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ATMOSPHERIC CORRECTIONS OF LAND IMAGERY USING
THE EXTENDED RADIOSITY METHOD

Christoph C. Borel and Siegfried A.W. Gerstl
Space Science & Technology Division

Los Alamos National Laboratory, MS D-438
Los Alarms, New Mexico 87545, USA

Abmlract

In tbhp~pmrwe deecriba UI ●pplication of tha extended redioaity method to compute mtmoephericacatterinR●lkta over
haterogeneoua audacea hnd tu perform the invermeoper~tion: tocorrtct for such stmnepheric ●lkctc. The rediotity method
imused to compute point. mprae,d.function~ ( PSF’B) which determine how much light io scattered from en edjecent nurfece into
the field.of.view (FOV) of ● sencor ●bove the atmosphere, We chow thmt the PSF’I are in generxl uymmetric for pointsble
nirborne or snte~te mnmorm, A Fourier trmmforrrr based method cm be umcf to correct xdjxcency.rflcct .blurred imeges for
thece atmospheric diItortiona.

1 Introduction

When imegcx of heterogrmeaus lend Iut-bca ue ecquired through
tha ●tmanhem, the meeeured redience data include not only
the surfece rsdiencm per pixel but aleo contain modificmtionr
due to the stmoephe;e, Correcting such modified land imagcr!
for ~tmoepheric ef%cta, one must consider *pheric abxcq -
tion ee well u ncatkring, In this p-per wc Icentrate on t’ .e
atm~pheric mattering that given riec to a bi mring effect of I d-

juent pixelt. The ecfjuency-blurring-efiect t most notice~ aly

obwved at the bounduy between ● dark an . ● bright mrd ~ce.
Neu tbe edge overs duk ourfece photons from the neuby b ight
mmke may be scattered within the ●tmoopher~ into the fi :Idof
view (FOV) of en urborne or sntellite sensor. Convcrael! , near
the edge over ● bright surface fewer photons reach the s mor’s
FOV. At ● discontinuity in the surf-e reflectance, thf inten-
sity trumct in ● satellite im~e appears therefore u ● c gmeoid
instead of ● step function, Tltim blurring ●fleet in meet , ften ob.
eerved at bounderice between surfues with ● Ierge conl ~t rstio
aucb u water end Iutd in the visible, ud hu been de ,cribed in
the Iikrature by Diner (l Pfi5), Kmufmm (1984), Rich ●r ( 1990),
Peerca ( 1977), Term! ( 19s()) end othern.

The edjacency.blurring-efkct msy introduce er urn in the
clueification of mmsll bright ●mu wrroundecf by ● lark region,

or dark areex on a bright bukground (Ksufmxn ( ,984)). One
cea model the blurring due to the edjacency elfecl with ● point
spread function (PSII’). That fJSF is a filter fum lion which is
convolved with the unperturbed (no atmosphere) mege of ● sur.
fue, Mat PSF’S me Renerated by Mrmte (hAP mud methods
end UG essumed to be njtatinnelly oymmetric u d tl,~m, ●e not
velid for ofl. nufir viewt, [n the aitumtion of ● ~i]intable mrsor,
it is necemuy trr compute ofl. nerfir PSII”Owh:ch me generdl y
wymnretric.

We introduce ● simple method t,] comput ! the xxyrnmet;lr
point spreed functinn for my view rfirectiot ●nd My layer-d
stmoephere. The methmf in hued on the r ntendrd radimity
methud ( hre] and Gm~t I ( 199I )) dKI SOIIMtimen rallerf mmal
methnd (I[oltel ( 1!207)), Compuktinnel Irlethods WIII br dim.
cud M well es the reodering of various trwnen umng computer
graphia mathuds,

Using the inveree filter of the PSF it is poesible to correct th-
adjacancy-blurred im~e end restore the unperturbed contrut

r~tioe ●t reflectance discontinuities.

2 Summary of the Volume Rndiosity
Method

[n thin psper we cliscuu on m method hued on lhe principles
of volume or extended radio-ity ( Rumhrneier ( 1969), llnrcl and
Cerstl (1991)). The extended rediomity method i- bexcrf on
redistive tram(er end consider- energy exchange between v~~l-

ume/volume, voiume/mlrfue, mrface/volume and surfsce/ mm
fue element-. It emumem :

1. Ieotropic, volumetric emission and mcattrring by the par.
ticipal ing medium for the volume ●lemenk

2. Difluee ( l,mrnherti~n) rellectimr from opaque surfsceo

3. Arbitrery directior-ml illumirwtion

The vulun,e ruiiosity weJ dmmlopcd hy hcst transfer special-
ists (e,g, }lut~.el ( 1967)) end imalxo known u the sorrel ;rmthml
in the literature. The set of timulkrmms Iineu d~rhralc cqm
tiotw for the re4ioeity method m givrn hy ( Ilottcl ( 1967)) :



with area ~. The flux density in [W] leaving a volume element
k is given by 4 X,A B: Vh where m,.h in in [m-’] and io the mum

of the abmrption coefficient X.,b and the scattering coefficient

x.,h, Ud B: in [W m-z] is the volume radiosity. The scattering
albedo of the k-th volume element in oh = K.,k/Kt,L. Eqn. (1)
and (2) state that the volume and surfacs radiosities are given
by the sums of the emission and the ~,cattered ond reflected
radiosities from all other surfacea and volume-. The view factors
Me defined M the ratio of the total energy ●milted or scattered
by a nrrface or volume arriving at another surface or volume
divided by the radionity of the source ~urface or volume. The
view factor- from a surface k to surface j ia F:; in [ma] , the view

factor from volume k to surface i is Ph’ in [mJ], the view factor
from surface j to volume k i- F’J~in [ntz], the view factor from
volume m tovolume k i- F: in [ma]. The view factors depend
on the gcmmetry and ●ttenuation of fluxes between elements and
are uma.lly difficult to ●vafuate in generaf (Hottel ( 1967)) and
oimple approximation- for certain geometries eximt (Uorel and
Gerstl (1991)).

Eqw (1) and (2) assume that the surfaces are I,ambertian
reflectors 10 that the light in scattered equally in all direction-.
Three dir. ~naional structures like clnudt, fog and smoke MAY be

~imulated hy Msigning absorption and scattering characteristics
independently for each volume element Vk.

The intenoity I of the light in [W m-2] remhing the o!merver

from ● certain direction or along ● ray is given by ( Rushmeier
(1987)):

where I(L) is the radiative intennity t-mthe outside of the scat-
tering [necfium, L is the dintance between the cntiance point
of ● ray 10 the exit point. if the ●xit point lies on the nurface

the ●ttenuated radiosity f?: must be added 10 the integral. The
volume radiosily IJ9(I) along ● ray frnm 0 10 L can Lmfound
hy trilinear interpolation in z, ~ and x nf the volume raclirmitirs
which are ohtdned by solvi.,q the eqa. ( I ) and (2) wi~h the
Caum-Seidel iterative me;hod (Iloml and Ccrmtl ( I!)91)),

3 A Method to Computo the Mea-
sured Radiance over a Fht S Iwfacc

The adjacency ●fiect ic due to scattering of light fr,,ln wrround.

ing mmfaces into the line of ~ight between an ohurrvml ntrfacr
and sermor position, Translating this assumption Into th~ ron-
text of the radi,uaity ?quationo, one crrwldargue that the radiimily

in ● volume ele,mr~,t of a parlicipnting mmlinm i- dur to vIJumr
emitted mdimity ~nd the rarliotiiy scattrrml from nurroundlng

nurfaces :

4 R,,i l~; l’b 4 R.J }:; Vh ! f,, p //; F; ,
,-1

k 1,, , ,N., (4)

Next wc sssume that the rmdimity lrnvIng a ground ourfam

pa~ch is due only to rrilr.;trrl light from the dlrrrt rnrrgy III
rident from the Iurl H,l allerm~lmi hY lh~ atlrloqltl~rr ‘1’11?

runtribtliiono from dilrune mkylight ●m uf lhe (mlrr {If 10 III 13
% and are rmglectrd in thim drrivati,,n Thr rndl,)nlty Irnvlng
the around surface M throgivrw hy

wham ●mp( x, L/ rna ~,) it the ●ltrmmhrrw tranmtltlanrp, dt

is tbe sun zenith mgle. Eq. (5) asaumes no contributions from
surrounding mrfacc patches and volume elemcnt~.

The meuured intensity at the sensor, located above the &t-
mmphere at distance L and tilted by the angle & from zenith is
then given by eq. (3) and for a homogeneous atmosphere with

K Iayern of qual thickness, we can approximate eq.(3) with :

I(L) = cxp(-~, L) ~ + f cxp(–K, (K –k)Al) :1 K, Al,
k=l

(6)
where Ai = L/K coE t?,. Substituting ecp. ‘5) and (4) into ●q.
(6) one finds :

1x ●xp(-xt (K – k) Al) Al , (7)

where the view factor l’% betmn surface paLch .$, and volume

●lemrnt Vh it given by (Borel Md Gerctl ( 1991)) :

(El)

where I(8P,L) ia the ficattering ph= function, %A is thr phue and-
and r(r~,; is Iha tran-mi~iimr faclor t(r~~) = p~p(-.r~j %) wllh the
distance RLJbetween nrrfaw ●lement J and volume ●lement k along

tho lino.of.sight. The indicem k refer to volume rlements along m

ray from the bottom of the ●t.nuaphere (k – I ) to the tt]p of the

atmnwphara (k = K).

4 Computation of the Point-Sprend
Function

rxp( R, (h’ k) Al), (Y)

#p,h I(N, ,Pi) (1’ l;)
I-a)n ‘

IL 1~1 rb I



the weighted scene reflectance m-p mnd xrr additional path ruiixnce
Id:

1+p(r, y) @ PSF(Z, y, .) + lmIh. (lo)

The point -pred function for M = O.OS/~J, RI = 0.3/L, wd view

U@ % = 45°, & = 0° i- shown in Figure 2. The size of the
scattering volume wxe L= = 900 m, l.” = 900 rn, L, = 900 wc with
● volume nrbdivision of N. c 30, NWG 30, N, = 30 to simulnta the
L~dsnt TM eetmor ~patixl rexolutiocr of 30 m. The PSF is ohown
in s Ioguithmic surke plot in dlJ scele to ●mphmixe the shouldem,

The scattering ph~ function wu chrwen to spprnximate m “hxxy”
-tmosphere using the Henyey. Creenmtein phxse function with the
Mymmatry factor g = 0.7S (Lieu ( 19s0)). The Henyey.Greenmmn
phua function ia given by :

(11)

Note tb-t the method prawnted allowa the computation of the print

spred function for height dapendent ecatterircgsnd abmrption co-

efficients ad even a height dependent phesx function. Itin XISO

pneeiblz to extend the method 10 include bidirectional rcflecttnce

distribution function- for tbe ground md even s three dimenmiotral
te~tin.The point sprexd function foi the l~ter cxea is then Iocnl

mad therefore ❑ ust be computed for aech pixel in the scene.

5 Removing the Adjacency Blurring
Effect by Deconvolution

The convolution of the reflectance mmp with the point npreaci func-
tion may be removed by inverse filtering. A clesmic inveme filter

method hm b-n propoeed by Kaufmur ( 1984) for the ti-ruriar dm

main :

[

ql-wd(r,y)]
I-dd(z, y) . F-’

1qPsF(z, y= ‘
(12)

where rming Kmfm~’~ notmtion,

kswd(~,u) = F-’[~[/,(Z, ~)]~(W.,Ww)]t /fl + /,,.

la(r) U) it the rxdi~ce without htmo pheric dfectr, Id ● corrcctirrrr

term and 10 the upwud mdimce for ● mrfacc with zero reflectmrce.
Tbe nothtion F[] denrrtea the Fourier tranmfnrm, F 1[] tha mverm

Fourier transform ucd w i~ the tpalld frequency in [cycles/wal. ‘He

term M(w., Wv) is the modulmtinn trmtfer function ( MTF) md io
computed from the Rrurier trmmform of the PSF, We implemented

thh method but f:nrnd several pmblem~. Firnt, II tahea ● long time
to compute the F~J~rier Irumformationn of large imagee usin~ the

fut Fourier trxmfrwm ( FFT). Second, if the imzgm conmin mdditiv~

noiee, iha rnlkr W( the two Fourier trannformt cmr KM vwy I-rgc for

high ~pstiel frquencleo and the inver~ Fourier trudorrn WIII create

* very nfioy image, Thh problem CM b? wrrided if Ihn Wimwr

flherlna -pproscb (Prat\ (1978)) h used, Third, th - point spread
function must b? uniform uver Ihe whole imxg~, ● condition which

i- nrrt met for wide field of vi~ws wh?re tha vi~w ●nnlm rhmngc twm

tha Imego

To cnrrwt thr redienr~ Imxgo for the xdjurmry blurring dfrrI

wc ueed the doronvnlutiwn m~thr.d ( Pmtt (19 ;8)). The hrrnrl Ilm

tha deconvwlutiwn or invmw p,~int spr~d funrtlmn in Rivrn hy:

where j = ~. We obeerved th~t for retiotic atmompberic condj.

tions the inveree PSF is a very nxrrow pulee snd over 98 % of Ihe

ictegre.1 ia contained in Qnquxre of 600 m side length centered around

(z = ZO,V = YO) for * sensor with 30 m reenhction. In Figure 3 we

ohow the ratio of the integreJ over ● window of length IV in [m] over

tha integrxl over -n xrea of 1800 by 1800 m for the FSF zhown in

Figure 2 where we expe.ndrd r2, = 1800 m, L.v = 1800 m, With-

out adjwency blurring correction the memsured radiance wnuld be

ammller (92 %) over a uniform surfxce becsuw of neglecting Ihe ~cat.

tering contributions from adjxcenl surfxcas. Conmidcring the number

of necem~y mtdtiplicstions for ● omall inveme filter with a window

Ike similu to the PSF, we found it more prxctical tn compute thr

adje,crmcy corrected reflectance imsga by convolving the meexured

redimce image with the inverxa PSF, IPSF(z, y,. .), or :

For u imxga of sise N = N, = NW = 612 x 512 sod an inveme PSF
of N, G 12 x 12 pixels it would tAke

M~4m - N, X Nv X (Np)a .. 37,7 10°

multiplicttiono for the dzconvolution mathod vemus

~Fn = 3 (N. lIWZ N.)(NY log~ Nu) = 63.7 106

multiplications for the FFT method. For luger im~m the cmv-

inge ue even greater. In order to mve multiplication- by ufiing

the deconvolutlon method the number of pixeh N, in the inveme

IUter mhould be Iem thxcr .{310p2N, which CM be ubtxincd by wt.

ting M~ti_ = kf~~ ●nd solving for N,. For ●xample for t

N@ = NW = 512 imxge we get N, C 15 md fnr s N. - Nh = 1024

image we fict N, : 17 ●nd ea ~m. We found thst the necemuy fi..

ter size increxxeo with increxeing optical depth. Swm-rro with router

reenlulion smxller filter hhve omeller filter oiees.
To ilhtmte the deconvolution method with m exsmplr we cre-

ated M utificial a:mre conlxrning variouc squcrea ●nd rrct M~let ,xt

vuiou- aizet with cwrst~t rrffectuce. The PSF used the mame pa.

ruttetem u in Firure 2 ●xrept Ihst Ihe totzl wattrring cro~~ tee.

tlon wu incmuerl k 0,.9 ●nd the ●bor-rrption crom erction to 0.032

to model m very haxy ●lmrrepbere. Figure 4 shuwo the adjxcwrcy

blurred radiance imxgm. The origirml urd rccnrmtrurted rrflectxrrcr

imue mre almnet ideniical mnd nut ~hcrwn hem. The clRmaald Irwl.

oitioncdimppexr totally from the reconstructed rrflectarw image,

The muimum rrlativ~ ●rmr between the oricind Icflectance ~nd

tha recovered relfectxnca wu 0.1 %.

Seveml uboervetiorw can be made. Fir-t, Lh? mdianre drrrrwa

due to tbe ulj~ency ●fkct for mall brinht tmfictmu men for thr

~mmll nquuec, md the thin line m the upprr psrt of thr imxge

Second, ahwp dinmrtinuitira ●e omwjth~d wut pmdurinfi a aigmmml

-haped trarmitiwr. Third, wc noticrd th~t the rxdiant-r {If thr omsll

duker aqumret mcrrrmnd~d by the brifiht •r~a II inrrwrwd Fourth,

du~ to the uymm~try d the pmnt -pread furrctmrr rdgm have ●n

wrlentmtlon drpendart trtinmtion, For cxurrpla s hrlght turroundrd

by ● dsrk surfxce ohuws ● broxder tranoiti,,n on th~ nrar mdc l,f Ihr

obwrver than the Irmncltmn ~wr tha fu mide from th~ uhcrrww

We apeculmle that hv ●nalyning th~ Irmrtltionc hrtwwr dil~wrnl

nise palrhee O( Rrmrnd r~ww wrr could rrower ~.iw PSF ●nd ihwr

Invert for the ●tm(mphrrlr palsnmtwo whlrh may thrn Iw umd III

dablur the imnn~,

(1,1)
where N, ‘ II ● fulor which d~pmrdn on ihc implmwmrtttlon III thr

FFT nnd Nr It the width U( the P!fF In plxdt, W- fnund II umful

to IacorpnraIa tha Icrm p(zn, W) ●sp( rq L,/ rIIS#, ) h the cwmpu-
tallon of IPSF, cmrfcr q ( 10), ‘f’he FPT rued II ddlnad u



.. .

6 Conclusion

We hava preaanted n method to compute the point spread function

for off-nadir pointing cenmr~ tming Aected puts of the radioaity

qustion. We showed that the point tpremd function ia in general
asymmetric, The mdiocity hti method i~ able to include -cat.

tenng phue funrtiom ●nd atmospheric pmwetero for a a~ratified

●tmrmphere. A Fourier trmtform besed method i- able to recover
the rdiaace ●ven when additive noime is prenent.
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