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Abstract
Conventional vision systemsare designedto perform in
clear weather. However, any outdoorvision systemis in-
completewithout mechanismsthat guaranteesatisfactory
performanceunder poor weatherconditions. It is known
that the atmosphere can significantly alter light energy
reaching an observer. Therefore, atmosphericscattering
modelsmustbe usedto make vision systemsrobust in bad
weather. In this paper, we developa geometricframework
for analyzingthe chromaticeffectsof atmosphericscatter-
ing. First, we studya simplecolor modelfor atmospheric
scatteringand verify it for fog and haze. Then,basedon
thephysicsof scattering, wederiveseveral geometriccon-
straints on scenecolor changes,causedby varying atmo-
sphericconditions.Finally, usingtheseconstraints wede-
velop algorithms for computingfog or hazecolor, depth
segmentation,extracting three dimensionalstructure, and
recovering “true” scenecolors, from two or more images
takenunderdifferentbut unknownweatherconditions.

1 Vision and Bad Weather

Currentvision algorithmsassumethat the radiancefrom a
scenepoint reachesthe observer unaltered.However, it is
well known from atmosphericphysicsthat the atmosphere
scatterslight energyradiatingfromscenepoints.Ultimately,
vision systemsmustdealwith realisticatmosphericcondi-
tions to be effective outdoors. Several modelsdescribing
thevisualmanifestationsof theatmospherecanbefoundin
atmosphericoptics(see[Mid52], [McC75]). Thesemodels
canbeexploitedto notonly removebadweathereffects,but
alsoto recovervaluablesceneinformation.

Surprisingly, little work hasbeendonein computervision
on weatherrelated issues. Cozmanand Krotkov[CK97]
computeddepthcuesfrom iso-intensitypoints. Nayarand
Narasimhan[NN99] usedwell establishedatmosphericscat-
tering models,namely, attenuationand airlight, to extract
completescenestructurefrom one or two images, irre-
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spective of sceneradiances.They alsoproposeda dichro-
matic atmosphericscatteringmodel that describesthe de-
pendenceof atmosphericscatteringon wavelength. How-
ever, thealgorithmthey developedto recoverstructureusing
thismodel,requiresa cleardayimageof thescene.

In thispaper, wedevelopageneralchromaticframework for
theanalysisof imagestakenunderpoorweatherconditions.
Thewidespectrumof atmosphericparticlesmakesageneral
studyof vision in badweatherhard.So,we limit ourselves
to weatherconditionsthatresultfrom fog andhaze.We be-
gin by describingthekey mechanismsof scattering.Next,
weanalyzethedichromaticmodelproposedin [NN99], and
experimentallyverify it for fog andhaze.Then,we derive
severalusefulgeometricconstraintsonscenecolor changes
due to differentbut unknownatmosphericconditions. Fi-
nally, we developalgorithmsto computefog or hazecolor,
to constructdepthmapsof arbitraryscenes,andto recover
scenecolorsasthey wouldappearonaclearday. All of our
methodsonly requireimagesof the scenetakenundertwo
or morepoorweatherconditions,andnota cleardayimage
of thescene.

2 Mechanisms of Scattering

Theinteractionsof light with theatmospherecanbebroadly
classifiedinto threecategories,namely, scattering,absorp-
tion and emission. Of these,scatteringdue to suspended
atmosphericparticlesis mostpertinentto us. For a detailed
treatmentof thescatteringpatternsandtheir relationshipto
particleshapesandsizes,wereferthereaderto theworksof
[Mid52] and[Hul57]. Here,wefocusonthetwo fundamen-
tal scatteringphenomena,namely, airlight andattenuation,
which form thebasisof our framework.

2.1 Airlight

While observinganextensive landscape,we quickly notice
that thescenepointsappearprogressively lighter asour at-
tentionshifts from theforegroundtowardthehorizon.This
phenomenon,known asairlight (see[Kos24]), resultsfrom
the scatteringof environmentallight toward the observer,
by the atmosphericparticleswithin the observer’s coneof
vision.



The radianceof airlight increaseswith pathlength� andis
givenby (see[McC75] and[NN99]),
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% � 
�� is called the total scatteringcoefficient and it repre-
sentstheability of a volumeto scatterflux of a givenwave-
length 
 , in all directions.

% � 
��&� is calledtheopticalthick-
nessfor thepathlength� . �'��� 
� is known asthe“horizon”
radiance.More precisely, it is the radianceof the airlight
for an infinite pathlength.As expected,the airlight at the
observer( ���)( ) is zero.

Assuminga camerawith a linear radiometricresponse,the
imageirradiancedueto airlight canbewrittenas * � �+�,
����- � � � 
� ���.��� �������� "! �/� where- accountsfor thecamerapa-
rameters.Substituting
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��� - � � � 
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weobtain
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2.2 Attenuation

As alight beamtravelsfrom ascenepointthroughtheatmo-
sphere,it getsattenuateddueto scatteringby atmospheric
particles.Theattenuatedflux thatreachesanobserver from
a scenepoint, is termedas direct transmission[McC75].
Thedirect transmissionfor collimatedlight beamsis given
by Bouguer’sexponentiallaw[Bou30]:

* � �	��
��� - ��8+� 
�� ���6�7���� "! � (4)

where * � �+�,
�� is the attenuatedirradianceat the observer,
and

�'8	� 
� is theradianceof thescenepoint prior to atten-
uation. Again, - accountsfor the cameraparameters.Al-
lard’s law[All76] modifiesthe above model for divergent
light beamsfrom pointsourcesas

* � �+�,
��� -:9 80� 
�� � ���7�;�, <!��= � (5)

where 9 80� 
� is the radiant intensity of the point source.
In the subsequentsections,we usethe terms“attenuation
model”and“direct transmissionmodel”, interchangeably.

2.3 Overcast Sky Illumination

Allard’sattenuationmodelis in termsof theradiantintensity
of a point source. This formulationdoesnot take into ac-
countthesky illuminationandits reflectionby scenepoints.
We make two simplifying assumptionsregardingthe illu-
minationreceivedby a scenepoint. Then,we reformulate
the attenuationmodel in termsof sky illumination andthe
BRDFof scenepoints.

Usually, the sky is overcast under foggy conditions.
So we use the overcast sky model for environmental
illumination[GC66][MS42]. We alsoassumethat the irra-
dianceat eachscenepoint is dominatedby the radianceof
thesky, andthat the irradiancedueto otherscenepointsis
not significant. In AppendixA, we have shown that theat-
tenuatedirradianceat theobserver is givenby,

* � �	��
��� - � � � 
���> � ���7���� "!� = # (6)

where
� � � 
�� is thehorizonradiance.> representsthesky

aperture(theconeof sky visiblefrom ascenepoint),andthe
reflectanceof thescenepoint in thedirectionof theviewer.
From(2), wehave

* � �+�,
��� * ��� 
���> � �������� "!� = # (7)

Theabove expressionfor thedirect transmissionof a scene
point includesthe effects of sky illumination and the re-
flectanceof thescenepoint. In theremainderof thepaper,
we referto (7) asthedirecttransmissionmodel.

3 Dichromatic Model

Hitherto, we have describedattenuationandairlight sepa-
rately. At night, therecanbe no airlight (sincethereis no
environmentalillumination) and hence,attenuationdomi-
nates.In contrast,underdensefog or hazeduringdaylight,
the radiancefrom a scenepoint is severely attenuatedand
henceairlight dominates.However, in mostsituationsthe
effects of both attenuationand airlight coexist. Here, we
discussthechromaticeffectsof atmosphericscatteringthat
includebothattenuationandairlight.

Nayar and Narasimhan[NN99] derived a color model for
atmosphericscatteringcalled the dichromaticatmospheric
scatteringmodel.It statesthatthecolorof ascenepointun-
derbadweatheris a linearcombinationof thedirect trans-
missioncolor (asseenon a clearday, whenthereis mini-
mal atmosphericscattering),andairlight color (fog or haze
color).

Figure1 illustratesthe dichromaticmodel in R-G-B color
space.Let ? betheobservedcolor vectorfor a scenepoint@

, on a foggy or hazyday. Let theunit vector AB represent
thedirectionof direct transmissioncolor of

@
. Let theunit

vector AC representthedirectionof airlight color. Then,we
canwrite ?5�EDFABHGJI AC � (8)

whereD is themagnitudeof directtransmission,and
I

is the
magnitudeof airlight of

@
.

For thevisible light spectrum,therelationshipbetweenthe
scatteringcoefficient

%
, andthe wavelength 
 , is given by
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Figure 1: Dichromaticatmosphericscatteringmodel. The colorR
of a scenepoint on a foggy or hazyday, is a linearcombination

of thedirection ST of directtransmissioncolor, andthedirection SU
of airlight color.

Rayleigh’s law: % �WV,XZY.[�\,]�Y�\
$^ � (9)

where_5`ba (��3ced . Fortunately, for fog andhaze,_5fE( (see
[Mid52], [McC75]). In thesecases,

%
doesnot dependon

wavelength.So,we drop theparameter
 from theairlight
modelin (3) andthedirecttransmissionmodelin (7). Then,
we can write the coefficients D and

I
of the dichromatic

modelas,

Dg� * � > � ����!� = � I �1* � ���h�5� ����! �0# (10)

This implies that the dichromaticmodel is linear in color
space.In otherwords, AB , AC and ? lie on thesamedichro-
maticplanein color space.Furthermore,theunit vectors AB
and AC , do not changedueto differentatmosphericcondi-
tions.Therefore,thecolorsof ascenepoint

@
, observedun-

derdifferentatmosphericconditions,lie on a singledichro-
maticplane,asshown in figure2.
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Figure 2: The observed color vectors
R�m

of a scenepoint under
different(two in thiscase)foggy or hazyconditionslie on a plane
calledthedichromaticplane.

Nayar and Narasimhan[NN99] did not extensively verify
their modelfor real images.Sinceour framework is based
on this model,we experimentallyverified the model in R-
G-B color space. Experimentswereperformedusingtwo

n�oqpsr�p
Error (degrees)tvu/wsw0x (�# yez{}|�~�x (�# � �

Table 1: Experimentalverificationof thedichromaticmodelwith
two scenesimagedunder threedifferent foggy and hazy condi-
tions, respectively. The error wascomputedasthe meanangular
deviation(in degrees)of theobservedscenecolorvectorsfrom the
estimateddichromaticplanes,overall �/�s�������s� pixelsin theim-
ages.

scenes(seefigures6(] ) and ( V )) underthreedifferent fog
andhazeconditions.Theimagesusedwereof size�e(e(��:�	(e(
pixels. Thedichromaticplanefor eachpixel wascomputed
by fitting a planeto thecolorsof thatpixel, observedunder
the threeatmosphericconditions.Theerrorof theplane-fit
wascomputedin termsof the anglebetweenthe observed
color vectorsandtheestimatedplane.Theaverageerror(in
degrees)for all thepixelsin eachof thetwo scenesis shown
in table1. The small error valuesindicatethat the dichro-
maticmodelindeedworkswell for fog andhaze.

4 Computing the Direction of Airlight Color

The directionof airlight (fog or haze)color canbe simply
computedby averagingapatchof thesky onafoggyor hazy
day, or from scenepointswhosedirecttransmissioncolor is
black1. Thesemethodsnecessitateeither

� ] � the inclusion
of a partof thesky (which is moreproneto color saturation
or clipping) in the imageor

�&� � a clear day imageof the
scenewith sufficientblackpointsto yield a robustestimate
of thedirectionof airlight color. Here,wepresenta method
thatdoesnot requireeitherthesky or a cleardayimage,to
computethedirectionof airlight color.

Figure3 illustratesthe dichromaticplanesfor two scene
points

@��
and

@�
, with differentdirect transmissioncolorsAB � �  and AB � �  . Thedichromaticplanes� � and � � aregiven

by theirnormals,

��� ��? � �  � ��? � �  = �� � ��? � �  � ��? � �  = # (11)

Sincethe direction AC of the airlight color is the samefor
theentirescene,it mustlie on thedichromaticplanesof all
scenepoints. Hence, AC is givenby the intersectionof the
two planes� � and � � ,

AC � � � � � �� ��� � ��� � # (12)

1Sky andblackpointstakeonthecolorof airlight onabadweatherday.
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Figure 3: Intersectionof two differentdichromaticplanesyields
thedirection SU of airlight color.

In practice,sceneshaveseveralpointswith differentcolors.
Therefore,we cancomputea robust intersectionof several
dichromaticplanesby minimizingtheobjective function

¤ � � � � � #¥AC � = # (13)

Thus,weareableto computethecolorof fog or hazeusing
only the observedcolorsof the scenepointsundertwo at-
mosphericconditions,andnot relyingon a patchof thesky
beingvisible in theimage.

We verified theabove methodfor the two scenesshown in
figures6(] ) and( V ). First, thedirectionof airlight colorwas
computedusing(13). Then,we comparedit with thedirec-
tion of the airlight color obtainedby averagingan unsatu-
ratedpatchof the sky. For the two scenes,theangularde-
viationswerefoundto be

� # y¦ and
� # �§¦ respectively. These

smallerrorsin thecomputeddirectionsof airlight color in-
dicatetherobustnessof themethod.

5 Iso-depth Scene Points
In thissection,wederiveasimpleconstraintfor scenepoints
thatareat thesamedepthfrom theobserver. Thisconstraint
canthenbeusedto segmentthescenebasedondepth,with-
out knowing theactualreflectancesof thescenepointsand
their sky apertures.For this, we first prove the following
lemma.

Lemma 1 Ratiosof thedirecttransmissionmagnitudesfor
pointsundertwo differentweatherconditionsare equal, if
and only if the scenepoints are at equal depthsfrom the
observer.

Proof: Let
% � and

% = be two unknown weatherconditions
with horizonbrightnessvalues * ��¨ and * �ª© . Let

@��
and@�

be two scenepointsat depths � � and � � , from the ob-
server. Also, let > � �  and > � �  representsky aperturesand
reflectancesof thesepoints.
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Figure 4: Theratio ¶$·6¸0¶6¹ of thedirecttransmissionsfor a scene
pointundertwo differentatmosphericconditionsis equalto thera-
tio º »¼·¾½À¿&º�¸�º »Á¹¾Âgº of theparallelsides.Shadedtrianglesaresimi-
lar.

From (10), thedirect transmissionmagnitudesof
@ �

under% � and
% = , canbewrittenas

D � �  � � * ��¨ > � �  � �6� ¨ !sÃ� = � �
D � �  = � * � © > � �  � �6� © !sÃ� = � # (14)

Similarly, the direct transmissionmagnitudesof
@��

under% � and
% = , are

D � �  � � * ��¨ > � �  � �6� ¨ !,Ä� = � �
D � �  = � * �g© > � �  � �6� © !,Ä� = � # (15)

Then,we immediatelyseethattherelation:

D � �  =D � �  � � D � �  =D � �  � � * � ©* ��¨ ���'��� © �6� ¨  "! � (16)

holdsif andonly if � � �W� � �Å� . So, if we have the ratio
of direct transmissionsfor eachpixel in the image,we can
groupthescenepointsaccordingto theirdepthsfromtheob-
server. But how dowecomputethisratiofor any scenepoint
withoutknowing theactualdirecttransmissionmagnitudes?

Considerthedichromaticplanegeometryfor a scenepoint@
, asshown in figure(4). Here,we denotea vectorby the

line segmentbetweenits endpoints. Let D � and D = be the
unknown directtransmissionmagnitudesof

@
under

% � and% = , respectively. Similarly, let
I � and

I = be the unknown
airlight magnitudesfor

@
under

% � and
% = .

We defineanairlight magnitudeÆÈÇÁÉ�ÊqÆ suchthat

* = ÉhÊ � * � ÇF# (17)



Also, sincethe directionof direct transmissioncolor for a
scenepoint doesnot vary dueto differentatmosphericcon-
ditions, * � É � � * = É = # Here É � and É = correspondto the
endpointsof theairlight magnitudesof

@
under

% � and
% = ,

asshown in figure(4). Thus, Ë�* � ÇÁÉ �4Ì Ë�* = É Ê É = # This
implies, D =D � �

I = � Æ;ÇÁÉhÊqÆI � � ÆÈ* = É�ÊqÆÆ;* � ÇªÆ # (18)

Sincetheright handsideof (18) canbecomputedusingthe
observedcolorvectorsof thescenepoint

@
, wecancompute

the ratio
� D =�Í D � � of direct transmissionmagnitudesfor

@
undertwo atmosphericconditions.Therefore,from (16), we
haveasimplemethodto find pointsat thesamedepth,with-
out having to know their reflectancesandsky apertures.A
sequentiallabelinglike algorithmcanthenbe usedto effi-
cientlysegmentscenesinto regionsof equaldepth.

6 Scene structure

We extendthe direct transmissionratio constraintgiven in
(16) onestepfurtherandpresenta methodto constructthe
completestructureof an arbitraryscene,from two images
takenunderpoorweatherconditions.

From(16), theratio of directtransmissionsof a scenepoint@
undertwo atmosphericconditions,is givenby

D =D � � * � ©* ��¨ � �����
© ��� ¨  "! # (19)

Note that we have alreadycomputedthe left handsideof
theaboveequationusing(18). Takingnaturallogarithmson
bothsides,weget

� % = � % � �/���ÏÎÑÐ * � ©* ��¨ � ÎÑÐ D =D � # (20)

So, if we know the horizon brightnessvalues, * � ¨ and* � © , thenwecancomputethescaleddepth
� % = � % � �&� at

@
.

In fact,
� % = � % � �&� is theDifferencein OpticalThicknesses

(DOT) for the pathlength� , underthe two weathercondi-
tions. In theatmosphericopticsliterature,thetermDOT is
usedasa quantitative measureof the “change”in weather
conditions.

6.1 Estimation of ÒÔÓ ¹ and Ò}Ó ·
Theexpressionfor scaleddepthgivenin (20), includesthe
horizonbrightnessvalues,* ��¨ and * �g© . Thesetwo terms
areobservablesonly if somepartof thesky is visible in the
image. However, the brightnessvalueswithin the region
of the imagecorrespondingto the sky, cannotbe trusted
sincethey areproneto intensitysaturationandcolor clip-
ping. Here,weestimate* � ¨ and * � © usingonly pointsin
the“non-sky” regionof thescene.

Let
I � and

I = denotethemagnitudesof airlight for a scene
point

@
underatmosphericconditions

% � and
% = . Using

(10), wehave I � �1* � ¨ ���h�5����� ¨ ! �0�I = �1* � © ���4�5� ��� © ! �0# (21)

Therefore,

* �ª© � I =* � ¨ � I � � * �ª©* � ¨ � �����
© ��� ¨  "! # (22)

Substituting(19), wecanrewrite theaboveequationas

D =D � � I = � VI � � (23)

where,

V �Õ* � © � D =D � * � ¨ # (24)

Comparing (23) and (18), we get V � ÆÈÇÁÉ�Ê�Æ (see
figure(4)). Hence,(24) representsa straightline equation
in theunknown parameters,* � ¨ and * � © .
Now considerseveral pairs of Ö V �

�  � � D � �  = Í D �
�  � �/× corre-

spondingto scenepoints
@ �

, at differentdepths.Then,the
estimationof * � ¨ and * � © is reducedto a line fitting prob-
lem. Quitesimply, we have shown that thehorizonbright-
nessesunderdifferentweatherconditionscanbecomputed
usingonlynon-sky scenepoints.

Sinceboth the termson the right handsideof (20) canbe
computedfor everyscenepoint,wehaveasimplealgorithm
for computingthe scaleddepth at eachscenepoint, and
hencethe completescenestructure,from two badweather
images.

6.2 Experimental Results

We now presentresultsshowing scenestructurerecovered
from bothsyntheticandrealimages.Thesyntheticscenewe
usedis shown on theleft sideof figure5

� ] � asa y	(e(Ø�Øye(e(
pixel imagewith 16 color patches.The colors in this im-
agerepresentthedirect transmissionor “true” colorsof the
scene. We assigneda randomdepthvalue to eachcolor
patch. The rotated� D structureof the sceneis shown on
the right sideof figure5

� ] � . Then, two different levels of
fog (

% � � � # ( ,
% = � � # z ) wereaddedto thesyntheticscene

accordingto thedichromaticmodel.To testrobustness,we
addednoiseto the foggy images.Thenoisewasrandomly
selectedfrom a uniformly distributedcolor cubeof dimen-
sion 10. The resultingtwo foggy (and noisy) imagesare
shown in figure5

�&� � . Thestructureshown in 5
� V � is recov-

eredfrom thetwo foggy imagesusingthetechniquewe de-
scribedabove.

Simulationswererepeatedfor the scenein figure5
� ] � for

two relative scatteringcoefficient values(
% � Í % = ), andfour
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Figure 5: ÙÛÚ�Ü Ontheleft, a Ý��s����Ý���� pixel imagerepresentinga
syntheticscenewith 16 color patches,andon theright, its rotatedÞ
D structure.ÙÛß¥Ü Two levelsof fog (à ¹:á�âsã � , à ·váJâ¥ãåä ) areadded

to thesyntheticimageaccordingto thedichromaticmodel.To test
robustness,noiseis addedby randomselectionfrom a uniformly
distributedcolorcubeof dimensionâ � . ÙÛæsÜ Therecoveredstructure
(
Þ � Þ medianfiltered).Refer to [Web00] for version with color

images.

Noise
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Estimated* � © yez	z ye�	y�#éè ye�e�6# � yè�c�# (
DepthError (%) (�# ( èë# � c �e� #éè � z�# �

ActualValuesÖ % � Í % = �,* ��¨ �,* �g© ×h�1Ö,(�# z�� � (e(6��y	zez6×� ] �
Noise

�Ûç � ( z � ( � z
Estimated* � ¨ ye(	( ye(	c�# � yeye�6#Ûè y	ceê�# z
Estimated* � © ce(	( ce(	��# � c � è�# z c	cec�# y
DepthError (%) (�# ( � y6# � � z�# � � èë# �

ActualValuesÖ % � Í % = ��* � ¨ �,* � © ×h�1Ö,(�# �§èë�3ye(	(���c	(e(§×�&� �
Table 2: Simulationswererepeatedfor thescenein figure5(Ú ), for
two setsof parametervalues(shown in (Ú ) and(ß )), andfour dif-
ferentnoiselevels.Noisewasrandomlyselectedfrom auniformly
distributedcolor cubeof dimensionì .

( ] )

(
�
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( V )

( � )
Figure 6: ÙÛÚ�Ü A sceneimagedundertwo differentfoggy condi-
tions. ÙÛß¥Ü Computeddepthmapof thesceneusingthetwo images
in ÙÛÚ�Ü . ÙÛæ¥Ü Anothersceneimagedundertwo differenthazycondi-
tions. ÙÛí7Ü Computeddepthmapof thesceneusingthetwo images
in ÙÛæsÜ . See [Web00] for version with color images.

different noise levels. Once again, the noise was ran-
domly selectedfrom a uniformly distributedcolor cubeof
dimension

ç
. Table2

� ] � shows resultsof simulationsfor
the parameterset Ö % � Í % = �,* � ¨ �,* � © ×��îÖï(6# z6� � (	(��3yezez§×v�
while 2

�&� � shows the resultsfor the set Ö,(�# �§è���ye(	(��3ce(e(§×v#
The computedvaluesfor * � ¨ , * � © , and the percentage
RMS error in the recoveredscaleddepths,computedover
all ye(	(5�ðy	(e( pixels are given. Theseresultsshow that
ourmethodfor recoveringstructureis robustfor reasonable
amountsof noise.

Experimentswith two realscenesunderfoggyandhazycon-
ditionsareshown in figure6. Theseexperimentsarebased
on imagesacquiredusinga Nikon N90sSLR cameraand
a Nikon LS-2000slide scanner. All imagesare linearized
usingtheradiometricresponsecurveof theimagingsystem



that is computedoff-line usinga color chart. The first of
thetwo sceneswasimagedundertwo foggyconditions,and
is shown in 6

� ] � . Thesecondscenewasimagedundertwo
hazy conditionsas shown in 6

� V � . Figures6
�/� � and 6

� �0�
show thecorrespondingrecovereddepthmaps.

7 True Scene Color
As we statedin the beginning of the paper, mostoutdoor
vision applicationsperformwell only underclearweather.
Any discernibleamountof scatteringdueto fog or hazein
the atmosphere,hindersa clearview of the scene.In this
section,wecomputethedirecttransmissionor “true” colors
of theentiresceneusingminimala priori sceneinformation.
For this, we show that, givenadditionalsceneinformation
(airlight or direct transmissionvector)at a singlepoint in
thescene,wecancomputethetruecolorsof theentirescene
from two badweatherimages.

Considerthedichromaticmodelgivenin (8). Theobserved
colorof ascenepoint

@ �
underweathercondition

%
is,

? � �  �ñD � �  AB�� �  �G�Ie� �  AC � (25)

whereD � �  is thedirect transmissionmagnitude,and
I � �  

is
theairlight magnitudeof

@ �
. Supposethatthedirection AB � �  

of direct transmissioncolor for a singlepoint
@ �

is given.
Besides,thedirection AC of airlight colorfor theentirescene
canbeestimatedusing(13). Therefore,thecoefficientsD � �  
and

I � �  
canbecomputedusing(25). Furthermore,theopti-

cal thickness
% � � of

@ �
canbecomputedfrom (10).

Sincewe have alreadyshown how to computethe scaled
depth of every scenepoint (see(20)), the relative depth� � Í � � of any otherscenepoint

@ �
with respectto

@ �
can

be computedusing the ratio of scaleddepths. Hence,the
optical thicknessandairlight for the scenepoint

@�
, under

thesameatmosphericconditionaregivenby% � � � % � � � � � Í � � ���I � �  �1* ���3�4�5�ë�6��!,Ä �0# (26)

Finally, the direct transmissioncolor vector of
@ �

can be
computedasD � �  AB � �  �1? � �  � I � �  AC # Thus,givena sin-
gle measurement(in this case,thedirectionof direct trans-
missioncolor of a singlescenepoint), we have shown that
thedirecttransmissionandairlightcolorvectorsof any other
point,andhencetheentirescenecanbecomputed.But how
do we specifythetruecolor of any scenepoint without ac-
tually capturingthecleardayimage?

For this,weassumethatthereexistsatleastonescenepoint
whosetruecolor

B
lieson thesurfaceof thecolorcubeand

we wish to identify suchpoint(s) in the scene. Consider
the R-G-B color cubein figure(7). If the true color of a
scenepoint lies on the surfaceof the color cube,then the
computedòI is equalto theairlight magnitude

I
of thatpoint.

R

G
B q

D
ó∧

~qô

O

E∧
-A

Figure 7: The observed color
R

of a scenepoint, its airlight di-
rection SU andtruecolordirection ST areshown in theR-G-Bcolor
cube. õö is thedistancefrom

R
to a surfaceof thecubealongneg-

ative SU . For scenepointswhosetruecolorsdo not lie on thecube
surface, õö is greaterthanthetrueairlight magnitudeö .

Figure 8: True color imagesrecoveredusingthe two foggy and
hazyimagesshown in figure6ÙÛÚ�Ü and ÙÛæ¥Ü respectively. Thecolors
in the dark window interiorsare dominatedby airlight and thus
their truecolorsareblack. The imagesarebrightenedfor display
purposes.See [Web00] for the version with color images.

However, if the truecolor of thepoint lies within thecolor
cube,thenclearly òIÀ÷)I # For eachpoint

@�
, wecomputeòI � �  

andoptical thickness
% � � � . Notethat

% � � � mayor maynot
be the correctoptical thickness.We normalizethe optical
thicknessesof thescenepointsby theirscaleddepthsto get

ø � � % � � �� % = � % � �&� �v# (27)

For scenepointsthatdonot lie onthecolorcubesurface, òø �
is greaterthanwhat it shouldbe. Sincewe have assumed
that thereexistsatleastonescenepoint whosetruecolor is
on thesurfaceof thecube,it mustbethepoint thathasthe
minimum òø � . So, òI � �  of thatpointis its trueairlight. Hence,
from(26), theairlightsandtruecolorsof theentirescenecan
becomputedwithoutusingacleardayimage.

Usually in urbanscenes,window interiorshave very little
colorof theirown. Their intensitiesaresolelydueto airlight
andnotdueto directtransmission.In otherwords,their true
color is black (the origin of the color cube). We detected
suchpointsin the sceneusingthe above techniqueandre-
coveredthe true colorsof two foggy andhazyscenes(see
figure(8)).



8 Conclusion
In this paper, we presenteda generalchromaticframework
for sceneunderstandingunderbadweatherconditions.Note
that conventional image enhancementtechniquesare not
useful heresincethe effects of weathermust be modeled
usingatmosphericscatteringprinciplesthatarecloselytied
to scenedepth. We basedour work on the simpleyet use-
ful dichromaticmodel. Severalusefulconstraintson scene
color changesdueto differentatmosphericconditionswere
derived. Using theseconstraints,we developedsimpleal-
gorithmsto recover thethreedimensionalstructureandtrue
colorsof scenes,fromimagestakenunderpoorweathercon-
ditions. Thesealgorithmsweredemonstratedfor bothsyn-
theticandrealscenes.
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A Direct Transmission under Overcast Skies
We presentananalysisof theeffect of sky illuminationand
its reflectionby a scenepoint, on the direct transmission
from the scenepoint. For this, we make two simplifying
assumptionson the illumination received by scenepoints.
Usually, thesky is overcastunderfoggy conditions.Sowe
usethe overcastsky model[GC66] for environmentalillu-
mination.We alsoassumethat theirradianceof eachscene

δθ δφ

P
ù

n̂

δω

Ω

Sky

Figure 9: Theilluminationgeometryof ascenepoint ú with sur-
facenormal Sû . Theirradianceof ú is dueto theairlight radiance
of its sky apertureü ã
point is dominatedby the radianceof the sky, andthat the
irradiancedueto otherscenepointsis notsignificant.

Considertheilluminationgeometryshown in figure(9). Let@
be a point on a surfaceand ýþ be its normal. We define

the sky aperture ÿ of point
@

, as the coneof sky visible
from

@
. Consideran infinitesimalpatchof thesky, of size���

in polarangleand
���

in azimuthasshown in figure(9).
Let this patchsubtenda solid angle

���
at
@

. For overcast
skies, Moon[MS42] and Gordon[GC66] have shown that
the radianceof the infinitesimalcone

� ÿ , in the direction� � � � � is givenby
�h� � � � ��� � � � 
�� ��� G y VïXë[ � � ��� � where��� � [ � Y ��������� # Hence,theirradianceat

@
dueto theen-

tire apertureÿ , is givenby

* � 
��� 	 � � � 
�� �3� G y VïXë[ � � VïXë[ � [ � Y � � � � � � (28)

whereVïXë[ � accountsfor foreshortening[Hor86]. If 
 is the
BRDF of

@
, thentheradiancefrom

@
towardtheobserver

canbewrittenas

�'8	� 
� � 	 �'��� 
���� � � ��
 � � � � �0� � � � � (29)

where � � � �Ø� ��� G y VïXë[ � � VïXë[ � [ � Y � # Let  be the pro-
jection of a unit patcharound

@
, on a planeperpendicu-

lar to the viewing direction. Then,the radiantintensityof@
is given by 9 8 � 
���� � 8 � 
��0# Since

� � � 
�� is a con-
stantwith respectto

�
and

�
, we can factor it out of the

integral and write conciselyas 9 8 � 
�}� � � � 
���> � where>H�� 	 � � � ��
 � � � � �0� � � � # This term > represents
the sky apertureandthe reflectancein the directionof the
viewer. Substitutingfor 9 80� 
�� in the direct transmission
modelin (5), weobtain

* � �	��
��� - ����� 
���> � ���7���� "!� = # (30)

We have thus formulatedthe direct transmissionmodel in
termsof overcastsky illuminationandthereflectanceof the
scenepoints.


