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Abstract. A new cirrus detection algorithm for the Spinning 1 Introduction

Enhanced Visible and Infra-Red Imager (SEVIRI) aboard

the geostationary Meteosat Second Generation (MSG)Clouds are one of the most important components of the
MeCiDA, is presented. The algorithm uses the seven in-global climate system. According to IPCC (2007), “cloud
frared channels of SEVIRI and thus provides a consistenfeedbacks remain the largest source of uncertainty” in the
scheme for cirrus detection at day and night. MeCiDA com-climate sensitivity of the Earth. Cirrus clouds, in particu-
bines morphological and multi-spectral threshold tests andar, have attracted special attention because they can provide
detects optically thick and thin ice clouds. The thresholdsa positive net cloud radiative forcing (Hansen et al., 1997).
were determined by a comprehensive theoretical study usin€irrus clouds or high ice clouds cover approximately 21%
radiative transfer simulations for various atmospheric situa-(Rossow and Schiffer, 1999) to 33% (Wylie et al., 2005) of
tions as well as by manually evaluating actual satellite ob-the Earth — this number of course depends on the definition
servations. The cirrus detection has been optimized for mid-of “cirrus cloud” and in particular on the detection limit of
and high latitudes but it could be adapted to other regionghe observing instrument. Changes in cirrus cloud coverage
as well. The retrieved cirrus masks have been validated bynay significantly alter the Earth’s climate. The detection and
comparison with the Moderate Resolution Imaging Spectro-quantification of cirrus clouds and the understanding of their
radiometer (MODIS) Cirrus Reflection Flag. To study possi- formation and dissipation is therefore important for the un-
ble seasonal variations in the performance of the algorithmderstanding of the atmosphere and the prediction of climate
one scene per month of the year 2004 was randomly selectechange.

and compared with the MODIS flag. 81% of the pixels were  The impact of cirrus clouds on the radiation budget of
classified identically by both algorithms. In a comparison the Earth depends strongly on their optical properties but
of monthly mean values for Europe and the North-Atlantic also on solar zenith angle and surface albedo. Their radia-
MeCiDA detected 29.3% cirrus coverage, while the MODIS tive effect is a delicate balance between reflection of short-
SWIR cirrus coverage was 38.1%. A lower detection effi- wave radiation and trapping of longwave radiation: While
ciency is to be expected for MeCiDA, as the spatial resolu-the first effect usually dominates for optically thick clouds,
tion of MODIS is considerably better and as we used onlythin cirrus clouds may cause a net warming effect, depend-
the thermal infrared channels in contrast to the MODIS a|-ing on their microphysical properties and ice water content
gorithm which uses infrared and visible radiances. The ad{Meerkbtter et al., 1999). Cirrus coverage may have a di-
vantage of MeCiDA compared to retrievals for polar orbiting urnal cycle (Wylie and Woolf, 2002). Monitoring of cirrus
instruments or previous geostationary satellites is that it perclouds with geostationary satellite instruments allows the in-
mits the derivation of quantitative data every 15min, 24 h ayestigation of diurnal variations as well as the possibility of
day. This high temporal resolution allows the study of diur- observation of life cycle aspects. However, thin cirrus rep-
nal variations and life cycle aspects. MeCiDA is fast enoughresents a challenge to satellite retrieval methods because of

for near real-time applications. its weak contrast with the underlying surface and/or atmo-
sphere.
Satellite instruments are an ideal means to derive cloud
Correspondence to: B. Mayer properties on a global scale. Various studies have addressed
(bernhard.mayer@dlr.de) the retrieval of cirrus clouds from satellite instruments and
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for some of them, data are operationally available. In partic-tailed radiative transfer simulations have been performed to
ular, the MODIS (MODerate Resolution Imaging Spectro- fully exploit the unique spectral opportunities of SEVIRI.
radiometer) instrument on board the Terra and Aqua satelsing only the thermal channels the algorithm offers the pos-
lites with its 36 spectral channels is one of the most ac-sibility to observe cirrus clouds at day and night with the
curate passive instruments to derive cirrus cloud propertiesame detection scheme. Since it is fast enough for near real-
from radiance observations (Ackerman et al., 1998; Platnickiime applications, MeCiDA allows the generation of homo-
et al., 2003; King et al., 2003). New active lidar instru- geneous time series of cirrus cloud coverage maps which can
ments in space (e.g. the Geoscience Laser Altimeter Systeimprove the current understanding of the formation, evolu-
GLAS (Mahesh et al., 2004; Hart et al., 2005) or CALIPSO tion and dissipation of this important cloud type.
which is part of the A-Train) may provide even more accu- For validation of the algorithm, we compared MeCiDA re-
rate information, in particular about semi-transparent cirrus.sults with the standard MODIS cirrus cloud product. MODIS
All these instruments have one common disadvantage: Theis a key instrument aboard the NASA Terra and Aqua polar
are employed on polar-orbiting platforms which constrainsorbiting satellites. It acquires data in 36 spectral bands with
the availability of data to the local overpass time. Instru- a spatial resolution up to 250%250 m, some of which had
ments like MODIS provide at least one observation per daybeen specifically designed for the detection of cirrus clouds.
while sophisticated instruments like GLAS and CALIPSO MeCiDA cirrus masks have been compared with the Cirrus
only provide a very limited coverage of the Earth. Geosta-Reflectance Flag from the MODO06 L2 Products (Platnick
tionary instruments, on the other hand, provide informationet al., 2003; King et al., 2003; Ackerman et al., 1998) for
frequently (typically every hour or faster), but they typically the North-Atlantic, Europe, and North-Africa. The spatial
have only a few broadband channels at low spatial resoluresolution of this product is 1 ksl km — much higher than
tion. Nevertheless, the big advantage of their high time resothe SEVIRI resolution, which is approximately 4 kB km
lution has been exploited in several studies, e.g. (Minnis andn mid-latitudes.
Smith Jr., 1998; Feijt et al., 2000). The paper is organised as follows: Sect. 2 describes the ba-
The Spinning Enhanced Visible and Infra-Red Imager sic theory and methods, in particular the definition of “cirrus
(SEVIRI) onboard the geostationary satellite Meteosat Sec<loud” with respect to what is actually detected by MeCiDA,
ond Generation (MSG) (Schmetz et al., 2002) combines thehe physics behind the detection of cirrus clouds, and the ra-
advantages of both worlds to some degree. MSG/SEVIRIldiative transfer model which we used for the study. Section 3
which became operational at the end of January 2004, propresents the MeCiDA algorithm in detail. Section 4 shows
vides data with a high temporal resolution of 15min. SE- the results of the validation. Finally, summary and conclu-
VIRI comprises twelve spectral bands, seven of which aresions are presented in Sect. 5.
pure thermal infrared and provide data at day and night with
a spatial resolution of 3 km3 km at the sub-satellite point.
In particular, two channels (the water vapor channels WV6.
and \_/\(V7.3 centered at 6.2m _and 7.3um respectively) are 51 Girrus classification
sensitive to upper tropospheric water vapor, three are window

channels (the infrared channels IR8.7, IR10.8, and IR12.Qcjrrys (latin for “curl of hair”) clouds cover a wide range of
at 8.7, 10.8 and 12,0m), one (IR9.7) includes the ozone ptical and microphysical properties. A definition of “cirrus”
absorption band at 9/4m and one (IR13.4) is located in s therefore required to illustrate what the algorithm actually
the CQ absorption band at 13/4m. The three pure SO- getects. The World Meteorological Organization (WMO)

lar channels were not used for our analysis because theyjes the following definitions (World Meteorological Orga-
are obviously only available during day time. The mixed nization. 1975 1987):

solar/thermal channel at 3.4n was also excluded as it is

“contaminated” by solar radiation during day time and there-Cirrus. Detached clouds in the form of white, delicate filaments or
fore would also introduce a day/night difference into the de-Wwhite or mostly white patches or narrow bands. These clouds have
rived product. Based on the seven thermal channels we dé? fibrous (hair-like) appearance, or a silky sheen, or both.

veloped an algorithm MeCiDAMeteosatCirrus Detection  cjrrocumulus. Thin, white patch, sheet or layer of cloud without
Algorithm) using morphological and multi-spectral threshold shading, composed of very small elements in the form of rains, rip-
technigques. In contrast to more general MSG/SEVIRI cloudples etc., merged or separate, and more or less regularly arranged;
classification schemes (e.g. Derrien and Le Gleau, 2005)nost of the elements have an apparent width of less than one degree.
we specifically aim at the detection of cirrus clouds during
day and night and optimized the algorithm for that purpose.
MeCiDA combines well-known cirrus detection methods
e.g. the semi-transparent thin cirrus or “split-window” test
which uses the brightness temperature differéhgg— 7120 These definitions are entirely morphological and are based
(Inoue, 1985; Kriebel et al., 2003) and new techniques. De-on the visual appearance at the ground during daytime.

22 Theory and methods

Cirrostratus. Transparent, whitish cloud veil of fibrous (hair-like)
or smooth appearance, totally or partly covering the sky, and gener-
ally producing halo phenomena.
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“Sub-visible cirrus” is well recognized in meteorology but comparison campaigns and by direct comparison with obser-
is currently not included in the WMO classification (Lynch vations, e.g. (Van Weele et al., 2000; Mayer et al., 1997).

et al., 2002). In addition to natural cirrus, there are man- For this study, two sets of simulations were used: (1) a

made clouds, in particular “aircraft contrails” and “contrail systematic variation of various input parameters, to study the
cirrus” into which a persistent contrail eventually evolves. dependence on specific variables, like the surface tempera-

Even if the morphology leads to an obvious classification,ture, cloud top height, etc.; (2) a test data set with a random
and the morphological properties are used by the develvariability of all relevant input data to cover a wide range of
oped algorithm to detect cirrus clouds, morphology is only possible conditions. For the latter, 10 000 different combina-
the first step to physical classification. “Were this not the tions of atmospheric conditions were used as input:

case, then whales would still be called fish and planets
would be classified as stars ...” (Lynch et al., 2002). Tem-

perature, altitude, phase, and optical properties are com-
monly used for the classification of clouds from satellite data

(Rossow and Schiffer, 1999).

MeCiDA aims to detect clouds, the optical properties of
which are dominated by ice, with high cloud top height, or
equivalently, low cloud top temperature. As any passive in-
strument in non-limb geometry, MeCiDA fails to detect sub-
visible cirrus but rather detects those clouds with a signif-
icant impact on the radiation budget of the Earth, with an
optical thickness in the order of magnitude 0.1 or more de-
pending on the atmospheric and surface conditions as well
as on the viewing geometry. In this paper these clouds are
simply called “cirrus”. This also includes deep convective
clouds if they are cold enough. MeCiDA classifies them as
thick ice clouds which is a reasonable approach as deep con-

— profiles of pressure, temperature, water vapor, ozone

concentration and other trace gases were taken from the
TIGR-3 (Thermodynamic Initial Guess Retrieval) data
set (Chevallier et al., 1998);

— the ice cloud optical thickness was varied between 0

and 10, the ice particle effective radius between 10 and
45um, with a bottom height between 6 and 10 km and
a geometrical thickness of 0.5-2 km;

in 50% of the cases, a water cloud was added below the
cirrus, with optical thickness between 5 and 50, droplet
radius 5-15:m, cloud bottom height 1-2 km, and cloud
geometrical thickness 0.5-2 km;

— the surface emissivity was assumed to be 1 in all cases

and the surface skin temperature was calculated by
adding a randomt:10K to the temperature of the low-

vective clouds are usually topped by a cirrus layer. . L
yopp y y est level of the atmospheric profile; in a future study, the

spectral variation of the emissivity should also be con-
sidered, but for the application in this paper the role of
the surface is comparatively small because in all tests

2.2 Radiative transfer simulations

The new multi-spectral threshold techniques used by our al- b i ,
gorithm have been developed on the basis of detailed radia-  the “cloudless” background is subtracted from the data
tive transfer calculations. Equivalent brightness temperatures ~ anyway.

for the thermal SEVIRI channels have been simulated for dif- oach atmopheric data set, brightness temperatures were
ferent atmospheric and surface conditions with the radiative. 5o 1ated for satellite zenith ;;mgles between 0 arfj 78
transfer package libRadtran (Mayer and Kylling, 2005). li- oqyigistant steps of 0.02 in the cosine of the satellite zenith
bRadtran offers a flexible interface to setup the atmosphen%ngle Thus, preference is given to larger satellite viewing
and surface conditions as well as a choice of different radia'angles in which we were interested most (Europe and the
tive transfer equation solvers. For the simulation of radiancesf\lorth-AtIantic). A total of 410 000 data points was obtained
or brightness temperatures in this paper we sglected the DI%41 viewing angles for 10000 atmospheric conditions), 50%
ORT 2.0 solver by Stamnes et al. (1988) with 16 streamsyjith and 50% without water clouds below the cirrus cloud.
which allows accurate simulations of radiances. Moleculartpis test data set covers a wide range of atmospheric and

absorption is accounted for by the LOWTRAN atmospheric g, it5ce conditions and forms an ideal basis for optimizing
band model (Pierluissi and Peng, 1985) adopted from the SBz 4 evaluating threshold tests.

DART radiative transfer code (Ricchiazzi and Gautier, 1998)

which uses a three-term exponential sum fit with a resolu-2.3  Cirrus detection basics

tion of 20cnT!. Each SEVIRI channel is simulated with

15 spectral grid points, weighted with the filter function, Clouds in satellite images are usually characterized by their
and integrated over wavelength. Ice cloud single scatterindnigher reflectance and lower brightness temperature than the
properties in the thermal IR were parameterised accordinginderlying surface and/or atmosphere. However, cloud types
to Fu et al. (1998) which includes the single scattering prop-such as thin, semi-transparent cirrus are difficult to detect be-
erties of hexagonal ice columns for a wide range of effectivecause of insufficient contrast. Here we present some general
radii. Profiles of temperature, pressure, and trace gas conceuletection principles for thin and thick ice clouds. We concen-
trations were taken from Anderson and Hall (1989). libRad-trate on the thermal channels because we aim at a consistent
tran has been successfully validated in several model interalgorithm for day- and night-time and thereby abandon the

www.atmos-chem-phys.net/7/6145/2007/ Atmos. Chem. Phys., 7, 6145-6159, 2007
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— 10 .
< b as well as from the surface and atmosphere below. The thin-
Q 8 . . . .
8 ner the cirrus cloud, the closer is the radiance to its cloudless
() . -
5 e value (Egs. 1 and 2) and the harder is the cirrus cloud to de-
[ . . . .
E 4 tect. For the detection of thin cirrus, several multi-spectral
Za 2 techniques have been described in the literature, e.g. the
2 = I P &H semi-transparency or “split-window” test based on two chan-
0
E— ) \\H nels at 10.8 and 12,6m (Inoue, 1985):
g 0 — 283K
o a — 293K

# o — Aok B T108—T120> Tihreshold

10°2 5102 510 2 510 2 510 10° 2 510" 2 510 2 s 100 2 5 10

optical thickness optical thickness-

The physical basis of this algorithm is the difference in

Fig. 1. Simulated brightness temperature difference of SEVIRI \t/t/]s?vz;gglgethzcatlt:(iaggi T;F;irg\;e\; gfs I;?] Zl)?:r?l;:t t;zefgatgvs?_
channels IR10.8 and IR12.0 for the mid-latitude summer atmo- "~ ™ ™ <" ™

sphere, a cirrus cloud between 10 and 11 km, effective particle rac@" SPlit-window test for IR10.8 and IR12.0 channels. The
dius 6xm, and satellite zenith angle 80(a) Temperature differ- three curves correspond to three different surface tempera-
ence as a function of the cloud optical thickness for three differenttures which clearly have an effect on the temperature differ-
surface temperaturef) same, but after subtraction of the respec- ence. To reduce the effect of surface and atmosphere (first
tive cloudless temperature difference (= corrected BTD). and second term in 2), one may subtract the corresponding

difference for cloudless conditions:

additional information provided by the solar channels which T108—7120— (71038, cloudless— 712.0,cloudless > Tthreshold

is available only during day time and which would introduce

systematic differences between the results for day and nightSuch differences will be called “corrected brightness tem-
An imager aboard a satellite provides radiances or equivaPerature differences” or “corrected BTD" in the following.

lent brightness temperatures for specific spectral bands. ThEigure 1b shows the result of the subtraction: all curves coin-

simple conceptual model by Kidder and Vonder Haar (1995)cide now for small optical thickness and thin to moderately-

allows to separate the different contributions to the brightnesghick ice clouds may be detected using a single threshold

temperature or radiance at top-of-atmosphere. For cloudleslue. The dashed line indicates the threshold of 0.6 K which

old, clouds with an optical thickness between 0.1 and 5
L ~ eg-B(Ts)ta + B(T4)(1—ty4) (1) should be detected, but the actual detection limit of course

depends on the profiles of temperature and trace gas concen-
trations, the cloud top height, the particle size, and the satel-
lite zenith angle. The threshold was chosen by evaluating a
large set of radiative transfer calculations for a wide range
whereB(T) is the Planck functionTs the surface tempera- Of conditions. The required cloudless brightness tempera-
ture, €5 the surface emissivity[ the effective temperature ture differences needs to be determined either from numer-
of the atmospheref the temperature at cirrus cloud top, ic@l weather prediction model or reanalysis data (e.g. Feijt
14 the atmospheric transmittance, ardthe transmittance €t @l., 2000) or by searching the warmest pixel in the neigh-
of the cirrus cloud. The transmittances of course depend®ourhood of the given pixel and assuming it to be cirrus-free.
on wavelength and satellite viewing angle, and the Plancklhe second method was used in several detection tests and is
function B(T) strongly depends on wavelength. For opaquePart of the MeCiDA Algorithm.

and in the case with a cirrus cloud

L ~ es-B(Ts)tatc + B(Ta)(A—ta)tc + B(Tc)(A—tc) (2)

cirrus ¢ ~ 0) the right side of (2) reduces to In addition to the spectral characteristics of cirrus clouds
our algorithm exploits the morphological properties of cir-
L ~ B(T¢) (3) rus in the water vapor channels like WV7.3 and WV6.2 on

SEVIRI. Water vapor channels are ideally suited for cirrus
The simplest way to detect cold ice clouds is a single chandetection, as absorption and emission by atmospheric water
nel threshold technique where the observed brightness temwapor effectively “shields” surface and lower clouds. In the
peratureT; at a given wavelength is compared to some Wwater vapor channels the impact of the surface temperature

threshold can therefore be neglected as can be seen in Fig. 2, left panel.
The radiance at top-of-atmosphere is emitted from water va-
T < T, threshold por and high clouds only. The horizontal distribution of the

integrated water vapor path is usually rather smooth while

This method works well for opaque clouds, but for opti- cirrus clouds often exhibit considerable small-scale variabil-
cally thin or semi-transparent clouds, the radiance or bright-ity and thus cause a high frequency disturbance in the image,
ness temperature includes contributions from the cirrus cloudee left panel of Fig. 2: Here the cold structured cirrus cloud

Atmos. Chem. Phys., 7, 6145-6159, 2007 www.atmos-chem-phys.net/7/6145/2007/
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Fig. 2. (Left) brightness temperature image of SEVIRI water vapor channel WV7.3 over South Western Europe and the West coast of Africa
on 3 March 2004 at 14:30 UTC; a cirrus band is clearly visible by its darker color (lower temperature); (right) high-pass filtered image by
subtracting a 1919 pixel average (boxcar filter or moving average) from the original image.

is clearly visible before the smooth water vapor background(test 1-test 6). These sub-groups are described in detail in
in the WV7.3 channel. Using a high-pass filter the cloud canthis section. Each of the six tests is a full cirrus test in its
be extracted from the image: By subtracting a smoothed im-own and could be used alone. In order to increase the detec-
age from the original image, the high frequency part of thetion efficiency of our method, we combine the results of all
image is extracted (right panel of Fig. 2) and can again beests with a logical OR, that is, if at least one of the six tests
automatically detected by applying a threshold. In MeCiDA classifies a pixel as cloudy, it is considered cloudy. In con-
we use either a Gaussian filter or a boxcar filter which is sim-sequence, each test needs to have a low “false alarm rate”.
ply a moving average over a certain area. This test is similafor several tests, thresholds were determined on the basis of
to the well known spatial coherence test (e.g. Saunders andomprehensive radiative transfer calculations, in particular
Kriebel, 1988) usually applied to window channel brightnessfor the temperature-difference tests. For others, thresholds
temperatures over ocean. were defined empirically by visual inspection of satellite im-
The combination of two types of algorithms (threshold ages, in particular the thresholds for the morphological tests.
and morphological) by a logical AND has the advantage thatTest 1: split-window 10.8-12.«m and morphology
thin cirrus is detected using different, more or less indepen-7.3um
dent, principles. This allows to tune the single testto a high Test 1 uses the split-window temperature difference
detection efficiency without getting too many false alarms. 7145—71, to detect thin cirrus. As shown in Fig. 1a, the
Figure 3 shows the combination of the brightness temperthreshold temperature is sensitive to surface temperature and
ature difference test, the morphological test, and the simthe atmospheric profiles. To reduce the influence of sur-
ple threshold which together form Test 1 (see below). Forface and atmosphere, the corresponding cloudless bright-
example the morphological test alone sometimes misclasness temperature difference is estimated using the warmest
sifies structured low level clouds and surface features likeneighbourhood pixel from ax33, 9x9, or 19x 19 pixel area
coastlines as cirrus, but these are usually not detected by thground the pixel under consideration and subtracted from the
brightness temperature difference test and are therefore exemperature difference. We used three different areas be-
cluded. The optically thick and homogeneous cirrus cloudscause, for example, close to coastlines a too large area might
which are not detected by the thin cirrus tests are finallyfail if a thin cirrus is detected over ocean while the corre-
added by a simple threshold test, see the detailed deSCI‘iptiOf,ponding cloudless pixel is over land and in consequence
of Test 1 in the next section. the cloudless temperature difference doesn’t match the con-
ditions under the cirrus. On the other hand, if the area is too
small, the probability is larger that it actually doesn’t contain
3 The MeCiDA Algorithm a cloudless pixel. This is true not only for coastlines but for
all kinds of heterogeneous areas.
MeCiDA uses the seven infrared SEVIRI channels and com- Figure 4 shows the application of this test to our test data
bines morphological and multi-spectral threshold tests to deset described in Sect. 2.2. It is immediately obvious from the
tect thick and thin ice clouds. For a better understanding theop plot that the test is highly sensitive to cirrus with optical
algorithm is divided into six sub-groups or detection schemeghickness between about 0.1 and 2. Optically thinner cirrus

www.atmos-chem-phys.net/7/6145/2007/ Atmos. Chem. Phys., 7, 6145-6159, 2007
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Fig. 3. (Left) white and red pixels are those detected by the corrected brightness temperatiliyg gest; 2 o; red pixels were detected

by the corrected brightness temperature @gtg— 7120, but not by the morphological test on WV73 — they are excluded by the logical
AND; the cyan pixels were added by the threshold tesTgp—T7 3 (Test 1b) to the corrected brightness temperature test; white and cyan
together are all pixels detected by Test 1. (Right) white and red pixels are those detected by the morphological test on WV73; red pixels
were detected by the morphological test on WV73 but not by the corrected brightness temperafygggte®l o g — they are excluded by

the logical AND; the cyan pixels were added by the threshold te§gen-T7 3 (Test 1b) to the morphological test; white and cyan together

are all pixels detected by Test 1.

is not detected because the impact on the brightness temperaet gives only a first idea of the performance of the threshold
ture differences is too small and optically thick ice clouds aretests of the retrieval. The test data set is based on a variety
also missed because the brightness temperature differenad atmospheric and surface conditions which probably cov-
vanishes and the corrected brightness temperature differenes most of the natural variability. However, optimum condi-
approached1os cloudless—7120.cloudless Please note that for tions are assumed for the retrieval: First, we assume a perfect
the determination of the corrected BTD for the cases withinstrument, neglecting possible biases and noise in the radi-
a water cloud below the cirrus, we decided to subtract theance observation. Second, we also assume that the correct
corresponding temperature difference for the atmosphere inbackground temperature is retrieved while in reality it is as-
cluding the water cloud, rather than the completely cloudlesssumed that the maximum brightness temperature in a given
atmosphere. This corresponds for example to the situatiormrea around the pixel under consideration is actually the cor-
of a cirrus above an extended stratus deck. The middle plotesponding cloudless value for the pixel under consideration.
shows a histogram of corrected brightness temperature difThe algorithm thus implicitly requires that a cloudless pixel
ferences for two optical thicknesses 0.1 and 1. While a conds actually available in the area, and that the cloudless value
siderable fraction of the optically thin clouds is missed by theis constant within the area. For these reasons, the model data
test, 90% of the optically thicker clouds are captured by theset is considered a useful tool for the development of the de-
test. Finally, the lower plot shows the detection efficiency of tection algorithm but cannot replace a careful validation of
the test as a function of optical thickness. The test works besthe product with real data which we will show later in this
for optical thickness between 0.5 and 2, with decreasing depaper. Obviously, the test data set also cannot be used to
tection efficiency for thinner and thicker clouds. The detec-validate the morphological tests.

tion efficiency is hardly affected by low water clouds which

are included in the “all-sky” data shown in grey but not in ~ The application of the described split-window test to real
the “without water cloud” data in blue. Interestingly, the de- data indicates some sensitivity to partially cloudy pixels for
tection efficiency is even slightly higher in the all-sky case. example at the edges of low level water clouds. To pre-
This is explained by the fact that the optical properties of vent this misclassification, the test result is combined with
water clouds are very similar in the IR10.8 and IR12.0 chan-structural information from the water vapor channel WV7.3
nels for which reason the brightness temperature differencévhich is not sensitive to low level water clouds: The WV7.3
for a water cloud is smaller than the corresponding bright-image is high-pass filtered by subtracting thex19 pixel

ness temperature difference for a cloudless atmosphere. Agean value (boxcar filtered image) from the original image
water clouds shield the surface and the fraction of the atmo{see Fig2). Combining these two tests with a logical AND,
sphere below the cloud, they effectively reduce the variabilitywe detect all pixels with thin-to-moderately thick structured
of the background brightness temperature difference whiclirrus clouds while horizontally homogeneous wide-spread
slightly increases the detection efficiency. We need to add &louds with larger optical thickness might be missed. To in-

few words on the methodology used: The simulated test datglude those, a third test is added with a logical OR using the
difference between the two water vapor channels WV7.3 and
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and 0.9-1.1 (denoted hy=1.0); (bottom) detection efficiency, de- a.md satellite zenith apgle Bp(a) Temperature d!fference asafunc-
fined as the fraction of data points correctly classified as cirrus be-tlon of the cloud optical thickness for three different surface tem-

cause the corrected BTD was above the threshold: the grey CurVgeratures(b) same, but after subtraction of the respective cloudless
. . temperature difference (= corrected BTD).

includes all data, the blue curve only those without water cloud be-

low.

ferent combination of channels, IR8.7 and IR12.0. This test
WV6.2. As shown in Fig. 5, optically thick ice clouds are is again combined with a morphology test based on the high-
characterized by a temperature difference larger thAh K pass filtered water vapor channel WV6.2 and in conjunction
which we used as a threshold in MeCiDA (dashed line). Thiswith the absolute temperature difference between the chan-
test only identifies optically thicker ice clouds above 6 km nels IR8.7 and IR10.8. Optically thick ice clouds are added
which are missed by the combination of the previous twoby the same difference of water vapor channels as in test 1,
tests. Jointly, the three tests supposedly identify all kinds of7s2—T77 3.

cirrus clouds, see Fig. 3. Figure 6a shows the simulated temperature difference. The
A formal description of test 1 together with all other tests first part of this test is similar to the semi-transparency test
is given in Table 1. Also, Fig. 12 shows the result of each 1,35—775 0, but water vapor absorption in the IR8.7 spectral
individual test for a sample scene, together with the cloudband is higher than in channels IR10.8 and IR12.0. In con-
mask obtained from the combination of all tests. sequence, the brightness temperature difference for optically
Test 2: split-window 8.7—12um and morphology 6.2um thin cirrus is negative, see Fig. 6a. Ice absorption in channel
Test 2 also uses the split-window technique, but with a dif-1R8.7 is also higher than in channel IR12.0. For the test we
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Table 1. Summary of the six cirrus tests and explanation of the filters used.

Tlanxn = [(T108—T120)— (1108 max(nxn) —112.0,max(nxn))>0-6 K]
AND [77.3 box(19x19) —17.3>0.5K]
Tlb = [Tg2—T73>—12K]

Test 1

T1 =[Tlagy3 OR Tlagyg OR Tlajg.19] OR T1lb

T2a = [(Tg.7—T12.0) — (T8.7,max(19x19) — 112.0,max(19x 19)) > 1.6 K]
AND  [(T6.2,box(19x19)—T6.2)>0.5K]
Test 2 T2b = (Ts2—T73)>—-12K
T2c = (Tg7—T108)>0K

T2 =[T2a OR T2b OR T2c]
T3a = [(T9.7—T13.4)— (T9.7,max(19x19) — 1134, max(19x 19)) >3.5K]

AND  [(T7.3 hox(19x19) —17.3)>0.5K]
T3b = (Te2—T73)>—-12K

Test 3

T3 =[T3a OR T3b]

T4a = [(T7.3,box(15x 15— 17.3)>0.5K]
AND [77.3 gausg15x15 >0.5K]
Test4 AND [T134<253K]
T4b = T134<233K

T4 = [T4a OR T4b]

T5a = [(T6.2—T7-3)pox(15x15 — (T6.2—17.3)>1K]
AND [(Ts.2—77.3)gausg15x 15 > 1 K]
Test 5 AND [T134<253K]

T5b = [T134<233K]

T5 =[T5a OR T5b]

T6a = [(Tg.7—T134)>—T7K]
AND [T134<258K]

Test 6

T6b = T134<243K

T6 = [T6a OR T6b]

T120,max(n xn) denotes the maximum brightness temperature in an areaopixels centered around the
Filters pixel under consideration.

T7.3,box(n xn) denotes the average brightness temperature in an ateaugfixels centered around the pixel
under consideration.
(Te.2—T7.3)gausg15x 15) iS @ Gaussian filter according to Egs. (5) and (4)
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bution even more effectively than the corresponding WV7.3
channel in test 1.
The second part of the test is based on the temperature

Fig. 7. (Top) Corrected brightness temperature differences of SE-difference of the channels IR8.7 and IR10.8 (see Fig. 8).
VIRI channels IR8.7 and IR12.0 for the 410000 simulated dataAckerman et al. (1996) suggested this multi-spectral test to
points of the test data set; the dashed line marks our threshold; (middetect cirrus from MODIS data. This test is similar to the
dle) histogram of corrected brightness temperature differences fopombination7s 7— 7120 but less sensitive to surface tem-

two optical thickness ranges, 0-0.2 (denotedrby0.1) and 0.9—
1.1 (denoted by=1.0); (bottom) detection efficiency, defined as
the fraction of data points correctly classified as cirrus because th
corrected BTD was above the treshold; the grey curve includes all.

data, the blue curve only those without water cloud below.

perature. On the other hand it shows more misclassifica-
tions over arid areas. To avoid those a restrictive threshold

?'3_7—T10_8>0 K was introduced. The test is useful for detec-
i

on of cirrus with an optical thickness between 0.5 and 10
and detects also horizontally widespread cirrus. Finally, we
added again the temperature differefige— 77 3 to include
also optically thick high clouds, see Fig. 5.

used again the corrected brightness temperature difference p ¢,z description of test 2 together with all other tests
(Fig. 6b) with a threshold of 1.6 K.

Figure 7 shows again the application of the split-window Test 3:

is given in Table 1.
split-window 9.7-13.4«m and morphology

test to our test data set. The detection efficiency is close tor 3,,m

100% for Optica| thiCkness betWeen 0.5 and 3 Wh|Ch ShOWS Test 3 is based on the temperature difference between
that the combination of IR8.7 and IR12.0 is very efficient for channels IR9.7 and IR13.4. Figure 9a shows the simu-
the detection of thin cirrus clouds. In addition, the thr95h0|d|ated brightness temperature difference between the chan-
is considerably larger than in test 1 (1.6 K instead of 0.6 K) ne|s |R9.7 and IR13.4. As in the previous combinations,
which causes the test to be less sensitive to instrumental Urthe brightness temperature difference depends Strongly on
certainties and noise as well as to inhomogeneities in the athe surface temperature for thin cirrus clouds and cloudless
mospheric and surface conditions (which affect the determiztmosphere. Low surface temperature results in a high nega-
nation of the background BTD from nearby cloudless pixels).tjve difference. Figure 9b shows the same, but after subtrac-
This test again might misclassify partially cloudy pixels tion of the respective cloudless temperature difference which
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Figure 10 again shows the application of the threshold test
to our test data set. The detection efficiency is lower than for
the previous tests and the test is mostly sensitive to optically
thicker clouds. Application to real data shows that with this
channel combination, cirrus clouds have a high contrast no
only over the surface but also over low clouds, see Fig. 11.
Low clouds appear yellowish in the left (false-color) image.
The white or light-blue cirrus clouds in the left image can
be easily detected in the temperature difference in the right

image applying a constant threshold. Fig. 10. (Top) Corrected brightness temperature differences of
To reduce misclassification of low cloud edges as CirrussgviRr| channels IR9.7 and IR13.4 for the 410 000 simulated data
clouds, the result is again combined with the high-pass fil-points of the test data set; the dashed line marks our threshold; (mid-
tered water vapor channel WV7.3, as in test 1. In addition,dle) histogram of corrected brightness temperature differences for
optically thick ice clouds are detected using the water vaportwo optical thickness ranges, 0-0.2 (denotedrbs0.1) and 0.9-
temperature difference as in both previous tests. A formalt-1 (denoted by=1.0); (bottom) detection efficiency, defined as

description of test 3 together with all other tests is given in the fraction of data points correctly classified as cirrus because the
Table 1 corrected BTD was above the treshold; the grey curve includes all

data, the blue curve only those without water cloud below.
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Test 4: morphology 7.3um

Test 4 is a combination of an high-pass filter and a local
deviation filter for the water vapor channel WV7.3 and a sin- smoothed image is squared and the result is smoothed again.
gle channel threshold test using channel IR13.4. In additionThe convolution kernek (x, y) is
to the boxcar filter in the previous three tests, a localised ana-

log to the standard deviation is used here. The local deviation 1 x% 4 y?
filter operation reads as N 2. (z)z
1
whereN is a factor that normalizes the sum of all kernel
gij= \/(ﬁ,jQK—ﬁ,j)ZQK (4)  values to unityy is the kernel size (an odd number) which we

setto 15 for our application, andandy are in the range from

—(s—1)/2to+(s—1)/2. The advantage of the Gaussian fil-
where@ is the convolution operatoy; ; is the original im-  ter compared to the boxcar filter is the rotational symmetry
age,K is a Gaussian convolution kernel apd; is the fil- and the reduction of high frequency noise. To further reduce
tered image. The difference between the original and thepotential mis-classications of variabilities in the water vapor
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Fig. 11. (Left) False color composite SEVIRI image over North-West Africa and Western Europe for 3 March 2004, 14:30 UTC; (right)
brightness temperature differentg; andTy3 4 between the channels IR9.7 and IR13.4 over North-Western Africa and Western Europe.

field as cirrus cloud, the filtered image is combined with a a threshold test based on channel IR13.4 this test is suitable
threshold test for channel IR13.4. To finally include cold and for cirrus detection in mid-latitudes. Cold and optically thick
optically thick ice clouds, all pixels with 1g4<233K are ice clouds are again detected using the IR13.4 temperature.
also classified as cirrus. A formal description of test 6 together with all other tests is
A formal description of test 4 together with all other tests given in Table 1.
is given in Table 1
Test 5: morphology in the BTD 6.2um-7.3um
Test 5 is similar to test 4 with the exception that instead of
the brightness temperature in channel WV7.3 the tempera-
ture difference between the two water vapor channels WV6.2  Finally, all six tests are combined with a logical OR. That
and WV7.3 is used. While the weighting function of chan- js, a pixel is classified as cirrus if at least one of the six

nel WV6.2 is peaked in the upper troposphere and that otests was positive. The reason for combining various tests
channel WV7.3 in the middle troposphere, subtracting thewas to detect an as large as possible fraction of the cirrus
two signals from each other enhances those cloud structure§ouds. The six tests are sensitive to different types of cir-
located in the upper part of the atmosphere. In fact, theifrys and in combination these tests result in approaching our
brightness temperatures are similar in both channels sincgoa| as closely as possible. The thresholds have been cho-
the amount of water vapor above cloud top is relatively smallsen to optimize the tests for mid-latitudes and satellite view-
and the strong ice absorption prevents radiation from lowefing angles up to 75 Figure 12 shows a sample false color
atmospheric levels from reaching the satellite sensor. In ConNcomposite of the MSG observations of the Northern Hemi-
trast, regions without high clouds show large negative tem-sphere and the corresponding cirrus mask. The results of the
perature differencefs »—77.3. The boxcar and the Gaussian six individual tests are shown as well to illustrate which test
filters then extract these structures from the image. Againjs sensitive to which region of the cirrus clouds. The figure
to reduce mis-classifications of variabilities in the water va- C|ear|y shows that, a|th0ugh there is some redundancy, the
por field as cirrus cloud, the result of the filtering procedure Six tests provide Comp|ementary information. While test 6
is combined with a threshold test for channel IR13.4. Coldfor instance correctly identifies the large-scale cirrus it failes
and optically thick ice clouds are added by means of the sim+g detect the optically thinner parts and in particular the con-
ple IR13.4 temperature threshold t&t4<233 K. Aformal trails and contrail-cirrus in the lower half of the image. These
description of test 5 together with all other tests is given in are very well detected by the Sp”t-window tests 1 and 2. As
Table 1. expected, the morphology test 4 detects mainly highly struc-
Test6: BTD 9.7um-13.4um tured features in the water vapor channel. As for all thresh-

Test 6 is a combination of threshold tests based on theld tests, the performance of the algorithm must be assessed
brightness temperature difference of channels IR9.7 andby comparison with independent in-situ or satellite observa-
IR13.4. This temperature difference depends on satellitdions. In the next section we present a systematic comparison
zenith angle: With increasing satellite zenith angle, the tem-of our cirrus mask with the respective product of the MODIS
perature difference strongly increases. In combination withinstrument on the Terra and Aqua satellites.
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Fig. 12. (Top) False color composite SEVIRI image over North-West Africa and Western Europe for 3 March 2004, 14:30 UTC, and the
corresponding MeCiDA cirrus mask (right). The six plots below show the results of the six individual tests described in the text. Shown in
white is the result of each test; the blue area is the result of all tests combined which equals the top right image.
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Mo el Table 2. Comparison between MeCiDA results and the MODIS
Cirrus Reflectance flag for the year 2004.

MSG N, MODIS Y

Date MeCiDA and MODIS MODIS cirrus
o R dd/mm hh:mm classified equally also detected
with MeCiDA
IMSG N, MODIS N

I 02/12 11:15 81% 71%
03/09 08:45 83% 60%
04/22 14:00 70% 39%
—— 05/31 11:00 88% 59%
| 06/05 12:45 74% 50%
= 07/23 09:30 99% 16%
MSG Y, MODIS Y 08/14 14:00 91% 71%
09/17 12:00 80% 88%
MSG N, MODIS Y 10/03 10:15 80% 68%
11/14 11:00 78% 63%
MSG Y, MODIS N 12/03 09:45 62% 62%
Average: 81% 60%

MSG N, MODIS N

ples for the direct comparison over North-Western Africa
and Western Europe. The figure shows a good agreement
between both classification schemes: green and beige colors

Fig. 13. Comparison between the results of SEVIRI MeCiDA and are pixels where both algorithms agree on classifying as cir-
MODIS-Terra Cirrus Reflectance Flag from the MODO6 L2 product fus or cirrus-free, respectively. Blue colors are mismatches
set. (top) 2004/02/12 11:15 UTC; (bottom) 2004/05/31 11:00 UTC.where one of the algorithms detects cirrus while the other
Beige: pixels classified as cirrus by both MeCiDA and MODIS; doesn’t. In particular, close to cloud borders the MODIS
green: pixels classified as cirrus-free by both MeCiDA and MODIS; detection scheme identifies more cirrus than MeCiDA (light
light blue: pixels classfied as cirrus by MODIS but as cirrus-free by blue). Mismatches at cloud borders might partly be due to
MeCiDA; dark blue: pixels classified as cirrus by MeCiDA but as \yind shift of the cirrus fields and misalignment of both im-
cirrus-free by MODIS. ages, as the geolocation of both sensors refers to sea level.

NODATA

o To study possible seasonal variations in the comparison,
4 Validation one MODIS scene was randomly selected for each month be-
tween February and December, 2004. The extracted regions
The MeCiDA cirrus algorithm has been validated by com- cover the whole Northern hemisphere with a focus on Europe
parison with MODIS on board the NASA polar obiting Terra and the North-East Atlantic since these areas are our main
and Aqua satellites. MODIS has 36 spectral bands, some ofrea of interest. For most scenes good agreement was found
which have been specifically designed to detect thin cirrusbetween MeCiDA and MODIS, see Table 2. The largest dis-
clouds. With this spectral information and the high spatial crepancies appear at high latitudes e.g. close to the coast of
resolution, MODIS is one of the best passive instruments folNewfoundland, North-Eastern Europe, and Greenland — gen-
the detection of cirrus clouds. In addition, the MODIS algo- erally in areas with a large satellite zenith angle for Meteosat
rithm also uses the solar channels which we excluded fromSecond Generation and a large solar zenith angle in partic-
our algorithm to get consistent results 24 h per day. MODISular for the MODIS scene. Good agreement is found over
products have been extensively validated by comparison withthe North-Sea and Western- and Middle Europe. In sum-
various independent observations, e.g. the Geoscience Lasarary, MeCiDA and MODIS agreed in 81% of all pixels in
Altimeter System GLAS (Mahesh et al., 2004; Hart et al., the MODIS field of view. 60% of the cirrus clouds detected
2005). For comparison we randomly selected 11 scenes by MODIS were also classified as cirrus by the MeCiDA
one for each month from February to December, 2004. Forscheme. A lower detection efficiency is to be expected, due
the direct comparison we used the “cirrus reflectance flag'to the lower spatial resolution, the fewer spectral channels,
from the MODOGL2-collection 004 product (Platnick et al., and our restriction to the thermal channels where MODIS
2003; King et al., 2003; Ackerman et al., 1998). For this uses both solar and thermal channels. Particularly at cloud
purpose, the MODIS data have been transformed into theedges where clouds are optically thinner, MODIS detects
satellite projection of SEVIRI. Figure 13 shows two exam- more cirrus than SEVIRI. In July, only 16% of the cirrus
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Table 3. Comparison between monthly means of MeCiDA cirrus rus C'O‘_st; Most of the thresholds,. in particular thqse for
coverage and the MODIS Cirrtraction SWIR for the year 2004  the split-window tests were determined on the basis of a

for the region seen by MSG north of 28. comprehensive set of radiative transfer calculations. The
MeCiDA algorithm is fast enough for near real-time process-

Month MeCiDA cirrus MODIS cirrus ~ correlation ing. The cirrus detection has been optimized for the North-
coefficient ern part of the Earth visible from MSG (Europe and North-

Atlantic) but it could be adapted to other regions as well.

Feb 43% 50% 0.80 s . L

March 34% 50% 0.77 For several te_sts, cwrus-freg brightness tempgratures are
April 3204 45% 0.82 subtracted which are dgtermlned from nearby pixels. This
May 28% 41% 0.84 requires of course spatial homogeneity of the surface prop-
June 24% 30% 0.88 erties. As for all cloud classification schemes, uncertainties
July 22% 25% 0.91 are larger over heterogeneous surfaces. A possible future im-
Aug 22% 25% 0.83 provement could be the inclusion of satellite derived emissiv-
Sep 22% 31% 0.74 ity maps.

Okt 26% 38% 0.57 The results have been validated using MODIS derived cir-
Nov 31% 42% 0.53 rus coverage data. The comparison shows good results and a
Dec 40% 40% 0.40 high compliance with MODIS derived cirrus masks. MODIS
All: 29.3% 38.1% 0.76

and MeCiDA classified 81% of the pixels identically, either
as cirrus or cirrus-free. MeCiDA detected about 60% of the
MODIS cirrus clouds. The lower detection efficiency (or
higher threshold optical thickness) is to be expected consid-
detected by MODIS is also detected by MeCiDA. This seem-gring the better spatial and spectral resolution of MODIS and
ingly large discrepancy is easily explained by the fact that thejts use of the solar channels. The advantage of the MeCiDA
randomly selected scene was nearly cirrus-free (99%) an@yroduct is its availability every 15 min, consistently for day
the small patch of optically thin cirrus was only detected by and night. The high temporal resolution (15 min) facilitates
MODIS. the investigation of diurnal variations and life cycle aspects
In addition, monthly means (February 2004-Decemberof cirrus clouds and will help to improve the understanding
2004) of the CirrusFractionSWIR product from the  of their impact on the radiation balance and climate of the
MYDO08 M3 Level 3 collection 004 dataset have been com- Earth.
pared to monthly means derived from the MeCiDA results

z:%rr:]?)ilr?srg? sfe ggrﬁ%lyrigazgr;uc?vtszg ngtetzt;?ezmngth DUE (Data User Element) project CONTRAILS into which this

. . - aWork was embedded. In particular, we would like to thank S. Pin-
the comparison of single Scenes. This is to be expected ben'ock (ESA), the technical officer of the CONTRAILS project. We
cause the monthly means provided by the MODIS level 3,cxnowiedge the easy access to MODIS data provided by NASA
products use also the night time cirrus detection which hasand the MODIS team. We also thank C. Forster for carefully
to rely only on the infrared channels in the same way as th@eading the manuscript and helpful discussion which increased the
MeCiDA algorithm. For all 11 months MeCida resulted in quality of the manuscript. We are grateful to two reviewers who
a cirrus coverage of 29.3%, while MODIS detected 38.1%.helped to considerably improve the clarity of the presentation with
In all months the cirrus coverage derived from MODIS datatheir detailed comments. Finally, we thank K. Graf for his help in
is higher then the coverage derived by MeCiDa. The highespreparing the figures.
differences occur in the spring and autumn months, while the_ _ ,
best correlation is found in summer. Edited by: R. MacKenzie
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