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CHAPTE R 1

INTRODUCTION

The newest source of meteorological data in the last decade has

come from meteorological satellites. Computer processing of this

data has increased the application of satellite data to many long

standing meteorological problems . Each year improved satellite

instrumentation becomes available to fur t her enhance the passive

remote sensing of the environment. Alo~~ with this improved iristru-

mentation are greater volumes of data and ~~ requirement for more

computer resources. Through these new and improved forms of data ,

• accurate and reliable information can be attained in the inference

of the ~. tmospheric state. An important area that is only receiving

attention recently is the interpretation of satellite radiance

measurements to infer the structure and composition of clouds .

Tnis report describ~s recent ~~ve1opments on the infe rence

of cloud compositions and structures from a satellite point of view ,

using some of the most recent data available , and the updated

radiative transfer theory applicable to cloudy atmospheres.

The recovery of atmospheric parameters other than clouds has

proven to be successful. Accurate atmospheric temperature profil es

have been retreived for clear areas (Chahine , 1970; Smith ,

1970). The techniques have also been developed for the determination

of the active atmospheric minor gases such as water vapor (see, e.g., 
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Conrath , 1974) and ozone (Prabhakara , et al., 1970), and for the

estimation of the cloud top temperature and surface conditions in

a clear atmosphere. Furthermore, Chahine (1974) presented a numer-

ical procedure to derive vertical temperature profiles in cloudy

• atmospheres from two overlapping fields of view. Taylor (1974)

describes an approach employing soundings at two different zenith

angles to determine temperature profiles in the presence of clouds.

However, there has been very little study focusing on the retrieval

• of cloud properties.

Broad band radiometers such as those on the NOAA and ITOS

series of satellites have been used extensively to deri ve cloud

cover in the field-of-view of the satellite radiometer. Many of

these methods are completely statistical . These are represented

by publications such as Miller and Feddes (1971). With the addi-

tion of the broad band infrared channel on the NOAA series, analysis

was accomplished on both channel s at the same time . A further use

of the broad band visible channel to infer cloud thickness from a

satistical point of view was done by Park et al., (1974) and Kaveney

et al., (1977) who correlated the low cloud thicknesses directl y with

brightness observations.

The paper by Houghton and Hunt (1971) represents the first

attempt to explore the inference of cirrus clouds from passive remote

sensing. Liou (1974) described eniiiission and transmission properties

of cirrus clouds in the 10 u rn region in conjunction wi th their remote

sensing potential. Bunting and Conover (1974) proposed a simple

means for estimation of verti cal ice content for cirrus clouds by

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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assuming exponential attenuat ion of the infrared radiation. Addi-

tional research in cirrus clouds was .done by Stoffel (1976 ) in

whose work effects of the temperature gradient in the cirrus cloud

were considered in the transfer process. Recently, Liou (1977)

proposed a retri val technique for recovering the thickness and ice

content of cirrus clouds employing four spectral regions in the

10 urn window . Also, Liou, et al., (1977) developed a spectra l

• radiati ve transfe r model for MOM 4 Vertical Temperati..’re Profile

Radiometer (V TPR) channels to study the effects of cirrus clouds

on these upwelling radiances and to explore the feasibility of

deriving cirrus cl oud parameters from a combination of channels.

The purpose of the research described here is to analytically

approach the important problem of the interaction of thermal infra-

red (or terrestrial ) radiation with known compositions of cirrus

and middle clouds . Signifi cant improvements over past studies are

incorporated in this solution of the problem , although certain

aspects remain simple approximations to the real physics involved .

Details of the approach will be found in later descripti3ns of the

analysis. It can be stated , however, that the formulation of this

radiation problem is based on the discrete-ordinate method originally

proposed by Chandrasekhar (1950 ) and further developed by Liou

(1973). The method is applied to isothermal layers of model cirrus

and middle clouds . The clouds are assumed to be of infinite hori zon-

tal extent in a plane parallel atmosphere assumed to be in l ocal

thermodynamic equilibrium. The theoretical model is applied to

selected High Resolution Infrared Sounder (HIRS) channel s wi th

_ _ _
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several combinations of mtddle and cirrus clouds. The theoretical

resul ts are parameterized and then used to infer cloud characteristics

from actual HIRS data .

Chapter 2 contains a development of the theoreti cal considera-

• tions in the radiative transfer through clouds. The chapter incl udes

a section on the radiative transfer in scattering atmospheres, the

theoretical deri vation of the boundary conditions of the transfer

process , and the appl ication of this theory to satell ite channels.

The second section of the chapter describes the application of the

discrete-ordinate method and then presents a method used to obtain

gaseous absorption coefficients for use in the scattering atmosphere.

Chapter 3 gives a brief description of the characteristics of

the HIRS channel s and the model atmosphere used in the study. The

• next section describes how the model developed in Chapter 2 was

applied to the HIRS channels. The final section of this chapter

discusses the sensitivity of the upwelling radiances to different

theoretical cloud scenes.

Chapter 4 describes the parameterization of the theoretical

resul ts for cloudy atmospheres to Infer cloud compositions. Two

variables are Inferred from this parameterization and they include

the identification of cloud type (cirrus or middle clouds) and the

ice and water content of these cloud types.

Chapter 5 is used to give a descri ption of the HIRS da ta used

for applying the theoretical results . The second section of the

L 

chapter gives a brief description of the Three Dimensional Neph-

analysis (3DNEPH) routinely produced at the Air Force Gl obal Weather

_ _ _ _ _ _ _ _ _ _ _ _ _ _  - • -~~~~~~~_ _• - • .- ~~~~~~~~~~~~ - •  - -.•-—
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Central (AFGWC). The 3DNEPH was used to compare the ice or water

content derived from the HIRS data.

Chapter 6 contains five separate sections. Section 1 and 2

address the selection criteria for the HIRS data to be used in the

• comparison and also contains a description of the parameterization

of the 3DNEPH to obtain cl oud thickness. Section 3 contains satel-

lite pictures , synoptic maps and a synoptic discussion for the days

that comparisons were made. Section 4 compares cloud type deter-

mination with the satellite photographs in the previous section

and estimates of ice and water content derived from the HIRS data
• • is compared to the 3DNEPH derived thicknesses. The final section

of the chapter contains mapping of ice and water content over areas

for two separate days and a discussion on the application of this

technique to global mapping of these parameters .

Chapter 7 describes the use of the parameterizations from the

overcast theory to a partly cloudy atmosphere. The first section

of the chapter describes problems experienced in the recovery of

the amount of cloudiness from the empirical relationships developed

in Chapter 4. The second section in this chapter demonstrates the

use of the overcast parameterizations to indicate equiva l ent liquid

water or ice content in a partly cloudy atmosphere. The final

section of the chapter uses some actual HIRS data to illustrate the

application of this technique to a partly cloudy atmosphere.

Appl i cations and limitations of the technique developed in the

dissertation to routine satellite operations and further

~~ tIâlIii ( • •.—.-•__- _ -_-_-_ -a-a•. —- — •-‘•--.—---._-• • _ --_& —a— . -— ._•~. ,,- . ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ —-.—•-•———-- — -— • •• -‘--- . • ,  —••-—.-.• • .••-.. .• .
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recommen da tions with respect to the incorporation of microwave
• sounders are carried out in the final chapter.
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CHAPTER 2

THEORETICAL DEVELOPMENT OF INFRARED RADIATION

FOR SPECTRAL CHANNELS

A study of the effects of clouds on satellite upwelling radi-

ances requires a theoretica l basis for these calculations. Section 1

of this chapter describes the fundamentals for the transfer uf

spectral infrared radiation in scattering atmospheres. In addition ,

the theoretical derivation of the boundary conditions in a non-

scattering atmosphere is shown. Finally the application of this

theory to the satellite instrument is described . Section 2

of this chapter describes the appl i cation of the discrete-ordinate

method for radiative transfer in non-isothermal and inhomogeneous

cloud layers. Lastly, the method used to derive equivalent absorp-

tion coefficients for use in cloud scattering calculations is

descr ibed.

2.1 Fundamentals for the Transfer of Spectral Infrared Radiation

in Scattering Atmospheres

The infrared radiation program begins by solving the transfer equa-

tion for a plane -parallel cloud layer consisti ng of cloud particles and absorbing

gases in local thermodynamic equilibrium. The basic equation describ-

ing the monochromatic infrared radiation field is given by



_______ - 
~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

.---.— •• • — • , -— • .  .---.— -~~~~~~~ • _ .__~~~~ • ~~~~~•

dl (r,~i) 
- +1

cit = I~ ( t , u t )  — 

~~ 
f i P~ (p, u )I

~
(t ,i.i )dji

— (l—
~~

)B [T(t)], (2.1)

= 8s ,v/ ( 8 s ,v
4
~
8a ,v1

~
h1k ,v )

~ 
(2.2)

B
~

(T) = 2hc2v3/ (eh
~~~~~l), (2.3)

where ~ represents the monochromatic radiance of wavenumber v, u

the cosine of the emergent angle with respect to the zenith, ¶ the
• optica l depth , P~, the normalized axially syninetrical phase function,

I the cloud temperature which is a function of height or optical

depth , 
~~~~ , 

the single scattering albedo , 8
~
(T) the Planck function , h

and K the Planck’ s and Boltzmann ’s constants , respectively, c the

velocity of light, ~ and 8 the vol ume scattering and absorp—
5 ,’V a ,v

tion cross sections for cloud particles of wavenumber v, n the

number density of the absorbing gases within the cloud layer , and k,,,

the absorption coefficient of the gases .

The normalized phase function may be expanded into Legendre

polynomials consisting of a finite number of terms . Upon replacing

the integration in Eq. (2.1) by s ummation according to the Gauss ’
quadrature formula , a set of first-order inhomogeneous diffe rential

equations are derived. By seeking the homogeneous and particular

solutions of the differential equations as described by Chandrasekhar

(1950), the complete solutions of the scattered radiance for a given

discrete-stream j assuming an isotherma l cloud temperature Tc may

be written (Liou, 1975)

I(t ,p 1) 
~ 

L , ( p i )e + B
~

(T
~
), (2.4)
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where z denotes sumat~on over the 2n discrete streams employed ,m
• 

~m 
and km are the eigenfunction and eigenvalue of the differential

equations , whose values depend upon the phase function and single-

scattering albedo , and Lm are a set of constants of proportionality

• • to be determined from the radiation boundary conditions above and

below the cloud layer.
• The upward and downward radiances arising fro: the molecular

absorption and emission reaching the cloud bottom and top, respec-

tively, can be obtained by solving the transfer equatioc for a non-

scattering atmosphere in local thermodynamic equilibrium. They are

given by

~ 
B [T(z)]d T(z

~zt
;-ui~

)
~ 

(2.5)

• ‘ — I ~ F ‘~.

V ~~~~~~~~ 
— 

V
;
~ 5~ V~~

b, ‘~ i~
Zb

+ I B~,[T(z)]d T(zb,z;ul), (2.6)

z2
T ( z 2,z1;p.) = exp [ — I k~

(z)n(z)dz], (2.7)
1 1

where T
5 

is the surface temperature , and z~ and Zb are cloud top and

base heights , respectively.

Assume that variation of Planck function with respect to the

wavenumber i s much smaller than that of the transmission function T .
V

Thus , upon multiplying Eqs. (2.5) and (2.6) by the instrumental slit

function ~(v) and performing the wavenumber integration over the

spectral In terval (v1,v2
), we have
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I
~~~

(zt~~
u
~i

) = r (
~~~ 1)

~~
) 

~

= f B [T(z)]d I (z,zt ;—u i .) , (2.8)
Z t~~~~~ 

t~.V 1

-
~~ “2

• 
A b i 

= f y
i 

I~~(z~~Pi~(v) ~~~~~
-

= BAV (TS)TA (zb~
O;P.)

+ 1
zb B [T(z)]d T (zb,z;u.), (2.9)
0 Av 1

“2 Z
T
~~
(z2,z1 ;u~

) 
“1 

exp [— ~~ 
~z1 

k (z)n(z)dz]

x •(v) ~~~~~
.. (2.10)

“A)

How are we going to incorporate the spectral clear col umn radiances

into the radiative transfer program for the scattering cloud l ayer?

The transmission f’inction (or transmittance) must first be exam-

ined. For a given height z, the transmittances are normally availab le

in the special form of Eq. (2.10)

T (z) = T~~(z,~;l) exp[- / k~(z)n(z)dz]
x 4 (v )~~ . (2.11)

However, spectral radiative transfer for clouds require the clear

column angular upward and downward radiances reaching the cloud

base and top, respectively. To evaluate these radiances , the angular

dependent transmittances from 00 to 900 zenith angles are needed.

The calculations for these angular transmi ttances for HIRS channel s

will be described in Chapter 3.

—~~-—-- - —--- — • - - --—~ ——- —-.--~ —---••- -~~------- • - -- •
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Recalling Eqs . (2.1) and (2.2), it can be noticed that the gas-

eous absorption coefficient k~ is needed to carry out the transfer o(

infrared radiation in cloud l ayers composed of absorbing gases.

However , k,,, is known only through the absorption line parameters of

gases and its values vary greatly with wavenumber in a small spectral

interval . It is very difficult , -if not impossible, to carry out

line—b y-line calculations including scattering contributions of

cloud particles. Thus , the simplier approach for the gaseous

absorption in a scattering layer would be to make use of the known

transmittances which have been obtained to a good accuracy by

means of line-by-line calculations for inhomogeneous atmospheres in

conjunction wi th satellite sensing. Recognizing the definition of

the vertical transmi ttance in Eq. (2.11), it may be approximated by

“2 -l~,,,u M - ku
• T,~ (u) “1 

e ~~~ j~l 
w,~ e , (2.12)

where the vertical path length

U = f~~, Pv
(Z ’ ) d Z ’ 9

may be thought of as an equivalent absorption coefficient , w,~
is the weight and M denotes the total number of finite terms in the

fitting of the transmittances. A discussion on how to obtain the

equivalent absorption coefficient is in the next section. Once k~ and

have been determined , we may cons ider the transfer of spectral

infrared radiation as monoctiromatic in the sub-spectral interval j

and carry out transfer calculat ions in a clou d layer M times with

a new singl e scattering al bedo ~~~~~~ Here, it is assumed that the phase

• ~~~~~~~~~~~ - -~~~~~~•—• -• - -—~~~~~~~~ —-••• .~~~~~~~~~~~ ——-—~~~~~~~~~~~~ - •~~~~~~ - -  -—
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function and the absorption and scattering cross sections of ice

crystals are independent of the wavenumber within a spectral inter-

val. These assumptions are justified in view of the relatively slow

varying refractive indices of ice and water in the infrared regions

as evident in the next section.

The resulting M radiances calculated from the transfer pro-

gram w i l l be denoted as Ii. Hence , the transmi tted and reflected

spectral radiances at the cloud top and bottom, respectively, are

now given by

M

I~~ (z~~ii~) = 

j= 1 
I
i 

(z t~ui)

(2.13)
M ~~

I~ , (z t,~
—ii ) 

~~ 
I
i 

(z b~—u I)

The upward radiance at the satellite point of view in completely

cloudy conditions can now be obtained by

“2
I~~~

(oo ,u1) =f~~~

1 

~~~~~~~~~~~~~~~~~~~~

+ f~~~ B [T(z) ] dTA (~~, z;u.), (2.14)
Z
~~ Av V 1

where I, denotes the sub—spectral transmittance associated with the

sub-spectral radiance I~~~~. The second term on the right-hand side is

for the clear atmosphere above the cloud l ayer and it is an exact

expression . However , the first term requires further approximations.

Since the spatial transmittances for satellite channels TA,,, are avail-

able from the top of the cloud to the top of the atmosphere , upon

utilizing the fi rst equation in (2.13) the upwelling radiance at the

top of the atmosphere may be approximated in the form
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C
‘Av (~ ‘~ i ) 

~ ~~ 
(zt ,11i )T~~

(co,z t ;p j )

+ fB~~[T(z)1d T~~ (co,z;i.~~). (2.15)

Note here that the approximation also has a physical foundation.

Since the variation of the radiative property of clouds over a small

spectral interval is much smaller than that of the transmittance , we

may take an averaged spectral radiance as defined by Eq. (2.13) and

remove it from the wavenumber integration . The upward radiance at

the satellite point of view in clear conditions is simply

NCtAv (~~ i-’~ ) 
= BAV (Ts)TA (o

~
,O;1Ii)

+ f~ B~~[T (z)] d T
A

(oo ,z;
~~
.). (2.1 6)

Thus , if within the field-of-view of the satellite radiometer, there
is ~ por tion of clou diness , the upward radiance at the top of a
partly cloudy atmosphere is then given by

IA (
~,ui ) = nIAV~~~,uj) + (l~~)I C

(~,u~). (2.17)

At this point , we have completed our discussions on the theo-

retical foundation for calculating spectral infrared radiation in

scattering cloudy atmospheres.

2.2 Discrete-ordinate method for radiative transfer in non-isother-

mal and inhomo geneous cl ou d layers

The solution of the infrared radiative transfer equation given

by Eq. (2.4) -is applicable only to isothermal and homogeneous cloud

l ayers. The question of inhornogeneity of cloud compositions is a
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difficult one. In the first place , there have not been many obser-

vations available. For the purpose of radiative transfer calcula-

tions , it seems that averaged property of cloud compositions may

be appropriate . However, the effect of the non—isotherma l struc-

ture of clouds on their radiative properties is more critical . Phys-

ically, a cold cloud top would reduce the transmitted radiances . It is

conceivable therefore, that an overestimation of upward radiance is

likely to take place . Although our main concern is to determine the

cloud structure , the transfer program described below may be utilized

to investigate , if desirable , the inhomogeneous properties of clouds

as well.

In reference to Figure 2.1 , the cloud layer is divided into

a number of sub-layers each of which is considered to be isothermal

and homogeneous . The optical depth is evaluated from the cloud top

to the bottom of the sub-layer. The index i is used to denote the

number of the sub-layer. The solution of the radiative transfer equa-

tion given by Eq. (2.4) is applied to each sub-layer and sub-

spectral interva l j to obtain (E denotes summation over discrete-
m

streams , (-n ,n))
2.

= E L~~m (p i )e m + B~ (T~). (2.18)

In order to determine the unknown coefficients L~, the radia-

tion continuity relationships are needed in addition to two radiation

boundary conditions specified in Eqs. (2.8) and (2.9). At the cloud

top the downward radiance has to be equal to that from the molecular

a tmosphere above , so that 

---—.- —--- - ------- -.••-- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _
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Figure 2.1 A model of the non-isothermal cloud. The temperature
within each pre-divided l ayer is assumed to be
isothermal.

_  •
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t~
1 (O~

_
~~) = IA~~

(zt~
-iij )wj  (2.19)

Between the layers , the radiances from all directions must be con-

tinuous. Thus,

= I .~~~(T
2.,p),2.l ,2,...;N~1, (2 .20)

where N denotes the total number of sub-layers. Lastly, the upward

radiance has to be equal to that from the molecular atmosphere be-

low to give

1 
N
(TN ÷~~) = I.

~
(z b ,+p.)w. (2.21)

Upon inserting the radiance solution expressed by Eq. (2.18)
• into Eqs. (2.19-2 .21) , we have

z L2.
~~
(-
~~
) = I.+(z ,

~ p )  
- B.(T 2.), (2.22)

m m m  J 3 C

Z {L~~~
./’

(~~~~~~) + L~~’6~~
’ (p.)J B .(T~’~~) - B.(T ~~~), (2.23)

• N N  
~
. N

~ 
L~i;~(+i•~•~) = I~ (z1~ +~~) — 9j

~
1c~’ (2.24

where

= (~~)~~kfflT (2.25)

£
2. -k ‘

= - 

~~~~~ 
m (2.26)

Eqs. (2.22-2.24) represent a system of 2n x N linear equations from
• which the L~ coefficients may be determined using a matrix inversion
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technique. Eqs. (2.20-2.22 ) may be rewri tten in a compact matrix

form

~ L = B, (2.27)

• where the unknown coeff icients of proportionality

—n

n

i 2
—n

• 1  
= 

L 
(2.28 )

L N

LNn

The matrix denoting the contribution due to cloud emission and up-

ward and downward radiances reaching the cloud base and top, res-

pectively, is 
1

I . (z~,-u~) - B .(T
~
)

~~~~~~~~~~ 
- B~(T~)

B .(T
2

) - B (71)
B = ~ C 

:~ 
c (2.30)

B~(T~) - B~(T~)

- B .(T
N

)

1j~
(z b~

+u
fl

) - B~~~ (T~~~ )

_ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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and the 2n x N by 2n x N matrix

2. £
4’ ( 

~ 4’—n ~

= ( )  .. 
~~~~n - ~~ ”n~ 

.. 
~~(-u~

) (2.30)

N .. N

~~~~~~~~~~~~~~~~ ~~~~
14

~_n~~n~ ~
‘n~’~n~

In Eq. (2.30), the blank spaces denote zero elements . A similar

procedure has been employed by Liou (1975) for the transfer of solar

radiation in inhomogeneous atmospheres . Once L have been determined ,

they can be inserted into Eq. (2.18) to obtain the sub-spectral radi-

ance distribution within each sub—layer. Eqs. (2.14) and (2.15) are

then followed to evaluate the upward radiances at the cloud top and

at the top of the atmosphere .

2.3 Derivation of Equivalent Absor rtion Coefficients

To derive a set of equivalent absorption coefficients for use

• in cloud scattering calculations , an exponential fit of the form

denoted in Eq. (2.12) was applied to transmission curves of the HIRS

channels. The fitting routine as described by Avrett and Hummer

(1965) has been successfully applied to the broad band transmittances

by Liou and Sasamori (1975). However, when applied to the curves in

H IRS channel s it prove d uns u ccessful. 
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The transmission curves for satellite channel s take into

account absorption by more than one gas simultaneously while each

gas is distributed differently. The transmission curve also includes

the instrument slit function. These curves cover the entire atmo-

sphere from 0.01 mb to the surface , which introduces a significant

pressure variation . All these factors lead to the non-exponential

shape of the transmission curves IAV (u) as functions of the major

absorber.

Since the spectral transmittances are available above and

below the cloud it was decided to fit the transmittances over the

range of pathlength covered by the thickest clouds to be considered

so as to incorporate the gaseous absorption in scattering cloud

layers . This was done by selecting a base height of 700 mb and a

• maxium height of 250 mb; the variation in pressure in this range is

not enough to produce significant deviation from exponential behavior

and the water vapor concentration is small enough to be neglected in

calculating the pathlength . The curve was generated by using a

constant CO2 concentration of 5.11 x lO~~ gm cm
2 mba, and satur-

ated conditions in water vapor channels. The transmission was read

off the true curve at an altitude of 250 mb and considere d as 1.0.

The transmission at each subsequent level below this was considered

as a fraction of what the va l ue was at 250 mb. For CO2 channels , the

neglection of water vapor absorption above 700 mb could produce some

small errors. As for water vapor channel s, actual water vapor con-

centration profiles were used in the fitting program. 
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A simplified fitting routine was developed which guaranteed

the required restriction on w,~ and k~ (both have to be positive).

The numerical scheme is based on the following iterative process.

An initial TAV (ul) and w 1 are chosen (initially w1 = 1) and k1 is

generated from (see Eq. (2.12))
w

1 1
K, __!

~2.nu1 TAV (u l )
I — k1 u• The curve IA (u) = w1 e is then generated point by point; as

each new point is generated it is compared with the true value

I (u) to make sure it meets the following conditions.

V (u) < T (u) ,

dl’ (u) dl Cu)Av A”
du du

The second condition requires only a rough approximation for the

derivative . If either of these are not met , a new w
1 

is generated ,

i.e. (w1 
= w1 x constant) so that the new w1 is slightly less than

the old one , and the above is repeated. If no w1 can be found, a

new u1 is selected (larger than the old point). When a good w1 and

k
1 

are found , the above process is then repeated to produce an w2 and

k2 using values of TA (u) - V (u) instead of T (u). The number of
V

points needed to fit the curve then depends only on the size of the

error tolerance used and on the range of u over w hi ch TA (u ) i s to

be fitted. It was possible to fit the curve between 700 mb and 250 mb

wi thin a few percent. Appl ication and verification of the fit in the

cloud layers will be described in Chapter 3.

_ _  --- —- ——•~~ • • • ~~~~~~~.— --~~~~~~~~~- - -~~~~~~~ - -~~~~~~~~~~~~~ -—• --~~~-••- - -- • - •
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CHAPTER 3

SENSITIVITY OF HIRS CHANNEL RADIANCES

TO CLOUDY ATMOSPHERES

The launch of the Nimbus V I satellite made availabl e data in

an expanded number of IR Channels and upwelling radiances in the

microwave por tion of the spectrum simultaneously. These two

sources of data have been used by Smith and Wool f (1976) to
• simultaneously recover temperature and water vapor profiles and

cloud parameters. This chapter describes results of the infra-

red transfer model for cloudy atmospheres in the channel s of the

Nimbus VI HIRS instrument. Sensitivities of single and multi-

layered clouds on the satellite upwelling radiances are investi-

gated. Section 2 of this chapter describes the HIRS instrument

and the characteristics of the channels utilized in the analysis.

This section also describes the model atmosphere used to perform

the calculations. Section 3 describes how the transfer program

described in the previous chapter was used and the methods used to

generate the required input for the calculations. Section 4 is an

analysis of the sensitivity of the upwe lling radiance to the combin-

ation of different cloud thicknesses.

3.1 Characteristics of HIRS Channels and Model Atmosphere

The Nimbus VI HIRS instrument is a third generation infrared

radiation sounder . This instrument is similar to the Infrared 

-— -- •-—-- - •
~~~~~

•-—--
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Temperature Profile Radiometer (ITPR) on the Nimbus V Satellite.

The instrument scans perpendicular to the satellite subtrack .

There are 42 scan spots per scan line with a resolution of 23 km

near nadir and 31 km at the extreme s of the scan. The Nimbus VI

satellite was successfully launched in June 1975 and the HIRS

instrument has short periods during which all channel s were operat-

ing successfully. A sample of good data was obtained from Dr. W. L.

Smith (private communication) that covers a period of 20-30 August

1975 and a geographical coverage from 800 _ 1500 W and 20° to 50° N.

This data will be used for comparison in work subsequent to the sensi-

tivity analysis described here.

The HIRS instrumen t senses i nfrared radiation in 17 channels .

These include 7 channels in the 15 pm CO2 band , 5 channels in the

4.3 pm CO2 band , water vanor channels at 6.8 pm and 8.6 pm , respec-

tiviely and 3 channel s in windows at 11 pm , 3.68 pm and .69 pm.

In this analysis only those channel s which peak below 100 mb

would be substantially effected by clouds , therefore, this sensi-

tivity analysis will include only those channels. The information

compiled in Table 3.1 and Figure 3.1 are taken from Smith , et al .

(1975). The tabl e includes channel number , wavelength and wave—

number , principal absorbers and the approximate peaks of the weight-

m g  function. Figure 3.1 is a plot of the weighting functions for

the channel s in Tabl e 3.1. The peaks in this figure indicates the

approximate location in the troposphere from which its energy is

derived.
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Table 3.1 HIRS Channel Characteristics.

• — l Principal Level of MaximumChannel v(cm ) x (pm ) Absorbe rs (we i ghti ng func-
tion (mb))

1 668 15.0 CO2 30
2 679 14.7 CO2 60
3 690 14.4 CO2 100
4 702 14.2 CO2 250
5 716 14.0 CO2 500
6 733 13.6 CO2/H2O 750
7 749 13.4 CO2/H2O 900

8 900 11.0 Window Surface

9 1 224 8.2 H2O 900
10 1496 6.7 H2O 400

11 2190 4.57 N20 950
12 2212 4.52 1420 850
13 2242 4.46 CO2/N2O 700
14 2275 4.40 C02/N2O 600
15 2357 4.24 CO2 5

16 2692 3.71 Window Surface

17 14.443 0.69 Window Surface

- —  - -  -- .~~~~~~~~~~ -—~~~~ -• - -——-•~~~- • • -  •~~~~~~~~~~ • • -~~~~~-~~~~~~ --- — - ~~~~~~~~~~ -~~~~~~~~~ - •- ~~~~~~~•— •• -
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Figure 3.1 The weighting functions of the HIRS channels.
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The model a tmosphere used in this analysis was the mid-

latitude summer atmosphere described by McClatchey (1972) and

is portrayed in Figure 3.2. The left-hand side of this figure

depicts the temperature, mixing ratio and pressure profiles as

functions of the height. Due to the computational time and the

actual HIRS data that was obtained (August) the sensitivity

analysis would be carried out on only the mid-latitude sumer

atmosphere. This atmosphere is also significant since the
present analysis will use mid-latitude summer data.

The model atmosphere was divided in such a way that it would

coincide with the pressure levels used in the clear column radiance

program (CCR) developed at NOAA/NESS, and suppli ed to us for our

use. There are 40 pressure levels for the CCR program. The
program utilizes predetermined transmission profiles which can be

adjusted as a function of the atmospheric temperature profile used. It

includes contributions from all the major gases listed in Table 3.1.

To further utilize this predetermined vertical structure and facili-

tate the execution of the cloud transfer program , the base of the

middl e cloud was fixed at 700 mb and the top of the high cloud was

fixed at 250 mb. The thicknesses of the high and middle clouds were

allowed to vary from 1.26 to 4.12 km and from 0.35 to 2.68 km,

respectively (the right-hand side of Figure 3.2). These values

represent realistic thickness variations for high and middle clouds

in the atmosphere. Thus , two distinct cloud l ayers with changing thick-

nesses are formed. The infrared transfer program described below is

developed to include all the possible combinations of thickness vari-

ations.

_ _ _  -
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Figure 3.2 Midlatitude suniner atmosphere from the surface to
40 km for temperature (° K) , pressure (mb),  and
mixing ratio (gkg 1). The right-hand side shows
the atmospheric location for thick and thin cirrus
and middle cloud and the discrete angles used in the
di scr~

4e ordinate method for radiative transfer.
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3.2 Description of the Infrared Transfer Program

The transfer program begins wi th the generation of the upper

and l ower boundary conditions. For this purpose the CCR program

provided by Dr. W. L. Smi th NOAA/NESS (personal comunication )

was used. It calculates CCR transmission values at all 40 pres-

sure level s up to .1 nib over the range of scan angles of the HIRS

instrument. This program was modified to calculate transmission

values at the discrete-ordinate angles shown in the ri ght-hand

side of Figure 3.2 in conjunction with radiative transfer calcula-

tions involving clouds.

The upper bounda ry conditions were calculated directly by

computing the CCR at each of the required discrete ordinate

angles. Numeri cally integrating Eq. (2.5) for the upper

boundary condition was then carried out by summi ng

the contribution of each l ayer above 250 nib. The numerical value

of the bounda ry condition increases with angle which is physically

correct since the path lengths are longer at larger angles

with respect to the satellite nadir angle , or the cloud top zenith

angle.

Utilizing the same output for the l ower boundary condition an

adjustment had to be made in the transmission values below 700 nib.

This was required since the transmission calculation from the

satellite point of view are with respect to the top of the atmo-

sphere and the satellite transmission function becomes very small

below 700 nib especially for channels that peak high in the atmo-

sphere. To adjust the satellite based transmission functions

• • • •~~~~~~~~~~~ • • • • . • ~~~~~~•
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relative to the base of the cloud the transmission function is

evaluated for the ith layer below the -cloud by means of the rela-

tion ~~ = 1 - IT ~ - T where i’~ is the contribution from the
Liv Liv Liv

first layer below the cloud and j denotes the l ayer below the ith

layer. This procedure was repeated for all levels down to the

surface and thus a transmission function relati ve to the base was

produced. For channels that peak high in the troposphere (channels

4, 14 and 10) the transmission function was virtually zero below

700 mb. Therefore, it was assumed that there was no contribution

from layers between the surface and the cloud base and thus a

constant lower boundary condition at each discrete angle was

• employed.

These transmission functions were then calculated for all

remaining channels utilized in the analysis for a satellite scan

angle of zero degrees. These vertical transmittances were then

cal culated for the discrete ordinate angles using Eq. (2.12). - -

By performing numerical integration on Eq. (2.6) for the

l ower boundary condition the upwel ling radiance contribution reach-

ing the cloud base from the surface and the atmosphere below

is obtained. It shoul d be noted that the lower boundary conditions

are relative to a zenith angle of 90° which in effect increases the 
•

va l ues of the l ower boundary conditions as 180° is approached.

The contribution of the absorbing gases within the cloud layer

in the transfer calculation were handled by an equation similar to

that used to fit the lower boundary condition . This fitting

utilized the approximation to the vertical transmittance given by

_ _ _ _ _ _ _ _ _ _ _ _ _ _  
~~~- - ~~~~ -- -- • • • - - - •  - ---~~~-- -•~ •
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Eq. (2.12). It is i dentical to the one used for the l ower bound-

• ary condition except the angular dependence is no longer necessary

in the cloud layers . Note here that the amount of water vapor

wi thin ice and water clouds is estimated from the saturation con-

dition over ice and water , respectively, whereas the amount of

carbon dioxide wi thin the clouds is assumed to be the same as that

of the environment.

The single scattering parameters for altostratus cloud

were calculated using Mie type scattering computations

for the central wavenumber in each band. The cirrus cloud was

assumed to be entirely ice and the altostratus cloud was assumed

to be all water.

• Calculation for the ice crystal parameters utilized a theoret-

ical model developed by Liou (1972) which used ice cylinders randomly

oriented in a horizontal plane. The major and minor axes of the

cylinder used are 200 and 60 pm , respectively with a concentration

of 0.05 cm 3. Table 3.2 lists the optica l properties of the ice

cylinders . The real and imaginary part of the index of refraction

are taken from the recent measurement by Schaaf and Williams (1973).

From Table 3.2 it is apparent that the real part of the index of

refraction increases with increasing wavenumber and the imaginary

part decreases with increasing wavenumber. The single scattering

albedo is largest in the window channels , (channels 16 and 8) and

the extinction cross section is greatest in the 15 pni band (chan-

nels 4-7).

_  _  - -•- -••--~~~~~- - - - - -~~ • - • - ~~ - - - - - - - - • -
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The single scattering parameters for the water cloud util-

ized a drop size distribution developed by Feddes and Smith (1974).

This distribution is a exponential fitting of the best published

measurements taken from cloud physics literature . Although this

fitting was done for ten cloud types only the altostratus cloud

distribution is used. In the calculation of the single scattering

parameters for altostratus clouds a liquid water content of

0.15gm rn””3 was used. Table 3.2 also contains the optical properties

of the water droplets . The real and imaginary parts of the inir~

of refraction for each band was taken from Hale and Querry (1973).

From Table 3.2 it can be seen that the real part of the index of
• refraction generally increases with increasing wavenumber and the

imaginary part decreases. The single scattering albedo is the

- 
j largest corresponding to the largest wavenumber and the extinc-

tion cross section is the greatest in the water vapor bands (chan—

• nels 9 and 10). Only one calculation was made for each of the CO2
bands since the real and imaginary parts of the index of refraction

vary slowly.

Once the boundary conditions have been generated , the gaseous

absorption in the clouds has been fitted , and the optical proper-

ties of the ice and water have been calculated , the cloud transfer

program described in the previous chapter can now be utilized

To obtain the upwe lling radiance at the top of the atmosphere

it is necessary to account for the contribution in the atmosphere

above the cloud. This step is accomplished by executing the CCR

_
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program over a range of satellite scan angles larger than the

extremes of the HIRS instrument scan (± 36.9°). Because only one

atmosphere is utilized this calculation can be made once and for

all. The transfer calculation assumes aplane parallel atmosphere.

In this case the scan angle of the satellite is equal to the angle

made by the satellite with the local zenith . When viewed from a

satellite at scan angl es greater than zero the resolu tion ~f the

instrument decreases with increasing scan angle. This decrease in

resolution is due to the increase in the distance between the

satellite and the sampling point and the curvature of the earth .

To accc•unt for this difference due to the curvature of the earth

the CCR program uses the angle the earth ’s local zeni th makes

with the satellite which is derived from the satellite scan angle.

4 In this way the contribution to the final upwelling radiance from

above the cloud top accounts for the curvature of the earth and

as a resul t the plane parallel assumption is minimized.

Prior to the calculation of the data used in the sensitivity

analysis , two tests were made. One test was to check the accuracy

of the exponential fitting of the gaseous absorption in the clouds

and the second to check the accuracy of the cloud transfer program

applicable to the HIRS channels.

To test the fitting of the gaseous absorption all three l ayers

In the transfer calculation are assumed to be composed of gases

only (Rayleigh l ayers). The resulting upwelling rad-lances from

this calculation were compared to the upwe lling radiances calcu-

lated with the clear column radiance program. A plot of this
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compar i son i s gi ven in Fi gure 3.3. An examination of the figure indi-

cates that all the channels with the exception of channel 8 have higher

upwelling radiances than the CCR results . The close compari son of these

results would indi cate that the exponential fit used for the gaseous

absorption wi thin the clouds is physically correct. The small di ffer-

- 

I 
ences noted in Figure 3 are removed by scaling all subsequent calculated

upwelling radiances at the top of the atmosphere by the ratio of the CCR

divided by the Rayleigh upwel ling radiance .

The second test used to veri fy the modifi cation of the program to

the HIRS channels was accomplished by inserting a very thin cloud at

• 700 nib with a thickness of 0.01 km. Transfer calculati ons involving

such a thin cloud were then carried out. Physically there should be

a slight decrease of the upweliing radiance from the thin cloud when

compared to the CCR. A plot of the thin cloud case is also shown in

F Figure 3.3. It should be noted that in all twelve channels the thin

cloud case has less upwe lling radiance than the CCR and that the radi-

ance differences between the thin cloud case and CCR are insign i ficantly

small. These comparisons reveal that the modifi cation of the transfer

program to the HIRS channels was successful .

To actually execute the transfer program , the optical proper-

ties for the clouds and the Rayleigh l ayer (consisting of gases only)

• become input as well as the atmospheric profile. Because of the com-

puter storage and computer time limi tations , only one temperature for

c i rrus a~d middle clouds was al l owed in the transfer calculations.

The cloud temperatures used in all calcul ations are the averaged tempera-

tures corresponding to the thickest cloud l ayers obtained from the
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atmospheric temperature profile. This was necessary to enable us

to examine the change in upwelling radiance due strictly to the

change in cloud mass. If more than one parameter was allowed to

vary in subsequent calculations , the different temperatures would

mask the change in upwe lling radiance caused by the change in cloud

mass. The only output from the transfer program utilized in sub-

sequent analysis is the upwelling radiances at the discrete ordin-

ate angles coming out of the top of the cloud. These values are

then linearly interpolated to 51 angles corresponding to whole

satellite scan angles and then attenuated to the top of the atmo-

sphere utilizing the computations described earlier in this

section .

3.3 Sensitivity Analysis

To conduct sensitivity analysis of the upwelling radiance at

the top of the a tmosphere a series of combinations of clouds were

inserted into the transfer program . The resulting upwe lling radi-

ances at the top of the atmosp here were then plotted as a function

of satellite scan angle. The results of these calculations are

shown in Figures 3.4, 3.5 and 3.6. In each of the cases the l ower

boundary conditions were calculated by assuming that no low cloud

was present thus the l ower boundary condition is a summation of

the contribution from the grourd plus the contributi on from each

of the a tmospheric l ayers below the cloud.

In each case the top of the cirrus cloud and the base of the

altostratus cloud are held constant. To change the cloud 
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combinations the base of the cirrus cloud and the top of the middle

clou d are varied. Since the model atmosphere has ten layers between

700 mb , the base of the middle cloud , and 250 mb , the top of the

high cloud , the middle cloud coul d include up to four layers from

700 to 500 mb and the high cloud could include up to five layers

from 475 mb to 250 mb. These ten l ayers were predetermined from

those set in the CCR program. One l ayer between the two cloud

decks must be clear so that three l ayers exist to insure proper

execution of the transfer program. The four symbols used in Fig-

ures 3.4—3.6 have the following meaning. I~ indicates thick cirrus

clouds (five atmospheric l ayer), I~ indicates thin cirrus (one

• atmospheric l ayer), I~ indicates thick middle clouds (four atmo-

spheric layers), and I~ indicates thin middle cloud (one atmospheric

l ayer).

The twelve channels of data are divided into the three figures

In the following way. Figure 3.4 contains the four channels in the

15 pm CO2 band. Plot la is for combinations of both high and middle

cloud and plot lb is for middle or high cloud alone. The same pat-

tern is followed for each set of plots in Figure 3.4. The plots

are arranged from right to left correspond to decreasing absorption

by CO2. The arrangement of Figure 3.5 is identical to Figure 3.4

for the four channels in the 4.3 pm CO2 band. Figure 3.6 is similar

to the previous figures with plots 3 and 4 corresponding to the

water vapor bands (channels 10 and 9), respectively. Plots 1 and

2 of Figure 3.6 correspond to window channels , 16 and 8 respec-

tively. 

~~~~~~~~~~~~~ — --— •--•- • • •--- -•~~~- • • --— 
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Figure 3.4 Comparison of the upwel ling radiance for cloudy
atmospheres with CCR tn channels 4-7. Part a
is for multi layer combinations of thick and
thin cirrus and middle cloud. Part b is for
single layers of thick and thin cirrus and
middle cloud.
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Figure 3.5 Comparison of the upwe lling radiance for cloudy• atmospheres with CCR in short wave CO2 channels.Part a is for multilayer combinations of thick
and thin cirrus and middle cloud. Part b -is
for single l ayers of thick and thin cirrus and
middle cloud. 
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Before discussing the curves in Figures 3.4, 3.5 and 3.6, two

additional points must be expanded and must be considered when

interpreting the resul ts of the figures. They are the character-

istics of the weighting function the location in the atmosphere

where the satellite receives a maximum of energy for any given

channel ,and the temperature used in the clouds in the transfer

calcula tion.

The sensitivity of upwelling radiance in the presence of

clouds is effected by the cloud mass and its temperature. In

this model the top of the cirrus cloud remained constant, while

the base of the cloud was varied to obtain different thicknesses .

By increasing the cloud thickness the upwelling radiance would

decrease due to the cloud mass. At the same time, however , the

temperature of the cloud would increase and in effect would

increase the upwe lling radiance. As a result of these opposite

effects from the cloud mass and the temperature in certain occa-

s ions the model was indicating greater upwelling rad iance from

thick cirrus clouds. In order to examine the effect’ ,f only cloud

mass, the temperatures of the c i rrus , the Rayleigh , ~~ the middle

cloud layers were hel d constant. In the case of the middle cloud

by increasing the thickness wi th a fixed base, the temperature would

decrease and the two effects would compliment each other. In the

figures I~ and I~ represent cirrus thicknesses of 4.12 km and

1.26 km respectively. The temperature for the cirrus cloud was

taken to be the temperature of I~ from the model atmosphere and has

_ _
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a value of 244.9°K. The temperature of the Rayleigh layer

was constant in all transfer calculations and was represented

by the temperature of the mi ddle layer when both thick cirrus

and thick altostratus were present and has a value of 250.1°K.

In the f igures I~ and I~ represent middle cloud thicknesses of

2.68 km and 0.35 km. respectively. The middle cloud temperature

was that of a thick cloud from the model atmosphere and is repre-

sented by a value of 270.17°K. The symbols I~~ and I~~ represent

multi layered combinations for thick cirrus wi th thick midd1~ cloud

and thick cirrus with thin middle cloud , respectively. I~~ repre-

sents thin c i rrus wi th thick middle cloud and I~~ is thin cirrus

with thin mi ddle cloud.

The character istic of the weighting funct ion and the level

in the atmosphere where the most energy for a channel is present

must be considered in the interpretation of the figures. If the

maximum energy of a channel is located above the top of the cloud

being examined, the upwelling radiance in the channel will be

reduced from the cloud effects in addition to the gaseous absorp-

tion above the cloud.

As an example consider thin and th i ck middle cloud in channel

5. This channel obtains its maximum energy from near 500 nib which

is above the thin middle cloud and right at the top of the thick

middle cloud. In the thin cloud case the absorption above the

cloud has more effect than the cloud in the thick case. The result

Is more attenuation of the upwelling radiance in the thin cloud case.

A 
~~~~~~~~~~~~~~~~~~~~~~  4
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This problem does not exist for cirrus since the weighting func-

tions all peak below or in the cirrus cloud.

Figures la and lb of Figure 3.4 are for channel 4 of the HIRS —

instrument which is located at 701.91 cm~ in the 15~m CO2 band.

• The weighting function for this channel peaks at 300 mb. 2a and

2b are for channel 5 located at 716.83 cm~ and it has its maximum 
—

energy from 500 mb. Channel 6 located at 732.55 cm~ with a max-

imum energy obtai ned near 720 mb is shown in plots 3a and 3b. The

final pl ot of Figure 3.4 is for channel 7 which has a central wave-

number and maximum energy at 749.18 cm~ and 920 mb , respec tively.

Examination of part a of Figure 3.4 indicates the same general

pattern with all four multicloud combinations. The greatest upwel l-

ing radiance is obtained from thin cirrus with thick middle cloud

in all channels. Ahhough the effects of attenuation above the

mi ddle cloud is highly masked by the cirrus cloud , the thin cirrus

with thick middle cloud still has the greatest upwelling radiance.

In the case of thi ck c i rrus in part a , the change of mi ddle cloud

thickness has no effect on the upwelling radiance . In the presence

of thick cirrus the transfer process is completely dominated by

this thick cloud.

Part b of Figure 3.4 displays the same genera l pattern as

part a. Single layer clouds show a greater variabilit y in upwell-

ing radlances. In all cases the thick middle cloud produces the

greatest upwelling radiance as discussed earlier. The least radia-

tion comes from the thick cirrus cloud . The locations of the cirrus 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ •• ~~~
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curves compared to the middle cloud curves is in part due to the

cloud temperatures. The effect of the. weighting function can be

seen by noting the decrease in difference of the upwelling radi-

ance for middle cloud and 41i increase for cirrus cloud. As the

peak of the weighting function moves closer to the ground the

effect of this energy maximum becomes less important in the upwell—

ing radiance. The decrease in slope of the curves as a function

of scan angle for thick cloud cases is consistent wi th the fact

that scattering becomes more isotropic as the cloud thickness

increases.

The channel s represented in Figure 3.5 are 14, 13, 12 and 11

which have central wavenumbers at 2274.6, 2244.2, 2211.97 and

2191.0 cm~~, respectively. They are located in the 4.3im CO2
band and have their weighting functions peak at 600, 700, 850 and

950 mb. Figure 3.5 displays the same characteristics as Figure 3.4.

Thi s would be expec ted s ince they both have CO2 as the major

absorber. In part a of Figure 3.5 the presence of cirrus cloud

again is dominant. There is only a slight change in the upwelling

radiance when middle cloud thicknesses are changed with thin cirrus.

Plot 4a of Figure 3.5 shows an interesting crossing pattern for

thin cirrus. This is caused by the l ocation of the level of max—

imum energy for the channel (950 mb). In all cases so far discus-

sed , cirrus cloud is the dominant infl uence. In cases where chan-

nels peak higher than the mi ddle base the thick middle cloud has

a greater upwel llng radiance than the thi n middle c l oud.

~ — — .-—-~ --~ -- • - -~ --— -• - •-~~~ 
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Since the temperature is held constant three factors are

Important in the results of Figure 3.5. They include the cirrus

cloud thickness, the middle cloud thickness and the peak of the

weighting function. In the case of Figure 3.5 where the crossing

pattern is observed the thickness of the middle cloud has become

more dominant than the attenuation above the mi ddle cloud. This

factor is useful in using the HIRS data to infer cloud parameters.

Figure 3.6 is a plot of two HIRS window channels and two

water vapor channels. Plots 1 and 2 represent window channel s 16

and 8 that have central wavenumbers at 2691.2 and 899.99, respec-

tively. Since these are window channels they receive the maximum

energy from the earth ’s surface. The plots la and 2a show the

resul ts in the presence of multilayered clouds. With the absence

of major absorbing gases in the atmosphere, the problems cited in

the CO2 channels concern ing absorption above the cloud is now

minimal. This can be seen by noting the greater difference between

thick and thin middle cloud in the presence of thin cirrus when

compared to Figures 3.4 and 3.5. Plots lb and 2b of Figure 3.6

also indicate the effects of clou ds on upwel ling radi ance more

readily than the CO2 channels. As would be expected thin clouds

have a greater upwel l ing radiance than thi ck clouds. C i rrus c louds

attenuate more radiation than middle clouds u,hen only one cloud

deck is present. This last point can be attributed in part to the

temperature of the two clouds . A

Plots 3 and 4 of Figure 3.6 correspond to channels 10 and 9,

respectively. Channel 10 peaks at 400 nib and has a central

~~~~~~~~~~~i.A _ _
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wavenunter of 1 508.29. Channel 9 peaks at 900 mb and has a

central wavenumber of 1223.22. Since the concentration of CO2

in the atmosphere is independent of temperature, the crossing

patterns observed in Figures 4 and 5 will always be present. On

the other hand , however , the concentration of water vapor is a

function of temperature and the gaseous absorption above the cloud

will vary with temperature in channel 10. The gaseous absorption

in the clouds was fitted wi th the saturation conditions as noted

earl ier. In the case of the Rayleigh layer the prevailing mois-

ture concentration of the model atmosphere was assumed. The cross-

ing pattern for thick and thin middle clouds are not present for

the water vapor channels. This can be attributed to the fact that

the thickness of the middle cloud has a greater effect on the final

• upwelling radiance than the absorption above the cloud although

the real effects of the middle cloud are somewhat less due to the

gaseous absorption above the cloud . The same patterns are observed

in the water vapor channels as in a ll other channels analyzed. The

thick cirrus cloud dominates in plots 3a and 4a and has the same

upwelling radiance for thick cirrus in 3b and 4b of Figure 3.6. 

--~~~~~-~~~~ -•-•-- - - -- -  ~~~~~~- - - -~~~~~~- - - - - 
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CHAPTER 4

PARAMETE R IZATION OF RADIAN CE CALCULATIONS FROM

CLOUDY ATMOSPHERE S

This chapter discusses the parameterizations accomplished

on the theoretically calculated upwel ling radiances to recover

cloud type and moisture content. This parameterization was

accomplished in three steps. First , the cloudy and the clear

column radiances were ratioed; second , the radiances were fit

wi th an empirical function that would indicate cloud type; third ,

the resul ts of these cloud type parameterizations were fit with

another empirical function to recover ice or water content of the

cloud.

The sensitivity analysis discussed in the previous chapter

was accomplished for cloud combinations I~~, I~~, I
’
~’, I~ , I~, and

I~. As discussed in the previous chapter , and I~~ displayed

much the same characteristics as I~ which would imply that multi-

l ayered cloud cases would have to be treated as thick cirrus.

Another important point to note from the sensitivity analyses

is the relatively small difference displayed by the thin and thick

middle cloud . This small difference is due to the attenuation

above the middle cloud. In the model , a constant tempera-

ture was used in the theoretical calculation to see if the change

in thickness had any influence on the upwel linq radiance. This
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-
~~~ difference although small , will prove to be important in sub—

sequent analyses. Physicall y, as the middle cloud thickness

increases , the cloud becomes opaque to radiation from bel ow so

that, in effect, the satellite receives all of its energy from

the temperature at the cloud top.

4.1 Ratioin g of Upwe lling Radiances

As noted earlier , the theoretical mod€l calculated upwell-

ing radiances for one atmosphere, one cloud temperature , one

cloud composition , and over the scan anciles of the HIRS instru-

ment. In addition , the cloud top height for the cirrus and the
• 

cloud base for the middle cloud were held constant. In the real

atmosphere , the temperature profile is always changing , the cloud

composition is variable , and the location of the clouds in the

vertical is never constant. A method that will minimize the

effects of the model assumptions when parameterizing the real

atmosphere is desirable .

The i nformation available from each channel from the model

output is the clear column radiance and the cloudy radiances at

many scan angles. To minimize the computer requirements and

redundancy in analysis all the subsequent rel~tion siips were

derived for a scan angle of 0 degrees . These same relationshi os

could be developed for any scan angle or range of scan angles.

To minimize the model assumntions and to normal i ze the real

data to the model , the clear column radiances were divided into

the cloudy radiances for each channel . This ratio represents 

-~~~~-. - -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ — •~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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the relative reduction of upwelling radiances due to the cloud

effects in the atmosphere and the quantity is dimensionless.

There are several advantages in working with these ratios.

Physically, the ratio will reduce the effect of the change in

atmospheric profile on the cloudy radiances . In addition , the

degradation of the ratio coupled with the peaking of the weighting

function gives an ininediate indication of clouds at that level or

above. Another advantage of the ratio technique is that in addi-

tion to normalization between different atmospheres , the effects

of clouds on the ratio of each channel can be compared with other

channels. In the subsequent analysis , channel s 4—7 of 15 pm CO2
band , 11-14 of the 4,3 pm CO2 band , 8 at 11.11 pm in the window ,

9 in the 8,2 pm water vapor band and 10 in the 6.3 pm water vapor

band were utilized.

The theoretical model was executed for cirrus thicknesses

of 1 , 2, 3, and 4 km and middle cloud thicknesses of 0.3, 0.5,

0.7, 1.0, 2.0, and 3.0 km. These ratios are given in Table 4.1.

Part a and part b of Tabl e 4.1 are for cirrus and middle clouds ,

respectively. Examination of Tabl e 4.1 shows that the transparent

quality of cirrus is evident in the infrared spectrum . There is

a successive decrease of upwelling radiances in all channels as the

cloud thicknesses increase. The successive decrease of the ratios

continues all the way to 4 km.

Between 3 and 4 km the decrease in ratio in each channel is

only slight indicating that near 4 km the cirrus cloud used in the

model is becominq opaque to the infrared radiation , and the cloud 

~~~~~~~~ ---~~~~~~~~~ ~~— -~~~~~~~~~~~~, --~~—— ~ -- - - - — --- - - - - -- —~~~~~~
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TABLE 4.1 Ratios - - ~~ Clo~ 
‘j Radiances to d e n  CO IU n Radiances

For 11 ~~ Ch-~~nels for Several THckIIesse~ Part a
is fcr Cirrus Clouds Part b ~c fcy- Midd le Clouds.

Part a (Cirrus :‘~uds)

Thickness (km)
Channel 1 . 2. 3. 4.

4 .970 .957 .952 .950
5 .866 .811 .789 .780
6 .799 .716 .683 .670
7 .748 .644 .603 .587
8 .743 .583 .499 .1152
9 .718 .529 .426 .3~

10 .960 . 7 7 7  . 7 1 7  .697
11 .538 .327 .237 .200
12 .563 .368 .286 .253
13 .679 .544 .488 .465
14 .858 .798 .774 .764

Part b (Middle Clouds)

Thickness (kni )
Channel .3 .5 .7 1, 2. 3.

4 .996 .990 .984 .979 .974 .972
5 .935 .921 .920 .900 .889 .879
6 .884 .867 .865 .847 .835 .835
7 .839 .820 .817 .804 .796 .796
8 .755 .720 .711 .708 .708 .708
9 .702 .653 .641 .637 .637 .637

10 .997 .971 .969 .968 .968 .968
11 .601 .519 .492 .466 .453 .453
12 .652 .572 .549 .510 .488 .488
13 .813 .748 .735 .668 .634 .634
14 .956 .919 .915 .863 .863 .863
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temperature now becomes important in the transfer process. At

cloud thicknesses greater than 4 km , the upwe lling radiance is

representative of the Planckian temperature of the cloud top.

Analysis of the mid dle cloud thickness indicates the cloud

mass becomes opaque between 2 and 3 km. This can be understood

in view of the greater particle concentration when compared to

the cirrus cloud. Again the cloud temperature used is represented

in the radiances at thicknesses of 2 km or greater.

A decrease of the l ower boundary condition in the transfer

calculation is in effect inserting opaque low clouds into the l ower

atmosphere . The effect on the upwelling radiance as seen from a

satellite would be to decrease the ratio. Another decreasing

effect would be the use of a colder middle cloud temperature . These

two cases for middle cloud alone are presented in Table 4.2 for

thick low clouds in Part a and a cloud temperature of 265° A in

Part b.

Comparison of Table 4.lb with Table 4.2a shows some interest-

ing effects on the ratios of the upwelling radiances. The decrease

in energy at the middle cloud base due to the presence of opaque

low clouds decreases the cloudy to clear column ratio at thicknesses

less than 2 km , but exhibits the same ratio for thicknesses 2 km or

greater. This again implies that the cloud temperature is the

dominant factor in determining the upwelling radiance and thick-

nesses greater than 2 km. Table 4.2b represents a calculation with

the middle cloud temperature decreased by 5 degrees from Table 4.lb 

~~~~~~ -- - -
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TABLE 4.2 Ratios for 11 HIRS Channel by Introducing Low Clouds
(Part a) and Changing Cloud Temperature (Part b)

Part a (Thick Low Clouds)

Thickness (km)
Channel .5 1. 2. 3.

4 .990 .979 .974 .972
5 .921 .900 .889 .879
6 .866 .847 .835 .835
7 .819 .804 .796 .796
8 .715 .708 .708 .708

— 

9 .646 .637 .637 .637
• I 10 .969 .968 .968 .968

11 .501 .465 .453 .453
12 .556 .506 .448 .448
13 .738 .668 .634 .634
14 .916 .863 .863 .863

Part b (Cloud Temperature 265°A )

Thickness (265°A)
Channel .5 1. 2. 3.

4 .983 .975 .971 .969
5 .894 .878 .869 .862
6 .828 .812 .804 .804
7 .774 .760 .754 .754
8 . .662 .647 .646 .646• 9 .586 .566 .565 .565

10 .906 .899 .899 .899
11 .439 .387 .377 .377
12 .491 .435 .419 .419
13 .673 .612 .589 .589
14 .877 .838 .838 .838

_ _ _ _  - — - —
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and no low clouds present. This table retains the same tendencies

as shown in Tables 4.2a and 4.lb . The range of the ratios in

each channel is decreased when compared to values presented in

Table 4.lb. This decrease in range is caused by the decrease in

energy due to the Planckian cloud temperature.

Inner comparisons of the channels in Tables 4.1 and 4.2 give

a good indication on the effects of clouds on upwelling radiances

for different wavenumber regions of the infrared spectrum in

conjunction with the peak of the channel ’s weighting function .

The physical factors that infl uence the ratio for a given cloud

type, cloud thickness and channel can be determined from Table 4.1.

In the present model , the cloud top is constant at 250 nib. Using

a 2 km cirrus as an example, the interaction of these two physical

factors (the we ighti ng func tion and the channe l wavenumber) are

exami ned. The channels that are in the 15 pm CO2 band show a

decreasing ratio as the weighting functions peak deeper in the

atmosphere. The same decrease is noted in 4.3 pm CO2 channe l s but

by a greater degree. This fact would indicate a greater impact

of clouds on shorter wave lengths. The data shows that this effect

when comparing channel 7 (peak at 900 mb) and channel 12 (peak at

850 nib) where the long wave channel has a ratio double that of the

short wave channel .

This same tendency can be noted for a case of middle cloud

only as in Table 4.lb. Recalling that the middle cloud is based

at 700 nib and builds upward . It should be noted that channels
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wi th weighting functions that peak above the base of thin middle

cloud (4 , 5, 10, 14) are not affected by the middle cloud as much

as lower peaking channels. Thus, in order to interpret the resul ts

of these theoretical calculations , the effects of the cloud temper-

ature, the peak of the weighting function , and the wavenumber of

the channel must be cons idered.

4.2 Cloud Type Determination

To utilize the theoretical results in a real atmosphere, the

first step to inferring the cloud scene in the satellite field-of-

view is to determine the vertical l ocation of the cloud. This in

effect will give a measure of the cloud type. The foregoing discus-

s ions on rat ios wou ld indicate the presence of ci rrus or middle

cloud alone can be determined from the analysis of these theoretical

resul ts. As noted earlier , the presence of middle cloud under a

thin cirrus cloud cannot be distinguished from a thick cirrus cloud.

The inability to distinguish multilayer clouds from the

current analysis does not hinder the use of this technique to infer

cloud thickness. As an example, -in the classical cold front, one

would expect that by the time a cirrus cloud reaches a thickness

of 3 km that middle cloud will be present under this moderately

thick cirrus layer. Likewise, with the model indicating a thick

middle cloud l ayer (2 km) lower clouds are probably present. With

this In mind , no attempt was made in this analysis to distinguish

more than one l ayer of cloud , although based on thickness calcula-

tions and comparison with satellite pictures , the probability

-- -~~~~~~~~~ -~~~~-~~~~ - ~~~~~~~~~~~~~~~~~~~~~ - -~~~~ -~~~~~~~~~~~~~~~ -~~~~~~~ -- -~~~~~~ -~~~~~~-- -  -~~~~~~~~~~~~~~~~~~~ - - rn- ~~~~~~~
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that multilayer clouds exist in the satellite field of view is

very high.

For the purpose of determining the cloud type from the theo-

retical data, the channels were rearranged in order of decreas-

ing ratios for a moderately thick cirrus. The rearrangement of

the channels from Table 4.1 is shown in Figure 4.1. Analysis of

this figure shows the effects of wavenumber and weighting function

peak. The long wave channels 4-7 all have greater ratios than the

short wave channels 11-14 with similar weighting function peaks

which would indicate that the cloud mass has more impact on shorter

wavelengths. The location of channel 14 between channels 5 and 6

would indicate that there is an overlap between the two CO2 bands

depending on the weighting function peak. The locations of

channels 10 and 9 are according to weighting function peaks wi th -:

channel 10 having a higher ratio and a higher weighting function

peak than channel 9. The l ocation of their ratios within the CO2
channel ratios in the figure is due to the model atmosphere humid-

ity profile. By increasing the water vapor amount , there would be

an increase in attenuation and thus a lower ratio. Conversely,

a decreas e in the wa ter vapor would decrease the attenuation and
increase the ratio.

The radiance ratios and channel numbers shown in Figure 4.1

were each fitted with a linear equation by means of regression

analysis. Part a is for cirrus clouds and Part b is for middle

clouds. Each straight line is labeled with the thickness it

-~~~~~ -- - —— - - —--~~ - - - -~~~~~~ ~~~~~~~~~~~~~~~~~~~ • — m~~-•-~~~--—- —~~~~~~~~~~
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Figure 4.1 The best straight line fit for four cirrus cloud
thicknesses (Part a) and for six middle cloud
thicknesses (Part b).
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represents. The data displayed in Figure 4.1 was fit by a straight

line in each case. The equation is of the form y = a1R + a0 where y

equals the number assigned to the channel (see Figure 4.1) and

R is the ratio for any given channel and thickness. These para-

meters are defined by

ERy - EREy/n
a = (4.1)1 2 2 ’

- (ER) /n
-:

a0 = — a1~ , (4.2)

= Ey/n , (4.3)

= zR/n (4.4)j

and the squa re of the correlation coefficient of the linea r regres-

sion analysis is given by (see e.g., Panofsky and Brier , 1968)

[~Ry —

2~~~ 
33r =  

2 2 2 2 (4.5)
[zR — (zR) /n][zy - (zy) In]
j  j  j  j

In the equations the summations are for all 11 channels.

Table 4.3 contains the slope , y-intercept , and r2 for

each thickness of cirrus and middle clouds. Analysis of the table

shows that the correlation (r2) is much better in the cirrus case

(0.96) when compared to the middle cloud case (0.90). The decrease

in correlation in the middle clouds and the 1 km cirrus cases can

be explained by the placement of the ratio of channel 10. The
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~“iginal a rangement was done for a thick cirrus case where the

effects of the cirrus ~1rud mass on channel 10 were present. In

th~ r~ddle cloud and 1 km cirrus cases there is no e ect of the

cloud mass on channel 10. Thei~fore, the 1 -~.ation of channel ~
in the fitting process decreases the correlation “~r the 1 km

cirrus and the middle cloud cases. The line f, ~v&oped here

wil l  be used when parameter zing actual HI~ datd h~pt~r 6.

Another important thing to note in this ana ’ .- sis is ~~~~ -
~e

magnitude of the slope is greater than the ma~n~tude ot the y-

intercept for all cirrus thicknesses and the reversc ~ t,-u~ ~cr

middle clouds . This fact w il l be used in subsequent ana1y~is to

distinguish between middle and cirrus clouds.

TABLE 4.3 Slope , y-intercept , and Correlation Coefficient
Squared for Several Cloud Thickness for Cirrus
(Part a) and Middle (Part b) Clouds .

Part a (Cirrus Clouds )

Thickness (km)
1. 2. 3. 4.

slope —21.75 -16.82 -14.79 -13.94
y-intercept 21.69 15.70 13.68 12.84
r2 .872 .968 .977 .977

Part b (Middle Clouds)

Thickness (km)
.3 .5 .7 1. 2. 3.

slope -22.78 —19.80 -18.80 -18.10 -17.50 l7.~~
y-intercept 23.56 20.70 19.70 18.80 18.10 18.10

. 9 0 4  . 9 2 5  . 9 2 5  .9 1 3  . 906 . 9 06

- 1  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~~~~~~~~~~ -- ----- -~~~~--~~~ - -~~~—~~~~—- -.-  -~~ --—~~~~ , r n -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Table 4.2 was also fit with a straight line after rearrang-

ing the channels. In both cases the magnitude of the slope was

less than the magnitude of the y-intercept which is consistent

with earlier middle cloud calculations. Furthermore , both the

slopes and y—intercepts of Table 4.2 have smaller magnit udes than

those in Table 4.1. This decrease in slope and y-intercept is

directly caused by the middle cloud temperature . Since the theo-

retical calculations indicate that the middle clouds become opaque

at a thickness of 2 km, the cloud temperature effects are still

present in the ratioing. In the atmosphere mi ddle clouds generally

build from the base L’p . In the model the base of the middle cloud

was held constant to be consistent. Therefore, a colder cloud

temperature than that used in the model would in effect show an

increase -in cloud thickness. When this is applied to real data

and the slope and y-intercept have smaller magnitudes than the

ones in the theoretical program it must be assumed that the cloud

is thicker than those that could be handled by the model . In this

way the parameterizations for only one cloud temperature can be used

since the presence of a colder cloud temperature would indicate a

higher cloud top and therefore a thicker cloud.

4.3 Ice and Water Content Determination for the Model Atmosphere

A measure of liquid water and ice content distribution over

the planet is important to many areas of meteorology . These includ e

the i’iitia lization of numerical models to increase long term for-

cast accuracy and in models that study global circulation . The

— -—- — .---- . ,--~~~——--- - ---— —~~~~~~~ - —----,—--- - -a — -- - A
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inference of compositions for ice clouds has been accomplished as

noted in Chapter 1. To measure the liquid water content in the

atmosphere , radiometers that are sensitive to the microwave por-

tion of the spectrum are on the Nimbus series of satel l i tes.

Grody (1976) used data from the Nimbu s V Microwave Spectrometer

(NEF-IS) to relate integrated water vapor and liquid wate r to bright-

ness temperatures in the channel in the 22.235 GHz water vapor line.

In his regression analysis it was shown that a good measure of

a tmospheric water content was possible over low emissiv ity sea

surfaces. Staelin et al . (1975) used the NEMS data to drive the

abundance of atmospheric liquid water by monitoring the channel

at 53.65 GHz. It was shown that a minimum in brightness tempera-

ture corresponded to a maximum in atmospheri c liquid water content.

Further work by Staelin et a~ (1976) on the NEMS data used the

two channels at 22.235 and 31.4 GHz to nap vapor and liquid water

over oceans. A high degree of accuracy was obtained when compared

to radiosonde parameterizations . This vapor and li quid water

content distribution of the atmosphere can also be retrieved

from the Nimbus V I Scanning Microwave Radiometer (SCAMS) data

since the SCAMS instrument monito .-s the same channels as the NEMS .

Smith and Woolf (1976) also proposed a method to recover tempera-

ture and humidity profiles , cloud cover , and integrated liquid

water content by combining SCAMS and HIRS data . The following

analysis describes a technique to infer cloud ice and water content

from the HIRS channels.
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From the theoretical calculations each cloud thickness is

representative of a cloud mass since only one drop size distribu-

tion was used for water clouds and only one particle concentration

was used for ice clouds. In the case of the water clouds a liquid

water content of 0.15 gm m 3 was assume d and for ice clouds a

content of 0.u283 gm m 3 was used. Table 4.4 gives the cloud

mass in gm m
2 

for a series of middl e ~nd high cloud thickness.

The remainder of this dissertation will represent cloud thickness

as cloud mass.

TABLE 4.4 The Relationship Between Cloud Thickness and
Cloud Mass for a Series of Middle and High
Cl ouds.

Cirrus Clouds Middle Clouds
Wa ter Conte~tThickness( km) Ice Content(gm m 2) Thickness(km) (gm m 2 x 10 )

1 . 0  28 . 3  0 . 3  0 . 4 5

2.0 56.6 0.5 0.75
3.0 84.9 0.7 1.05
4.0 113.2 1.0 1.50

2.0 3.00

The recovery of liquid water and ice content from the fitted

ratios is possible by knowing the theoretical mass of the cloud for

which the ratios are being calculated wi thin certain limits. In the

cirrus cloud case, it was found that for a cloud mass of less than

28.3 gm m 2 the correlation coefficient decreased significantly

below the 95 percent l evel and the ratios could no longer be fit

with a stra i ght line. This was also true for mi ddle clouds with a

~~~lI~~ lL ~~~~~~~~~~~ —. -. ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ —--—-~~~~~--- . . -~~~ - - - . . ----. —..,-- -- - -
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mass of less than 45 gm m 2. Thick middle clouds (greater than

390 gm ni~
2) had the same ratios as the 300 gm m 2 (2 km thickness)

cloud . This would indicate that the cloud mass is a black body and

all the energy from below is absorbed by the cloud l ayer and reradi-

ated. The 113.2 gm m 2 (4 km thick) cirrus still seems to be some—

what transparent , but this cloud mass was near the maximum that

could be handled by the theoretical model.

To recover ice or water content from the parameterizations of

the theoretical radiance ratios , the slopes and y-intercepts for the

two cloud types could be fit by a least squares logari thmic function

that is given for the slope by

a1 
= c1 + c2 ln Az (4 .6)

and for the y-intercept by

a0 
= c3 + c4 in ~z, (4.7)

where ~z is the thicknes s of the ice or water cloud. c1, c2, c3
,

and c4 are constants to be determined for each set of slopes and

y-intercepts . For the slope , a1

z(a1 1n~z) — zlnAzza 1/n
c1 2 

~‘ ~ 
, (4.8)

z(lnA z) - (zlnAz) In
i i

c2 
l(~a1 - c1 ElnAZ). (4.9)

These equations are deri ved by substitution of the natura l loqarithm

of the thickness for R and a1 for y in Eq. (4.1) and (4.2). The
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square of the correlation coefficient is given by

[za 1lnAz — zlnAz za1/n]
2

r2 = 1 1 
‘ (4.10)

[z( lnAz) 2 
— (zlnAz)2/n][za1

2 
- (za 1 )

2/n]
-1 i

which is again a direct substitution into Eq. (4.5). For the y-

intercept c3 and c4 along with r
2 can be calculated by substituting

a0 for a1 in Eq. (4 .8)- (4.l0) .  In the case of middle clouds the

summation is over six cloud thicknesses and over four cloud thick-

nesses for cirrus clouds.

Using the data from Table 4.3, the slopes and y-intercepts

were fitted for each cloud type. The resulting fits are shown in

Figure 4.2 for middle clouds and Figure 4.3 for cirrus cloud. For

middl e clouds c1 and c2 are equal to -18.53 and 3.007, respectively,

wi th the correlation coefficient of 0.984 while c 3 and c4 equal

19.19 and -4.089 with a correlation coefficient of 0.960. For the

cirrus case the values of c1, c2, c3, and c4 are -21.40, 5.75,

21.19 , and —6.526, respectively. The constants c1 and c2 had a

correlation coefficient of 0.988 and c3 and c4 had a correlation

of 0.983.

From the straight line fit and the logrithmic substitution for

a1 and a2 it can be shown that the thickness of any middle or high

cloud is given by

AZ ~[(y~Rc 1 - c 3 ) / (c 2R + c4)]
, (4.11)

where R is the ratio for any channel. The cloud mass is then derived

by multiplying the cloud thickness expressed in km by 28.3 gm m 2 km 1

~ 

_  _
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Figure 4.2 Best fit of y-intercept (top) and slope (bottom)
for six middle cloud thicknesses .
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for cirrus clo~J ~ L~ x 102 gm m 2 km~ fur r iddle clouds.

These resui L are used fl suhsequent chapters to ir fer cloud ice

and water con tent in L;. - o v e r c a s t  ~~ part ly c !oudy ields-of-view

from actual FuRS da~

I. 
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CHAPTER 5

DATA DESCRIPTION

The method to determine cloud type and ice or water content

developed in the previous chapter was applied to a selected set

of NimbusV l data. The results of this application was compared to

the Air Force Three Dimensional Nephanalysis (3DNEPH) arid satel-

lite cloud pictures since these were the only source,of consistent

cloud information on a routine basis. In this chapter, the HIRS

data used in this analysis and the 3DNEPH data base are described.

5.1 High Resol ution Infrared Sounder Data

The data that is routinely processed at NOAA/NESS is available

on nine-track , 1600 bpi tapes. The data is packed in such a way

that six or seven orbits are available on each tape. These tapes

contain located and calibrated radiance values for all 17 channels.

The tapes contain one scan line for each logical record and are

packed according to Table 5.1 which is reproduced from the Nimbus VI

User ’s Guide.

The Nimbus V IUser ’s Guide gives a detailed explanation of the

calibration procedure used on the radiance measurements in each

channel of which part is presented here. The calibration of each

channel is derived from the onboard target temperature. For a

given monochromatic fi l ter, the target radiance is the Planck
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TABLE 5.1 HIRS Calibrated , Located Radiance Tape Format

Word Format Description

1 I Time (GMT in Seconds)
2 1 Julian Day (1—366)
3 I Year (74, 75 or 76)
4-45 I Days (Data Quality )
46-759 SPEC IR Calibrated Channel Data (17x42)
760-801 F2 Latitude (+ is North)
802-843 F2 Longitude (+ is East)
844-885 F2 Zenith Angle (+ is North ofTrackline
886-900 -- Zero Fill

I Integer quantities right adjusted in 32 bit fields.

F2 Floating point quantities mul tiplied by a scaling factor of
100 and rounded (i.e., -145.824 would appear as -14582).

F4 Floating point quantities multi plied by a scaling factor of
10000 and rounded (i.e., 10.98756 would appear as 109876).

SPEC This is a special format and is a combination of the I, F2,
and F4 formats. ihe 17 IR channels will be repeated for each
of the 42 earth samples. The long wave channel s (1—10) will
be in F2 format. The short wave channels (11—16) wi ll be in
F4 format. The visible channel (17) will be in the I format.

Negative qualities are two ’ s complement.

function at the temperature of the source. From the real filter

profile , it is possible to calculate an effective target tempera-

ture such that this Planck function gives the true radiance for a

channel. The effective temperature may be expressed as a poly-

nomial of the temperature of the source. This polynomial is given

by

Radiance = B(voK~ TeK~ 
(5.1)

R
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2
where T K 

= E b .k  T
1

1 
e i=l ~

and T’ , the effective target temperature, is obtained from the

temperature of a cold and warm source and bik are predetermined

coefficients given in Table 5.2.

TABLE 5.2 Coefficients b.k for Effective Target
Temperature 1

Channel (k) ‘
~ok 

blk b2k

1 669.19 0.002 1.00001
2 679.38 -0.029 1.00010
3 690.45 -0.022 1.00009
4 701.91 0.008 1.00004
5 7 1 6 . 8 3  - 0. 0 4 8  1. 0 0 0 1 6

6 732.55 —0.039 1.00014
7 749.18 -0.005 1.00007
8 899.99 0.013 1.00019
9 1 2 2 3 . 2 2  - 0 . 1 8 0  1. 0 0 0 5 6

10 1508.29 -0.775 0.99939
11 2 1 9 1 . 0 2  -0 . 0 2 0  1 . 0 0 0 0 3

12 2 2 1 1 . 9 7  -0 . 0 2 0  1 . 0 0 0 0 5

13 2244.21 -0.020 1.00002
14 2274.63 -0.074 0.99993
15 2357.66 —0.021 1.00004
16 261 ~~0 -2 . 1 9 4  1 . 0 0 3 1 6

17 F~i,A N/A N/A

This recalibration procedure is accomplished every 20 scan

lines. By known i ng the attitude and altitude of the satellite

and the angle of the scanner , each derived radiance value can

then be earth located. These radiances and the’r location as well

as data time and scan angles are included on the data tapes.

As noted earlier , the resolution of the HIPS data decreases

with increasing scan angle. This decrease in resolution of a scan
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spot is from approxima tely 23 km at nadir to 31 km at a scan angle

of 36.9°. Figure 5.1 shows the typical scan geometry for the HIRS

and the SCAMS instruments. The Scanning Microwave Spectrometer

(SCAMS) is another instrument on Nimbus VI . This decrease in reso-

lution will not affect the calculations since only data point :

near nadi r were considered in this analysis.

The data set used in this analysis was for 20—30 August 1975 ,

a time when all channels of the 1-IIRS instrument were operating

properly. Further , it was required to have data over North Amer-

ica since the comparison was being made with the 3DNEPH which depends

heav ily upon good surface observations. We there fore requested data

from 20°-55° N and 80°-l50° W which includes both land and ocean areas .

To further complicate the data selec tion , examination o~ satellite

photographs indicated a genera l lack of midd le and high clouds

over this region except areas north of ~fl° N for this time period.

As a resul t, a1~ of the data cases used in the analysis are along

the storm track north of 40° N.

P total oF 26 passes were provided in the data set of which

five were analyzed for cloud info rmation at the two scan angles

closes t to nadir. To check c~nsistenc~ of the data from channel to

channel wi th in a nss , the five passes used in the analys i s were

di splayed by using a~’ overprinting te Tbnique to sinl ulate grey shad-

ing on the line printer. The pass for 24 August 1975 is included

here as ‘igure 5.2.1-5.2.1’ . Each of the 11 displays is for a given

channel . Th~ l egend incLdes channel numb r , date , time of the pass

and the number t~ scan lines inc1~ icd. ~c:~t , the over p rint

_ _ _  
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characters used are numbered and then the range of radiance values

for each number are indicated. The column of numbers on the right

side of the display is the mean scan angle for that spot position .

Each of the 11 figures were scaled over the maximum and minimum

response of the channel over the contoured area. Each channel was

then divided into equal intervals and displayed by the 16 over-

print patterns shown at the top of the figures . The scale was then

inverted in such a way that darker areas correspond to l ower upwel l-

ing radiances at the satellite . Figures 5.2.1-5.2.4 are overprints

for FURS channels 4—7 . The weighting function in successive channels

peak deeper in to the atmosphere . Less energy is available in

cloudy areas so that darker areas correspond to colder surfaces

and clouds . It should be noted that the channels that peak deep-

est in the atmosphere have the greatest cloud definition in both

the water vapor and CO2 channels. Comparison of Figure 5.2.4 with

the infra red mosaic in Figure 5.3 shows good agreement with the

cloud patterns north of 40° N. In this area the least amount of

energy reaching the satellite is from an area north of 50° N between

95° -100° W wh i ch can be verified from the infrared moasic. The

same patterns can be seen in Figures 5.2.5-5.2.7 with the best

definition in the window channel (Figure 5.2.5) and the water

vapor channel that peaks deep in the atmosphere (Figure 5.2.6).

The very wa rm area shown in Figure 5.2.5 corresponds well with the

cloud free area over the centra l United States where very warm

surface temperatures are present. Figures 5.2.8-5.2.11 are for the

CO 2 channels in the 4.3. urn band. Figure 5.2.8 peaks l owest in the 

-~~~~~—-~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~ ..- - - - .-~~~~~~ -~~~~- --,



——~~~~~~~~~~~~~ ~--~~~~-w—-~~
. -—--- —~~~~~~— .w__-_ , 

-~~ ~-- -- -~~ - --r

72

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~• ,, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

• C •
• ~~~ ( 0 N- SO N V l r4( c) C C S f l . .C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

.
~~ ~n ‘ I i ’  

A.. ,,__ .,,...~~
.. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~0 0 * — • • • * .+ .4* • $ ..+ + • 94*  44+  f l X#  ~ + 4 + * (4 + 4 4+ Id N P4

— 2 ~~ C * * * * n • ft .4~~~~~..4_ j *  • ~ ‘+  99 + 4 4 ( 4  + * N 99 94 N~~4 44 4 * — PS PS~~4 Id 44 Pd N (4

- 
~~~~~~~~~~~~~~~~~~ ~•— ~~~~:: ~ Pd 14 ~~~~~~ 44 P4 0

I

~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 0
(44,. 4 /  *. -.  44 .4 * 4 * - 4* . ’  +~~ - 1 4 4 + * * S 2~~J , d b N .  4

.~~~

~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~ I4

T~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~4~~4 
~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ o

___J —a--—- 

--— —— —--~~~~~~~~~ -~~~~rn—---- ~~~~~~~~~~~~~~ - --~~~~~~~ ~~~~~~~



~ T4 T
~~

’
~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - - -

____________
73

BEST YVA~ ~~~ r COPY
— ‘4, - 4 .  . ‘ . _ Ø & ~~~~P. (_ ( ~~ c. t . -c , ,  f l C• .~~ II,
P - c - c c ~~~. - w r c p - 4 .. • ‘ ‘ • O ’- , . ...C -f.4 S(P C CP- P~~~~~ 44 1. 4

- ‘ - . N*d ’- .. , 4 4 d ’ t  11~~ (444 1’
S ( ½ C 44 fl .-.t � t 4 f l .. . .- . 4 4 P 9 9 P ] . . ,P  fl~~~~C C . . 3 . .. 1 . 4

. S 0

~i- ,

______________ _____________ 

°

U IP4L~~~~~~.. ~~ -z:•~ I
:‘ 

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~ 
::: c11:~~ ~~~~~ 

- —x:::~~~. ~~~~~~~~~

•~~4 4P4 . ~~~~~~ 
- .:.: - ;:.::. ‘::-:-:.::~~~ I.~:~.- 3.’., 

• I ~~~~~~4 - -  .:: w
- - - : ~~~~~~~~~~~ : : - : ; - ~ : ;  - . _  . •-~~~~.- .

- ) ::~~~:~~~~~~:~~~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~4 * 4 4 ; -  - -

~~~~~~~~~~ : . 0 -
~~

• .~~~ .4~~—t : : z ~~ . . . . : : . . . : :  :: ~~::. ~~
- . :/: ~~

—•‘--—---4-.,._ .::::::- : :

44

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :~~j~:J14 
PS~~~ 

4
- 

C~.J

N ;/~ : - 

~ - C .~~jIit Ift -3 - . .i.. .
.3 

~~~~~~~~~~~~~ 

- 

- x ~ ~~ ! ff uS -.,.~. ~
~~ I d 4~~ ~~~~~~~~ 144L44 ~~~~~~~~~~~~~~ ~~‘ !~~ i
~~ :; ~~~~~~~~~~ 9”1~~~~~~~ ~~~~~ 

P~ft ~~~~~~~~~~~~ ~
-- ~~~~~~~~ 

—i .. 
~ N ~ ( 4 4 4~~~~~~ I-”!$ ~ N

1
•1iiJJ~ ~~~~~~ ~_~-~1L~ Tfl~- . -~44I~’ ~- .

- -— - 
— .  — , —~~~ •~~~~~ 4,-S~~~~~~ -- - . r n , 4 4 4 4  ~~~~ . ~~~~~~~~ ____



~ — - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~ 
-

74

C 0.4 4 1. _ t , , , f l~~ (O.. S CC N C C 0 S 0 C S C 0 0 P 00 * * 1 9 9 f b t N C 0
4 P 4  .0431. 9 9 0 P- 5 9 9  1.0 .4 . 3* 4 4 1 0 4  * 0 0 4 4 4

3 0

>44!.. 
*0o • S 44g C P-
~~03 * S S P4 P1 41 44 Id Pd 4 4 4 4  I I I I I — — — . 44444  (d I’d l~ 44 P~~I’~ 41 a 0 a

C) *0  I l I t I l l I l l I l l I l l  
4

0

L) 
_ _ _ _ _ _

1 4 1  0 0 1 4 4 ) 4 4 4 4 -N .~~~~44 . ..,. 4 4 4 4 4 4 I It 44. 14 14 . . 4 4 4
00  I 4 N NN  * 4 4 4 4 4 1 4  44 1 Z Z 1 • 4 4 1  ) 4 4 ) 1 1* N 4 0 S
00  4 4 4 4 N P S P 4(4 41  ~~44 U S*~~~ 11144 11 0 II

* 4 4 4 4 1 4 4.. 1* N 4 4  *V.•114*S •~~~pj~~~~~• 4 4 1 .

C
— a’ * 4 4 4 4 4 4 4 4  14 15 44 4.115 4~~~~•S 5 1 U  . o u
4 4 - C .  4 ( 4 4 1 4 4 4*  4 1 4 1 4* 4 4  44 * * 1 4 4 4 4  C 5* • 1 0  4 1 5 1 4 4

J 34 N N 44 Pd 4 4 4 4 4 4 4  11 11 * *4 4 4  II II Oil O N -  ~~ 
— -

I N P S N P 4 4  ~~~4 4 4 4 4 4  Oil 4 1*  11 S 0* 5  5 4 4 P S 1 .  (4

~~. - • ON 4 4 4 4 4 4 4 4  1 4 4 4 4 4 4 1 4 4  II 44114 1 144 11 1  4

‘ .4’ ~~ I I 4 4 1 . 4  .j ll t t~~ 
•

~~~~~~ 
N O  4 4 1 4*  4 4 4 4 4 1 1 11 1 1 1 1  •.II Ib~~~ wEi 44’J ~~ S - . 4 4* 4 * 0(4 0 4 4 4 * 4 4 4 4 1 1 4 411 . 11..V44 ,U t l . 11*  ~~~PI~~4 N  55 ~ .‘ 0

• 4 4 4* 1 4 4 4*  • • ØV ~ aV ) 1 4  á * + * ~~ .t, NP* *
C. N PS  * 4 4 4 N 1 1  141 1 . 1 1 5 1 14 4 4* 1  * 4 + 4 +  1114 P 4 4 * + .~~~4

-. PS 4 4 4 4 4 4 4  ~~~~ ~~~ ~~~~~~~~~~~_ • N o• _ _ _ ~~~_ •  ~,I I  Pd M P S* * *j I  j * 4 4 4 4  4 4 . 44  • - 4 . 4 +  444 *

~~~4 4 4 I d  .4(4
1.43 * 4 4 4 4 4* 1 4 4 4 4* . .p - 4 4 .. o .44~~~ 4i .4 .
.00’  + 4 4 + 4 1 4 4 4 4 4*  + X W + f l. 4 .~t N * x +  N =

• ++  * 4 4 1 4 1 4 1 4*  • 1 4 4 + +* P ’ 4 N+ . 4+ — — - 4  N +
I + + + N * N N Nt ’ d  . 4 4 + 4 4 4 + 4  4 * *+

.3 094  + 4 + 0 + 1 4 4* 4 4  (4
~~4 + * , 4~~4 I  _. ._ I . . + N  4

C. : + t •  I I  — — 3  .4 4 4 1 4  44

(‘,~~ 
. 4 4 0  ( 4 4 + 9 4 ..4 .. 1 1 — 1 : 1 :  — I I  ~~~~~ . .‘4 4+ 4 * N * P *  441— -

~~~~ ~~~~~~~~~~~~~ — .. — :::::v ~~’ ’ - •~~ 
~~~~~~ ~~~~~~~~~~~~~ 

— 0

44 4 4 22  ::::::;: ~.~~~ I ’  ~~~~~~~~~ ~~~
.

p j ~~ -.0’ . ( 4  + — 1 1  I I . 4 + 5  *1 4  .. —. *
____  I I I  I N t 4 4 0 .~~~

~~~~ ~~:~~~. : i ~~: ::: t ’::. .” •
S i l l  • 

I 1 I t I  1 I • . .
0 4  •~~~~ I I  .. .~. I I l l  . 1  ~~~~~~~~~

- — I  I i — — - — . . . • •  . • — I . -. —
1 1 1 i 1 1 .  P _ ~~~I - 4 I

C.. .  — I I  1 I 4 1  . . 1 1 . 1 1  .40 0
4 — 4 ,  1~~~~1 I I I I I I I I I I  (•)

— — I I 1 1 1 1 1 1 1 . .  •,. . 1 1 1 1 1  —
— , I t I . , i   I l l — I  *

4(4 0’ — . I I I *  I * 1 t 4 4 9 4 + +  5...
— I 1 1 . •  :. 

i . . . — I — - I 4 +  0

~ I f 1i~~~
_ H

‘-4 +4 + 4 4 + — — — . —  I - - I  I . 4 4
-(4 I I • • ,  — 1 *

04(4  4 4 *  . 1  1 I I I
— ‘1 I i  I I  I I I I I  + 4 *

~ :~ ~~~~~~~
.4 .4 .4~~~~~~ — 1  :_ :±:~~~~

— _::::~~::‘~~~~ •4 .•• •4 •~~~ 
C> 

I I  . .  5 5 ~~~~~~~~
— ~~ .4, 44 5 4 4 +  4 4 . 4  + • 44

-4 ~ . . t M I 5 4 *  14

-4  .4 • •_ • — . . —. —  4 • 4 *  44 4 4 1 4 + 4 . 4* 4 4
- _ . * l 

.4 444 44 1411 44 — * * , .  (\J
- 

44 I 4 4 1+ 4 * 4 4 4 4*
44 0 44 14 44 * II + 44 44 44 • *
-. 4 4 4 . 44 7 +~~~~* 4 4 + 0 4 4  *1 1’.)

11:
0

~~~~~~~ ~,I ~
0 • ’4 (  ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~

4 . 4 ( 4 1 0 5 0 4* *  4 1 4 4 4 1 4 4 44 44 4 4 P S $ •  
— . 4  4 4 *  II • * • “ • + (4 ( ‘ 4

£ * 4 4 4 4 14 4 4 • 4 - 4  . 4 4 4 + 1 4
2 4 .  I~~~~U V N N* 0 M44 V~~5444N 4 4  • 4 4 . 4

4 ( 4 . 4-  * 4 4 4 4 ( 4 4 0 * 4 4  * L 4 1 4 1 1 4 4 4 1* I  .4 4 *
44 , P -  t I I 4 4 ” 4 4 4* *  • 1 •4 4 4 1 1 ( 4 4 4 P 4 N I d
, n 4 4 4 4 1 4 4 4 •  4 4 . 4 1 4 0 0 I ’. 1 4 4k i 4 4 4  4 *  ( 4 - 4 .4 *

4 4 1 4 * 4 4 4 4 1 N * *  •* (4141444*4!*11411 444 ~~ 14 * .44
4 1 51 1 * ( 4 . 4 4 4 9 9 4 4 . 4 1 4 4 4 4 1 4 411 4 4.4 * 4 4 4 4  4 4 ( 4 * (4 *

_ _ _  _ _ _  -—•- ~~~~~~-~~~~~~~~~~ - -- • —- -- - -
~~~~
.--- - —

~~~~~
- ‘4 -

~~~
- - -



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—, -------c ------ — 

~1

75

~St3AV/ /~-T-!.~ 
(
~~~~~4~~~~’

C C . 4 4 N* t ( 4 f l C P 4~~~~J C C N O C L . r 1 S O C O N C e S .~~~~~C 4 1 0 4 C 4 N - C 0
4 P 0 5 5 4 1 W  ( 4 4 4 . 4 4 1 4 4  4 4 1 P 0 9 4 4 4 4 4 4 4 4 N- * f l f l * 4 4 S ** t * 0 5 N - N - C .0 4f l . S

1 4 1 .  N - S  0 P 4 4 * . c  4 4 s’ f l. C N - C S  • f l P . tca Ne S r . w . c P 0 C . . . V 4 C C C C ’d C . C O S N -

0 •
.4 * * *r r r P 4 t - N 4 ( P’ 0 S i l l ,

C . —  I I I I I I I I I I I I I I S S
0’..
O S 0

“ I ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~ ~~~~~~~~~~~~~~~~~~~-
~~~ ~~~~~ 1;iIIIk ~!I5Inn*~.i1~~:~i

~: ~MffI~ .llP!!U!~ Tp~ ~• ~~* P S 1 d 44 4 I l I4~~~~UJ4 *~~~~444 * ..4 4 0 ’~~~~~~~~ N C  • . t 1 4 1 1 1 4  IC I c 4 4 V — - 4 — * P w — .  I I  =
4.4 * 0 . 4* 4 4 * 4 404 4  * X l d* N . 4 4 + - 1 4 4 4 4 4  — I I I

+ 4 * 1 4 * 1 5 4*  * 4 4 00 ’ f l . 4 * I 1 I 1  . - . — I I ~~~~~~~~~~~~I (4 0 ( 4 N 4 4 4 4  -- — — 4 4 * 4 4 *  Il14~~~~~~~ I S i l l  I I I — I— N O
CP4 .4 * P d M l t*  14*5* 1 1 .  — I 1 — 4 1  —
= * I 4 •1 — 4 I . .  4 4 5  44 - l _ .. —

~~~~~~~~~~~~~~~~ : : i i : : ~~:: : - ‘  I . . .4 - 4 - 4 ’ 4 1  —
.44 I _  I I I I I I I I  • P4444  4 4 ) 1  44 00 — I I S I I I I I I I - 4 4  . . •  • . • . _.  55 — .

— —  I t  I 4 0..*—.4CJ • . _  ~ 5•3 ——.._ _.~~~~ * + _  P 4 4 C 4 N + 0 • l S 44 I — — .  — I * .4 44 —4 • I S • — — P5 5 5 4 4  444 —
t o  I - ’ 4 * A •  • ..  1 — 0 5 5 ( 4  — ——I I I  5 I  S • — I • * 1  - —. 4+.. 4

0 - 4 1 1 1  I . .. . . 4 I  . . l 
( C O  — — . — I  • • • S  I I S ~~~~~~ ..I 
P - c  I  .- 1 5 d ’ C

— . • . l  I I I - S I  C- :.~~~~~;‘; — — — :::‘ ::~~~. I~~~~~~~~~~
. 7~~~ , —  — -:~~: .~~

- :::.~ • E :::
0 • .  I •  .1 l i i i  5—

4 4 4 4 0  — I • • l  . S  1 5 I 1 1
.4 .4  • .. . I . 1 1  I t  S~~~~~ 5~~~ .-4 *

d l  I — S~~~ • • I I  1 I 1 1 1  — .. + 14__
— I I • • I I t  1 1 1 1 1  *.4 .. *. 4 2  I .  

“ .“ ~~~~ , i ,  -i:~:: ~~::

~~~~~~~~~~~~~~~ 

s
~~~~~~~I I : l i I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

:
_
~~~~~~

;* . 

S
. 4 1 .  

~~~~
• H ~ in

0 043 0 I I  I 1 : : — : : -  : :“ ~~~~ —
— 

* 
C>

4 4 5  44 I - . 1 1451 • •.. -. *
1 1 0 00 .i ~~~~ 44 I - . I  C • * *  4 * 4 *
I I  00  • 4 + 4 4  I • I 44 • • * 4 * 1
I I . 4 — — — I • I I I — — — ‘(414 . * . .
— 94 00 — — I I I I — — ‘ 4 4  — 14 44 

‘4 4 - 0  44 -. 5 — I I  I + * 4 4 +~~~~~~~ 4 . 4  — 4 4~~~~* 4 4 )  5 * 4 . 4 *
— — — — — S — — ‘ 44 44 II 544 P44 4 4 5 4 4 4 4  • • • p (-IJ

O _ d _ J t •~~ ••‘ -4 •’• 4 *  5 4 1 .  
• ( 4 4 4  0(4 + — 44 .4 44 4 ON 44 • 4 • 4.

~~ 
! a I

•~~~?? ~: ~~-~~::I: ::~~~_ _ — _  • : : ~ ~~~~~~ ~ 
Li..

5 4 4 4  ( 4 9  4 * 4 +  ~~— —— ~~~~ s 44
9 4 1 1 4 ( 4 0’  . 4 +_ I _

~~~~ 
4 4 * 2  14

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~ 14

4 4 0 4 4 . 1 4 0 ( 4 4 4 t  4

44 4 4 4 4 *  ( * 4 5  4 4 Ø~~~55 55  4 * 4  4 - ( - *  N
55 .44 50 ‘I 44 - 4 4 4 4 . 4 4 4 1 5  .4 • 441. 4 * - .  * _ .*  *

45•P1tl I 55 5 ( 4* 0 4  P.4 4555 4~4 ~~~4 • • *  ~-4 * . 4 4• ( 4  .4
5 4 4  - 1 C * - d N - 4  — *  4 5 5 5  4 . , 4 4 4 .’”’4 ,_4 4 * *~~ • *.3, • • V 1 4 4 1 44 4 4 *  4 + 4  - S

431144 
j  

~ ~II- -~ ~~ ~ 3~~ 44~ .4h-4 14 -.- -.,.. -4 * 0

S S S

_ _ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,. . , .  i



~~II1P~ ~~~~ 
-- w”~~ - ,.~~~~~~~~~~~ - :  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~

-
~~

--  
4 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ -41”•~~4

- 4

>~~$

C C N  4
4 4  N .~ W 0 945 4 3 4 . 0 4 4 3 4 4 4 0 4-  *4 1  . 4 ( 4 4 4* 4 -  S f l 4 3* t W . t* 4 0 C C  NP- 4 0 0  0’ SW C4 4 0  N S 0 N - t 0 L 5 4 0 4 3 4 t 0 ’ P 4 3 4 4 4 4 3 4 4.Id 4 5 4 1 5 4 4 4 4 - 0 0 4 4 4 4 ( 4 C O P S 4 4 4 0 5 N

• 4(4 S S S 44 41 4141 05 04 (4 I’d I I I I I — — 044 - 4 - 44 ( 4444440. * 9 3
I..- 1 1 1 1  I I I I I I I I I I I I

C —

a— - ,
~C., •

- 

I S S

—

~~~~~~~~~~ ~~~. ~~~~

~~7 *Z IflTh 4U2lHl1~h~~4 UWt~~ ! - :  in
0 0  W44’VS 0 4445 1 1 4 4 4 4 4t4 -. .— 44 St— I - I i  44/)

• 4 ~~~.4 IS5 44~~~~! 44 - _ 44 t  
~~
‘
~~~::~~~~.:~~~“ - 7 1  =

~~~~~~~~~~~~~~ 
044 

~~
I *  ö +44 5 1 1 1 + 4 4 1  —N O  I — 51 4 4 4 4 1 4 4 4 4 1 1 4 4 4 +  - I

4 O~~4 I . N  4 1  I I . + N* 0  .4 I
0 1 4 +  *.- • • .  .. )4 I I II ..- + ~~~~~ I I • I 0C O  . . . 5 S . . I . . •  . 1 4
(40  • i I . 4  • 1 . 1  • I 4 5 4 4  — McI 0

I - - - I 4 4 0  *4 44, . •  ~~~~~~~~~~~~~~~~~ 4 * 4 4 4 4 I I .’
1 . I + I P 1 4 — 444 I — —  5

* ‘ 4  . 4 4 4 . .  4 1 4*3 4  I .0 •4

~~~~ î~~~~.. 4—
1.4,44 — *  S • • 4 4 •  4 + 4 4 4 4 5 1 .  I -.-

— . 3 C .+ X  . I 1 *. 1 . 4 4  .~~~~~~~I * X * 1  I I — —  C

• _ — . — —  
~~~

•:
~~ ~~~~~~~~~~ 

C
I ... .. • . •* I — I

4 
• .

- 
I . I~~~~~

5.-
S 

~~~
.

~~~~
‘ • •.:

~ ‘ ..: ::~~~~:~~~.~~~~: C
4 3 0  I I  • • . - l  — 4 + 0 . 4 . 4+ .  .r~4 S..4 S .  . 1  4 . 4 ’ . 4 + . 4  44

4/1 I I • I  • 5 . 5 1 1 * 4 4 4 . .* 4
C C — I  — 4 I  ... 4 4 4 4* . 4  a.

• :_.- U~~~~~: 5—
44 4 3 0  ~~~3 I I i I 

~~~~~ _ .. ..
~~~ . 5

I . . . I • I I 4 -. -~~~~~~~ ‘ --. — Ii~ >
— 

I I ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ 1C) C’
. 5 5  ~~~~

I S  • I~~~~~S — — — 4 - 0 

::~~~
g .:J. 1: v: zi ~~~~~~~ I-c)

4 5  ~~ 4 4 • • • I  1 4  55 4 4 4 4  S I I — C  444~~ I I~~~ *— ..l (45 C\J
4 3 — —  • * *—  . 1  • .  N
4 . 4* 3 5  I 14~~4 . • — 44

00  I~~~ ( 4 • I  . 1  4 4  •~~~~ . 4 . 4 +  3.’.)
40 . 3 . 4  0 44 5 • 0 •

U . ’  ~~~~ I 
• : 1_ L ~ •

~~~~~~~~° 44 -. . . 5 ~ , — ~~~ .- 0 =• . 1  
~
‘-
~~ . :::: -~~~~~ ~.I~:: ~4)

0.4 14 II I 4 . . . • • . 5 1414  .,_
. 1 4 4 4  0 0 II 9 44 • • . I • * _

4 4 0 00  • • * .  5 I .. -.*•
~~4 4 4  . . . .  — . 1  44 . 4 4 - 4  — •0  5
5 4 4 4  014 3 4 4  • .  5 .  4 P 4 ’  1*  4

* . I .” ’.  •. ~

- 

-

~ :~~~:::::: : ~~4 ~1 4 4 I 4~~~~ y . s t.. .*  44 4 4  — 414+
* 4 *  4 . 4 1 .  4 * 4 4 4 4  5 4

—5 • * 4 o  t4I 1~~ 
— I —

~ i~~~:::: ~~.: ~~~~~ — ,

b

-~~~-~~~~~~~~~~~ - - -- -.4- -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _  

_



~~~~~Il4U0 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ 

~~~~~~~~ 
-- - ‘~ ~‘4,

BfST~AVAV / t ~ 44~~-~

44 4- -’
4 4 4 4  P * O N - . 4 0 5 0 0 4 0 s 0 4..c O P - 4 0 4 4 3 4 4 C~~Nt. f l s 4 4 S 4 4 C Nt O . . 4  * 4 3 40 0 4 4 4 1 4 0 1 4 -

4 04 4 - 4 3 4 1
4 S * * 4 1 4 4 . 4 4 4 4- 0 5 4 4 0 5  I I I I I ~ “‘*“ 4 4 S S N t t s 4 4 4 1 4 3VC S S S

04(4 S I S I I I 5 I  I l I l S I l I

•

H
~~~~~~~ I k ~u’ uit’IuflflnHnnhII~un.uini Ll~)~ I~ ~ ~!HHH flhIflfl1HU1 flHuIH ll~I&*IR I N-.

4 1 Ii II C)0441 N 4 — 1 5 1 4  1 4 4 400 45  4 4 5 4 4 4 4 4 4* 5 4
1 4 2 0 . 4 . 4 4 )54 40  CII S4 3 0  5 0 5  4 4 4 4 44 0

5 1445 4 4 1 5 — —  54(4 5 11 4 * O I — . 4 * (\J0444 44 ) ) )P . 4
* 4 4 4 . 1 1 4* 4 4  I b 4 4 * . 1 1 5 .4
I I I  5 4 4 5 11 1, .  4* I I * • I  5 5 4  4.)

I. 5 ~ ~~~~~~~~ ?~~~7 ;~~~~;!-:
+ 4 4 4  5 4 + — —  • I I I I I ~~~~~~. I — J 5 - 4 . . 4 ~~~~ 5— — ~ N 14 144 — — — 44 4 —  I — I I • • — I I 4 54

‘~~ ‘ 4 4 4 4 4 4 0  ~~~ 04 I 0  . • 5 5 4 I . - - . S I 4j N

~ ~~
_
~1 I i~

It
4 _~

:-~‘9~J!;!~; : i

; I :~~~::~~~- :  ~
• • 

. :::i ~~~~00’ — . l I  . 4 4 * 4 * 4. .  . I ; .  1 4 1 5  . 4* 0 4 * 0  4.)
.4 1 3  I S  

~~ l 4 4 —  . 4 4 * 4 4 4 * 4 4 4  C$ 5 I 1 1  + * * 0 0 * ..fl I 4 P4. .  • I I  • . I l u I ~~~~ 4 5 1 14 4 4 * 0 40444 4 4+ 44 • . — I *0 . 4 1 4 1 . 4 4 0 1 . 4 4  5...
• :;~~:~~~~_ a.

444 441 I • :~~~~~~~~::- -: * 1 . 4  ~~~:: o 5-
— ,~ 

- .; :!~~~:!;; ~~~~: : . _ .  I’)
I ;:.~~:: ::~~~~~~~~~~ :~~~~~~~~: ‘~‘ C>— .  I I I  ~~~~~ — • • . I* l l — I . .. .* 4 4

4 1 00 0  — — . 1 1  1 I I 4 4 44 5 4 (0  5 . 3 . 4  . 4 4 . 5 5  • 5 S + 4 P 4 4 1 . ’ 4 t 
I I .4 ... ... ..4* 4 ~~ ‘C

444 5 ~~~~~ . 4 + 4 4 . I  I 4 + *~~~ 5 4 4 5 ) 1 . 5  I I — 0 P4 ( 4 P 4 4  • .1 — I -4 41 1 4 4 4  5 0 5 5 1 . .  44 *— •  • • 4 4~~~~ 5 5~~~~~4+ 544  5 44~~-~~~~ 44 *1.‘ . 4 ( 4  430 l • — N * i. .  • S - 4 . 4 - 4t . .  
~~~~~~~~~~~~~~44—5 .5 0 ‘4 • I 4 • I IC . . • I — .4 .4 1 4 4 4 1 . 1 . 1 4 4 4 1 .  IX)• * V 3  . 1 4  — I — • Ill • s . • . , s — .5 •* 4 4  4 4 0  O d M o l  11 • • . s  — + 5  5 5 4 4— * 4 (14 44 14 ~~ I — — — — . • I — ~~ 5.4 4

~~~~~~~~~ 
~~ ~~~~~~~~~~~~~ ~~ I I  :; :t~~:~~~ . ... 0 ~~

=~~~~~~~ 
~~~~ 4 1  1 : .._. . ~~~~~~~~~~~~~~~~~~~~9 9 4 4 4 0 4 4  51$  — 4 4 5  I I I  .—  55 1 4 1 44 * 4 *  . 4 5

• * 4  ~~ Li_.3 * 4 4  4 4 2 4  4 - s  — • • . . _  4 .— — — .  5 ‘ 4 4 45 44 4
0 1 10 4 4 5 4— . . —  PS 4 4 * 0  44 —.

1*  + — - . , - • — 4 — 4 4  5
~~44 • ) •~~ 0

~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~

44 44 1~~4 +4  + 4 *  4 4 4  4 1 4 4  14 5 •9955 4 14 ( C * —* ~~-. •  4 4 4 4 * 5 4  4 4 1~~4 *  1 . 1 .4 . 5 0 5 5’  5
5 5 0 1 43 - 4 4 4 44 . 4  • * C S  S E I I S 5  • 4 4 . 1
55  .‘ ~~~~~~~~~~~ • 5 5 4 4 4 4 4 -4 - 4 

4 5 5 1 3 4 41 N 4  * 4 0  5 5 4 * 4 4 . 4 4  - -  4 —
* 4 ~~~~~~ —

4 1
1I4 ~ ~ h~4~~.41 1 ~ ~~ 14~~~~~~~~~~~~~~~ 4

• •

~~
iI1

- .- - — ~~~~~~ -~~~~~~~~~~ -—---~~~~~~~~~~~~~ -- 4 .-rn - - --~~~~~~~~~~~~~~~~~~ - — - - c .,_, ~~~~~~~~~~~~~~~~~



r”511

4—-- -—•—‘--—~~ — S ~ -:-----:-- —~--~ -- ~~- - --- . -:- ---‘~.-:--•-~~
- i’7~ ~~~~~~~~~~~ ‘994-” ~~~~ - - - - - ~ . ~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - ---- —.4Crr(

78

-

~~~~~~~~~~~~~

~C155_j~ ~~~
..

LJ44-1j, ~ :~: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
54P__ _ .~~ 

44

~~A 

I I I  I S S I I S I t I I I I l

C )  I

~~
- :
~ ~ :~ ~, 

:,
•54.~~~ ~ = = 0 0

I

I 

~~~

t 

.~J ~! i(1B;flh1utft~1 a4UIUMIIiUitIIi.U
~~ ~~~~~~~ ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~

I-I—.

__ 
•
~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,-14

( — ~~~~~~ 
0~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~: I . ~ I I I  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ C)

~~~~~~~~~~~~~ 

414 4 4 4 4 4 4 4 4 4  4 4 4 4 4 1 4 1 4 4 4 * 0  N X * + ++ 4 4 4 (  0 * 0 * 0 0 0* 3 4
S1- 4 4 1 4 1 4 1 4 44 4 4 44  N N N 4* * M X N N  + 4 4 4 *3 4  3 4 * 4 4 4 4* 4 4 4 4 1 4

-~ 4 1 4 * 1 4 1 4 4 44 1 5  4 4 4 1 4 2 4 1 4 1 4 1 4 1 4 1 4 *  *0  + 4 *  4 4 * 3 4 4 4 +4 4 * 0 0  0

a 4 4 4 1 4* 1 4 4 4 1 4 4 4  .~4 4 4 N N N 0 N N N 0 +  • * + *  0 4 4 4* 4 0 0 . 4 4 4  *
I 1 4 2 4 1 4 1 4 4 4* 0 1 4  1 4 2 4 1 4 P 4 4 4 4 0 4 4 0* f l *  + 4 4 4 *  0 * 3 43 4 4* 0 0 0  4
0#5 1 4 P 4 1* X N M  * 4 4 4 4* 0 4 4 4 4 0* 4  . .. + , +  * * 1 4 0* 0  • C
45 444 4 4 4 1 4 1 4 0*  *0*0 * N l t + 0 +  . . + ++  + 0*4  ~~~~~‘4 *

• 4 4  44 4 4 4 1 5( 9 * 1 4  * 14 141 4* * *N X*  4 * * + *  * 4 * 0 4 4 + 4 .  0 *  C
. 4 4 0  4 4 4 1 4 4 4 4 4 2 4 1 4  n o o* o * * *N N  . * — 1 4 * 4 + . 4  .4 + 0* 0 0 0 0 0

~~~~~~~~~~ fl .41454* )4’I+ + 4  +0 . 4 * 44 +*4400*W*444 • in
N N 144N N)t P4NP4N 44+ 0 0  + 0 + 4 + 44 + • — * 4 ~(n14 j n N  0 4

4- 4 144 444 N 4 4 N X* + X M +  3 4 +  • + + ~~~ 4 * 1 4 0*  5 4 4 0 0  4 +  4-
— •N 4 4 4 4 4 4 4 4 4 4 4 * + X X  * 4 + 4 4 + , . .  4 + 4 4 4 +  5 4 4 4 4 + 4 . 4 4 4
‘~ 4 4 4 4 1 4* 1 4  54 4 ( 1 4* 4 . 4 * 4  0 4*  * 4 * 4 *  4 * 0 + 4 4 5 4 1 4 4 4

t I  1 4 4 4 0 1 40  0 * + + * 0 * +  + 4 * . ’  4 4* * *1 4 5 N~~4 *  ~~~‘
0 0  1 4 0 2 4 4 4 4 4  4 4 4 4* 0  *4  + t  4 * 0 *  * X * +. 1 0 1 4 4 0*
4 1 4 4  1 4 0 * 4 4 4 .  * 4 4 0 0 * 4 4 +  * + $ •  0 +4 *  *+.4+.PIP S* .  I 1  Q). 4  * 1 4 * 4 4  N * * *0 ++ + +  *00 4 4+ 0 *  4
4 1 4-  4 ( 0 * 0  44 + . l*44.. . 4 4 + + *  44 4 4 4 4 +  4

0 * + 4 * * * *. - . 4 4 4 + X 0 0 0 + 0   s I l l  * C
44 44 0 0* 4 + 4 4 +  * * + * I .  . 5 1  4 .4 0

I 4 • * + * + * * * ++ I  • I I  44
0 S  I S . .  • . . I  4 *4 4 0 4  * 0 4 4 4  .C

• 4 4  
S ~~ -- -

• 
I • .

• 
I — . 4  *0

~
4 0  S I • • . .I . 5  • I S . + * * +4  4 4*  5

• 
C I •~~~~~~~~~~~~~ * *+ + * *  0 0

1 1 1 1 1  I S I I I - . + * + + + *  — *
45 - . 1 1 —  I I  I —  5 4 4  •~~4 * + + * *  ~~~~ 0

_~ :;:~ :~~: ~~~~~~~~~~~~~~~~I I I  .4~~~~~+ 4 +  + 4 * *  + + * •  + 4 *
00  + 4 4 4 . 4* 4 4 4 +  4 + 4 4 4  + 4* 4  + * *~~~~* 4 4 4 + 4 4
C S 1  • + + +* * * * *  4 . 4 4* 4 * *  • + * +  * 1 4 * 4 4 +  n * —

.43 • + 4  + • * * 0 * * + *  • 4 + 4 * 4 4  +
( 4 ( 4  N * N N 1 4 4P 4 44 4 1 4* t *  5 4 + 4 4 4  4 4 +  + 4 4 4 +  * 4 4* 0 *  4 4*

* ‘4 P 4 1 4 4 4 P 4 1 4 4 4 P . 4* . 4  * *, .+ +  4 4 +4 + * * + 4 * + +  • • *  4 4 * 4
1. 4 1 4 4 4 44 4 1 - 4 4 4 4*  * *4 4*3 4* * * f l+  +4.4+444.4+ + 4 +  • **  5-
444 I 4 4 4 4 4 4 41 - 4 4 4 4 4 1 4  f l 0* X * * * * *+  — . 4 +* + + *  4 4 + 4  * * *

4 4 1 4  I 4 4 4 4 P 3 P 4 4 N N 4 4 4 N  * N * N * * *1 4 &*4  + * *  • . .  .. .. . ... a.
— 41 44 1 4 4 4 1 4 1 4 4 4* 0 3 4  * *+ * * *+ * 4 4  • 0 f l A 0* *  * 4 4* . ’  * n n
.4 ~~4 4 *4 1 4 4 4 4 4 4 1 4 4 4* 4 X  f l* f l , + , + + + 4  3 4 . * + + 4* ( 4 • +  + 4  4 + 4 4
— (4 0  N l 4 t - 4* * f l * + f l  * 4 + * 4 + 4 4 + + * * •  • 8 + - 4* + * + * * +  .~~~~~34 *  5 C)

• 
~~

- >
— 40 fl 4 4 4 . 4 * 4 +  * 4 4 * 4 4 4 4 4 4 + 4 + 3 4  4_ 4 .. 044 P4.54*NIM** *4 4 4 4 1 4 4 .  444414 C>

..4 0) 4 . l* * •  • * 14 * 0 + * *W *  . 3 * . 0 0 1 4 1 4 1 4 N4 4 1 4 1 4  * 0 * 4 4 0 0 0 4 4  $443
~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~I 1 4 4 0 0  44 + + 4 1 4 3 4 3 4  4 4 4 4 4 * 4 4 1 4 +  4 *  4 . . N N C S*  45 * * * *f l *  45 54 4

I I  4 4 40  4 4 + 4 4 0 1 4 4 4 *  P44 4 4 4 4 0 +  * 0 * 4 4 1 4 4)  44 55 * 4 4 0 4 4 . 4 1 4 1 4 4 4 4  P-s.
5 5  • 44 + 4 4 4 4 4 4* 1 4  1 - 4* 4 4  4 4 +  4 + 4 4 1 4 44 4 4 0  541 3~~~~~ * 1 4* N 1 4 1 4 )

— — 4 3 - 4 4 0 * 8 * 4 4 4 1 4 1 4  *4 4 1 44 4 4 1 4  4 4 4 * 5 4 ( 1 4 ( 4  1 P 4 4 S 4* . 4* * ’ 4 ’ 4 4~~
1 4 — —  4 4 4 4 4 4 5 4 4 4 4 * 5 4  * 4 4 . 4 P 4 4 4 ( 5 a P~4 P 4  4 4 4 544 4 4 4 4 5  1 4* 4 1 4 4 5 4 1 4 5 4 4 )
_ 4 —  _ 14 14 14 44 45 •44 141-4 14 14 4444 414 44 54 14 44 5 0 4 44 4544 414 1-4 4 4 4
C4 .. * S I  4 4 * 0 4 4* 1 4  1 4 4 1 4 4 1 4  4 4 4 4 4 4 4 4 4 1 4  4 4 4 4 4 1 4 4 4  4 4 IJ 4 . & 1 4 4 2 : -

~-54+ 00 4 4 . 4 4 4 1 4 1 4 4 4  5 4 N 4 1 4 4 ( 4 4 5 44 4 4 4 4 4 4( 5  1 4 1 4 4 1 . 1 4 1 4  IX)
4.4 .4 4+ 4 4 0 5 4 4 4 4 4  5 4 4 4 4 4 4 4 4 41 4 4 4 4 4  4 44 4( 44 4  1 4 4 4 15 4 4
. 3 4 4 4 4 4 4 •II 4 4 4 4 4 4 1 4 1 4  N 4 4 1 4 ) 4* 4 4 4  4 414 1 4 1 4 44 5 .44 4 4 4  1 5 4

4 *  4(4 0 4 4 1 4 4 4 . 4  0 4 44 1 4 4 4 44 4 4 44  4 4 4 4 4 4 ) 5 5 4 4 5  4 C)
4- *  44 44 ‘44 4 4 4 4 4 1- 4 4  4 4 4 (

~4 414 1-4 54 54 54 4 4 5 ’4 II 4 1 5-3~ ~X, S Y$2 0
4544 44 9 4 4 4 4  4 4 1 4 1 4 1 . 4 4 1 4  *4* P 4 4 5 4  P . 4 S 1 4  14 • 4 5 15 S
. 4 1 4 1 4 1 4- 4  * 4 4  -4 - C ’ a  4 4 *  W * 4 4 5 5 4 4 4 4 4 4 4 4 - ( 4 I •
01.44 54 I I I  1*  1 4 4 4 4 4  4 4 4 * 1 4 4 4 ( 4 1 .4 4 4 4 4 1 44  5
4+4444 -4 00  4 1  4 4 4 4 44 1 5 .  4l X 4 l P S 4 4

?~~~~~~~ U U 4 44
• 4 4 4 I . 4 4  - ( ‘ 4 4* 4 4 1 .5 4.1 - 4 W 4  4 4 * 4  4 4 4  4 444 5 4 *  5
9 4 4  P4 15 4 1 4 4 1 4 4 1 . 4 4  4 5 4 1 .  * 4 4 5 4 4 4 1 4 4 4  4 4 *  4*
(4 1 1 0’  1. 5 1 4 1 . 1 4 4 4 1 4 4 - 4 5 4 1 . 1 4  N 4 1 4 1 4 1 - 4 4 5  I ~ V S

4 )  54 454 5 4 4 4 5 4 4 . 5 4 4 4 5 1 . 5 4  4 4 4 4 1 . 4 4 5 4  4 4 4
_ * .  5 4 4 4 4 4 - 1  4 4 4 1 4  - - 4 1 4 1 . ’  > 5 7 4 4  4

~~~.4 5 4 4 9 9  ~~~~~ 5 5 Z 4 4 l 4 4 4 4 T~~ 4
.3 ‘4445 1 • O S I 4  4 4  41 444*445 3 4 4 4 1 4 4 4 4 1 4 4 4  4 )

~~~2 )  49 ( 5  ( 4 4 4  5 - - Ii 1 9  4 4 4 9 9 4 1 . 4 4* 4 4 ( 1 )  —

I ~~~~~~~ t ’ ~ ~~~~~~~43 

~~~~~~ ~ 
• 

0

•

~

_ _ _  - --- ---— - -~~~~~~~~ --~~~~~—--—--- - .- . - - - - - -



. 5  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~ 

-

- --.4

-
~~ 79

8~ST Ad .Ath i COPY
I 0 — 5 4 .4 4 01 4 I 1 1 4 4 $ 0’1 P - 0 0 05 0 0 4 0 0 0 p - 5 ) e S * f l 4 0 4 4 0 4 4 4 .. . 4- t ..0SI 4 * 5 5 4 5 5 5 4 0 p . 5 4 I5 0 4 -5 4 4 ( 4 ( 4 4 5 4 0 4 9 4 5 4 5 5 4 5 . . 5 5 ( 0 5 4 4 4 - 5 9 0 5 ( 4 5
ItS 1 4* 0 4 3 . ( 4 o 54 f * .~~ a 4 4 0 4 3 , 4 5 ( 4 ( 4 , . ( 4 . s~~. 4 3 4 0p 5 0 . 4 4 4 4 0 4 4* 1 4 4 5 5* 9 1 4
— .  • ( 4 0 4 4 5 4 1* 5 4 0 9 ( 4 5) 5 4 5 4 4 . .  4-45 0 4 5 4 - 5 . 4 0 4 5 5 0 ( 4 4 4 4 4 5* ( 54 3 4 - 5 ) 1 4 955 •4 I 4 4 m 0’ , .I.~~14(4 4-’ 1 1 1  5 50

- - I
C —

~

~I~i~ IIillHflUhUIftithL
~ •;i~~;m.izma;uus ~u~~~~~~~w~::- -•-~-~1inII I  y~~~~~~55 5 4 4 5  4 4 4 # 4 4 4.4 .4 .. 4 — I  • . 9  (I~41(4 5141 1 4 1 4 1 4 + 1 4 4  ~ 5 -  • . 11 4 - 4 0  555 - 4*  •-4 1 4 — .  • ..•  — .

. 4 * 1 4 444 + - .  I s  . 1  0)
~ . — — . .  + + 4 4 4 . : 4 4 4 4 j~~.. (-4 • =

I —~~~ ~~~~~~~~ ~~ 
. —  

I I41(4 $ 1 4 4 3 44  4 4  •.•** 5 5 5 5 5
• IS .1 

1 4 4  N 1444 : 1  • C

~~~~~~~~~~~~~~~~~~~ 
0

I n  
*.~~~~~zz : : *  

~~— — # 4 . 5 . 4  . 5  4451)4+ 1534—.-’ 4 c e o  ~s •I I I  —— — — 4 4 4 *  I *
I •:‘~~~~~ . 2 .

I . .5 . -  . 4 I * . 5  C)- 
I I  :-

~~
- ::

C
4 4 .  I . :

I I  — .

:.4
. - 0.4 . 5 -  5-. 1 1 :  0I I I  I~~~~~~~~04-

-~ ~~~~~~~~~~~ .4-’— — 
C

2 
I • . I I . 4* . *  S..

I’ -‘-
~~

• • — — — -  a.2 S..
I • — 5 - - — — . . I()
I S ~~~~~~~~~-..4 .-- -

- 

0-
. : :~~: 

0

~~~~~~~~~~~~~~~ 

- 

~ .
~~~~

14

~~~

.:

~~~~~~~

4 r :

1I~~ ~~~~~~ 
4 4 + 4 4 4 4 4  ~~~~~~ S 14 I I  I

— ~~~ 4 3 4 ’ 4’ 4 4 1 4 — 4 —  I 1 4 1 4  — 5  I ...-.
1 4 1 4 4 4 N~~~~* .~~~ I t ‘4 4 4 4 4  5 • I  . . 4 4  — —-‘ “ 4 1 4 4 4 4 4~~~~~~~~ I I  4 • 4 4 5 ( 5 4 4 4 5  . . I I4 * 4 5 5 44 * I  5 * .4 4 4 554*..... 4 _  04 5 5 2 1 4.  I 44 4 4 0 5 .~~~- 4 4 4 . . - 

0

-- ~- - ~~~~~~~~-— -~~— - _ _ _  .. - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -



80 
4

~~~~~~~~~~ C C C 4
I, 4 -* 5 5 4 4 4 0 4 5 ( 4 5 ( 4 Q 4 - 4 4( 4 ( 4 ( 4 ( 44 0 4 - 5( 4 ( 44 4 3 5* 4 5 9 04 0 1 4 4 - 5 4 4 4 5 ( 4 5

4 4 0  P S O 1 44 4 p~~4 5 4 0 4 ( 4 . 4 0 0’ P . 4 0 4 5 9 0 5 4 ( 4 ( 5 1 4 4 4 3 4 3 44 4 4 5 * 9 44 4 4 ( 4 5 t 4 4 t 4 4 S 4 -

~ ~I l l s  1 5 1 4 1 1 1 1 5 1 1 1

A

:~sr*,f ins:~1, :;~ : ~~~~~~~~~~~~~~~~ 
S 

IX;

~!
~~ 5’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~ 1;j :::fld: usii g~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~I~~~~~~J $g Ig ~~~~~~I;~~~ 5~~~~~~~~~~~j 17
~~~~~~~ MS44~~~~ .4

0 cms .xzzt~~~Iuu : ~~~~~~~~~~~~~~~~ 
~~~~

- in 4-’

____ 

~~~~~~~~~~~~~~~~ !~L
~~~~ 

I

~~~~~~~~~~~~~~~~~~~~~ ‘~1H ~I / / ~~~~~~~ 
•fi~~~~: t 2

/ / / .jJ2 . U

. I / / / • .~~~!0  5-
444 ~~~~~~~~~ / / 0 - -

4 1 1  / 41. / / / :U:2: 4—
.45 If ~~~~~~~~~~~~~ f 4-)

.4 ‘ •  V— I 4 + . . 4 ++

P 2.  :: ~~:~~: 
C

I ~~~~~~~~~~~~~~441 41 I.  . — “ 4 • • • • •  a.
.4 . s s  . s  * .  S..

I.~_ . 0 C)• . • i i _ _ _ _  in

~~ : :- ~~2 ~~~~~~~~~ ~~~~~~~ ~ °.. 4 1 1  • + 9 9 5 4 4  
1 1 0 4 5 9  5

.4 
I t

N
45 ... ... 44 ••* S 5 5 5*. . ..~ ..44
5~~4 4 4 + 7 I  ..  8 — 4 1  4 I 4 5 4 4 * *4 ~• — : V I ~~~~~ 4-’~~~~~

:~r’~ n’ :. . + ~~ili :~~*:“ • C) H
- . :.: V~~~ ! (I j .~~544+ 0 5-

43 +4 +  4 5*•• 44 14 4 1 - .  =• T .  
~~~~~~~~~~~~~~~~~~~~~~ 

a I 4 45l .44

~~44  * • S  - 
54 54

(4951 • 1 4 4 4 • ~

~4
•
~~~~~~~~~~~ j  ‘ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~11 . 14 I ( +~~~4 + :  

! 4 I i i~~~~~~~~ ( 4 + 1 4~~~~~~? •~~~~~~~~~~~~~ - Ifl~~~

I ~~ 0*1 5  5 4~~S 44
I. ••S +~~ . s~ 4 4 ( 4 5  5 5 4 1 * • 4 —  — *

.4 4 5 1 1 
~~~~~~~

-
~~~

‘:;. ~~~~~~~~~ 

~~~~ :: :: ~:.0 0 5 4 . 1 5 4 . 3 . 4 *  .4 5 44 I I • I I — — I  — . 4 4*

4*~~~4~~4+~~~ 4 1- 4 . 5* 3 ~~~~~~~~~
4 4 4 4 4 44 4 I +  In  14 5 (4 4 4 4  I I — —  +5-.

..~~ $3 !  4 f f 4 4 1 E ~~~~~~~ b--: ‘ ‘  :~ z

_ _ _  - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



4 --4. - 4~~~~~~34l 4~ >4404444~ ~~~~~~~~ 44— .p4~~4•5~~~47~~* - -4- - - -
~~~~~~ ~~- ‘4 -

~~-~~~~~ -~ -~~o~ -~~~~~~c44:- 
-
~~~

-
~~~~~ —

- 5—

~~~~~~~~~ ~~~~~~~ g 1

¶ s f r ~~~ TJ ’ ~~~~~~~ ‘4444
- 81

5 5 .0  5 4~~~~ c . r, vI m ,* s c o r. oe e . t 0 4 C O 0 &e O S 0( 4 O f l ( 44 4 e* IC 0 C
SI

I * 0 4 - r 1 4e s c a . 4 4 +  4 4 0 4 1 9( 4 1 .  4 0 1 4 4 5 5 0* 4 -

1(4 4
• 44 • ( 4 t e t . 5 1 4 1 4 (4 1 4 (4 4 + 4 + * . 4  1 1 1 1 1  0 * 0 . 41 4 ( 4 1 4 1 4 ( 4 ( 4 ( 4 ( 4 ( 4 4 4 4
I I I , I I I I 4 5 I 5 S I I

II I 4 44 44 •49 7 4 44 45 14~~~~~ 44 14 44 44 14 — 44 1 54 4 4 4 4  44 44 44 5 4 *  54 44
4 4 5 1  4 4 44 4 4  4 4 4 4 4 4 4  4 4 4 4 4 4 44 4 5 4 4 5  4 4 44 4 1 4 4 4
~~~~ 4~~~~~~4 44  4 4 4 1  5 15 5  5 4 * 4 4 4 1 4  4 4  Uli IX)
- ‘  

~~~:: 4 1 4 4 4
44

4 S~?T~ 
r—.

4 4 4 1 1  4 4 1 4 4 4  51 2 4 4 4 1 4 4 4 4  4 4 4 4 4 4 9 4  5 4 4 1 4 4 5 5  0)
5 4 43  4 1 44 45 4 4 4 4  ~~ ~~~~~~~~ ~~~~ 1 1  4 1 4 51 4 44 4  I

I 4 4 4 4 4  4 4 4 4 4 4 ) 5 4 9 5  • ) 4 7 5  44 •u 4 4 1 4 5 4 P 4  14
0 1 4  4 4 4 4 4 4 4 4 4 . 4 5 4 45 •.,.1 4 0 444 544 4 4 0 4 4 0 1 4 0
— 4 4 1  4 * 4 1 1 4  44 544 544 • 4 4 * 4 5 * 0 014 44

~~~~~ 
14 ~~~ ~~q~:: 5tt555~?5 S I44~~~~

’ 5. 144
fl 

Z~4 4 + . .  
_

4 4  4 4 4 4  5 4 4 4 9 5 4 4 5 5 1 41 4 4 4  * 0 4+ 4  *444.5.... *
* 1 ) 4 4 4  • ~~~+~~::::~~~ ~~~~~~~~~~~~~~~~~~~~~~~ in -4-’

I I  44)4 3 14444 * + 4 + 4  44 (1)
51(4  4 4 4 4 4 4 3 ) .  49 1 1 4 4 4 *4 4  * 5 4 4 4 . 444~~4 +  4
.. 94 4 4 4 4 4 4  5 4 45  5. 4-40 + +. . 44 444 54 444 4 4 4~~ 44 34 ( 4 1  544+.( 4+ 0)

~~~~~~~* 4 4 4 4*  3 4 • 1 4 4 . 4 4 + 4 4 +* . 3  S 
34~~~ * 4 51 4 44 4 4  1 4*4 4 +  I I I  S I I I — I — — 4 0
4 5*  54 1 4 4 1 4 4 4 4  + 1 4 4. 4 + 4 4 1 - s  I I  I I l l S  I — 1-4

5 1 4*  1 4 * 4 4 41 114 ..- . - 0+ 4 + 1 4 + I I I I I I I I  1 1 1 1 1 — 4 1 4
4 - 5 4  3 4 + 4+ 0 * 1 4 4 4*  4 + 4 + * + + 4 + 1 4 4I 5 l  S S I . _  • I  • 1 1 1 0 4 4  *
4+ 4 4 + 4 * 5 4 4 4 . 3 +  . . 4 4 - .* 4 4  I * I 5 I +144 .4 C

4 4 4  + 4 4 + 4 + 0 . 4  — S — S I I S . s • s .  I I
(4 4 + 4 * 4 + 4+ .. ... 5 1 5 1. . . .  •.....I.I 40 *
‘3 1 1 3 4* 4 . 3 .44+ . . . l I I  I .. . .  - . .. I . 4 . 4. 4 + 1 4  in
• + 4 + 4 4 —  1 1  I I  I I  . -  • - . • 4 4 4 4* *  4 4*

4 ’  I I I I I I I I S + I5  . - . . I S* 51 4 1 4  .44

- ? .+ +_  —~~~~~ ‘1:~~’~ ::~;:~‘~~ :
I I I  X .  I . • • 4 + 1 1 4 4 4 4• — . 4
~~~~ . t~~~• s   :;2~~

1-
~~~: 22~~ —

5 . I I I . I  . — — - .* 4  ~~~~~~~~~~ C)
2 2~~~~~~ 1. :~~~~~~” . ::2: I~~ 

— — — ~~ C
— 1 I  ... .‘ ~~~~~~~~~~~~ ~~~~ 2.. C

I — : 1 I I .  • • —  I 
I . t 1 ;. .

~~ 
; :.:: ~~ :.. ~~~~ ::2 0

_- I .  . . 4 -  • . 5  5~~~. . . I  I .  ~~~~I 
5 . - .  1444 5-4 4,, ‘.: ::::!:::- ~ 0

4 5  :1 I I . .  . :::::: 4—
I I I .  5~~~ I 4 . 4 +

>~ :2 I
4 . I I ..~~~~~~~~~~.4. 4-’

:::S I - .: : - 4--44 -. C

4_p 4 + s . . .  . .1  ‘ +
14 I • 5~~~~I 5 5-

t41 — 1 I 1 I 2 2 2 . 4 -I - . •  a.
2 ~~11 : — :.::. I 5-

— ,  s .  . • .I 5 . ~~~~ 2 0  C)
• . 4 , . .:::1 :--- in >

—
~~ ... ~~~~~~~~~~~~~~~~~~~~~~ 

II’~ C)
• I I I  • I I  
I 1 0 4 3 4 0’ . . 1 4 4 4 5 * 4 4  *

~~4; ::::22:;
_ _ • 4  _.. . . - 5 5 ~~ 4 44 r’

1 4_ _  . . I  • . . • . I  . 5 - 4 4 0 5 4 4 +  3 4 . 4  
94-. . S I • * 44 4.- 4 4  54 * 4( 4 . 4+ 4 + 4  54
4 0 .4 4 5  —~~~~~~~~• 

. . 9  • 4 1 * 4  4+ • C’-)4+ I . .  I — • 4-~
.: IX)

:, - 
~~~~~~~~~~ 4A •s%~~ 14. 0 w

14(4 44 ~ - . .44 5 .4 4 + 1  4 ~~4* 9 4 4 t . O * s .  
~

) 5—
1 - 5 4 4 , 1 1 4 .4+ 4 =
4+44 1-44 5 1 4 0  : 5 4 4 *_..~ : 1 ~~~~~~~~~~~~~~

• 
~~~~~~~~~~~ 0 -4 —

~1 I -  .: : 4 4 0 4 - 0 1 4

~~‘~~2:~~I .:~ - ; ;~~~~~~~~2~~~~~~~ .;.0—— 44~:L ~
I :~~~~~~~~~~~~~~ itj ~~~ .,~

~~~~~~~ ~~~~~~~~~~~~~~ 
I I

II ~~~~~~~~~~~ ~~~~~~~ :~~~~ 2~~: _ _.. 
• 4 -~~~

.~

- - — —~~~~~~~—-—~~~~~~ -—4 .  ~~~~~~~~~~- .--- —-— —~~~——-—~~ -—  -~~~~~~



___________________________________________________ -~~ ‘~~~~~~~~~~~~~~ ‘~~~~~ 4- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 

-- -----

82

S 1;~ ~~ ‘ t i 1 !
.~~j~ ~!/ 

~~
‘

2’~ 1115 11 ~~~~~~~~~~~4- 

•
— ..

~~ 4 _ 4  I • __ 4 4 h~ 
—.-

~~~~~~~~~~~ ~~~

— 2 2 I I
,~~~~~~~.. .~:::t ~~~. : : in

— I — S  - . — - . II  — •
— — 4 5  . 1 — .
I t ’ 1 ~~: :: : :  . . _  -

I I I  
4~~~ I I I I

- I  - I -  :~~~~~: : - :  :
I 0
I S  ~ ::.

‘ I • ; :   -: : . . : •
~~~~~

— I S I S  ~~~~ 1 . 1 .
4 4 4  I I I .   • • _ _ I

1 1 1 1 1 1  • 5 . .  . w
:2  ::::. •:

:.:~~:.14 I I S . . . .-

— 5-
. 4 1  : : :  . .•  . Ci)

4- — . “ : .  0 

r~)

1 4’4 .414 I _
~~~•.. : :::: 4—

I I  -4* I . .  • . 4 4 _ ,  • ....

• • • 4 *
I I . . . .  :. I 4 4~~~~~~~~ ;_ L ~~~~ ::::1• 1 4 4  4

2 -~ ..~~~::::•::  •: . ~~~~~ :~~-~H
0 * 4 4 4 4 . 4 5  1 

~~~~
.

• 
* I I P 4  I . 4 I

~~ 
-

~ . : ~~~~~~~~~ 4 2 • . l  1 I * 5  - 0
4 - 4 1 ( 4  - :  •

•~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~ 0 S..

~‘4  S I • — I S 4 + 4 4 . 4 — 4 . S .  =N r- 4 N 4 +  I . 5 5 .  •
• I —,.. I • — 1  . 1

~~~~~~ 0 0  — I . . I I ‘ 4 4+ • I 4 I — I I

2 . ~~~~~~I S I ~~~~~~~~~~~~~~~~ :~~
-
~~~ 7 Li..

.I I .  8~~-4~ -~~8•— .-. - S +  4
I I  ‘ — 4 .  . . . •  4 . — —  — 8 _ _ S  4 . 4 —

4 . . I 4 . I I  .4 . 5 . 4 4 - 4
14 40 0 * 1 4  4 - . 3 - — 5 . 4 + 4 4  5 5 . 4  1-4 54 4 . 4  I - I 5
~~ 4 0 4 + 0  4 I 4 1 4  I • 5 4 5 4 1 4 0 4 I

. 4  5 4 + +~~~~~~~~~ 4 4 ~~~~~~~~~

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~
144 11 - 4 •  4 • 4 •  • ( I *  4 4 1 4 1 5 . 4 4 + .  4 4 +

* 5 514  4 .  ~~ 4 .. S 1 4 4 4

: 4 —  0 4 4 4;~~~~~~ • I I I~~~~~~~ ( — I — 2  :~::4 5 5 9 4 4 4  • 4 t . * 4  I .

;‘$$~~~ ‘, 2  ~~~~~~~~~~~~~~~~~~~~~~ - . _ _  — ‘ - : j :
~~~

11 ~~~ ,~~~~~ : 4 + 1  

-

I I— ..- !~~::: I 4 :  : ~~. : t 2 . 2: :  . I:

----4- — ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ - - 4 -~~~ --44—-’4-- -- - ---- -- —— ~~~~~~~~~~~~-- ~~~~~~~~~~~~ --



-

~~~~~~~~

B;i~.~r : ! !  r: f~
’
~~ ’-t 83

~~
-y  -

I (-. -
- ~~ - .

I ~~~ - 4.40 -

i&~. - 
--; 

4
;. 

- 

~~~~~~~ 
.44

• 

. : ,, -
~~f - -

8~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ...

‘: V ~~ 
:

_

~~~~~~~~~~~~~~~~~~~~~

‘

-,

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I ~~44

- . 

~~~~~~
- .i ~: 

r

~~~

--*. ~~~~~~~~~- 

~~ ~~~~~~~~~~~~~~~~~~~~ ~~~ -.

~
,- _ - _ ~~~~ -

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~

Fir:ur 5 .3  NOAA 4 iiosaic for 4uqust 24. ~975 with
the v isible cha rn el on the top and the
infrared channel on the bottom.



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -  

-- -~~~~

84

atmosphere and 5.2.11 peaks highest for channels analyzed in this

band. Comparison of the channels in the two CO2 bands show a great

amount of similarity as would be expected. The l ower upwe lling

radiances indicated in all figures over the southern portion of

the overprints corres ponds to clouds over Mexico and the Gulf of

Mexico . These clouds were indicated by surface observations

although data was unavailable over part of the area on the satel-

lite pictures . All the passes used in subsequent analyses were

overprinted to verify the HIRS data by comparing the overprints

with surface analysis and satellite pictures.

5.2 The Three-Dimensional Neph analysis

The Three—Dimensional Nephanalysis (3DNEPH) program was devel-

oped at the Air Force Global Weather Central (AFGWC ) to incorporate

the tremendous quantity of satellite sensed cloud data and con-

ventionally sensed meteorological parameters into a three-dimen-

sional cloud model of the atmosphere . !iaximum efficiency could be

achieved through the use of the computer facilities at the AFGWC

in handling this vast amount of data to ouput a high-resolution ,

operational product.

Basic to the design of the 3DNEPH is the assumption that satel-

lite information is available for its data base in a timely manner.

However , in the event that satellite data is not available , the

3DNEPH has the capability of extrapolating past analysis until such

time as satellite data does become available.

The 3ONEPH program is built as a series of input processors .

These processors include the surface data processor , radiosonde —

a -- - -- --~~ -—~~~~~~~~~~~~~~~~ —--- - - 4- - _ _  -
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observation ( RAOB) processor , aircraft data processor , manual data

processor , decision tree processor , satellite video data processor ,

satellite infrared data processor , final processor , forecast processor ,

veri fication processor , and display processor. Because of the modular

nature of the 3DNEPI-I program , processors can be added to or deleted

from the system wi th a minimum of programming problems . Descriptions

and functions of each of the processors can be found in the AFGW C Tech-

nica l Memorandum 71-2 by Coburn (1971).

The horizontal resolution of the 3DNEPH program is limi ted by the

resolution , and mapp ing and gri dding accuracy of the input satellite

data. The hemispheri c grid chosen for the 3DNEPH which was compatible

with the accuracy of its input satellite data was a 512 x 512 array

centered at the north (south) pole of a polar stereographic map and

having a distance between grid points of 40 km at 600 latitude . This

- 
- 512 x 512 grid was fu rther subdivided into 64 squares ( boxes), so that

the finest mesh was 4096 grid points over each hemisphere . Once again ,

each grid point contains information representative of a 40 km square

centered at the gri d point when at 600 latitude . The ver’tical resolution

of the 3DNEPH program divid es the atmosphere into 15 l ayers (see Table

5.3). The fi rst six l ayers are terrain following l ayers and the last

nine l ayer~ are categori zed in feet above mean sea level (MSL).

In addition to the information given for cloud amounts in the

l ayers , seven additional pieces of data are given at each point

that pertain to the point. These data denote information about the

cloud types , maximum tops and minimum bases, the current weather ,

-4 - — - - S-- —- - -—
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TABLE 5.3 Bases and Tops of the 15 Layers of the 3DNEPH

Layer Base of Layer (feet) Top of Layer (feet)

1 SFC 150 AGL (Above Ground Level )
2 151 300 AGL
3 301 600 AGL
4 601 1000 AGL
5 1001 2000 AGL
6 2001 3500 AGL
7 3501 5000 MSL (Mean Sea Level )
8 5001 6500 MSL
9 6501 10000 MSL
10 10001 14000 MSL
11 1 4001 18000 MSL
12 18001 22000 MSL
13 22001 26000 MSL
14 26001 35000 MSL
15 35001 55000 MSL

and the total cloud cover. The type of info rmation contained in

each entry is presented below .

a. Type of LOW Cloud. Stratus, stratocumulus , cumu lus , cum-

uloninibus , and combinations of these types are used (15 types). A

zero indicates the parameter is not present or its existence is

unknown .

b. Type of MIDDLE Cloud. Nimbostratus , altocumu lus, alto-

stratus , and combinations of these types are used . There is a

total of seven types. An entry of zero means the same as indi-

cated for the LOW clouds.

c. j~p~e of HIGH Cloud. Cirrus , cirrostratus , and cirro-

cumulus , and combinations of these are used. There is a total of

seven NIGH cloud entries. A zero entry means the same as for the

middle an d low clouds .

- —- ~~~~~~~~~~ -~~~~~~~~~~~~~~-— - - — .-~~~~~ - 
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I d. Present Weather. The presen t weather parameter is coded

as a past weather code , range 0-9 (WMO Present Weather code divided

by inte ger 10 with truncation) .

e. Maximum Cloud Tops. The maximum-cloud-top parameter is

coded using WMO Table 1677.

f. Minimum Cloud Base. The minimum clou d base is coded using

the same table as used for the maximum cloud tops (WMO Code 1677).

g. Total Cloud Cover. Percent of cloud cover at the point is

coded directly to the nearest whole percent (0-100).

The parameters for a point are related to the vertical l ayers

by the definition of low , mi ddle , an d high cl ouds which are a func-

tion of terrain. Table 5.4 shows the relationship between low , mid-

dle , and h i gh clou ds as a function of terrain. For example with a

terrain of 3500 feet, l ayers 1-9 are low clouds , 10-12 are middle

clouds , an d 13— 15 are high clouds . An exception to this rule is ,

of course, convec tive low clouds (cumulus and cumuloni mbus coinbina—

tions). The top of these convective clouds will be governed by the

maximum cloud to p entry.

TABLE 5.4 Relat ionship of Low , M i ddle , and Hirh Clouds to
the 15 Layers when Terrain is Presert.

Terrain Low Cloud Middle Cloud Hiqh Cloud
(ft) Layers Layers Layers

~ 1750 1- 8 9-12 ‘3
> 1750 5500 1- 9 10-12
> 5500 ~ ThOU 1-10 11 - 13 l4~~5
> 9500 ~ 1 3500 1—1 1 12-13 6-15
>13500 ~ 1 7500 1-12 13-14 15

> 1 7500 1 -1 3 4 5
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The use of the 3DNEPH as a source of comparison to the tech-

niques developed here has many shortcomings. The 3DNEPH was used

as a comparison since no other known source containing the routine

analysis of cloud parameters 3DNEPH is available. These problems

include timeliness, layer resolution , dependence on subjective

observations , and the hori zontal spreading of the data .

The timeliness of data is very crucial in this analysis. The

3DNEPH is produced every three hours . If there is no new data for

an update , the previous analysis or a cloud forecast is used for

the new analysis. The ever-changing cloud scene at a point makes

the timeliness of the 3DNEPH and the HIRS data very important. This

problem is minimized since we are considering overcast cases in

which the cloud scene at a point will probably not change signifi-

cantly over a short period of time .

A second problem area is the l ayer resolution of the 3DNEPH.

In the m iddle cloud l ayers this can be as much as one l ayer thick-

ness , up to 4,000 ft. In the high cloud l ayers this can be up to

20,000 ft. If a thin layer of cloud is reported to be in one of

the l ayers , the model must automatically fill the entire l ayer with

clou ds. As noted earlier , an error of 4,000 ft (1.2 km) is one—

ra if the thickness of nriddle cloud that can be detected by the

theoretical model . In the case of cirrus clouds , a 20,000 ft error

i3 equivalent to 6.1 km . a greater thickness than the model can

handle. This large error can be somewhat off-set when the maximum

L cloud top parameter is considered. At middle and high cloud top

levels , the codin g for this parameter is accurate to 5,000 ft or
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1.5 km. For l ower middl e cloud tops , this parameter is accur-

ate to 1 ,000 ft or 0.3 km.

The use of subjective weather observations plays an impor-

tant role in the accuracy of the 3DNEPH cloud thickness determina-

tion. If the observation is overcast clouds and there is no

current satellite data , the cloud top cannot be determined and

persistence prevails , and the cloud thickness is over or under-

estimated. Another case would be when satellite data is available

but no surface observation is present (over oceans), the satellite

can determine the cloud top height only and no information about

the cloud depth can be determined.

The need to take surface observations and spread them horizon-

tally is another area in wh i ch the comparison would not match . The

3DNEPH grid point represents a 40 km box at 60° N. If there is no

current satellite data and the observation network is not at a 40 km

• resolution , some influence of the surface observation is spread to

adjacent points in the 3DNEPH. This can be seen by examining an

area of 3DNEPH data where the cloud thickness will be constant

over a large area.

Steps taken to minimize these problem areas will be discussed

in the next chapter under data selection.
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CHAPTER 6

• 
- 

DATA SELECTION AND COMPARISON

This chapter will describe how the HIRS data used in the

comparison with the 3DNEPH was chosen . The next section w i ll

include a synoptic discussion and maps and satellite data for

the days used in the analysis. Section th ree of the chapte r

will contain the comparisons and a discussion of their validity .

The last section of the chapter w il l present the possibil i ty of

mapping the ice and water content of cirrus and mi ddle clouds on

• more than a local basis utilizing the technique developed here .

6.1 Data Selection

The basic criteria for the selection of the HIRS data to be

compa red with the 3DNEPH must consider the use of data where the

3DNEPH is most reliable. 
- This criteria dictated that data be

chosen where the 3DNEPH had good surface data as well as satel-

lite data . Additionally, the areas of interest must be in the

presence of synoptic scale weather so that continuous cloud decks

would be insured. The use of HIRS data points at or near nadir

would insure the least amount of error in applying the real data

to the theoretical calculations , Since the fitting of the theo-

retical upwelling radiances to different scan angles would be most

accurate at nadir.

•

~
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Based on the foregoing criteria f ive passes on f ive consecu-

tive days were chosen for this comparison. These days included

August 21 through August 25 , 1975. The pass on each day that

included Western North America and is closest to a 3DNEPH analysis

time is used . Since Nimbus VI has an approxima te equator crossing

at 1000 local time on its ascending pass this would correspond to

l800Z (GMT) analysis time for the 3DNEPH. The area of the 3DNPEH

that cove rs th i s area in box number 44 wh ich has the follow i ng

lat i tudes and long i tudes for the upper le ft, upoer’ rinh~ , 1 n’-~’r

lef t and lower rig ht, respectively , 52°N l25~W , 62Th S 0 W , 3 1 N

106 °W , and 36°N 80°W.

Inspection of satell i te pic tures on th ese fi ve days show th a t

all the clouds are north of4O°W and a majority of them are north of

45 °M. For this reason all the points used in the comparison are at

these latitudes .

To apply the theo retical results to the real HIRS data a method

had to be developed to reduce the cloudy radiances to ratios . The

theoret ical data would be compatable since the atmosphere used in

the c3lculatio ns were mid—latitude summer and the real data is also

for mi d—latitude summer. To obtain a clear column radiance that is

representative of a localized area the HIRS data was examined in

conjunction with the satellite pictures . The point chosen for the

clear column radiance was then used to obtain the cloudy ratios for

that day. The po i nt c hosen had the same scan an g le as the clou dy

radiances. this choosing was done for all five days to obtain ratios

for the clou dy cases. This clear column radiance location was done

• ~~~~~~~~~~~~~~~~~~~~~~ —-.~~~~~ ~~~-• —-—-— — • —
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manually, but could have been automated by comparing the real

data wi th the clear column radiances calculated for the model

atmosphere. In this way a point could be chosen where the radi-

ances match the theoretical clear column radiances and thus

minimi ze the difference between the theory and the actual data .

The colocation of the HIRS data with the 3DNEPH was accom-

plished using the latitude and longitude from the HIRS data .

These quantities were then converted to 3DNEPH grid location .

Since this location is never an exact 3DNEPH point , the 3DNPEH

point used for the comparison was that point closest to the calcu-

lated grid location .

6.2 Synoptic Discussion

The synoptic discussion for each day will include a surface

analysis for 1200Z. a 500 mb analysis for 1200Z and NOAA 4 satel-

lite data. The NOAA 4 satellite data for each day are the mapped ,

normalized and gridded mosaics from the Very High Resolution Radio-

meter (VHRR). A two picture set includes the broad band visible

channel from .5 - .7 pm and the broad band window channel from

10.5 - 12.5 pm. In addition there is a general synoptic discus-

sion for each day. The figures for each day are arranged with

the surface and 500 mb analysis on one page and the visible and

infrared satellite pictures following. All satellite data is for

1000 local which is equivalent to 1800Z over the western United

States. These include Figures 6.1-6.10. 

~~~~~~~~—- -~~~~~~ —- - • -—- --~~~~~~~~~~~~—— -~~~~--—--~~~~~ 
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Augus t 21, 1975 1200Z

The 500 mb analysis shows a closed low at 63°N-57°W with trough

line extending south-southwestward . A deep low pressure trough is

located over central Cal i fornia supported by an open long wave trough

centered over southern Alaska. The trough line extends from this

low down the west coast of Canada across the western United States

into the central California trough . The eastern United States is

dominated by high pressure south of 40°N.

On the surface analysis a low centered over Lake Superior has

a warm front extending into eastern Wisconsin and across southern

Lake Michigan. A stationary front from this low extends across

Minneso ta westward across Neb raska , Colorado and Utah. Rain and

drizzle is occurring east and north of the low. A low pressure

area in northern Idaho has a cold front extending southwestward

through Oregon into the Pacific. Shower activity is indicated in

much of the western United States with drizzle being reported on the

northwest coast.

The satellite pictures for this day show the rain area associ-

ated with the Lake Superior low and the general showery conditions

in the western United States. Shower activity is also present along

the cold frontal system in Idaho and Oregon . Extensive low clouds

are present in the eastern Pacific. The HIRS pass for this day had

a subsatellite track along a line from l9.°N and 103.6°W to 5O°N and

l14°W. The pass had a time of 1845Z. The satellite pictures m di—

cate most cloud along this line are north of 30°N. The shower-like

activity is indicated in both the IR and visual pictures.

_ _
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Figure 6.1 Surfac e (top) and 500 mb (bottom ) analysis for
August 21 , 1975 at l200Z.
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August 22, 1975 1 200Z

The 500 mb analys is shows the low at 63°N , 57° W has weakened

and moved eastward. The low over southern Alaska has progressed

eastward to S5 °N , l25 °W. The low in central California has continued

to fill . The trough line in the western United States is now loc-

ated along a line through western Washington and Oregon , through

western Nevada , central Californ ia and out into the Pacif ic. The

upper level high in the southeastern United States has moved sou th-

ward and eas twar d.

The surface map shows the low that was over Lake Superior on

August 21 has moved over Maine . The frontal system associated with

this low pressure extends across southern Canada , southern Lake

Michigan and across Iowa and Nebras ka. Showers are indicated all

along this frontal system. The cold front that was located in Idaho

has moved northeastward into eastern Alberta with the frontal system

extending through Montana and southern Idaho. A warm front is

located in eastern Montana. Shower act iv i ty is presen t along this

frontal system . There has been a decrease in shower activity over

the southwestern United States.

The satel l i te pictures reflect the frontal positions quite well ,

with all of the activity in the western United States north of 45°N.

In add ition to the frontal systems noted , a new system has appeared

in the Gulf of Alaska . The subtrack for the HIRS pass is along a

line from l8.7°N , 9 l .6 °W to 52°N , 104 W . The pass had a time of

174 5Z. Examination of the IR sa te l l i te  picture - indicates a good

combination of middle and high clouds north o~ 63~N on the sate l l i te

subtrack.
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Au gus t 23, 1975 12007

The 500 mb analysis shows the continued filling of the low

at 6 gc W . The trough in western North America has continued north

and eastward. This low now has two closed centers , one at 58N

and 100W and the other at 50°N and l25 °~4.  There is a weak trough

from the more northerly low center extending southeastward from

its center into central Saskatchewan. The more southerly center
• has the troughline j ust off the western coast. The high center

in the southeastern United States has moved slight ly s- utheast

— and is now centered over A labama and Georgia.

The surface analysis sti ll carries the stationary front across

the eastern part of the country from Virginia to southern Lake

Michigan. The low in easte rn Alberta has moved a little north

• and deepened. The occl uded front from this system is appraching

100 ° Win  Canada and then becomes stationary a long a line th rough

North Dakota , southern Montana and southern Idaho. A new surface

low supported by the upper closed low off the west coast is now

into extreme western Wash ington.

The re is a good supp ort for this analysis when analyzing the

sate llite pictures. The pictures show a good cloud shield wi th

the system along 1O0°~ and s howe rs northern along the front through

Virginia.  The IR picture indicates cirrus clouds along all of

these fron tal a reas. The HIRS pass for this day has asubsatel -

li te t rack along a line from l~i6N ,1O7 .3°W to 52 . 2 ~N , l19.0°W. The

sa te l l i t e  picture indicates ~ good cirrus shiel d over W ashington

and Oregon under the satel l i te pass. The pass had a time of 18457.
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The upper level trough over - -.‘estern North America has moved

over northern Saskatchewan with the troughline extending through

western Montana into northern Nevada. The high pressure area

over the southeastern United States has moved eastward off the

Georgia -South Carolina coast. High pressure is now dominating

the Pacif ic Northwest. The surface map s hows a complex fronta l

system. The occluded front in Canada has now moved to 85°W with

a warm front extending across the Great Lakes area into Pennsyl-

vania and New Jersey . The analysis indicates a strong squall

line across Wiscons in southwestward into Iowa . The sationary

front extends across northern Minnesota to the Dakotas and into

Wyoming with a cyclone developin g on the front in North Dakota .

The s?te l l i te pictures show general cloudiness along thenorth-

em United States border and and over the Great Lakes and eastward .

This is in good agreement with the 1200Z analysis. The HIRS pass

for this day has a subtrack along a line froml8.6°N ,96.2°Wto 521’!

l OB.3°W. The pass is over the rain area indica ted on the surface map

in eastern Montana and southern Canada.

August 25, 1975 l 200Z

The last day of the analysis shows that the 500 mb trough over

centra l Canada has become closed and moved eastward with the trough-

line now extending southward th rough weste rn Minnesota into Nebraska .

The high over the southeast United States has weakened with the

movemen t of the trough. High pressure remains strong in the eastern

Pacific.
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A strong surface low that formed over North Dakota on the

previous day has intensified and a lOw is located south of Hudson Bay

with a cold front extending through Lake Superior , southward into

Kansas and then westward into Colorado. The stationary front

across the northern Great Lakes and Pennsyl vania has moved north-

ward across New York. Some shower activity is also indicated in

mountains of western Montana and southern Canada.

The surface map and 500 mb analysis indicate heavy shower

activity along the frontal system in Illinois ’ Iowa and Missouri

as well as east and north of the surface low pressure center.
• Shower activity is also indicated in Montana and southern Canada .

The satell ite pictures reinforce the surface and 500 mb analyses

with cloud cover in these areas. The HIRS pass had a subtrack

extending from l9°N , 85.6°W to 52°N and 98.7°W . This would pass over

the strong activity in the midwest as well as l ower clouds north of

Lake Superior and the cirrus clouds further north.

6.3 Data Comparisons

Two sources of data that are generated routinely are used for

comparison with the calculated FURS cloud parameters from the empir-

ical-theoretical parameterizations. These two sources include the

3DNEPH for cloud mass comparisons and the satellite mosaics for

the cloud type comparisons.

6.3.1 Cloud Type

All of the FURS data applied to the theoretically based empir-

ical relationships are from the cloudy areas , north of 4O°N ,

_ _
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discussed in the previous section . The slope and y-intercept of

each case was calculated. The cases with the magnitude of the slope

greater than the magnitude of the y-intercept were assumed to be

cirrus clouds . The cases wi th the magnitude of the y-intercept

greater than the magnitude of the slope were assumed to be middle

or lower clouds. These cases were then examined in conjunction with

the IR picture s of the previous section . In all cases , the empir-

ically derived relationships that were based on the theoretical

model indicated the proper cloud type.

The model indicated the presence of middle clouds in the vic-

inity of 52°N , llS°W to 43°N, lOO°W on August 21. Examination of

the IR picture in Figure 6.2 verifies the presence of lower clouds

in this area. For August 22, the model indicated a mixture of

cirrus and l ower clouds from 52°N, l04°W to 49°N, 102°W and then

extensive l ower clouds to 43°N, 99°W. This same pattern can be

noted by examining Figures 6.4. In the vicinity of 5O°N the IR

picture shows an area of some cirrus clouds and some warmer l ower

clouds. South of 49°N there is only l ower clouds in the IR pic-

ture of Figure 6.4. It also indicates little cloud south of 43°N.

One of the clear points in this area was used for the clear column

radiance in the ratlo -ing for this day. The JR picture for

August 23 (Figure 6.6) shows extensive cirrus on the subtrack of

the satellite from 53°N, l2O°W to 42°N, 1l5°W. The model shows

all cirrus clouds in this area except for the indication of some

middle clouds near 53°N. Further examination of Figure 6.6 reveals

some breaks in the cirrus cloud in this area . On August 24, cirrus

~
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was again indicated from 52°N , l09°W to 4814, lO6~W and middle

clouds were nresent south the 47°N. Examination of the satel-

lite picture for that day (Figure 6.8) verifies this analysis.

The clear column radiance for this day was taken from an area just

south of 47°N along the subtrack of the satellite . The model ana-

• lyzed middle clouds from 53°~I , 97.5°W to 471’1, 94.5°W and cirrus

clouds from 44°N, 93°W to 39°N , 91.7°W for August 25. This again

is represented wel l on the JR picture of Fiqure 6.10. The clea r

column radiance for this day was from near 38°N and 9l°W. The

ice and liquid water content for this pass alonq wi th the pass for

August 22 are mapped in a subsequent section.

6.3.2 Cloud Mass

To determ i ne the cloud mass the data described in the previous

section was divided into middle and high clouds. The 3DNEPH points

that correspond to these data cases were then selected from Box I44 of the 3DNEPH at 1800Z for the five days analyzed . In all cases

the 3DNEPH indicated l ower clouds below the cirrus or ~iiddle cloud.

This indicates one of the basic problem s discussed earlier about

the 3DNEPH , that with only surface analysis the cloud top is over

estimated and with only satellite data ~he cloud base is l ower than

it should be , so that the error can be greater than the thickness

of the cloud . It is virtuall y impossible to correct this problem

without instrumentation that can see through clouds . In addition ,

the spreading of an observation to many 3DNEPH points tends to

smooth the data out so that cloud thicknesses are constant over

l arge areas. To minimize these problems , the 3DNEPH cloud

~
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t”ickness data were used as cither cirrus or ~ dd ie -~J . As

no ted earl i er , this would r o t  difec t the ice and wote r  content

calculation siqnificant ly :~ou ,e middle cloud ~n tI’ t- oresence of

thin cirrus has the same appearance as moderately thick cirrus.

The effect of l ower clouds on middle cloud ratios remained vir-

tually unchanged when como aring the slopes and y—intercepts

derived from the empirical -theoretical anproach.

The 3DNEH thicknesses were paranieterized by assuming the base

of the cloud corresponding to the theoretical base of the cloud.

Th i s was 3.1 km for midd le clou d and 6.7 km for c i rrus clou d s.

The cl oud thickness in the middle cloud case was then obtained by

adding the terrain to t he m idd le cloud base and su bt ra cti ng th i s

from the l ayer top or the maximum cloud ton parameter . This was

then multiplied by 1.5 x io 2 gm m 2 km~ to obtain the liquid

wa ter content. The cirrus cloud thickness was obtained by sub—

tractin q 6.7 km from the hei ght of the top of the layer ton con-

tain ing clouds or the maximum ton parameter whichever was smaller.

This resul t was then multiplied by 28.3 qm m 2 km~ to obtain the

ice content. In this way, it shoul d minimize as much as possible

the thickness grouping in the 3DNFPH.

Figure 6.11 is a graph comparing the model ice and liquid

water contents with the 3DNEPH derived ice and water contents . Part

a of the graph is for middle cloud cases and part b is for cirrus 
•

cloud cases. In both parts , both the 3DNEPH and the theoretical-

empirical relationships indicated middle or cirrus clouds. The

ord i nate is for the 3DNEPH and is labeled in both thickness and

—- ~~•— .— -•_~~~--— - - - - •••~~~-- . —•-- .— —-- S-
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equiva lent ice or liquid water content based on the ice and liquid

water contents used in the theoretical calculations. The abscissa

is for the empiri cal—theoretical calculations and is also labeled

in thickness and equivalent liquid water content for a part a and

equivalent ice content for part b.

Comparison of the 3DNEPH derived water contents in Figure 6.lla

with the empirically derived theoretical water contents are some-

what variable. The linear relationship desired is not present

although some correlation can be noted. The data points in the

comparison primaril y occur at four 3DNEPH thicknesses while the

model derived water contents covering a wide range. This grouping

is present since the 3DNEPH has only four middle cloud l ayers in

the 3DNEPH data base. The further parameterizations done to the

3DNEPH in this analysis made it possible to increase the number of

water contents that could be obtained from the 3DNEPH. The error

range of the comparisons for part a of Figure 6.11 is up to 2.25 x

102 gm m 2. Anal ysis of Figure 6.llb also indicates the grouping

of the 3DNEPH data at basically three ice content values although

the range from the emnirical-theoretical calculations very over a

wi de range for a given 3DNEPH value. The error range in Figure

6.llb is up to 84.9 gm m 2. Al though the desired linear result is

not present for the comparisons in Figure 6.11 , some agreement

between the two independent methods of computing cloud ice or

liquid water content is indicated .

The above comparisons point out the simple fact that new methods

for determining cloud structures from satellite data cannot be

_ _ _ _  ~~--~~~~~~~~~~~~~~~~ -~~~----— - - - - - --—• -—-~~~ • - - - • - • - ~~~~~~~~~~ —- -— -~~~~~~~~~~~~~~~~~~~~~~ —
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EMPIRICAL-THEOR ET CAL V~AT ER CONTENT (102 gm-rn~)
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Figure 6.11 Comparison of 3DNEPH middle cloud water content
with empirical -theoretica l middle cloud water
content from HIRS in part a and comparison of

• 3DNEPH cirrus cloud ice conten t with empirical -
theoretical cirrus ice content from HIRS in
part b. 
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properly verified with the current data bases that are available.

The cloud typing derived in this analysis can be compared with

simul taneous cloud photographs and these compari sons appear to be

good in light of discussions in the previous section. The

verification of ice and liquid water content will require well

planned and controlled measurements of cloud structures within the

satellite field—of—view. With this type of verification , it will

be poss ible to refo rmulate parameterizations of theoretical ca lcu-

lations to improve the accuracy of these estimates of cl oud corn—

positions . Until this can be accomplished , the use of theoretical-

empirical relationships should prove to be more accurate than

purely statistical methods .

6.4 Cl oud Moisture Mapping

The use of the parameterizations described in previous chapters

and applied to HIRS data in this chapter can be used to map ice

and water content of middle and cirrus clouds. To perform this

mappin g on a global scale over long periods of time would be the

des ired result. However , to accomplish this on a rout ine bas i s

would require the availabilit y of global satellite data and a large

block of dedicated computer time. In this sect on , portions of two

orbits over central North 44neri ca are mapped to i l lustrate the con-

cept.

The maps used for these nrojections is polar stereographic and

it is therefore possible to compare rather easily to NOAA 4 satel-

li te pictures d isp layed in Sect ion 3 of thi s chapter . In each of

the cas es the cl ear co l umn radianc e at sate lli te nadir was used to

-_-
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perform the ratioing over ten scan spots on each side of the nadir.

Beyond these scan angles a clear column radiance representative

of a large scan angle should be used to perform the rationing to

derive the amount of liquid water or ice content.

As noted earlier the slope and y-intercept of the linear fit

determines whether middle or high cloud are present. If the magni-

tude of the slope is greater than the y-intercept cirrus cloud is

assumed. Further criteria established to perform the mapping were

to eliminate data points where the magnitude of the slope is greater

than 25, or the correlation coefficient was less than 0.70. These

criteria were used after comparing many cases of actua l data with

theoretical calculations. Cases that do not meet the above criteria

are low cloud which were not addressed in this analysis or partly

cloudy atmosphere , which wil l  be discussed in the next chapter.

In both passes analyzed,the latitudes and longitudes of the

data points that met the above criteria were plotted on the polar

projection and then analyzed. The two figures containing the

analysis Figure 6.12 and 6.13 are for August 22 and August 25,

respectively. In both cases the cirrus and middle cloud are mapped

on the same figure . The isolfnes are labeled with vertica l ice or

liquid water content based on the constants derived from parameter-

izations of the theoretical calculations. As an example the line

label ed 150 is equiva l ent to a middle cloud thickness of 1 km

from the theoretical calculations. The solid lines are isolines of

middle cloud , dashed lines are for cirrus cloud and the darker

lines are sepa ration of mi ddle and high cloud analysis.
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The analysis for August 22 shows two areas of overcast condi-

tions under the satellite . The northern area is over southern

Canada and extreme northern Montana and North Dakota is character-

ized by both middle and high clouds. Since the data is cutoff to

the north , east and west the analysis shows sharp break points in

these directions. Analysis of the NOAA 4 indicates that these

— cloud areas analyzed for this pass no cirrus cloud is present ,

although the analysis shows middle cloud less than 1 km thick both

south of the northern area and north of the southern area of clouds.

This is also true south of the southern cloud area for one scan

line .

Analysis of the figure for August 25 shows a similar set of

two distinct cloud areas. The southern area is the cirrus on top

of an active area of thunderstorms and the sharp southern edge of

this cloud mass corresponds very well to the NOAA 4 picture . The

northern cloud mass is dominated by middl e cloud with some cirrus

on the southwest side. This again agrees wel l with the NOAA 4

satellite picture. On the southern edge of the northerly cloud

mass the middle cloud thicknesses fall off very rapidly both by

examination of the picture and from mapping.

With proper verification, the use of this technique on a global

scale is ~easib le. Proper verification as noted in the previous

section woul d require the use of cloud physics measurements in the

satellite field-of-view . These types of measurements would be

required in a variety of atmospheric conditions. Global mapping

requires the solution of the problem of determining ice and water

______  ~~~~~~~~~~~~~ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • • ~~~~~~~~~~~ •~~~~~~~~~~~~~~~~ . •.~~~~~~~•
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content i a partly c1oud~’ •~~~o~phere -4 i ch will be discussed in

the next chapter. The current analysis lends itsel f to real time

analysis since the computer time requirement has been minimi zed

by the empirical parameterizations. In addition the ratioing has

decreased the effect of the real atmosphere on the cloud moisture

determination . The effects of middle clouds with colder tempera-

tures than those used in the theoretical calculations are accounted

for by assuming that colder clouds represent clouds thicker than the

• model can handle since middle clouds usually build from the base up

• in the atmosphere.

The technique developed here when compared to microwave tech-

niques has both advantages and disadvantages. Two advantages are the

higher resolution of the HIRS instrument when compared to the SCAMS

instrument and the detection of cirrus clouds that are transparent

in the microwave portion of the spectrum . Another advantage of this

technique is that it can be applied over both land and oceans , while

microwave interpretation of clouds is restricted to oceans because

of the change of land emissivity . Disadvantages of this technique

when compared to microwave includes the opacity of water clouds in

the infrared portion of the spectrum and the sensitivity of the

technique to the water cloud temperature . By combining infrared

and microwave measurements along with the proper cloud physics

veri fication data , operationally significant recovery of cloud para-

meters from satellite data is feasible.
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CHAPTER 7

THE PARTLY CLOUDY ATMOSPHERE

The foregoing analysis considered only the overcast case of

middle and cirrus clouds. The use of this technique on a global

• scale requires the determination of the equivalent liquid water

and/or ice content of the partly cloudy atmosphere and possibly

the cloud cover in the field of view . The ice or water content

can be recovered through determinin g the cloud cover and then

applying the overcast parameterizations , the equivalent

ice content in a partly cloudy atmosprere can be recovered directly

from the overcast parameterizations. The f irst section of this

chapter will discuss the problems associated with the partly cloudy

fiel d of view . The second section will describe difficulty in

recovering cloud cover from the empirical parameterizations and

the final section will describe a simple method to determ i ne

equiva l ent ice or water content from a partly cloudy atmosphere.

7.1 Problems in the Partly Cloudy Atmosphere

The verification of the method proposed for a cloudy atmo~phere

described in the previous chapter used the 3DNEPH which gave very mar-

gina l results. In the same way even to a greater extent the verifi-

cation of cloud cover from a partly cloudy atmosphere is more dif-

ficult. Current products available for determining cloud amount

are the 3DNEPH analysis and the empirical derivation of cloud cover

~~~~~~~~~~~~~~~~~~~~~~~~~~ • - • •~~~~~~~~~~~~~~~ • - -- -~~~~~~— -— - - - - — •~~~~~~~~~~ - - --~~~~~~~~ -— -• - -• ~~~~~~~~ - • ~~~~~
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from broadband radiometers . The major problem with these sources

is the timeliness of the analysis. Since the cloud amount in a

given field of view is always changing a simultaneous measurement

in the field of view would be required . This would require simultan-

• eous sampling of the HIRS field of view by another instrument that
- 

• has a resolution that is much finer than the HIRS so that infor-

mation about the distribution of clouds in the horizontal can be

determined. This is necessary since the radiance measurements in

the HIRS field-of-view are integrated , which would result in an

infinite number of cloud heights or coverages from the same set of

radiance measurements . A second area that will give improper

representation of cloud cover is the accuracy of the radiance

measurements both in theoretical calculations and actual I-iIRS data.

This is true for all channels.

The basic equation for recovering cloud amount from a given

channel is expressed by

PC _ C NC
— 

~ I, .~ + (i— ~-1)i (7.1)
‘v i  ~. v1 (v)

where 1PC is the partly cloudy radiance , I~ ~ 
is the cloudy radiance,

I~~) is the clear column radiance and ~ is the cloud cover. The

cloud cover (ri ) can be expressed as

PC NC C NC= — — ‘(~ )~ 
(7.2)

where the only known parameter is the oartly cloudy radiance and

the other two radiances must be assumed for come from a “prior 11

pararneterization such as an assumed temperature profile. Because 

-~~~~~~-~~~~~~~~~~~~~ • .•- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ••
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the cloud cover information is expressed in terms of the ratio of

the radiance differences , it should be noted that a small error

in any of the radiances wi ll produce a significant change in the

cloud amount calculation to the point that the results are meaning-

less. Analysis of these small differences in the radiances used

• in this equation and the resulting error will be analyzed in the

next section . These large errors in cloud cover are very sensi-

tive to small errors in the radiance values even in idealized theo-

retical parameterizations.

7.2 Cloudy Parameterizations in a Partly Cloudy Atmosohere

The partly cloudy equation Eq. (7.1) shown in the previous

section can be converted to ratios and is given by

R~~) 1 -n~ q R
~~) 

(7.3)

where R
~~) 

is the cloudy radiance and R~
C
) is the partly cloudy

radiance from the theoretical calculations divided by the theo-

retical clear column radiances. Based on Eq. (7.1) and the

theoretical results of the cloudy atmosphere ice or liquid water

conten t, cloudy cover can be recovered in prin ciple. Recal ling

that R~~) was fit with a straight line of the form y = a1x + a0

from which the cloud type was determined from the relationshi n

of a1 and a0. These two constants were further fit w it h an equa-

tion of the form a 1 c 1 + c2 ln(t~z) and a0 = c3 + c4 ln(tkz)

where •t z is the thickn ess of the cloud and c
1 
, c2, c3, and were

determined over a range of a1 and a0 for which thicknesses are known .

_ _ _
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For any two adjacent channels on the HIRS instrument

RPC = 1 - n + ~ R, ~ (7.4)
(v

1) ~v 1 ;

R
PC 

~ 
= 1 - n + n R

C 
(7.5)

(v 2 (v 2
)

where the subscripts are any two adjacent channels. Substituting

the straight line and logrithmi c fits , Eq. (7.4) and (7.5) become

R~~~) = l-n +n[( y
1 -c 3-c4

ln (~\z))/(c 1+c2ln(~z
))]  (7.6)

R~
C
) = l-n +n[(y2-C3-c4ln(~z))/(c1+c2ln(Az))] (7.7)

where Yi and y2 are the ordinate from the straight line fit and

c3 2l .l9 and 19.19 , c4 -6.53 and -4.089, c1=-21.40 and -18.53 , and

c2=-5.75 and 3.007 for cirrus and middle clouds , respectively.

The above results can be solved for the cloud cover (n) and the

equivalent ice or liquid water thickness (i~z) by solving Eq. (7.6)

in term of Eq. (7.7) in such a way that

p y1 C3 c4ln(AZ)ii = [R
(~~)_1]/[ c1+c2ln (~z ) ] (7.8)

PC PC
~Yl
( (v2) - .Y2(l—R (v 1 )) c5

= e (R~~~) 
- Rflc6 

- 

(7.9)

where c5 c3+c1 and c6=c4
+c

1
.

To examine the error in this analysis a 2 km cirrus cloud of

0.5 coverage will be used as an example. Us i ng successive channel

in both the 15 pm band and the 4.3 pm band a total of six estimates

of ice conten t and cloud cover can be calculated. The channel ratios

• —~~~~~~— ~~ •- • -—-—~~~ -- -- - -- -—--~~~~~~~~~~~ —-- — -- ——-~~~- • - - ~~ - —-- • -— •-—•~~~~~~~~~~~~~~~~
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used were 4—5 , 5-6, 6—7 , 14-13 , 13-12 , and 12-11 . The results of

the calculations for the 6 estimates are given in Table 7.1. As

can be seen from these results the method will not consistantly

give a reasonable measure of ec’uivalent ice content or cloud cover

from the theoretical parameteri zations. This would be equally

true when considering actual data.

TABLE 7.1 Calculation of Thickness (Az) and Cloud
Cov er (ri ) for a Series of Adjacent Channels
for a Theoretical Cirrus Cloud 2 km Thick
and 0.5 Cloud Cover.

4-5 6—6 6-7 14-13 13—12 12-11

0 1 4 2 7 9

1 4 5 7 9 10

R
~~(~) 

.978 .905 .858 .899 .772 .684

RPC .905 .858 .822 .772 .684 .6642 (v)
1.125 520.9 .710 .974 .073 4879.9

.51 -.227 .84 .99 1.67 -.547

To examine the sensitivity of the ratios in this analysis an

ideal case of a 2 km cirrus cloud that had 0.5 cloud cover was

assumed. The idealized ratios for channels 11 and 12 were used

assuming that they perfectly fit the curves in Figure 4.2. These

perfect ratios for channels 11 and 12 were 0.720 and 0.6914 giving

a result of 2 km thickness and 0.5 cloud cover. By changing one of

the ratios by 0.01 , the thickness calculations now becomes 0.05 km

a - - - - -  -~~~~~~~~~~~~~~~~~~~~ - - --— •• ~~~~~~~~~~ -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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and the cloud cover is 1.46. Thus it can be seen that small changes

in the ratios has an extra large impact on the resul tant thickness

and cloud cover calculations. In the next section a method to

recover equivalent ice or liquid water content from a partly cloudy

atmosphere will be demonstrated. It appears that cloud cover infor-

mation may not be so important in light of the calculations in the

next section.

7.3 Equivalent Ice and Water Content in Partly Cloudy Atmospheres

Ice or water content in partly cloudy atmospheres can be

recovered from the overcast theory if the partly cloudy radiance

ratios use the cloudy parameterizations. This can be seen when

examining Table 4.3 and Figures 4.2 and 4.3. Figures 4.2 and

4.3 are the best fit of the slope and the y-intercept for cirrus

and middle clouds . Returning to the equation for the partly cloudy

atmosphere , denoted in Eq. (7.3) and substituting for a series of

cloud amount theoretically produced partly cloudy ratios are calcu-

lated. Table 7.2 is for various cloud covers for a 2 km thick

cirrus (Part a) and a 1 km thick middle cloud (Part b). It should

be noted that the slope and the y-intercept both begin to increase

in magnitude as the amount of cloud cover decreases . It should

also be noted that the distinction between cloud type (middle and

cirrus cloud ) is retained for all cloud covers. This would indi-

cate that cloud type could be distinguished even in the presence

of a partly cloudy atmosphere . When comparing Table 4.3 with

Table 7.2 an overlap between the partly cloudy ratios and overcast

ratios exists . This implies that it is impossible to tell the 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE 7.2 Ratios , y-intercept , Slope and the Square of the
Correlation Coefficient for a Series of Cloud
Covers . Part a is for Cirrus Clouds . Part b
is for Middle Clouds.

• Part a (Cirrus Clouds (2 km)

Cloud Cover (Tenths)
Ordinate o.g 0.7 0.5 0.3 0.1

0 .961 .970 .978 .987 .995
1 .830 .868 .905 .943 .981
2 .810 .859 .899 .939 .980
3 .799 .844 .888 .933 .978
4 .744 .801 .858 .91 5 .972
5 .680 .750 .822 .893 .964
6 .625 .708 .792 .875 .958
7 .590 .681 .772 .863 .954
8 .576 .670 .765 .859 .953
9 .431 .558 .684 .810 .937

10 .394 .529 .664 .798 .933
y-intercept 17.66 23.00 32.69 55.00 168.32
slope —18.7 -24.04 -33.75 -56.08 -169.41

r~ .968 .968 .968 .967 .969

Part b (Middle Cloud (1 km))

Cloud Cover (Tenths)
Ordinate 0.9 0.7 0.5 0.3 0.1

0 .981 .985 .990 .994 .998
1 .910 .930 .950 .970 .990
2 .877 .904 .931 .959 .986
3 .971 .978 .984 .990 .997

- • 4 .862 .893 .924 .954 .985
5 .824 .863 .902 .941 .980
6 .737 .796 .854 .912 .970
7 .701 .768 .834 .900 .967
8 .673 .746 .818 .891 .964
9 .559 .657 .755 .853 .951

10 .519 .626 .733 .840 .947
y-intercept 20.74 26.49 36.81 61.04 182.23

- • slope -20.10 -25.80 -36.16 -60.41 -181.61
r2 .912 .912 .912 .914 .914

-
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the difference between a partly cloudy thick cloud and an over-

cast thinner cloud. To illustrate this concept a 2 km cirrus with

0.7 cloud cover has the same ratios as a cirrus cloud that is 0.7

km thick and completely overcast. Because of the close values for

the slope and y-intercept for different middle cloud th i cknesses

the overlap noted in the cirrus clouds is not as great. Therefore

it can be seen that the partly cloudy upwel ling ratios follow

closely the cloudy ratios and therefore the cloudy parameterizations

can be used to infer equivalen t ice or water content in partly

cloudy atmospheres .

The use of the cloudy parameteri zations in the partly cloudy

atmosphere is demonstrated using the pass of the western Un i ted

States for August 21 , 1975 (Figure 7.1). The infrared satellite

picture shows a good area of middl e cloud under the satellite

between 45°N to 52°N. The picture indicates that this is possi-

bly a broken area althou gh it is very difficult to tell. The

3DNEPH for this time indicates a broken layer of middle cloud

ranging from 15 percent coverage to 75 percent coverage . The

analysis ~~f this area with the cloudy parameterizations indicate

that the slope and y—intercept range of the upper range of cloud

covers from Table 7.2. Table 7.3 includes the latitude , longitude ,

slope , y-intercept , thickness and equival ent water content along

the satellite subtrack from 45°N to 52°N. The li quid water conten t

is derived by multiplying the thickness by 150 gm m 2 km~~.

The mapping of ice and water conten t that was displayed in

Chapter 6 did not address the partly cl oudy case , although some j 

~~~~~~ -- ——•~~~~~~ ---~~- - ~~~~ -- -—-
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Figure 7.1 NOAA 4 mosaic for Au qust 21 , 1975 with the
v i sible chann el on the top and the infrared
channel on the bottom.
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TABLE 7.3 Liquid Water Content of Partly Cloudy Conditions
Along the Satellite Subtrack for August 21, 1975
from 46.l °N to 52.7°N .

Thickness Water Content
• Latitude Longitude Slope y—intercept (kiii) (gm rn 2)

52.71 115.90 —21.89 23.53 .500 75.00
52.40 115.09 -23.71 25.16 .383 57.45
52.19 114.90 -26.38 _~7.63 .287 43.05

51.93 114.75 -25.43 27.08 .270 40.50
51.66 114.61 -27.37 28.42 .274 41.10
51.40 114.46 28.79 30.26 .153 22.95

51.14 114.32 -30.38 31.69 .154 23.10
50.88 114.18 —31 .32 32 .48 .133 19.95
50.62 114.04 -29. 38 30.12 .186 27.90

50.35 113.90 —29.27 30.56 .161 24.15
49.30 113.36 -25.72 28 .26 .154 23.10
49.04 113.24 -28.17 30.15 .164 24.60

48.77 113.10 -28.80 31.94 .051 7.65
48.51 112.98 —28.77 32.32 .036 5.40
48.25 112.85 -27.17 30.28 .066 9.90

47.98 112.72 —28.94 32.02 .065 9.75
47.72 112.59 -27.23 29.54 .132 19.80
47.45 112.47 -30.79 33.40 .084 12.60

47.19 112.35 —28.66 31 .09 .100 15.00
46.93 112.22 -22.03 23.70 .430 64.50
46.66 112.10 ‘-13.16 14.16 3.023 453.45

46 .40 111.98 —14.41 14.92 Z .765 4 14.75
46.13 111.86 — 15.62 16.44 1.917 287 .55 

• •~~~~~•~~~~••“  
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of the points on the leading and trailing edges of these overcast

cloud masses are partly cloudy fields-of-view. On the basis of

previous analysis the requirement for the knowl edge of cloud cover

no longer exists and ice and water content of single cloud layers

can be produced on a global scale with the techniques developed

throughout this analysis.

iI~
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CHAPTER 8

CONCLUSIONS , APPLI CATION AND LIMITATIONS ,

AND RECOMMENDATIONS

8.1 Conclusions

• A theoretical model that calculates transfe r of spectral

• infrared radiation based on the discrete-ordinate method was

developed to include cirrus and middle clouds and absorbing

gases. This analysis used one model atmosphere and one mi ddle

and high cloud type for all cal culations . The top of the cirrus

cloud and the base of the middle cloud were held constant to

• minimize computer time . The layers in the transfe r computations

were assumed to have constant temperature s so that the effects

of the change in cloud thickness on the upwelling radiance could

be studied. Various thickn esses and combinations of middle and

cirrus clouds were used in the analysis. This model was then

applied to the HIRS channels of the Nimbus VI satel lite . Avail-

able transmi ttances for each of the channels used were employed
• and modified to generate upper and lower boundary conditions and

gaseous absorption in and between the cloud layers .

The madel was further modified to calculate upwelling radi-

ances over a range of satellite scan angles for these cloud com-

binations. Comparison of these resul ts show that the thick

cirrus dominates the transfe r process. In addition , t~e thick
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middle cloud had grea ter upwelling radiance at all angles when

compared to the thin middle cloud in the 15 pm CO2 band and in

the 4.3 pifi CO2 band for channels that have weighting functions

above the thin middl e cloud top . This reversal of expected results

is caused by the attenuation of the upwelling radiance by gases

• above the cloud. The resul ts also show that the window channels

and water vapor channels to not have this effect in the model atmo-

sphere used .

In the case of multilayered clouds the differences between

the four mu~ticloud combinations are reduced when compared to the

sing le cases. In the case of thick cirrus , changes in the middle

cloud thickness do not effect the upwelling radiance . This

• effect again shows the dominance of thick cirrus in the transfer

process. For thin cirrus clouds changing the middle cloud thickness

does show a small effect on the final upwe lling radiance . The thick

middle cloud- has greater upwe lling radiances than the thin cloud in

all channels that show this effect in the single l ayer middle cloud

case. The short- wave CO2 channels show a sligh t better contrast in

the thin cirrus case of multi l ayered clouds than the long wave CO2
channels. The window and wa ter vapor channels show a greater con-

• trast than the short wave CO2 channels.

The theoretical calculations of upwelling radiance were divided

by their clear col umn radiances to give a ratio for each channel .

These ratios were then fitted with a straight line for each thea’-

ret-ical cloud thickness for both cirrus and middle clouds. It was

found that cases where the slope was greater than the magnitude of

__ 
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• the y-intercept derived from transfer calculations corresponded

to cirrus clouds. The reverse of the slope and y-intercept

relation corresponded to mi ddle clouds or lower clouds . The

resul ting slopes and y-intercepts for different cloud thicknesses

for the two cloud types were then fitted with a logarithmic func-

tion . This made it possible to infer ice content in the case

of middle clouds for a given thickness based on the theoretical

calculations.

These theoretica l parameterizations were then applied to fi ve

days of HIRS data . The resulting cloud ice and liquid water con-

tents were then compared to the 3DNEPH to indicate whether this

4 technique could be applied in an operational mode. It was found

that the comparisons with the 3DNEPH were not satisfactor y . This

can be traced to the 3DNEPH and the methods used to determine cloud

thicknesses as well as approximations in the theoretica l calcula-

tions and the parameterization of these calculations. Two days of

ice and water content for actua l HIRS data were then mapped . These

results were good when comparing the resulting maps with the cor-

• responding NOAA IV infrared and visible satellite pictures.

The impact of a partly cloudy atmosphere on ratios of HIRS

channels showed that due to errors in the parameterizations of the

overcast theory and the extreme sensitivi ty of the ratios in the

partly cloudy equation that it was difficul t to recover reliable

ice or water content and cloud cover from the partly cloudy equa-

tion . The overlapping in the parameterization when partly cloudy

a tmospheres were considered indicated that it was not possible to

- -- —-~~•—~~~~~~~~~ -~~~- ~~~~~~~~~~~~~~~~ ~~
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• tell the difference between a partly ,cloudy thick cloud and an

overcast thinner cloud. However , it has been demonstrated that

is was possible to recover an equivalent water content when using

the empirical relationships developed in the completely cloudy

atmosphere in a partly cloudy atmosphere . To this end an area of

partly cloudy water clouds were examined to indicate the use of

the overcast theory in the partly cloudy atmosphere. This result

in conjunction with the overcast mapping of ice and water content

woul d make the use of this technique possibly on a global scale with

the improvement that the parameterizations are purely based on

theoretical-empirical considerations.

• 8.2 Application and Limitations

To apply this technique on a global scale on a routine basis

would require several additional sets of input as well as a dedi-

cated block of computer time . This block of computer time required

has been minimized since the technique substitutes parameteri za-

tions of climatological atmospheres for the real atmosphere. These

parameterizations should be accurate within the band of the climato-

logical area. It would be required to compute parameterizations

of theoretical atmospheres over a range of atmospheres found around

the globe. As a start the tropical , mid-latitude summer and winter ,

and the artic summer and winter atmospheres could be used to gener-

ate theoretical results for different drop size distributions

(cloud types) and representative cloud temperatures for each model

atmosphere . With this set of empirical constants deri ved from the

parameterizations of the theoretical results , the proper set of
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constants could be dete r- iced from point location and cloud

type.

This type of technique is i deally suited to enhance the cloud

parameterizations in the 3DNEPH. As noted earlier the 3DNEPH is

a modular program that processes all kinds of meteorological data.

The only satellite data that is currently used is broad band visi-

ble and infrared channels of a NOAA 4 type scanning radiometer.

The addition of this technique would use satellite data that is

not in current use for cloud detection and it would give valu-

abl e input into the final results . Since the 3DNEPH is a routinely

produced product, much of the software required to implement this

procedure is already in existence and the operational development

could be carried out independently of 3DNEPH production. As noted

earlier the resolution of the HIRS and the 3DNEPH are similar so

that in an operation implementation the 3DNEPH could be used to

further verify the technique .

8.3 Recomendations

Further studies seem warrantable for the determina tion of cloud

parameters from satellites. Although an objective way of deriving

cloud type information and cloud ice or water content has been il-

lustrated in this analy sis~ a more reliable method of verification

must be found. However, verif ication of satel l ite sensing tech-

niques requires carefully designed field experiments in wh i ch highly

reliable cloud parameters could be obtained under the satellite

pass. With sufficient cases from which cloud parameters may be
.~ 
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derived locally, intercompa r~sons w ith satellite dericcd va~ues

may be carried out to establish the statistical significance of

this technique to parameterize satellite measurements .

To fully utilize the present state of the art in satellite

sensing, combination of the technique developed here along with

mt~~urements in other regions of the spectrum would compliment

each other in describing the cloud composition in the field of

view . Two instruments are currently operational that can be com-

bined with this technique . The NOAA 4 broad band type radiometer

and a instrument like the Scanning Microwave Spectrometer (SCAMS)

on Nimbus VI are two instrume~ts that have been tested and should

be capable of routine operat4ons. We describe bel ow some of the

features of these instruments that would supplement the technique

developed for the HIRS instrument in this analysis.

The recovery of cloud cover from the partly cloudy atmosphere

proved unsuccessful because of the extreme sensitivity of the

equation to small changes in the radiance measurements. The

availability of cloud cover derived from the finer resolution of

a broad band radiometer could be used to convert the partly cloudy

radiances to cloudy radiances and then to cloudy ratios that would

give a better estimate of ~he ice or water content than simply

applying the partly cloudy ratios to the overcast parameterizations.

This information of cloud cover could come from a instrument such

as the Temperature Humidity Infrared Radiometer (THIRS) that is

on Nimbus VI. At nadir the THIRS has a resolution of a box 8 x 8 km

while the HIRS has a resolution in the form of a circle 23.8 km in
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diameter. Thus a 3 x 3 array of the THIRS could be used to com-

pute the cloud cover in the I-fIRS field of view. Since the THIRS

channel is at 11.5 wm , the problems associated with the trans-

parency of cirrus clouds must be considered . The need for pick-

• ing a point near the cloudy area that will serve as the clear

column radiance is required. The broad band radiometer could also

be used to pick this point during the calcul ations of cloud cover.

This would completely automate the selection of the clear column

radiance used in the ratioing and there would be no need to select

this point from satellite pictures .

The use of microwave data would have the advantages and dis-

• advantages noted in Chapter 6. It would eliminate the problems

associated with opaque clouds noted throughout this analysis al-

though it would be only over oceans and at a much larger resolution.

As was noted in Chapter 4, investigators have successfully mapped

cloud liquid water conten t over oceans. To fully utilize the

microwave data to infer cloud parameters in conjunction with the

infrared data , improvements in the microwave theory would be the

first step. This could be accomplished by replacing the govern

ring equations in the model described in Chapter 2 with a set of

equations for microwa ve region of the spectrum. The output

from this model could then be parameterized into empirical func- -•

tions. The results would enhance the determination of water content

In middle clouds which become opaque in the infrared region . The

SCAMS parameterizations would also be very useful in multilayered

cloud scenes. Since microwave is virtually transparent to ice 
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clouds , the presence of middle clouds under a thick ice cloud

would be determined. With these three instruments scanning at

the same time and over the same areas along with improved resolu-

tion in the SCAMS type instrument, the global determination of

three dimensional ice and water content produced routinely is

feasible. This type of data base would have a great impact on

climatology studies and it would enhance the input into global

circulation models.
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