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INTRODUCTION

Measurement: Kemote Sensing Technigue

Cloud Parameters: Clowd anulysis to obtuin optical properties

AVHRR: Satellite system, satellite data

REMOTIE SENSING TECHNTQUE

Detinitions, principles, use of RTL

Surface data: Clowd contamination, atmospheric correction

Cloud data: Broken clouds, atmospheric correction above clouds

AVHRR

NOAA satellite system

AVIIRR scanner

Multispectral prospects: MSG, AVIRR/3, AMRIR

APOLLO

Calibration, vavigation

Cloud mash: 3 pixel groups cloud free, fully cloudy,
partially ¢loudy = {loud Detection

Cloud coverape = Cloud Classilication

Surlace Propertics

Cloud optical properties = Cloud Analysis

CONCLAIS TONS

. INTRODUCTION

The titie of this talk gives rise to three chapters. Firstly,
‘measurement ' implies the use of remote scensing techniques, because

we restrict ourselves to satellite data. Therelore, chapter 2

PRE R

deals with the definition and the principles of remote sensing,
bused on the equation of radiative transfer (RIE}, and with the
sources ol errer if physical quantities are to be extracted {rom
measured data. Particular emphasis is put on the correction of
atmospheric effects.

Scvondly, the 'Advanced Very High Resolution Radiometer' (AVHRR)
which is onboard the NOAA satellites, will be used as the data
source. Therefore in chapter 3 the necessary information is given
on the TIRO5-N/NOAA satellite system and its imaper, the AVHRR.
Future developments of such scanning instruments will be dJdiscussed.
Finally, 'cloud parvumeters' refers to bulk optical properties

s

which are related by parametrization schemes to radiative quantities '
which can be measured by remote sensing. Chapter 4 deals with the
possibilities of processing multispectral sateliire data. Based
un the APOLLO algorithm package, it is demonstrated how AVHRR data
can be used to
a) detect clouds, i.e. to arrive at three proups of cloud free,
fully cloudy and partially cloudy pixels,
) vlassify clouds, i.e. to obtain cloud coverage for different
cloud types,
¢l uanalyse clouds, i.e. to obtain cloud opticual propertics.
The derivation of surface data like albedo or vepetation index
1s not part of this talk. 1t will be mentioned us lar as it is

reguired for tje cloud analysis.
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A Principles of Remote Sensing

/2;1. Definition of Remote Sensing

In general, remote sensing can be defined as follows: From the state of a
field at one location conclusions are drawn about quantities that had an
2 REMOTE SENSING TEGHNTOUE effect on the field at a different jocation. So far, nothing has been
said ahout the nature of the field. Here we will deliberately restrict

ourselves to extracting information carried by electromagnetic waves and

will exclude acoustic and radicactive waves as information carriers.

So a necessary condition for remote sensing is therefore an interaction
between the electromagnetic field and the matter whose properties are to
be determined. As we saw in the previous lecture, speaking strictly,
there are only two interactions between electromagnetic radiation and
matter, namely absorption and emission. They are, however, usefully re-
grouped into four classes of interaction processes: scattering, reflec-
tion, absorption and emission. Here absorption means the permanent loss
of a photon from the radiatien field, while the temporary, usually very
brief, removal of a photon from the radiation field by absorption and

spontaneous re-emission is called either scattering or reflection.

These interaction processes alone determine the strength of the directly
measured quantity, the radiation field, and are what have to be deduced
from the measurements. Now taking for example the atmosphere, optical
depth and scattering function are not determined by just one substance
but by a mixture of differing substances. This means it is not in prin-
ciple possible to determine from & single measurement the properties of

one substance, instead one obtains the properties of a mixture of sub-

stances. To split the measured properties of the mixture into info-m.lon
about the constituents of the mixture is an inversion problem and gene-
rally gives rise to ambiguities. In practice, modelling assumptions and/
or additicnal measurements are made to get a unigque connection between
the property of a component of the mixture which one wants to know and
the actual gquantity measured. An example of the use of modelling assump-~
tions is aerosol measurement, where the fraction of Rayleigh scattering
known by a priori knowledge (the Rayleigh optical depth is nearly con-
stant because of the small relative variation of the barometric pressure)

is subtracted from the measurement leaving the aerosol's contribution. Au
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cxample of using additional measuruments is the DAL technigue where
measurements are made sinultancously at two distinct, cleverly chosen

wavelengths. This will be discussed in more detail in the next lecture.

Having solved the prublem of getting a unique result from the initial
ambiguity, mare interpretation is often needed because what one wants to
know about a substance often is not identical with the quantity that di-
rectly influences the measurable radiation field, An example is the
determination of the aerouscl mass which is only possible when additional
information is available, namely the aerosol size distribution and the
complex refractive index of the aercsol particles., This additional
information can be taken from modelling assumptions or from additional
measurements (or a suitable combination of the two). The achieved reswlt
is generally more accurate if additional measurements are used rather
than assumptions. In our example, additional measurements can consist in
measuring the aerosol scattering not at one wavelength but at several. So
we see that it is crucial to remote sensing to establish the quantitative
connection between measurable quantity and required quantity. Generally
this is done with the help of computer modelling, that is the radiative
transfer equation (RTE) is used to calculate the radiation field in the
atmosphere which can in turn be used to separately determine the

influence of each gquantity on the radiation field,

This tells one the possible accuracy of the required quantity as deter-
mined by the accuracy of the measured quantity and the accuracy with
which the perturbing quantities are known. Such sensitivity studies can
generally only be carried out by computer modelling, and not by using
measurements of the real atmosphere hbecause it practically never happens
that just one property of the atmosphere changes alone, instead several

properties :l...ge simultapeously,

&2, Basic Measurement Schenmes

The four possible interaction processes between radiation and matter are,
as has already been stated, scattering, absorption, reflection and emis-
sion. Figure 2.2.1 shows the possible gecmetric configurations which can
be used for remote sensing. It is clear that scattering, reflection and
emission can be measured on their own, while at least in the solar spec-

tral region, absorprion can only be measured together with scattering as
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extinction. Note that the figure only shows configurations in which both
Lhe source and the detector are outside the atmosphere, and does not con-
sider cases where one or both are inside the atmosphere or on the ground.
11 this were the case, the principles that apply to the measurement geo-

metry would not in fact differ.

1f we use the radiation from natural sources as the information carrier
then we speak of passive methods. If artificial sources e.g. Lasers are
used, then we speak of active metheds. It is also useful to distinguish
between solar (shortwave) and terrestrial (longwave) spectral regions even
though the boundary is a little fuzzy, it lies between 3 and 5 pum wave-
length. The following table summarizes the possible measurement schemes,
ordered by whether they use the short or long wave regions, are active or

passive, and by the type of interaction used.

Spectral Region Mode Usable Interaction Processes

shortwave passive scattering, reflection, extinction
(absorption)

shortwave active scattering, reflection, extinction
(absorption)

longwave passive emission, absorptien (extinction]

longwave active scattering, reflection, extinction

(absorption)

which of these conceivable schemes are to be used in practice? A few typi-

cal examples are:

Shortwave passive methods: scattering is used by Koepke to determine tur-
bidity (rhis will be explained later}; reflection is used by Kriebel to
obtain reflection functions; extinction is used by the occultafion method
on buard SAM 11 for the measurement of stratospheric aerosols and is also
used by ground based sun photometer measurements. It makes no sense to
apply the solar occultation method to the tropesphere because of the ever~

present clc

Justft

Shor twave active methods: Scattering is used to measure aeroscls using
LIUAR -techniques, reflection in conjunctien with extinction 1s used for
measuring aerosols using the LPA technique and extinction is used for

measuring trace gases using the DIAL method.

Longwave passive methods: Emission and absorption are used for measuring
trace gases with gas correlation radiometers and Laser heterodyne detec-

tion.

Longwave active methods: These are the same as the shortwave active

methods.

- HO
rtl’ﬂ - R
S 7.4, Adaptation of the RTE to RS Measurement Schemes

in this chapter the equations needed for RS measurements are derived from

the RTE, whose various terms were 1isted in chapter 1.8.3.

Terms 1, 2, 5 and 6 of the upwelling radiance are needed for shortwave

passive methods that use scattered sunlight.

When measuring through the atmosphere against the sun (e.g. solar occul-
tation and sun photometer) term 7 of the downwelling radiance becomes
crucial, and all the others can be excluded. Terms 3 and 4 of the upwel-

ling radiance are what is needed for longwave passive methods.

Shortwave and longwave active metheds do mnot differ and can be treated

together.

The LPA without reflecting target needs a remote detector to measure Lhe
extinction of the laser radiation and so it has an equivalent geometry to
the solar occultation method. Here too, term 7 of the downwelling radi-

ance is the important one.

The LPA method with a reflecting target detects radiation emitted by a
iaser after it has traveled through the atmosphere to a target (e.g. re-
troreflector, earth's surface), has been reflected there and has returned
along the same path through the atmosphere to the detector which is usu-
ally directly adjacent to the laser. This conliguration must therefore be

describable by term 5 of the RTE for upwelling radiance. The LIDAn cgqua-
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tich will be derived from it, as tollows, The RTE using term 5 alone has
the form

i O 7

Ho H

1 1 ‘0 L]
Lyl me) = vy ln,espg.go) Epig @

If we imagine the laser and detector are on board a satellite, that is
outside the atmosphere, and replace the solar radiatien E: by the laser
radiation Ek and call the direction of the laser beam {-pj}, ¢i), the re-
flection direction (4., ¢.), then we get

-2a../p
, L EA' Po
Li0upaaga) = vi{Bo.Roibosga) Ef by @

This is already the LIDAR equation, but not in its usual form. To get
that, we multiply both sides by A {1, where A is the receiver surface and
0 is the solid angle subtended by the laser beam that is Q = F/R? where F
= illuminated area perpendicular to the direction of propagation and R =

distance from the transmitter/receiver to the target. This gives rise to

-2a__/u
B & ER'Pe 4
Ly(0ypo,9o) AD = vy lhoogoita 0o} Ef Bo @ -
Rl
Now LA(O-Pa- P,) AQ = PA(R) which is the reflected or backscattered
pover; Ei Fpe = PoA which is what the laser emits, the so called
transmitted power, where p, = 1 since the illumination is perpendicular

- to the target F. From that,

-2a

. A ER
Pr(R) = v (Hasduiba, @) Py ;: @

Just replacing PA(R} by the received power PrA(R) where PA(R); K*lPrA(R)

and K = optical systems efficiency and replacing the reflection function

Yy by the reflectance factor P, = 0 Yy . glves
p
- A A iy
prA(R) = K PoA Ri expl ZdEA)
or with
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By I ah(rJdr
o
2 A R
PrA(R) = K PoA ;: exp(—ZOIaa (r)dr

This form of the LIDAR equation appears in every handbook of LIDAR
techniques for the LPA method with a reflecting target, that is for

non-range- resolved methods.

With range resolved methods the laser beam is reflected at the
air-aerosol mixture where, all according to the time constant, different
sized range cells with length AR are resolved. In this instance we are
not interested in the radiation that traveled via the reflector or the
earth's surface but in the radiation scattered from the direct beam as

described in term 2 of the RTE for upwelling radiance.

Here the laser signals alsc travel through the atmosphere twice but not
all the way through it, but only to the range cells of interest and back.
The RTE with term 2 is

t.-T
EA -t /ul B - -ﬁa—é dt,
LA(IA'p'Q) = i EA e (l_kh) zﬁ(p,q;-po,q,) e Ty
A

Again we replace Ez by Ei, consider the direction (p,, ¢,) and imagine
the detector to be above the atmosphere:

3 - 1 ' -
EA L tA/po P tA/po dt

A A
L, (Oua.) = J Ej e (1-kp) 77 (Hos®oi~Horga) ©

Ho

[=]

Since we want range resclved infermation, we ignore the integral from
ap,to 0 and instead consider the path AR along the range cell, which
makes uys write dtA as ATA. IA(R) represents the optical depth of the

atmosphere from the top to the relevant range cell, This gives rise to

“L R g By ~1, (R) g AT
Lh(o-po-‘fo) = E}\ € (l_k)\) H(po-‘?o:”p:n?::) @ ™
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or since HiHe

P! AT =21, (R} /p,
A A L A
Ly (O.hoi9ed = (1o} 70{He @oi~ta@al - Ep @
“sa
At the scattering volume 1-k = — with Av, = « AR
A a, A A

Since AR lies in the direction of propagation, p, = 1, that is the veclume

is illuminated perpendicularly. This gives

a . P! -2t (R)
sh A L A
L, (0upe.go) = ;;“ I (Hor®oiModalay AR Ef e
Now a , Py lHosfai~Hai®o) = By

and with BA = the value of the absolute scattering function at a scatte-
ring angle of 180°, the so-called backscatter coefficient, we get
B -21,(R)
Y L A

LA(O,uu,QQ) = an AR EA e
This equation is changed into the usual from, analogously to the way it
was done for the LPA method:
A R
= expl(-27J uh(r)dr)

o

N BR
PrA(R) T in AR K PO o

A
with the difference that R now stands for the distance from transmitter/
receiver to the range cell, and not as with the LPA method, the distance

to the ground.

These two Lidar equations completely describe the backscattered or re-
flected laser signal. Nevertheless when using shortwave measuring methods
one must alse remember that during the day the radiation field is not
solely determined by the laser signal; the scattered solar radiation also
makes a contribution. This is described by terms 1, 2, 5 and 6 of the RTE
for upwelling radiance, and must be taken into account unless one consi-
ders it to be negligible in compariscn to the scattered laser radiation.

This depends, for instance, on the wavelength and power of the laser.
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Now the RTE can be written in the following form

dL
o S dif dir c
Mdr Ly #9290 g
or, in more detail
dpbpewe
e = A rh.u.tp)
A
2n +1 P!
-— — N L] 1 1] L] 1] '
17k, i L{ it @int e )L (Th,nt ) du'de

A , 0 _TA/p°
(k) goB,gi-Ra.ea) Ey e

+ kA BA(T)

According to the derivation, we have here a one dimensional model, that
is the atmosphere is horizontally homogeneous at each level, and extends
out to infinity. For practical purposes a horizontal homogeneity of 30 km
is sufficient. We have a plane, not a curved, atmosphere. In practice
this means that elevation angles of less than 3® to 5° cannot be properly
handled. There is only one extraterrestrial source (the sun) and so the
strength of the incoming radiation is the same all across the horizontai
plane. The scattering behaviour of the particles is axially symmetrical
about the direction of the incident beam so that the scattering function
only has one independent variable, the scattering angle 0, The radiative
transfer equation only holds for the monochromatic case, that is when at
the wavelength in question the optical effects of the atmosphere can be
described by an optical thickness; then transmission functions are expo-
nential functions. Section 1.8.3 will show how it is still possible to
write the radiative transfer equation for abscrption bands in which the
optical effects at one wavelength cannot be described by just one optical

depth.

Cur version of the RTE holds for the radiances without considering the
polarization ot the radiation. If one wants to take it intc account then
the RTE must be applied separately to each of the four Stokes parameters

which describe the radiation field including the polarization. We have
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not done 5o as it would make the presentation unnecessarily tortuous. It
should be siressed though, that all the rumarks that tollow will hold as
it not only the stiength of the radiation field had been taken into

account but also the degree and the plane of polarization.

The RTE is a tool tu accurately calculate the complete radiation field in

the atmosphere.

However, it is an integro-ditferential equation because the term to the
left ot the equals sign contains a derivative of the radiation field, the
first term to the right of the equals sign contains the-radiation field
itself and the second term to the right of the equals sign contains the

radiation field as an integrand.
It can only be solved numerically and this is only possible if one does

not use its differential form but its integral form (introduced in the

next section) which includes the boundary conditions.

1.8.3 The Radiative Transfer Equation in Integral Form

By formally sclving the differential RTE

dLA(tk.p,Q)
P T Ly(rpp,e) + Jh(th.u.q)
A
and separating the radiance into the upwelling and downwelling compo-

nents, we get the integral form of the RTE

upwelling:
2ER A £y
- -E___—_ ER m th
Ly g, gl= Lilags.pg) e + i Jpltypple o
A
with O<psl
downwelling:
.-t
-IA/P Tx - _ﬁﬂ;b_ dtk
LA(‘A'_“'Q) = L, (0,-u.qle + i Jh(th,-p.q)e T

with 0<psl
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Since we are concerned with a one-dimensional model there is just an

upper and a lower boundary conditien, and no lateral ones.
At the top of the atmosphere (13=0) only solar radiation enters, so

Ly, g) = LYCng,0l) 8(-i,-ud) dla.ed)

e

The Dirac delta functions ensure that this term is zero except for the

direction of sun (p), ¢5).

The bottom of the atmosphere, the earth's surface is described by its
angle dependent reflection function and by its thermal emission, which is
given by the Planck function with the temperature of the earth's surface
Bp(Tg), multiplied by its spectral emittance ep = kxg

where 0 < &, s 1.

The irradiation of the earth's surface results from the direct solar

radiation and the scattered radiation from ail over the sky

g T

_aEA/“; 2m 1

o
E,(ag,) = Eg n; e +i i Lylag,,n',9") p'dp'dy’
and hence %
—ap /s
, EA
Ly (agy b = vy, 9i0a,02) E; He €
2n 1 .

+ i i LT HIN LA(aEA.-u'.Q')u'du'dw' ‘

;‘!
vy BA(Ts) '%

If one inserts the boundary conditions and the source functions into the
integral form of the RTE, it yields the following complete form of the

radiative transfer equation:

R,
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upwelling radiances:

(term O)

(term 1)

(term 2)

(term 3)

{term &)

{term 5)

{term 6)

with O ¢

+

LA(TA,H.Q) =
L -t
A A
2EA 2n +1 Py T
— — . 1 1 L] * 1 L] ——
5ok s Qn(u.w.u Ly (T pt e ) du'dg’ e m
T o -1
A
' t, -1
EA “ty/ne By - -5:—}\ dt,
) - N Jo— 1
SOEy e (1-k,) go(B.e: nl.el) @ m
T
A
agh tA—TA
- = " th
i k.& B‘\(T(ta)) e TA——
A
_%EA A
M
E}\ BI\(TS) a
CZ%En _ %EATR
o Vo (8
¥y (Ba0ius. o) Eig e
a.."T
ch A
2n 1 - Fﬁ
- T v —_ L] 1 1 [} 1
S v eaentet) Lylagetee Jp'dp'dg'e

a
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downwelling radiances:

(term 0) LA(TA'_p’?) =

T 2n 41 Pi A A th
(torm 1) £ (k) F Rt (t pt g dutdgte B =2
A AR "
¢} o -1 4n
T,.-t
A -t/ Py —MRHA dt,
(term 2} +£ E, e (1-k,) 37 (1,95 ns,95) e 'S
T,-t
T - —LE—A dtL
{term 3) + i ky B (T(t;)) e m
_ A
M

(term 7) + L: (-pi,eh)y &(-p,-ub) Blg.el) e

with G < ps1
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Let us now consider, in order, the individual terms of both parts of the
RTE. Considering first the upwelling radiance, left of the equals sign we
have written the radiance at a particular level T3 going in direction

(t,g). To the right of the equals sign there is written in:

Term 1: The contribution to the radiation from all the photens which are
scattered in direction (p,g) somewhere between the ground and level T
without having interacted with the ground and which are attenuated accor-
ding to the law of extinction on their way back to level t) except for
the photons which are scattered out of the direct solar beam into direc-

tien (p,q).

Term 2: The contribution of those photons that are scattered out of the
direct solar beam into direction (u.9) somewhere between the ground and

level 1; and that are attenuated on their way to level The

Term 3+4: The contribution of the thermal photons emitted from the ground
and along the path from the ground into direction (1,9} up to level 1y,

which are also attenuated along this path.

Term 5: The contribution of the direct solar beam from direction [GaTEN" 38
which is attenuated on its way down through the atmosphere, is reflected
at the ground into direction (p,} and is again attenuated on its way

from the ground te level 13,

Term 6: The contribution of the diffuse radiation frem the sky which is
reflected at the ground into direction (p,¢) and which is attenuated on

its way from the ground to level 14.

The RTE for the downwelling radiance contains corresponding terms to
those in the equation for the upwelling radiance except for the ones that
are determined by the boundary conditions. Therefore the two terms which
contain the reflection function do not occur. Instead in term 7 the di-
rect solar radiation is introduced which is attenuated between the top of

the atmosphere and the level ty.
The radiative transter equation in integral form alsc has no analytic

solution because it is still an integral equation. There are several

methods that give the numerical solution which are not treated here.

9

Since the RTE requires that the optical effects can in fact be expressed
by the optical depth {see section 1.8.2), the transmission functions must

be expanded as e-series no matter how small the wavelength intervals are,
then the RTE must be solved separately for each term in the e-series and

finally the results must be weighted and added.

1.9, The Radiative Transfer Equation as the Basic Eguation for Remote

Sensing

The radiative transfer equation has been presented so explicitly for two
reasons: firstly, to show how all the interactions between radiation and
matter can be given a joint quantitative description so that the total
radiative transfer in the atmosphere can be described by just one equa-

tion.

Consequently, it must be possible to derive all the equations describing
the radiation transport which are used in remote sensing applications from

the RTE by adapting it to the particular problem.
This enables us to put the different remote sensing techniques into a

wider context and is the second reason for having presented the RTE sn
explicitly.
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3. Atmospheric Correction of Satellite Data .
JLorrection ol »atell | :

s

i

A 1. General

The aim is to conclude from the radiance measured on top of the atmos-

phere to the radiance leaving the surface. The problem is the intervening

atmesphere which wecakens the surface leaving radiance by extinctioen and . mt
L LTE LT
reinforces it by scattering. In principle the aim is reached by solving :E e
t PN
(CTITIrY
[
r

the RTE. To do so, besides gecmetric properties the follewing quantities
. - . s L
must be known: The surface reflection function, the optical depth of the s - - Lr/\"/-\

BT

atmosphere, the scattering phase function of the aerosol particles, and A el .
PR
“
the absorption properties of minor atmospheric constituents like ozcne boand e [ o
. Lving , [ . ! - 3
and water vapor. The latter can mostly be parameterized by mean values, e .“’ i P i - f R i p
o oo * z LIERL I TE TN TS %1 .
so we forget them for the moment. e - E o e E wim o weow
ol am - -
3 »e
O oxe [’ /\‘\’_A &
The surface reflection function y describes the amount of radiation which Tues " e w A o
. L) B owm w o w1 )
comes from one direction and is reflected to another direction, for all e oo L 'f
] TR R . e b
possible . nations of directions cf incidence and reflection. The two } . 500 F " i
<hinety o 1 ol waigatTe « 3y ! B
extremes are —_— S "o " £ HE Y | ;
oz . S ) ) W .;
* L oy (P R : PR :
i\_’-,,.' T L S
a) the isotropic reflecticn function which assumes an equal angular dis- R ] o TIET
" w ] LI T - - o
tribution of the reflected radiance independent from the direction of di- ve LT T . s e
Con | saman ; s
incidence, its maximum numerical wvalue is 1/m for a perfect white nor aw § oot i s i Teranmen !,é
R H s o s " LI T
Lambert diffuser, and v Bl e e N |
. . . . . ; ] ooy g
b) the perfect mirror reflection function described by the Fresnel formu- T e \ W \‘} B ""/-j
o ot B AN A
I " L SRR ML PR S PP
1,000 . . — - " w L] " ) -
-~ -t  ooe e
Natural surfaces are different from both extremes., Solid surfaces tend Lo - ) L8 L penen b
1 1000 e wrmee e g9
more to behave like the isotropic case, however their angular anisotro- ar e f Bl w B e
I . sl wr .
pies vary inbetween one order of magnitude. Water surfaces behave more o . 2T b //
k-,‘ b ~ 100 4
like the Fresnel mirror but differ considerably from it due to waves and o 'L“#l“-‘—‘-uuu‘] 1 el i
- e ow " w om WU
white caps. Ty e
tery,
N Fi 2
To date the reflection function of solid surfaces is known only in very i B 11 Reflection functions of vegetated suefaces
Wi at 0.52 um in dependerice of zenith angle &, azmmuth 4
r i [

e.g. savannah, coniferous forest, pasture land (Figures

limited cases,
and Zenith angle of incidence u : Savannah
; .

1.1.1 - 3.1.4), Only approximate or mean values are available for most
solid surfaces. For water surfaces a good working approach is available

[Cox/Munk] which accounts for waves depending on wind speed (Figure

3.1.5).
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The optical depth of the atmosphere T is highly variable in space and
time and is usually not known, It can be measured either by ground based
muasulelienta, e.g., with actinometric meaauremahite, or by meakuremsnt of
the visual (meteorclogical) range, cor from spaceborne instruments to a
limited accuracy, as is shown in the next chapter. Over water surfaces
some techniques have been developed which rely on the fact that water is
nearly black in the infrared and then try to transfer infrared measure-
ments to shorter wavelengths by assuming or knowing only the relative
spectral behaviour of the optical depth [Gordon, Viollier, Deschamps,
ISPRA- Report]. Over solid surfaces s¢ far only active methods, using,-
e.g., a laser as an artifieial source, are expected to give good results.

This is shown in more detail in the next chapter.

The scattering phase function p depends on the refractive index and on
the aerosol size distribution., If the latter are known, p can be calcula-
ted according to the theory of Mie assuming spherical particles. However,
the remote sensing of the refractive index and of the aeroscl size dis-
tribution is very complicated and not yet achieved. Therefore usually the
aerosol is classified into some typical cases and the scattering phase
functions derived from those typical cases are used (Figure 3.1.6). Ome
advantage is the rather weak dependence of the scattering functions on

wavelength, This is used in the technique shown later in this chapter.

The conclusion of this discussion is that the solution of the RTE is gen-

erally not possible because

a) over solid surfaces neither y nor T are known, and
b) over water surfaces neither T nor the ocean leaving radiance (under

light) which is not included in the Fresnel formulas are known,

Thetrefore only approximative solutions are possible and with this we will

deal now.

The approximation most commenly in use is the assumption of only single
scattering. All higher orders of scattering are neglected. Herewith the
RTE becomes analytically solvable and, hence, the necessary computer time
is drastically reduced. But it should be kept in mind that the error in-
troduced by this approximatien can only be checked by means of the solu-

tion of the complete RTE including multiple scattering, at least for some
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typical cases covering the expected range of atmospheric variables.

The single scattering approximation also needs y and T. Therefore the
next step is to use a priori information on y or T. But usually y is the
wanted gquantity and therefore cne must get some information on T. Know-
ledge of T must be available for all wavelengths of interest due to the
unknown spectral behaviour of T which depends on refractive index and
aerosol size distribution. However, keeping in mind the pavameterization
of the phase function based on an a priori classification of the aerosol
type and, hence, of its refractive index and size distribution, on can
derive appropriate information of the spectral dependence of the optical
depth T. But at least at one wavelength the optical depth must be known.
Over water this can be achieved at wavelengths beyond ¢.63 pm vhere water
is essentially black, i,e, y = 0. Herefore I will present an appro; - ‘e
algorithm later in this chapter. Over land this can only be done by means
of a ground based measurement of T near the site of interest because T
varies not only in time but also in space. Measurements over a spetific
target area with known y are usually not available near the site of inte-

rest.

A somewhat different technique is the measurement of the radiance diffe-

rence of two adjacent surfaces. Given their inherent radiance difference

o 7TA/p°
AL, (Ty.u.9) = 8y, (o Hig~4a) Eyf Mo ©
2o 1
+ i é By, (naptsee’) Li(Ty,-u'.e")u'du’de

the measured reduced radiance difference on top of the atmosphere is

o -TA/uo "TA/u
AL, (0,9} = Ay, (Ba,pig=@e) Ef o @ e
2n 1 =T /B
LA Avh{u.u':w-w') Ly (T, -ntug'dpidntdgte

c 0

This holds if the phase function of the arecsol is assumed to be the same
over bolh surfaces which is most likely near the border of the two adja-

cent anfaces.
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Bividing the measured radiance ditfervnces by the inherent radiance dif~

terence yields

eié{?fu.wli ) )’TA/P
ALA(FA,M.@)

and hence,

ALA(FA,p,q)

T TR AL O

A

This formula includes all multiple scattering except that caused by the

different surface reflection function.

The inheren* ridiance difference can be measured with airborme instru-
ments. But it should be noticed that the radiance difference itself is
dependent on the solar elevation angle and on T. Sv such airborne measu-

rements must be made at the same time as are the satellite measurements,

S50 far we have seen that the main problem in atmospheric correction. of
satellite data is how to get sufficient information on the optical depth
of the atmosphere. However, all proposed methods are based on the assump-
tion, that the measured radiances on top of the atmosphere are absolutely
calibrated in radiance units. This follows from the RTE which describes

the measured radiance essentially as the sum of two terms:

“T/n

Ly (Cp,g) = L (T,,u,9) @ * Lpy

LPA stands for path radiance and includes all photons inte the direction
{p.¢) which are not reflected by the surface into the direction (p,¢).
The path radiance must be substracted from the measured radiance to pro-
ceed to the quantities of interest and both must therefore be known abso-

lutely.
3.2, Landsat

Due to its broad spectral bands quantitative measurements are made mostly
over land surfaces. Because the MS5 is not absolutely calibrated, use can
be made from known calibration targets like White Sands, provided simul-
/,
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'Table 2-1. Spectral characteristics of the
TIROS-N/NCAA AVHRR lnstruments

Four-chageel AYARA. TIRCI-N

a1 ch 2
o 1

ch 2 n 4
3.35-0.9 um 3-1 1 um 3.35-3.9) um 16.3-11.3 .=

é 2

Four-chaaosl AYARR - YOAA-A -I.X apd -é

chol a2 ca ch o4
Q.38-0.68 @ 0.73%-1.1 @ 3.35-2.93 us  10.3-11.3 um
<(? 9 A
Five-zhannel AVHRR, NOAA-D, -7, =G,

<8l 2 (o 0] ch o4
Q.38 68 um . 723.1.1 wa 1.55-1.3] .. 19.2-11.1 am

<h 3
Data (rom
Cch 4
repprced

ch 3
Detn {rom
ch 4
repsated

N
-H, -I and -J

ch %
11.5-i2.% -m

Note Changes Tc tnw above deployment schems MAy OCCUr as 3 result of

{nstrunent availability or chasging requirements,

Table 2-2. AVERR ipstrument parametsrs

Parameter Valus
Calibration Stable blacsbody asd space for [R
chebosla., o toflignt visiole

chanael calibratlos other thas

pece.
Crosa tracd 3can £35.4% from oadar
Lice rate 360 liaes per =:pule

Cptical fleld uf view 1.3 militrudiane

Ground regolation {1yl 1.1 m 9 asdir
Infrared channei WEar(? <0,12 K at 300 €

Visible chaanel S/KUD 311 #0.5% alhedo

1} lastancanecus flald of view
21 NEAT - Noite equivalestr differentisal temperiiyre
3} Jigami-to-oolis ratio

2.2.1 High Resolutioo Infrared Radiation Sounder (BIRS/2)

P

The HIRS/2 is an adaptation of the HIRS/1 instrument flown on

the Nimbus-6 satellite. The ipmstrumeat, buil
Cptical Division of the Internaticnal Telepho
Corporation, Fort Wayne, Indiana, measures in

t by the Aerospace/
ne and Telegraph
cident radiation in

i9 regions of the IR spectrum and one region of the visible

spectrum.

Tahle 2-3 is a listing of the nominal HIRS/

3 -rev.

2 parameters.

Spacecraft

Payload

TIRGS-N/NOAA A-G Summary Sheet

TQta] weight 1421 Kg (3127 1bs)
{includes expendables)
Weight including tape
recorders

194 Kg (427 1bs)

Reserved for growth 36.4 Kg (B8O 1bs)

Instrument Complement:

Spacecraft Size:

Solar Array

Power Requirement:

Advanced Very High Resolution Radiometer (AVHRR)
High Resolution Infrared Radiation Sounder (HIRS/Z)
Stratospheric Sounder Unit {SSU)

Microwave Sounder Unit (MSU)

Data Collection System-ARGOS {DCS)

Space Environment Monitor (SEM)

3.71 meters in length {146 inches)
1.88 meters in diameter (74 inches)

2.37m X 4.9 m : 11.6 square meters
(7.8 ft X 16.1 ft : 125 sq ft)

420 watts, end of 1ife, at worst solar angle

Full operation-330 watts
Reserved for growth-90 watts

Attitude Control System: 0.2° all axes

Cormunications
Command Link :
Beacon
S-Band
APT
pDCS (uptink) :
Nata Processing:
Orbit

Launch Vehicle:

Lifetime

0.14° determination

148.56 MHz

136.77; 137.77 MHz

1698; 1702.5; 1707 MHz
137.50; 137.62 MHz

401.65 MHz

A1l digital {APT; analog}
833; 870 km nominal

Atlas E/F

2 years planned



FUTURE U.S. POLAR-ORBITING METEOQROLOGICAL SATELLITES

Advanced Systems Convepts Group 4
Systems Planning and Development Srafy !

1. INTRUDUCTION

Since the launch of the first meteorological satellite, TIROS I, om
April 1, 1960, the U.S, has maintained in orbit an array of spacecraft 1in
support of weather forecasting, and for wmositoring of natural environmental
hazards. Following the First TIROS (Television and Infrared Cperational
Satellite), the National Aercnautics and Space Adminiscration supported the f

g T

3 = 4 Z arxZ2C - "
> & z g g E g & g g 3 g ou w - development of a series of "NIMBUS" experimental remote sensing spacecraft
g 5 o 3 £s5< g 25 2x5 us-l T3 for weather observations, which served as test vehicles for ever-more-advanced
w s g <c T '5' = 5 Tz > g a5 ¥ sensors. As spacecraft advances and ground etation processing reached a stage
Z un.l 5 4 < e a - 2 g < g ",25 § < Q b g g b g > permitting quantitative analysis of remote sensing data, research satellites
5 i ..._,. g o ‘5 .“F - ain SXo > x g E g o gave way to operatlonal, "NOAA-series” platforms.
23w u L £330 qZ EazZa
8 E o by E§ _,ggg The current generation of U,5, polar meteorological satelliites began with i
- S .3 g v %gﬁ% the launch of NOAA-7 (C) in 1981. {NOAA-seriee spacecraft have lelter designa-
3 Yo ‘F;ﬁo tions before launch, and are then numbered when operational im orblt.) The same
w Q< - g—z"' family of platforms will continue through NOAA-J, slated for launch in March
G o d Y gg S I °~1 1989, 1In a procurement of three more epacecraft, NOAA-K, -L, M, swall changes
T 5 ;S 2 g €55 in the space platform are planned to support several significant changes 1In ,
- 2 T s T > ;5 g instrumentation. After NOAA-K, -L, -M (1990-92), a thorough redesign of the v
M woaew " 8 g 5 - 2 space platform is projected, accompanied by an increase in the number of sensors :
ey 5 5 §E _ 2w ) 2 < carried, to include modified versions of the present sensors, and also experi- ,
8 S 3 a Q 222 Now 3§ lh\\\\\\ g F % mental sensore envisioned as replacements for the present operational sensors. k
-4 Qo w ; . W "3
g - E § « ﬁog < 2. CUKRENT NOAA-SEWIES SPACECRAFT (NOAA-C THROUGH -J)
wl > =z
% - 1858 : sé The present NOAA-Series polar orbiting spacecraft {See Table I) welghs more
Zrw - abhz than 1000 Kg and carries sn array of about eight sensors and data-relay systems,
= g @« 5 w Eu_‘-l 4 of which the most important are a high resolurion surface imager (AVHRR), and an
! o g = 3 g I E, ensemble of three instruments lumped together as the TOVS (TIRGS Operational )
2 g 2 g a g ‘=" - E =2 8 = Vertical Sounder). These instruments (HIRS, SSU, and MSU) provide sounding i
O w 25> _ E‘ [ 3; data, that 18, values of emitted infrared and microwave brightness values
o of % g,“_‘ o &J 5 - from the Earth's surface and atmosphere, from which profiles of the atmospheric
; " & E g g - temperature, and moisture content aloft, may be calculated. While the calcula-
L ;‘-; E tion of soundings formerly required a major meteorological processing center, .
z w g b . this can now be carried out by a tabletop computer, Soundings foram the maior ;
™ 2z < 0 satellite input to worldwide numerical weather prediction. Soundings are b
ﬁ E'G supplemented in prediction models by surface temperature values derived from
w AVHRR brightness values. (Winds calculated from apparent cloud moticn as seen ke
w in sequential geostationary satellite 1lmages, are also of great value.) ‘_E
- 3
- :' - m‘:-' Three of the four instruments providing imagery and ao'undings from the
E é N i NoAA-series platform (AVHRR, HIRS, and 55U) operate in the infrared portlon
< 3 xa gg g of the spectrum. (MSU is a four-channel Microwave Sounder Unit.} Since clouds
l;-’ w wa ZEEw W g w are opaque to the passage of infrared energy, neither surface temperatures Aer
o= Zn £~ Q w « g = 8 ?( soundings are possible through cloud cover using infrared instruments. In
9, a [T '; "z‘ G ';fg" =) winter, when much of the continental United States is cloud decked, this causes
8 5 g X daz g £ a serious data loss. Wnile course soundings can be calculated from MSU data, i
- > T z the MSU's four channels (between 50 and 57 GHz) do not describe a detailed
2z x v protile of temperature or moisture versus height. .




3. NOAA-K, -L, -M

The major change planned for NOAA-K and subsequent satellites is the
installation of an Advanced Microwave Sounding Unit (AMSU}, a 20-channel
sounder operating in frequencies between 23 and 183 GHz, including the 50 Ghz
channels used in the MSU, HIRS is retained; MSU and SSU are dropped. The
resulting increase in sounding data is expected to reduce the error in sound=~
ings calculated from satellite data by about one~hslf. Other producte to be
calculated from AMSU microwave data include water vapor profiles, precipita-
tion and global mea lce coverage.

AVHRR will have changes made in several of its channels (eee Table II).
Channels 1 and 2 will be modified to make the visible and pear~IR data more
useful for the calculation of a “vegetation index,” a data product indicating
the “greenness” of the reglon imaged. Channel 3 will be replaced by a switched
channel, for sunlit and dark scenes. Channel 23A remains unchanged ian spectral
content. Channel 3B will enhance determination of cloud cover, versus surface
snow and ice cover. For Chamnels 1| and 2, slight changes are proposed in the
on-board processing algorithm, to enhance the resolution of brightneas in the
low-albedo region of the instrument's brightness curve. The change 1s not
expected to be detectable by direct data readout users.

The HIRS Channel 20 is to be broadened, to enhance its value as a data
source for studies of the Earth radiation budget. The change seeks to compen-
sate researchers for the loss of the experimental Earth Radiation Budget
Experiment (ERBE) instrument., At present, the HIRS Channel 20 covers only
0.6 to 0.7 um. Replacement of a visible radiation {silicon) detector by a
thermal radiation (germanium) detector in the channel will widen the spectral
response from 0.2 to approximately 2 um, without the necessity of an optical
system redesign.

An orbital change is scheduled for NOAA-H and subsequent spacecraft. The
time for equatorial crossings is to be advanced from 1430 to 1330 local times.
A sun-synchronous orbit is retained. The planned change required a thorough
redesign of the spacecraft's thermal controls and instrument shades, since the
spacecrsft will observe the sun constantly at higher viewing angles, during all
sunlit flight times. The change is planned to coordinate Eastern Paclfic data
collection with a change scheduled by the U.S. National Weather Service, to move
forward the start-up time of its numerical prediction rums.

Installation of an Ocean Color Instrument {OCI), similar to the earlier
Coastal Zone Color Scanner {CZCS), is also under consideration for the NOAA-K,
-L, M purchase. Flight of the OCI would increase data collection in support
of near-shore marine interests including fisheries, and environmental monitoring
of rivers, estuaries, and continental-shelf oceans.

Whether or not an Dcean Color Instrument is added to NDAA-K, -L, M, the
addition of the AMSL will force a change in the telemetry bands used by the
spacecraft for direct to user broadcasts and data dumps to ground stations.
Additional bandwidth is not available at the S-Band frequencies now used. In

additlon, one the beacon frequencies now vsed (136.77 MHz), falls into a band
slated to be reallocated to use by commercial aviation, beginniang 1in 1990.
Various scenarios are now under consideration, in an effort to achleve
sufficient data flows with a minioum impact on spacecraft and ground statlon
telemetry hardware, and also 5o minimize the cost-impact on direct broadcast
data users worldwide.

Tables 111 and IV show payloads scheduled for NOAA-C through -4, and
details of NOAA-K, -L, M changes.

4. FUTURE NOAA-SERIES SATELLITE SYSTEMS

With NOAA-K, -L, -M close to determined, extensive satellite improvements
are now possible only aboard spacecraft to be purchased for launch in the decade
of the 1990s and beyond.

Proposals sre now under consideration within NOAA for a "block change i .
that is, for development of a new satellite bus, to replace the exlsting plaht
form in the early 1990s. The major purpose of this change 1is to permitlfi gl e
of experimental Bensors, along with a required complement of operationa magi
and sounders. Candidates for development and experimental flight include active
microwave instruments for measurement of winds and ocean surface parameters.
(Active instruments send out pulses of microwave energy, comparable to radar
units.) Two Lnstruments, an active Synthetic Aperture Radar, and a multi; st
spectral Ocean Color Instrument (if not already operational). could provide data
for marine interests including sub-surface contours in near—-continent waters.

An active Altimeter could determine ocean gurface helghts to accuracles :uf-t
ficient to permit monitoring of the strengths and directlons of ocean c:rre:os.
A major element of a new bus would be an enlarged golar~cell power BSupp {i re
on of a larger sulte of instruments. Also under conslderation

P e to facilitate shuttle repalr

plans for modular construction of the spacecraft,
or replacement of compunents.




TABLE 1

"ADVANCEL TI1ROS-NT (NOAA‘C_through —-J) SUMMARY SHEET

Spacecratt: Total Welght - 1,009 Kg (2,200 1lbs)
(txcludes expeundables)

Payload: Weight, including tape recorders - 386 Kg (850 1bs)

Instrument Complement: Advanced Very High Resolution Radiometer (AVHRR/2)
High Resolution Infrared Radiation Sounder (HIRS/2)
Stratospheric Suunder Unit {S5U)

Microwave Sounder Unit (MSU)
ARGOS Data Collection System (DCS)
S$pace Environment Monitor {SEM)
Search and Rescue {SAR) Satellite Alded Tracking
( SARSAT)
Solar Backscatter Ultra Violet Radlomeler (SBUV/2)
- NUoAA F and on -
Earth Radfation Budget Experiment (ERBE) - NOAA F
and G only

Spacecraft Size: 3.71 weters ip length (165 inches)
1.88 meters in diameter (74 inches)

Solar Array: 2.37 m x 4.91 m: 11.6 square meters
(7.8 ft x 16.1 ft: 125 square feet)

515 watts, end of life at worst solar angle
(high efficiency solar cells)

Power Requirement: Full operation - 475 walts
Reserved - 40 walls

Attitude Control System: 0.2° all axes
0.14" determination

Communlcations: Command Link - 148,56 MHz
Beacon - 136.77; 137,77 MHz
S-Band - 1698; 1702.5; 1707 MHz
APT - 137.50; 137.62 Miz
DCS (uplink) - 401,65 MHz
SAR - 1544.5 MHz
SAR (uplink) - 121.5; 243,0; 406 MHz

Dats Processing: All digital (APT translated to Analoy)

Orbit: #33; 870 Km nominal, sun synchronous

TABLE 11
POLAR IMAGERS AND SOUNDERS (NOAA-C through -J) k
3
Sensors and Functions
o Advanced Very High Kesolutlion Radiometer (AVHRR/2Z)
i.! km resolution; <2600 km swath width :
i
Channels Wavelengths (um) Primary Uses
1 0.58- 0.68 Daytime cloud/surface mapping
2 0.725-1.10 Surface water delineation, _
ice and snow melt g
3 3.55 -3.93 Sea surface temperature, ry
nighttime cloud mapping ,t
L4
4 10.30-11.30 Sea surface temperature,
day and night cloud mapping
9 11,50-12.50 Sea surface temperature,
day and night cloud mapping
!
o TI1ROS Operational Vertical Sounder (TOVS)
(A three-sensor atmospheric sounding system}
(1) High Resolution Infrared Radiation Sounder (HIRS/2) :
17.4 km resclution ’ b
Channels Wavelengths (um) Primary Uses '%
1-5 14.95-13.97 Temperature profiles, clouds
6-7 13.64-13.35 Carvbon dioxlde and water vapor
bands
8 11.11 Surface temperature, clouds i
9 9.71 Total 0j concentration
10-12 8.16- 6.72 Humidity profiles, detection of
thin cirrus clouds |
13-17 4.57- 4.24 Temperature profiles i
b
17
18-20 4,00- 0.69 Clouds, surface Lemperatures under &
partly cloudly skies R




TABLE II (CON'T)

POLAR TMAGERS AND SOUNDERS (NOAA-C through -J)
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-  METEOSAT SECOM) GENERATION
s m— VIRT . & SPECTRAL CHAMMELS

FUNCT I ON KUAA-E through -J NOAA-K through M
IMAG I MG v
NUMHER OF CHANNELS (AVHRR) 5 6 t
SPATIAL RESOLUTION ,-/R Z ' 5_ S FE(T‘RAL CHAM’VEL S *
L]
¥ISIBLE 0.5 KM SAME -— - .
IR 1.0 K4 SAME - .
SPECTRAL SPECIF ICATIONS o 1: 0,58-0.68 um CH 1: SAME — .
CH 2: 0.7 -1,0 um CH 2: 0,82-0,87 um
CH 3: 3.55-3.93 um o 3a: },57-1.78 um*
CH 3b: 3,553,935 um®
CH &: 10.3-10.3 um Oi & SAME M i
CH & 11.5-12.4 um O 5: SAME A Vﬁe R 2 (
* CHANWELS 3a and 3b ARE TIME SHARED auue(

T - 0.60 - 0.7 0.68 -0,

NUMBER OF CHANNELS o ?F - 0 ? 0
IR (HIRS/2) 23 20 . . ?2 -1./0 2 v
MICROWAVE (MSU, AMSU) ’ 20 . l 5 - /(MM i
SPATIAL RESOLUTION . 3 = /\ ?D o
IR (MIRS) 17.5 W4 (NADIR) SAME
MICROWAVE {TEMPERATURE ) 110.0 KM {NADIR} 40,0 KM (NADIR) 3 S‘ -3
MICROWAYE (WATER VYAPOR) NA 15,0 KM (NADIR} . . 3 $§ -
MICROWAYE (ICE) N/A 15,0 KM {(NADIR} /l‘ Ua - . 3/AAM 3
SPACE ENY |RONHENT INCLUDED NO CHANGE g 6) - 6 ;
T WNITOR 4 . /MM
0zZONE Buv sBUv 6. q - ? 3 i
(PM ONLY} (PH ONLY ) . /MAA
DATA COLLECTION SYSTEM INCLUDED INCREASED CAPACITY lo —
SEARCM AND RE SCUE INCGLUDED NO CHANGE . //,3 /0 3 - /43 Lf
- r
EQUATOR CROSSING TIMES // ; - l‘? 5—- " — / :
— .
TWO SATELLITE SYSTEM AM D/:30 LOCAL MM NO CHANGE ’ / ’. > }.? 5-/(4.4—0\ 5 B
PM 14:30 LOCAL PM 13:30 LOCALY
* CHANGE BEGINS ON NOAA-H ‘ e e ——————— e —_— *h
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ADVANCED MEDIUM RESOLUTION IMAGING RADIOMETER
(AMRIR)

James C. Fischer
Advanced Systems Division
Naticnal Environmental Satellite, Data and Information Service

The AMRIR has been specified and designed to replace and improve
the Advance Very High Resolution Radiometer (AVHRR) and the High
resolution Infrared Radiometer Sounder (HIRS). The AMRIR contains
the six spectral channels that were contained in the AVHRR, NOAA
X, L, M version, AVHRR/3, with some mninor adjustments to the
spectral bands. In addition to the six AVHRR channels that are
contained in the AMRIR, there have been added three sounding
channels, a total ozone channel and an additional sea surface
temperature channel. Simulatjon of sounding data has shown that
this combination of channels, when combined with the twenty AMSU
channels, offer a sounding accuracy that is comparable to the
HIRS/AMSU combination on NCAA K, L, M series.

The spectral characteristics of the AMRIR are as follows:

CHANNEL CENTER FREQUEHNCY 50% RESPONSE BW S/N
1 665,0 *¥2.0 nm 655.0 1.0 nm 10:1
675.0 1.0 nm
2 855.,0 *2.0 nm 840.0 +2.0 nm 10:1
870.0 2.0 nm
3 1.61 $+0.01 micron 1.58 +0.01 micron 20:1
1.64 +0.01 micron
4 1030 #4.0 Cm-l Total 50% BW 25 Cm-l 0.2°K
5 2210 4.4 cm} Total 50% BW 15 em © 0.2°K
6 2250 t4.4 cm L Total 50% BW 15 cn™ 1 0.2°K
7 735.5 +1.8 cm T Total 50% BW 9 em™ b 0.2°K
8 3.72 *0.06 micron 3.63 *0.06 micron 0.1'K
3.83 +0.06 micron
9 4.0l *0.06 micron 3.92 #0.06 micron 0.1°K
4.10 *#0.06 micron
10 10.8 *0.06 micron 10.30 #0.06 micron 0.1°K
11.30 *0.06 micron
11 12.0 #0.06 micron 11.%0 +¢.06 micron 0.1"K

12.50 +0.06 micron
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The instantaneous field-of-view (IFOV) at nadir for channels 1, 2,
3, 8, 9, 10 and 11 is 800 meters. The signal-to-noise specified
for these channels is for the 800 meter IFOV. The IFOV for
channels 4 through 7 is specified at 3.75 km. The 3.75 km IFOV for
channels 4 through 7 is derived from the requirement that the AMRIR
IFOV be one fourth the IFOV of the AMSU-B. The signal-to-noise for
channels 4 through 7 is based on a 3.75 km IFOV.

The selection of the spectral bands, IFOV and signa.-to-noise was
based on the following requirements for the various channels:

Channel 1 - Products derived from this channel include visible
imaging products such as clouds, snow, ice, vegetation, hydrology,
water and floods. Quantitative products include Earth radiation
budget and aerosols. This channel is a replacement for the AVHRR
channel 1 with the spectral bandwidth being narrower to provide
better information on aerosols.

Channel 2 - Products derived from this channel include visible
imaging products such as c¢louds, show, ice, vegetation, hydrology,
water and floods. Quantitative products, include Earth radiation
budget and aerosols. This channel is a replacement for the AVHRR
channel 2 with the spectral bandwidth being narrower to provide
better information on aerosols and to avoid water vapor
contamination from the water vapor line at 890 nm.

Channel 3 - Purpose of this channel is for snow/cloud

discrimination. channel is identical to channel 3A on the AVHRR/3.
Channel - Total Ozone meonitoring channel. Carryover from the
HIRS and is equivalent to channel 9 of the HIRS., Provides ozone
information in the infrared region that is not available from SBUV
data.

Channel 5 — Atmospheric sounding channel. Egquivalent HIRS channel
is 14. This channel is used in conjunction with channels 4, 6, 7
and the window channels 8, 9, 10 and 11 to provide atmospheric
soundings.,

channel & - Atmospheric sounding channel. Equivalent HIRS channel
is 15. This channel is used in conjunction with channels 4, 53, 7
and the window channels 8, 9, 10 and 11 to provide atmospheric
soundings.

channel 7 - Atmospheric sounding channel. No equivalent HIRS
channel. This channel was selected to provide maximum informatlgn
and high accuracy with minimum spectral regions for atmospheric
sounding. This channel is used in conjuncticn with channels 4, 5,
6 and the window channels 8, 9, 10 and 11 to provide a sounding
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prodact which is of higher accuracy than the HIRS/MSU combination
on pre-NOAA ¥ era satellites. 7The combination cf AMRIR/AMSU
provides temperature soundings comparable to that of HIRS/AMSU
combination.

Channel 8 - Window channel used for measuring sea surface
temperature and temperature sounding. This channel, used in
conjunction with channel 9, will provide a sea surface temperature
accuracy of 0.5*K. Equivalent channel on AVHRR/3 was 3B.

Channel 9 - Window channel used for measuring sea surface
temperature and temperature sounding. This is a new channel and
there is not an equivalent channel on the AVHRR/2. This channel
was added to provide an improvement to the accuracy of sea surface
temperature from the AVHRR/3 of 0.75°K to a estimated accuracy of
0.5*K.

Channel 10 - Window channel used for infrared imaging, sea surface
temperature, temperature sounding and nighttime clouds. Equivalent
channel on the AVHRR/3 was channel 4.

Channel 11 - Window channel used for infrared imaging, sea surface
temperature, temperature sounding and nighttime clouds. Equivalent
channel on the AVHRR/3 was channel 5.

The AMRIR has been specified to improve the overall capability of
the AVHRR and the HIRS. Some of the major additional benefits of
the AMRIR are as follow:

-- Increased imaging spatial resclution from 1100 meters to
800 meters.

-- Increased radicmetric sensitivity, AMRIR will have a 12~
bit digital resoclution versus 10-bit for the AVHRR.

-- Increased sounding spatial resolution from 21 kilometers
for the HIRS to 3.75 kilometers for the AMRIR.

~-- Improved thermal calibration.

== Visible calibration will be available in the AMRIR whereas
the AVHRR had no visible calibration.

~- Absolute coalignment of imaging and sounding channels.

—= Increased sensitivity in the window channels for 0.1°K in
the AMRIR versus 0.25'K in the AVHRR,

-- Increased geographic coverage for soundings, AMRIR scans
out to 56° from nadir versus 49°' for HIRS.
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-- Specifically being designed for co-registration with the
AMSU-B fields-of-view.

The AMRIR is anticipated to beqin phase C/D activities in 1990 with
the first flight scheduled for 1997.
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BENEF IS OF AMRIR Yoo AVHRRZHIRS

GY¥OTEM

c DESIGNED FOR FOUR YEAR LIFETIME VS. 2 YEARS FOR AVHRR,/HIRS

o SPECIFICALLY DESIGNED FOR FLIGHT ON NEXT GENERATION SPACECRAFT
RATHER THAN HAVING TO ADOPT 20 YEAR OLD TECHNOLGGIES

IMAGING

o INCREASED SPATIAL RESOLUTION FROM 1100 METERS TO 800 METERS
6 VISIBLE CHaNNEL CALIBRATION FOR QUANTITATIVE APPLICATIONS
o UPGRADED BLACK BODIES FOR IMPROVED THERMAL CALIBRATION

o] DEDICATED CHANNELS FOR FIRE DETECTION AND SNOW/CLOUD
DESCRIMINATION

o AN ADDITIONAL CHANNEL FOR SST DETERMINATION (SPLIT WINDOW AT 3.8
MICRON}

o TINCREASED RADIOMETRIC PRECISION FOROM 10 BIT TO 12 BIT (IMPROVES
SENSITIVITY FOR AEROSCL, RADIATION BUDGET, AND SS5T DETERMINATIONS)

SOQUNDING

o] INCREASED SPATIAL RESOLUTION FROM 21.0 KM TO 3.75 KM (MORE,
CLOUD FREE RETRIEVALS}

o INCREASED WINDOW CHANNEL SENSITIVITY FROM 0.25 K TO 0.1 K

o INCREASED GEOGRAPHIC COVERAGE (FROM 49 DEG SCAN T0 56 DEG)

o ABSOLUTE COALIGHMENT WITH IMAGING CHANNELS

o DESIGNED FOR COREGISTRATION WITH AMSU-B FIELDS OF VIEW
(PRECISELY ONE QUARTER AMSU-B FOV)

PROGRAMMATIC

o ALLOWS FOR RECOMPETITION OF IMAGER/TR SOUNDER RATHER THAN
CONTINUING PRESENT SOLE SQURCE ARRANGEMENT

i.
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An improved method for detecting clear sky and cloudy radiances from
AVHRR data

R W SALUNDERS

Mcteorologicat Oftice Unit, Hooke Institute for Atmosphesic Rescarch,
Clarendon Laboraory, Oxlord OX1 3PU, England

and K. T. KRIEBEL t

Institute tor Atmospheric Physics, D.F V. L.R. Oberptatlenhofvn,
K03 Wesshing, F R, Germany

f Received 16 February (987, in final form I7 June T9R7

Abstruct.  To obtisin sccurate estimates of surface and cloud paramcters from
sitethite radiance data a scheme has W be devised which identifies vloud-free and
cloud-tiled paxels (i.e. fields ol view). Such a scheme has been duvclup!.-d fur
application 1o high resolution (11 km pixel} images recorded over Western Europe
and the North Atlantic by the AVHRR on the TIROS-N/NOAA polar orbilers.
The scheme cunsists of tive daynime or five night-time tests applied to cach
individual pixel o determine whether that pixel is cloud-fiee, partly ¢loudy or
cloud-lilked. The pixelis only identified as cloud-free or cloud-filled if it pusses ull‘thc
Lests t denuty that condition; otherwise it is assumed 1o be partly cloudy. Surfuce
parsmeters (e.g. skin temperature, reflectance, vegetalion index, snow cover) can
then be inferred from she cloud-free radiances, and cloud parameters (e.g. cloud top
wmperature, optical depth and diquid water content) from the clowd-filled ra-
diances. Oniy fractional cloud cover is derived from the parly cloudy pieels which,
together with the number of cloud-filled pixels, gives total cloud cover over a given
arca. The scheme has been successiully apphed (o data Tor all seasons, including
mages with unusually cold or warm surface temperatures. To assess the method
bolh daylime and night-time NOAA-Y passes over the UK. were obtained for a
week in April 1985 und some results from this data set arc presented here.

1. Introductivn

[ty from the Advanced Very High Resolution Rudiometer (AVHRR) on board
the TIROS-N/NOAA-n polar orbiter series of meteorological satellilcs are being
increasingly used for deriving quanutative meteorological and surtace vasiabies. This
is due 1o the case with which the data can be obtained ata relatively low cost and (o the
honzontal resolution which can be us high as 11 km close 1o the sub-satellite track. In
addition ong sutellite passes over Lthe same area twice in 24 hours at mid-latitades which
fcads Lo the possibality of four observations per duy for a two-salellite system.

To make estimates of surface variables from upwelling radiances measured by an
instrument such as the AVHRR, cloud-free lields of view (pixels) have 1o be identified.
Variables such as sea surfuce temperature (SST) (Llewellyn-Jones ef of. 1984, McClain
et af. 1985), land suttace temperature (Price 1984), surface reflectance (Pinker 1985)
and vegetaiton index (McGinnis and Tarpley 1985) can all be inferred from cloud-free
AVHRR pixels. Aunosphene vartables are also measured by infrared sounders (e.p.

¥ This work was carried vut during 4 one year visit 1o Oxford.
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the High Reselution Infrared Radiation Sounder, HIRS, on the same satedlite as the
AVHRRY). Clear sky radiances are normally reyuired in order 1o oblain accurate
temperature profiles (Eyre and Watts 1957). Conversely, 1o infer cloud properties from
the radiances as outlined by Kricbel (1986), cloud-tilled ficlds of view must be
Wentified. To obtain cloud cover, the fractional cloudiness of all pixels which are
neriher cloud-free nor cloud-filled also has 1o be determined.

Interest has increased in recent yeurs in deriving a global cloud chimatology from
satellite data, as cloud is one of the most important factors which influence climate.
Hence there has been much work done in developing algorithms for detecting and
classifying clouds in remotely-sensed data (e.g. Reynolds and Vonder Haar 1977,
Coakley and Bretherton 1982, Phulpin et af. 1983, Minnis and Harrison 1984, Qlesen
and Grassl 1985, Arking and Childs 1985, Rossow ¢f af. 1985, Saunders 1985, Chou et
af. 1986, IYEntremont 1986). A comprehensive data set designed for the application of
cloud algorithms has been collected by the International Sateflite Cloud Climatology
Project (1SCCP) (SchiiTer and Rossow 1983) which has obtained data from both
geostationary and polar orbiting satellites. However the majority of the algorithms
developed are Tor cloud classification rather than cloud clearing and so the same
algorithms cannot be vsed to detect surluge parameters as well as cloud parameters.
Once high resolution AVHRR data became availuble it was chear that to derive
accurate surface and cloud parameters routinely, an automated scheme to detect
cloud-free and cloud-filled pixels would have 10 be developed.

The basis ol such a scheme 1o detect cloud-free pixels has already been outlined in a
recent paper by Saunders (1986 a) though a few additions and tmprovements have since
been made. 1t is lhe intention of this paper 1o describe these and to introduce the
methods used to detect cloud-filled pixels and 1o infer fracttonal cloudiness for
individual partiatly cloudy pixels. In addition, results obtained from seven conseculive
daytime and night-time NOAA -9 passes over the U K. are presented as evidence that
the scheme copes well with a variety of different situations both during the day and
night.

This cloud analysis scheme has been included as one processing step of the
APOLLO (AVHRR Processing Over Land cLoud and Oceun) scheme (Saunders
1987). The major impetus for developing this automated scheme was the desire to
obtain both surface and cloud parameters from the AVHRR data in near real Ume for
assimilation into an analysis for a mesoscale forecast model. This mesoscale model
(Golding 1984) is currently being developed for operational use by the UK,
Meteorolugical Office,

L. Detection of cloud-free pixels

The overall philosophy of this cloud detection scheme is 10 apply up to five Lests to
detect cloud and then o identify a pixel as cloud-free only if ull the tests prove negative.
This dues lead to the possibility thal some tests will incorrectly identify some cloud-free
pixels as cloud-contaminated but this is the safest wiay to ensure no cloud-
contaminated pixels escape detection. These tests can vary depending on whether it is
night or day and on the underlying surface type which is divided into three classes, sea,
land and coust {i.c. mixed). The scheme uses all available channels of the AVHRR,
which are in the flollowing wavelength ranges: 0-58 068 ym, 072 |- 10 s,
355 393um, 103 11-3um and (for AVHRR/2) 11'5 12:5¢m for channels | 10 §
respectively. During the day bi-directional reflectances from channels | and 2 and
infrared brightness temperatures (i.e. equivalent black body temperatures) from

.l
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channels 4 and § are reguired Tor input to the scheme whercas at might the infrared
brighiness temperatures from channels 3, 4 and 5 are required. I channel 5 is not
avarluble. as is the case for TIROS-N and NOAA-6, -8 and - 10, the scheine is simplified
by oLy all tests using channel 4 and 5 differences and wherever possible
substituting channel 4 for channel 5. More details of the AVHRR instrument and
calibration procedure can be found in Kidwell (1985) and Lauritson ¢f of. (1979). Some
ol the clowd detection tests have already been described elsewhere (Saunders 1986.4)
flnd so are onty mentioned here briefly for the suke of completeness. However, a few
improvements have been made and additional tests included. so these are described in
more detail below,

The first test apphed 1o both daytime and night-time data is an infrared threshold
test using the measured AVHRR/2 12 um brightness temperature (or 11 um if no
channel 5 is available) as a check on cloud contamination. The 12 um brightness
temperature is used because clouds have a greater optical depth at these wavelengihs
(Olesen and Grassl 1985). 11 the measured brightness temperature is below a certain
lhr‘cxhuld temperature the pixel is rejected as cloud-contaminated. A problem arises in
detinang an appropriate threshold temperature. Over the sea it is straightforward as the
sea surfuce temperature (SST) varies only slowly during the year. An operational
schcmc could usc the last 3-day mean SST for each | degree latitude/longitude grid
poimt corrected for the maximum likely atmospheric absorption effects to give u
brightness wemperature at the top of the atmosphere. Over the land, however, the large
dgy-m-day variabilily in surface temperature due to different meteorological con-
ditions makes defining s threshold temperature more difficult. Operationally a forecast
:-urfucf: skin temperature could be used from a mesoscale model to define a threshold
1op-ot-the-atmosphere brightness temperature. During the development ol the scheme
the thresholds were determined interactively from the data. An [l gum hrightness
wmperature inge was displayed and the user identitied cloud-free lund and sea areas
which were likely to be the coldest in the image. The brightness temperature over these
iarcas were then determined and temperatures 2deg K less than the measured values
were used as threshold values. This approach is only suitable for images of small
sections ol one pass. as thresholds for Scotland for instance will be inappropriate over
szlin. Over the coast the temperature threshold for the coldest surface (i.¢. land or sea)
is used, which is normally the sea during the day and the land at night.

The second test is a local uniformity or spatial cohercnee test applied on a 3x 3
mixedarray of 't gm brightness temperatures. During Lhe day it is only applied over the
sew (with a standard deviation threshold of 0-2 deg K, as the horizontal temperature
varalions over cloud-free land can be considerable. We have found that the surface
temperature varability over land is less at night, making a spatial coberence Lest
'p‘UNSIhIL‘. and 50 11 s used with an increased standard deviation threshold of 1deg K.
1 he. test is never applied over coastal areas where there are usually large vaniations in
surface lemperiture,

The third test applied during the day (1.e. when the solar elevation is greater thun 10
tbegrees) is a dynamic reflectance threshold test. Over land and seu a cloud-free peak
cin be identitied in the reflectance histograms of ubout 50 = SO pixel arrays. as shown in
figure Tia). allowing a reflectance threshold 1o be set at a shightly higher reflectance, All
pixels yw[h reflectances above this threshold are assumed to be cloud-contaminated.
[denuiving a cloud-free reflectance peak and then setting a threshold value removes
wieerLuntics due 1o varidions in calibration and changes in surfuce reflectance with
solar semith:azimath angles, ete. IF o fixed reflectance threshold s apphed these
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variations will mean that 1 is often too high oF tow low. Over coustal arcas, howewver,
wlentitication of the cloud-free peak is more ditTicult so a hixed reftectance threshold of
15 per cent has to be used. Over se, channel 2 rellectances are used, as they are less
sensitive o acrosol and molecular scattermg cffects. Over the land channel |
reflectances are used since the reflectance of land surfaces inchannel 1 s much less than
in channel 2, which increases the contrast between lund and dlovd. More dewsi o all
hese tests deseribed above can be Tound in Saunders (1986a).

The fourth test used during the day makes use of the ratio of near-infrared bi-
direvtional reflectances (AVHRR channel 2) to visible hi-directional reflectances
(AVIIRR channel 1). Bi-directional reflectance R, in this paper s defined as

GO+ Y,
T cost,

h

where R, 15 in units of percentage reflectance, the giin G, and intercept Y, are given in
the appendices of Lauritson ef al. (1979), C is the raw count value received from the
satellite for channel # and 0, is the appropriate solar zenith angle. The rutio used in the
test i then simply defined as

M..RZ 7
Q_R. (1)

This ratio @ is close 10 unity over clouds, as the reflectance of clouds only decreases
slightly at near-infrated wavelengths and anssotropy cffects are similar in both
channels and hence caneel. Over cloud-Tree water, however, enhanced backscallering
at the shorter wavelengths due to motecular and aerosol scattermy causes the visible
seflectance 1o be often twice that in the near-infrared (outside sun glint}, giving values
of ¢ of around 0-5. Over land with growing vegetation the reflectance increases
markedly at near-infrared wavelengths compared o shorter visible wavelengths
{Swain and Davis 1978). Even over desert or Guring the winler when the vegetation is
dormant the reflectance is higher at the longer wavelengths (except aver snow and e},
ensuring that ¢ is always greater than unity. An example of typical radiance values
over land, sea and cloud are shown by the histograms in figure 1. The uppermost (ligure
1{a}) is # histogram of visible {channet 1) reflectances. The land and sea peaks are well
delined at the *dark” end with cloudy reflectances producing a broad higher reflectance
1zil. The corresponding |t pm infrared brighiness temperature histogram of the same
arca (figure 1 (P)} shows the cloud-free land and sea peaks well defined and the cloud-
contaminated radiances giving a cold tail to the histogram. The lower histogram
(figure 1{c)) is of the ratio of near-infrared to visible bi-directional refiectances (e, )
over Lhe same arca. Now the cloud-tree seu and Tand radiances are well separated witha
well-defined cloudy peak close to unity. To identify cloud-Tree pixchs acloud-tree sea or
fand peak is identified from the histogram of @ and then only pixels with values of @
closer to the cloud-free peak(s) than pre-defined values (0-06 over sca and -2 over
land) are identified as cloud-free. This works well over sei but over land, as figure 1
illustrates. there is often no well-detined peak due to the large vanuhibity ol the rativ
over land. In this case a default threshold of 1-6 is set where all pixels with a value of ¢
less than this are assumed 1o be cloud-contaminated. 11a cloud free peak over sea
cannot be identificd. all pixels with valaes of Q preater than 075 are assumned to be
cloud-contaminated. One problem s in arcas of sun ghint where @ can approach unity,
having the same value as over cloud, und so the test s not applied over these areas.
The fina! test applied 1o both daytime and night-time data exasnings the dillerence
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Figare 1. tistograms of NOAA-% AVHRR data for 15 April 1985 of s 50 = 30 pixel scene over
the {LK ., containing clouds, cloud-free land and ocean. (a) Channel 1 reflectance: 12}
chunnel 4 brightness temperature; (¢} channel 2/channet | reflectance ratio histogram.

between the 11 on (channel 4yand 12 jan (channet $) brightness iemperatures and lor
vonvenence this is described below along with the night-time Lests. Figure 2 shows the
overall Row diagram of the scheme 1o detect cloud-contaminated paxels during the day.
A pixel must pass all of the tests described above 1o be assigned cloud-free. More
details of the first three tests are given in Saunders (1986a).

The detection of cloud-contaminated pixels at night involves a similar series of Lests
bul those using solar reflectunces are replaced by tests which make use of the brightness
temperuture differences between the infrared channels (3, 4 und, if availuble, 5). The
first two tests applied at night are the infrared threshold test followed by the local
uniformity test. Both of these are also apphied during the day and have alrcady heen
described above.

There ure a number of reasons for there being differences between the measured
3T, 1k pmand 12 ym brightness temperatures (hereatter referved 1o as Ty 5.1 and
Ti2). Firstly, brighiness temperature differences between the channels would be
expected even lor cloud-free conditions. The 1ota) upwelling radiance at infrared
wavelengths, al the top of the atmosphere tor clear sky radiances at nighi, neglecting
utmuspheric scallering, is given by

. H ot )
U =, ¥ O, 0. OB T + j .7 ™
1) {
(v, WL ity Y. 0, $) )

where 7 iy the stmosphieric transmittance from height by 1o A, (M is the top of the
atmosphere), W represents the variables defimng the atmospheric state (e.g. Lol
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Input AVHRR reflectonce ALBI1 ALB2
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Figure 2. Outhne of the aigorithm applied 10 AVHRR/Z data duning the day 1o detect cloud-
contaminated pixels.

column absorber amounts and broadening pressure and temperature), ¢ and ¢ are the
salellite zenith and azimuth angles, &, is the emissivity of the underlying surfuce, B,(_T)
is the Planck function at a frequency v and temperature T und Iy is the downwelling
atmospheric radiation, integrated over the upward hemisphere, unld then rcﬂcclu:drby
the surface into the direction of the salellite sensor. The most impartant varying
compuenent of ¥ is the total column water vapour amount which can alter "lhe
atmospheric transmittance considerably. The first lerm represents the emitted sus face
rudiunce, the second is the upwelling radiance emitted by the atmosphere and lhc third
is the downwelling atmospheric radiance reflected by the surtace. The last terlj‘l is stoall
at infrared wavelengths. Both ¢, and 1 vary with frequency and so can cause differences
in brightness temperature between channels. For cloud-lree AVHRR data around the
Briish isles temperature differences of less than 1deg K are normally observed
between the theee channels over both land and sea for satellite zenith anglgs of less than
60 degrees (Minnetl 1986). In the tropics however these temperature differences ure
often much larger (~4degK) due to the higher aunospheric column water vipour
amounts {Minnell ¢f af. 1984). N

The presence of cloud can affect the temperature diflerences hcl_wcun the chanlncls
ina number of different ways. One effect, which is easy 10 simulaie, is that for pgr_lnally
filled pixels with different temperature dcpcndgnce on the Planck lunction ill‘dlﬂt..'rtl!l
wavelengths causes a brightness temperature difference between channels, This ellectis
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desenibed in more detal i the appendin of Saunders (19860) The mamum
temperature difference is obtained between the channels furthest apart in waveiength
ti.e. channels 3 and 5). The second possible cause for temperature diflerences between
chunnels s due 10 the dhilferent optical properies of choud at the different wavelengths.
For thin clond covering  the dicld  of view, and neglectimg  atmaospheric
ctissionsibsorphion above the cloud and scattering within the cloud at infrared
wavelengths, the radiance at a frequency v is given by Platt (1975}

foo 0 e v 0, mu;“‘ +e (v AL AT} 4

witere e, is tie emissivity ol the ¢loud top. Variations in e, with frequency will lead to
differences between T, 4, 1 and T ;. Cloud opuical properties do vary markedly with
frequency as demonstrated by Inoue (1985} und Olesen and Grassl (1985).

1-or thick, opague cloud, other evidence that there can be differences in ermissivity
belweea the channels is shown by changes in the reflectivity of cloud wpsat 3-7 am but
not at 11 gme or 12 gm which is caused by changes in the microphysical propertes of
clouds. This effect hus been observed during the daytime by looking at the reflecied
37 radiaion from clouds (Paulus 1983, Liljas 1986, Saunders and Ciray 19835,
Scorer 1986} Changes in cloud top reflectivilty will mean changes in emissivity which
will produce significant differences between Ty and Ty or T, 5.

The hrightness temperature difference image shown in figure 3 (h) suggests that for
high and medium level cloud Ty 4 is nearly always greater than Ty, whercas for low
cloud vr fog the converse is true. There can be large positive values for the 1y, - Ty,
temperature difference (up to 21 deg K), as iltustrated in the brightness temperature
dilference plot in figure 4 (4}, due to both partially cloud-filled pixels and thin cirrus
being present. Therelore large brightness temperature differences between channels
citn be obtiined for cloud-contaminated pixels but at mid-latitudes cloud-frec pixels
have small brightness temperature differences. The remaining cloud detection tests
make use of this fact.

11 should be emphasized that in order to obtain accurate values Tor differences
between channels it is assumed that the radiation from the different channels originates
from the sume place. Allam {1986) has shown that a misregistration of” about one
quarter of the ficld of view can be observed for the AVHRR/2 on NOAA-7. Therefore a
check must be made during the processing o ensure that the different channels are
accurately aligned {i.e. to within 0-1 km). Any musalignments could be minimized by
the method proposed by Allam (1986).

The third test applied at night determines if Ty, - Ty5> Ldeg K, which is an
cflective detector ol fog or low stratus. This is due to the emissivity of stratus ot fog
being greater at [ pm (o= 0:99) than at 37 am (6, =0-8 - 0-9) (Bell and Wong 1981,
Hunt 1973}, Figure 3 () shows an image of T, , — T}, brightness temperatures for parl
of an AVHRR pass at 1258 GMT on 19 April [985 which is similar to the
corresponding 1y ;- T, brightness temperatuse difference image. The dark arcas
{(large negative values up 1o -fdeg K) are caused by the uniform low cloud or fog
which were present at this time. A good demonstration ol this effect is given by Eyre er
al. 1T1984).

Ihe fourth test consists of determiming if Ty 5T, = FSdegK for 1y T,
=1 Sdeg K if channel $ s not available); if true then the pixel is flagged as clond-
contaminated. This will detect pixels partially filled with cloud. semi-transparent cloud
and most medinm and high level cloud as shown by the temperature difference image m
figure 1hy hiv addition figure 4a) shows a plotof Ty, Ty, versus 1, for pixels over

N i
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Figure 3. (o) AVHRR 11 um brightness temperature image for 19 April 1985 at 02 57 GMT
Light arcas represent low radiance and dark areas cepresent high radiance. (0 and ()
show brightness (emperatore dilference tmages for Ty, 1, and Ty, 7Ty, respectively
Tor the same smage as (a). Dark arcas correspond 1o negative dilferences and light arcas 1o
pasitive diffesences. The grey areas over the clear sea cotrespond to very small shilferences

(< 0-5dep K)

medium and high level cloud within the rectangle shown in figure 3 (u). Almost all vhe
pixels over this cloud have large positive values for the difference between 7y 5 and 1),
Note however that the two effects deseribed for these two tests can cancel. giving a
brightness temperature difference close 1o zere. Thiy is shown in fipure 4 (o) where all
the pixels are known to be over cloud but some 1y 5 - 1), vilues are sull close 10 zero.
The final test applied to both daytime and night-time data uses temperature
differences between Ty and T, This test can only be applicd 10 five-channet
AVHRR 2 dat Tnowe (1985) <shows that this temperatire didterence can be used 10
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detect senmi-transparent cirrus cloud due to the ditferent emissivitics of the cioud at the
two wavelengths, Rovsckrans and Prangsma (1986) have also shown thal this
brightness temperature dilference can be used to detect most types of cloud, the only
exception being uniformn lew cloud. For pixels partially filled with optically thick high
cloud the maximum temperature difference between T, and 7,, which would be
expecled due to the temperature dependence of the Planck function alone is only
Fdeg K. However much larger lemperature dillerences over medium and high cloud
are observed in practice as shown in the brightness tlemperature ditference image in
tigure 3{c) und the plot in figure 4(b). Bt is evident that brighiness temperature
ditterences of up Lo 6 deg K {for Ty, — T} ;}can be obtained over cloud duc 1o the optical
propertics of thin cloud being different at the two wavelengths, For clear sky radiances
the differences are less (ofien < 1 deg K) but will vary with Lotal column water amount
and satellite z¢nith angle 6. A set of pre-computed clear sky AVHRR brightness
temperatures us used by Llewellyn-lones ef af. (1984) were used 10 show the expected
dependence of T, — T, , on sec @ and T, (correlated with total column water amount).
Computed Ty | ~ T, , values were plotted against T, , and sec @ for 117 different tropica|
und mid-latitude maritime aimospheres selected lrom a data set assembled by NOAA.
This does have the disadvantage that the brightness temperatures represent only
maritime condilions but the differences for air masses over Western Europe would
normally be small. For values of T,, between 260 and 316 K the maximum computed
clear sky T, — T, , values were noted for these atmospheres for a range of sec # values
and a threshold value Ty, set at least 0-25deg K higher than any of the computed
vithues, Henee a look-up table was compiled of Ty, values for a range of values of T,
and sec t. An abbreviated version of this table is given in table 1. All pixels with T, ,
= T,y = Ty are then identified as cloud-contaminated. This testis effective in detecting
thin cirrus cloud and the edges of thicker cloud for both day and night.

Note that the current temperature difference thresholds used for some of the above
tests are different Lo thuse given in Saunders (1986 a) in the light of experience gained
after processing many more scenes. It was also found useful to vary some of the
temperature difference thresholds depending on the noise level in channel 3.

A How diagram of the overall scheme for the detection of cloud-contaminated
pixels at nightis shown in figure 5. [t should be emphasized that although the principles
of these tests apply globally the thresholds which are used are optimized for the north-
west European ares and may be different over other surface types (e.g. desert, snow)
and for other atmospheres {e.g. tropical).

Tuble 1. Temperature thresholds T, i deg K for the 7, - T, cloud detection test al mid-
lautudes.

swe thvalues
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inpul A¥YHRR brightness
lemperatures 1.y, 1, Ty,

Gross cloud check ¥YES
15 T, % T
— o |
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Fog/low stratus tesi
15 7~ Teg > 10K
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L

cloudy

Night - time algorithm

Figure 5. Outline of the algorithm apphied 1o AVHRR;? data during the night to detect cloud-
contaminated pixels.

3. Detecting cloud-filled pixels

When detecting cloud-filled pixels, a similar approich to that for detecting clowd-
free pixels is adopted. Each individual pixel is subjected to two tests 1o determine
whether it is cloud-filled or only partially cloud covered. Different tests are cm ployed
depending on whether it is day or might, but the tests applied are the same regardless of
undlerlying surface. They are only applied Lo pixels which have already been identified
as Coud-contaminated by the cloud detection tests described ubove.

1'or hoth day and night the first lest applied is o spatial coherence method vver a3
« 3 pisel array uf channcel 4 brightness tlemperatures similar to that described above for
cloud detection. 1f there is a high standard deviation in the vabues for the cloud-
contamimated pixels it is a reasonable assumption that the pixels are cither partly
cloudy or contmn varying amounts of clouds at differem levels. Tow standard
deviations indicate the array is fitled with a uniform layer ot cloud and correspond to
the “vold Toot” of the arch in the plots of local standard deviation against brightness
temperature shown by Coikley and Bretherton (1982), If the local standard deviation
i~ preater than 1 deg K then the pixels in the array are rejected as partly cloudy. Note
that pexels wneh are cloud-illed but ive different Layers of cloud within the same fickd
ol view will not be identitied as cloud-filled by this test. However for deriving cloud
prapertics it s desirable o adentify pisels which are unifermly filled with only one type
ol ciowl,
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Iy second st apphed during the day uses the istogram of channel 2-channel |
br-directional reflectances (e, (). Unlike the conventional visible reflectance and
infrared brighiness temperature histograms, where the clondy radiances produce a
bright ur cold tail in the histogram, the reflectance ratio lstogram shows a marked
peak due to cloudy pixels with values of @ close 1o unity as shown in figure 1{c). The @
valtue of the cloud peak obtained from sateilite data may vary between (-8 and 1]
because the reflected radiance is reduced by ozone ahsorption in channel 1 and by
water vapour ahsorption in channel 2. Over low clouds therefore the ratio @ usually
tuas bower values than over high clouds where only small amounts of waler vapour are
present, The position of the cloud peak is first determined “dynamically’ and then all
pixels with a value of @ within (-05 of the cloudy peak are wdentified as being cloud-
filled. If a cloudy peak is not found in the histogram thea an empirically determined
value of 88 Tor the position of the cloudy peak is assumed.

At might the second 1est uses the differences in brightness lemperature between Lhe
three infrared channels to determine il'a pixelis completely cloud-filled. For low stratus
or fog T,., is only significantly less than T,,( ~ i deg K} for pixels which are greater
than 70 per cent cloud-filled (see higure 6 of Saunders (1986.2) ). Therelore a threshold is
sel so that when T, — Ty > 1-5deg K then the pixel is assumed to be cloud-filled. 1tis
unlikely that partiaily cloud-filled pixels would pass this test, as for partiafly filled
pirels Ty, always tends to be greater than T, cancelling oul the temperature
difference effect due to different cloud/fog top emissivities. The other temperature
difference test applied was that only pixels with T,y - Ty, < Ty, where T, is defined
tn table |, were identified as cloud-flled. This test rejects cloud edges as partially cloudy
but has the disadvantage that pixels filled with thin cirrus will also be identified a5
partly cloudy. Hence this latter 1est was not applicd during the day to allow pixels filled
with thin cirrus 10 be identified as cloud-filled. Note that this implics a difference
between daylime and night-time cloud-filled pixels. Another brightness temperature
difference check which was attempted but found to be unsalisfaclory was to reject all
pixels with T, , 1, > 1 deg K as partly cloudy. However, as figure 4¢a) shows, most
pixels which contain medium or high level cloud have temperature differences larger
than 1 deg K even though they are apparently cloud-filled due to changes in ¢’ =4 tup
cilective emissivity between 37 um and |1 ym wavelength.

The overall scheme for detecting cloud-filled radiances is shown i figure 6. Only
pixels identificd as cloud-filled by all tests were subsequently used for determining
Goud propertics (e.g. cloud top temperature, reflectance, optical deprh. iquid water
content).

4. Estimation of cloud cover for partially cloud-filled pixels

Having identified cloud-free and cloud-fitled pixels the next step is Lo estimate the
fractional cloud cover in the partially cloudy pixels. Cloud cover mferred from satelhite
radiances is really an effective cloud cover dependent om the optical properties of cloud
and underlying surface at the frequency of the radiation being used. This may be quite
different from the conventional cloud cover reported by a surfuce observer. Two
different methods were adopted for inferring cloud cover, the first using only 11 um
infrared radiunces for use at night, the second using visible and near-infrared radiances
for use during the day. Both methods rely on the assumption that over small segments
of The image the surface parameters (i.¢. temperature or reflectance) remain comstant.
This will not be a good assumplion over coastal areas and in areas where there are
mixed surface types. The size of the sepment chosen for this study was a fifth ol a degree
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and brightness temperatures Ty q, T", 112
ter cloudy pixeis
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Figure 6. Qutline of the algorithm applicd 10 AVHRR/2 data (o detect cloud-lled paxels.

Lutitude/longitude box which corresponded roughly to an area 22km E W by 14km
N 8 containing ubout 250 pixels ut 52°N.

The first method uses infrared cmitied radiances (o estimate an infrured [ractional
cloudiness N, Note that N is an effective cloud cover which will give the correct
outgoing emitted radiunce for the pixel. 1t is computed from the relationship

To= (0 —N M+ N T (3)
where !, ks the measured infrared radiance for the partially cloudy pixel, I, is the clear
sky radiance and 1, the cloud radiance. Rearranging equation (5) gives

LR
w

s c

N {6}
1 i» ubtained by computing the mean radiance of all the cloud-free pixels and 1, Irom
the mean radiance of all the cloud-lilled pixels in the segment. Then N is computed for
cach partially cloudy pixel. If there are no cloud-free pixels in the segment then a
forecast surface radiance or hackground radiance {sverage of the previous few duys) is
taken. I there are no cloud-fitled pixels then the minimum infrared radiance in the
segment iy wken 1o be a cloud-filled pixel. This latter ussumption can lead W
overestimites of N i the minimam radiance in the segment is from a parbally cloudy
pixel, a pomt dlso made by Chou et af. {1986).

I we dillerentiate equation (6) we obtain the relationship between the uncertainty
in cloud cover AN, and the uncertainty in measured radiance Af
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Note that as {, approaches £, 1he uncertainty in derived cloud cover becones lurge. An
example of this would be determining the coverage of low stratus cloud over the sea
where the cloud top and sea surface temperatures are similar.

Because of the limitations w the infrared scheme described above, o different
scheme s used duning the day. The daytime scheme consisis of 4 two-channel
algorithm using both channel 1 and 2 bi-directional reflectances (e, R, and R, delined
in cquation (1)), Cloud-flled radiances are not used here; only the ratio of channel 2 10
channel 1 cloud-filled reflectances defined as @, from equation {2) where the subscript ¢
denates only cloud-filled pixels were included in the average value of Q. I we rewrite
equation (5) fur channels | and 2 bi-directional refleciances in place of emitted
rudiunces we gel

Riun=R (1N )+NR,, (#)
Rom= Ro(1 =N )+ N K, (9}
and exphicitly delimng @,
R,.
=0 10
0= (10)

where N is the eflective cloud cover For reflecied solar radianion, R, is the measured
rellectance fora single pixel in channel a, R, is the mean clear sky reflectance and R, is
the mean cloud-tilled reflectance for the segment in channel #. Now we have Lthree
cquations and three unknowns (R, R, and N._,), so rearranging and substituting

equitions (9) and (10) in (8) to solve Tor N, we get
N‘“:|7R2'“7Q‘R'm “])
R, —O.R,,

Values for R, and R,, are obtained in the samie way as for J_ described above. If there
are clowd-tilled pixels within the segment being considered then Q, is derived for cuch
cloud-filled pixel und a mean value is used in equation {11) to compute N, lor cach
partially cloudy pixel. However if there are no cloud-filled pixels in the segment thew a
previously compuled mean value of Q. for another segment 1s used. This is a good
approximation since the value of @, would not be expecied o change much over
oplically thick cloud as is demonstrated by the cloud-filled peak in figure 1(c).
Therefore with this latter method fewer errors are introduced when computing N, for
segments where there are no cloud-filled pixels. One problem common 1o all
measutements ol cloud cover from reflected radiances is the uncertainty introduced by
cloud shudows. Over the sea this is not a serious problem as the sea surface is oflen
nearly as durk as the shadow and so any arca of cloud shadow will be recognized as
cloud-free. Qver the land the reflected radiances from the shudow will be significantly
fess than over adjacent cloud-freefand and R | and R, will be more nearly equal. This
will lend w imake the numerator on the right-hand term smaller and hence overesti-
maie the cloud amount N,

During the day equation (1) is used to compule the fractional cloud cover of
partially cloudy pixels but at night equation (6) has 10 be used as reflectances are not
availuble. Each pixel in the AVHRR image can now be clussitied as cloud-free, cloud-
lilled or partly cloudy and if classilied as the laver a fractional cloud cover can be
computed lor each pixel.
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5. Results
5.1, Clowd derection scheme

In order to assess The cloud detection scheme, full-resolution AVEIRR;2 duta were
obtained for seven conseeutive daytime and night-time NOAA-9 passes aver the
British Tsles between 14 and 20 April 1985, These data were obtained from the satellite
receiving station at the Umversity of Dundee. The data were first Farth-located and
calibrated Lo ohtain brighiness lemperatures and top-ol-the-atmosphere bi-directional
reflectances required as input 1o the cloud detection scheme. The tests deseribed in §2
were then applhied 1o 1024 x 1024 pixel images over the Britsh Isles extracted from the
Tull daytime and night-lime overpasses. To get an idea of the effectiveness ol each lest,
tables 2 and 3were compiled. These fist (he number and percentage ol remaining cloud-

Table 2. Percentape of pisels wentified as cloud-cantimimated by each test fog the night-time
cloud detection scheme apphied 1o a NOAA- 1024 x 1024 paxel image over the British
[ales. The pereentages are of the number of pixcls Gaiing the test out of the number of
clear prsels sunveving atter the previous test. The boltom row gives 1he 1otal percentage ol
prsels wlentified as Cloud-contaminated after all the tests have been upphcd

[Yate in April 1985 of mpht-nme pass

Test B} is 16 17 11 3 m

Giross TR threshold 57 5B 67 51 sl 47 7
IR spatiad coherence 27 12 B 22 12 1k 23
1 aw clomd Tog

f, T,-lK R 1 44 4 16 20 9
Mist:high cloud

F IR FUER EAR N 14} W) [ 27 [k 4 1 &
Thin cirras

G T A 7 2 Y 7 2 0 2

Totul pereentage of

prrels flagged 7 70 17 s T 6t Kb

Pable 3 Percentige of pixcls ientificd as cloud-contaminated by eavh test Tor the dayinne
o desection scheme applied 1o 4 NOAA-Y L024 < 1023 paxel image over the British
Yules. The pereenlages are of the mnuber ef pikeks failimg he 1est oul wl the minnber of
chear pixels survivingalter the previous test. The bottom raw grves the lotal pereentage ol
practs wlentilied as cloud-contammated atier alk the 1ess have bren apphud

I UREEE————

1ate in Apnl 1985 o adlerneon piss

Test 14 15 1 17 1% 14 20
Citoss TR thneshold (i3 B 77 S plY s4 50
IR spatal coherence 20 4 30 15 B hl it
Dvamse sisible threshold f B n 20 14 9 11
Rulleetme o
Chanoel 2 channed 14 14 14 15 14 " 15
Thin cierus
T Y I > 2 ! 1 I @t
Total percentiye ol
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free pixels rejected by each test. The 1ests were applied in the order listed 10 the tables.
I'he first thung to note is that for every pass &0 per cent or more of the AVHRR pixels
were identitied as cloud-contaminated, 1n one casc rising 1o 94 per cent of all pixels in
the wmage Fach test contributes significantly to the final cloud mask though some tests
were more effective than others on certain days depending on the cloud 1ypes present.
For instance the T, - T 5 test detected 44 per cent of the remaining cloud-free pixels
as cloud-contaminated on 16 April but only 9 per cent on 20 April. The visible
threshald method similarty detected 48 per cent of the remaining pixels as cloudy on 15
April but enly 6 per cent on 14 April. The last1est (T, - Ty, > Fyue) rejects less pixels
than carher tests as most cloudy pixcls have already been identified by previous tests.
}iowever over thin cirrus and at cloud edges it still detected cloud which the other tests
hud missed.

I is interesting to follow the variation in the total pereentage of pixels flagged as
cluud-contaminated, though note that thisis not directly related to actual cloud cover.
About 80 per cent of the pixels were fMagged for both the night-time and afternoon
overpasses on 14 April 1985 1t is encouraging that they are similar as it suggests that
there is no appreciable bias between the night-time and daytime schemes. On the
following day however the percentlage increased markedly to 94 per cent for the
afternoon pass due Lo the presence of a warm front across the British Isles. The number
of cloudy pixcls remained high due 10 the passage of this frontal system until the
afternoon of 17 April when it reduced to 71 per cent. The number of cloudy pixels had
again increased by 20 April after a cold front had moved southwards across the British
Isles with many large convective clouds behind it.

In order 10 illustrate where each test was detecting cloudy pixels and whut types of
cloud were detected by each method, two images were selected from the 7 days of data
and the computed cloud masks averlaid on to the image. Figure 7{a) shows parl of a
NOAA-Y early morning pass over the British Jsles recorded ut 0257 GMT on 1Y April
19%5. Most of southern Fngland, Wales and pants of Ireland are cloud-tree. However
the areas over northern England and to the west of Irelang are covered by a thick cloud
layer associated with a depression cenired just off north-west Scotland at that time.
The overall cloud mask (or this image, obtained by combining the masks from all five
night-time tests, is shown as the hashed arca in figure 7(b) which covers 63 per cent of
the pixels in the image. By inspection, there appeared to be no undetected cloud in this
itnage. Four out of the five individual cloud masks are shown in ligures 7{e) (f3. The
gross infrared threshold test was omitted as thiscould be casily inferred by eye from the
chunnel 4 brightness temperature image in figure Tia). The large squarcs apparent in
the spatial coherence mask 1n figure 7{c} are due 1o the coarse (50 x 30 pixel)
land/sea coast dala set being used, the paps being coastat arcas where the spattal
cohicrence test 1s not applied. Note that the spatial coherence test appeared 10 be
successful over land (apant from an area of Normandy which has been incorrectly
assigned as sca), hul some areas which are obviously cloud have not heen detected due
0 their uniform cloud top temperatures. The T, - Ty 7 cloud mask m figure 74)
shows up many areas of fog or low cloud over the English Midtands, Essex (no. .. . -l
of Londony and oft south-east frelund which were not detected by any ather test and
indeed were very difficuli 1o detect by eye in figure 7(a). The surface reports al 03t
GMT hear this out with fog being reported in East Anghia, Fssex and also in southern
Ireland. However far the area between Birmingham and Manchester only 7 oktas of
stratocumulus at around 000 fi were reported which alsoshowsupin thas cloud mask.
Ihe T, - fy cloud mask shown in tipure Tae) shows that this test matnly detects
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medium and high level clowd. Finally the 7, | - 1y, cloud mask in figure 70/ ') is similar
Diproved method for dewecting cloar sky and cloudy radignees 13y Lo the previous cloud mask though some areas ol thick high cloud are not detected by

this test as 1s shown by the gaps in the cloud mask for the thicker clouds over Scotland.
Results for part of a daytime NOAA-9 pass recorded a1 1345 GMT on 14 Apni
1985 are shownin tigure 8. A channel 2 reflectance image is shown in ligure 8 (a) which .
shows a varicty of different cloud types. A bund of thick high cloud lies over south- . k
western Ireland associated with an approaching warm front. An arca of thin cirrus lies vy
ahead of this front on a line from southern Ireland w Brittany. This can barely be seen )
in the channel 2 reflectance image but surface reports at 1400 GMT confirm the
existence of this cirrus. Over most of the land and over the seu Lo the west of Scotland
4 cumuius and stratocumulus are the main cloud types. However cumulonimbus clouds
* are in evidence along the east coast of Englund, which were confirmed by surface
. reports. By 1800 GMT several thundersiorms were being reported over castern ' .
! England. The complete cloud mask oblained with the daytime scheme is shown in
) ] i ligure B(h), B! per cent of all the pinels in the image were flagged as cloud-
AVHRR Channel 4 image Combined cloud mask over image i ) contaminaled. The spatial coherence mask in figure 8(c) again shows up the large ’ )

w ) i squares due to the land/sea/coast data set but it also shows that the test detects cloud
i edges and small ctouds well but misses some of the thicker stratocumulus south-wesl ol i
. Cornwall. The visible threshold mask shown in fgure 8 (4) appears to detect ali cloud b
. lypes exeept the area of thin cirrus between southern Ireland and Brittany. The same is
. trug of the channel 2/channel | mask though it did appear to be slightly better at \
detecting thin cirrus. Finally the T,, — T, test detects the thin cirrus cloud aver the
south-western approaches well and also the edges of thicker clouds.
‘5 A comparison was also carried out for this image between the cloud mask
: generated by the scheme described above und the results from a clustering algorithm .
developed by Pairman (1986). The results described by Pairman (1986) show that the .
cloud detection scheme somewhat overestimates the number of cloud-contaminated
puels. Over ocean 22 per cent of the pixels identified by the ¢lustering algotithm as
cloud-free ocean were identified as cloud-contaminated by the cloud detection tests.
- : o Over land the comparison is worse with 61 per cemt of the cloud-free land pixels
Spataal coherenee tesl Low cloundffog test T, ~ T, , > | K L identified by the clustering algorithm assigned as cloud-contantinated by the cloud
) () detection scheme. However Pairman (1986) states that his clustering algorithm may be
grouping some sub-pixel clouds over land with the cloud-free land cluss, and so the k
clustering algorithm may be including cloud-contaminated pixels in this case. e
Using a ditferent technigue, 250 pixels were picked randomly out of the image ’ ’
shownin figure 8 (a) and then each pixel manually assigned to be cloud-free land or sca, V¥
partially cloudy or a specific cloud type defined by Pairman (1986) by viewing the L Y
channel 2 reflectance und channels 3 and 4 brightness lemperature images simulia- ¥
neously. A cursor identiticd the pixel to be clussified, and the images could be zoomed
and enhunced interactively as desired. Vatues of channel 2 reflectance and the
brightness temperatures in channels 3 and 4 for the pixel were also Histed 1o help in the "
i decision provess. The results of the comparisen are shown in table 4; one ol the authors
3 (RWS)and Pairman independently estimated the class for each of the 250 pixels. Again
the automated scheme detected fewer cloud-free pixels with only 29 cloud-free pixels 3
identified over sca us against 35 by both manuai estimates. In act two of the 29 pixels )
identified as cloud-free by the automated scheme were manually assigned o be cloud-
contuminaled, however both of these pixels were in a coastal area where the aulomated
scheme is least accurate. Over land only 13 pixels were identified us cloud-free by the
Frgure 7 An example of the combined cloud mink (M (e batched arcus which correspond 10 automated scheme whereas the manual estimates assigned 26 and |9 pixels to cloud-
cloud-contamimated puals) computed for the AVHRR wiage shown in (ah for 19 Apnl '
T965 at 02 57 GMT together with the masks provtuced by four of the individual cloud
detection tests () (1), The large syuare hoxes which appedrine)are due w those 50 = S¢ ey
pivel boxes being assigned to coust and henee nu spatial coherence testis applied here. ! k

a—

Medinm bagh cloud 1est a1y > 15K Thm cirras st 4, - 47, > T
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Table 4 Comparson of man) estiwates of doud-contimimation fur 250 AVHRR piacls
prcked Gurtomly ower an e with the auwsomated cloud detection scheme The
number ol preels identified as cleud-frec land ur s or cloud-ontoninated are hsted.

CUlass
Cloud-
Sei Land  contaninated

Observer |

Pairman 35 26 189
Observer 2

Suunders 3 19 1946
Automalted

scheme Xt 13 208

+ Fwar of these paxels were identified as cloud-contaminated by the manual estimates but were
assigned chear by the automated scheme.

free land. Note that the manual estimates were obtained using additional information
(i.¢. channel 3 radiances) not used in the daytime cloud detection scheme.

The sutomated scheme probably underestimates the number of cloud-free pixels
But this is not too serious as long as all the cloud-free pixels assigned by the method are
in fact cloud-free. The fact that 2 out of 250 were not shows that the scheme 1s not
perfect, but it s enconraging that these were in coastal arcas where there ate known
deticicnaies in the scheme.

5.2 ldentification of cloud-fitiod pixels

The scheme Lo detect cloud-filled pixels as outlined in§3 and figure 6 was applied to
the same 7 days of NOAA-9 data described above. The results are shown in table 5 for
hoth the night and day passes. The first thing 10 note is that the number of cloud-flled
pixcls in cach pass identified by both tests were on average just aver 20 per ceal of the
1otal number ol pixels. This ranged from 57 per cent for the daytime pass on 13 April
due to the warm front across the British Isles at this ime to 12 percent for the daytime
pass on the 13 April when the region was cloud-free except for small cumulbus clouds.
All three tesls were effcetive in detecting cloud-filled pixels as can be seen in table 5 by
the different percentages detected by cach test.

As an example of the detection ol cloud-filled pixels during the day figure & shows
Ihe masks for the cloud-filled tests for the pass al 1345 GMT on 14 April 1985, The
synoplic situation is described in the previous seetion. Figure 9 {u) shows the channel 2
rellectanee image and figures 9 (h) and () the same imige with the eloud-filled pixels
entilied by the spatial coherence test and the channel 2jchannel | histogram test
respectively. Both masks are similar, the only major differenees being over the thicker
Frontal cloud Lo the south west of Treland where there is some vertieal structure in the
clowd top Here the spatiat coherence test deterts anly umiform clowd tops whereas the
Channe! 2-channel 1 test detects all the cloud-lilled pixels. This s also Mustrated in the
percentage of preels detected by cach test listed intable § where with one exeeption. the
channel Lchannel b rest detected more cloud- filked pixels than the spatial coherence
test, The mask of pixels actually assigned s cloud-filled (Tor puxels where both tests
were successluly is shown i figure 9 (). By imspection there are no ohvious errors in
ssstpiing partially cloudy psaclsas clond-Hlked ind it s encouragmg that soine of the
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Fable 5 Percentage ol pels wlentiticd as cloud Wlled by cach wst Tor the aight-ume and
duytime scbiemes apphied o NOAA-9 1024 < 1024 pisel images over the Broish Isles, _i he
percentages are of the number o pivels sdentuied by cach test as clouwd-illed out of the
total number of parchs i the ibaze e final row for both day and night passes gves the
pereentage ol pixels enhticd s clowd-filled after buth tests have been applicd, which wilk
oaly consist of pixels wkentatied as doud-Nlled by both tests.,

Date in Apnl 1983

Test 14 ] 16 17 18 14 20

Night-time pass

[R spittial colicrence

Stundard deviation < Tdeg K W 4 54 43 36 32 40
Brightness emperature

dilference tests

T Ta=15K

T - T < Ty, 1 b 33 1y 15 2 36
Total pescentage ol

cloud-filled pxels 22 22 it 16 13 Xl 26

Daytime pass
1R spatial coherence

Standard deviation < 1deg K 26 1 40 32 21 21 S
Reflectance rano

channel 2/chanal | 43 74 51 3 26 35 34
Total pereentage of

cloud-tilied pixels 2 57 10 19 12 15 13

thin cirrus over 1he south-west approuaches is assigned as cloud-filled. These cloud-
filled pixels cun now be used 10 determine cloud properties (e.g. top lemperalure,
reflectance, oplicul depth and liquid waler content}.

3.3 Extimates of practional clowd cover

The pixels which are not identified as cloud-free or cloud-filled are assumed (0 be
partially cloudy or filied with clouds of mixed cloud top heights. By looking at the
percentages of cloud-free pixcls in tables 2 and 3 and cloud-filled pixels in 1able 5, on
averuge about 30 per cent of the pixels Irom a pass fall into this calegory. At present the
retrievad of surface or cloud purameters is not atlempted [rom these mixed or partially
cloudy pixels. The only guantity determined fur each partially cloudy pixelis fractional
cloud cover as deseribed in §4.

One interesting experiment to carry out on 4 daytime pass is Lo compare [or cach
pixek N computed from equation (6) with N, computed from equation (1), Figure
10 shows this compurison fara 27 x 27 area over southern England for the image shown
n figure 8 (¢) where the image was segmented iato fifih of a degree lautude/longitude
#rid squares. The cloud reports over this area were for between 4 and 7 oktas of
cumulus and stratocumutus. For cach grid square u mean cloud-free and cloud-filled
brightness lemperature/reflectance was determined and equations (6) and (11) then
apphied o each pixel in the grid square. Only grid squares with more than 25 cloud-(ree
and coud-filled pixels, w allow an accurate estimate of clear sky and cloud-tilked
radiinees, were included in this plot. A correlation coefficient of 0-71 was obtained
betw v dnd N There are a number of reasons for the scatter about the line of

ST S
e,

Channel 2ychannel 1 test Combined mask of clogd-filled pixels
) )

Figure Y. An cxample of the results of the tests to detect cloud-filled pixels for the AVIIRR
ntage shown in (a) for 14 April 1985 at 1345 GMT. The masks {i.e. hatched arcas which
correspond Lo cloud-filled pixels) from the individuab tests are shownin (#yand (¢)and 1he
combined mask used 10 identily cloud-filled pixels is shown in ().

agreement in figure 10, Firstly &, and N, are really diflerent quantities due 10 the
diflerent properties of the cloud and underlying surface ut the different wavelengths.
Secundly the method relics on the assumption that the surface and cloud radiances are
uniform over a fifth of a degree grid square which in some cases will not be valid,
Finally clond shadow effects, as discussed in §4, could lead to significant differences
between N and N, IF grid squares with no or very few cloud-filled pixels are also
ncluded then the correlation coeflicient drops to 0-63, indicating that c¢loud-tilled
pixels are necissary 10 give representative values of Ny,

Another point 1o note about figure 10 is that there is a suggestion that N, is not

o
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Figure 100 Comparison ol A with N Tor partially cloudy pixels in a2 <2 are over

seuthern Foglind for the image shown in fgure § ta). The curve drawn through the data
is the best it guadratic 1o all the points.

lincarly related to N, The best fit quadratic curve 10 the points, shown in figure 10,
gives a variance of 0-031 for the predicted values of N, compared with the actual
vilues. The best linear fit gives a corresponding variance of 0-033. This non-lincar
relationship has been shown experimentally from aircrafl measurements by Kile
(I98T). Huwever a more detailed study beyond the scope af this paper is required Lo
confirm Lhe results of Kite (1987).

Finally, as a rough vafidation of the mean fractional cover obtained when
integrated over a tifth ofu degree grid square, surlace synoplic reports of cloud cover in
oktas were compared with the satellite derived fractional cloudiness N, The surface
observation 15 always reported on the hour and was compared with the satellite
measurement al the fime of overpass {up 1o a 30 min time difference). The satcHite
cloud cover vilue was taken from the grid square which contained the surface station.
Except tor clear sky or complete cloud cover conditions any comparison belween
surface ind satellite observations is inevitably subject Lo large errors. The salellite is
measuring cloud over a well-defined Bfth of a degree grid squure whereas the surface
vhservation is made over the hemisphere centred on Lthe abserving station. Also with
fast movimg/developimg clouds, time duferences of more than 10 min between
observations could lead 1o large differences between the two lypes of observations.
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Ses¢ of wl (1980 thisciss these problems in more detail and in particalar found a prid
squtiic of 100« 108 ki ® us giving good agreement with surface observations. The filth
of u degree greid squinre used here is approximately 22 x 14km? a1 52 N. Beartng these
limitations i mind, hgures 11 (w) and (b) show plots of surface-reported cloud cover
against satelhic-denived cloud cover. Figure 11 (g} tlustrates a case where cloud
vovered maost ol the British [sles, which reduced the inherent differences between
surfave and satellite observations. The agreement is reasonably good despite the small
sire of the grid square and the 28 min time difference between the observations. Figure
L1 ¢h}as for u more broken cloudy case and here the discrepancics are bigger with the
satellite meusurernent normally fower than the surface obscrvation. Although s
comparison is subject to farge uncertainties it at keast shows that the sutellite-denived
cloud covers are in rough agreement (1 2 oktas) with surface observations, Of course
cloud vover estimates over a well-defined grid square as compuled here from the
satellite measurements may be a more convenient parameler to assimilate into a
mesoscale model analysis than isolated surface reports of cloud cover.

6.  Conclusions

An aulomated scheme to detect cloud-free, cloud-filled and partially cloudy
AVHRR ficlds of view has been demonstrated using a scheme such as the one described
in this paper. Dillerent tests or thresholds have to be applied to the data depending on
whether it is day or nighl and on the underlying surface type (i.e. land, sea or coast). It
should be emphasized that this cloud detection scheme has now been applied to many
AVHRR pusses at difllerent times of the year and by inspection of the cloud mask no
significant amounts of cloud-contaminated pisels have escaped detection. This
increases confidence in its ability to cope with different atmospheric conditions. The
scheme has been successfully used 10 deteet cloud-free AVHRR pixels to produce a 7-
day mean sea surfuce temperature plot around the British Isles (Pescod e al. 1986).
Also mesoscale surface and cloud parameters averaged over fifth of a degree grid
squares have been derived from the AVHRR data using this scheme as a pre-processing
step to define the clear sky and cloudy radiances (Saunders 1986(h)). Another
applicalion using most of the cloud detection tests has been demonstrated by Ltoyd
(1987) und Eyre er uf. (1986) for cloud clearing HIRS fields of view Lo improve the
accuracy of atmospheric temperature soundings.

One component of the scheme which has not yet been fully automated is the
definition of the infrarcd brighiness temperatures over land for the infrated threshold
test. When the scheme is run routinely it is intended to define the threshold
temperatures over land by i forecast skin temperature from a mesoscale model.

It should be cmphasized that the most diflicull time of day to detect cloud is during
dawn and dusk {i.e. solur elevation between - 5 1o + H). At these times the visible,
near-intrared or 37 gm channels cannol be used reliably for ¢cloud clearing and so only
the infrured threshold test, the spatial coberence test and the Ty - Ty, tests are used.

One problem encountered was that, during the day, a snow-covered surface was
incorrecily assigned as cloudy. The refleclance at 37 um can be used 1o discriminate
vetween snow/ice and cloud during the day as shown by a number of authors (Liljas
1986, Kidder and Wu 1984). Some rescarch is now being carried out to investigate the
use of the 3-7 yor channel Tor detecting cloud over snow/ice. In the tuture the inclusion
of a 16 an channel on the next generation AVHR R will help 1o alleviate this problem
(Crane and Anderson 1984). 11 is noted that current plans suggest that NOAA will
replace the 3-7 gam channel radiances with 1-6 um channel radiances during the day and

- e
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so an operational scheme using 3-7 gm reflected radiances will not be possible for all
future NOAA sateilites. _ ‘ ‘

The schemie also identifies cloud-filled pixels suceessiully u:‘-judlgud by inspection n!‘
the onginal satcllite images. 1 is hoped to carry out a more stringent vahdul!un u.!
radiances  identiticd  as  cloud-filled in  the future using comcident aircraft
measurenients. o . _

Fenally, measurements of Fractional cloud cover for IndIVldl.!al] ficlds of view have
been derived which rely on both the cloud-free and cloud-filled rudmpccs bc_mg
correctly identified. When averaged over fifth of a degree grid squures this satellite-
derived cloud cover was in most cases within 2 oktas of the surfu‘cc-rcpa_med cloud
cover. Itis hoped 10 do o more comprehensive comparison of sa_lcllllc-rclrwvcd clogd
cover and surlace-reported cloud cover together with 1SCCP-derived cloud amounts in
the near luture.
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Optical Properties of Clouds Derived from Fully Cloudy AVHRR Pixels

K. T. Kriebel', R. W. Saunders? and G, Geselt?
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? Mutearological Othce Wnn, Robert-Hooke Institute for Cooperative Atmospheric Research, Clarendon Laboratory,

Oxdond, UK

DL R-Hauptabteduny Angewainite Datentechaik, D-8031 Oberpfaffenhoten, FRG

(Muruscpt receved Macch 1889, 10 revised lorm July 1989)

Abstract

Based on « rehable wienblication ot vleud-lilked AVHRR pixehs, known parametiizations of e cloud
mera phiysiecs aae used o ceiaeel cead opticdl propeeties with cloud seflectance. The Ritter 1s derived
Lum 1he messitred Tadianees of the combiaed carth-atmosphicre<cloud system. First validabons of the
sttty diguil water path and the cusns optcal depth by nwans of airborne in-sit measurenwnls show
agreement o withan the expected range of uncerlainty of about + 50%. However, more validations have
to be performed belere the accuracy uf these satelite methods can be firmly established.

Jusanimentassung

Uptische Eigenschaften von Wolken, abgeleitet aus vollstindig bewotkten AVHRR-Bildelementen

Basterend aul ciper zuverdasagen ldentlikation wan total bewolkten AVHRR-Pixedn werden bekannte
Parame Irtsicrungen der Wolkenmikrophysik verwsmbet, um oplische Bigenschafiea van Wolken mut dem
wolkenretlexnsgiad o vegknuplen. Letzterer wisd abgeleet aus der gemessenen Strabikhichie des kom-
bingricn Systems Urde-Atnosphare-Wolke. Lnte Validierungen des Flissigwasserweges von Stratus und
e uptischen Dicke vour Curus durch Flugzeugmiessungen stimmen incerhabb des erwarielen Unswhe e ity
bereichs von elwa + 50% uberem. By massen jedoch noch weitere Valulierungen durchgetuhet werden, be-
vor div Gensuigken divser Satelldenmethoden festgeiegt werden kann.

1 Intraduction

The optival properties of clowds like optical tuckness
and liguid or ice water path as derived from satelfite
data are possibly welul paranwters o help validate
and wntialize peneral cuculatton models and timaned
wrey models of vanows scales. Due o improving hon.
sontat resolution of the models, grid rmesh cluudiness
can be compared with satellite data, as well as oprical
depth and Digud o1 ice water path. First atiempts
have already been wiade. Sundgvist el al, (1988} use
the cluud water as a prognostic variable in a mesoscale
NWP model. There are several approaches 1o relute
cloud optical properties with satellite messured 1a-
diances {e.g. Arking and Childs, 1985; Russow et al.,
E9BS; Platt et al., 1480, Stephens, 1978, and Starr and
Cox, 1985). Usig the "AVHRR Piocessuig scheme
Over clhoud, Land and Ocean” (APOLLOY {Saunders,
19%6; Saunders and Knebel, 1988 wlhich adentiiies
clowd filled pixels, vne can mahe use of parametnized
schemes which relate clowd top seflectanee to optical
propetties. We huse adopted  1the parimetieation
sehenie Trame Stephens (1978) and Stephens el al

(1984). ‘Ihis scheme uses a two-streasn spproximation
of the equation of radiative transfer ohtained tur opti-
cally thin layers in the atmosphere developed by Couk-
ley and Chybek {1975). It relates the cloud reflectance
to the uptical thickness in a simple furmula which
depends on only one additional variable, the back-
scattering coefficient. Stephens has modified the
values of the backscattenng cocdlicient o exiend the
applicability of this formula 10 water clouds with op-
tical thicknesses up 10 500. He has further shown that
the optical thickness is mainfy Jue 1o the lquid water
path, il the drop size disinbution which 13 8 function
of (he fiquid water pathi s fahen into account by the
vatious cloud models used by Stephens. He deduces
silple  relabions between the opuical thickness and
the iiyuid waler path and between the hiquid waler
path ard the upward and downward infrared enussivi-
twes. These paranwteizations will apply ander nornmal
atmosphenic conditions. In extreme condinons, hike
heavily polluted air, i relationships may have errors
which exceed the 1 10 per cent piven by Stephens.
torice clouds we use 4 relation between clouwd retlec-
tance and vplical thicknesy given by Plate et al. (1980)

Loty Kk | Ruehel etal

wind @ relation between the cloud reflectance and the
mitared emissavity and the ice water path given by
Starr and Cox (1985}
Al these parametrizations make use of the directional
hemispherical reflectance of the cloud because this
juantity expresses the microphysical state of the cloud
m terms of upwelling radiant energy {lux density,
divided by the solar irradiance. However, this quantity
is not directly obtained from measurements. The obser-
vable yuantity is the bidirectional refleclance factor of
the carth-atmosphereloud system at the top of the
atmosphere (for nomenclature see Nicodemus, 1970,
and Knebel and Koepke, 1987). Firstly, the relation-
ship of both reflection guantities is described. Second-
ly, the parametrization formulae used are given and
finally first validations ate presented and discussed.

2 Determination of Cloud Reflectance

Satellite mstruments like the NOAA AVHRR receive
au upwelling radiance determined by the instrument's
field-of-view and spectral passband. Afver calibrating
the instrument {(e.g. Kidwell, 1985; Price, 1987), the
radiance can be obtained and hence the bidirectional
reflectance factor Ry (Mo, &, @) 3t the top of the
atmosphere can be derived. The direction of incidence
is given by the cosine of the solar zenith angle p, and
the direction of observation by the cosine of the
zemth angle of observation g and the relative azimuth
¢ between the direction of observation and the sun.
The directional iemispherical cloud reflectance R (u,,)
has 1o be derived from Ry (pg, pt, @) which is required
by the parametrization schemes applied. Using only
fully cloudy pixels, which can be identified by the
APOLLO scheme (Saunders and Kriebel, 1988), this is
possible with additional information on the anisotropy,
the atmuspheric transmittance sbuve he clowd, the
cloud transmission properties, the angular average of
R.{y,) and on the surface albedo undemeath the
cloud.
‘Mhe first skep is a correction due 1o the anisotropy of
the tupof-atmosphere reflectance which gives the di-
rectional-hemispherical reflectance:
21
Rytpg) = ,l, f |.R1— (Ko Mo @) adudy 1}

o w
which is approxinuted by using anisotiopy conversion
factors g, 2, v} compuled from Nimbus 7 ERB dala
(Taylor and Stowe, 1984).

Ry, ) = Ry (g, b oW Gty 2. 90) (8]

This aniselropy coreection is based on global averages

R R T T,

e 'hys. Atmosph

of measured 1adiances and distingusshes only hetween
four cloud-free surtaces and four cloud types. There-
fore it does not account for the amsetropy change widli
increasing optical depth. However, honzontal averaging
is presumiably the most important souwce of crror it
this correction is applicd 1o puel-size cloudiness. Uising
NOAA AVHRR channel | data {058 0.68um} only,
walet vapour ahsorplion in the clouds and above the
clouds can he neglected. However, an ozone correction
is requured tu convert top-ol-atmosphere reflectance
Ry (g, ) to top-ofcloud reflectunce R(u,). The vzone
transmittance in channel 1, Ty, has 1o be applicd to
both the downwelling and the upwelling radiation
which vields

R (o) = Rplpg Ml Toa (g1, ) Toa v =
= Ry (s i @ F (g 0 00 T () €
Toa (%)

This topofcluud refleciance consists ol the cloud re-
flectance R, fp,) and of the surface reflectance A
transmitted through the cloud (e.g. Chandrasekhar,
1950):

- ATedp ) T,
Riz) = Kol ¥ =5

Solar irradiance is diffusely transmitted dowunward
through the cloud according 1o the directional hemi-
spherical cloud transmittance T, (gg), illuminates the
surface roughly isotropically and is reflected by nwans
of the bihemispherical surlace albedo A,. This up-
welling radiation is partly reflected downward at e
bottom of the cloud according to the bihemisphercal
cloud reflectance R; and is partly transmitted through
the cloud by means of the bihemispherical cloud
transmittance T, and contributes to the directional-
hemisphericul reflectunce at the top of e ¢loud,
Rig,). The former process is accounted for by the
geomelric series sum funnuly. Now we want 1o re-
place A;, T (), Te and K, by observable quantsties
and then to sotve Ly. (4) for R (g,,).

)

The refationship between the direetional-henispherical
and the bihenuspherical cloud reflectance can again be
obtained from the Nimbus 7 FRB data. e thews Fi-
gures 8 and 9, Taylor and Stowe {1984) plot the di
rectivnal-henuspherical reflectance ar the top of the
avnosphiere, Ry, ), versus the solar enith angle The
bihemispherical retlectance at the top of the atmos-
phere, i.e. the angular average of Ry () with respect
10 4,,. can be oblained by integrating the plotied di-
rectional-hemispherical retlectanues:

'
Ry =2 PRy, p,du, (&)

a

g T

g e
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Ising R, . o comversion factor gig,) can be denved
wilnch relates Ry o Ry (e,

Ry = Ry (g Hgtu, ) {6}

The assumption s now that the ozone witl not alter
the anisotropy of the directionalhemispherical reflec-
tance. Then, glg,) can also be applied to the top-of-
cloud reflectances:

Ro= 200 Ripg e, de, = R Ve ly, ). (7}

o

Because water vapour absorption in clouds is negli-
gible helow 0.75pm (a possible actosul absorption is
negiected), the cloud transmittance can be replaced
by 1 reflectance, i.e. T, is replaced by ¢1 - Ro)and
Telpa) by (1 Rofuy . Tu express R in 1enns of
observahle yuantities, Ly (4)is integrated with respect
to .

1 1
R (Voo = | R a0
o o
\ 8)
S R [n R, (it Dot
UoAR, T ReluePiath

The term of the left hund side can be replaced by ifs
angular mean value R/2 which s R, W2pdu, b ac-
cording (o Eq. (7). Afler rearranging we oblain

Riy,) Al RO
dpiuat 200 - ARDT
, 9
Adl R

= | R,
A RTINS TTIRTIIN (_I 0 AR

]

1
Now | R, ) g dig, s substiteted by tls angular mean
0

1 .
watoe 5 By and b 199 s thensolvedd tor R,:

Rip,d glizab A,
¢ i (m
gl ML TA R A,

Fauation (10} relates the angular mean cloud reflec-
tance 10 observable quantibes Now L. 3y can be
solved Ton R (g ) by apan replacing T and T (ja,,?
by (1 Rodand 41 Ko h. respectively and sub-
stitating R by Bg.110)

R et HL Akt AL Bl

()
R, T TAD Y R DA,

Rotpg b -

R (i) is ohtained from Eq. (3). g (4,,) from the Taylor
and Stowe (1984) dara and the surfuce albedo A,
either from a-privri kanwledge deduced from a loakap
tabte derved from previous measurements o frany
nearest neighbour cloud free pisels. Fixed values of
A, like 0.1 over land and 0.05 over the vcean showudd be
used only if reatistic mformation cannot he oblmned.

3 Determination of Cloud Optical Properties

According to Stephens (1978) and Stepliens et al.
(1984) the directional-hemispherical cloud refleciance
R.{},) is connected to the cloud optical thickness &
by

Alug)B (o Wity

Retho) = 173 Bl )5 (g Vit ()

with the modified backscattering coefficient fiy,)
given for water clouds with optical thicknesses froom
1 to 500. From the optical thickness the cloud lijuid
water path LWP is obtained in g thy

log LWP = (5 -0.5454)7 3% [k}
and the downward and upward infrared emissivity ¢ by

€} =1 -expt D.158 LWP)

(14)
el =1 exp{ C.13LWP)

Different formutae have to be applicd to ice clouds.
According to Platt et al. (1980), ice clouds lrave &
lugher refleciance than water clouds for the same op-
tical thickness. The conversion factor depends on .
however no complete data set is given, Theretore at
present an average conversion factor of 1.6 is used 10
reduce the ohserved ice cloud rellectance to an equiv-
alent water cloud reflectance from which the ice clowd
opticat thickness is denved accordmg tu Fy. (120

To obfain ce water path and infrared ermssivity,
Different scheme 1s used given by Starr and Cox (19%5)
They relate the hroad hand albedu p(d,,) 10 its par-
ticutar value at the solar zemith angle &, = 60"

(B, = (0161 F0DLYT -84
0BG 10 el p6e0 e {5
H(O914 00152 G plpiet’ ]

The value at &, = 60 is rebated ta the upward infrared
emissivity ¢ F:

p(60°) = 0557 (1 + 01051 (D) (Lo
and the emissivity is related 1o the ice water path IWP
by 1 expl k(1,1 IWP| (17)

with k(1,41 the eftective upward amd downward
wroadband infrared nass ahswiption coetficent i

toR n Vo knehel et

Table | Fatmated acewraey of e hguid wstes path deoved
ttom AlOEY O

Soufoe ot crin I stunated et m

Calilrpten +
Anlsoaliopy corerinon [}
Parametnsation scbeme .
Honzontal milomogeneity '

Tatal 1 s + 4

m’g ' K{})=006 and 0.07 for nighttime and mid-
Jay, respectively, and k(1)=005. The broadhand
cloud alhedo p(9,,) is lower than the AVHRR channe!
1 cloud reflectance R, (8,,) by a factor of 1.14 on
average. This factor was derived from data given by
Welch et al, {1980}

A Tirst estimale shows that the accuracy obtained
wsing s parsmeterization should not be worsen than
807 {Table 1)

4 First Validations

Validation of the derived cloud optical propesties re-
quires independent measurements of comparahe guan-
tines, e, of horizontal averages of at Jeast the pixel
sive. Aircraft measmemuents seem to be an appropriate
means provided the time necessary 10 obtain horizontal
averages does nul exceed the time difference allowed
petween satellite and sircraft measurement which de-
pends on whether it is cumuliform or stratitorm cloud,
For stratiform cloud the time lag is believed to be less
than hall an houe, for cumuliform clouds it should be
much less. Liguid water content {LWC) can be meas-
ured fram an aircraft with a Johnson-Willlams probe,
CSIRG-King probe and Knollenbeig PMS-prohes. Al
three have manofacturer’s cahbration only, with the
exceptinn of the PMS-probe where the particle diam-
eier read out can be adjusted. Therelore, additional
user perormed test procedures are absolutely neces-
sty for obtmmmg reliable resulis for all of these
probes. Because the results ublained with these de-
vices sometimes do agree and sometimes don't (pos-
sibly depending on which drop size domisiates), it is
questionable which system s supenor Lo the wther
or what is the real range of ungertainty. Feom com-
putisons of many Tlights amd the requirement of con-
sisteney with other data, it 1s beheved that the 1 WO
can be measuted {0 an accuracy of © W Tus agrees
well with resnles Dom Strapp and Schewensner (1981
who demonstrate that under favomable conditions
2 can be ohtaned . To date we have pwo guase

stmultancols measurements ol the TWIE o vaindate
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APOLLO denved data with the verticsl intepral of
the liquid water content (LWC) measured with
Johnson Williarms  prohe by means of the THR e
search aircraft 2028, Time resolution of the measure-
ments was hetier thar one second which corresponds
to a height resolution of about a meire. These data
have been integrated with respect 1o the vertical ex-
tension of the clouds. The assumption is that cach
airbome LWC measurement represents the horizontal
average across the range covercd by the slant path 71
assumption is valid in homogeneous situations.

Both comparison measurements took place on 19 Ja-
nuary 1987 near Manching airport, 48" 429'N, 11°
32.1'F {(Figure 1). The time difference between the
satellite measurement and aireraft measurement was
30 40 minutes. Aircraft navigation is estimated to he
much better than the satellite navigation Jue to the ad-
jacent airport which alluwed a precise location. Careful
satellite navigation obtamns an accuracy of better than
a pixel which is less than 1k, The horizontal projec-
tion of the stant path of the aircraft was drawn in the
satellite image and the cursor defined a rectangle con-
1aining the slant path. The rectangle was set 1o about
15 by L pixels in size to cover the anrciall stant path
which was around 1§ km, The average | WE inside the
cursor was determined by means of APOLLO and com-
pased with the vertical integral of the 1 WC-profile oh-
tained from the aircrafl data. in both cases APCHLO
yields lower values of the LWP thuan ablamed from the
aircraft data (see Tuble 2}

From Figure | it follows that the comparison ook
place with stratiform clowds with e other clouds
above as was ulso reported Trom the aireraft. The
visual impression of such a situstion (Figare 1A} is
confirnwd by Fipure 1R which shows wiarm tempera-
tures, ie tow clouds. ‘The gh eflectivity in channel
3 (Figure 1CY indicates .ater clouds {chomd-Tree snow
pixels which could give sinlar data in Figmes TA and
1B are excluded by nwans of the snowce clowd dis-
erimipatim algonthm (Gesell, TURUY wliel s part ol

Lable 2 Valdation ot adelldc denved Sigond water path
WP Pocenfapes ndreate the deviation of the APOLTTE
dersved WP Lot aaroralt data

LW Al datad mpen ©

Cane | } Coe ;
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Toaiwr | ! ‘
W oo " : "t l "ol
, ;

|



_.udx~w‘n—c-.- e - e

Vol bl sy

Opnical properties ol cluuds (104
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i projections of the two atreralt Bignt legs near MAmch:
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Figure § AVHKR images of the arcan which the vatwation of the APOL.
of be bguid water vantent ook plave an 1Y January 987, The horzent
g airport w Bavana, PR are undn ateed as the two sl steaight hines i 1
the Alps can be swen. Rivery o
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APOLLO). Finally, from the luw temperature dif-
ference between channels 4 and 5 as shown in Figure
1D it tollows that ne cirrus clowds can be detectled
abuve the stratus.

One puossible reason for the discrepancy between air-
craft and satellite LWP is horizontal inhorogeneity of
the LWP us has been thoroughly investigated by
Swpliens (1988). However, it is not necessary 1o con-
sider holes in the cdouds, i.e. zero LWP, because only
cloud filled pixets are used in the APOLLO schene to
derive LWP. A simple calculation shows the order of
magnitude of this effect. Assume a pixel whose two
halves have a different LWP, The true LWP is the arith-
melic mean. AVHRR, however, measures the anth-
melic mean of the refiectances produced by the twa
different LWF's. This mean reflectance is coupled in
a different way to the true mean LWP due 1o the non-
linear relationship between LWP and reflectance (cf.
equations 12 and 13). Assuming p, =1 and §=0.07,
Table 3 shows the underestimation of the APOLLO
derived LWP in terins of a factor by which the APOL.-
LO derived LWP has to be multiplied to obtain the
teal LWP. This factor depends on the LWP and on the
inomogengity. Realistic inhomogeneities are less than
3:1 in stratform clouds (Finger and Wendling, 1990)
which is equivalent to a variability of the aircraft
measured LWC of t 50% around its mean value. Curry
(1986) reports somewhat higher variabilities close to
the cloud top which may reflect the large vertical
gradient of the liquid water conlent above its maxi-
mum value. This does not necessarily indicate a higher
horizontal varability of the LWP than 3:1. For mixed
clouds the inhomogeneity is much hugher, however,
per kitormeter it remains in the 3:1 range (Hoffmann,
1989}, This only partly explains the ditference be-
tween the Johnsun-Williams probe and the APOLLO
parametrization. It confirms the preliminary estima-
ton of the accuracy of APOLLO which is +50% in
the LWP.

With cinus ctouds a fiest validation took plage on ]
October 1987 during the first field phase of the Inter-
national Cierus Expertment (1CE). This validation com-
pares optical depths of cirrus ¢louds obluined by

Table 3 Eticet of honzontal inhomagenesy of TWF G, = 1,
¥- U7y

1 Urlerestimateon of LWE Iy s jactn of
liemn
geneity | VWP S 100U | 100 < LW < 1000 | LWE < 100
91 2 L3
3t % 1.2% LI
' 104
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APOLLO with airborne lidar measurements obluned
fiom the DLR research aircraft [M)228 with the
ALEX-F backscattering bidar looking upward. Again
the aircraft flight path was deawn in the satelite image
and surrounded by a rectangular cursor. The hori-
zunital mean of the vptical depth inside the cursor box
was estimated to 0.8, The lidar data were processed ac-
cording (o an analytical approach afier Klett {Schmite-
Peiffer en al., 1989) and yielded an average optacal
depth of 0.73. This agreement, however, must be waken
only as an indication that the parametrization used in
APOLLO for ice chouds is realisuc and gives the correct
order of magnitude.

5 Conclusions

Parametrized relations between ¢loud  reflectance
and cloud optical propertics have been applied to
satellitc data. Emphasis has been put on the derivation
of the directionalhemispherical cloud reflectance
which is required by the parametdzation schemes,
from the measured top of the atmosphere reflected
radiances. First validations against airborne in-situ
measutements indicate agreement within the expected
range of uncertainty. Deviations exceed the uncertain-
ty range of the airbome measurements by about £ 25%.
Besides the uncertainiies connected with the parane-
trization schemes for homogeneous clouds, this may
be due to horizonial inhomogeneines of the cloud
composition. To determine the real range of uncertain-
ty, more validations are necessary. Aireraft measure-
ments of the LW of arctic stratus clouds are presently
being investigated to validate simultaneous satellsee
(NOAA AVHRR) measurements. During ICE 89 more
measuresents of the cirrus optical depth are expected,
probubly together with the tint measvrements of the
cirrus ice water path.
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