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Abstract. A new method to detect cloud-free snow-covered 1 Introduction
areas has been developed using the measurements by the
Advanced Along Track Scanning Radiometer (AATSR) on For remote-sensing retrievals of any kind, one of the most
board the ENVISAT satellite in order to discriminate clear important initial steps is to understand what we are looking
snow fields for the retrieval of aerosol optical thickness orat, in order to only choose those data needed for further pro-
snow properties. The algorithm uses seven AATSR Chan.CESSing. Cloud detection over snow is important for retrievals
nels from visible (VIS) to thermal infrared (TIR) and anal- ©Of trace gases (Krijger et al., 2005), for aerosol retrievals (Is-
yses the spectral behaviour of each pixel in order to rectomina et al., 2009, 2010) as well as for retrievals of cloud
ognize the spectral signature of snow. The algorithm in-coverage, cloud height and cloud properties, and also for re-
cludes a set of relative thresholds and combines all seveffievals of snow properties such as grain size, soot concen-
channels into one flexible criterion, which allows us to fil- tration, etc. (Kokhanovsky et al., 2010). In this paper, we
ter out all the pixels with spectral behaviour similar to that Present a cloud screening technique which was created es-
of snow. The algorithm does not use any kind of morpho-Pecially for aerosol optical thickness retrieval in the Arctic
logical criteria and does not require the studied surface td€gions. This means that as a result of the cloud screening
have any special structure. The snow spectral shape critave€ like to get clean snow scenes only.
rion was determined by a comprehensive theoretical study, Among all available cloud-screening algorithms of satel-
which included radiative transfer simulations for various at- lite imagery, one can distinguish three basic approaches (ap-
mospheric conditions as well as studying existing models andlicable to a radiometer data):
measurements of optical and physical properties of snow in
different spectral bands. The method has been optimized to
detect cloud-free snow-covered areas, and does not produce
cloud/land/ocean/snow mask. However, the algorithm can be
extended and able to discriminate various kinds of surfaces.
The presented method has been validated against Mi-
cro Pulse Lidar data and compared to Moderate Resolu- 2. Applying an absolute threshold for reflectance or bright-

1. Analysis of time-sequences of data, with the assumption
that any short-term changes in reflectance can only be
introduced by clouds (e.g. Key and Barry, 1989; Diner
etal., 1999; Lyapustin et al., 2008; Lyapustin and Wang,
2009; Gafurov and Brdossy, 2009).

tion Imaging Spectroradiometer (MODIS) cloud mask over ness temperature in one or several spectral channels,
snow-covered areas, showing quite good correspondence to  or associating some combination of a few reflectances
each other. to some kind of surface, e.g. ratio of reflectances in

Comparison of both MODIS cloud mask and presented the form of NDVI, where only few channels are used
snow mask to AATSR operational cloud mask showed that (e.g. Minnis et al., 2001; Bon and Colzy, 1999; Lotz
in some cases of snow surface the accuracy of AATSR oper-  etal., 2009; Allen et al., 1990; Spangenberg et al., 2001,
ational cloud mask is questionable. Trepte et al., 2001).

3. Spatial variability analysis (e.g. Martins et al., 2002).

) These approaches alone cannot yield the required quality
Correspondence td:. G. Istomina of cloud screening, as each of them has disadvantages: the
BY (lora@iup.physik.uni-bremen.de) first approach requires some sequence of data, basically the
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Fig. 1. AATSR scene for 3 May 2006, Spitsbergen, reflectance at 55@yr660 nm(b), 865 nm(c), 1600 nm(d), 3700 nm(e). Brightness
temperature for 3.7f), 10.8(g) and 12 pn(h).

longer the better, which is not always available. Even withdistinguished from that introduced by clouds. This makes it
a sequence of two images, the reflectance change can be immportant to choose wavelengths where the surface has no
troduced either by surface bidirectional reflectance distribu-structure, which is not always possible.

tion function (BRDF) shape due to different illumination-  Several available cloud screening methods over snow use
observation geometries of these two measurements, or bgither absolute (experimentally derived) thresholds in VIS,
aerosol optical thickness, or by a temporal change of surnear infrared (NIR) and infrared (IR) channels (Allen et al.,
face properties. The available information about all thesel990), and still have problems with ice clouds over snow
factors is often not sufficient for proper correction. For (which is often the case in Arctic regions), or they assume
time-sequence analysis some visible hon-changing structursome snow BRDF model to derive the threshold value for
of the surface is needed (Lyapustin et al., 2008; LyapustinNIR spectral channel and use only one NIR channel (Span-
and Wang, 2009), therefore, cloud screening has difficul-genberg et al., 2001; Trepte et al., 2001). The second ap-
ties over uniform or changing surface. The second menfroach cannot always distinguish cloudy conditions from
tioned cloud screening approach only requires one imageclean but highly polluted scenes, which can often be seen
reflectance thresholds can be set very well for some smaltluring Arctic haze and smoke events.

sets of images. However, one can never be sure that these Of course, the chosen cloud/clear sky detection methods
absolute thresholds (often derived experimentally or manu-depend on the spectral and spatial resolution of the instru-
ally) will work properly for all the illumination-observation ment, and if the instrument has a lot of spectral channels,
geometries and all the types of surfaces available. Relativsome combination of cloud screening approaches, mentioned
indices combined from several reflectances in different chanabove, will give a reliable cloud mask. An example of such
nels are better, but their disadvantage is that they only usa comprehensive combination is the MODIS cloud/clear sky
few spectral bands and, therefore, are highly dependent odetermination algorithm (Ackerman et al., 1998; Liu et al.,
the selection of the channels. Thirdly, spatial pattern anal-2004). This algorithm has been validated against micropulse
ysis also has limitations: the surface can introduce a temiidar and millimetre-wavelength cloud radar and proved to be
porally variable spatial structure, which has to somehow bereliable.
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However, there is another way of cloud/clear sky detec-
tion. In the current work, we present a cloud-screening ap-
proach which is based on the analysis of the spectral shap¢
of a scene reflectance and does not require time sequence
of data or absolute thresholds for reflectances or brightness
temperatures. This approach has been invented for a specifi _
task — to pick out cloud-free snow-covered regions to serve 2
as an input for aerosol optical thickness (AOT) retrieval over 5
snow. Therefore, we did not pursue the task of recognizing )
different types of surface and creating a cloud mask similar to £
the cloud mask of MODIS, for example. The presented cloud
screening method produces two values: “applicable for AOT
retrieval over snow or determination of snow reflection (clear o0+
snhow)” and “not applicable for AOT retrieval or determina- 6 20 40 80 80 00 120 140 60 120
tion of snow reflection (everything else but snow — clouds, phase angle, degrees
land, ocean, etc.)".
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Fig. 2. Phase function of Arctic haze aerosol used in the simulation
of aerosol effect on the spectral shape of snow surface. See text for

. . . details.
2 Theoretical basis of spectral cloud screening elars

over snow

Any cloud screening method always depends on incominggerosol phase function for AOT values from 0 to 3. The
data and available features of the instrument. The spec@erosol phase function has been measured for 550 nm dur-
tral coverage of AATSR, which has been used in this work,ing the Arctic haze event on 23 March 2000, at Spitsbergen,
enables the spectral behaviour of a scene in seven diffedNy Alesund, Svalbard, 78.928|, 11.923 E, by the Alfred
ent channels from VIS to TIR to be investigated. Observa-Wegener Institute for Polar and Marine Research. It has a
tions and models (e.g. Warren, 1982) show that snow hagather smooth shape without a significant increase of scat-
a significant and recognizable spectral signature in the rangéering in forward and backward directions (compared to rela-
from VIS to NIR (AATSR channels 550 nm, 660 nm, 870 nm, tively higher forward- and backscattering of maritime aerosol
1.6 um), whereas clouds behave differently there, for examin Fig. 2), which is the feature of randomly shaped small ab-
ple, they do not show such a significant drop of reflectancesorbing particles. This aerosol is composed predominantly
between channels 870 nm and 1.6 pm (Kokhanovsky, 2006)0f sulfate and sea salt, with lesser contributions from nitrate,
This different spectral behaviour of snow and clouds canS©0t soil and trace elements, and organic compounds (Quinn
be seen in the reflectance charts of different AATSR channel&§t &l-, 2002). The typical background aerosol optical thick-
(see Fig. 1). Possible snow impurities, snow grain size differ-€Ss for Arctic is around 0.05 (Tomasi et al., 2007). However,
ences and liquid water can affect the shape of the snow syduring Arctic haze events, the AOT can reach rather high val-
face spectrum (Warren, 1982). Different atmospheric condi-4€$ of 0.5-1.0 and, therefore, can disturb the spectral shape
tions, e.g. different aerosol loads, can also affect the spectrdf @ Scene.
shape of the scene and should be taken into account. It is interesting to study the amplitude of this disturbance
In the TIR channels of AATSR (3.7 um, 10.8 um, 12 um), using RT modelling. For this we used the forward RT
the spectral shapes of snow and clouds are also different anghodel SCIATRAN developed at the University of Bremen
can be affected by physical parameters of both snow andRozanov et al., 2005) in order to simulate the spectral be-
clouds. haviour of top-of-atmosphere (TOA) reflectance over snow
The following two sections are dedicated to a detailed de-surface with different aerosol loads. The aerosol optical
scription of our spectral cloud screening criteria in these twothickness has been varied from 0 to 3 for the 550 nm chan-
spectral regions (VIS-NIR and TIR) and possible disturbancenel, whereas in reality, the AOT in Arctic region is as low
factors which have to be taken into account. as 0.05 in clean conditions and around 0.5 during pollution
events. Therefore, our AOT range is taken with a lot of re-
2.1 Cloud screening in VIS and NIR: disturbance from serve to study the strongest possible disturbance of the spec-
aerosols, trace gases and physical parameters tral behaviour of the AATSR reflectance by aerosol. For the
of snow surface, we assumed a Lambertian surface with spectral de-
pendent albedo of snow. Surface albedo data was provided
We modelled the aerosol effect on the spectral shape of dy R. Guzzi, IMGA, CNR, Bologna, Italy. At 550 nm, the
scene with a forward radiative transfer (RT) model for the albedo of such a surface is equal to 0.943. The geome-
four discussed VIS and NIR channels and a measured hazey of the simulation was chosen to be similar to realistic
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Fig. 4. The allowed amount of TOA reflectance scatter is shown
for fresh dry snow (blue curve) and dry long grass (black curve).
Violet and turquoise areas are the schematic view of the spectral
shape criterion. They show where the corresponding spectral curve
should go to still be recognized as snow. It is visible that dry long
grass spectrum does not satisfy the spectral shape criterion, e.g. at
channel 1.6 pm.

TOA reflectance

Figure 3b shows the same channels, surface and aerosols, but

with included Rayleigh scattering ands@bsorption.

550 B vetengin ™ 1600 It can be seen that the shape of the spectral curve do_es
’ not depend on AOT for channels 550 nm, 660 nm, 870 nm in

the “ideal” case (Fig. 3a) as well as in the “real” case with

Fig. 3. The sensitivity of TOA reflectance over snow surface to . . . .
aerosol load, simulated with RT calculations, for Lambertian snowRé1y|elgh scattering and{included. The inclusion of ©

and aerosol onlya) and for snow, aerosol andsGbsorption(b). absorption and Ray!elgh scattering results in a slight decrease
AOT changes from 0 to 3, with the step 0.2. AOT = 0 is shown with Of TOA reflectance in the 550 nm channel.

the thick red line. AOT = 3.0 is shown with the thick violet line. As can also be seen from Fig. 3, over such a bright sur-
face, the increasing of aerosol load in the atmosphere causes

a darkening of the scene in channels 550 nm, 660 nm and
. ] o ~_870nm for the given geometry, due to scattering of light re-
observation geometries of AATSR — nadir view (viewing fiected from the surface on aerosol layer and, thus, decreas-
zenith angle is equal°), rat_her onv Sun (solar_ zenith angle ing the upward flux at the TOA. Channel 1.6 um reacts to
equal to 60), and the relative azimuth angle is equal ©© 0 4 increase of AOT with an increase of the TOA reflectance,
According to Mendonca et al. (1981), the single scatteringqe tg the fact that even a thin cloud of aerosol particles re-
albedo of Arctic haze appears to be rather high, larger thafects more than snow in this spectral region (snow albedo is
0.9. Delene and Ogren (2002) reported the SSA of haze af;,und 0.1 here).
Barrow, Alaska, to be 0.94. As we do not know the actual  ag 4 result, various aerosol loads (AOT from O to 3) affect
value of the SSA, we assume it to be 1 and compensate th¢o reflectance in 550 nm, 660 nm and 870 nm channels,
possible lack of absorption with too high AOT. The aerosol ¢, ,sing an equal decrease in all these channels of about 10%.
is assumed to be uniformly distributed in a 3km layer aboveyqyever, this does not affect the shape of the spectral curve.
the surface. It is important to note that these effects are only valid for the
The result of such a simulation is the wavelength- discussed geometry and a very bright surface (Kokhanovsky
dependence of TOA reflectance of the system “sur-etal., 2010).
face+atmosphere”. Here TOA reflectance is the amount of Ray|e|gh Scattering and@bsorption affect the Shape of
radiation, scattered at the surface and in the atmosphere (age spectrum, bringing the TOA reflectance in 550 nm chan-
seen from the top of the atmosphere), divided by the incidente| down by 10% in comparison to the “ideal” case with-
amount of radiation. out this disturbance. The shape of the spectral curve is also
Figure 3a shows the result of our simulation for the dis- affected in the 1.6 um channel, where the TOA reflectance
cussed surface and an aerosol load from 0 to 3.0 (step 0.2prows by more than 50% with the increase of the aerosol load
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Fig. 5. The example of discussed cloud screening metf@xhe initial AATSR scene, 3 May 2006, Spitshergen, 550 (bjthe probability
of clear atmosphere over snow — the result of the cloud screening over snow routine.
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Fig. 6. Left panel shows the false colour composite (red is 11 pm BT, green is 550 nm reflectance, blue is 1.6 pm reflectance) of the initial
AATSR scene, 11 May 2006, 16 h 26 min 26 s, orbit number 21938; middle panel is the screened AATSR scene, probability of clean snow;
right panel is MODIS cloud mask: 1 — cloudy, 2 — probably cloudy, 3 — probably clear, 4 — clear. MODIS scene is for 11 May 2006, 16 h

40 min.
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Fig. 7. Left panel shows the false colour composite (red is 11 um BT, green is 550 nm reflectance, blue is 1.6 pm reflectance) of the AATSR
scene, 8 May 2006, 13h 2min 12 s, orbit number 21893; middle panel is the screened AATSR scene, probability of clean snow; right panel
is MODIS cloud mask: 1 — cloudy, 2 — probably cloudy, 3 — probably clear, 4 — clear. MODIS scene is for 8 May 2006, 12 h 55 min.
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until AOT equals 3. All these factors disturb the shape of the660 nm channels is affected only by a few percent, at 870 nm
snow spectrum and have to be taken into account during thé goes up by around 10% for smaller grains and 10% down
analysis of the spectral behaviour of the scene reflectance. for larger grains. The snow albedo in the 1.6 um channel in-
The other factors which can disturb the shape of the specereases for smaller grains up to 0.2 and drops down to almost
tral curve are caused by the physical parameters of snow angero for large grains, which is similar to the behaviour of the
not by the atmosphere above it. They are snow grain sizealbedo in the 870 nm channel. This means that the relation
liquid water content and possible impurities of the snowpack,between these two channels remains the same and the shape
which can be soot, dust, or atmospheric aerosols fallen out onf the snow spectrum is not affected.
the snow surface. All these factors have been studied and are All the discussed disturbance factors (aerosol load,
presented in papers aimed at both modelling and measureRayleigh scattering, ozone, soot and dust impurities, age and
ments of snow optical properties. liquid water content, and snow grain size) affect the spec-
The effect of dust and soot impurities in snow has beentrum of the cloud free snow scene in different wavelength
studied by Warren and Wiscombe (1980). It is shown thatregions. The performed literature study and RT simulations
the VIS spectral region is particularly sensitive to these im-made it possible to develop a criterion of snow spectral shape
purities, whereas NIR and longwave emissivity of snow arein VIS and NIR channels of AATSR. It is schematically
not affected (which is important for Sect. 2.2). Of course, theshown in Fig. 4 for two example spectra. They are the fresh
distortion of snow albedo spectrum depends on the concernsnow spectrum (from the ASTER spectral library, CalTech,
tration of dust and soot. For example, 10 ppmw of soot can2008), represented with the blue curve and the dry long grass
decrease the albedo of snow by more than 50% in VIS forspectrum (from the USGC Spectroscopy Lab library), rep-
an extremely large snow grain size of 1000 pm (Warren andesented with the black curve. Filled areas (violet for fresh
Wiscombe, 1980). However, this effect is smaller for smallersnow and turquoise for dry long grass) show allowed free-
grains and Arctic snow is believed to have a soot concentradlom in the shape of each spectrum. As the criterion is rela-
tion of around 0.2 ppmw, which reduces the snow albedo bytive, the allowed scatter will change from spectrum to spec-
approximately 20% in the 550 nm and 660 nm channels. Fotrum. We would like to underline that for our cloud screen-
870 nm, this effect is already less than 10%. Similar effectsing routine, we only need to analyse the shape of a spectrum
take place in case of dust impurities: depending on snowin four VIS and NIR AATSR channels. These channels are
grain size, extremely high dust concentrations can reduce thehown in Fig. 4 by vertical lines. However, to make the con-
VIS albedo of snow drastically, but dust concentrations ofcept more obvious, we extended the graphic representation
10 ppmw decrease snow albedo by less than 10% in VIS, foof the shape criteria outside of the four discussed channels.
both small and large grain sizes. Aoki et al. (2000) showThe numerical criteria only exist for the four discussed chan-
the modelled spectral albedo of snow for several reasonablaels and should connect the TOA reflectandegpa (1), of
combinations of physical parameters such as snow densitgthose channels in the following way:
impurities concentration, snow grain size and snow depth.
These spectra differ from the pure snow spectrum only in theg ., (0.87 um — Rroa (1.6 um
shortwave region and by no more than 10%, which proves Rron (087 1m > 80% (1)
that earlier discussed scatter values, caused by soot and dust,
are sufficient for our task_. The effec_t of snow age on the Rroa (0.87 um — Rroa (0.66 pm
snow spectrum was studied by Domine et al. (2006). The R 0.87
comparison of wind crust, fresh snows and depth hoar spec- ToA(0.87m
tra show that these spectra are quite similar to each other ;'

<10% @)

n
the visible, but differ more in the IR. The 1.6 um channel Rroa (0.66 im — Rroa (0.55 1M
reacts on the snow aging with a decreasing albedo, some- Rtoa(0.66 um
times almost to zero. However, this effect does not destroy
the main feature of snow spectral signature — the spectaculdfere the percentage is given for relative reflectance differ-
drop of albedo from 0.87 um to 1.6 um. Liquid water con- ence with the relation t®toa(870 nm) for the first two cri-
tent, however, decreases the snow albedo also in the VIS anigria and toRtoa (660 nm) for the third one. From Fig. 4, it
NIR (Gerland et al., 1999), but it does not change the spectrais visible that the fresh snow spectrum (blue curve) fits into
shape in the channels of AATSR and the relation between albur snow spectral shape criteria, whereas the spectrum of dry
the discussed VIS and NIR channels remains the same (Wafeng grass does not. ThRroa(1.6 um) of dry grass is too
ren, 1982). high and does not represent the main feature of a snow spec-

The effect of snow grain size on the snow spectrum istrum — the reflectance drop from 870 nm to 1.6 um. Also, the
studied, for example, by Domine et al. (2008), Wiscombefeature of vegetation spectra, the so called “red edge” (fast
and Warren (1980) and Tedesco and Kokhanovsky (2007)increase of reflectance at 0.4—0.7 um), is visible in the fig-
The snow spectrum is affected by the grain size mostly inure and makes thBtoa(660 nm) be at the edge of the snow
NIR and only a bit in VIS. Snow albedo in the 550 nm and spectral shape criteria.

< 40% 3
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The discussed criteria are already enough to screen outy of less than 5%. This scatter of the spectral shape can be
optically thick warm clouds, but will have difficulties with taken into account and is still much smaller than that caused
cirrus and any optically thin clouds, because these do noby the high reflectance of clouds in the 3.7 um channel.
significantly disturb the spectral signature of snow in these Independently of the physical temperature of snow, the rel-
spectral regions. To screen out such clouds, we need to usaive BT differences of the 3.7, 10.8 and 12 um channels are
TIR channels of AATSR. This problem is discussed in the not to be larger than 3%. This criterion will remove both
next section. warm and cold clouds. Both are present in the discussed

scene; in Fig. 1f, the blue colour corresponds to cold, and
2.2 Cloud screening in TIR: snow emissivity and cloud  orange to warm clouds. BT of snow and ocean is similar in
reflectance all three discussed channels within the allowed scatter.

) » ) All the factors mentioned in Sects. 2.1 and 2.2 create
The 3.7, 10.8 and 12 pm channels provide additional infor-, gneciral shape criterion for the relative reflectances and

mation to distinguish surface and clouds. As was mentioned,jghmess temperatures in seven AATSR channels. It is not
by Spangenberg et al. (2001), brightness temperature (BT) 0f, ahsolute threshold in each of the channels separately, but
the 3.7 um channel contains not only emitted radiation, but ey 4 flexible relative connection of all the seven spectral
also radiation scattered by the object, in our case, by a cloudyannels in order to recognize the spectral signature of snow,

or snow. _ _ ifitis present in the spectrum of the scene.
Thermal properties of snow have been measured (Hori €t 14 summarize, here are all the parts of the spectral shape
al., 2006; English et al., 1995) and show that snow is very . iierion:

close to a black body and emits according to its physical tem-
perature. The reflection of snow is very low in the 3.7, 10.8'1 BT@.7um —-BT(108um <3% (5)
and 12 pm channels (Wald, 1994). This is not the case fo BT@R.7pum
clouds, because R(3.7 um) of cloud droplets is much higher
depending on the effective radii of the particles and on thel
optical thickness of the cloud. Therefore, the spectral shap
of a cloud pixel in the discussed 3 channels will differ from
that of snow due to the different physical nature of these twoRTOA (0.874m — Rroa (1.6 km
objects. Rron (0.87um
To estimate the amplitude of reflectance contamination p _

) T0A (0.87 HmM — R70A (0.66 pm

of BT(3.7 um), we calculate thB1oa(3.7 um) according to K H

BT (3.7 um —BT (12 um
BT (3.7 um)

<3% (6)

>~ 80% @)

<10% ®)

Spangenberg et al. (2001): Rron (0.87 um
_ Rtoa (0.66 pm — Ryoa (0.55 um
e3.7um* B3.7um(13) —€3.7um* B3.7um(T4) 0
Rroa (3.7 pmy — L2276 Barim(T9) — earym: BazumT0)] - Rroa (0.66 M = 40% ©

[(0- S3.7pm) —€3.7pm- Ba7pm(Ta) ]

whereTs is the measured 3.7 um brightness temperafiye, EXperiments show that this order of criteria is computation-
is the measured 11 pm brightness temperatugds the co-  ally the most effective, because most clouds are screened out

sine of solar zenith ang|e$‘3.7um is the solar constant at during TIR check and the snow Signature is mOSt|y stored
3.7um (3.47 Wm2um-1) e37um is the clear snow emit- in the large drop between 870nm and 1600 nm channels.

tance, B 7um(BT) is the Planck function at 3.7 um for some None of these cr.iteria are related to _the absolute value of

temperature BT. refle_ctance or BT; the_refore, _the algorithm does not rely on
An example of a calculateftroa(3.7 um) is presented in  SPatial contrast of the image in any channel. _

Fig. le. One can clearly see the high reflectance of clouds The result of our cloud screening method is shown in

and very low reflectance of snow and ocean (see ocean-lang!d- > (unscreened scene in all the 7 AATSR channels is

mask contours). This reflectance pattern is included in theshoWn in Fig. 1).

AATSR BT(3.7 um) (Fig. 1f), causing the differences in the

shapes of the spectral curves of snow and (;Iouds for3.7,10.8 \slidation of the algorithm

and 12 um channels. It is visible that the brightness tempera-

ture of snow in all three channels is approximately the sameg.1 MPL

which corresponds to, e.g. measurements of snow emissivity

in MODIS USCB Emissivity Library. Measured emissivity The discussed cloud-screening method was applied for a se-

is quite stable throughout the thermal region of the spectrunguence of AATSR data for spring 2006, at Spitsbergen (ap-

(variation around 2%). Hori et al. (2006) show that emissiv- proximately 100 scenes). The results were compared to the

ity of snow for a given temperature depends on its physicalMicro-Pulse Lidar network data (Welton et al., 2001; Camp-

parameters such as grain size and liquid water content. Howbell et al., 2002). In 95% of the cases, the discussed method

ever, these dependencies cause a variation of snow emissidetects cloudy and clear sky correctly. The resulting 5% of
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Fig. 8. Alaska, AATSR: 30 April 2006, 22 h 17 min 44 s, orbit number 21783. MODIS: 30 April 2006, 22 h 5min. Left panel is the false
colour composite (red is 11 um BT, green is 550 nm reflectance, blue is 1.6 um reflectance) of initial AATSR scene; second left panel is the
clear snow mask of AATSR scene (0 — not snow, 1 — clear snow) achieved with presented method; third left panel is MODIS cloud mask: 1
— cloudy, 2 — probably cloudy, 3 — probably clear, 4 — clear; right panel is operational AATSR cloud mask from level-1b product: 0 — cloudy,

1 —clear.
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Fig. 9. Greenland. AATSR: 4 May 2005, 15h 7 min 47 s, orbit number 21836, MODIS: 4 May 2005, 15h Omin. Left panel is the false
colour composite (red is 11 um BT, green is 550 nm reflectance, blue is 1.6 um reflectance) of initial AATSR scene; second left panel is the
clear snow mask of AATSR scene (0 — not snow, 1 — clear snow) achieved with presented method; third left panel is MODIS cloud mask: 1
— cloudy, 2 — probably cloudy, 3 — probably clear, 4 — clear; right panel is operational AATSR cloud mask from level-1b product: 0 — cloudy,

1 —clear.

Fig. 10. Scandinavian Peninsula, AATSR: 14 April 2006, 10 h 38 min 17 s, orbit number 21547. MODIS: 14 April 2006, 10 h 35 min. Left
panel is the false colour composite (red is 11 pm BT, green is 550 nm reflectance, blue is 1.6 um reflectance) of initial AATSR scene; second
left panel is the clear snow mask of AATSR scene (0 — not snow, 1 — clear snow) achieved with presented method; third left panel is MODIS
cloud mask: 1 — cloudy, 2 — probably cloudy, 3 — probably clear, 4 — clear; right panel is operational AATSR cloud mask from level-1b

product: 0 — cloudy, 1 — clear.
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Fig. 11. Scandinavian Peninsula, AATSR: 22 April 2006, 9h 47 min 27 s, orbit number 21661. MODIS: 22 April 2006, 9 h 40 min. Left
panel is the false colour composite (red is 11 um BT, green is 550 nm reflectance, blue is 1.6 pum reflectance) of initial AATSR scene; second
left panel is the clear snow mask of AATSR scene (0 — not snow, 1 — clear snow) achieved with presented method; third left panel is MODIS

cloud mask: 1 — cloudy, 2 — probably cloudy, 3 — probably clear, 4 — clear; right panel is operational AATSR cloud mask from level-1b
product: 0 — cloudy, 1 — clear.
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Fig. 12. Northern part of Russia. AATSR: 22 April 2006, 4 h 43 min 20 s, orbit number 21658. MODIS: 22 April 2006, 4 h 45min. Left
panel is the false colour composite (red is 11 um BT, green is 550 nm reflectance, blue is 1.6 um reflectance) of initial AATSR scene; second
left panel is the clear snow mask of AATSR scene (0 — not snow, 1 — clear snow) achieved with presented method; third left panel is MODIS

cloud mask: 1 — cloudy, 2 — probably cloudy, 3 — probably clear, 4 — clear; right panel is operational AATSR cloud mask from level-1b
product: 0 — cloudy, 1- clear.
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Fig. 13. Northern part of Russia. AATSR: 21 April 2006, 5h 13 min 21s, orbit number 21644. MODIS: 21 April 2006, 5h 40 min. Left
panel is the false colour composite (red is 11 pm BT, green is 550 nm reflectance, blue is 1.6 um reflectance) of initial AATSR scene; second
left panel is the clear snow mask of AATSR scene (0 — not snow, 1 — clear snow) achieved with presented method; third left panel is MODIS

cloud mask: 1 — cloudy, 2 — probably cloudy, 3 — probably clear, 4 — clear; right panel is operational AATSR cloud mask from level-1b
product: 0 — cloudy, 1 — clear.
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Fig. 14. Himalayan mountains. AATSR: 18 April 2006, 5h 17 min 59 s, orbit number 21601. MODIS: 18 April 2006, 5h 20 min. Left panel

is the false colour composite (red is 11 um BT, green is 550 nm reflectance, blue is 1.6 um reflectance) of initial AATSR scene; second left
panel is the clear snow mask of AATSR scene (0 — not snow, 1 — clear snow) achieved with presented method; third left panel is MODIS
cloud mask: 1 — cloudy, 2 — probably cloudy, 3 — probably clear, 4 — clear; right panel is operational AATSR cloud mask from level-1b
product: 0 — cloudy, 1 — clear.

wrong detections are connected to thin clouds (Fig. 6), whichmosphere here will be very small and all the exotic types of
disturb the spectral shape of the scene only slightly, or to asnow will also be absent. On the other hand, if the objective
particular case of surface (Fig. 7). is to study atmosphere and, for example, to retrieve AOT over
In Fig. 6, we see the scene for Spitsbergen, 11 May 2006Snow, then the allowed range of scatter should be rather wide,
Micro Pulse Lidar located in NyAlesund (78.91667 N, to ensure that high aerosol loads are not screened. However,
11°.93300 E), in the western part of the island. It shows the@ broad criterion for scatter yields scenes with various types
presence of a very thin cloud at a 1km altitude, however,0f sSnow, possibly contaminated. Thus, the target product for
neither discussed cloud-screening technique nor the MODIghe retrieval (in this case AOT over snow retrieval) needs to
cloud mask show it. At the same time, their correspondencd® considered.
to each other is rather good throughout the rest of the im-
age. The reason can be the size of the cloud: subpixel thi
clouds over snow simply do not change the spectral shape of
the scene significantly.

ﬁ% 2 The comparison to MODIS and operational AATSR
cloud masks for different kinds of snow surface

In order to check the performance of the presented cloud
In Fig. 7, we see another scene for Spitsbergen, 8 Mayscreening method over different kinds of snow surface, we
2006. According to Micro Pulse Lidar, the Mjesund area  processed a set of AATSR scenes from both Northern and
should be cloud free. However, our cloud screening showssoythern hemispheres at various locations, and compared the
that there is no clear snow at Myesund on this scene. The resylts of operational AATSR cloud mask for nadir view,
MODIS cloud product shows this area as “probably clear”.\yhich is taken from a level 1b AATSR product, and to
AATSR reflectance shows that the surface is slightly darkerthe MODIS cloud product for the same location. Unfortu-
at Ny Alesund. This can be caused by shadowing by MOUNTately, exact temporal collocation of AATSR and MODIS
tains or extremely contaminated snow surface. was sometimes impossible, in which case the closest avail-
So we see that thin clouds are, unfortunately, still a prob-able observation was chosen. Pixel-to-pixel collocation of
lem for the discussed cloud screening method. Of coursethe two instruments appear to be not easy, but visual analy-
one could give more strict spectral shape criteria and reducsis can already help to estimate the quality of the presented
the allowed scatter. However, this could lead to screeningmethod. It is important to note that MODIS and operational
out of pixels with the present aerosol loads or pixels with AATSR cloud masks detect cloudy or clear conditions over
those various kinds of snow which differ from the fresh clean any kind of surface, whereas the presented method has been
snow. In other words, the spectral shape criterion can be addesigned to detect clear snow scenes only. Therefore, as dis-
justed to fit the certain task. If the task is to study physical cussed, the snow mask will differ from operational AATSR
properties of snow (where atmospheric correction is usuallyand MODIS cloud masks even in cloud-free cases — due to
a problem), one could set the allowed scatter to be very narthe presence of all kinds of surface in these latter products
row along the desired spectrum. Such a criterion would onlyand not just snow.
give the scenes with clean fresh snow, according to the ref- The results of the presented cloud screening method
erence spectrum (see e.g. Fig. 4). The influence of the atare plotted together with MODIS cloud mask and AATSR
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operational cloud mask for eight different cases of clouds
over snow are shown in Figs. 8-15. They include scenes over
Alaska (snow, ice covered with snow), Greenland (snow, ice
covered with snow), the Scandinavian Peninsula (snow cov-
ered mountains, snow covered forest), Northern part of Rus-
sia (snow covered forest, snow on ice), Himalayan mountains
(snow covered peaks), Antarctica (snow, snow covered ice).

Figures 8-13 show that the presented cloud-screening
method corresponds to MODIS cloud mask rather well,
screening out all the clouds and not confusing them with
snow (Fig. 10). Flat snow, either on ice or on land, is the
best surface for the cloud screening (Figs. 8-9, ice part of
Fig. 12). Mountain peaks covered with snow can be recog-
nized (Figs. 10, 11, 14). Snow covered forest (Fig. 11) is also
recognized (however, not continuously; only single brightest
show pixels are detected). In general, the presented method
appears to be a little stricter in comparison to the MODIS
cloud mask. For example, the case of flat snow, according
to the MODIS cloud product, is not recognized very well
(Fig. 15, Antarctica). The reason for a not very accurate de-
tection might be the illumination-observation geometry (low
solar zenith angle), which could affect the ranges of appli-
cability of the presented spectral shape criteria. Addition-
ally, the reason might be some type of snow here overlooked,
which is located outside the suggested spectral shape crite-
rion, but still is a cloud-free and not extremely contaminated
snow. Extensive research is needed to understand if this is
the feature of all the Antarctic snow or just the feature of one
special day or location.

AATSR operational cloud mask corresponds to MODIS

and presented snow mask rather well in some cases (Figs. 16i9- 15. Antarctica, AATSR: 20 January 2006, 5h 16 min 00's, or-

11, lower part of Fig. 12), however, showing not so good bit number 20341. MODIS: 20 January 2006, 5 h 00 min. Top panel
is the false colour composite (red is 11 pm BT, green is 550 nm re-

a performance for other cases of snow surfaces, where prjlectance blue is 1.6 um reflectance) of initial AATSR scene; sec
sented snow mask and MODIS cloud mask still correspon ’ OH '
ond from top panel is the clear snow mask of AATSR scene (0 — not

well (Figs. 8 9_1_2’ 13). Therefore, f9r the cases of snow Sur'snow, 1 — clear snow) achieved with presented method; third from
face, the reliability of AATSR operational cloud mask should top panel is MODIS cloud mask: 1 — cloudy, 2 — probably cloudy.

be investigated furthgr. ' 3 — probably clear, 4 — clear; lowest panel is operational AATSR
In general, according to the comparison to MODIS cloud cloud mask from level-1b product: 0 — cloudy, 1 — clear.
mask, the quality of the presented cloud/snow discrimination

appears to be reasonably good for such a simple discrimina- )
tion algorithm. mask were compared to AATSR operational cloud mask for

nadir view, and showed that for some cases of snow surface
the quality of AATSR operational cloud mask is question-
4 Conclusions able. The presented cloud screening was validated against
MPL data. The reliability of the method is 95% (on approx-
A simple and robust cloud-screening method was developedmately 100 scenes). The presented cloud screening over
for AOT retrieval over snow using AATSR observations. The snow can be extended to other types of surface and could
method uses a spectrum-shape control in seven VIS, NIR anbie a candidate for the upcoming ESA Sentinel 3 mission.
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