zenith angle, but is unlikely tottoe

for short-term episodic changes, for example tltheeto the passage of sub-visual clouds through
the direct solar beam. ‘Dual-beam’ methodologiesroeme this limitation, employing two sensors
to measure the target and the panel simultanecarstiyere first used over 20 years ago, when
instruments such as the dual-beam GER IRIS wasdated. Generally speaking, dual-beam
instruments produce more precise results than sigte-beam counterparts, although this requires
that the two sets of detectors are very well matcie method used by the GER IRIS involved an
oscillating chopper alternately interrupting thghli falling on two sets of detectors mounted on a
common baseplate. This minimised the effect of emajure variations, but restricted the range of
geometric configurations that could be used, asdfexence panel was necessarily located
immediately adjacent to the surface being meas@dter dual-beam systems have mainly used
fibre optic inputs which avoids this problem.

! Spectralon is a registered trade mark of Labsplmere
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Dual-beam spectroradiometers can also be creatadrfratched pairs of single-beam instruments,
but the challenges in deriving and maintainingittier-calibration function between the two separate
instruments can be considerable. Anderson et @GRfound that matching of two GER1500
spectroradiometers was best performed under f@iditions using a Spectralon panel, rather than
using an integrating sphere in the laboratory.#&arrhore, the inter-calibration function was shown
to be temporally variable due to changes in saaitlz angle, sky irradiance distribution and sensor
specific variations. Consequently, the recommemdethod for deriving the inter-calibration

function is to collect the measurements under stlamination, close in time to the data requiring
correction (Anderson et al., 2006).

An alternative dual-beam approach, which avoidsettpense of a second spectroradiometer, was
described by Milton and Goetz (1997), and involesmating the complete irradiance spectrum
from measurements of irradiance made in a smalbeurof narrow bands using a much simpler
filter-based radiometer. The initial method wasitéd to a particular instrument, but more recently
the method has been generalised so as to worlabgiblute radiance data (Milton and Rollin, 2006).

2.2 Optimising the measurement geometry for fiefebstroradiometric measurements

Measurements with field spectroradiometers arendfend-held, usually with the sensor head
mounted on a pole or yoke to keep it away fromaperator’'s body (Figure 2). This is necessary in
order to minimise the amount of scattered lighirfrioright clothing falling on the surface being
measured (Kimes et al. 1983).

For repeated measurements over the same poirixgdarame or support can be used and many
different types of support have been used for fgldctral measurements, ranging from lightweight
masts to dedicated towers and tramways (Milton. €t%94). Mobile platforms such as aerial lift
trucks (“cherry pickers”) are often used, althowdfiroad access is obviously limited with this
method and the presence of a large reflective lebix close to the surface being measured can be a
problem. An alternative approach is to use a molgtdcle designed for off-road use, such as the
tractor-mounted system described by Steven (2004)specially-designed buggy (see Figure 2d and
Figure 4).

Gamon et al. (2006b) described the use of a fiptest®ased dual-beam PP Systems DC
spectroradiometer from an automated tramway ovappéral vegetation in southern California. The
same system has also been used over tundra vegdtathe Arctic and is useful in providing highly
repeatable spatial sampling with minimum disturleatacthe vegetation canopy. The system
incorporated a degree of on-board control and cosédwireless transmission of data and control
signals, facilitating the collection of a large alaet over an extended period of time. Caldwell and
Vanderbilt (1989) described an interesting hybriduagement in which four inter-calibrated
radiometers were mounted on a 7 metre long boonchmas then used from an aerial lift truck to
measure the spectral reflectance of a walnut odcAdnis raises the question of whether it is more
useful to have multiple relatively low-cost instrents or a single high-performance (and thus
expensive) instrument.
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Figure 2. Variations on the ‘hand-held’ methodology Clockwise from top-left: (a) a dual-beam Spectron
SE590 being used from a lightweight mast to measuthe reflectance of intertidal vegetation, (b)
measuring a Spectralon reference panel in a fieldf @il-seed rape, and (c), the same procedure at a
vicarious calibration site, (d) the NASA JPL ‘Refleetomobile’ in use at Lunar Lake, Nevada (source
NASA JPL) and (e) a dual-beam multiband radiometeibeing used with an A-frame mast to measure the
off-nadir reflectance of a soil surface.

Obtaining accurate spectral data from tall vegerais always a challenge, as not only is it necgssa
to suspend and operate the instrument over thepgahat also record the mixture of scene elements
within the field-of-view of the sensor. Chen anaNing (2006) tackled this issue when using a dual-
beam ASD FieldSpec from a tethered balloon to nreasilectance spectra from a grassland /
conifer forest ecotone. They mounted a colour vickroera next to the downward looking
spectroradiometer fibre and used the video imagesgreen the spectral data after collection,
choosing samples from periods when the platformnetaively stable. An early study by Berry et

al. (1978) describes a photographic method to aehieecise co-location using a modified
Hasselblad camera to simultaneously record botledhgosition and the spectral reflectance of a
lodgepole pine canopy. A triangular network of 1&tra high towers, positioned 45 metres apart was
used to create three aerial tramways along whielngtrument bogey could run. The idea of bore-
sighting a spectroradiometer through a conventioaalera optical system was also adopted by
Milton et al. (2000), who also added a co-alignagital camera to provide real-time display of the
surface being measured by the spectroradiometbetoperator.
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Standardising the spectral measurements for vamgin irradiance is a challenge for remotely
mounted instruments, but even in the early litesatbere are examples of innovative and far-sighted
solutions to this problem, for example, Brach e{H83) described a track-mounted instrument
which also had a shadow-band radiometer mountedeaend of the track to provide regular
measurements of global and diffuse irradiance. lrepet al. (2006) described a system deployed on
a 70 m high tower iltucalyptforest in Australia which used a periscope-baseghgement to
alternate the field-of-view of the spectroradiomdtetween the forest canopy (at various view
angles) and an opal glass diffuser. The domed stiraghahiny surface of the diffuser provided a
degree of self-cleansing, important given the difty of accessing instruments on top of such & hig
tower.

Field spectral measurements have also been mauekites, tethered balloons, microlight aircraft
and helicopters, all of which provide full threavginsional maneouverability. The presence of the
operator on-board the platform means that sombeeofontrol and pointing operations are made
easier, however, human factors, such as good tedramd organisation become paramount in such
a difficult and unfamilar working environment abkelicopter (Williams et al. 1984; Milton et al.
1994). The widespread use of wireless communicsidord the growth of autonomous sensor
networks is likely to greatly increase the range eapabililty of platforms for field

spectroradiometry in the future. An indication lo¢ tturrent state of the art is shown by the system
described by Vierling et al. (2006), which compsisedual-beam spectroradiometer mounted on a
tethered balloon capable of lifting a comprehensgig&rument package to an altitude of 2,000 m, the
whole system being wireless controlled from theugih

2.3 The terminology of reflectance measurementslidhe importance of metadata

The terms to describe reflectance measurementsehseend physical basis in the seminal papers by
Nicodemus and co-workers (Nicodemus, 1970; Nicoderh876; Nicodemus et al., 1977). These
papers introduced the concept of the bidirectioefictance-distribution function (BRDF), a
mathematical function “relating the irradiance demt from one given direction to its contribution t
the reflected radiance in another direction” (Nieodis et al., 1977). Importantly, BRDF was defined
as a conceptual property of the surface, at imfgimally small angles.

The extension of this work to the real-world figitlation is fraught with difficulty. Many of the

basic radiometric concepts are difficult to undemstor expressed in unfamiliar terms, and the eatur
of the field environment means that erroneous steading approximations are sometimes made.
As a consequence real measurements of irradianceadiance over finite solid angles can only ever
provide an averaged estimate of the true BRDF .eR&fhce terminology has since been updated by
Martonchik et al. (2000) and Schaepman-Strub €28D6) based on the nomenclature originally
proposed by Nicodemus and colleagues. The conaagtterminology introduced by Nicodemus et
al. may be summarised in nine reflectance geonseffigure 3), of which four are realisable in
practice.

Most field spectral measurements reported in teealiure should properly be described as
hemispherical-conical reflectance factors (HCRBWwéver, they are often referred to as
hemispherical-directional reflectance factors (HDRES., Case 7 in Figure 3). This numerical
approximation may be valid if the instrument usedieasure the target radiance has a very narrow
field-of-view (e.g. 3° or less) and if it is assuthtéat within this FOV no directional effects are
present and the target is homogeneous. In a pincical sense, all field spectrometers have tefini
FOV and therefore will always measure HCRF (comesiing to Case 8 in Figure 3). This applies
whether the irradiance was measured using a refegenel or a cosine-corrected receptor. In both
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cases, the irradiance is integrated over the intidemisphere and no information is preserved en th
angular distribution of irradiance.

The angular distribution of irradiance encountéretthe field environment is anisotropic as it is a
combination of direct sunlight and diffuse lighagered from the sky and adjacent objects, all of
which are spectrally variable. Thus, definitiongeffectance based on conical or hemispherical
incidence geometries will be subject to uncertagatysed by variations in the precise mix of diffuse
and direct light within the measured solid angte] therefore reflectance factors derived from those
measurements may vary, even if the BRDF of theetasgconstant. A practical consequence of this
is that HCRF measured in the field is subject toeutainty introduced by the irradiation
environment, and are therefore not solely reladgaroperties of the surface (Kriebel, 1978; Abdbu e
al., 2000; Steven, 2004). For this reason, it¢enmemended that simultaneous measurements of sky
haziness are routinely made to supplement measateroEHCRF. This may be achieved by using a
dedicated instrument, such as the PARABOLA spheaeising radiometer (Bruegge et al. 2000).
More simply, a small parasol on the end of a loolg pnay be used to shade the panel or cosine
receptor from the direct solar beam (Figure 4}hla case, two measurements of irradiance are made.
The first with the sensor shaded, and and thera@nsgewith the sun unobscured and the parasol
obscuring part of the sky at the same zenith amgieat 90° relative azimuth. The ratio of the ‘sun
obscured’ and ‘sky obscured’ measurements proadesstimate of the proportion of irradiance
originating from the sky, compared with that frame tsun and sky combined. Occasionally, field
spectroradiometer measurements are supporteddtyngshadow-band radiometers (Harrison et al.,
1994), which achieves the benefits of the aboveagmh, although with the disadvantage of having
to use two instruments simultaneously.

Incoming/Reflected | Directional Conical Hemispherical

Directional Bidirectional Directional-conical Directional-hemispherical
Case 1 Case 2 Case 3

Conical Conical-directional Biconical Conical-hemispherical
Case 4 Case 5 Case 6

Hemispherical Hemispherical-directional | Hemispherical-conical | Bihemispherical
Case 7 Case 8 Case 9

Figure 3. Relation of incoming and reflected radiane terminology used to describe
reflectance quantities. The labeling with ‘Case’ coesponds to the nomenclature of
Nicodemus et al. (1977). Grey fields correspond taeasurable quantities (Cases 5, 6, 8 and
9), the others (Cases 1-3, 4 and 7) denote concegitquantities (from Schaepman-Strub et
al., 2006).
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In order to maximise the long-term value of fiefibstral measurements, it is essential that
appropriate metadata are stored with the measpeadra. Typical metadata are listed in Table 1.

Emergent best practice in the area of metadatiieldrspectral measurements is discussed further in
the reviews listed in the Introduction to this paged in papers by Ruby et al. (2002), Bojinslalet
(2003), Clark et al. (2003), Milton (2004), Pfitzret al. (2006) and Huni et al. (2006, 2007a,b).

Figure 4. Use of a parasol to measure the ratio direct-to-diffuse spectral irradiance. The
spectroradiometer is a trolley-mounted dual-beam istrument comprising two matched GER1500
spectroradiometers (Anderson et al. 2006).

2.4 Multiple view angle approaches to reflectandeacacterisation

So far, we have considered the simplified caseadsuring reflectance at fixed viewing geometries.
In recent years, however, there has been an upsutige attention dedicated towards multiple view
angle reflectance measurements, primarily for aiarsation of natural surface BRDF. BRDF is a
conceptual property, and cannot be measured diriecthe field, but there is growing interest in
trying to estimate BRDF from field measurementseBional measurements of reflectance
anisotropy can provide information on surface dtig and are necessary for up-scaling studies of
albedo, an integrated measure of reflectance beciutl hemisphere. In addition, new spaceborne
sensors such as the Multi-Angle Imaging Spectron{tdéSR) and the Compact High Resolution
Imaging Spectrometer (CHRIS on Proba) have direatioapabilities, and the wide field-of-view of
many airborne sensors dictates the need for aitptare understanding of directional reflectance
gquantities. Related to this is the recognition thate information should be collected on the angula
distribution of spectral irradiance, as this afédtte value of HCRF measured with a conventional
nadir-pointing spectroradiometer. This implies mgasent of biconical reflectance factors (as
opposed to HCRF) — Case 5 in Figure 3.
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A stable platform is essential if multiple off-nadieasurements are to be made, and how to achieve
an efficient, repeatable sampling of the hemispbéreflected flux has tested the ingenuity of
researchers over the years. To illustrate the pesgin measurement of reflectance from multiple
view angles we can compare two designs for gonatspraeters designed to measure the reflectance
of snow surfaces, separated by a period of 50 y&hassfirst instrument was described by Knowles-
Middleton & Mungall (1952) and comprised an enctbsemi-circular box, within which a
photomultiplier tube was mounted on chain-driverckrwhich the operator could advance by turning
a crank (Figure 5). A chart recording mechanisnomded the output voltage of the photomultiplier

so that a real-time record of the directional luamce of the snow surface was recorded. lllumination
was provided by a lamp at the top of the enclosLine.entire instrument was suspended from a
tripod to prevent disturbance to the snow surfand to allow different azimuths to be sampled.

Figure 5. The snow goniometer designed by Knowlesilleton and Mungall (1952). The
labelled objects are, A: lamp housing, B: sample pg C: entrance optics, D-G: mechanical
assembly to move the sensor and ensure that itgeinting at the sample port at all times.

The second snow goniospectrometer was describ@aioger et al. (2003). It is representative of a
class of goniometer design in which the spectraradier entrance optic moves through a range of
view zenith angles and view azimuth angles. Theesbasic idea has been used with most types of
gonio-spectroradiometer, either manually operatéittdn and Webb, 1987; Giardino & Brivio,

2003) or automated (Sandmeier & Itten, 1999). Tistriment described by Painter is interesting
because it makes use of kinematic theory from fobdd control the motion of the entrance optics.
The spectroradiometer used by Painter was the ABIO3pec FR, and it was possible to collect a
complete 15° sampling in zenith and azimuth in unkdeee minutes, assuming symmetry across the
solar principal plane.

Single beam goniometers provide the means to me&DRF as a function of view angle, but they
do not allow us to measure the change in bicomefdctance factor with angle, as the irradiance
distribution is not sampled at the same zenithaaichuth angles as the spectral radiance from the
target. A new goniometer called GRASS, capablecafsimultaneous measurements of biconical
reflectance factor at many different view/illumiiwat angles is currently under development at the
UK National Physical Laboratory (Pegrum et al. 2006
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The University of Zurich Remote Sensing Laborat(RSL) have developed a field goniometer
system called FIGOS which has recently been updramallow it to measure hemispherical-conical
reflectance factors (HCRF). FIGOS Mk Il includetASD FieldSpec 3 spectroradiometers, one
pointing at the surface and the other measuringpleetral irradiance at the same zenith/azimuth
angle (Schopfer et al. 2007) (Figure 6). This haslpced the first simultaneous measurements of
downward and reflected radiation at the same angula high spectral resolution. The BRDF is
retrieved from FIGOS data following the procedysesposed by Martonchik et al. (2000) and
Lyapustin & Privette (1994), and transferred toolabory conditions using the procedure proposed
by Dangel et al. (2005). This method corrects teasarements for the diffuse illumination,
effectively extracting the BRDF from the observe@RF. In its single beam configuration FIGOS
had been used extensively for the validation oEspdirectional data, the acquisition of a priori
information for BRDF correction, and for estimatinigphysical variables (Beisl, 2001; Strub et al.,
2002; Strub et al., 2003).

Figure 6. The University of Zirich Remote Sensing &boratories field goniometer system
allows simultaneous measurements of incoming andftected radiation at the same angular
resolution using two ASD FieldSpec3 spectroradiomets. Right-hand picture shows a close-

up of the dual-beam arrangement.

Researchers at RSL have also used FIGOS in a tabpenvironment (LAboratory GOS), based
around the design of FIGOS with the addition oDA@W brightness-stabilized quartz tungsten
halogen lamp and lens system (Dangel et al., 20035). The observation geometry is exactly the
same as that of FIGOS. However, even when the sanget and goniometer system are used, field
and laboratory results cannot directly be compdreglto inherent differences in the illumination
conditions (Dangel et al., 2005). This highlightsimportant theme in the reproducibility of spektra
measurements: the ability to compare and combiresurements from different instrumental designs
is critical to ensure sensor cross-calibration fancll applications that rely on measurements
obtained with different types of instruments. Tévedhis problem, RSL chose an approach that
consists of retrieving the BRDF of the targetsndéiest separately for each case (field/laboratory)
and comparing these, since theoretically theyradependent of the particular conditions of
illumination and observation. This involves a caotren for diffuse incoming radiation in the case of
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field measurements, and a correction for conicalitgt inhomogeneity of illumination in the case of
laboratory measurements (Dangel et al., 2005; Sehepal., 2005).

Directional reflectance measurements may also lskermaing a mobile platform to position the
sensor at the required positions. Measurementsiimgée azimuthal plane can be achieved using a
linear tramway, such as that described by Gamah €2006a) and arranging for the sensor to rotate
as the tram traverses over the target. A similaresy was used by Milton et al. (1994) from a
helicopter. A more flexible system is describedPaygold et al. (1994), in which a rotating mount on
a helicopter is used to provide continuously vagyirew azimuth as the platform follows a
predetermined figure-of-eight track above the sigfaf interest. Developments in robotics and
autonomous platforms are also beginning to impponuhis area, as shown by the remote controlled
stabilised platform described by Vierling et aloQB) which allows spectral measurements of
directional reflectance to be made from a tethéadtbon.

Part of the reason a mechanical goniometer is doaiptl is the need to keep the ground-projected
field-of-view fixed as the zenith and azimuth vari€his requirement can be relaxed if it is assumed
that the surface to be measured is spatially umifand this approach is used in the PARABOLA
instrument (Deering & Leone, 1986), amongst otliBesisch et al., 1990; Leuning et al., 2006). The
original PARABOLA instrument measured in three dp@dands and had a 15° field-of-view, but
later development led to the PARABOLA 11l which haight spectral bands and a 5° field-of-view,
allowing finer sampling of the angular radiancerifisition from both the sky and the ground
(Bruegge et al., 2000). The PARABOLA lll instrumésiparticularly suitable for characterising the
directional reflectance factor of extensive unifarmeas, such as the dry large beds often used for
vicarious calibration (Abdou et al., 2000).

Advances in digital imaging systems offer a promgsnew approach to the measurement of
directional reflectance at ground level, althougg ¢alibration problems for such sensors can be
formidable. Systems have been demonstrated basadirar array (Demircan et al., 2000), a 2D
camera (Dymond & Trotter, 1997) and an imaging speteter (Milton & Emery, 1995). A detailed
review of various systems is found in Bruegge e(2404).

2.5 Spectral measurements of individual scene eletae

All of the methods discussed so far are passiveaphethods which require optimal illumination
conditions in the field environment. This requisnhcan often act as a constraint against
operational use: ideally users require clear attmexsp conditions, with low atmospheric water
vapour content and low aerosol content. Furthermaneying solar zenith conditions and temporally
varying atmospheric haze contributions lead toalality in field measured reflectance factors where
non-Lambertian surfaces are concerned (Kriebel 19t&se constraints imposed by the complex
natural illumination environment, have led to tlevelopment of several instruments with integral
sources of illumination, most of which have emergiede the late 1980’s. A notable earlier example
is the ‘hot-spot’ spectroradiometer described byiik et al. (1983) which used a photographic flash
unit inside a portable tent to measure the reffedaf grass canopies at the angle of maximum
backscatter.

While an integral light source limits the size dfects that can be measured, it does permit data
collection within atmospheric water vapour bandd provides standardised illumination conditions
and a high signal, so that subtle absorption feat(gspecially in the shortwave infra-red) may be
clearly detected. As a result of this, a rangé&ohtact” spectroradiometric devices have been
designed for diagnostic use on small samples ifatharatory, or in the field. Analytical Spectral
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Devices Inc. have developed a ‘contact probe’ && with the ASD FieldSpec Pro range of
instruments (ASD Inc., 2006). This is a hand-headdice containing a high-intensity 100 W quartz-
halogen lamp and a grip to locate the existingefityptic input to the spectroradiometer (Lau et al.,
2003). Spectra are measured by pressing the hatdgaetz window of the probe against the surface
of interest. A low-intensity version is available use with surfaces that are easily damaged hty hea
such as plant leaves. Integrated Spectronics féthéve also developed the PIMA SP spectrometer
specifically for mineral identification based otfleetance in the region 1300 to 2500 nm (Integrated
Spectronics Pty Ltd., Merry & Pontual, 1999). THMR SP contains software to match measured
spectra against those in its target database, ialijpponvenient geological and mineraological
classification of rock samples situ (Merry & Pontual, 1999). Another less-sophisticaitestrument,
the Alta™ Reflectance Spectrometer (Lunar and Réapénstitute, 2005), has been designed
primarily for use in remote sensing educations lam active optical multiband radiometer in which
11 LEDs provide a multispectral source of illumipatin the range 470 — 940 nm. Reflectance
spectra are acquired by pressing the instrumermstghe surface to be measured, activating each
LED in turn.

Using devices such as these, highly reproduciblegsorements can be made. The fixed
sample/illumination geometry greatly reduces theeutainty which is characteristic of ad hoc
measurement configurations such as those useddiyocEesau et al. (2006). In their study,
significant differences were found between speatidites measured using three different
spectroradiometers, due in part to differenceseéasurement and illumination geometry. Such
measurements may also be useful for spectral jilwlavelopment, mineralogical studies, and
investigation of spectral endmembers. Howeverficgi light sources can never reproduce the fine
spectral structure of sunlight, which can be im@atrin some applications (e.g. Meroni and
Colombo, 2006).

2.6 Field spectroscopy for vicarious calibration dmtmospheric correction

Field spectroscopy has been used for the calilorati@ircraft and satellite sensors since the 1970s
(Ballew, 1975), but it is only over the last 104&ars that ‘vicarious calibration” has become wydel
adopted as the means to provide independent assupfthe quality of remotely sensed data from
spaceborne sensors. Much of the credit for thig igmso Slater and co-workers at the University of
Arizona, who have devised and published variousoualogies for vicarious calibration (Thome,
2004). The first is the ‘reflectance-based’ metf®idter et al., 1987) in which the reflectance of a
flat, featureless and extensive area of bare grbamthg near-Lambertian reflectance is measured
and these data are then used in a radiative tramsfgel together with data on the state of the
atmosphere at the time of satellite data acqursttiopredict the radiance at the top of the atmesph
within the satellite sensor bands. High altitudg ldke beds are widely used as vicarious calibmatio
targets, for example White Sands Missile Range, Niexico, Railroad Valley, Nevada, and Lunar
Lake, Nevada in the US (Thome et al., 1998), S&ddyuni in Bolivia, Salar de Arizaro and Barreal
Blanco in Argentina, Tuz Golu in Turkey, and Lakgd&in Australia. It is wrong to assume that such
sites are stable and unchanging, as seasonal chismigdlectance in response to fluctuations in
groundwater levels have been observed at the VBhaitels site (Thome et al., 1993) and at Railroad
Valley (Bannari et al., 2004), amongst others. lkenmnore, those sites in which the evaporation of
saline water has resulted in salt crusts may higwefisant microrelief as well as being subject to
seasonal and episodic changes in reflectance. ®udygracks are also a feature of the dry lake beds
which are commonly used for vicarious calibratiéib@ou et al., 2000). Other terrestrial surfaces
that have have been used for this purpose inclad@érau séche, an ancient river delta in southern
France (Rondeaux et al., 1998), an extensive sie Dunhuang in the Gobi desert (Wu et al., 1997)
and the Dome Concordia area in Antarctica (SiX.e2804). None of these is perfect for this
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purpose, however, an alternative (at least for $ipatial resolution sensors) is to use an artlficia
target such as the gravel runway used by Secladr, €2001) to perform a vicarious calibration loét
CASI airborne imaging spectrometer.

The radiance-based method of vicarious calibradiea involves the use of an extensive ground site,
but this time the spectroradiometer is operatech fachelicopter or aircraft platform. Slater et al.
(1987) found that radiance data collected fromltitude of 3,000 m above the White Sands
calibration site were remarkably similar to topadfnosphere radiance measured by a sensor in
space, and suggested that this ‘radiance-basetbagpwould have merit as an independent check
on the reflectance-based method. This is necebsaguse the absolute accuracy of both methods
was expected to be much less than their preciSiom total error (1 s.d.) of the reflectance-based
method has been estimated at + 4.9% by Biggar €994), compared with + 2.8% for the radiance-
based method. An ‘improved reflectance-based’ ntktias been described by the same group,
which also incorporates ground-based measuremétite diffuse-to-global irradiance ratio at the
time of the satellite overpass and at the solatlzamgle corresponding to the sensor view angle.
This method is estimated to have an error (1 efdt)3.5% (Biggar et al., 1994). The methods
developed by the Arizona group have been adoptesth®ys, including the USGS for calibration of
the NASA Airborne Visible/Infrared Imaging Spectretar (AVIRIS) (Green et al., 1990), CNES for
vicarious calibration of the SPOT HRYV instrumer8suter et al., 1992) and ESA for calibration of
MERIS (Kneubdhler et al., 2003).

The ‘reflectance-based’ and ‘radiance-based’ metlhade also been combined to create a
generalised approach to quality assurance andistabference monitoring (QUASAR) for Earth
observation data (Teillet et al., 2001a). The cptea basis of this has been developed furthdnen t
proposal for a Global Instrumented and Automatetiidek of Test Sites (GIANTS) (Teillet et al.,
2001b), each of which would be based upon autonssesdor technologies such as that described in
the Intelligent Sensorweb for Integrated Earth BengISIES) project (Teillet et al., 2005). The
potential for autonomous field spectral measurerdeuices, transmitting data by wireless to a
central web-enabled server, is seen in the tranbasgd dual-beam spectroradiometer developed by
Gamon et al. (2006b) to collect data over chappargétation in southern California. The flat
topography of vicarious calibration sites woulddehemselves very well to robotic mobile
spectroradiometers.

The growing demand for well-characterised groumgets, for use both in vicarious calibration and
for atmospheric correction (Clark et al. 2002; Moedt al., 1992; Moran et al., 2003) means that
candidate type surfaces need to be studied inl detassess temporal dynamics. Highly reproducible
measurements using well-characterised field speatiometers are essential if uncertainty arising
from the instrument and its method of use is tgdy@arated from uncertainty introduced by the
environment. Anderson & Milton (2006) used a mattpair of GER1500 spectroradiometers in
dual-beam mode to measure the hemispherical-comftattance factor (HCRF) of a concrete

airfield runway over two years, and found thatsheace was subject to measurable changes over
different time scales. Seasonally, the HCRF wasct#fl by a bloom of microphyes which caused
lowered HCRFs in Spring. Daily variations in HCREn& observed due to the non-Lambertian
effects causing HCRFs to vary with solar zenithlengpisodic changes in reflectance over periods
of a few hours were caused by the onset of a by which activated the photosynthetic algae due
to high relative humidity (Lange et al., 2001). $aeesults highlight the dynamic reflectance
behaviour of what might have previously been cargd as an inert, stable surface, and demonstrate
the importance of understanding the controls uperreflectance of ground calibration targets,
whether by measurement or through validated phlysiodels.
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The considerable difficulty inherent in any vicarsocalibration system relying upon terrestrial
targets has encouraged some scientists to seelca-bpsed solution, whether the moon (Kieffer &
Wildey, 1985), distant stars (Bowen, 2002), or dickgted orbital standards laboratory such as is
envisaged by a proposal known as TRUTHS (Tracdaatbometry Underpinning Terrestrial and
Helio Studies; Fox et al., 2003).

A holistic approach to the problem of vicariousitmation would recognise that ground targets
cannot provide all the answers, and would combiedérrestrial sites envisaged by GIANTS with
extra-terrestrial standards, and thereby definencomcalibration targets viewable by all spaceborne
sensors. The benefits of such a system would besimaein terms of providing users with greater
confidence in measurements made from the panofBadh orbiting sensors that will be necessary
to deliver the goals of ambitious internationalgreanmes such as the Global Earth Observing
System of Systems (GEOSS) (Group on Earth Obsengat2005).

3. Some outstanding issues
3.1 The traceability of spectral measurements

The dominant paradigm of field spectroscopy is Qaserelative measurements, in which the
radiance of the target is compared with that afarence panel. In this case, absolute radiance
calibration of the instrument is not essential vited that the instrument has a linear response, an
the critical factor is the calibration of the reface panel which is used to convert the measured
relative reflectance to an absolute scale. Howekerg is growing interest amongst users in
measuring radiance in the field. Radiance providess information on the complete radiation
environment in which the measurements take placeeans that the primary measurements are
expressed in Sl units and therefore clearly defareditraceable to international standards, and it
matches more closely what our remote sensors nealue additional steps necessary to calibrate
field spectroradiometers to radiance involve the afstransfer standards, notably integrating sghere
and standard lamps, the performance of which wWlenei describe briefly. However, it must be
remembered, that spectroradiometric measuremantmene of the least reliable of all physical
measurements (Kostkowski, 1997). Three major rea&mriarge errors in spectroradiometry are
first, the measurement is a multidimensional pnobhleecond, the instability of measuring
instruments and the uncertainty of the standardd tescalibrate these instruments are frequently 1%
or more during the complete measurement procedshad, the principles and techniques used for
eliminating (or reducing) measurement errors duhiomultidimensionality or instability have not
been widely disseminated.

The stability of integrating spheres needs consigaas these are widely used to transfer radiance
calibrations to spectroradiometers and to chedk geeformance (Guenther, 1987). Goetz et al.
(1998) describe a ‘round robin’ set of measuremasitsg an ASD FieldSpec FR spectroradiometer
to measure the spectral radiance of eight integgaipheres operated at several NASA centres, Los
Alamos National Laboratory and the University ofzbna. The spectroradiometer used was assessed
as having a precision of better than + 2% at wangthes greater than 500 nm, rising to 6% at 350 nm.
The study found significant variability between tfgious integrating spheres, but overall this was
within £ 5% for wavelengths greater than 500 nnme ahthors identified the absorption of water
vapour by the barium sulphate coating of severthefarger spheres as being a particular problem
and recommended that they be kept flushed witmdrggen. The effect of sphere calibrations being
interpolated from measurements made at a limitexlen of wavelengths was also noted. If
uncorrected these could introduce spectral feafuvesthe material used to coat the surface of the
integrating sphere into the resultant spectra.
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In most applications to date, the accuracy of sodgrating spheres has not been a critical isssie,
applications and users have been satisfied withr &vels of around 5 %. However, as quantitative
Earth observation matures and demand from usensisties the need for improvement this will
become more of a limiting factor. The objectiveaofintegrating sphere is to homogenise radiation
into a spatially uniform (or at least Lambertiaousce, but this is rarely achieved in practice, and
spatial non-uniformities of several percent aredgpfrom such sources (Knee, 1999). Without some
form of independent and spectrally discriminatingnitoring device, the output radiance will rapidly
lose its traceability to primary sources. It iscalmportant to note that when using integratingesph

in close proximity to any instrument, they are ayMarge source of stray light and highly suscdptib
to inter-reflections.

Recognising these issues, the National Physicabiaabry (NPL), the UK national standards
laboratory, has designed a transportable integyatmere specifically to calibrate remote sensing
systems in the field and this has been used witlisa and aircraft sensors as well as field
spectroradiometers. It is known as the NPL TranStandard and Absolute Radiance Source
(TSARS) (Pegrum et al., 2004) and is calibratedRit by direct comparison with the primary black
body source (Woolliams et al., 2002). It has bgwecifically designed to be spatially uniform
(<0.5% over its exit port of up to 100 mm diametam)l encompasses a set of filter radiometers to
monitor its calibration. The overall error budget the NPL TSARS gives an uncertainty between
450-500 nm between 0.70% and 0.99% at the 95%dmorde level. Within the spectral region of
500-700 nm, the 95% confidence uncertainty is beti# between 0.56% - 0.74%. Above 700 nm
the uncertainties are between 0.61% - 1.18%. Thwesertainties were improved before the TSARS
was recently deployed during the NCAVEO 2006 figdanpaign (www.ncaveo.ac.uk) and used to
calibrate six spectroradiometers from ten differesearch groups participating in the experiment. A
similar portable integrating sphere is describe®tbywn & Johnson (2003). Here, NASA worked
with the National Institute of Standards and Tedbgy (NIST) to develop a portable integrating
sphere source, called the NIST Portable Radianaec8¢NPR), aimed at complementing existing
detector-based measurement strategies and to entiencapabilities of the EOS calibration
programme. The NPR is calibrated for spectral ramiaover the range 400nm to 2400nm at the
primary US facility for irradiance and radianceilgdtions.

Since the 1980’s National Metrology Institutes (NMave worked towards basing all radiometric
scales, including spectral radiance and irradiaoegraceability to a primary standard detectog, t
cryogenic radiometer (Fox, 1996). This instrundafines a scale of spectral responsivity (a
monochromatic characteristic of a detector) and ttaibrates filter radiometers (detector-spectral
filter combination) to allow measurements of reakh polychromatic sources e.g lamps, Sun,
Earth-reflected solar irradiance (radiance). Téisarried out by spectrally tuning a beam of
monochromatic radiation (calibrated with refereteca standard detector) over the entrance aperture
of a filter radiometer. Each of the field specadiometers listed in Table 2 are a form of filter
radiometer and in principle could be calibrateediy in such a way, to measure spectral radiance.
Alternatively, and more commonly, a few standaltgfiradiometers can be used to measure the
thermodynamic temperature of a black body soum®m fivhich spectral radiance and irradiance can
then be derived. Again, although a field spectimaeter could be calibrated by viewing such a
black body directly it is more common to calibrateansfer standard lamp as a source. The most
commonly used transfer lamps are tungsten halogeé ¥ FEL type. Such a traceability diagram
is shown in Figure 7 which shows the route of taddléy for an Earth observation satellite senspr b
both pre-flight and vicarious routes. It shouldrimted that evidence recently obtained from a large
study of such lamps undertaken by NPL as part afit@mnational comparison of spectral irradiance
suggests that one in three lamps is subject t@agehin its output on transfer from NMI to the user
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(Woolliams et al., 2006). This is particularly viging since many users only have one standard and
in some cases this is used to establish secontiargasds provided to others.

A transportable radiance standard based on a 1068lWfated quartz-halogen lamp and Spectralon
reference panel has been developed for laboratmhhangar-based validation of the radiometric
calibration of the AVIRIS imaging spectrometer, dadnd to have an estimated accuracy of around
1% in the visible region, reducing to 6.5% at 2,500 (Chrien et al., 2000). Such a transportable
radiance standard could also be used to checlathemetric calibration of spectroradiometers in the
field. As the science of remote sensing maturesnaodkls become more sophisticated, the demand
for accurate measurements of spectral radianagpf@ssed to reflectance) in the field will increase.
Furthermore, advances in metrology mean thatowg more accurate to calibrate and measure in
terms of spectral radiance than reflectance. T#bgether, these two developments can be expected
to steer the development of new methodologiesid pectroscopy to those which provide
increased rigour, demonstrable traceability foivitihlal measurements, and improved
intercomparability between research groups (FoR420

Figure 7: Schematic representation of the route dfaceability for the Earth Observation
community. The left and middle paths describe theypical procedure from the primary
standard to the user.
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3.2 Spatial sampling for field spectral measurenten

Natural variability within fields or terrain unitaust be considered when measuring the reflectaince o
areas with a field spectroradiometer in order tsues that the HCRF is representative of the whole
area. In practice, this relates to the field-ofavief the sensor, the height it is held above théase,

and the number of samples per field. The angutdd-fof-view should be sharply delimited so as to
define the area measured. A narrow angular fieldi@fv helps ensure that the HCRF is a reasonable
approximation to the HDRF, however, if the aimesw@arate BRDF retrieval using the method
proposed by Lyapustin and Privette (1994), it isenimportant to achieve detailed sampling of the
angular incoming radiance distribution at the séime as the target radiance is measured. Practical
constraints usually determine the maximum heigsgresor can be supported over the surface of
interest, but common sense and the modelled resuktsckson et al. (1980) for row crops indicate
that, in general the higher the better.

The consideration of a sensor’s point spread fanctnd spatial uncertainty in positioning are
critical considerations where temporal variatiamseflectance are to be retrieved. One
recommendation is that the user should seek taeisat reflectance measurements characterise
variations in the inherent properties of the swefamd not positional variations in the locatioriref
device. Robust experimental design is criticakhethe operator must seek to acheive a reproducibl
measurement position, such that the same pointifwét known window of uncertainty) is measured
on each visit.

The question of how many samples are needed tadieaise a surface has been addressed
experimentally and statistically. Daughtry et 4B§2) used experimental data to investigate thé mos
efficient sampling of row crops and concluded thattematic sampling at odd multiples of 0.5 times
the row spacing interval required fewer measuresidran simple random sampling. They cautioned
extreme care in interpreting data acquired at sdmsights where the diameter of the field-of-view a
the top of the canopy is smaller than several pleki of the row spacing.

Statistical approaches have either considered ®aople as an independent entity (Curran and
Williamson, 1986) or have taken account of theigpatitocorrelation inherent in the field
environment (Webster et al. 1989). Geostatistippr@aches have much to offer to field
spectroscopy, for example the use of cokrigingstorete biophysical variables from more easily
measured field spectral data (Atkinson et al. 129®) the incorporation of spatial uncertainty into
empirical atmospheric correction methods (Hammi.e2804).

3.3 The useability of field spectroradiometers

The field environment is a very challenging oneif@trument designers. Field spectroradiometers
must have a wide dynamic range so as to cope hatlextremes of peak solar radiation reflected
from very bright surfaces such as white refereraree[s and the very low values of radiance typical
of dark surfaces such as water, or organic sottlegions of the spectrum where the atmosphere
absorbs most of the incident radiation. Grey refeegpanels would reduce the dynamic range
required, but grey Spectralon is less Lambertian the white variety, and in any case this would
introduce an additional step in the calibratiombsolute reflectance which is undesirable.

Temperature effects are a serious problem (Marlkdtaah, 1995) , especially as many field
spectroradiometers use multiple detectors in cdleover the required spectral range. An example
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of one such instrument is the ASD FieldSpec Prachvbombines a VNIR silicon photodiode array
(350-1000 nm) with two Indium Gallium Arsenide (IA§) photodiode detectors for measurement in
the SWIR (1000-2500 nm). Slight drift in any ongioa, or mismatch between detectors is often
characterised by ‘steps’ in spectra which mostuestly appear at the ‘overlap’ regions covered by
more than one detector. These can be reducedroe sistruments by warming them up prior to
making measurements, but even a three-hour warmaspnsufficient for one Spectra Vista
GER3700 spectroradiometer tested by Brown et @DXP Instruments using a single photodiode
array are similarly affected, as shown by the tesaflan experiment in which three examples of the
Spectron Engineering SE590 spectroradiometer veeredfto have calibration constants for
wavelengths less than 390 nm and longer than 94thanwere especially sensitive to changes in
temperature, such that the error in irradianceradince at 1000 nm was around 30% if temperature
effects were not taken into account (Starks etl8B5). In the case of the ASD FieldSpec FR
spectroradiometer, the involvement of users waortapt in devising a method to deal with
temperature-related drift so that the integritylef data and ease of use in the field were not
compromised (Beal & Eamon, 1996).

Anomalous ‘steps’ in field spectra are common, ey in instruments that use multiple detectors
to cover a wide spectral range, although such si@psometimes be masked from the user by
empirical curve matching procedures implementedhita collection software. Tracking down the
source of these steps is very difficult but oftevalves spatial heterogeneity of the illuminatiaid

at a similar scale to that of variability in thgestral properties of the target, uncorrected teatpee
effects within the instrument, damage to multi4stréibre-optics or a combination of these. Real-
time display of reflectance spectra can reveal wdue steps are occurring, but this is not always
possible with current instruments, or may not b&irdble, for example if this leads to a reduction i
the speed at which data may be acquired.

When tracking down the source of steps in fielccdt is very important to be able to see the
precise field-of-view of the spectroradiometer &am#now how the sensitivity of the instrument
varies across the field-of-view. Few modern figl@é&roradiometers offer ‘through-the-optics’
viewing, so definition of these parameters oftdieseon manfacturers data, supplemented by ad hoc
measurements by the user, such as those reportdddArthur et al. (2006) on GER3700 and ASD
FieldSpec Pro FR spectroradiometers. The abseratarmdardised protocols and procedures for
making such measurements is a problem when trgicginpare different instruments.

The technology of sunlight-readable notebook PEe&sts is not good enough for field instruments
that will almost always be used in bright sunlighiis problem is compounded by the operator
(perhaps wearing sunglasses) having to move the& fom a bright sunlit surface to the screen.
This is a problem that has got worse as reflectisaochrome LCD screens were replaced by the
first generation colour screens, which were justiuialbiseable, and then the current generation of
transmissive colour screens, which are almost isiptesto use in direct sunshine. A related problem
concerns the temperature range over which typistbook computers will operate. Field spectral
measurements are commonly made at air temperatueasess of 30°C, and sometimes at sub-zero
temperatures, resulting in display devices becorsinggish or not operating at all. Developments in
this area will be driven by the requirements of mlazger consumer markets for mobile phones and
digital cameras, so the situation is likely to imye over time. Currently, the best solutions awstb

on those spectroradiometers controlled by hand4RBl8s or those still able to be controlled by a
DOS-based notebook computer with a monochrome iscree

Human factors should not only influence the desigspectroradiometers but should also be
considered when planning data acquisition. Lengmjods of exposure to the Sun and the need to
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look frequently at the sky for evidence of smatiudds are both areas of potential risk to human
health and should be considered as part of rigksaggent prior to fieldwork.

Last, but not least, field spectroradiometers amny expensive for individual research groups to
purchase. This need not be an insurmountable pmlale the establishment of a shared ‘equipment
pool’ in the UK has shown (Rollin & Milton, 1991)ut it does limit the number of instruments that
can be deployed in experiments, and can lead tsitilr@ion in which an expensive instrument is
rarely used, but is held to be infallible, desjiecalibration not having been maintained since
purchase.

4. Conclusion

This paper has sought to provide a review of thieeots status of field spectroscopy, with particular
reference to advances in the subject since thd #86s. We have demonstrated how, over the last
20 years, improvements in instrument and deteasigd have led to an upsurge in the number of
field-portable spectroradiometric devices on thekei In some cases, the new systems may be
considered more field-capable than those whichtexigre-1980. Some technological issues still
remain, specifically in relation to the useabilitythe most advanced instruments in the field. The
most obvious limitations to operational field use eaused by the size and weight of some
instruments, coupled with the poor readabilityagitbp screens in bright sunlight. Furthermore, the
price of the most complex instruments limits theidespread use. Some manufacturers have
attempted to overcome such limitations and havdywed highly portable, miniaturised systems, and
while these address issues of affordability andatdlity, their poorer signal-to-noise charactecist
and susceptibility to temperature effects are aft@noblem in the field environment. Despite these
limitations, the past 20 years have seen some dexalopments in the scope and direction of the
subject. In this paper, we have demonstratedath@idf the greatest advances in methodology and
understanding has been gained through the devetdgrhenultiple view angle goniometric
instruments for characterising surface BRDF. Thigaacement has largely been driven by the
recognition that BRDF is a fundamentally importeatiable underpinning a vast number of
activities in Earth Observation science. Furtlahts, we have also demonstrated how field
spectroscopy has made a significant contributioridarious calibration activities, which represents
a success story in the upscaling of hyperspedctial data to airborne, and space-borne sensors.

The collection of accurate metadata to accompaatg fipectral measurements remains an important
consideration, and the sharing of spectral datangmesearchers is very much in need of
standardised data representation. Recognitioneafidled for detailed information on sky radiance
conditions and distributions, is also necessamguiing advances are now starting to appear in this
area with the development of spectral databasesSIIKECCHIO supporting this need (Bojinski et al.
2003; Huni et a] 2007a,b).

Through this paper, we have demonstrated that #irereome remaining, generic issues which need
addressing by the community at large. While theeafdield spectroscopy has spread throughout a
range of disciplines, there is a growing communiho recognise the need to take the science of field
spectroscopy “back to its roots”. In some sensesekpansion of the subject (in an applied sense)
has been good for raising awareness of the impmatahfield spectroscopy as an underpinning
technology, but it is fair to say that many of thedern users of field spectral measurements neglect
to address the full complexities associated wighfibld measurement scenario. In particular, we
refer to uncertainties caused by variations inhdmispherical distribution of incoming radiance in
the field.
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Field spectroradiometric data are making an inéinghsimportant contribution to EO-based global
measurement and monitoring systems through thm#éason of in situ spectral measurements
(Schaepman, 2007). A major determinant of the siscoésuch assimilation-based systems is the
quality of the data provided by the ground instratedspatial distribution, calibration, measurement
uncertainties, etc.). Now that the power and reiegeof field spectroscopy in the wider context is
understood, there is a need to return to a moretia@ve, physically-based approach, by
documenting more precisely the conditions undeciwhieasurements are made, and by considering
sources of uncertainty in such measurements. noing this can field spectroscopy establish its
credentials as a reliable method of environmen&dsurements, vital to EO and also of importance
to the wider applications of EO in the environméatad Earth sciences.
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Table 1. Typical metadata required in a spectral brary
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Variable (recommended unit)

Comment

1. Location of the site () Latitude and longituafehe site (decimal degrees). (ii) The locations of individual sample points skbu
(i) Location of individual sample points. be in a coordinate system consistent with other
(i) Altitude above sea level (m). spatially-referenced data collected.
2. Description of the site;  Land cover class. This will depend on the purpose of the study, but
Other descriptors as appropriate. should be based upon an internationally recognised
scheme such those recognised by the Land Prodyct
Validation sub-group of the CEOS Working Group
on Calibration and Validation
(http://lpvs.gsfc.nasa.gov/).

3. | Time of measurement (i) Coordinated Universael(UTC). Readily accessed in the field from a GiAB. Time,
coupled with location, can then be used to detegmin
the solar zenith angle for each spectral measuremen

4. . Sky conditions at the | (i) Type of cloud (WMO cloud genera). (iif) Can be safely assessed by describing the

time of measurement | (i) Extent of cloud cover (oktas). intensity and distinctiveness of shadows formee on
(iif) Whether the Sun is obscured. white surface, or by hemispherical photography.
5. | Meteorological data (i) Air temperature (°C). Average wind speed and its variation (gusts) cao a
(i) Relative humidity (%). be important, especially when measuring the
(iif) Surface air pressure (kPa). reflectance of flexible vegetation such as crops.
(iv) Proportion of direct to diffuse irradiance.
(v) Aerosol Optical Thickness (AOT, unitless) (v,vi) A portable sunphotometer is useful for
(vi) Water Vapour amount (equivalent thickness, cm) | measuring AOT and water vapour amount.
6. Instrument parameters (i) Model and serial nutbe Spectrometer calibration typically includes the
(i) Most recent calibration date. accuracy and repeatability of wavelength and spegtr
(iif) Angular field of view (degrees). radiance, radiometric linearity, shape and sharpnes
(iv) Spectral response of each band (radiometdyg.on | of the field-of-view, polarisation sensitivity and
(v) Spectral sampling interval and half-power baiuflv | temperature sensitivity. Other factors such as the
(spectroradiometers only). sensor point spread function and wavelength-
dependency of the signal-to-noise ratio are often a
considered.
7.  Measurement method () Apertured. ‘Cos-conical’ refers to the use of a cosine-comdct
(i) Cos-conical. receptor rather than a reference panel (bi-conical)
(i) Type of reference panel, serial number, aatedf
calibration.
(iv) Type of cosine-corrected receptor, serial namiand
date of calibration.
8. | Field technique (i) Viewing geometry (usuallypexssed as an angle (vii) In single beam measutsmehere only one
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from the nadir (O degree) viewing zenith).

(i) Description of the apparatus used to holdsbesor
over the surface.

(i) Height of the sensor above ground (m).

(iv) Height of the sensor above the top of theaef
being measured (m).

(v) Sampling method and spatial arrangement of f&sn

(vi) Time taken to measure all bands (or a complete
spectrum) from the target and from the reference
panel or cosine-corrected receptor (s).

(vii) Delay between measurements of the targetthed
reference panel or cosine-corrected receptor {if an

(s).

sensor head is used to make sequential referexce
target measurements, the time lapse since the las

reference measurement should be recorded.

Parameter measured

() Radiance.
(i) Reflectance factor.

‘Reflectance factor’ to be further qualified asheit
biconical, conical-hemispherical, hemispherical-

conical or bihemispherical.
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Table 2. Some examples of current field spectroradmeters.

Spectral Optical Sensing |
region input® method | ‘D 2
G| 5
£ g a
! CI) (&) © %]
celgel , |52l § 5 (2|8
mc|lac| 2 o R g © 3]
= = ] (O] 1 o =
Tz 3 | 2 5| 5| 82
z3|1=48 Q c S =
Spectroradiometer Comment Manufacturer’
FieldSpec HandHeld
ASD FieldSpec Pro FR| - ) _ _ Analytical Spectral Devices
ASD FieldSpec3 The FieldSpec3 is a development of the Incorporated (http://www.asdi.com/
P FieldSpec Pro FR.
HR4000/USB2000 Y . 9 P (http://www.oceanoptics.com/)
accessaories.
UniSpec-SC . : . PP Systems
UniSpec-DC . ) ) (http://www.ppsystems.com/)
GER1500
2522388 Spectra Vista Corporation
=i YN i Sabi (http://www.spectravista.com/)
SVC HR-1024 mploys a with sunlight-readable
screen
On-board data processing for mineral Integrated Spectronics
PIMA SP A _ :
identification (http://www.intspec.com/)

% This is the standard input. Several systems affeoice of fibre optic or lens.

% This means that it is possible to collect datthinfield without using a separate computer.

4 Most VNIR spectroradiometers employ silicon phiatoe detectors, and have a spectral bandwidth dr@om.

® Most SWIR spectroradiometers employ either ledgtsde (PbS) or Indium Gallium Arsenide (INGAs) eletor arrays and have spectral bandwidths of better
than 10nm.

® Native mode of operation. Most instruments caedrabined in pairs to produce a dual-beam configomat

" URLs checked May 2007.

® The PIMA SP is a contact spectroradiometer afiichited to the range 1300-2500nm.

31



