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ABSTRACT

This paper puts forward a methodology developed at theun&artografic i Geologic de Catalunya (ICGC) to quantify
upwelling light flux using hyperspectral and photogrammetirisogne data. The work was carried out in the frama of
demonstrative study requested by the municipality of SanttQigjavallés, in the vicinity of Barcelona (Spain), and
aimed to envisage a new approach to assess artificidintgpolicies and actions as alternative to field campaigns.
Hyperspectral and high resolution multispectral/panchromati were acquired simultaneously over urban areas. In order
to avoid moon light contributions, data were acquired dufiegfitst days of new moon phase. Hyperspectral data were
radiometrically calibrated. Then, National Center fanviEonmental Prediction (NCEP) atmospheric profiles were
employed to estimate the actual Column Water Vapor {CW6 be passed to ModTran5.0 for the atmospheric
transmissivityr calculation. At-the-ground radiance was finally intégdausing the photopic sensitivity curve to generate
a luminance map (cdf) of the flown area by mosaicking the different flight tradksan attempt to improve the spatial
resolution and enhance the dynamic range of the luminaape a sensor-fusion strategy was finally looked into.(DM
Photogrammetric data acquired simultaneously to hyperspadivanation were converted into at-the-ground radiance
and upscaled to CASI spatial resolution. High-resolutioR)(ldminance maps with enhanced dynamic range wereyfinall
generated by linearly fitting up-scaled DMC mosaicsh® €ASI-based luminance information. In the end, a preliminar
assessment of the methodology is carried out usinginurtaneous in-situ measurements.

Keywords: Light pollution, hyperspectral data, photogrammetric datafqgic filter, luminance, luminous flux, sensor
fusion, sensor cross-calibration.

1. INTRODUCTION

Nocturnal light pollution is a side effect of industrial dzétion. Also known as photo-pollution or luminous pollution,
this term usually accounts for the excessive, misdireatethdesired artificial light that may be observed oveara of
interest. Its sources include buildings exterior and intdigbting, advertising, commercial properties, offices, illnated
sporting venues and, obviously, streetlights. In the laatsyedebates about energy efficient use as well as energy
conservation stressed the importance of monitoring adifightening at global, regional and local scale. Thentor
position advocates the need to use energy more effigightt is, using less energy for the same level ofice The
latter one exhorts to address the light pollution isguehanging the habits of society, using lighting more effitly, with

less waste and less creation of unwanted or unneededinfition. Being the final goal to be pursued the reductfon o
either the costs involved in the private or public area illutionaor the impact on the environment, having at disposal a
reliable tool to describe quantitatively the amount offieid! light radiation characterizing the earth surfacedmees
crucial. On the one hand, it makes it possible to detglat Wastes or even outlawed light hotspots. On the other kand,
provides a quantitative descriptor to assess the effectiven@sdicies and actions taken to deal with the afordioeed
issues.

The spectral sensitivity of human visual perception of bnigéd is described by the photopic luminosity function defined
by the Commission Internationale de I'Eclairage (CIE)JJL]In essence, the photopic curve indicates the semgitii
human eye to incoming light radiation at different wavelesglt follows that light meters measure the amaintisible
light in a given areas reproducing the human eye response. Ri®moint of view, hyperspectral Vis-NIR sensors are
versatile devices because they are able to combine thetagea of a synoptic view achieved from airborne or #atell
platforms, and to provide a fine-sampled description ofrtfteged scene spectrum.

In the literature, hyperspectral and multispectral aimbasensors were often used for nocturnal image analydisalfe
these studies were focused on the detection of artifigla $ources or classification based on specific sgesigaature
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detection [3][4][5][6]. On the contrary, studies basedspace-borne night imaging mainly dealt with the amalysglobal
urban extent at global and regional scale [8]. The reasthwasfold: the fewer bands available for spectral sigaatur
identification; the coarse spatial resolution of all operati@easors providing night images (about 3 km for Defense
Military Satellite Program (DMSP) [7], 740 m for thesibile Infrared Imaging Radiometer Suite (VIIRS) on-board
SUOMI NPP platform [9]); the reduced dynamic range ighhacquisitions. Recently, the commercial satelliteOSRB
was tasked to acquire night-time light images over Brisb Australia, for the detection of arterial roads and
commercial/service areas [10]. The study showed thesfya¢ial resolution of nigth images that are acquired byndiur
devised satellite sensors. At the same time, it pdiokgt their limitations when it comes to describing low levef
brightness. Finally, all these previous studies lackgdcmantitative characterization of the imaged light fluoinfation,
meaning that no quantitative descriptor to assess the effeetiv®f any energy efficiency policies and actionsfimady
provided.

In an attempt to deal with this issue, a simple modelHerquantitative characterization of the luminous flux &ical
scale was developed at the Institut Cartografic and GeoligjiCatalunya (ICGC). The paper is organized as follows.
Section 2 briefly describes the area of interest hadlight main information. Section 3 details the main cttaréstics of

the hyperspectral sensor, the CASI550, used for thiddininance parameter retrieval. In Section 4, the restétrins of
luminance map is shown and the limitations of the approatérms of spatial resolution and dynamic range are pointed
out. In Section 5, the DMC photogrammetric sensor, whichfleas simultaneously to CASI550 over the area of study,
is introduced. The need to substitute the failing stépgheostandard data processing by homemade processingsoftw
and to remove readout noise pattern is also reported. Therdgglution maps obtained by fusing the two sensors are
finally presented in Section 6. In Section 7, a prelanjnassessment of the methodology is carried out usimg
simultaneous in-situ measurements acquired using a handinglthhce meter mounted on an aerial work platform. In
last Section, overall conclusions about the study presantbd paper are drawn and future works are envisaged.

2. STUDY AREA

During the last years, the municipal administration of Sarga€del Vallés, a small town located north-west of Blarma
(Spain), was very active in promoting efficient aci#il lighting policies. Yet, the in-situ assessmenthe&fir effects on the
public areas was time-consuming and unable to provide a synogiv of the whole municipality. In order to overcome
this limitation, they funded a pilot study carried out I§GC aiming to achieve this goal using hyperspectral and
photogrammetric airborne data. To cover the whole areiatefest, approximately 48.2 Kmparameters such as the
sensors field of view (see Table 1 and Table 2),sthath overlapping percentage for hole-free radiance covenade
especially the minimum altitude permitted for night fligtover urban areas were taken into account. Accordingly, 12
flight tracks were planned at approximately 2200m AGL, asvehio Figure 1. The positive and negative numbers dfi eac
track define where the acquisition starts and ends, régplgc The data were acquired on 2/2/2014, from 23:25pm to
00:53 am next day.

Figure 1 Flight tracks over the area of interest of Sarng&uBarcelona, Spain.
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3. CASI 550 AND METHODOLOGY

The CASI-550 is a VisNIR pushbroom imager with a reftettgrating and a two-dimensional CCD (charge coupled
device) solid-state array detector, manufactured fieg [f11]. This instrument has been regularly operated BCIGince
1994. The instrument operates by looking down in a fixed direcnd imaging successive lines of the flown scene,
building up a two-dimensional image as the platform mowesdrd. One dimension of the CCD covers the across-track
spatial direction; the other one accounts for the spedtnadain. CASI-550 can be operated in a mode called “spatial”,
where non-overlapping bans with any width can be configured.h&ngiossible acquisition mode ienhanced”, chosen

for this study, which divides the spectral window 400-n800 nm in a set of sub-spectral bands, all of them \uigh t
same spectral width. Table 1 summarizes the main configanadrameters used for the night flights over Sant Cudat de
Vallés, as well as some flight information.

FOV [deg] 40
# of FOV Pixels 550
# of Spectral bands 96
Spectral range [nm] 409.65 — 954.83
Spectral resolution [nm] 5.74
Data Depth 14 bits
Height above ground [m] 2243
GSD [m] 3x3
Swath overlapping 40%

Table 1. CASI 550 acquisition information and flight paraemstin Sant Cugat.

The hyperspectral information collected by CASI 550 at plggel is essentially a spectral sampling of the VisNIR
radiation emitted by the surface and entering the sensoughra narrow solid angle. It is known that the radiation
measured during the day is the sum of direct, indmadtscattered contributions arising from the interactfosua light
with the atmosphere and the surface. It is crucialke Bato account all these contributions if the reflectivignsiture of
each pixel has to be retrieved. On the contrary, if onetésdsted in the estimate of the at-the-ground radiancaaidel
simplifies because the only contribution to be compieaistor is the path radiance. Moving to night-time acquisitile,
goal becomes the estimation of the at-the-ground radiance dusttthe artificial illumination. Accordingly, if any
extraterrestrial light source is avoid by selecting Bgettme windows as for instance new moon phase, it isiptesto
express that-the-sensor incoming spectral radiation as

[L@SENSOR (/1) = | @GROUND (/1 )T(/])+ L* (/])+ |_n (/]) 1)

wheret(}) is the spectral transmissivity of the atmosphere tatlet at the plane altitude,(A) accounts for the artificial
light atmosphere scattering [12] angfor a generic wave-dependent additive noise.

In order to convert the radiance information into luminasoeje key concept must be introduced. In general, a luminosity
function describes the average spectral sensitivity ofamuwisual perception of brightness. There exist two luniiyios
functions: the photopic one, approximating human eye response torgalyght levels, and the scotopic one, accounting
for eye response to low light levels. A pictorial dgstion of the curves is given in Figure 2. The CIE luminosityction

V(}) is the standard function to be used to convert radi@gy into photopic luminous (i.e., visible) energy establish

by the Commission Internationale de I'Eclairage (CIE[2]1]The photopic fluxF for each pixel of the observed surface,
measured in [Im fsr?] or [cdm?], is then given by

F= KIL@GROUND (AW (A)dA = KI LR )T'(;)* W)-L.(), (A)da 2)

whereK=683.002 Im/W. Taking into account the discrete spapiafsal sampling carried out any digital imager and the
geometry dependence of the atmospheric effects, equatioraf2he rewritten as
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wherel andc stand for thdine and columrof the pixel imaging a generic pointa® (x,y,z) of the observed sce (xs,
ysZo) describes the position of the sensdren the point is sensedp/;is the bandwidth ofhe filter describinghe i
hyperspectral band, aiis the value o¥/ (1) integrated by thé" band filter.

Note that equation (3) stressbe dependence of t spectral trasmissivity not only onpixel observation geomet, but
also to the actual Colum Water Vag@WYV) of the atmosphere during the acquisition proc@égh respect to the valt
of CWV provided by atmospheric simulator standard mod more truthful estimation of this paramemay be obtained
using the Mitional Centers for Environmental Prediction (NC[14] atmospheric profilesThese profileaare calculated at
the geographic coordinates of tlwenter of each ight-track, andtied to simultaneous loceweather information.
Afterwards, a Look-Up-Table (LUT) isonstructed using ModTr5.0 [13] considering different valueof pixels height
and zenith angle. The final value ©ofs obtained at pixel level by interpolating the LUTpatel actual height and zen
angle.

Figure 3 shows an example the spatial distribution of over a subarea of Sant Cuged/culated at 784 n (the central
wavelength of band 67)xnd its dependence cthe zenith angle. The parallel stripgetectable within tr t© image
correspond to theeamline between contiguous swaths. Over flat arease tixels show higherenith angls, meaning
higher optical pathand hence higher attenuation effec

4. CASI-BASED LUMINANCE MAP

In order to retrievethe luminance information at pixel levethe first step was the radiometric calibration CASI

hyperspectral dataThrough this step, the Digital Numbers (s) stored for each acquisition lirare converted into
spectral radiance, measured in Wriinm™. The accuracy of the quantitative information pded by CASIwas

previously assessed using the imgng sphere at disposal at IC (Figure 4. According to the sphere calibrati

certificateprovided by National Physical Laboratory (NPL) in |[16], the luminance of the dbtator is 966.45 fL a

1000 fL displayed on the control unit, corresponding to 3318 ?]. The averaged valuetrieved on the pixels of field (

view of CASB50 illuminated by the sphere was 3313 [?], with an absolute error lower than 2%o.. This hown in

Figure 5.

Afterwards,temperature, NCEP humidity and pressure vertical pecwereretrieved for each flight traciTo estimate the
actual CWV the center of each flight track was assumed asdimespace reference of the whole swin order to tie the
NCEP profilesto the actual atmosphere at the gr¢, the weather information provided every 30 minubgsthe

Cendanyola del Valles XEMA statigi5], located at about 7km from the centdrtloe flown area, was us¢ Then,

ModTran5.0 simulations were used ouigenerat the transmissivity LUTs ana 2D interpolation was finally carried ¢

to calculate the attenuatigEarameter for each pixel of the imaged scene at ead wavelength.
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Figure 4 Integrating sphere at ICGC calibrated by NPL. Figure5 Theoretical ICGC integrating sphere luminance vs
CASI-based retrieved luminance.

Figure 6 RGB composition of three channels of the 96-ban@&Cdata acquired over Sant Cugat on 2/2/2014.

It is worth pointing out that despite the loweritalie of airborne platform with respect to satelliitow Signal-to-Noise
Ratio (SNR) distribution characterized the pixelsnst of the bands. In Figure 6, it can be obs#tve RGB image
obtained selecting three bands centered at 81986mns, and 543nm, which correspond to the artifidahp signature
main peaks where most of energy is concentratety @ain streets are easily detectable, whereastiieet texture is
hardly deducible in the rest of the image. Alorack radiometric fluctuations are also present. Nbg that these
fluctuations are always present in CASI550 measargs) but they are negligible due to the high SKBiurnal data and
the heterogeneity of the sensed scenes. Any attenfiliter them out from night data turned out ® bnsatisfactory: the
few DNs of information that are available in eaeimt tend to be compromised by the filtering procedu

In order to integrate the hyperspectral informatand retrieve the luminance parameter, expressio(8) was then
reviewed. Separating the direct term, equatiom@ rewritten as

_ Ngands Li@SENSOR (I7C)
F(LC)_K ; T (nylzlxs’yS’ZS’CWV)

V.o, -K (1Le)-K, (e)=F, (o) -[K (Le)+K, (.c) @

whereK(l,c) accounts for the global effect of the scatteringcpss onto the luminous fluK,(l,c) is the additive noise
term. Theoretically, these two terms are relatetthécobservation geometry, which changes from gixglixel. Yet, owing
to mild topography over the urban area, this deprod was found to be negligible.
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Figure 7 Scattering-affecteduminous photopic) fluxFo retrieved over the urban areaS#nt Cuga

This is observable in Figure Which showsthe scattering-affected luminanEg over the urban area of Sant Cu del
Vallés at 3m spatial resolutionh@& scatterinccontributions and the noise terdy were estimatecat once over the dark
areas and finally removed froRy to achieve inon-biased description & The mean value of tttwo term combination
was about 1.9cd Finally, the alongrack striping effectwerealmost completely compensated fiy taking advantage
of the higher dynamic range &% which made it possible to carry oa statistical characterization of se undesired
fluctuations along the flight direction.

5. DMC DATA PROCESSING

In an attempt to improve the spatial resolution and enhancdytiemic range of the luminalance meggnac-fusion
strategy was also looked into. Photogrammetric data ta&esn simultaneously to CA-550 acquisitios using the DMC
camera [17] regularly operated by IC&SE cartographic mappir.

DMC is a highresolution photogrammetriframe camera, manufactured by Z/I imagiryr(ently Hexago), which
simultaneously captures one higésolution(HR) panchromatic and four low-resolution (LRulti-spectral (red, green,
blue and near-infrared) images. The acitoask and along-trackatio between multispectral and panchromatic imags
1:4. The high resolution image tise result of mosaickinfour subimages acquired bgur inclined panchromatic came
heads. Each of them covers approximagetjarter of the final image, called virtual image. Thur low resolution mu-
spectral images in the red, green, blue and-infrared color bands are acquired witluf@dditional nad-looking camera
heads with a focal length of 25 mmote that he four images completely cover the virtual higsotation image
Information concerning the DMC acquisitions over the areatefestis reported in Table 2.

Concerning the DMC data processing, homemade workarounds badd&veloped in order to o obtain megéuirmages
to be studied. The reason is relatethi® maximum exposure tinof 33 ms that the camera cont8WVis able to provide.

FOV [deg] 69.3° (ACT)x 42°(ALT)
#of FOV Pixels (HR) 13824 7680
#of FOV Pixels (LR) 3071920
# of Spectral bands 1(panHR) /4LR
Focal Length [mm] 120(pan)/25(LR)
GSD [m] 0.25(panHR)/1(LR)
Swath overlapping (side/fend lap) 70%/70%

Table 2 DMC acquisition information and flight parameterepSant Cugi del Vallés
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Figure 8 Sketch of the DMC Panchromatic he: Figure 9 Exampleof electronic noise pattern of panchromatic imadiegt)
projection onto the virtual plane. and the result after the spectral filtering.
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Figure 10 DMC green and blue optimum combinativs degraded CAS$350 luminous flux informatiol

The low values of DN in panchromatic imagmay causethe almost permanent failure of virtual image gatien
processin more than 90% of acquisitions, manufacturer's Sii¢dato generai the virtual image, leading to complete
dark images. In order tovercome this issue, the geometric parameters of the Ivatauze projec:tion had to be extrac
from the header of the few images that had been processezttly by the standard processsing cldiarwards, ¢
handmade code carrying ailte compenseon for the camera geometric distortions dhne virtual plane projection wi
implemented. The basic idea is sketcheFigure 8. Another consequence of pixétsv intensitywas the appearance of
band-dependent noigatterns related to the CCD rout process and residual vignettiaifiecting both multispectral ar
panchromatic images. Accordingly, batadlored spectral filtering procedures were impleme to eliminate iese
undesired effects. An example is giverFigure9.

6. DMC-BASED LUMINANCE MAP

After corregisteringnultispectral and panchromatic ba, the values of exposure time and aperture correspgrd eact

DMC acquisition were used to carry out the radiometatibration. Thenthe DMC filter functions provided by the
manufacturer were employed to estim#ébe atmospheric attenuation using ModTrang&8e Section .. The direct

comparison between DMC and CAS30 information revealed the presence of-negligible radiance difference. As

matter of fact, DMC is not foreseen as a remoteisgraevice and radiometric calibrat procedur is more intended for
a relative more than an absolute fieldvidw equalization

In the light of this result, a different strategyaohieve an absolute calibration of DMC multispglcand panchromat
information was pursued. First, the two collections wnosaicked separately. The main constraint of theaic&ing
procedure was the minimization of thenitt observation angle. Then, multispectral radiaace CAS-based luminance
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mosaics were compared. To reduce discrepanciesodpessible different observation geometry, the twosaics were
upscaled tat5x45m? spatial resolution. All those pixels of the degrddCASI-based mosaic showing values higher then 5
cdm? were used to estimate the coefficients of lineankinations of DMC multispectral bands providing thest fit to
the scattering-affected luminance nfapin the least square sense. In order to reducenéreory burden, radiances were
normalized to the green band gain and casted floa fo integer. The best result was obtained caingithe information
contained in the blue (B) and the green (G) bammgrigure 10, it is shown the distribution of theMD radiance
combination upscaled at CASI spatial resolutiam)8ersus the corresponding values-gf(scattering affected luminous
flux). Note that a minim threshold of 150 DN wasefl to avoid flux dispersion for values close &Hm?. It is
important to stress th&t, and notF was used in order to achieve a more precise esbimaf the two last terms in (4),
whose sum was directly given by the regressiondiifget in Figure 10. The value of this offset via8cdn?. Taking into
account the @ uncertainties, the final offset removed to caltaifawas 1.3cdm.

The luminous flux at DMC multispectral spatial regimn was finally obtained as

c
Fomc-ws = mMS[DNG +CBDNBJ ()

G

wheremys is the linear regression sloggs andCg are the radiometric calibration coefficient of thends blue and green
calculated using the capture integration time dwedaiperture parameters.

The last step of the analysis dealt with the pdlyilo retrieve a luminance map at the panchraomspatial resolution. In

the beginning, classical pansharpening techniques taken into consideration and applied to the Disi@iances, but all

of them generated undesired geometrical artifabistwcompromised the radiometric quality of theafiresult. Therefore,

a strategy similar to the one used for the multitiaé information was investigated. First, the gaomatic image was

upscaled to the multispectral image resolution.nThiee linear combination of panchromatic (P), biBg and green (G)

radiances which best fitted thguc.us map was looked for. Despite all the combinatidhsG, P+B+P+G+B) provided
good agreements in terms of, fhe one using P and G was found to minimizedygtmmetrical artifacts too. Following the
same rationale already described in (5), the lungeaat the panchromatic spatial resolution wasimddbas

c

FDMC—PAN = Mpay DN(l;JP +7PDNP (6)
CG

wherempay is the linear regression slope of Fguc.us linear regressiorCe is the radiometric calibration coefficient of

the panchromatic image, angny® is green multispectral image downscaled to thelpanmatic spatial resolution.

The three images shown Figure 11 provide a visoahparison of the luminance information retrievedtls three
different spatial resolutions: 3m for CASI550, att and 25cm for DMC multispectral and panchromatformation,
respectively. The area selected for the analysis@indabout located on the outskirts north oft Sagat del Valles. First
of all, it must be stressed the noteworthy improeetnin the quality of the images in terms of spagaolution. The slight
geometrical discrepancies between CASI and DMCdae to two main reasons: the different way the prustm and
frame sensors observed the same pixels on the dy@m the coarser resolution of the hyperspestator, which is
expected to introduce some regular shape distartiofet, the details contained in the multispedbaged map, and much
more in the panchromatic map, become extremelyutseforder to activate any artificial illuminatiooptimization
strategy. The blurred description provided by CAS8m sharpens in the multispectral map, wherdesistgeet lamps are
detectable. The panchromatic map allows one to a@istep further. In fact, it becomes feasible tovenfivom the detection
of the brightest return of the surface closestdimtplight source to the characterization of a widewn around this bright
spot, where the illumination decreases proportigrtal the distance from the source. This is babjcdlie to the higher
dynamic range provided by the photogrammetric bamitls respect to the hyperspectral sensors. Oblgptise reason
lies in the much broader filters used by DMC wisélspect to CASI550, which let more photons illuméndite CCD and
hence provide higher DNs values.

Concerning the luminance absolute estimation, #uometric information was preserved in the DMC nggmeration
process. This can be observed in Figure 11, budrbes clearer in the collection of images reporteBigure 12. In order
to improve the discrimination of flux intensities, classification based oR segmentation from 0.35 to 10cdnwas

employed. Details about each class are availaltleeircaption of Figure 12. Through the use of tbe nolor palette, it is
easy to verify that the information retrieved usihg CASI for luminance values higher than 1.5¢dms been preserved.
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Figure 11 CASI, DMC-MS and DMCPAN Retrieved Luminous Figure 12 Classified CASI, DMCMS and DM(-PAN Retrieved
Flux F. Luminous Flux F.

Moreover, the lower noise floor of DMC bands has enhancedythamic range of the retrieveed luminaoeen to 0.6
cdm? and 0.35 cdfusing multispectral and panchromatic data, respecti

In the CASI-based estimation Bfdescribed i Section 4it was not possible to separated the scattengributionk” and
noise contributiorK,, which summed upvel non-illuminated areas. By the tvgensor fusion procedy, it can be stated
that the atmosphere scatteriogntributionK,,, which is independent of the sensisrower than 0.35cd The offset
shown inFigure 10is mainly due to the integration of the noise affectilagh spectral band that sum incoherently dt
the photopic functiorsynthesis, and must kproperly compensated for #void overestimation cF. Conversely, the
DMC data, after being calibrated using hyperspectralrinétion,provide the opportunityo discriminate luminous flu
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intensities down to those values tlaaé often specifiecn legal regulations and should be monitofor efficient energy
management policies.

7. METHODOLOGY PRELIMINARY ASSESSMENT

A rigorous assessment of the methodology put forward in ghiger should be performed by comparin-situ
measurements acquired with a luminance meter simultayetmthe airborne acquisén process, and possibly wi
analogous observation parameters. Unfortunait was not possible to hold such a campaigthe period data had to |
acquired. Yet, a preliminamystimation of the precision of tiretrievedluminous flux was carried tng non-simultaneous
in-situ information. The measurememisreacquired about 7 months earlier, on 9/7/20%Bg a handhelCX-2A image
luminance meter [18py the CITELUM lberica €A, at the request ofhe municipality of Sant Cuc del Vallés.
CITELUM has been the private company in charge of Santt(del Valléslight street maintenance during the last ye
Data were taken from a 10 meter aerial worktform with almost nadiral pointing angleas shownn Figure 13. Four
zones were measured using CX-2A, witlo different points selected within eacong corresponding to different typ
of asphalts (see Figure 14). A RS receiver witldifferential correction was used to determine va few centimeter
precision the XY position of a luminoweference point within the area imid by the luminance meteOnce the pointing
geometry wasixed, the reference was removed befordng the luminance measurement.

Despite the large timgap between the two acquisition dates, it was meaningfperform the comparison taking ir
account that the light sources are artificial. From ther#t@mal point of view, illumination conditits were expected tce
stable if ay bulb degradation or substitution is excluded, and nogeham the surface reflectitivity propertesurred
Unfortunately, CITELUM was not able to indicate the area$ wi-situ information where these two main hypothe
were fulfilled.

Figure 13 Aerial work platform used for C-2A  Figure 14 Asphalt zones selected for the -2A
acquisitions with. acquisitions.

In order to compare the airborne and terrestrial meamng n averaging squangindow whose size varied from 1 tc
pixels was centered at the GPS coordir, and the information luminance retrieved at the diffit spatial resolutiowas
averaged.

The results are shown in Figure. 16can be observed that the assumption that artifibiahination could be considere
stationary over the 7 month time windowgenerally unfulfilled. The diffeences that are observable fones 1A, 1B and
3A clearly indicate that either théght sources or the surface reflectivity properties must havarged significantl
between the two acquisitions. On the contrary, the lowersfound for the rest of zos 2A nd 4Bseem to indicate that
slight changes took pladetween July 2013 and February 2.
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Figure 15 Luminance parameter retrieved via CASI and DMC (ispéctral and panchromatic) images versus nonisameous (7
month time-span) in-situ measurements.

Equally, the differences may be ascribed in somesme to airborne estimation errors but even targteruth
uncertainty. According to CX-2A specification, lumince meter accuracy is about 5% errors. At theestime,
observation geometry and spatial resolution difiees are expected to play a key role in luminamteeral, as it is
shown by the simultaneous CASI and DMC data.

Indeed, the lowest differences between in-situ m@asents and luminance map are observed for thehpamatic case,
for which the observation geometry in terms of giagnangle and spatial resolution is most resengblifihe estimation of
luminance for zones 2B, 3B and 4A provided by thd@PAN map matches the in-situ measurements witleraor
lower than 0.2cdm

Concluding, despite all the aforementioned drawbaakd limitations, this preliminary validation demstrates the
effectiveness of the methodology here proposed,eacdurages holding a new campaign with in-situsaeaments (and
possibly a radiosounding) simultaneous to the anmd@cquisition process to carry out a rigorougsssent of the whole
procedure. Finally, these results are also importetause demonstrate that, if radiometrically ©icaibrated using
simultaneous hyperspectral information, the pha@ognetric camera DMC may be operated as a remogingedevice

for physical parameter quantitative estimation.

8. CONCLUSIONS

In this paper, the methodology developed at thétinsCartografic i Geoldgic de Catalunya (ICGC)quantify upwelling
light flux using hyperspectral airborne data hasrbproposed. Nocturnal hyperspectral data acqowvedthe municipality
of Sant Cugat del Vallés (Spain) have been prodessegenerate the luminance map of the flown ahesorder to
overcome CASI spatial resolution and radiometriosgévity limitations, DMC data acquired simultanety to the
hyperspectral information have been used in a ratisor approach. As a result, high-resolution (HiR)inance maps
with enhanced sensitivity were retrieved. The sthedg demonstrated the feasibility to use photogratmiensensors for
remote sensing applications whenever the radiomgtrihese imaging devices can be trusted. To thi§ ¢he cross-
calibration procedure based on simultaneous hypetsp acquisitions proposed in this paper reprsseifieasible as well
as operative solution. A preliminary assessmerti witn-simultaneous (7 month time span) in-situ messents has been
carried out to provide a first demonstration of thectiveness of the proposed methodology. In kgt future,
simultaneous airborne and in-situ measurementspagsliblly a radiosounding, will be carried outciollaboration with
the municipal administration of Sant Cugat for arenoigorous assessment. Being aware of the key riiapce of
geometrical parameters, in-situ data will be aeguigain from an aerial work platform to reprodagborne observation
conditions.
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