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1. Atmospheric windows for cloud detection from satellite.

People who use whatever kind of satellite imagery for their
professional purposes should ask themselves, at least once in a
litetime, the reason why there are so sany channels and different
satellite sensors. If one does not understand this, he/she will
experience & whole set of difficulties in interpreting what comes
out of a satellite image,

Meteorological satellites deal with channels centered in the
visible, infrared and, for the newest generation of spacecrafts,
microwave spectral region (Houghton et al., 1986; Schott and
Henderson-Sellers, 1984). The reason to use different channels is
due to the fact that the objects (clouds) and phoenosena (weather
systemg) to be detected usually diepiay a great variability in
space and time. What we are interested in is not only to obtain
nice pictures of clouds, which could come easily from some visible
channel alone, but msainly to examine the external and internal
complex atructure of cloud systeas, especially those which fall
within the category of precipitation-producers.

The main problem im that an imaging sensor mounted on a
spacecraft has to be able to detect low clouds as well as high
clouds with, possibly, the same precision. The top of a cloud
could be, for exaaple, only 100 m above sea level; in the case of
intense thunderstorss, such as the tropical ones, the top of
cusulonimbus clouds can reach as high as 17 &= above gea level. In
the first case 99X of the atmospheric mass lies between the cloud
top and the satellite sensor so that the energy sent by the cloud
top will be attenuated by the thick layer of atwospheric molecules
in ite path to the satellite radiometer. In the second case you
are particularly lucky, since only 10X of the atmosphere would be
still between cloud top and satellite. In any event, you should
always stick to the worst case of haviag the greatest part of the
atmosphere to deal with, namely to attenuate the energy you want
to measure,

For this reason you must choose sateilite sensors as much as
possible within the so-called atmospheric windows, which are
nothing but those sapectral regions where the atmosphere is
virtually transparent to the incoming and outcoming radiation



{Bunting and Hardy, 1984).This means that in these regions no
strong absorption by any atmospheric constituent is preeent. Fig.1
shows the atmospheric transmittance for a vertical path to space
from sea level for six model atmospheres, as calculated by Selby
and NcClatchey (1975) in the region 0.1 to 28 pm.

Just to give the flavour of the complexity of the absorption of
solar radiation by the atmosphere in Fig.2 are reported the
absorption bands for the two wost important sbsorbers, i.e. water
vapor and CO, {Tosas! and Trombetti, 1985). As it can be seen, the
infrared spectrum of solar radiation at the Earth's surface shows
a crowded met of water vapor asbsorption bands, whose intensity
gradually incresses with wavelength: these bands absorb & great
deal of solar radiation and cause a complete black-out within
several intervals of the solar spectrum. The most important bands

are:

1) a, 0.7 -0.74 tm (maximus at 0.718 um);
2) band 0.8 m 0.796 - 0.847 tm  (maximum at 0,810 pu);
3) p,0,T 0.87 -0.99 pa (maximus at 0.935 pa);
3) ¢ 1.08 - 1.20 pm (maxiwue at 1.130 um);
47 1.2 - 1.54 pw  (maximum at 1,395 pm};
5) Q 1.69 - 2,08 pga (maximum at 1.87 pm);
6) X 2.27 -2.99 pa (maximum at 2.68 pm};
nx 2.99 - 3.57 pm  (maximum at 3.2 m).

Particular attention must be paid to the strong vibro-rotational
band indicated as v, which occupies the interval between 4.88 and
8.7 tm with the maximum at 6.27 pm., It is worth mentioning the 00z
strong band 03 centered at 4.257 pum. Many other bands are relative
to other minor atmospheric conatituents such as 03. Hbo, CH,, nzo.
COo and others. We will not discuss them as this is outside our
purposes and since water vapor and co, already play the most
important role In the wavelength region of meteorological
satellites.

Another interesting feature is the spectral distribution of the
penetration of solar radiation into the atmosphere. Fig.3 showa
the wavelength dependence of the altjtude at which the spectral
intensity of solar eadiation along the vertical path is reduced to
1/e (~ 37X) of the extra-terrestrial value.

From what we have seen so far it comes out that satellite

channels are to be chosen within the above-described atmospheric
windows, usually with a spectral response narrower than the

bandwidth of the window since it is desirable to avoid mome

wolecular absorption bands present in the "wings" of the window.

2. Physical and optical properties of clouda.

Cloud opticaml properties such as reflectivity or esmissivity
depend upon cloud physical properties as well as the wavelength of
radiation observed by the satellite. It is of capital importance
for many applications to be able to distinguish cloud particles
from the larger precipitation particles and water particles from
ice particles, For example, & water cloud such as a stratocusulus
might contain cloud droplets with radil up to 30 pm in total
number concentrations of about 300 cn'3 and with liquid mass
denaity of 0.3 ¢ a2, An ice cloud such as s cirrostratus aight
contain ice particlea shaped like hexagonal prisss with
mass-equivalent radii of 10-80 pa, number concentrations up to 0.1
cn'a and total ice density up to 0.05 g l-s. Naturally this is
only to make it simple mince real clouds show a great variability.
To summarize in a short sentence we can may that water clouds have
many small particles while ice clouds have relatively few but
larger particles; however, both water and ice clouds have particle
size distributions peaking at =mall sizes with fewer large
particles.

Given the particle sizxes and numbers it is possible to
calculate the radiation sent by the clouds to the satellite
sensor.The calculation starts with the amount of energy scattered,
absorbed and emitted by individual particles. The result depends
on the refractive index , which varies with wavelength and the
water or ice phase of the particle. Moreover, the result is
dependent upon the radius of the particle r snd the wavelength X
or, better, on the Mie parameter
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Calculations are accurate for water droplets since their apherical
shapes are in accordance with Nie theory; results for ice
particles are less certain for their shapes are quite irregular.

Another consideration to be made is that weather satellites
have & field of view at cloud altitude which is, in the best case,
of 1 Km. Hence they asense billions of cloud particles so that
multiple scattering theory msust be taken into account.

Table 1 shows a sumasary of calculated cloud optical properties
in the assumption that both water snd ice clouds are horizontally
homogeneous and optically thick or poorly transmitting at short
wavelengths.

In the 1.6-1.7, 2.1-2.3 and 3.5-4.0 pm windows, water clouds
tend to reflect more than ice clouds soc that thess bands can be
used to distinguish water clouds from ice clouds during daytime.
In the 8-13 pm window, both water clouds and ice cloude are poor
reflectors but good emitters; therefore the radiance emitted by
the clouds can be used to estimate their teaperature by means of
the Planck function which relates temperature and wavelength to
enitted radiance as follows

i
B,(7) = (2)

CZ ( el\lU'K'l' -1 )

where T is the temperature, I=6.6262x10 2’ erg sec the Planck’e
conastant, » the frequency, K=1.38082x10 % erg deg”' the
Boltzmann's constant, o=2.99793+1x10'° ca sec”'. Some ice cloud
are optically thin since they transmit a significant amount of
energy from beneath the cloud and emit correapondingly less energy
from the cloud. The energy sensed by the satellite sensor is not a
reliable indicator of the temperature for these cirrus clouds and
the clouds usually appear warser than they should, due to warmer
radlances transmitted through the thin ice clouds. Confirmation
that these clouds are optically thin is given by the fact that the
Sun or Moon is often visible from the ground through these clouds,

At the microwave windows listed in Table 1, water clouds also
differ from ice clouds. At these frequencies, water clouds are

partial absorbers of radiation while ice clouds are nearly
transparent. Water clouds with raindrops and substantial water
content stand out as warm regions against the cold background of
oceans, which are poor eamitters at these frequencies, Ice
particles will scatter microwave so that ice clouds may act as
reflectors at the shorter wavelengths. However, looking down from
a satellite there is practically no energy from space to be
reflected back to the sateilite and the Earth’s surface or water
clouds can usually be seen through the ice clouds. Land
backgrounds have emissivities in the range of 0.75 to 0.95 in the
microwave region; theae are much higher than for oceans. In
contrast, the emissivities for radiation at 8-13 pm are close to
1.0. Consequently, in the alcrowave region, neither water clouds
nor ice clouds contrast with land backgrounds unless the water
clouds contain ample raindrops.

The microwave windows also differ from the other windows aince
the radiation sensed at the satellite may be highly polarized. As
& result, microwave imagers have been designed to scan conically
8o that the angle of incidence to the Rarth's surface remsins
conatant during the scan. The horitontal as well as vertical
polarizations are measured for each window which provides
additional information on the medium being observed.

3. The problem of cloudy images interpretation.

A skilled meteorologist, looking at a eatellite image and only
using his experience, is able to both identify and characterize
clouds. Satellite images display spatial features of clouds and
sultispectral festures if more than one channel is available, The
husan eye and brain have developed an extremely talented systea
for pattern recognition which is very wsuccessful in the
interpretation of images. By simply looking at & satellite image
your eye can readily adjust to different backgrounds, such as
forest, farmland, mountains, oceans and coastlines, which have
different reflectivities at solar wavelengths and often have
different temperatures at thermal wavelengths; in an autosated
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approach, if you are not careful, these varying backgrounds may be
confused with clouds. Recognizing geographical features tells the
analist that clouds are not presumsably present in the image, but
in some particular case the results are not soc sure. As a
revealing example we could think about narrow valleys in the
sountains filled up with anow while the peaks are bare soil: it
you have a acattered cloud cover whose top temperature is
comparable with that of the snow on the surface, the job of
automsatically separate snow and clouds is going to be quite
complicate!

1t 1is, then, of great importance to make the best use of
aatellite sultispectral information in order to separate clouds
from other features and to classify different cloud types. In the
following we will examine two of the most up-to-date cloud
classification methoda, the first being bamed upon geostationary
satellite data, and the mecond on polar orbiting wulti-channel
data.

4. Cloud classification on METROSAT imagery.

There is a great need for automatic cloud classification
(nephanalysis) on satellite imagery for research in mesoscale
seteorology and numerical modeling, but especially as a specific
aide to very-short-range weather forecasts {nowcasting}.

Nowcasting procedures heavily rely upon geostationary satellite
imagery because of its spatial and temporal coverage of the areas
of interest: both genesys and evolution of precipitating systeas
are detected and followed every half an hour so that the
meteorologist has a precise idea of the behaviour of the cloud
aystems he is trying to predict. The resclution of the satellite
inagery makes it posmible to issue forecasts which are tailored to
the scale and time of the usmer, among whom one of the most
important is agriculture (Prodi and Levissani, 1986).

The moBt recent technique of cloud classification applied to
METEOSAT imagery im the one developed by Desbois et al. (1982)
which refers to the radiative properties of the clouds as a basis

for defining classes in the two- or three-dimensional space of the

channels.

The method im based upon dinamic clustering of images in the
three channels of the METROSAT (visible, infrared and water
vapor), i.e. it separates classes on three-dimensional histograms.
What is of capital importance im that no a priori training set is
used, that is no previous classification of the points of the
histogras has to exist. It is well known that in simple cases
two-disensional histograms show that every well-defined cloud type
can be associated with s specified spectral signature on the
diagram. Fig.4 reports an example of wsuch = bidimensional
histogram. Although general cases of histograss for real
meteorological situations are not so sisple, it can be reasonably
assumed that every kind of clouds is represented in the spectral
domain by a compact subset of the projection of the image segaent
in this domain. This essentially mseans that all the points of the
same subset are close to each other, sccording to the Euclidean
distance, and all the subsets are disjoint.

The method can be summariged as follows:

a) A given number of N classes ia chosen.

b} A set of F points is then chosen randonly for each class (this
set is called the Kernel of the class).

¢) Por each kernel the center of gravity and the variance are
calculated.

d) Classes are constructed: each point is affected to the class of
which the center of gravity of the kernel is closest. During
this process, if the number of elements of one class becomesn
very small, the class 1ls suppressed.

e) The center of gravity and the variance of the classes are
calculated again.

£} New kernels of F points are defined again.

g} A new iteration is started form c).

Iterations are carried out until the distance between the
centers of gravity of a class and the corresponding kernel remains
constant.

The method can be applied to as many dimensions as are needed
{1 to n channels). The point to use more than one channel is to

extract from multi-channel imagery more information than is



included in only one spectral band. Clusters obtained with
different combinations of sany spectral channels reveal fine
structured features which allow a precise identification of cloud
types along with the separation of uninteresting classes
(meteorologically speaking) like land, ses and sunglints asong
others.

In Fig.58~c the first result of Institute FISBAT satellite
cloud classification scheme lm reported, Fig.5a and 5b show the
uni-disensional histograms of the visible and infrared channel of
METEOSAT for a case of a frontal passage over Italy on November 22
1987. As it can be noticed already from the unidisensional
histograas two big classes are evidenced: one ix dark/wara and the
other bright/cold. When considering the bi-dimensional histograa
restlting from a unification of the two uni-dimensional (aee
Fig.5¢c) the classes appear as clusters in the Vis-Ir plane. Two
clusters are present in the lower-left corner and represent,
reapectively from left to right, the two big categories of land
and sea. The other recognizable cluster is the one which shows up
in the central-upper part of the graph: this is the wmsosat
intereating class since reveals the presence of relatively bright
and cold objecta in the image, essentially the clouds of the
precipitating asystem. One more atep further {actually under
investigation at Institute PFISBAT) would be to include a
classification of the type of clouds (most of all cumulonimbus,
nimbostratus, stratocusulus} directly associated to precipitation.
With this in mind the water vapor channel is being taken also into
account as to ensure another information source especially for
high-level clouds delineation, such as cold and thin veils of
cirrus,

6. Cloud analysis with polar orbiting satellites.

Ancther approach that has been followed to operationally
identify and classify clouds is the analysis of polar orbiting
satellite imagery. The resasons for this approach are of two
orders: 1) multispectral analysis using the higher number of

spectral channels of these asatellites with respect of
geostationary satellites, and 2) cloud lnliylil in areas of the
earth not properly covered by geostationary satellites {e.g. high
latitudes areas where the image's curvature is very high).

In Table 2 are repcrted the sain channels of the polar orbiting
satellites of the NOAA-Series with their wmoat important
uses.

The most advanced of these methods has been developed by Liljas
(1984) and is based upon imagery from the AVHRR (Advanced Yary
Bigh Besolution Eadiometer) wounted on the NOAA-Series satellites.
The idea underlying the method is once more the box classification
that has been described for the case of METEOSAT data in the
previous chapter. What is new is the very abundant set of
information that comes out of the different channels and the
ambition to include cloud texture analysis.

The different channels of the satellite in the visible-infrared
spectrum are used to construct bi-dimensional histograms of the
type already described above, but making use of the enhanced
features of the polar orbiting eatellites, such as the presence of
the infrared channel at 3.7 um wavelength {(Liljas, 1986). In fact,
sisple box classification schemes based only om visible and near
infrared (11 um) channels are sometimes not able to classify
imagery at low sun elevation angles in winter and they fail during
the night for obvious reasons. Other limitations are sunglints in
the morning and evening passages during spring and fall: sunglints
are classified as stratus, fog or mist. Cirrus clouds over lower
clouds are sometimes clasaified as nimbostratus, which is highly
dangerous in automatic precipitation  ana)lysis. Snow has signatures
in these bands which is too close to that of different clouds.

Channel 3 of NOAA polar orbiting satellites (3.7 um) produces a
quite complex kind of imagery during the day since it includes
both reflected solar radiation and emitted terrestrial radiation.
The radiative properties of water droplet and ice clouds are
related by the equation (Hunet, 1973)

E+re+ tr=1 {3)
where €, re and tr are the emissivity, reflectivity and
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transmissivity of the cloud layer, respectively. The following
facts are to be considered:
a) an increase of the particles sizes has the effect of increasing
the transmissivity and emissivity and decreasing the reflectivity
of the cioud layer;
b) at Infrared windows water droplet and ice clouds do not behave
like blackbody radiators;
¢) the enmissivities of the ice clouds are less than the
corresponding for water droplet clouds as a consequence of their
lower water content;
d) at 3.9 um window the emissivity of a cloud layer is less than
its value at B.5-13 pa window; there is a large contribution to
the emergent field of radiation reflected by the cloud top at the
shorter wavelengths that is mbasent for the 8.5-11 um radiances;
e) in the B,5-13 pm window the emergent radiance ie dominated by
the emitted radiaticn from the cloud layer.

For optically thick clouds the tranemissivity vanishes and
eguation (3) simplifiea to

re+ €£=1 (4)

Land, water and snow surfaces have reflectivities close to 0 inm
the window around 3.7 pu.

To simplify the interpretation of the daytime 3.7 im imagery
Liljas (1986) subtracts from it the emitted radiation component in
the form of the 11 pm channel radiance: then new images are
constructed subtracting channel 4 from channel 3. In the new
images the dominant features result from reflected solar radiance
at 3.7 pm,

Fig.6 shows a result of the described groupings of different
reflected surfaces in the two-dimensionale intensity space of
channel 3-channel' 4 and channel 1; the banda are normalized by
dividing by sin(a), where a is the sun elevation angle. The moat
interesting featurea are the following:

a) sunglints are meparated from stratus, fog and land;
b) snow is well separated from clouds with the same reflectivity
at visible wavelengths and temperature;

¢} cumulonimbus and nisbostratus clouds have a weaker reflectivity

11

relative to other cloudsand the reflectivity in channel 1
developing cumulonimbus appear warmer in channel 3 than the
deénying ohes;

d) cirrus clouds appear relatively warm in channel 3, especially
thin cirrus over low level clouds;

e) mist ham a significant reflectivity in channel 3.

8. Conclusions.

Satellite imagery is actually the best source of information
for the identification of different classes of mesocscale cloud
pystems and mesoscale structure of synoptic scale systess.

Colour images, after the classification process, give a good
indication of cloud structure in various systems, their stage of
development and also of the stability of the atmcsphere. For
example, stratocumulus, small cusulus and daytime fog or stratus
indicate stable conditions in the lower troposphere. Groups or
lines of large cumulus elements in the morning indicate humid and
unstable conditions at the early stage of a mesoscale system
leading to cusulonimbus and thunder. Cumulus growing into
cusulonimbus shows where a mesoscale convective system is under
developsent. A cloud system consisting mainly of cirrostratus or
altocusulus generated from cumulonimbus indicates the final and
decaying phase of the life cycle of a mesoscale convective system.

Applications to operational westher forecasting is greatly
recopmended especially in the framework of very short range
forecasting or nowcasting. The forecaster is given the powerful
capabilities of mwultispectral analysis which provide him an
additional "eye" to sense cloud systems, enhancing the
conventional methods by some order of magnitude.
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Responss 3 Water Ice Tee oloud
cloud cloud over rain
Reflactivity of 0.7 pm 0.80 0.80 0.80
sunlight when 1.7 jim 0.70 0.20 0.20
the Sun i» 2.1 fim 0.50 a.08 0.08
ovarhasad 3.7 jim 0.30 0.10 0.10
Emissivity for 3.7 s a.70 0.80 0.90
therma) 11.6 lm 0.88 Q.86 0.96
radiation
Temperaturse 0.32 om (94 GHz) 24 o 41
inorease, dus 0.81 ce (37 GHE)} 12 1] 30
to cloude 1.55 cm (19 GHz) 3 0 11
over an
ocosan (K)

Table 1. Representative cloud responses in atwospheric windows.
These nusbers vary with cloud depth, width and particle size. Only
tipical values are given: the radiation calculations assume that

cloude are horizontally extensive and that radiation sensors are
looking straight down.
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Channel Wavalangth (lim) Primery use

1 0.60 - 0.69 DaylLime oloud and surface
mapping

2 0.725 - 3.10 Surfesce wstisr delineation

3 3.88 - 3.93 Ses surface temperature {SS5T},
night time cloud mapping

4 10.86 - 11.5 SET, day/might cloud mapping

s 11.8 - 12.§ 8ST

Table Z. NOAA AVHRR channels.
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Fig.5c Bi-dimensional histogram derived for the same case as in
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each class. Three main classes are evidenced: land {lower-left
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precipitating clouds (center-upper part).
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Fig.6 Multispectral cloud classification using polar orbiting
NOAA-Series satellite imagery (Liljas, 1984). Reflection of
channel 3 - channel 4 is displayed in ordinate and reflection from
channel 1 in abscissa; the values are normalized dividing by
gin(a) for an overhead sun.
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