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ABSTRACT Their high altitude allowed Gao et al. [2] put fordia
detection method using the strong absorption bdndater

The atmospheric correction of remote sensing dattheé Vvapor, located at 1.38um. This method is very uskfu
reflective domain is today very well controlled enctlear ~Sensors without thermal bands. Thanks to theisparency,
sky conditions. However, cirrus clouds represefitdf/the Gao and al (1998) proposed a first empirical caivac
global terrestrial cover, making several imagessable. Method for thin cirrus, between 0.4 and 1.0um figf they
Gao and Li [5] proposed an empirical method of ttimus  later extend to the SWIR ([0.4-2.5 pm]) for Land$4t
correction. The method shows very good results ark d This method has been quantitatively validated with
surfaces but presents bias higher than 0.02 whesutface Sentinel-2 data, with an accuracy of 0.02 rms oa th
becomes too reflective and the cirrus too thickadinlition, —apparent reflectance, particularly for dark suréafd. But
it only corrects for the upwelling path [7]. Simtitms show When the surface becomes more reflective and cirrus
that the presence of cirrus on the sun-to-grourti pas a  thicker, the bias increases, especially on the edge
significant influence on the received signal andstralso be ~ spectral domain ([0.7-0.9 um]).
corrected. This paper shows that considering the This paper first recalls the Gao’ correction methioein
transmission term of the cirrus of the upwellingdan discusses and describes how the results can be\vetpr
downwelling paths improves the results in the rdgesbut ~ Using simulations
also the SWIR, with an RMSE divided by 2.
2. GAO METHOD
Index Terms— Correction, cirrus, Sentinel-2
Gao and al. [3] modeled the Earth-atmosphere sybied
1. INTRODUCTION superposed plan and parallel layers: a virtual aserf
(including the surface and all the atmosphere -emspor,

The observation and understanding of the Earttbbasme ~ Water clouds, aerosols) and a layer of cirrus clousing
very important. More and more instruments have beeF‘he classic formula of radiative transmplled to the cirrus
developed to study it, including optical sensorike | layer, the measured apparent reflectance is written
AVIRIS, MODIS, Landsat or Sentinel-2. These sensors )

provide more (hyperspectral) or less (multispegtbainds, o ) = pr (D) + Tupis(A) 1)
covering different parts of the spectrum. They elia measured ‘ T = Sepys (D)

radiance signal coming from the Sun and scattesethé . )
surface to the sensor. Along this path, the sadaiation —Where pc(1)denotesthe apparent reflectance of the cirrus
propagates through the atmosphere, which distunias tcloud, T the total tr_ansm|SS|on (diffuse + direct, up and
signal (absorption and scattering). It is therefecessary to down) through the cirrug,;(1) the apparent reflectance of
depending on the surface: the reflectance. Thisistealled ~From this equation some simplifications are made t
the atmospheric correction. The latter is todayyveell ~ coupling term is simplified, assuming 8 weak ( < 0.2)
understood in clear sky condition. and, total absorption being negligible for thinreg, the

But clouds cover 68% of the global surface, modiyi transmission is put equal to unity apd(4) is proportional
the signal too. They can be divided into two mainto the signal at 1.38m so the reflectance corrected from
categories: water clouds, opaque, scattered, lowthin the presence of thin cirrus then expresses as:
atmosphere; and ice clouds (cirrus type): high lre t .
atmosphere, extended and optically thin, theylietgse the pc(1.38um) @

vs(A) = :neasure ) -
underlying surface. This paper focus on cirrus dtou pisd) = p a®) Ka(A)



With Kg) accounting for the residual
scatterplot  betweep;(1.38um) and p;(1). These
coefficients depend on the scene, the cirrus, ansbtar and
view angles. The linear regression slope is obthimi¢h the
Gao’ method [4], which consists in, for each binthé
cirrus apparent reflectance, taking the closeshtpdio the
minimum value of the apparent reflectance in thedba

3. IMPROVEMENT METHOD

The previously described method has shown goodtsesu

with an overall accuracy of the order of 0.02 rm# b
degraded with an increase of the cirrus opticalkiméss, in
particular in the red-edge and the SWIR. This wipaarly
noticeable on reflective surfaces.
understand this phenomenon, which we supposed tlube
to the fact that the downward path is not takea adcount,

the images used for the validation were analyzed an 04 = | E

simulations were carried out.
3.1. Data

To validate our hypotheses, the same data areassdubse
used to validate Gao's method [7]. They are contpade
pairs of images from the Sentinel-2 multispecteaisor [8],
one acquired under clear sky conditions, usedrafegence,
and the other one with the presence of cirrus dodthe
two images are acquired at two very close datesntakder
the same acquisition conditions: 6 days), so that the
ground scene can be assumed almost invariant, ve h
comparable images. The two selected pairs of images
described in the Table 1.

Table 1: Characteristics of the different Sentinel2 images
studied

La Crau (France) (T31TFJ) g;gga?zl)
Clear sky Cirrus image Clear sky Cirrus image

image image

Satellite S2E S2A S2A S2A

07/29/201¢-
10h30

Date + UTC
time

08/03/201¢&-
10h30

10/25/201%
11h33

10/22/201%
11h21

Solar zenith

28.8°
angle

29.9° 54° 165.3°

Solar azimuth

angle 145.0

146.2° 168.7° 6.0°

Zenithal angle

. 7.2°
of view

7.1° 9.0° 6.0°

Azimutal

N 106.5°
angle of view

105.5° 287.3° 103.8°

3.2. Data analysis — phenomenology

Fig.1 illustrates spectra extracted for 3 differemtes of the
La Crau image. For each case, is illustrated thextsp of
one pixel on the clear sky image, the cirrus imagé the
corrected image. On the Fig.1la case, as in mosscas
almost spectrally offset occurs, as expected fronméla

water vapor
absorption in the 1.3&m band. It is estimated using a

In order to dyett
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Figure 1 : Spectra of a same pixel extract from LaCrau
Sentinel-2 images: the clear sky image, the cirrusnage and
the corrected image. (a): offset observe betweengtltirrus and
the clear sky images. (b): the cirrus here have aifterent
impact on the signal in the red-edge region. (c):acirrus being
detected p*(1.38um) = 0), no correction is appliet.
(2), so the corrected signal correspond to thercéby
signal. On the other hand, it happens, in the degkeand
SWIR, that the presence of a cirrus makes the kigeaker
than in the case of clear sky (Fig.1b). This lattaise
exhibits an over-correction. In the Fig.1c casecitaus is
detected 4;(1.38um) = 0) so no correction is applied
according to the formula (2). But the clear skynsigis
higher than the cirrus one. This region correspotads
region where there is a cirrus on the descendirly. @dis
one therefore has a significant influence on theai
Simulations were then carried out in order to ferth
analyze and propose an improvement of the model.

3.3. Simulations

To understand these limitations, simulations weaeied
out using COMANCHE tool [6]. When restricted to
homogeneous scenes, this simulation tool basicalhs
MODTRAN radiative transfer code and provides theous
radiative terms driving the at-sensor signal. Tiheutations



Cirrus Up case, A=0.8um

4 @ 0.10
. o
P % 2 i
7 & F
\/ |P = 0.05
\ = f
I ¥ -
)
P |5 000 =
Atmosphére + surface o
00%.0 0.1 0.2 0.3 04

psurf

Infinite cirrus case, A= 0.8um

0.15
0.10

0.05 |

p*(Ci_inf)-p*(CS)

0.00

%50 0.1 0.2

psurf

0.3

Cirrus down case, A=0.8um
0.00 ~= T T ——

-0.02

-0.04

p*(Ci_down)-p*(CS})

Atmosphére + surface
-0.1% o

0.1

0.2
psurf

0.3 0.4

Figure 2: Configuration of simulations and result of the
difference between thesignal with cirrus condition and cleat
sky condition, for different surfaces and cirrus

used the acquisition parameters related to La Guad
Portugal images (Table 1), and several opticakttess of
cirrus. Three scenarios are played correspondinghéo
location of the cirrus on the down- or up-ward gafhig.2):

« Cirrus Up (CU): Downward path with clear sky / £

Upward path with cirrus
e Infinite cirrus (IC):
paths with cirrus (same cirrus for the 2 paths)
e Cirrus Down (CD): Downward path with cirrus /
Upward path with clear sky

The right part of Figure 2 shows the differencensen
the apparent reflectance in presence of cirrustlaatdunder
clear sky as a function of surface reflectance, dach
scenario. The first case (CU), which correspond&ém’s
model, shows that the cirrus signal is always highan
clear sky signal. On the 2 other cases, with augion the
downward path, an inversion is observed, with ausir
signal lower than the clear sky signal. These Batibns

Downward and upward &

is correlated with the apparent reflectance at Ju&8 by
empirical polynomial model. Then we can use thelida:

pe(1.38um)] 1

o T ®)

Pys(D) = | Preasurea@ —

3.4. Validation method

To validate the method we want to find in the imabe
different situations presented on Figure 2. Fot, tthee pairs
of image are used and the different cirrus of thens,
according their optical thickness, and all pixelthva signal
in presence of cirrus lower than in the clear skage, in
the red-edge, have been illustrated in color aney,gr
respectively (Fig. 3). Patterns similar to thoseciofus, but
shifted in the direction of illumination are obsedy which
confirms that the presence of a cirrus on the doavdvpath
has a significant impact on the signal. The modiébao is
therefore limited to the case where the cirrusnily @n the
rising path. From there, several areas of intgR&) were
chosen as shown in Figure 3 for the case of La ,Crau
corresponding to the various situations presemeHigure
2. The correction of Gao and Li [5] is then complavéth
two methods of taking into account the transmission

0*(1.38um)

<0.01
[0.01-0.015[

[0.015-0.025[
i [0.025 - 0.04[
‘Hl (0.04-0.05
Ml =005
#., < | Q" irrus(884) < Q" lear sky(BSA

/+ I w0 § il

Figure 3: Different thickness of cirrus and illustration, in grey,

of the pixels over-corrected for La Crau. The cirris patterns
are found in these over-corrected pixels. The coled shapes
couple represent the ROIs studied and the cirrus s on the
corresponding descending path. The green and yelloROIs

corresponding to the CD case and the pink ROI to t IC case.

In order to know the position of the cloud shadaanf the
single cirrus image, it is mandatory to accurateipw the
height of the cloud. However the height is not kndw our
case. The position of the shadow is therefore riyugh
estimated, visually, thanks to the couple of imaged
remains imprecise. We estimated the transmission2 by

correspond to the observations in Figure 1. Theemoryiterent ways:

reflective the surface and the thinnest the cirthe, more
likely it is to be over-corrected. Thus, not takimgto
account the downward path can lead to an errorpofou
0.06. This indicates the necessity of taking intooant the
downward path in the correction process.

Further, simulated transmission of cirrus is showbe
rather of the order of 0.7-0.8, therefore not rgghle, and it

« A pixel by pixel correction, by manually estimating

the Ax /Ay displacement for each ROI (knowing

the "shadow" areas thanks to the clear sky image).
A correction by calculating an average

transmission on the cirrus of the downward path.
This average transmission is then applied to all th
pixels of the corresponding ROI.
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Figure 4 : Mean apparent reflectance of the cirrusimage

(black), the clear sky image (blue), the correctedmage with
Gao and al. method (green), the corrected image \itthe
transmission taken into account, pixel by pixel (rd), average
transmission (orange). For one study area of La Cra (top) and
Portugal (bottom)

The comparison between the image corrected fromascir

to the clear sky image is achieved by calculatmgRMSE
of the difference between the two apparent reftexa.

4. RESULTS
Figure 4 shows the mean apparent reflectance &udied

areas and for each case: with cirrus, in clear aky, after
the different corrections. The La Crau case haardky on

the upwelling path and moderately thick cirrus dre t

downward path while the Portugal area has cirraadd on

both paths.One can observe, as on Figure 1, that
applying Gao and al. method, there is either noection,
or an over-correction. On the other hand, assgstie
transmission (red and orange curves) make it plesgibget
closer to the clear sky curve, in the red-edgeatsd in the
SWIR, which has a similar behavior. The RMSE ax&deid
by 2. In the case of La Crau, the method that whest is
"pixel by pixel" while the average method works thiesthe
case of Portugal. This is because the estimaiédy shift
is not accurate enough for the second case.

5. CONCLUSION

The empirical cirrus correction method proposedGno
and Li [5] allows the clear sky signal to be founidh an

accuracy of less than 0.02 for dark surfaces (wWsjer) and

for certain continental surfaces [7]. On the otha&nd, when
the reflectance of the surfaces becomes too higraasirrus

is present on the sun-surface path, the methodawmregcts

the signal. Pairs of Sentinel-2 images, as well

simulations, were then used to understand and éocome

this limitation. This made it possible to understdhat the
downward path should also be taken into accoumtgusie

transmission. The downward path transmission iessesl
using an empirical relation t@*(1.38um). Taking this
parameter into account clearly improves the resulthe

red-edge but also in the SWIR with twice the accur®n

the other hand, errors remain mostly because thesci
taken into account on the downward path is not seaudy

the right one.

as

In order to overcome this and be able to correet th
cirrus image without a reference image, it would be

necessary to be able to know the height of thedckither
from the single optical image, or using a completagn
instrument delivering simultaneously the informatidBy
knowing solar angles it would then be possible recizely
deduce the location of each pixel impacted by tieis
And even then there will always be limits for th#ges of
the image because cirrus can be out off field efwand so
their impact is not taking into account.
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