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ABSTRACT:

In the past years digital airborne imaging dataeHa@come an appropriate tool to perform remoteirsgitasks. With Leica XPro, a
processing software for the ADS 40/80 sensor is awailable that allows calculating ground reflecemata during rectification.
Furthermore, a BRDF correction of the individual litidines is possible. Since the two processingomstiare without additional
user input, they are also used regularly for mappiurposes to speed up the mosaicking proceshkidmpaper, a validation of the
atmospheric correction and reflectance calibraisoshown, using data from an image block in soutl@ermany, which was used
in the project "Evaluation of Digital Camera Systénmy the German Society for Photogrammetry, Remotasikg and
Geoinformation (DGPF). Compressed and uncompressade data was available in 8 and 20 cm ground pgixel together with
in-situ ground reflectance measurements of diffeterps and natural targets at the time of ovérfli®ince in the compressed data
set the targets were observed several times areliff view and illumination angles, also resultgrfithe BRDF correction could be
compared. The results show a reasonably good agredmtween reflectances measured on the grounthasd calculated from
image data in the atmospheric correction procesgh&rmore it could be shown that the BRDF correctiption considerably
reduces the reflectance difference between diffeftaght lines within selected targets of the testa. The discussion shows the
limitations of the method. Finally, improvemente @roposed to further increase the accuracy.

1. INTRODUCTION

During the last years there has been a growingesten the
radiometric properties of high-resolution aerialages. An
assessment of the radiometric properties of langadt digital
cameras has been done by Markelin et al. (2008)eier, up
to now, no operational processes for the handlihngbsolute
radiometric image data are yet implemented in Eeaop
National Mapping Agencies (Honkavaara et al., 2009)

Attempts to perform an absolute radiometric catibra of

image block from a rural area in southern Germangrider to
assess the usability of the ADS40/80 system in tersensing
projects. This image block was also used in thgeptdEvalua-
tion of Digital Camera Systems" by the German Sgcfet

Photogrammetry, Remote Sensing and GeoinformatiGP({®).

(Cramer, 2010a).

2. MATERIALSAND METHODS

2.1 Leica ADS40/80 sensor

frame images have been started for the DMC (Ryan andihe Leica ADS40/80 sensor uses a line scanner ipkénc

Pagnutti, 2009, Gonzélez-Piqueras et al., 2010) &msl
UltraCam sensors (Alvarez et al., 2010). Molina let(2010)
are using an empirical polynomial approach to badathe
different image brightness in a DMC image mosaic.

The ADS40/80 system features an absolute radioonediibra-
tion since 2006 (Beisl, 2006) and provides a workfio the
Leica XPro software for calculating ground reflectas (Beisl
et al., 2008). A validation of the reflectance prodis also
shown in this symposium (Markelin et al., 2010).

ADS40 data has been used in various remote seagpiplica-
tions like avalanche prediction (Blhler et al., 20@%assifica-
tion of benthic habitats (Green and Lopez, 200ahopy cover
and tree species classification (Waser et al., 2008ser et al.,
2010), urban classification (Emmolo et al., 20G8)d archaeo-
logical prospection (Kellenberger and Nagy, 2008).

In this article, a validation of the radiometry tbe ADS40/80
reflectance and BRDF correction products is donegusin

* Corresponding author.
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which is particularly suited for absolute radionetalibration,
since the focal plane is temperature stabilized léhs aperture
is fixed, and the CCD lines have a considerably higlyaamic
range than any area-CCD. This way a single integrdiime
setting can be used for a whole flight line withatiéy varying
surface reflectance without the need of changiegiberture.

2.2 Radiometric processing with Leica XPro

Since the dark signal non-uniformity and the phogsponse
non-uniformity (lens falloff) are already corrected the sensor
head, the relation between raw digital numb@&Hl)(and cali-
brated digital numbersCDN) is just a linear function with a
single calibration factor,{camera constant) for each of the 12
CCD lines in a sensor and the actually used integrdime (IT
[s]). This CDN product is the default output of the XPro recti-
fier (“no correction”).

CDN =DN*50%c,/IT 1)
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The relation betweenCDN and at-sensor
[W/m?/srium] is simply

L =CDN /50 (2)

Since at-sensor radiances include all atmosph#ects like the
path radiance and the adjacency effect, the imagésuffer

from a blue hue, which increases towards the berdemss the
flight direction. Therefore the XPro workflow pralés several
options for atmospheric correction. The empiric@ark Pixel

Subtraction” and “Modified Chavez Method” will prock ap-
proximate ground radiances, which are no surfacgpety

because they will still depend on the actual sdllamination.

In order to obtain an image product which is aaefproperty,
in 2008 the “Atmospheric” option has been includadthe
workflow, which simulates the solar illuminationcapath radi-
ance, and then calculates reflectance calibratgithihumbers
(RCDN) (Beisl, 2008). The relation betwe&CDN and reflec-
tanceRis

R = RCDN /10000 ©)
An additional option is the “BRDF” correction whicekmoves
the cross track gradient caused by the reflectancstropy of
ground surfaces. This correction produces homogenanage
strips calibrated t®CDN.

2.3 Airborne data set

In 2008 the DGPF started a project for the "Evadumabf Digi-

tal Camera Systems", which included assessmentseofieo-
metric and radiometric accuracy performance as \wasllithe
performance in generating digital surface modelSNDD and in
manual stereo plotting. The project was carriediouhe con-
text of the EUROSDR initiative (Cramer, 2010b). A tsié¢ at
Vaihingen/Enz near Stuttgart (48°56’'N, 8°58'E) welsosen
and medium format, large format, and hyperspecataaheras
were flown by the manufacturers on several days nfjéra
2010a). The ADS40 S/N 30120 (SH52 type) was flownAa-

gust 6, 2010 on two flight altitudes and two counf@tions
(compressed and uncompressed image capture),easigithe

DGPF directions (Table 1).

“lesp Sltart FIigI_wt $un Su_n IT IT _
Line [cm] Time |Heading|Azimuth| Zenith | RG |BNIR | Tilt |config
UTC] | [ [] [l | [ms] | [ms]

L6 | 8 | 0957 90 141.9 | 37.3 |1.448]1.448 [N+Bw|comp
L5| 8 1002 | 270 | 143.7 | 36.8 |1.452|1.452|N+Bw|comp
4| 8 1007 90 145.7 | 36.3 |1.474|1.474 [N+Bw|comp
L3| 8 1012 | 270 | 147.7 | 358 |1.476|1.476 |N+Bw|comp
L1] 8 1028 | 270 | 153.8 | 34.6 |1.408]|1.408 |N+Bw|comp
L7 8 1035 180 | 156.6 | 34.1 |1.800[1.800] N | raw
L2| 8 1039 | 270 | 158.6 | 33.8 |1.432|1.432|N+Bw|comp
L8| 8 1046 0 161.3 | 334 [1.800/1.800] N | raw
H5] 20 | 1054 180 | 164.9 | 33.0 |4.158(2.908] N | raw
H6| 20 | 1100 0 167.2 | 32.8 |4.482|2.900] N | raw
H4| 20 | 1202 90 195.1 | 33.0 |4.040]2.790 [N+Bw|comp
H3|] 20 | 1213 90 200.0 | 33.6 |3.8663.866 |N+Bw|comp
H2| 20 | 1228 90 206.1 | 34.5 |3.5902.340 |N+Bw|comp
H1] 20 | 1240 90 210.8 | 355 |3.908|2.658 |N+Bw|comp
Table 1. Flight lines (L#, H#), solar angles, gregion times

(IT) for the colour bands, viewing directions (N=iira

radiances L The flight project contained two different datassethe first

data set consisted of-B/ flight lines at a lower level (800 m
above ground, L#) and a higher level (2000 m, H®xre-
sponding to a ground sampling distance (GSD) ai@® 20 cm,
respectively. The data was registered in compressate and
was used for geometric calibration. The second datawith
N-S flight lines having 8 and 20 cm GSDs was registen
uncompressed mode, which increased the radiomedsiolu-
tion, to be most suitable for radiometric validatio

The images, which viewed the radiometric test @i L4, L7,
L8, H2, H3, H5, H6) were processed with XPro 4.Bgstan-
dard settings to produce three standard produetsiely at-
sensor radiance (ASR), atmospherically correctelkateinces
(ATM), and atmospherically and BRDF corrected reflaces
(ATMBRDF).

2.4 Ground measurements

The radiometric calibration accuracy of airbornasses is dif-
ficult to validate with absolute ground radianceaswements
since cheap fiber spectrometers tend to drift NihR and so a
stable absolute calibration for those spectromesedsfficult to
obtain. Furthermore, due to changes in atmospheitsmit-
tance the solar irradiance changes rapidly. Thiansi¢hat the
measurements have to be taken at the very timeesflight, so
measurements at different targets cannot be takinansingle
spectrometer. Therefore, reflectance measuremelatsve to a
white calibration standard (e.g. Spectralon®) aezfggmed,
instead. This requires modelling the solar irradéeither for
calculating the ground radiances from the meastefectance
data or calculating a reflectance product fromith@ge data.

Since the Leica XPro software provides a refle@apmduct
when using the correction with “atmospheric” segtithe vali-
dation was done by comparing the XPro image reftexgs
with measured ground reflectances. This meansntedtivo
calibrations of the ADS sensor simultaneously (alisoradi-
ance calibration and reflectance calibration) agfathe Spec-
tralon calibration and spectrometer stability, pessible devia-
tions cannot be attributed to a single source. Hewat makes
sense to test the reflectance product that islyinzled.

The radiometric test site contained tarps in faloars (white,
blue, green, red, provided by RAG Deutsche Steirdols
Siemens stars for resolution measurements, an@\avgedge
tarp, all provided by the University of Stuttgarhe University
of Stuttgart made ground measurements with a radking
field spectrometer, a camera-based goniometer, tandSun
photometers (Schénermark, 2010).

The day was not optimal for radiometric tests, sihigh cirrus
clouds (altitude > 3 km) passed by frequently. Ksato an
experienced flight crew, the radiometric test sitelld be im-
aged without direct cloud shadows except in line Héwever,
the aerosol optical thickness (AOT) at 534.3 nnowaked from
the Sun photometer data (Figure 1) shows strong béects
during the time of ground measurements and flighte AOT
was varying between 0.4 and 1 for the differemfis resulting
in a change of direct solar irradiance by a faabrl.8. Al-
though this is partially compensated by an increzsthe dif-
fuse irradiance, without atmospheric correctione thverall
image brightness will vary in this order of magdigu Since

Bw=backward) and compression setting (comp=compdesseground reflectance measurements consist of two ecorise

raw=uncompressed) for the Vaihingen/Enz data set.
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measurements of a target and a reference plate, &wmall
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irradiance change in between those measuremenid cause
an error. #of Total # of | Total # of Sun sun
.. | reference | target | Time| ,_ .
Target |pixelsin Azimuth| Zenith
H# RO | Measure- | measure- [UTC] el (]
14 Grass ments | ments
Blue 1 | Asphalt_1 | 3124 4 30 10:14] 147.7 | 358
£ 1.2 2 | Crass_1 | 28445 9 41 11:17| 1741 32.4
< 1o Re 3 | White tarp 22 3 6 12:35| 208.1 349
g 1 Vl k 4 | Redtarp | 26 1 4 12:23] 2030 | 34.0
. \ »/ H>\ \n 5 |Greentap | 23 3 7 12:29] 2055 | 344
0.8 5 6 | Bluetarp 26 1 3 12:17] 200.7 | 337
® — 7 | Asphalt 2 | 6841
= Asphalt L7} )\ A A sphalt
<Ot 0.6 L4 )”-I 4 8 | Grass_2 | 169899
ke 5 ¥ H
5 S /\‘4 L8 Grass White\ 9 | Stubble_1 | 68215
0.4 4 2 10 | Stubble_2 | 186101
L5 (3 L1L2 Gre?_|1 1 Stubble 3 | 211972 No ground measurements
0.2 T T 12 | Stubble_4 | 47546
09:36:00 10:48:00 12:00:00 13] Com | 10642
14 | Crass_3 | 2539
Time [UTC]

Figure 1. Aerosol optical thickness (AOT) at 53418 at the
radiometric test site. Red lines with labels L# &i¥ indicate
the AOT values during the whole overflight. The reguare
indicates the AOT at the time of overpass. The djrms with
crosses depict the AOT during the ground measuremen

The ground reflectance measurements presentedisrstiidy
were made by the first author on the day of owghflion six
targets (Table 2) at the radiometric test site,civhias situated
at the crossing of the “geometric-®/ and “radiometric” NS
strips (Figure 2). A StellarNet EPP2000 fiber spmoiter with
a spectral range of 350150 nm and a field of view (FOV) of
8° was used. The measurement distance to the taageB0 cm
giving a circle diameter of approximately 11 cm. 34-cm
square Spectralon® plate was used as a refererfioee lEach
series of target measurements. The solar illumeaves moni-
tored with a luxmeter and whenever it changed byentban
1% a new reference measurement was done.

2.5 Validation method

Table 2. Measured ground reference targets (withsomement
time and solar angles) and regions of interest (ROfe image
data (with number of pixels in the upper altitudét. HThe
number in the lower altitude L# is higher by a @moof 6.25).
The target locations are shown in Figure 2.

3. RESULTSAND DISCUSSION
3.1 Validation of accuracy

The reflectance calibration accuracy was first &hdcin the
spectra of the Asphalt_1 and the Grass_1 targgu(€i3) for
all flight lines that contained the target (L3, L%, L8, H2, H3,
H5, H8). The agreement is good for the W-E/E-W a8 as the
N-S/S-N lines in both flying heights. However, theare two
exceptions:

First, L4 in nadir view shows a 20% relative inaeaand L4 in
backward view even a 40% relative increase comptoetie
ground measurements. The reason is that the rexoss view
the targets at a scan angle of 20° towards thespat, and the
backward sensors even at an angle of 25° by geinnaetdition

The relative differencesRD) between the reflectances were of the tilt angle. The proximity to the invisiblethspot causes

calculated from the
ATMBRDF averaged over the ROIs listed in Table 2 amel t
ground measurements were averaged per target. Byythiee
atmospheric correction should result in a reductiérthe RD
between ground and image reflectances and betweeagei
reflectances of different flight lines:

RD = (image - reference)/ reference* 100 (4)

image products ASR, ATM, andthe brightening (In this project, the hot spot aairime observed

in neither flight direction since the maximum AD&as angle
of 32° is always smaller than the Sun zenith ahgle.

This brightening is caused by BRDF effects on thaigdoand
is always present in images with changing view esigFor a
line scanner like the ADS it can be minimized byestng
targets from the center columns of the image wileeeview
angle is small.
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95 - Asphalt1 (ATM) 40 o Crass_1 (ATM) the small number of pixels that were available tie colour
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Figure 3. Reflectance spectra calculated from attmersgally
corrected images of the Asphalt_1 and Grass_1ttéga the
nadir (top) and backward (middle) view of the E-WBMines
and from the nadir (bottom) view of the N-S/S-Nekncom-
pared to ground measurements.

An even better method is to align the flight and slirections
to move the hot spot far away from the observatingles. In
our case this would result in selecting the N-S/&ther than
the E-W/W-E flight lines. Figure 3 shows that fligines per-
pendicular to the Sun direction (L3, L4, H2, H3)dhstrong
BRDF effects, while flight lines in the Sun directigb7, L8,

H5, H6) had small BRDF effects, i.e. the reflectaranescloser
to the ground measurements, which were taken fraahrn

Second, although line H6 was flown in-8l direction and the
targets are positioned in the center columns oirtiage, there
is a strong relative discrepancy of 40% especfaliyhe asphalt
target. This can be explained by the presenceoofdsl and an
increase of AOT, which can be seen from Figurehis Tauses
a decrease in apparent reflectance. To compertsatffects of
local AOT variations in the images, simultaneousdiance
measurements on the aircraft would be needed.

For a more quantitative analysis of the accuramy, ftight lines
(L7, H5) were selected, since they had no appaB&DF ef-
fects and were both flown in the-S direction. TheRD be-
tween the averaged image reflectances and the drmeas-
urements depends very much on the type of target (FKigure
4). Target Asphalt_1 shows deviations of below 1Q@%jle
Grass_1 and the colour tarps show deviations abup0% in
both the upper and lower flight lines. A possibéeise could be
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ble also for the lower level, so this can be ridetimost likely.

Image L7 ATM vs. ground target
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Figure 4. Relative differences of averaged imagkctfnces
and ground reflectance measurements for two fedfftudes L7
(top) and H5 (bottom).

So the effect has to be explained in both casesdoybined
BRDF and atmospheric effects (Figure 1). For thewotarps,
strong reflectance anisotropy was apparent alrdgdyisual
inspection (Schénermark, 2010), although they appe#orm
when viewed fromone direction. The view angle is the same for
L7, H5, and ground measurements, but the sun poshas
changed between the overflight and the ground mmeasnts,
which also affects BRDF. The main reason for therdsancies
may be the unstable atmospheric conditions atithe of the
ground measurements of the tarps. For the Grassgeéttwe
have to assume strong reflectance anisotropy, esmging
with daytime. In addition, due to the current meament setup
(laboratory table with wheels and a 1m boom holdhey spec-
trometer) a good portion of the hemisphere, whicluld illu-
minate the object diffusely, was covered by the suezment
apparatus. So the diffuse illumination was differfem images
and ground measurements.
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Image H5 ATM vs. L7 ATM
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Figure 5. Relative differences of averaged imag&ectfnces
for different targets viewed from two flight lindm different
altitudes, but with the same flight heading (N-S).

For a comparison of the atmospheric correctionltesf two
different flight levels, again lines L7 and H5 werged (Figure
5). The relative difference of both was below 1@#AEphalt_1
and below 20% for Grass_1, and the colour tarpguge€i 5).
For the additional vegetation targets in Figureefg.( Stub-
ble_#), it can be seen that by averaging a largebeu of pixels
(Table 2) the difference reduced to below 10% forGR,and
NIR. Only for the blue channel a larger discrepanag found.
This is attributed to atmospheric effects.

3.2 Validation of BRDF correction quality

To see the effect of the BRDF correction, the reéatiffer-
ences of the lines L4 (Backward) and L7 (Nadir) befand
after the BRDF correction were evaluated using sévarge
vegetation targets. As expected from the discussiaec.3.1,
Figure 6 shows differences of up to 70% for the AGtMrected
reflectances between the-& and N-S flight lines L4 and L7.

After the BRDF correction, the differences for vegeta tar-

gets were generally below 10% for R, G, and B, an 26r
the NIR. Only the asphalt target showed a largecremncy.
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This is due to the fact that the applied BRDF comectises a
correction function derived from an average stassbf the
whole image. So some rare targets with a BRDF diffefrem

the average will not be corrected adequately.

Image L4B ATM vs. L7 ATM
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Figure 6. Relative differences of averaged imagé&ecttnces
for different targets from a WE and a NS flightdinf the same
flight level before (top) and after (bottom) BRDF iemtion.

4. CONCLUSIONS

The project showed that ground reference targetd tar vali-

dation (and also for in-flight calibration) have be prepared
carefully of non-specularly reflecting material amegasured at
the exact time of overflight. This is a tediousgedure and may
be prohibitively expensive in most cases for raatiemote
sensing campaigns.

The ADS40/80 sensor together with the XPro “atmesigh
correction option enables the production of imagitls relative
reflectance differences of less than 10% even &k dbjects.
The relative pixel-to-pixel accuracy is much highsince the
calibration and correction functions are smoottcfioms of the
view angle.

To achieve this absolute accuracy, the followingcputions
have to be made. First, in the flight planning ftight line
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headings have to be aligned to within +25° with$ba azimuth
of the expected flight time and day in order to idvstrong
BRDF effects in the nadir line data. Second, a daly wicloud-
less sky is required in order to have a stabler sokdiation. A
solar zenith angle of 3630° results in optimal illumination.

For standard photogrammetric projects those canmditcannot
always be fulfilled, but also the radiometric regumients are
lower. So, since the relative accuracy is muchebethd since
the BRDF effects can be corrected to a visually phgasesult,

the “atmospheric” or “atmospheric + BRDF” options aee-

ommended as standard settings for data processiAd$40-

photogrammetry.

Integrating the use of measured ground spectrdénréflec-
tance calibration process in XPro (inflight calittoa) could
enhance the absolute accuracy by calibration oattmspheric
correction parameters to the actual weather camditiAlso the
integration of a class-specific BRDF-correction woirtgprove
the absolute accuracy in case the BRDF effects cahaot
avoided.
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