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Abstract: In spectrodirectional Remote Sensing (RS) the Earlurface reflectance
characteristics are studied by means of their anglimensions. Almost all natural surfaces
exhibit an individual anisotropic reflectance bebav due to the contrast between the
optical properties of surface elements and backgt@and the geometric surface properties
of the observed scene. The underlying concept,wdhéscribes the reflectance characteristic
of a specific surface area, is called the bidicewl reflectance distribution function
(BRDF). BRDF knowledge is essential for both catiet of directional effects in RS data
and quantitative retrieval of surface parameters.ou@d-based spectrodirectional
measurements are usually performed with gonionstgiems. An accurate retrieval of the
bidirectional reflectance factors (BRF) from fielgoniometer measurements requires
hyperspectral knowledge of the angular distributminthe reflectedand the incident
radiation. However, prior to the study at handpperational goniometer system was able to
fulfill this requirement. This study presents thestf dual-view field goniometer system,
which is able to simultaneously collect both thiéerded and the incident radiation at high
angular and spectral resolution and, thus, progitle necessary spectrodirectional datasets
to accurately retrieve the surface specific BRRthHarmore, the angular distribution of the
incoming diffuse radiation is characterized forisas atmospheric conditions and the BRF
retrieval is performed for an artificial target aoodmpared to laboratory spectrodirectional
measurement results obtained with the same gonesnsgstem. Suggestions for further
improving goniometer systems are given and the needintercalibration of various
goniometers as well as for standardizing spectectonal measurements is expressed.
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1. Introduction

In the field of optical Remote Sensing ground-bagediometer systems are used to position a
spectroradiometer into a specific observation pmsitvith respect to the target area. The goal is to
directly measure the reflected radiation from t@ugeét from various observation directions distréalut
over the whole hemisphere in order to describdalget specific directional reflectance characteris
This characteristic occurs due to the contrast éetwoptical properties of surface elements and
background as well as due to the uneven distributialluminated and shadowed areas. The concept,
which describes the reflectance characteristic dfpacific target area, is called the bidirectional
reflectance distribution function (BRDF) [1]. Foragtical reasons the bidirectional reflectancediact
(BRF) is used and defined as the BRDF of the targiébed to the BRDF of an ideal Lambertian
surface (1) [1]. Accurate knowledge of the surface BRF is artpnt for many applications such as
BRF correction of remote sensing data and quangtaetrieval of vegetation [2-4], snow [5] or soil
[6] parameters. Furthermore, BRF knowledge suppgbgsietermination of the surface albedo, which
is a crucial parameter in modeling the Earth’satdn budget. The surface albedo is defined as the
directional integration of reflectance over all suew geometries. Practically, an estimate of the
albedo is inferred from the measured nadir reflemdasince corresponding satellite sensors often
operate at only one or a few view angles [7-9]. €eguently, the surface BRF often is not considered
which may lead to large errors in the retrievecdtb[10, 11] and subsequent climate models.

Early goniometer systems were used to measurectafiees of rock samples, soil powders and
snow to explain the scattering properties of thiéase of the moon [12-14]. The reflectance propesrti
of single plant leaves were first studied using Ikrterget goniometers [15-18] and later, larger
goniometers have been developed to investigatadtectance characteristics of soil surfaces and
vegetation canopies, e.g. [19-24]. Such ground | lespectrodirectional measurements can be
performed either in the field [25, 26] or in a lagry environment [27, 28]. However, there are
obvious technical differences between the two cptscand corresponding measurements are not
directly comparable [29].

Laboratory measurements provide a better contrti@fllumination conditions and the presence of
diffuse light can be neglected if the experimentaaducted in a darkroom [30]. However, they suffer
from illumination imperfections since the artifitiaght source shows a conical rather than direclo
geometry leading to an inhomogeneity of the illuatéd area. Therefore, the measured reflectance
quantity in the laboratory is called biconical esflance factor (BCRF) corresponding to a conical
illumination and observation (FOV) geometry. Foe tlaboratory case, an accurate BRF retrieval
(correction for illumination imperfections) is debed by Dangeét al. [29].

Field goniometry has the advantage that the tasgkft in its natural environment, including the
natural illumination by the sun. The major disadege is that atmospheric effects and undesired time
variations of the illumination have to be takenoirdccount. Furthermore, the total illumination



Sensors 2008 8 5122

involves all directions within the hemisphere (dadingle equalsT® and consists of a diffuse and a
direct part. By contrast, observation sensors Osuallect the reflected radiation within a certaiolid
angle and of a small finite area. The atmospheoieditions, the presence of gases, clouds, and
aerosols affect the amount and spectral distribubiothe incoming direct and diffuse light and cainn
assumed to be isotropic and uniform throughout lieeisphere. The measured field reflectance
quantity is therefore referred to as hemisphericahical reflectance factor (HCRF) based on
Martonchiket al. [31] and Schaepman-Strgbal. [32]. Consequently, the measured HCRF needs to
be corrected for the atmospheric influence in otdeabtain the target specific BRF.

The most exact BRF retrieval from field goniometezasurements can be achieved by following
the procedures proposed by Martonchik and othés3&]. However, this implies accurate knowledge
of the angular distribution of the incoming diffuseliation at the same time as reflected radidtiom
the target is collected. Most goniometer measurémeips do not account for this. With the Portable
Apparatus for Rapid Acquisition of Bidirectional Sdyvations of Land and Atmosphere (PARABOLA
[1) such data can be collected to a certain dedratover a limited spectral range only (multidpey
and under the assumption of an extensive homogsrtaayet area [35]. Another instrument providing
such capability consists in the Gonio RadiometezcBpmeter System (GRASS), which is currently
being developed at the National Physical LaboratdL), Teddington, UK [36]. It shows a
promising and novel dual view design, but has mebtrgached an operational status.

Consequently, and prior to the study at hand, tegrgted no adequate instrument and operational
measurement setup, which was capable of obsertiagdflected and incoming diffuse radiation
simultaneously at high angular and spectral remwutTherefore, no systematic field-laboratory
comparison of retrieved BRF of the same target lmarperformed and it is not known how field
measurements can be transferred to laboratory mesasnts and for which targets a replacement of
field by laboratory experiments is indeed feasible.

This study presents the first hyperspectral duawviield goniometer system (dual-view FIGOS),
which is able to simultaneously obtain the refldca@d the incoming diffuse radiation at high angula
resolution. A characterization of the angular disttion of the incoming diffuse illumination is
presented for several atmospheric conditions alaitiy the field BRF retrieval for an artificial tast
The dual-view FIGOS showed a stable and reliabtfopaance during several extensive measurement
campaigns and strongly supports future surface B&teration being used for e.g. model validation
and inversion purposes as well as for albedo caticuls. Additionally, its combined use with
multiangular spaceborne or airborne data acquisiivides the possibility of improved directional
calibration instead of using nadir-view surface sugaments for verification.

2. Dual-view field goniometer FIGOS

The presented dual-view field goniometer systetmased on the well known FIGOS system (Fleld
GOniometer System), which was originally constrdctey W. Sandmeier at Lehner & Co. AG,
Granichen, Switzerland, in joint operation with tRemote Sensing Laboratories (RSL) at the
University of Zurich, Switzerland [22]. It is a trgportable system and has extensively been used in
various campaigns for the acquisition of hyperspéclirectional reflectance data of vegetationZ8,
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37, 38], snow [39] and artificial [40] targets. @vibe years the capabilities of RSL's goniometer
system have been extended in order to support tharate characterization of the reflectance
properties of specific targets in the laboratoryvadl as in the field. For a description of thededtory
setup please refer to Dangehl. [29].

The goniometer itself consists of three major patgenith arc and an azimuth rail, each of 2 m
radius, and a motorized sled, onto which the twtsses are mounted. All parts are made of black-
coated aluminum in order to minimize adjacencyaffieThe zenith arc is tightly fixed to four wagons
which allow a manual 360° rotation on the azimutih A braking motor at a velocity of 2.5°/s drives
the sled with the two spectroradiometers. Fullyuatdjble labels on the zenith arc allow for an
automated positioning of the spectroradiometerdeatred steps. The mechanical positioning sensors
as well as the electrical control unit of the mowere renewed in order to resist humidity and
guarantee a stable performance. Currently, measumtsnare taken at azimuth steps of 30° and zenith
steps of 15° (-75° to 75°). A full dual-view gonieter dataset is completed in about 25 minutes.
Figure 1 shows the dual-view goniometer FIGOS beised for data collection over an artificial target
and a close-up of the positioning sensors andlédotrigal control unit.

Figure 1. Left: Dual-view goniometer system FIGOS. Middle:edhanical positioning
sensors. Right: Electrical control unit of the steptor.

2.1. Dual-view combination

The main extension for the field usage consist dfial-view combination providing the capability
to simultaneously collect the reflected and incoming radiances gh spectraland high angular
resolution. Two wirelessly computer controlled AERIdSpec-3 spectroradiometers cover the spectral
range from 350 nm to 2,500 nm and sample datatetveds of 1.4 nm (350 — 1,050 nm) and 2 nm
(1,000 — 2,500 nm) with a spectral resolution offf at 700 nm and 10 nm at 1,400/2,100 nm,
respectively [41]. Both spectroradiometers are nedironto the zenith arc of the goniometer and
operated with a 3° FOV foreoptic which is connectedhe sensor using a 1.4 m fibre optic. The
downward looking spectroradiometer observes thgetafrom a constant distance of 2 m for all
observation directions. The idea of having bothruments being moved while taking directional
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measurements evolved from various consideratiohg design of a U-base plate (see Figure 2)
supports the attachment of both spectroradiometeirdosely as possible to the zenith arc. Thergfore
and since the zenith arc is eccentrically positipne cast shadow is generated on the target area
(except for the dual optic holder at the hotspogéation), even though a large volume is moved along
the zenith arc. Additionally, fibre optics of stamd length can be used and a sufficient signabtsen
ratio (SNR) is obtained. In contrast, having ottilg bptics moved (and the spectroradiometers placed
outside the goniometer) would create the need ofingavery long fibre optics (> 4m) and
consequently a lower SNR.

By using a dual optic holder both optics are eyaatigned while pointing in opposite directions
and the generated shadow at the hotspot dirediamiriimized to the optic’s size, which is about 1cm
in diameter. Consequently spectrodirectional mesamsants close to the hotspot are possible and may
provide new insights into the reflectance charastierof specific targets at this special obsensati
direction. The optic rotating disk allows for eaagd quick rotation of the dual optic holder, if
necessary, for e.g. additional reference measurtsmenthe beginning of each zenith arc cycle or
instrument optimization purposes. Figure 2 shoveslhbase plate carrying both spectroradiometers
and the dual optic holder.

Figure 2. Dual-view combination as mounted onto the zeaith (left) and corresponding
technical sketch (right).
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Since the instantaneous FOV is 3° and always pgjrit the centre of the hemisphere (downward
looking optic), the corresponding ground instantaursefield of view (GIFOV) is circular with 10.5 cm
(diameter) in nadir direction. However, for largi-madir observation angles the sensor’s footprint
becomes elliptical with a maximum longitudinal extef 41cm for an observation angle of 75°. It is
therefore essential to consider the correct targference height, especially when measuring a ttarge
with limited size e.g. under laboratory conditions.

In order to monitor the pointing accuracy of thevdwvard looking optic, a small laser is integrated
into the dual optic holder. The geometric precisidrihe zenith arc is then referenced while moving
the sled over the zenith arc in the principal amdhie orthogonal plane. Maximum deviation of the
laser spot, representing the centre of the sen§&'G is recorded at a view angle of -75° and csissi
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of about 4cm as shown in Figure 3. A possible cémsthis deviation might be a slight deformatidn o
the respective part of the zenith arc due to eitensisage (assembly/disassembly) over time.
However, this is not a limiting factor for field gmmeter measurements since the target under
observation is usually of satisfying spatial extamtl assumed to be homogeneous.

Figure 3. Pointing accuracy over the zenith arc. The coneantix/y and +x/y is used for
the backward scattering and the forward scattedingction, respectively. The coordinate
system is aligned to the centre of the azimuth arc.
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2.2. Measurement principle

Spectrodirectional measurements with the dual-\H#@OS usually start in the principal plane at a
forward scattering direction of 75°. Following agefined sequence the whole hemisphere is scanned
at zenith steps of 15° and azimuth steps of 30&c@®alon references are collected in the beginning
and in the end of each goniometer dataset as welt avery nadir bypass with the downward looking
sensor. This provides the potential of calculatreflectances, if wished at a later time, and of
monitoring atmospheric changes or instrument drift$otal 140 measurements are taken for one dual-
view goniometer dataset (8 reference measuremérgs6p directional measurements of the reflected
and incoming radiances, respectively).

Even though shadowing is minimized it might occayvaay when the sun zenith angle equals one
of the (downward looking) sensor view angle stepg.(at 15°, 30°, 45°, 60° or 75°). If this is ttese,
the corresponding measurements are omitted, irtggal or modelled by fitting to a BRF model.

Simultaneous sunphotometer measurements are ngcésstwo reasons: 1) monitoring the state
of the atmosphere during the whole measurementamde?) the direct sun irradiance is required as an
input parameter to the field BRF retrieval alganthTest measurements to collect the direct sun
irradiance using the upward looking sensor revea#dration problems of the sensor. Although this
problem might be solved by reducing the integratiore of the upward looking spectroradiometer, the
dual-view FIGOS is currently not yet able to dilgeheasure this quantity. This is mainly due to the
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fact that using a 3° FOV accurate pointing at il disk is challenging and time consuming. The time
for measuring one goniometer dataset is a critazzbr and desired to be as short as possible.

Within the current measurement setup an MFR-7 skbdod sunphotometer (Yankee
Environmental Systems, Inc) is used, which direatlyords the total and diffuse irradiance in 7 lsand
(broadband, 415, 500, 615, 673, 870 and 940 nmg. ditect sun irradiance is then calculated as a
difference of the two, taking the respective sumitheangle into account.

3. Data processing

A number of pre-processing steps have to be paddrprior to conducting the actual BRF
retrieval. These steps are directly related to dheent goniometer systems’ characteristics. They
include the calculation of intercalibration coeitficts, a temporal correction and an assessmeiieof t
different spectral coverage. A detailed descriptodrthe main pre-processing steps is given below.
Figure 4 gives an overview of the dataflow for ms&ing dual-view FIGOS datasets.

Figure 4. Dataflow scheme for processing dual-view FIGO Sskeifs.

Data collection Main pre-processing Correction for
steps diffuse influence
FIGOS sensor 1 Intercalibration
FIGOS sensor 2 L Temporal correction | | —> |Field BRF retrieval
Sunphotometer Spectral coverage
J Comparison to

LAGOS / known BRF

3.1. Intercalibration

The need for intercalibration coefficients evolvdeom the fact that currently three
spectroradiometers are used to obtain the necesyauy data to the BRF retrieval algorithm. The
angularly resolved reflected and incoming diffuadiation is obtained with two separate instruments,
although of the same type (ASD FieldSpec 3). Thectlirradiance is obtained from sunphotometer
measurements (MFR-7 shadowband sunphotometer).

A. ASD FieldSpec 3 intercalibration: The two spectroradiometers, which are used to
simultaneously collect the reflected and incominffude radiation, are usually operated in radiance
mode. For further processing, the intercalibraticoefficients have to be known for the two
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instruments. The last intercalibration experimenthwhe two FIGOS spectroradiometers has been
performed in July 2006 at the intercalibration liaciof the German Aerospace Centre (DLR) offering
an integrating sphere with the corresponding itfuasure for stable conditions [42]. Figure 5 shaws
comparison of the absolute radiance values as mezhsuth the two ASD FieldSpec3 as well as the
current intercalibration coefficient. The agreementthe VNIR detector is within 1%, whereas foe th
SWIR1 and SWIR2 detectors it consists of about E¥reme values at both ends of the spectral range
reach up to 4%.

Figure 5. Comparison of absolute radiance values and inibratibn coefficients for the
two ASD FieldSpec3 sensors.

o o
= [§)
0

Radiance [W m2 nm sr]
(o]

500 1000 1500 2000 2500
Wavelength [nm]

B. ASD FieldSpec 3 — sunphotometer intercalibration These intercalibration coefficients are
obtained by comparing the directly measured hereisgdl irradiance values from sunphotometer
measurementsk(8;) and the hemispherical irradiance valugg() retrieved from Spectralon nadir
measurements performed with the ASD FieldSpec Xéotain solar zenith anglés For deriving
Easd0i), the Spectralon panel is either assumed to bebkaran or, more accurately, a BRF correction
factor has to be taken into account. Assuming aldatian behaviour of the Spectralon panel the
hemispherical irradiance,&6;) can be derived from a single measurement ofdfieated radiation L
taking the albedg;s of the calibration protocol into account and istien as

SWCHE L C8)on ' (1)

Provided the knowledge off(0;) and Es{6;) the respective intercalibration coefficient chart be

written as

Is

=V @
asa( )

The ASD FieldSpec 3 — sunphotometer intercalibratioefficients as shown in Figure 6 for the
respective sunphotometer bands represent the akvadyes for a solar zenith angle range from 24.7°
to 52.9° along with the respective standard demiati

Cmfr (el) =
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Figure 6. ASD FieldSpec 3 — sunphotometer intercalibratioefiicients and respective
standard deviation.
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3.2. Assessment of spectral coverage

Both the reflected and the incoming diffuse radiatere measured with an ASD FieldSpec 3
providing continuous spectral information from 460rno 2500nm. However, the direct irradiance
from the sun is obtained from sunphotometer measemés and is available in six spectral bands from
414nm to 936nm only. Principally, this limits acate retrieval results to the sunphotometer spectral
bands. One might try to obtain a continuous spectaerage by linear interpolation between the
sunphotometer bands, but due to the highly varialieospheric absorption features this is only a
coarse approximation as Figure 7 shows.

Figure 7. Total (red) and direct (blue) and diffuse (greemadiance at high spectral
resolution versus interpolated sunphotometer measemts (black lines).
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A more accurate assessment of the atmospheric mlosofeatures is obtained by weighing the
interpolated values for each spectral section batvibe sunphotometer bands. The respective weight
factors are calculated by rationing the interpalatalues to Eq(continuous spectral coverage) for the
respective solar zenith anglés However, in doing so the total irradiance israated and not the
direct irradiance of the sun. Thus, the ratio oédh to total irradiance from respective sunphot@me
measurements needs to be applied to the estimagetiance values prior to calculating the weight
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factors. This method is applied to each set ofctlireadiance measurements, which are used for the
retrieval algorithm (66 measurements per gonionudéaset).

3.3. Temporal correction

One goniometer dataset typically consists of 66smesments for the upward looking as well as for
the downward looking sensor. Since the sensors ttabe moved between each measurement, these
66 measurements cannot be performed at the saraptlimtotal time period needed consists of about
20 to 25 minutes. Within that time span the illuation conditions do change. This is due to the
movement of the sun and due to the changing atneospproperties (e.g. clouds), which affect the
amount and the distribution of the incoming diffusght. It is tried to account for these effects by
weighing the measured incoming diffuse radiahfe . The weight factorsgf; is obtained using the
continuous diffuse irradiance readings of the sotqmeter, respectively. Thereby, it is assumed that
changes of the diffuse irradiancgss within the time period T(f t,, ..., &) Of a goniometer dataset
affect the 66 single incoming diffuse radiation sw@@mentd [ to a similar degree. The weight
factor fi(tx) can then be obtained from the ratigs&(tx) / Edairmir(ty) and the incoming diffuse
radiation is written as

Lt =LGt) Tainety). 3)
3.4. Field BRF retrieval

Typically, field measurements are affected by aghesic conditions and underlie a direct and a
diffuse illumination component. The distribution thie latter is not necessarily isotropic. Influeryi
factors are related to the cloud cover, aerosoterirand the surrounding area (i.e. forest, hidsjd
buildings etc.) which all lead to multiple scattgyriand a varying amount of incoming diffuse lighit f
each incident direction. However, the observeddecéfd) radiance lat the sensor is the result of the
total incoming radiance ke (both the direct and the diffuse component) irding with the target
specific BRF. In other words, the BRF "tells" tlieaming single radiation beams how, meaning how
much and in which directions, they are reflectdddrtally this is expressed in (4) as follows:

12m

L, (Mo, & =) =10 H 0 =0 ) FL (1 g, & — o) K du b (4)

where

- -u, u0 = cosines of the view and solar zenith angles,

- ¢-90 = is the view azimuth angle with respect to thiarsprincipal plane and

- R =the BRF of the target.

The notation # andp is used here for upwelling and downwelling radiafirespectively [34]. In
order to accurately retrieve the BRF the refleatadiance as well as the single contributors to the
incoming radiance field (direct and diffuse radiesichave to be known, preferably with high angular
resolution. This can be achieved either by measemésmor by modeling. The BRF retrieval for field
measurements is performed by following the procequoposed by Martonchit al. [34]. It is based
on the idea of splitting up the radiation into aedt and diffuse partdg and Lgi#, respectively, and



Sensors 2008 8 5130

considering their respective reflection processbe (nteraction with the surface) separately. The
reflected radiancelis then calculated as

L (K Ko, — o) = TR (-K.Ho.0 — 0 o) DB (Mo) + Lot (KMo b~ o) (5)
Eqir is obtained from sunphotometer measurements amdddlal-view FIGOS directly provides
spectrodirectional measurements of The upward diffuse radianceyt is also dependant on the
surface BRDF#'R) and is calculated using (6) where the incidefftise radiancel"¢ is directly

obtained from dual-view FIGOS measurements.
12n

Lain (=M Ho, 0 = o) n” MO =) *LGE (MM &= Judu ' (6)

The bidirectional reflectance factor R can theniteeatively solved using (5) and the (1"1)
iteration of (6), and is formulated as

_ _ (n-1) _
R™ (—it,1o.0 — o) = L, (=1 Mo, ~ 60) = LGi” (1 Mo, & ~ o)

T Eqir (Mo) ()
As an initial estimate of the BRF,®Ris used whera" is neglected and atmosphere-surface

reflections are ignoredR® =L /(' OE,,)). For each iteration, the reflected radiangéslcalculated

using the current iteration estimate of R. Theatien is ended when the difference between the
calculated and measured reflected radiancgsy’@ed and Leasured respectively, becomes smaller than

a previously defined threshold.
4. Test study

In order to test the field BRF retrieval based oaldriew FIGOS datasets and quantify the diffuse
influence, spectrodirectional field and laboratorgasurements have been performed using an attificia
target for both cases. The reasons are to minirdiferences other than such related to the
illumination conditions and to maximize the refate anisotropy by choosing an appropriate target.

4.1 Target

The artificial target has first been described yvé&ertset al. [43] who evaluated a 3D radiative
transfer (RT) model against goniometer measuremé&his same artificial target has also been tested
for its usefulness with FIGOS/LAGOS measurementsariier studies [40]. The target itself is made
of sanded duralumin and consists of a regular mafrcubes with known geometrical characteristics.
It is well qualified for BRF investigations, sin@eexhibits a high angular anisotropy and is irearéer
time. However, for FIGOS/LAGOS measurements it i@snd to be too small since the sensor
GIFOQV for large observation angles outreached traial extent of the target area. Consequently a
larger artificial target with similar charactertdi has been constructed with the help of the Physic
Workshop of the University of Zurich, Switzerlanidls suitability has subsequently been tested in
various extensive field and laboratory measureroamtpaigns [44]. Figure 8 shows the artificial targe
and its reflectance anisotropy. The size of theomshis 3.3 x 3.3 x 3mm with a regular spacing of
2mm between the single cubes.
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Figure 8. Left: Artificial target, which is being for theRd- retrieval and field — laboratory
comparison. Right: Reflectance anisotropy at a Vesagth of 496nm as measured in the
laboratory (30° illumination direction from the higside).

AN RS R RN EEETNN

4.2 Dataset

The final data being used for the field BRF retalegonsists of 6 dual-view goniometer datasets

(FA1, FA2, FA8, FA9, FA10 and FA11) which were dhtd at solar zenith angl€s ranging from

from 24.7° to 52.9°. The data collection took plate¢hree different days (DOY 171, 172 and 175) in
June 2006 close to the airport of Oberpfaffenhof&rmany. The measurement location consisted of a
wide, flat area and was carefully selected in orterminimize potential adjacency effects. For
comparison purposes corresponding spectrodire¢trorasurements (same illumination angles) were

also performed in the laboratory with the laboratgmniometer system LAGOS.

Figure 9. Top and bottom left: Total, direct and diffuseadirance during the DOYs and the
respective goniometer measurement periods. Botigim: Box plot of the diffuse fraction
of the total irradiance for investigated FA datasétll data are shown for a wavelength of

496nm.
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Figure 9. Cont.
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Permanent atmospheric monitoring was assured Imgumn MFR-7 shadowband sunphotometer.
Figure 9 depicts the total, direct and diffusedramce components for the respective measurement
days as well as a box plot of the diffuse fractibrthe total irradiance (& / Eo) for the 6 goniometer
datasets. The size of the boxes represents theuatile variability (25% - 75% of the values)tbe
diffuse irradiance during the FIGOS measurementoderThe horizontal black lines indicate the
median values and the whiskers show the total extetine dataset. The diffuse fraction significgntl
varies within the individual datasets. High diffugariability as seen in datasets FA1 and FAS8 is
predominantly attributed to passing clouds, whetkagliffuse variability in other datasets is rethto
the respective sun zenith angle.

4.3 Results
4.3.1. Angular distribution of the incoming diffussdiation

The angular diffuse fractionsls / E.Of the total irradiance were calculated for eachasneed
observation direction. For a clear sky situatioa éimgular diffuse fractions are mainly determingd b
the solar zenith angle. A major amount of diffugdt is observed close to the sun view directiod an
minimum values are observed for opposite viewingadions (with the sun in the back). Typically, the
angular diffuse fractions also tend to increasddoge observation angles since the respectiveanti
light paths are longer and more multiple scattetadges place. For a clear sky situation the angular
diffuse fractions reach 15% to 40% depending onstilar zenith angle. A cloudy day situation looks
even more complicated. Although a maximum valughef angular diffuse fraction is still observed
close to the sun view direction, the distributiohtle diffuse light is very much dominated by
atmospheric disturbances such as moving cloudsségmently, the angular diffuse fractions can
substantially vary over time and for small changkshe observation direction, and the total angular
variability can reach up to about 70%.

With regard to the BRF retrieval and associated oapheric correction this highlights the
importance of assessing the incoming diffuse ramiaat angular resolution even for clear day
situations. Figure 10 represents the angular diffuactions of the total irradiance for two diffete
illumination atmospheric conditions but a similatas zenith angle.
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Figure 10. Angular diffuse fraction for different atmosphemituations (clear, cloudy)
from dual-view FIGOS measurements (datasets FA9F&1J. The position of the sun is
marked by the sun symbol.

a) Clear sky situation (496nm, 8, = 33.9°) b) Cloudy sky situation (496nm, 6, = 29.5°%)

Angular diffuse fraction [%]

0 42 84

4.3.2. Retrieval results

The regular geometrical structure of the artifictarget leads to a high angular reflectance
anisotropy, which strongly correlates with the mlttion of the illuminated and shadowed areas for
the respective illumination and observation di@tsi Additionally, due to the optical propertiestiod
sanded duralumin, the artificial target exhibitssong specular reflectance characteristic. The
observed reflectance peak is directly related t® zknith angle of the direct irradiance and is,
consequently, moving towards larger observatiorleanfpr larger illumination zenith angles. For this
particular target largest directional effects axpexted in the principal plane. Figure 11 shows the
corresponding principal plane reflectance valuesoftservation angles ranging from -75° (backward
scattering) to 75° (forward scattering) for thddiease, the laboratory case and the BRF retreass.

The maximum extent of the specular reflectance peakbtained at the largest illumination zenith
angle (52.9°) and consists of over 300% reflectdoceéhe laboratory case of dataset FA1l. It can be
seen for all datasets that the directional reflemacharacteristic for the laboratory case is naisgnct
than for the field case. This is due to the faett tthe diffuse irradiance incident on the target is
illuminating the shadowed areas and mitigating a@mi reflectance structures. For vegetation targets
Lyapustinet al. [33] found that the backward scattering is rattieminated by the direct irradiance
whereas changes in the forward scattering areecklat the diffuse irradiance. This leads to a lower
backward scattering and a greater forward scatfexirthe field reflectance compared to the BRF. For
the artificial target a similar behaviour can partbe identified, which, however, might be
superimposed by the strong specular reflectanceghwiepends on the direct irradiance component.
With regard to the retrieved BRF, it can be obsgvat in general a reasonable approximation to the
laboratory reflectance is achieved and for mosaskts the specular peak is reproduced well. Best
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results were obtained for dataset FA10. The largestall deviations occur for the two datasets,clvhi
were obtained at highly variable atmospheric coost (FA1 and FA8). Remaining differences might
be related to the needed time period and to theplgagn(oversampling, undersampling) of the
incoming diffuse radiances, especially for largseaation angles. In laboratory measurements, the
specular reflectance might additionally be atteadidby the inhomogeneity of the illuminated area
within the GIFOV for corresponding observation zkrngles.

Figure 11 Comparison of BRF retrieval results and spectemtional field and laboratory
measurements in the principal plane (-75° backvgaaitering to 75° forward scattering).
The illumination is from the left.
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5. Conclusions

The dual-view field goniometer system FIGOS is ently the only instrument which is capable of
measuring the reflected and the incoming diffuskatéon at the same high angular and at high sglectr
resolution from 400 nm to 2,500 nm. It showed @lstand reliable performance in extensive field
campaigns. In its present configuration, in confjiomcwith a sunphotometer, it proved its ability to
provide the necessary dataset for a field BRFewdli of selected targets. Therefore, and due to its
well-known characteristics the dual-view FIGOS hhe potential to being used as a reference
instrument for various spectrodirectional experitaen future field campaigns.

Although measurements in both directions are domelsaneously, the critical time to measure a
complete goniometer dataset is not increased bynfpdawo instruments since both measurements are
triggered simultaneously. Simultaneous sunphotommeéasurements are needed since the direct solar
irradiance (a necessary input to the retrievalrilgm) can currently not be obtained from the upvar
looking FIGOS sensor. Consequently, a completéexetr dataset consists of measurements from three
different instruments (two of them of the same Jyp&€his requires the use of instrument
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intercalibration coefficients. Since the currenilsed sunphotometer operates using a limited number
of bands only, further pre-processing is necessaoyder to obtain spectrally continuous informatio

of the direct irradiance. This is achieved by dedvthe atmospheric absorption features between the
sunphotometer bands from hyperspectral Spectrafamence measurements. However, hyperspectral
measurements of the direct irradiance would subatBnease data pre-processing and provide alarge
spectral coverage of the retrieved BRF. A possblation might be to attach a spectroradiometer to
sun-tracking device in order to continuously cdllée solar irradiance. Alternatively, direct irfaicice
values might also be obtained from simulations @isin
MODTRAN-4 [45].

With the addition of an artificial illumination saze (currently a 1,000 W quartz tungsten halogen
lamp) the same goniometer system can also be nsgdbboratory configuration as LAGOS (without
dual-view option). Errors due to inherent systeracouracies persist but are the same for both
goniometer configurations. The usage of an inetifi@al target (for both the field and laboratory
experiment) provides the advantage of reducingetanglated measurement errors and its high angular
anisotropy supports FIGOS — LAGOS comparison measents for e.g. a BRF retrieval. The
laboratory setup further provides the possibilifydarect comparisons to other goniometer systems
currently in use [21, 24, 36, 46, 47].

The time period needed to obtain a complete dwad~goniometer dataset is a critical factor since
illumination conditions can rapidly change eithecause of atmospheric changes (e.g. over passing
clouds) or changes in the solar zenith angle @ogd solar zenith angles the change ratio is tifpica
larger). Short-term atmospheric variability careaffsingle diffuse radiance measurements different!
leading to an over- or underestimation of the incmmdiffuse irradiance. Using time resolved
sunphotometer measurements substantially improvealility to correcting for illumination changes
during the measurement period. Therefore, we pmgosrely on the combination of dual-view
goniometer measurements and continuous total dhdseliirradiance data acquisition. If, in an ideal
case, all directional measurements of the two amgdiéitasets (lower and upper hemisphere) were
collected at the same time, this correction wouwltlbe necessary. Another way to reduce the infleenc
of atmospheric changes during the time period ret@drild consists of shortening the time period by
changing the measurement sequence or measuringhaiflyof the upper and lower hemisphere
assuming a symmetric distribution of the targeefnce and the incident diffuse irradiance.

6. Outlook

Although the dual-view FIGOS is well suited for spedirectional field data collection and
provides a reliable performance, there are alsatdtions, which need to be assessed. The
measurement setup can be further improved withetgp data collection accuracy and ease of use.
One possibility consists of assessing the maintditioins by reducing the measurement time period,
accounting for the changing GIFOV and FOV non-umifity of the spectroradiometer and collecting
the direct irradiance over a continuous spectraea400 nm — 2,500 nm). However, other drawbacks
(e.g. the weight, slight deviations of the zenitb, @ointing accuracy, assembly/disassembly tire) e
are not accounted for. Another possibility for ietulevelopment of goniometer systems could consist
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of a robotic positioning system as carrier for thml-view sensors (fibre optics). Robotic systemes a

widely used in industry (e.g. car industry, indistrautomated painting etc.) and provide

characteristics, which are of great usefulnessgtwriometers. The spatial positioning of the robotic
arm is fully automatic, programmable, very fast dmghly reproducible. Furthermore, such systems
are easy to handle in the field or in the labosatmd their free programmability allows for highly

flexible, target specific angular sampling.

For validation and calibration purposes of air- apdceborne directional reflectance measurements,
as well as for algorithm development and indepen&83nmodel validation there is an evolving need
for ground-based directional measurements of vargwrface types. Such ground-based directional
data acquisitions must be performed in a standedd@#nd comprehensible way and results as well as
metadata need to be well documented and storedriesponding functional database facilities, e.g.
SPECCHIO [48]. Current ground-based spectrodiraatiomeasurement procedures are not
standardized and it is unknown how results obtaifredn various goniometer systems differ.
Therefore, it is a further need to perform intetwaltion studies with various state of the art
goniometers following the example of the modelioghenunity (cf. RAMI [49]). Such studies need to
be performed under controlled laboratory conditiosmg an artificial target. Additionally, it has be
agreed on a common spectrodirectional data formdtcuality requirements for spectrodirectional
measurements have to be defined. Once this is\ahispectrodirectional measurement results from
various campaigns could easily be transferred tch sa data standard in order to ensure data
comparability between spectrodirectional researokigs.
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