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CHAPruR T

I}{TROÐUCTTOI{ AI'ID THE PEOBIEM

Introduction

lhe scatterlng and absorptlve propertj-es of the atmosphere ensure

that a certain proportion of the inej-dent solar radiation will be depleted

upon its ar¡lval at the earthrs surface. Under certain eireurnstanees,

however, these properties nay act to enhanee the receipt of global

radlation (i."., total ra'diation from sun and sky).

The procese responsible for thls increase has been denoted by

various terns, including: tnultiple reflectionr (lngstrðn and Tryseliusl;

Catchpole and ltoodle2), rnultiple scatteringr (ÐelrnendJian and Sekera)3,

and rbackscatterarìce of the sþt (ugtter)4.

tlhile nultiple scatterlng refers more strictly to nultiple particulate

scatteri¡g and nnrltiple reflection to the reflectlons occurring between

the earthts surface and the atnosphere, no loss of generallty is

lncuped by considering the. t¡ro terns synonomous. This thesis enploys

ùhe tern nultiple reflection. This tenn therefore encorTpasses both

partlculate scattering of global radiatlon and reflection of gIobal

radlation at the earthrs surface. Backscatterance of the sþ represents

1. 8ngstr8m, 
^., 

and Trysellus, O., Jg3l+: Total Radiatlon frorn Sun and Sþ
at-Abiskã, Gãosrafisj,a 4nna11e{,V' 16, pp. 53-69-

2. Catchpole, Â.J.W., and Þfoodie, lü. t J?TL: MuJ.tlpJ-e Reflection in Arctic
Pegtons, @þher, V. 26, No. 4, PP. 157-163.

1.. ÐeirmendJlan, 0., and Sekera, 2., l-95t+'. Global- Radlation Resulting from
Multiple"Scaiteríng in a Rayieigú Atmosphere, &Þ, V. 6r pp' 382-998.

4. MUIler , F., L965.. On the Backscatteri-ng of Global Radlation by the Sþt
Tellus. v. 1?(3)r pp. 350-355.
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that portlon of the scattered and oa¡th-reflected radlatlon that Ls reflected

back to the earthls su¡face by the atnosphere. It ls thus an fmportant

component of the nuJ-tiple reflectlon process.

Qy nultlple reflectfon Ís meant the case v¡here global radlation,

l¡rcj,dent at sone polnt at the earLhls eurface, is reflected upr+ards to the

atnosphere, then reflected downwards to the earthrs surface, etc. The

situation is outlined schenatical.ty in ElG. l.

In the absence of absorptÍ-on a¡rd assunlng conpleto forward-scattering

(1.e., fu¡ a d,lrectlon to+¡ards the earLhis surface) a¡r i¡fí¡ite number of

such cycllc reflections would be posslble. In the real-world, hor*ever,

such a conceptu¡lization j-s never realized. This is because absorption

and scattering do attenuate the reflected radlation sufficlently such

that after a cerüain number of cycIlc reflections have occurred further

reflections result 1n a negllgible contrj-bution to the globa1 radiatl-on

recelpt. l{evertheless, under cert+in circu.nstances, the contrlbution

of mr:J-tiply reflected global radiation to the globa-l radlatlon receÍpt

nay be signÍficant.

theoretical modelling of the muJ-tiple reflectlon process has

presented some forroidable problemg, The nain difficulty encountered arlses

fron the conpllcated nature of radiatlve transfer 1n the atmosphere, which,

ln the nost general case, ls rather lnaccessible to mathe¡natLcal-

solutj-ons 1n general ¡s¡n (Ðeirnendjian a¡rd Sekera)5.

The solution to thls problem becones nearl-y intractable for the

case of cloudy atmosphere. Clouds are complex entltles possessing certain

optical propertles not present ln the cloudless atmosphere. Ït ls not

J. ÐeirnrendJlan a¡¡d Sekera, L954¡ orr- .cit.



Figure I

A SCHEMATIC MODEL FOR MULT¡PLE REFLECTIOI.I

ATMOSPHERE

GROUND SURFACE

g1obal radiatíon prior to multÍple reflecËi-on

surface albedo

backscatterance of the sky
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AfÈer Catchpole and Moodle, I97L, op.cil-.
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sur?rising to find therefore that theoretical nodelllng bas been, nore or

less, restrlcted to ldeal cases, such as a Rayleigh atnosphere6, and a

7
turbld , but cloudless, atnosphere" Analyses of mul-tlple reflectlon have

been attempted for the case of cloudy atmosphere, as vrill be lndicated

later 6¡. But such analyses are invariably made j¡ the 1lght of certaln

assrmptíons regardÍ-ng the cloud model. The relation betr.æen the degree

of nultlple refleetion and various cloud pareneters, such as cloud height

a¡¡d ttrichress, do not appear to be very weIL understood.

CIJ¡ratologically, the maln ínterest 1n this flt¡x trouId appear

to lie fn tn" d,egree to whlch the global radiation ls intensified as a

resr¡lt of nultiple reflection. Thus, if it Í-s possible to calcul-ate

the global radiatfon prlor to multiple reflection, and if the actua-l

gS.obal radiation is lmoun from, sa¡rr Fpheliometric readÍngs, then the

ratio of global radlation wlth ¡auttiple refléetion to the global

radiation prior to nru-ltip1e reflectlon can be formed.

Sngstr8m and. TryseliusS l^¡ere apparently the fírsü researchers

to propose such a relatlonshS-p" Ssç¡'lling FIG. 1, l-et
J+

G^ - actual global raCiation recelpt for sone

^-Ë 
wJ'tha>0'

Gã = globa1 radlation,receipt over an ideally
earthss surface (i.e., â = O),

' a: surface albedo,
d : backscatterance of the sky.

A Raylelgh atmosphere may be defined a,s a hornogeneous atnosphere
contalni¡g onfy spherical particles nhose dl¿meter 1s ¡mrch sqe+].er than
the vravelèngth of the j,ncidont radlation. l,fatheroatically, a À-*<< I, t¡here
a Is the dia¡oeter. of the particle, a¡rd À ls the rvavelength of the i¡cident
radiation.

Â turbid atnrosphere måf be defined as a heterogeneous atnosphere contalning
an entire spectmm of partlcle-slze characterlstics ratging from s¡nal l ions
to gl-ant nuclei a¡rd including haze and j¡dustrlal aerosols. l{athe¡aatically,
a/X > 1. the necessity of dlstlnguishing l¡etr+een ihe Raylelgh and turbid
caaes wiLL be shown il Chapter II.

surface

blaek

6.

7.

8. lngstrün and Tryselluo, l.l93l+, op. elt.



Then at any polnt on the earthrs surfsce the total receipt of globa1
ìt

radiaülon, G , nay be expressed as an inflnite serÍes, or,

^Jf ^t¡ ^J+ ^J+ . ^v, 2 ^x 2.2G =G*-cf,a+cf;ad-cf;*2+cf,*2a2-oo. (r)

It is easy to demonstrate that thls ls a convergent serles nhose

l'l¡¡{! is given by (r - ad)-}. Thus

G"/G: = (r-a¿)-l (z)

Eqn. (e) fs the form originatly proposed by Sngstrðn ar¡d TrXrselius,

The ratio Gl+/Gi shall here be denoted as the lntensiflcation ratlo.

Pa¡enthetlcelly, 1t ls lnteresting to note that eqn. (e) ca¡r be derived

fron the princlples of cllnatonorny uhich is dlscussed ln greater detal1

in Chapter II[.

Âccordlng to SeLLer=9, Bodykolo, and others, the global- radlation, Go,

nay be expressed as the sum of twro conponents: Q, the direeb radiation, sd
q, the diffuse f1ux. The latter fh¡x 1n turn nay be viewed as being comprised

of trøo fluxest Op, prinary scatterlng frorn the dj-rect bean, and err the

flLt¡¡c of dlffuse radiation uhich has oçerienced reflectlon fro¡n the earthrs

surface at least once. The tern Cä rry be sinr-ilar3-y partltioned. It
represents the sr¡m of (A + %), It is posslble to invest the following

physical lnterpretatlon to the ratio Cfi: lt represents the

l¡tenslflcatj-on of global rediation due to the flux of nauJ.tiply

reflected global radlation.

t. SeIlersn W.0., 1969: .@ The Universlty of Chlcago
Press, Chicago and london, 272 pp.

10. Budyko, M.I ., L956: The_Heat Balance of_the_Earthrs SUIfaee (Trans.
fron the Russl-an by N.A.Stepanova, U.S. Dept,. of Commerce, lfashlngton,
0,c., 1958), GMIÐ, rænnlngra<l, u.s.s.R., !956.
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It is

Substituf,ion

tr{hen

lnstructlve to note that, b,y deflnf.tJ.on, { O 5 ard < 1}.

of these ljrnlt values into eqn. (2) ¡-lelds the following.

{a = d = O}r een. (2) reduces to the forn

: G: orr alternatively, as cfi = l.ooo+É

G

When {a = d : I}, the denomlnator of the r.h.s. of eqn. (Z)

vanishes so that G"/G: ----à oo o

The do¡aaln of definltlon fo¡

( r, * ).
G"/Gä i-s therefore the lnterval

While these }i-niti.ng values rarely occì,lr i¡ natw e, the discussion

does lndj-cate sone of the cllmatological- features of the inüensj.flcation

ratio. Thus maximum values of the lntensiflcatlon ratio v¡hen ¡naximum

values of surface aLbedo and backscattorar¡ce occur s¡mchronously.

Physlcall-y, such a sltuation is ÌLkely to arlse in nature r+hen dense

cLouds of large optical thiclaress overli-o a highly reflecting snoll

surfaee.

conversely, r+hen {"r¿} : ninimum, ninimr:m veLues of G++/G: result'
o

Such situalions nay be given during anticyclonlc speJ-ls in surnmer. In this

case a greater absorption, both 1n the atmosphere and at the earth?s

surface, and a lo¡c backscatterance fron clea¡ skfes, result ln mlnl¡au¡n

values of the intenslfication ratio"

' conceptual{zation of nultiple reflectlon as a reflecting

boundrles problen ls thus of some c'll4atologrcal utllity, but only to

the extent that the variables a a¡rd d are accurately lçno¡¡n. In turn,

surface albedo a¡rd backscatterance are conplex e4pressions of the earthes

surface and atmosphere, respectively. Both varlables are eharacterlzed by

dlurnal, a¡¡d ln mld- a¡rd high-latltudes, seasonal regimes. Moreover,



7

fnstrurnenüation offers llttle ln the vray of asslstsnco. For r'{hereas values

for sr¡¡face albedo nay bo deduced fron nreasurements of the conponents of

solar radiation, backscattera¡rce cannot be measurod at al-I. This is

becauso current instrunentation ernployed in measuri-ng the dlffuse flu:<

cannot distfngrrish betr¡een X anci q. Consequently, any lnquiry into the

nultiple reflection process necessitates consideration of those

processes that deternj-ne a and d for any gJ-ven set of atroospheric and

su¡face conditions. 0f paramount i.mportance in this respect are the

processes of scattering end absorptiono

Theoretlcal calculations by ÐetrraendJian and Sekera[ indicat"

values of Gfi, for a Raylelgh atmosphere, rangl-:ag fron L.OLL to I.042,

correspondlng to backscatterances of 0.01+4 Lo 0"073. For the turbldr but

cloudless, atnosphere Ïeigel?son "t *112 have calculated a range of values

for GYGã of 1.064 - 1.180, correspondi-ng to backscatterences of 0.120 -
0.305. T!¡ose values reflect differences in soler zenlth angles, the opticå

thickrress of the atmosphere, and the particular scattering function that

is assumed. In passing it, io noted that these values are not strictly

coulparable, not only because different models are assr:med, but also

beeause the values are calcul-ated enploying dlfferent values for the

surface albedo. The s¿rllent featr:re in these conparisons 1s that wlth

lncreasj¡g turbidity the lntensffication ratio lncreases. Even hlgher

'values of the ratio G*/Gä nay be e:çected for the case of cloudy

atnosphere, because backscatterance frpm a cloud base is alrtays greater

12. Feigellson, 8.M., Malchevich, M.S., Kogan, S.Y&., Koronotova, T.0.,
Glazova, K.S., and Jutznetsova, M.4., 1960: Calculatlons of the
Brlshtness of LlEh!,1n the Cape.of Ânl Pa¡t I

a. ).



than that from a cloud-free atnosphere.

LngstrBn and rryseuuul3 eval-uated c{-/cä at Âbis}<o (68oetr tl,

1Bo49e 6¡, for lllustrative purposes, by assigning rtypical? values of

a and ¿. For overcast skies lt v¡as assumed that d = O.75t t¡lTile for

clear skies it was assumed that d = O.25. Similarly, for a snolr-covered

surface it was assumed that a : 0.70¡ r.¡h1Ie fo:' a snow-f¡ee surface it

Þras assumed that a : o.I0. fhese assumptions perrLi.t Gi"/Gã to vary betlæen

L.OZ5 (c1ear-sky) - L.081 (overcast) in s¡:nmer a¡rd I.?J2 (clear-sky) -

2.IO5 (overcast) i¡ wi¡rter.

statisti.cal conparison of radiation data by ¡ff:Ller& for the

Cana.dian stations l,fcosonee (51ot6t t'.1, 83039¡ l¡) and Toronto$carborough

(tngolr3r N, ?go14? I'I) indlcate Íntensffication ratios (arrd comesponding

backscatterance vaLues) ranging from 1.14'(0.28) - 1.f9 (0.36) tor

overcast sþ at Toronto-scarborough to 1.46 (0.5S) - 1.60 ( 0.69) tor

overcast sþ at I'Íoosonee. For cloudy and cloudless condltions Ìufi31-Ler

finds values of 1.05 (0.::) - 1.]9 (0,36) for Toronto-Scarborough and

!.æ (OJ]-) - L"23 ( 0,34) for Moosonee. These values were obtained by

conparing the gtobal radlation recelpt during the period of snor¡-

covered surface to that durfng the snor+-free period for sevsral zenith

angle i¡terve-ls. Ànd si:rce IIBILer could compute the values for surface

albedo, the intensification ratios refer to the ratios Oä.rr/*ä.16g at

'Moosonee and G"j. AS/Å.zl & Toronto-searborough.

Several considerations cast sone doubt as to the utillty of these

nethodologles. In the flrst instance, conparison of globat radiatlon receipts

over a snow-covered su¡face to a snort-free surface 1s not strlctly

Justified becarrse of varylng de¡1rees of absorption of (gIobal) radlatlon

$. fngstrBn and Trysellus, L93l+, op.- cit.

14. MUILer, I965t oÞ, clt'.



and (possible) changes Íl atrnospheric backscatùerlng characterlstics.

l{UILer?s and lngstrtJmis and lryoeüust values refor to the net offect of

several changes, not that necessarily due to changes i¡l surface albedo.

Secondly, t¡hlle these values lndicate the nagnitude of the

seasonal differences, ühey are too explícit to ascertain the actual

seasonal regåme of C"/Cf at a loca'l{ty. Yet ln mid- and high latitudes

both surface albedo and atrnospheric backscaüteranco experience

pronounced va¡iations. Thig leaCs one to conclude that the lnüensification

ratio musb also exkribit a distlnet seasonaL reglme.

There nould appear to be strong motlvation for obtaining the

actual seasons-l reglne of G*/c*. Such motivatlon stems from a¡r

exani¡aüion of the relatÍonship betræen the multiple reflectlon procese

and the gl-obaL so1a¡ radiation estlmation equatlons.

The problen of estimating globa} rediation receipts at the

earf?hls surface fron other more æ<Èenslvely recorded para.neters

has drar.n the attentlon of a number of ellmatologist,s, engineers,

architeets, and scienùists fron many other disclplfues. l\,{o paraneters

5l partic,rlar, that of cloudÍness and the dr.:ration of hright süishire,

have been utíllzed for this purpose. Haunrltzl5, Nuo**16, end others

have j¡rvestlgated the relationship between cloudlness and (relatlve)

gì-obal radlation recelpt. These reLatlonshÍps do not appear to have

'gatned ¡ride recognitlon.

obher researchers, eg., KinbrfllT, Rngstrtfinl8, Bla"k, Bonybhon, a¡¡d

lJ. Haurwltz,8., L9l+5: Insolatlon i¡ Relation to Cloudlness and Cloud
Ðenslty, J, IÍeteor.. V. 2, pp. 1J/¡-166.

16. Neuman, J.,I95l+¿ Insolatlon ln Relatlon to Cloud Amounü, Mon"Weath.
Rev.. V. &r pp. 3L7-319.
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hescottl9, F"!t" and McÐonddzo, and others, have devoted thelr efforts

to fornulating ernplrlcal relótionshlps betr.reen gIobal solar r¿.diation

and bright sr:nshlne. The duration of bright sunshine appears to be a

better estimator of global radiation than cloudlness because: Ít Ís

recorded conüj¡ruousl¡r çnu""as cloud neasurements are irstanta¡reous

neasuremenùs; 1ü is measured l¡st¡rr¡nentaì,þ whereas clouds are not;

moreover, the duratlon of bright sunshine nay be taken as a measure of

cloudlness sÍnce this tSpe of infornatlon does take into account the

optlcal denslty of tho clouds at a certain stage (Robj¡"on)ã.

The relationshlp has generally taken the forn of a (sinple) Iinear

regresslon equation, o)-z. rn

Q/ao = â +ân¡l¡

v¡t¡ere Q = the global rediation receipt,
Qo= corresponding clear siry radiation,

L7" Klnball, H.H., L9L9: VariaLions in lotal and l¡rminous Radíation r^¡ith
Geographical Position in the United States, tøn.WgË&h.R"v"_o Y. 47,
pp. 769-793,

18. SngstrBm, A. , Jl9}l+t Solar and Terrostrial Radiation, Qqart. J. -Roy*--Uet.soç-.. v. zot pp" 72L42J.

19" Black, N.J., Bonython, C.!¡., æd Prescott, J.Â., L95l+t So1ar RadlatÍon
and the Ðuration of Brighi Sunshine, Qu.art, J. Proy. lfet. Sog*, V. 80,
pp" 23L-235.

20" FrÍtz, S., and }fcÐonald, T.H.,l9l+9: Average Solar Radiatlon ln the
Un-ited Statesr He_atins and Ventflatipe V. 46, pp. 61-6&.

21. Robinson, lÍ. , L966: Solar Rajilatlon. Elsevåer, A¡csterde¡n, 3I+7 pp.

22, Unfortunately eone variable narnes have been dupllcated, To avoid
anblguity st,atlstical varlables and consüants are denoted by the
s¡nnbol ^.

(¡)



1t

n - actual hours of brlght sunshlne,
N = Ma;dmm number of possible hours of brlghü sunshine,

ârb - empirlcal constants to bo deternined"

The form of eqn. (3) oau original-Ly proposed by fingstrün23. Hu

obtained, fron data at Stockholm, ühe relatlonship

Q" : Qo( O.25 + O.lilni|) ( ¿')

By defi:nltion â anO â total to un:ity, slnce on clear days Q" : Qo%.

Since â was determi:red, by cornparison of pyrheliometrj"c records, b be

O.25 lL fo1lor^¡s thatâ = O.75. Rngstr8no further stated that hls results

corroborat.ed aLruost exactly r+ith those of Kf-mb *I25. Unfortunately, this

agreenenü may have been purely forbuitous.

Black .L ù26, utilizing data fron rridely dlsparate geographlcal

regions a¡rd records varying in length fron three to sjxty yearst

obtained

¡ tn o.23 + o"4h^Iç¿l vo

In eqn. (l) Oo repr.esents the exLra-at¡nospherÍc fh:N. Thus eqn. (¡)

is not stricüly conparable to the other equations,

Frltz and l,lcÐondd27, using data from continental United St,ates,

23. ftagstrüm, 1925r oÞ. cit.

2)+, TL |s j¡stmctive to note that Sngotr8m did not use regresslon anaaysis
to deterrrine a a¡d b. a was determined by comparfng pyrhellonetric reeords
of overcast to clear sþ conditions. Statj-stlcally¡ there ls no reason
vùy these conste¡tts should total to uni-t¡'.

25. Kl-nb^rr, 1919. op. clt.

26. Black et al, l95l+, qp. cit.

/1. TrItz a¡d l{cÐonald, 1949r gp,-slL

( ¡)
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obtained

Q/ao:o.35+0.ó1nþ (6)

Itateer2S, uslng Canadlan claLa, obtained the relatlonship

Q/ao = o.h3 + o.5sn,/l'¡(1.0o+5,5lnr? ) (Z)

ro¡here n is a correction terrn applJ-ed for the time Htren tho sun was less

than flve degrees above the horizon.

l{hen the predicted values are conpäred to the actual values sone

consj-stent díscrepancies energe. I'fateer, for insta¡rce, has noted that

his equatj-on consistently underesti-mates global radiation receipts for

the rcinter nonths, w?ri-Le radlation receipts for the sunmer nonths are

ove¡ædtinated. He invoked muJ-tiple reflection as an e{planation for the

underestlmated winter months. Accordfng to l{ateer

t4{hen snow cover is present a-long l.¡ith thin hlgh cloud
arrd/or rscatterede or ebroken? n:iddle or even low
cloud, some solår re¡diatj-on may be trapped betvæen
the highly reflecti:rg snow surface a¡d the cloud.
Ìrrultlple reflections nay then ínerease the obeerved
fusolatlon to sonevhere near the cloudless day va1ue.
However, the cloud ".¡i11 cause irrterruptions in the
sunshine record and may even stop the record
entJrely; ,Tirus t',e may have a relatively hlgh value of
a/ao asóociated with a relatively 1oy.' value of n/t.tt

Mateer corrected for this effect by developing q set of equatlons:

a/ao !=
0.450 + 0.78n^{(1.00 + Z.7gr?) for r+i¡rter months (s)
0,355 + 0.68n/Ï for sunmer months

28. Mateer, C.L., L955r .A PreUwrinary Bstimate of Average Insolatlon
ln Canada, Can. J. Aqric..-Spi". V. 35r PP. 579-591+.
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It nay be postulated that these discrepancies are statistical.

For insta¡lceÊ curv'eJ.ínear regression may have ¡cielded a better fit to

the data. Holevor, the fact that these discrepancies reveal a

seasonal bias leads one to conclude that the problem is nrore

cl i matological 1n nature.

Ðreidger3l, It a detalled exa¡nination of the (tj¡ear) relatlonship

betrseen the relative globat radiation recelpt (i."., Q/Qo) anO

relative sunshine duratlon (i.e., n/1'I) at Winnipeg (4go5l+r l{, 97o35t lf),

for¡nd that v,,hen the constants â and â, rr*ren plotted as a function of

tine of Íeæ¡ çere inversely related and may be functiona-lIy described

as parabolie. Thi-s is lndicated j¡ FïG. 2 for the 294ery perlocl.

oretdger a¡rd Catchpolu32 have noted that the abrupt decrease

in the constar¡tâi. spring 1s coincident vith the nedian date of

snorv-paek decay at Ïfhnipeg. This led these authors Í;o conclude that

the nagnitude that the rnagnltude of â iu influenced by the nuJ.tlple

Subsequent research, eg.,

follor^¡ed thls procedure.

reflectlon process.

O¡r the oüher hand,

earlìf trinter is sor,ewhat

that the establishsient of

Bunnutt29, Tltue and Truhlo3o, h"rru

the behaviour of â auring late autumn and

less dlstinct. this nay be related to the fact

the winter snow-cover 1s not a declslvo event.

29. Bennett, I. , 1965: A }fethod for heparing I'faps of l.fean Ða1ly Global
ItadÍailon, Arch. i'iet," G-eoph.rrs.. B_iok1", Sor. B, y.]-3r pp. 2L6-21+8.

30, Titus, R.1", ed Truhlar, 8., L969¿ L !{ew_9s_timate of Avera.Le_-G1oba1

99lef-tsadr=d19q-in !oqqd;, Dãpt. of tft
cal Brarrch

JI. Ðreldger, H.L., 1969: An Analysls of the Relatlonship between Total
Dally Sola¡ lìadlation Receipt and Total Daily Ðuration of Sunshlne at
ttrlnnipeg, L95O-I967. Unpubllshod M.A. lhesls, Unlversity of Manltoba,
Winnipeg, Canada.
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During the perlod of snolr build-up dlscontinuitles ln the snow-pack may

result from incurslons of warm air fron üravelllng depresslons. In this

event slgnlficant fl-uctuatJ-ons nay arlse Ín surface albedo and

culmlnatlng in a reduction l-n the contrlbution of mu1tlply reflected

radiation to tte total globaÌ radlatj-on receipt. Consldering the

paraneter â úon" Iea.¡ls to the conclusion that the relatlonship 1s

raüher sensitj-ve to changes fn surface albedo.

On the other hand, if the parameterâ i" considered, i.e., the

slope, or, mathenatiaally, d (Q/Qo) / d (nÆ), one is 1ed to

concl-ude that changes in sunshine duraùion, v,trich consequently implLes

changes Ín cloudlness, over a snov¡-free surface are the lnportant

factor, since both â and the magnitude of the varÍabillty of â *"
greater over a snor+-free surface than over a snorr-covered surface.

Summary - The Problem

ïn order to elucidate the relatlonshfp

and the global radlatlon estj¡atlon equatlons

detailed knowledge of the cli-matology of G*/G:

partlcular, 1t would be desireable to know how

ratio varies with both surface a¡rd atmospherÍc

betr'¡een nultiplo roflection

it ls apparent that a ¡rore

must be gi-ven. ïn

the lntenslflcatlon

conditions,

Enpirica} estinates, such as by fingstr8m and Tryse1ius, and }ßl1er,

are too crude to aseertain the actual regime. Such emplrj-caI work, cannot,

for inst,ance, evaluate the instantaneous va.lu" of C*/Co fot a given set

of condltions. In a¡¡y event, such empÍrical analyses can only guage the

magnltude of the seasonal differences that erist at a Iocallty, and thus

32. Ðreldger,
Radl"ation
V. 99r pp.

H.L., and Catchpole,
Recelpt fron Sunshine
285-29r.

A.J.W., I97O: Esti¡natlon of Solar
Duratj-on at lllnnlpeg, 4g!._-Mg&¿,
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are not ræ11 eulted to the particular problem of evaluating the actual

seasonal regine. On the othor hand, theoretical models requÍre specific

lnformatlon on the size-denslt¡'-¿¡1d nraterlal-nature characteristics of the

partfculate rnatter J¡ the atrnosphero. This iype of lnformation Ís rarely

available, partlcularly on a routlne basis

fhis thesis has, as lts prlnciple objective, the evaluatl.on of the

cli-natolory of d¡*] for Toronto lleteorological Research StalÍon (loront,o tlRS),o
(43ot6t N, 79o33r I'tr), fo¡ the period l Jan. - 30 June/ To.Tlte leethodology

enployed was the principles of climatonomy, ruhlch nlght here be described

as a set of equations paraneterizilg short-r¡ave solar radiation relations.

Th:is 1s descrlbed 1n greater detad.l in Chapter ïïI. The appllcation of thls

nethodolry encountered a nr:mber a dåfflcuLties .of,:a-fundes,ental nature.

This study rnight be described, therefore, as a case study of a

clinatonom:ì-cal evaluation of the cli¡natolory cf multÍply refl.ected

global radiation at Toronto.

The strrrcture of the thesis 1s triehotonous. The first part

(Ctrapter Ii) exa¡nines the nrultipJ-e reflectlon fron a theoretica.l

viewpoint. The second part (Chapters lII and IV) discusses, respectåve]y,

the nethodology and the results. The third part (Chaçter V) reconsiders

sone of the methodologícal problerns that r.¡ere encot¡rtered in this

appllcatlon of clj¡natonomy andhorv they mtght be potentlalLy resol.¡ed,



CHAFTBR II

TH$ ]'ruLTTPÏ-E NNFI,ECTTON PROCIJSS

The ¡rultip1e reflection process 1s a fundamental consequence of

the lnteraetLon of particulate matter with the solar radtatlon fle1d,

this partlcula{,e matter, v/nose size distribution ranges frcn snall ions

a¡¡d air ¡nslss.'ìss to giant nuclei and raindrops, affects the lncident

solar radåatÍon in two principle lrays: scatterlng eÌìd absorption. The

latter process represents an ertractlon of energ¡r and thus affects the

anount of radíation that is able to enter into the multiple reflectÍon

process. Ïn contrast, scattering represents a díspersion of radiation

and is the principle nechenism through r.¡t¡ich the diffuse f}:x arj-ses.

It is of sone fmportence therefore to exani¡re these processes in

greater detail,

Wlth regard to scattering, it ís lnstruetive to differentÍate

between those particles such that *fI (< 1 and those particles r*rere

the conditlon af,I > 1 hoids true. The former class conslsts of sna1l

spherical- particles such as atr mol-ec¡¡les" An atnosphere eonsistlng

sole3-y of such matter 1s tenned a Rayleigh atmosphere" The latter class

consists of particles such as dust, aerosols, water vapor rnolecules, etc.

Such an atmosphere ls often termed a turbld atmosphere. The distinctlon

bet¡ueen these classes fs necessary because these classes obey quite

different scattering laws.

this Chapter r+ill focus attention on scatterlng ln a RayJ-elgh

atmosphere. Ïtrh1Ie thero does not exist any physieal correspondence to

a Raylelgh atmosphere on the planet Barth, certaln geographical- reglons



18

do represent falr approxlnatlone to the Raylolgh co,se. Moreover,

differences between Rayleigh and aerosoL scatterlng (i.e., scatterlng

1n a turbld atnosphere) are not so rnuch ln klnd as they are ln degree.

Glven thls descriptlon of scatterlng in a Raylelgh atmosplær.e, the

impHcations of more reallstic models, such as aerosol scattering, sca¿"tering '

ln cloudy nedla" and absorptlon, etc., r/r11 be dÍscussed.

1. Seatterine in a Rqvleieh Atnospher.e

This sectlon consists of tv;o parts. the first part presents a

derlvation of the scattering coefficlent for a Rayleigh atnosphere. This

reÞrreents q in the temrinolory of Chapter I. The second part iIl-ustrates'þ
how this quantlty is enployed to calculate e*r 1.e., the fltrx of multlply

reflected global radj.ation. The derlvetion of the scattering coefff,cient
a2

folloue that glven by Johnson'/.

Raylelghts princÍple assumption that .fl .< 1 al'lor"¡s one to

consid,er the scatterlng center as s^n oscillating dipole34, Consider a

scatterer of enerry to be sumounded by an (inagi.nary) sphere of radius

r. r ghall be chosen so large that the seatterer may be considered to be

a point source. The situation is portrayed schematically in FIG. 3.

As the energy, or total power, F, 1s conserved 1n passing fron

source to the spherical surface

JJ. Johnson, J.C., I95l+: Physical l{eteolqlog¿. The M"I.T. Itess,
Cambridge, M.ass. , 393 pp,

34. trthen the centers of electric charges of equal and opposlte magnltudes
are separaüed by a measurable distance, the product of one of the poles
arrd the dlstance betweon the two ls the dipole rnouient, and the
entire system ls terned the dlpols. I¡lhen the magnitude of the dipole
moment changes in a periodlc fashion, the system is terrred an
osclll-ati¡g electric dlpole.
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Figure 3

A SCHEMATIC INTERPRETATION OF EQNS.(9).(12)

oreo

source of

Area 2 has any
of Area 2 on a

and I L: IZ,

orientation in space. Area
sphere of radlus, r. Fl: F2

I is the projection
; 
El ) EZirL : @Zi

From Johnson, L954, op.cit.
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F = 4¡rZE

wl¡ere E ls the fhrx denslty.

By definitlon, ühe nunber of steradiar¡s 1n a sphere of solld

angle c.r ls

(ç)

.2
4rrru=-1-= 4r
r

The l¡tensity becomes therefore

t
- F 4tr-E _2¡=-:-_=.Éfû) 4r

(ro¡

(u)

The intensity nay also be oçressed ln differential forn as

(u)

where d<,r represents the dlfferentlal of solld ang1e. The intenslty in

differentlal forn represents the lnstanta¡reous flux d.enslty. As such it
ca¡ also be rer.lritten as the magnitude of the power fï-ow of an electro-

nagnetic Ìrave travelH¡g rrlth the speed of light, c, whose electric

vector is E " rn thls notation, E is the magnLtude of the Poyntlng

'vector, ruhich vector is equal to the pot{er flor+. This r"ku"35

E=9 l,2l'4'lt-l (r¡)

Uqn. (13) states that E 1s the lnstantaneous flux denslty of the

scattered elect¡onagnetlc wave, a¡rd E ls the instarrtaneous magnltucle

of the electrlc vector of thls scattered Ìrave.

_dF
cl&)
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The osclllatlng dlpole ls the source of the scattered flux. Slnce

periodlcally changing motion is implied E must b proportlonal to a

force, whlch 1n thls case, 1s the acceleratíon of the dlpole mornent.

Slnce E, the flrrx density, falls off as the square of the distance,

E nust also be proportional to r-1. And, slnce both the scattered fh¡c

and polarization of the dipole are vectors, the component of the

radiation from the oscj-Ilating dipole along a given radius vecüor of

nagaitude r varles as sina, uhere a i.s the angle bet'ween the electric

vector E of the lncident }Lght and the directlon along rchich ùhe scattered

f1r¡x is detected.

F.:qpressing E as a functj-on of the variables mentioned above

gfves

,
- 1 d"P sín o- 2 -2 rcdË (r4)

wt¡ere aze/at2 is the aceeleration of the d,lpole moment and c-2 is the

consta¡rt of proportionality.

instantaneous value and is defíned on
The average value of E is found bY

of the root mean square value of the

t<rJ As stated prev,iouslY, Ç is.an
the Ínrerval lo," I e' I \

.t
repracing l .à í; lr.-:ii¿"
electric vector. Thus

= =E**tms

and thus !'

ñ="112 |u 
Bn I rnaxf

It ls assumed that

f= E "ir,Ttmax ^
where E is the amPlitude-max of the electric vector
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The lnduced dipole noment P 1s related to the lndoc of refractlon,

m, through ühe Iorenz-Iorentz l-aw. The strength of this Índuced dipole

is dlrectly proporbi.onal to the arnplltude of the lncldent electric

vector Eo. The a.mplitude of the lnduced dipole nonent is

o = 3E /r'-t \ ...o 4?lT )v ( r¡ )
\ur +2 /

l*rere V ls the volume of a scatterer.

Assurring a sirople sinusoidal variation for P, the lnstantaneous

dipole noment, yields

p = p 
"ir2n"o --:t- '

Ðifferentlating eqn. (t6) trrj.ce yields the acceleratj-on of the

dipole monent, namely,

(r.6)

a2p _fzn"\2 (rz)
;7 - \-r-l Po sin + '

Substitution and re-arrangment of terms glves

E = -r" 'co (+ ) Y, 
"i.r, T . "i'o 

( re )
r \m'+zf\' À ''

As has already been stated E ls an lnstar¡taneous value. It 1s the

mean value of this quantity that is required here, 1.e.,

: = sn2 E2 ( tJ \, u, ^,^2^o I Ç) lsin-csrn2rcr (rg)rms _T 
\m
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2 ^2 2
9TE = -" 

'n I ^'-, \' _y' ^,^2^ ( eo )rms 2 I y^ l:+s1nc2r- \m-+2/ À

which, in vlew of footnole 35 can be re¡ritten as

sn2 l" 2\ /*'-t \' Y2 ^,^2^E = ? (ä i)(;*) l+ 
sin-c ( zr )

Analogous to eqn.(f¡), therefore,

e2c,2,-
B" Eo = 4n le- | = uo

I -rms 
I

the nean flux density of the incident rediation.

SubstÍtution of eqn.(22) back into eqn.(21) ylelds

= 
9n2É'o I ^2-t\'-u' -.-z-n = --T- 

\ã / 
--¿ san cr

r*here the bar over the quantlty (eln(2ocX-lt)) indlcates the near¡ value

of the quantity. It ca¡r be shown that the ¡oean value ls $. Substltutlon

back into eqn" (19) ylelds

nqn"(23) represents the scatterl¡g of (polarlzed) radlatlon by

non-abso¡bi-ng partlcles such that 
" 

À-1 << 1.

The total scattered flux can be obtained by nultiplying both sldes

of eqn. (zÐ av the area of a sphe"u, 
"zdr. 

thls ylelds

F = grrLi, I ^2-l 

4r

.[.J;)'#1"'n'oo' (u)
0

(zz)

(zg)
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Changing dc¡ to spherlcal coUrdlnates and the }Lmlts of lntegratlon

to the correspond5ng Ltmlts ofc, the lntegral of eqn.(24) can be

easily evaluated. It ca¡¡ be shown that this value ts I+/3. Uqn. (24) tfren

becones

F =24r3(t=L\rt (zs)Eo \7;/ 7

Uqn.(e5) represents the total fluc scattered out of a bea¡n of

radiant enerry of r¡nit f}¡c density by a silgle scatterer. If there are

n such scatterers per r:nit vo}:¡ne of space, then the energy scattered

. out of a bea¡n per unit length, s¡]]sd the scatter5-ng coefficient, k"r 1s

then eqn.(z¡) nurtlplied by n, or,

k = 24tr3n / ^2-t \2 v2 ( za )" {.,^a;)7

In r,rcrds, the scattering coefficient represents the ratio of the

total f}:x scattered out of a beam of radiatlon in a unit length of n

scatterers per unlt vo}rne of space, to the flux lntercepted by the

total geonetric cross-sectional area of these n scatterers.

At eea-leve} k - IO-I. Sone selected rnonochromatlc values of k--s-s
'$,ere calculated and are shown below ln TÂBLE 1.

TABLE I - VA.LUES 0F ks FoR SET,ECTEÐ I'IAVELEIüGTHS

TN A RATIETGH ATMOSPHUIB.

0.30u 0.364

0.50u 0.135

0.70u 0.036
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TABIE 1 de¡nonstrates that nolecui-ar scattering ls rnost effectlve

i¡ the sm+]1 wavelength range of the vlsible portlon of the electromagnetlc

spectrum. k" decreases qulte rapldly as the infra-red portion is

approached, lndicatlng that very llttle difftrse radiatlon 1s generatfud.

at these wavelengths.

To conclude thls dlscusslon on the scatterlng coeffícient, tt is

to be noted that Rayleights theor¡r also ¡rields the direction of the

scattered light. Letting î 
""pruu"nt 

the intenslty of the scattered l5ght

fron n particles, ed Ïo tne jxltial intenslty of the lncident radiation,

then

&/#-l\tot 'lEo = 7(r*/ F sinzr;rorPorarizedÏ (zz)

t/Ío = *(frr) X(1 +"ou2r); rorr:npolarizeaïo ( zB

the terms "in2f an¿ (] + cos2f) are varlously ternred the scattering or

phase functi-ons or scatterÍng indicatrix. these functions describe the

angular dfstribution of thb scattered radiation. FIG. 4 represents the

case for eqn"(eB).

In FIG. 4 the solid outér cur{re represents the fu¡¡ctlon 1l + 
"o"2i).

The diagra¡n is so constnrcted that the leng$h of the radius ls proportional

to the amount of radlatlon scattered ln the dlrectlon of that radlus.

FIG. 4 illustrates, that, for the Raylelgh case, the a¡nount of

radfatlon scattered ln the foi:r,¡ard dlrection ( f = Oo) equals the am.ount

scattered 1n the bach¡¡ard directlon (1."., I = z.o).

Moreover, the a¡rount of radlation scattered ln the fonrard and

bachuard dlrections ls tvrlce that scattered ln a directlon nonnal to
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Figure 4

SCHEMATIC REPRESENTATION OF THE MOLECULAR SCATTERING INDICATR]X

3n¡r'

SCATTERING FUNCTIONSCATTERING

CENTER = l+Cos2(



that of the i¡cident radlatfon.

But Just as a unit volume of space depletes the incldent solar

bearn by an a¡aourt proportlonal to k"r 1t may also act as a source of

f\¡rther dlffusing of the radiatlon uhich has already elçerienced

scattering at least once. Consequently, the radiance emanaü1ng fron a

ur¡it volune of space is always greater than r+ould be expected fron

consideration of k" ",ot". The discrepancy, of cou¡se, is due to

nultiple reflection.

Unfortr¡nately, Reyleights theory does not consider mu-ltiple

particulate åcatteri¡g or reflectlon of radi.ation at the earthts surface.

Ðei:mendJian and s"k"ra36 have used Cher¡drasekrra.u3T theory of

radiaüive transfer to obtain a solutlon to this problem.

Iæt z'Fo be the flr¡< of monochro¡aatic radiation of wavelength

i¡cldent at top of the atnosphere under zenith angle 0 .

Then the reduced f}:x, z-F^r through a unit area nor¡oal to the

inconi.ng radiation at a height z cm above the earLh?s surface can be

shown to be

n FX = n FoÀ .*p { -tluo }

Y,*¡ere þo: cos 0.

The non-djmensional parameter z, tenned the normal optical

thickness, is a fixrction of the wavelength À, and stands for the 5,ntegral

, =fu,a"

t¡here ks ls the nonochromatic attenuation coefficient, 1.e., the

16. ÐelrnendJian and Sekera, I95l+, oÞ. cit.

37. Chandraselthar, S., 1950: Bgqi-gb:Lve_Tr3lgg-er, Clarendon Press, Oxford,
U.K., ln ÐeirmendJlan snd Sekera, l95l+e oÞ. clt.
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scatterl-ng coefficlent.

For a gC-ven distribution of aj-r density wlth helght, r can be

doteræined. At some fixed level z cm above sea-level,

f(r) ( rr )

ar¡d can therefore serve as a di-mensionless pararneter deffulng the

wavelength of the incident radiatíon.

Thus the flux of the direct conponent at r.ravelengtt¡ lt is given by

Sl =nFÀuo""p{-r/rol (lZ)

ruhich reduces to eqn. (e9) r.¿'ten the sun 1s exactly at the zenith

(i.e., o : O).

Ihe nonochronatlc radiation recelved from a unit cone of so}ld

angle dc,r ar¡d from a direction maÌcing an engle 0 rrith the vertical- will

contrlbute to the net fluxrthrough a horizontel unit erea, by the

a¡uount Icosgdc,r, nhere, in general, I = L(lo, eo, 0, ç) Is {,he speclfi-c

intensity of the diffuse sþ radlation. The sþ radiation, H^,r 1s then

gtven by

,^= ft coso dur (zt)

rvhere the lntegration is perfornred over a-11 the solíd angles of the

'outer henisphere on1y, 1.e., it is assu¡ned that the surface element ls

receivlng radiatj-on fron one slde on1y. Since do = sin0dddp (rrher I denotes

the azi¡mrth of the partlcular direation) "qn"(33) 
car¡ be rer.r¡itten as

I2r
H^ = t fruouu* (u = coso)

^ JJ
00

(ltr)



29

The sky radlation ls ln general polarized and thus the specific

lntenslty,.ï, can be expressed as the sr¡m of tho intenslties of tr"lo

conponents polarized in two directfons normal to each other: norral (Ir)

and par:]]ef (It) to the vertícaI plane through the directlon given by

ühe zenlth angle 0 and the azlmut¡ .p. Fron the general equatlons of

radiative transfer, r.rith all orders of scattering 1nc1uded, the

expressions for the j¡tensitles I_ and I- nay be given asr1

__oI. = Il + A- (u,u^) cos (v- co) + n. (u,uo) cos 2 (v - vo)
i a l-. o L' r 

(i = lrr)

wt¡ere /-¿o and po speclfy the directlon of the incideat dj¡ection, and the

fr¡nctÍons A, and B, are ü¡ear combinations of sJx special f\:nctlons of

ro and ¡., onIy"

Upon eubstltution of eqn. (35) into eqn. (34) and performing the

lndlcated in'uegEation, the azir¡uth terras vanish so that only the functions

f! anO { (*iri"it are azlnuth indopendent) contribute to the integration,

The functions Il and If are related to the incÍdent radiation by therI
relaüi-onship

^oJr
I

16u

(ts)

(x)

where To represents the trensraission matrlx rrith elements tirU (trU = rr1).

Substltution of eqn. (36) Ínto eqn. ßS), and assunlng neutral lncident

radlatlon, i.e., FI = F" : fo/Z, ylelds the e4pllcit lntegral for the sþ

radlation, namely,

(u,uo) 
(;:)(:i)

1

r
J 

t'i' *
0

HÀ= 3uFo
-16-- tl, * ro, + rfr) du

(v)
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l{hen eqn.(3?) is rewritten in ter"ms of Cha¡rdrasekher?s ?, and 7,.

fiurctionsr €gD. (3?) uecomus

Hl = rFouo [%rr(uo) * Wr(uo) - ""p {- ./uo } ] ( ¡g )

Conbining eqns. (:Z) and (3e) yieras

Gl = Hl*sl=nFuo-[vr(uo)*yr(uo)] (39)
2

Uqn. (:9) represents the monochromatic globaL radlaü1on. The functions

|rr(ro) ana !rr(lo) have the fol-Iow'ing physical meaning: they represent

the monochromatic global radiation resul-tlng fron the components

polarized normal and parallel, respectively, to the vertical pIane, for

unit i¡cldent flr:x (oFo : 1) of neuiral radiatlon, r+hen there is no

reflection aù the earthts surface and 0 å 0.

Ïn general, the problern of reflection by the earth?s su¡face

nay be vleued as an additional illu¡nínation lrhich na¡'be expressed in terns

of ChandrasekÌ¡arrs I. functions. This additlonaJ- intensity ff anA fl of

diffuse light due to surface refleciion is also azl¡ruth independent

and has the for"m
)

**rt * Ï1 = ofoFo [vr(uo) + vr(uo)]t2 - vr(u) - vr(u)l ( 40 )
4 (r-qã)

utrere a is the albedo of the earthrs surface and 3'is a quantlty

depending on ¡ only, but independent uo. It ls connected to the l.
f\rrrctlons by the relatlon

1

l-r f
s = r - / Itr(u) + r.(u)l udu

J (41 )
0
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The dlffuse radlatlon resul-ting from surface reflection ney be

conputed by substltuù1ng eqn. (40) into eqn. (34) Ttre int,egratlon, using

eqn. (4r) for 3, ylelds

f f * *I lGt + r;) udud ='lou.l, 
Jvrcu"l 

+ y.(uo)l 
, ur,J J ,(r*Ð

Âdding eqn"(4e) to eqn. (lg), 1.€.r the dlffuse radiation if

the ea¡thes surface r{ere a black body, ylelds a¡Ì exlpression for the dlffuse

radiatlon which lncludes the effect of surface reflection, namely,

H.=nFU
^oo

Yr(uo) + Yr(uo) - exp 1- ,/uoI
2 (r-as)

l{hen eqn.(&3) is i¡ turn added to eqn.(gz), i.e., the dlreet

flrrrc, a rather sin,ple result is obtalned, representing the

monochrornatic g1oba1 radiation, G"', uhen the earth is reflectÍng

¡¡ith albedo a, vrz,

(+t)

(r¿)G, = H. + s. nFouo
 A"-2

vr(uo) + tr(uo)

1-as

Thus the global radiation can be easily conputed provided the

functions r, (p) and r..(r) are knolrn. However, as ÐeirmendJian andlr
Sekera point out, the evaluatlon of these functions ls not so slmple.

It requires the solutlon of tr+o systens consisting each of tr.¡,o

non-linear irltegral equations for tl¡o pairs of functlons (\rY1rX.rY*).

Before discussixg the evaluatl"on of eqns.(&3) a¡rd (45), 1t 1s

infornative to note that nore recent approaches to the multlple

reflection problero have mede extenslve use of a nnatrix formulatfon of
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the radiativo transfer probtem. Twomey ut .t38 have obtalned some very

lnteresting results employlng such a fornulation. Tanak"39 h"" presented

a conprehensivo listing of all naürlx relationships for the radlative

transfer problenr. Besídes the conslderable facility of coroputation

that thls approach offers, the matrjx formuLation ean lncorporate many

re¡lislls features of real atroospheres such as (trtgtrly) anisotropic

scattering, polarlzatlon effects, etc. Attentlon Ìrill, however, be

focussed on the evaluation of eqns,(B) ana (Io4).

Sekera and B1anch"40 hu.r" obtained a solutÍon to these

equations by performing succeesive iterations (corresponding, physically,

to the inclusion of second- a¡¡d hlgher-orriers of scatterlng) for

several normal optf.caì- thlcknesses. TrlSIÆ 2 contains values of H(1)Æ

(for the case of albedo :0) for various solar zenith angles (ro) and

rrravelengths (e4pressed 1n terns of z ). Thi.s raüio is a measure of the

contributlon of prÍmary scatterlng to the total diffuse flr:x resulting

from all orders of scattering.

Although uncorrected for surface reflection, TABIE 2 does

lndicate that multiple reflectj.on (i.e., secondarXr arid higher order

scattering and reflection fron the earth?s surface) is of naJor

Ínportanòe in the v:lsible portion of the electro-nagnetlc speetnrm. As

the near a¡rd lnfra-red porbions are approached prlmary scatterlng

accormts for nearll ¡]1 of the dj-ffuse radiation arsing i¡ this porti-on

J8. thromeyr S., Jacobowitz, H., Ðd HoweIL, H.8., 19662 l"fatrix }fethods for
Multlple Reflection Problens, J.. Atmos. Sei., Y. 23, pp. 289-296.

39. Tanaka, I{. r 1;97t^: Radiative Transfer 1n Turbid Àtmospheres: (I): i{atrjx
Ânalysls for the Proble¡n of Ðiffuse Reflection and Tra¡rsmlsslon, J- l"leteor.
Soc.. JaÞa¡r. V. 49(4)r pp. 2961LLt (ff ): Angular Ðlstributlon oi fftensity
of the Solar Radiation Diffusely Reflected a¡rd Transmltted by Turbid
Atmospheres, J. I'feteor. Soc. ,lap_¿ur. V. 49(5), pp. 3ZI-332. (fn1:Ðegree
of Polarization of the So1ar Radiatlon Reflected and Trar¡smitted by
furbld Atnospheres, J. I'leteo_r. Soc. Japan. V. 49(5), pp. 33.341+2.



TABï,8 z - H(J) /H FOR TuE cAsE oF AtBÐo = o.o. vlrucs ïN rARu\ïTHESEs RnERESltilr rHE

COFR¡spO¡¡DING hIA\¡8IENGïI AT SEA-IEVEL. From ÐeirmendJlan and Sekera, ]-95l+, oÞ. eit.

u'o r I.00

( x) (o Jt4,)

1.000

0.600

0.100

o.25

(o.t$6u)

0.403

o.o25

o"352

0.15

(o.hgi u)

O.731+

o.27r

o.699

0.812

0.06

(0"6t8")

o.667

o.785

o.66

0.904

o.02

(o.Bo9rr)

o.765

0.997

o.75

8.5)c1o-3

(r.oo9*)

0.960

o.g/7

o.950

0.88

5.2*ro-lr

(z.ooor)

0.980

4.950

0.980

o.95

1.0c0

0.970

1.000

o.g7

1.0c0

I.000

\^)
\¡)
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of the eloctro-nagnetic spectrum. And, as TABLE I indicates, vetxr lltt1e
dlff\¡se radlatíon arises from the infra- a¡rd near lnfra-red portions.

Tlrus nul-tiple reflection 1s priroarily a feature of vislble solar

radiation.

TABLE J represents the evaluation of eqn. (44) for the paraneters

Listed j¡ TABLE 2. TÄBLE 3 de¡oonstrates how the monochromatic globa1

radiation, Gy increases hrith lncreaslng,surface albedo fe¡ r'll ("or, ri).
An j¡terestlng feature of TÀ3LIÌ J concerns G,_ Hhen the albedo = 0.80.

When þo = 1.00, Gi ) 1.00 for alJ- rr. The physical interpretation of

this result is that under these circu¡rstances, G¡, exceeds the extre-

atnospherlc irradiance. This indicates that nu1tiple reflection is a

rather effective process j¡ renderÍng a higher globa1 radlation receS.pt

than would be the case if the ea¡thls surface Ì^¡ere a black body.

FinaILy, r¡hen the rnonochronatie fr¡nctions are integrated to

obtain the integrated absolute diffuse, dlrect, and global radiations

the patteri: established by the monochronatic functíons a¡e maintalned.

These (hiegrated) values laave been extracted and have been used to

calculate the Íntensiflcation ratio ct7cl. The results are gLven in

TABIE À..

TABT,E 4 - llrrElrs$.rcATror{ RATïos *r li FOa, A RÂïIÐIGH
SURFACE AIBIIÐOS JUTO SOI,AR. O Z[ÌtrrTH AI;GI]IS.
and Sekera, L95h, oÞ. cit._

G:Á/c: oo 53.ro är ^Oö4. )

G.e/c.Ò 1.058 L.O55 1.046 I.0l+4

1.016 1,0r5 l-.016 - r-o_rr-

ATI.fOSruffi¡.FOR VANIOÜS
After. Deirmendjian

gB. go

GlG.25' .o
G .g/G.25 1.041 1.039 L.O2g r.o32



TABLE 3 - SELECTED VALUES FOR THE RELATIVE MONOCHROMATIC GLOBAL

RADIATION, GÀ, FOR SURFACE AIBEDOS OF a - 0.00r o = 0.25'
a = 0.80. (VALUES IN BRACKETS ARE THE CORRESPONDING WAVE-

LENGTHS AT SEA LEVEL). FROM DEIRMENDJIAN AND SEKERA.

r 1.00 0.25 0.15 0.06 0.02

(1) (0.312u) (0.4362v) (o.4esu) (0.61-Bu) (o.B0eu)

u
o

1.00
0.60
0.02

0.6s97
0. 3250
0. 0050

1.00
0. 60
0.02

0. 8884
0 .496L
0. 0078

0.7 427
0.3658
0. 00s6

1.00
0.60
0.02

d

0. 9301_

0.5332
0. 0086

d

0. 9s87
0. 5495
0. 0089

c

L.0282
0.5894
0. 0095

0.9302
0.5r-94
0. 0082

= 0.00

0.9709
0.57L4
0. 0100

= 0.25

0.9840
0.5792
0.0101

= 0.80

r.0L42
0. 5969
0. 0105

L.0269
0. s05B
0. 0078

-?B.5xL0 -

(1.00u)

L.0377
o.5794
0. 0091

0. 990L
0.5902
0.0r37

-L5. 2xl0
(2.00u)

0.9958
0. s9s8
0.0166

0.9948
0.5930
0. 0138

1 " C3x10

(3. 00u)

0.9998 0.9999
0. s998- 0. s999
0.0197) 0.0199

-4

0.9979
o.597L
0.0166

1.0054
0.5993
0.0139

0.9999
0.5998-
0. 019 7)

1.0025
0.5999
0.0167

1.0000
0.0000
0. 0200

1.0002
0.6000-
0.0197)

1.0000
0.6000
0.0200

\¡)
\¡r
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The values for the ratlo , ./O.rj lndl-cate that, in a Rayleígh

atnosphere, the lncrease 1n globat radÍation attrlbutable to rnrltíple

reflection ranges from about J per cent for low solar a-ltltudes to

about 4 per cent when the sun is exactly at the zenlth.

rn sumnary, the salis¡l featu¡es of scattering in a Rayleigh

atnosphere nay be described as follor^¡s:

(i) - A unit volune of space depletes the j¡cldent sola¡

radiaü1on by an a.nount proportional to the scattering coefficient, k".

This decrease i¡ intensity fs directly proportional to the síze and

number of scattering centers and inversely proportional to the fourth

por'¡er of the lravelength of the i¡cident radiation. Moreover, the

scattered flux fol-Iohrs an angular distrÍbution descrlbed by the

scatterj-ng function. For a Reyleigh this is the functj-on (l + 
"o"2f),

The consequence of this particular functíon is that the (eloba].)

radíation scattered in the fon+ard (i.e., i¡r the dl¡ection of the

incldent radiation) anA the baelcr¡ards direction is eoual,

(ii) - But a rurj.t volurne of space may also act as a further

sounce of diffusi:rg of the radiation uhich has al-reedy e.-.cperienced

prinary scatteri¡g. Consequently, the radlence e¡rranating from a r,mit

vorume of space is ali+ays greater tha¡r r¡ould be expected fronr

consideration of prinary scatterLng alone. ExLensive calculations by

Ðeirm;;hdJlan arrd sekera illustrate that nultiple reflection is
primarily a feature of visible shortwave solar rediatlon. l'lhen the

monochromatic functions are iltegrated to obtai¡r the absolute velues,

the baslc pattern established by the nonochronatlc fu.nctlons are

mal¡talned. Thus the dlffuse fJ-ux, and consequently, the global radiatlon,

lncrease vrlth lncreasing surface albedo. l,foreover, DeirmendJlan and

Sekerars calculations l-ndlcate that



.) 1'
)l

H. /G. g oo Yoro=ot,.rtrf2(trs)
tt?tich lllusirates that rrith j¡rcreasing surface albedo the contrl-bution

of nultipl¡' reflect,ed global radlation to the global radiation receipt

becomes disproport,iona'l I y larger.

(fff) - Finally, conparison of radíatíon fl-uxes of a sno.,¡-

covered to snov¡-free surface lndÍcates a general lntensification of

global radiation of the order of 3 - 4 per cent for a Raylefgh

atnosphere.

the preceding results have been derived for a Rayleigh atnosphere,

a concept not st;rictly applicabl-e to the lor¡est layers of the atnosphere

(See FIG. 5),
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ïn this portion of the atnosphere are found particles, such as

larger ¡nolecules, dust, haze and Lndu-strial aerosols, ete., whose

dl¡eneions are coruûensurate rrith the rqavelength of the lncident

radiatlon. The uJ-timate effect of such matter 1s that the atmosphere

can no longer be assumed to scatter (nearly) isotropically, the sltuation
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described 
"boo"41. 

Consideratton of these larger partS-cles leads to what

is often referred to as anlsotropic or aerosol scattorlng.

2. Aerosol ScatterlÌlg

The effect of aerosol scatteri:rg ls not so nruch t'o al-ter the

basic features of roolecular scatterirrg as it' 1s to scatter llght

more selectively. A complete theoretlca-l solutlon valid for e'lI values

-ì ,n bf, I'liu42. Accordlng to Tverskol'-of aÀ - Has gJ-ven by I'15-e42. Accordlng to Tveruk,'43

t4fle showed that the principle physical difference
betr+een scattering on small- and large particles is
the follor,ring. The field inside a partlcle can be
regarded as uniform only v,'hen its dÍnensions are
smaller thar¡ the navelength of the nonochronaülc
radiation incident upon it. The proper emlssion
wtrich arlses in this process can then be regarded
as the enission of a dipole. Hor+ever, if the particle
dimensions are comparable r'¡íth (or greater the¡r) the
wavelength of the j¡rcident, light the field around
the particle can no longer be regarded as uniforra
and the spherical r'¡ave qd¡ich it e¡dts must be
represented by a system of partial waves d'rÍch
becone rno-r'e corflplex as the particle dirnensions
lncrease (on the dipole field are superi.rnposed
flelds of hi-gher orãers: quadruple, oetu.ple, etc.).

Mathematically, the intensity of the
scattered light can then be treaied as an infinite
series, the terms of r.¡hich chera.cterize the intensity
of the indicated partial waves.rt

41. Technically, Ra3'leigh scattering is not true isotropÍc scattering.
True isotropic scattering leads to a constant flux densi.ty, orr in
other words, scattering is lndependent of the angle of incidence of
the incident radfation (c.f. FIG. {). Horrever, the differences
betv¡een the two cases are snall, so that the two cases are usually
considered sJmonomous.

I+2. ltle, G., 1908: Â Contributlon to the Optlcs of Turbid Media.Especia-l1y
Coliolda1 Hetalic Suspensions, Ann, Physílc.. (fou¡th series), V. 25,
pp. 377-l+l+5. .In Johnson, L95h, qp" ci_t.

{,J. Tverskof-, P.N., 19622 Phvsics of_the- Atmosphere (Trans. fro¡n the Russlan
by rsreai hogram ror sc:ientiffiPsT), Jerusale¡n, Lg65),
Gl"üZ, Iænlngradr 560 pp.
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the serles beglns as

k" = 24n3"(fr)'
Ë¡'.

(r-¿)+(fr)É. l
where k is defined as before. Eqn. (Aó) iffustrates that the leading

s

term is tho ¡nolecular scatteri-ng coefficlent. Rayleights theory may

therefore be vier.¡ed as a special case of a nore general theory of

light scatterlng. However, as has been pointed out by several authors,

eqa. (46) converges so slor.rIy that it may not be used with any facllity,

alühough the avallability of rnodern high-speed computers does not uake

this featr:¡e the disadvantage it once k'as. In a¡¡y event, eqn. (46) does

illustrat,e that ttscattering by partlcles just slightly larger than the

Rayleigh lip'ft tends to deviate quite rapidly fro¡a the inverse fourùh

pol.,rer law' &.

Besides knowing k"r it. becoroes crj-tical to este"blish the

rnaterial nature of the aerosol r,¡hich Ís understood to be cornposed of

all solid cr liquid colloidal partícIes of the size of nolecular

conplexes up to a radius of abouL Np..

Aeeording to u "*rrey b), Bu11r1cfi45 ,n" aerosol exLends over a

range of four orders of magnitude" The aerosol can thus be

characterized by a size distributlon ¡^¡hich follor¡s a po?¡er Ia¡¡. It will

be here denoted by the symbol .t*. Thu lmportant aspect is the particle

with the small-esb radius, rrr and the particle with the largest radius,

u
In theory, the dlstrlbution car¡ be the lnterval (0, * ).

Johnson, L954,

Bullrl ch, I(.,
in GeoÞhysics,

op. clt.

196L: Scattered Radlatlon 1n the Atmosphere, Adv_arrces
V. I0, pp. 99-260.

hf+.

l+5.
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Honever, a nore re^listic definition is the 1¡terval- (O.Ot*r'r, lOl).

AssumJlg a concentratlon of smal'l pa::ticles ar¡d a few large particles

gives the result d# = l+,O. Assu,,n-tn6 a distrlbution ¡/ntch eontalns a

high concentration of large particles a¡rd fev¡ small partl-cIes glves the

resull .'* = 2"5. Accorcling t,o a survey by Bullrich rrthe rnaJority of

direct aerosol a¡rd f¡direct optical measurements indicate that rl* = 3.O

gives the best fit to the natural slze distributlon, If a graph of

concentration versus the logarithm of radius is plotted, ,'* :3.0

represents a mass distrlbutlon vrith equal particle nasses contalned

withl¡ equal logarithrcic radius intervals d(Iog r).

.t*' 1" affected by several processes, mainly of ¡neteorological

origin. Sedimentation processes, for j-nstance, result ín maximum vaLues

of tf-, nhile various coagulation processes ninlmize ü*. Thus ,'* ls .

conplex function of both ti¡re of year and time of day.

The significance of the pararretèr ,r* lÍes in the relationship

betl¡een .Î* and the er:gular ciisiríbution of scattered 15.ght. Research

by Bullrich and others leads to the followÍng general conclusion: as

,'* decreases (1.e., as ihe concentration of Ia:'ger particles increases)

forvrard-scattering (i."., ir the direction of the incid.ent radiatlon)

becomes more pronrinent. 0f special j¡terest is the case of a tralspa.renü

sphere corres.ponding to tho case of scattering of light by water droplets.

Tverskoi46 n"" reproduced polar diagraros constructed by shuleilcan4T

for this case" Th¡-is |s shom in FIG. 6. In IIIG. 6(a) the case for a

46. Tversloi, 1962.¡ ap. .clt.

l¡f . Shuleikan, 1n Tversltoi, L962, gp,_.qÉg Unfortunately,
is not lncluded in Tverskol-ts text and consequenüly a
reforence for Shul-eikarrts v¡ork ca¡not bo gIven.

a blbliography
proper
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Figure 6

POLAR DIAGRAMS FOR THE CASE OF A WATER DROPLET

Fig. óo

the degree of polorizotion

From: Tverskol,

Shoded oreos represent

L965, op.ci!.
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water droplet ls ohor,¡n. The dlagram illustrates t¡uo features of

aerosol scatterln¿q, First, scatterlng is no longer symrnetrlca-l wlth

respect to the scaiteri¡g cenl,er (c.f. FIG. 4). Second, scatterlng

in the fon+ard direction exceeds that ln the backward dlrection. As

the particle dlmensions jxcrease, these effects becorne still more

pronounced., and ÎIGS. 6(b) a¡rd 6(c) illustrate.

I{ow Let the radiatlon scattered i¡ the forr¡ard direction have a

ratio t to that scattered j:r the backr¡ard d.j-rectlon. Feigele"ot "t "148
have presented comprehensive calculations of the ratio G*r/G*. for

.O 'I
variable {. Sorne of these values are shown in TABIE 5. These values

.,*

are che.racterized by the optical thickness t r t and by the shape of

Lndicatrjx numberod by roman nu¡aeral s. These nr¡mbers correspond to

{= o.B5(v), Ë = 2.48(rtrr), t = h.6ç(irrr), t = 8.46('!EIr).

TABIÐ 5 illustrates that with i¡rcreasing t* ar¡d t , { Ël
increases" I'faximrrm values of Gfi are, in fact, recorded under

highl-y en-isotropic conditions. In contrest to the Rq-vleigh case, horuever,

G--/G; shor,æ e-n Íncrease wilh increasÍng zenith dista¡rce for a given ,n,

although these differences are snall. This nevertheless has the important

effect of increasi:rg the radiance near the horizon" It 1s not unJ.ikely

that such consjderaiions are the essence of such optical phenonena as

the ?rrrh-ite-out? and tice-b1ink,49.

In sunmary the nultiple reflection process is a rather effective

process 1n a turbid atnosphere, This ls primarily a consequence of the

greater backscatterance which obtalns in a tu¡bid atmosphere. Felgellson

et at50 calcrrlations i¡rdicate that multiple reflection lncreases the global

l¡8. Feigcl-?son et al, l-.960, oÞ. cit.

49. Catcìrpole and I'foodle, 1972, gp...-c:!!,_

5|'6.' FSiËgtl:Al et ar, 1e60, e¿.--sl!¿



TABLE 5 - rNrENSrrrcATroN RATro co, / ë- ANÐ coRREspor{ÐrNG BAcKScATTERANcES rN rARENTHESEs.6' .I 
+?

FOR VARIOUS ZENITH ÐISTANCFS, Z, OFTICAI, THICKNESS, ' , AM SHAPE 0F ÎNÐICATRICBS. Afrer

FeÍgelrson et aI (f960, op. cit.), in I.{8IIer, 1965, 9p,=,1!..

30 t+5 60 9o

,i _ o.Z, V

: 0.2, Vï

: 0.4, VI

1.064("120) 1.065(.t22) 1.065(,L22)

- 0.4, vrr

I.06/+(.120)

: 0.6, vII

1"116(.208)

= 0.6r VIII

r.103(.rs7)

: 0.8, VAI

1.064(.120)

r.160 ("276)

: 0.8, VIÏI

1.116(.208)

t.rr?(.2r0)

r.10?(.194)

1.166( .284)

L.065( ,122)

1.158( .27h)

1.144( "252)

1.116(.208)

1"1I7(.210)

r.084( .L55)'

1.I09(.L97)

1"159( "274)

I.083 (.r53)

r.158( .27t+)

r.144(.252)

1.124(.22r)

1.116(.208)

1.l.14(.205)

r.180( ,?,05)

1.165( .283)

1.144(,252)

1.120( .2)J+)

1.16?( .286)

1.143(.250)

\^J
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radiatlon fron about 6 - 18 percent for a anolr-covered surface.

Aa these values refer to the clear-sky condltlon, lt may be

e4pected that even greater values for ühe íntenslficatlon ratio wlIL

be obüalned for the case of cloudy and/or overcast conditlons. No

great ertension of theory 1s required since, conceptually, cloudy medÍa

nay be regarded as a highly ¡nisotroplc scattering ¡nedlum. The feature

rùlch renders this problen so complex is the diversity of cÌoud-types.

Even for a given cloud-type a rarge variabilfty 1n helght-thickness-

density cheracÈeristics ls llke1y to be r*itnessed.

The problem of radiatlve transfer through cloudy media has

recently been subJected to a variety of approaches including: dJ-ffuslon

thuory5lt 52, ol*""1cal sorution of the radi-ative transfer equatiorr"53,

and Honte carlo techniques (1.e., probabilisüic si-mulation)54. These

approaches all yield i¡terestj,ng results.

The rraJor conclusion to be drawn fron such analyses, especially,

fronn ühe work of P1ass and Kettawar, 5-s that as cloud models of

51. Fritz, S., J95l+: Scattering of Solar Bnerry by Clouds of: rlæge Ðropst,
J. $eteor._. V. 11, pp. 291-300.

52. Frj-1.z, S., I955r Illumfnance and luninance under Overcast Skles,
J. t* S.oc. Am., V. 45(10), pp. 8ZO-82j.

JJ. Feigeltson, 8.M., 19642 Lirht and Heat Radiation in Stratus Clgqes
(tra¡rs. fróm the-Russian ,
L96I+t 2fia PP.

Jl¡. Prass, G., and Kat,t,awar, G., 1968: (r)- rnfluence of sln¡1re scatterlng
Albedo on Reflected and Transmitted Light from Clouds, J. AppI. Opt.,
v.7(z)lPP.36L-367;úu)-Monte.Car1õCa1cu1ationsót@ñîffitng
from Clouds, J. Ar¡pl. þt.. V.7(3)r pp. l+L5-4L9¡ (fff)- nania¡t
Tltenslty.of.Light Scaïtered fron Clouds, .I. Appl. Orrt.. V. Z(4)r pp.
699-70l+; (IV)- Influence of Partlcle slzá ÐGtribution .n Reflecieä- a¡rd
Tra¡rs¡niüted Ilght from Clouds, J. Appl. Opt.r V. TG), pp. 869-8?8;
(V)-C¿culations of ReflecteO- anC-TransnitïeA Ranian"ã i'ät Earthrs
Atmosphere, J. 4ppl-. Opt.¡ V. 7ß), pp. 112!-IL35.
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lncreasing opaclty are consldered forward-scattering becomes more

accentuated. Âdmittedly, thls Is a rather broad generali¿ation and

thls statement is only valid in the }[ght of several que'llficatlons.

For the sake of brevity sueh a discussion is omitted here.

If, ln a c).oudy medlurn, forv¡ard-scattering is more pronounced,

then backscatterance must a-lso be Íncreasing. For this reason

backscatterance 1s greafi;r. for the cloud.y sky than the clear-sþ. For

illustrative purposes, TABLE 6 contains sone calculated backscattera¡ce

values for overcast conditj.ons (atter Korb55).

TABIE 6 - BACKSCATTEA.ÀNCE, d, oF OIERCÂST SKIES. After Korb (1n t'föIler,
1965, on. ci-t.).

Cloud Optical Ttrickness

Iowcloudr lhthick 5
30

0. ¿+8

0.80

llighcloudrlhthick 5
3o

0.46
0.?g

Tarl cloudr 5 k¡n thlck 25
150

0.78
o.g5

TABIE 6 illustrates two features of lnterest. First, the

backscatterance shows a dependency on the optteal thiclsress of the

cloud, increaslng as the optical thickness inereases. Secondr

backscatterance is substa¡rtlally greater for overcast condltions than

lt is for the case of clear-sþ. Reealling eqn. (e) tirf s can only result

JJ, Korb, G., 1961: Lbsorpt,ion von Sonnenstrahlung, trIolken._!Ilss. Mltt..
l{eteorl. Inst., I'fthnchen, Nr. 6, L75 pp, ln l,R!l1er, 1965, opr_eit.-
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!n greater lntenslflcatlon ratlos being observed for cloudy atrnosphere.

Thus, under conditj-ons of a high surface albedo and clouds of great

optical thlckness, {/*: approaches the maximum value or, upper bound,

of 1üs interval of defj¡itÍon. Thus the emplrical evaluatlon of the

i¡tensification ratio tends to confirsr the theoretical model, but

only to the exbent that absorption cari be negJ-ected.

3. Àbsorptlotl

Absorption represents an e¡ctraction of enerry and 1s thus

li^ke1y to affect the nulùipIe reflection proces by alterlng the

anount of radiation that is able to enter into the nultiple

reflection process.

l,folecular absorption is a conplex process resu-ltlng from

trarrsitions i¡vo1vj.ng froro (1) changes in rotational energy; (fi) simul-

taneous changes ln fotational and vibrational energ.yi and (fii) simul-

tar¡eous changes in rotational, vibrational, and electronie energy.

Various atrnospheric constituents, such as water vaporr carbon

dioxide, aerosols, etc., absorb (S1oba1) solar radlation. Moreover, this

absorption oeeurs at discrete points along the radlation spectrum, in

contrast to scattering which is continuous, although, as Golberg56 t,""

polnted out, absorption ¡ûay be continuous for certain portions of the

solar spectrurn.

From spectral neasurenents carried out by Fowlu5?, and others, the

absorptlon spectra of solar radiatlon are fairly rcell known. Thls is

represented ln FIG. 7.

16. Goldberg, L., 1-JJSI The Absorptlon Spectrr:m of the Atmosphere, ln The
Ear-th as a Planet. pp. t+3t+-tr90, G. Kulper (ed.), U. of Chlcago Press,
Chlcago, 751 pp.
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sjð-\ieþ0s!þ (pîç¡glg
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Frc. ? : ;Ï*;"" ";"r'" oT solar raaiaån (art"r
Forvle). Á, and B refer-to absorption ba¡rds of orygen.
the renaining bandsr3le clue to wa€er vepor. Fron
Haltiner and trfartin)ö.

Ïn FIG. 7 the dashed curve represenis the theoreti-ca1 spectrat

dlstribution of solar radiatlon for 0.62 p < \. < Z.IZ3+. The solid

curve represents the observed distribution, the gaps may therefore

be attributed to absorption, since seatterlng does not alter the

spectral distribution. FTG. / denonstrates two inportant features

of absorption of global radiatÍon. First, the rnaJor absorpij-on

spectra occu.r at \: 1.00p. Thus the major portion of global radiation

ls unaffected by absorptlon. Second, 1n this range, most of the absorptlon

1s effected by rrater vapor.

the latter generallzation 1s rapidly distorted in urban-lndustrial

Jf. For.åe, F.8., 19L5: Astroph:¡sics Journ+l, ,1. loZ,

58. Haltlner, G.J., ild l.{artl-n, F.L., L957, Ðltsarnlcal and Phvslcal
Meteorolorn¡, I'IcGralr-Hi-11, New Tork, 420 pp.
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agglonerations because of varlous aerogols that are emrnitted lnto the

atmospheres of theee areas. Âccording to Johnsorr59 thu absorptlon

s¡rectra of such aerosols are poorly knolm. In any event, the addltJ-onal

absorption resr¡-ltlng fron such matter has not been falrly r+elI

establlshed. Robin"ot60, for lnstanee, cites varlous research reporting

no additlonal absorption to absorption trvj-ce the water vapor absorptlon.

llith regard to total absorptlon 1t appears thaü, in mld-latitudos

at least, seasonal varlatj-ons f¡ absorption of global radiatlon rnay ertend

to a fuIL order of nagnitude. ClJmatologlcaJly, M.trr*61 reports that, at

Toronto, absorption of globa1 radlation by water vapor aLone varles

between 6-9 per cenü in wi¡ter to about 15 per cent ln sunner, For

this reason conparison of radlation data betræen snor{-covered and snol¡-

free surfaces is not strictly Justifled.

Unfortunately, investigatlons into nultiple reflectlon problems

invariably neglect absorption.

/+. Sunmarv

That multiple reflection arises ls a consequence of the

lnteraction of the (global) solar radiation field with partlculate

natter of the atnosphere ar¡d the ea¡thrs surface. 'l¡Iith regard to

atnospheric matter, the lnteraetion wiLL be dependent upon the shape

Jp. Johnson, L95l+, op_. cit.

60. Robinson, G.D" , Lg63: Absorption of Solar Radiatlon Uy ti" Atnospheric ,

Aerosol as Revealed by l'feasurenents at the Ground, Arch. Ifgteor.
C'eophys. Biokl., Ser. B, V. 12, PP" 19-40.

6J-. Munn, R.D., L9662 Ðescriptlve Þficro¡netqorolos¡¡. Academic Press,
New Tork and london, 2lr5 pp.
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of the particle and certain characterlstics of the partlcle such as

lts fndex of refraction a¡rd absorptlon j-ndex. For the specla-l case of a

spherical partlcle the dependence reduces to a dependence upon the

radius of the parüicle.

Both the index of refraction a¡rd absorptlon index determlne the

scafterj¡g by the particle; the absorptlon lndex deternlnes the

absorpüíon by the particJ-e. Both paraneters are vravelength dependent.

Thus if the particle changes shape, or if its conposition chenges, for

exalrple, by cond.ensation of water, then both the index of refracÈlon

and absorption i¡rdex (¡¡iricfr detênnines the absorption coefficlent) ¡ritl

also ehange. These relations generally inhibit any rigorous theoretÍca-1

evaluation of multiple reflection, especlall'' so since there have been

very few xneasure¡!.ents, both ín-:the laboratory and optical neasurementst

of the lndex of refraction a¡rd absorption index. Backscatterancet

therefore, ls a rather complex functÍon of the slze-denslty-and rnaterial

natr¡re characterlstics of the atnospheric partÍcIe.

In general, baekscatterance lncreases with increasi.ng atnospheric

anisotropy. This gener¡J i.zation, horræver, is only valid to the e>ctent

that absorption is either neglected or negllgible. Jn ¡sqalllng M8lleres

values for the intensification ratios at llcosonee a¡rd Toronto-

Scarborough, lt ls observed that the values for the latter statlon

were substantiaJ-Iy }or.¡er than for the forroer. These differences are

certaf-n1y due, fn pætr from dlfferences 1n sr¡rface albedo, 'but also na,v

arlse fron differeneee ln absorption.

It beco¡nes readlly apparent, therefore, that the nultlple reflection

process at a locality is dependent upon the effeclency of the ecattering

and absorbing agents, which conceptualþ, lncludes the earthtg gUrface.



CHAPTBN ITT

I4ETHOÐOLOGY

Recent developrrents 1n radiatlon clinatology make 1t possible to

calcr¡late the Ínstantaneous value of Gt+/Gl without resortlng to the,o
functlonal relationships described in Chapter II buü wtrich, however,

enbody the concepts of scattering and absorption. Speciflca-lly,

reference is made to H. and K. ï,ettau?s62 *ork on shortr*ave radiatlon

cllrnatonomy. Because thís thesls enployed the principles of cllnatonouûr

to calculate the intensification ratio, it ls wortht¡tril-e to exami ne

then in sonewhat greater detall.

According to Iættau and lettau trcli.matonomy denotes the

mathematical explanation of the basic elei¡ents r+hich determine the

physical environnent at any planetary surface. MathematicaL

e4planatlon inplies the use of numerical models v¡hich yleld

theoretical solutions ín the forn of a precise rresponse functlonrr orr

output, ln physicat retaiionship to a precj-se tforcing functionr, or,

ilput.
nFor eny planet the intensity of the forci¡g funetlon is

determined by the absolute distance to the central sun, ar¡d lts tlne

structure by orbital elenents and spin or the varyÍng reLative

posÍtlonlng of the considered planetary surface section r'rlth respect to

the sunrs f1t¡c-densiüy. The cllmatononlc responee functl-on is governed

62. TæL+,au, H., dld.Lettau, K,, 1969: Shortwave Radlatlon C1l¡oatononJr,
tellgg Y. 2L(2)r pp. 208-222.
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by the fundamental physlcal laws of radlation, heat conduction, a¡¡d

unlversa-l conservation prÍncip1es.

trln cIÍmatonorÐ¡, total energies are more {mportant than spectral

dístributions. Therefore, the dj-scussion is restrícted to values

integrated þrith respect to wavejlengths over the band-width of the 
. .

solar specürum,¡l

The Mathemati-ca1 ltelalions

ït is convenient to make the mathematicaL relationships

dimensionless by dividing any enrgy-f1ux densitles by the atrnospheric
,t,:,,'

lnadiance, Iocos(Z) (Z = zenith angle of the sun). To guarantee a

reasonable degree of completness a¡¡d detail, nine variables mì¡st be

considered. These may be divtded Í¡to 3 groups:

(1) Non3li¡nensional values of shortrr¡ave fluces

A = top albedo, or fraetion returned to space,
t+

ç = global radiationt ot: fraction received at ground level
frorn sun and sþ,

Ð - diffuse radiatlon, or, fractlon received at the groud
from the sþ alone

H*= solar heatÍ-ng i-n the air, orr fractlon absorbed by the
atmosphere,

a = energy albedo of the lor.¡er boundary; or, (1 - a)GlÉ = fraetion , ,, .

absorbed by the lor.¡er boundary.

(il) C-ontributions to the attenuation of non-dlmenslgnal beaq
radiation

ø = part of attenuatlon due to scatterers in the air,
a: part of attenuation due to absorbers in the alr,

(fff) C-oefficlelts of the seatterl+s process

þ = tracti"on describlng effectivo outward scattering to space;
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orr (t -¡t.) = fraction of effectlvs dov¡nwa¡d scattering
to the lower boundary,

r = fraction describÍng backward scatterlng of that part of
shortr+ave radiation r.¡hlch has beon refiected at least
once by the lower boundary.

lüote that the te¡n ebackward scattering? as used 1n the definitlon of x

has a meanlng opposite to the sense that r+as used j¡ Chapter II. Here

bacla,qard scattered is taken to mean tin the dlrection tor,¡ards the

earühes surfacel.

The physical relationships betw,een the ni¡re dimensionless

variables result i¡ five budget equatlons. In rçhat follorçs 1t is noted

that the relationships refer to clear-sþ conditions.

Th'e first equation deals r+ith the totaL shortwave enerry.. The

fraction not retrrned to space nust be equal to the sum of the

absorption by the atnospheru (H'*) and by the grorurd (1 - a)G*, i.e.r

r-â, = H*+c*(t-")

The second equation considers beam rad,j.ation (Co - o*¡. tts

attenuation (1 - Gì+ - Ð*). must be equal to the depletion by

absorbers a¡d scatterers, na.ureIy,

(tn)

tÉll-l-c -Ð'= q.*o (¿e)

The third equatlon dea-ls v¡ith the radiation reflected back to

space, the ?earth-shine?. The top albedo (A) is the stm of the

outrvard directed parù of prirnary scatterine \uo) plus that part of

ground-reflected globel radlation rvirich 1s neither absorbed 1n the air

nor scattered back to the ground,

A = þo + (f -o)"Co(t - Ko) (l*g)
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The fourth equatlon expresses the diffuse radiation aniring at

the ground. It consÍsts of the dov¡nward-directecl part of prÍmary

scattering (L -/)ø and of that part of ground-ref1eðted radiatton

that 1s reflected back tor+ards the lorær boundary,

Ðx : Í-p)ø+(r -o)"Ë'r*o

c: Ë L-a-v.o

The fifth equation is not independent. The overall bala¡¡ce of

the preceding equations requires that the l.h"s. ar¡d the r.h.s. of

eqns.(lZ) a¡rd (lo¡, resp., must be equal, orr

?'9H =o(t+"Ê*) (¡r)

Eqn. (52) gives the heati-ng fi¡nction (Ho) ru the su¡r of

absorptions of: bean radiation plus ground-reflected radiation.

For illustraiive purposes FIG. B presents a schematie lnterpretatÍon

of eqns. (trZ) - (5r).

tl'ith four independent equations and nÍne unknor.,ns, five varlables

must be either observed i.ndependentl¡', or partly observed and partly

observed and partly presçrj-bed by model assumpüions, or exbe¡nally

given in orde¡' to calculate the remaining four variables.

The funda¡rental equations (¿Z)-(¡f) can be transformed by

elirnfnati¡g certaln variables. The eU¡rlnatlon of Ð* in eqn. (48) r¿tfr

the ald of eqn. (50) produces

l+G": (t-o-y.r)/(:--a^o(t-*)) (tz)

In the case of an ldeal-Lyblack earthts surface, with &:0, eqn.(5e)

reduces to

(¡o)

(st)
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Figure 8

A SCHEMATIC REPRESENTATION OF EQNS. (¿Z)-(sr )
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DefÍnlng d ã *q(L - a), eqn.(52) 
"an 

bo restated ae

J+ JÉ .*.*G = c;/(r-ad) "r,{¡il = (r-*o)-1 (¡r)

wtrlch is lngstr8m a¡rd Trysellus¡ original equation (eqn.(z)).

Cll-matonorny lllustrates hor^¡ backscatterance depends on the effeciency

of scatterers and absorbers in the air, a fact illustrated 1n

Chapüer II.

If nol¡ a fraction, c, of the sky is covered by clouds the flux

densities of the cloudless areas have a weÍght factor of (1 - c). In

shat follows let the subscripts o and c índicate values for the

cloudless sky (nityr prescrlbed conditlons for clear air attenuation

and gqorrnd), and for cloudy sþ, resp.

For the calculation of effective coefficients in partly

cloudy ai.r, it Ls assumed that the contribuöions by absorbers are

additive, while contributions by scatterers sre distri-butive, or

must be prorated. Thus, ln air with cloudiness c

a = (t - c).ao + c(i{o + zc) : 
"o 

* "t"

6= (f -c)ro*"o. = øo*c(c.-oo)

( ss)

(se)

From continuity prlnclpIes, it follows that the top aì-bedo is

composed of a prorated contrlbution fron the clear area and dlrect

reflectlon frorn the cloud surface, plus dlffuse radiatlon reflected

fron the ground, and reduced by r'¿haü is either reflected bacl< fron the

cloud-base or absorbed in the air. Hence,

A - (r - c)lo n "[0, + acn(t -,r)(1 - or)] ( sl )
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A conespondfng development development for the heating function
"rH yields

Hr* = (r-c)H:*c,z(1 +ec,+) (se)

The sun ot eqns. (57) ar¡o (¡s) is used to ellnrinate the term

Ca + nfl 1n eqn. (tnil. The resurting relation can be solved for G*, viz,

G*= {i - Âo - rl+ c(Ao *Hä - a.r -c)}/{r - a

+ ca(r - Ar + "l')l ( Sg )

For the case of an ldea].ly black earthrs surface, eqn.(59)

reduces to

cä = r-Ao-H*+c(Ao+irl-li -ø) (60¡

Uqn. (59) can now be restated as

-Frlt
G" = clZ{r-a*ca(l -rr+,rA1)} (6r)

F,qn.(6f) is entirely compatible r¡1th eqn.(54), si¡.ce the latter
can be obtai¡ed from the for¡.rer by setting c = O in eqn. (6f) " Thus for

any given atrnospherie ar¡d surface condition, the lntenslfication raiio

is given by

{/q 
{ = :',1:: :-,, :'";i' 

*oa')} o 
: :; 

1 
',',1',

Eqns. (62) 
.ana 

(63) are the defining equatlons and were used to

ca-lculate the lntenslficatlon ratio for.thts study. Before proceeding

to a discussion of how the variables were calculated, lt ls informative

to nake a nunrber of observations.
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Flrst, there exists a nunber of siruilarities and conrparlsons

betr¡eens cLimatonomJ" and the theoretical modollÍng as presented in

Chapter II. Both approaches indicate that the diffusê flux is
lncreased by a greater backscatterance duo to su¡face reflection. For

the case of an ldeaì-ly black earthrs surfacer egtr.(50) reauces to

Ð'Á = 0-1Ðc: Ð+*

where the subscript o denotes the case

surface. Ï¡ühen a > 0, the diffuse f¡r>c

backscaüter. Enrploying eqn. (54) an¿ tne

can be re¡,rltten as

(_64 )

for an ldeally black earthrs

is increased by a larger

relation d Ë ^o(I -¿), eqn.(50)

= ol+"ncl/(r-a¿)

rt Ís observed, however, that the results are obtained from trvo

opposite ?directlonse" In convential radiative transfer theory one.

starts out w'ith the scatterj-ng ftrnctions and proceeds to calculate the

resultfurg fluxes. In cli¡atonoÌry, one starts out with the values of the

pertinent fluxes, such as the dlffuse and global radlations, a¡rd

proceeds baclcl'¡ards to obtaln the dêslred quantities.

Seeond¡ observe that grouping the two tezrns containlng a in the

denominator of the r.h.s. of eqn.(6l) and factoring out a ytelds

." = c: i {i - a(r - "F - A? *,:¿i.t I}

(65)

(66)

Thus, analogously to 
"qn. 

(54) an Ðcpresslon can be obtained wt¡ich

illustrates the functional nature of backscatterance of cloudy sþ.
Eqn. (6ó) demonstrates that, for a given cloud type, the backecatteranee,

and hence the intenslflcation raü1o decreases wlth increaslng eloudlness.



5B

thls 1s somewhat contradictory to the notions of the lntensificatlon

ratio presented in the j¡rtroductorT cornrnents fn Chapter f, sÍnce r.¡l"th

increasing cloudiless one v¡ou1d expect a greater donry¡r+ard f}:x because

of the greater basal area frorn r¡hich reflectl-on could oecult . It is

i.nportant to renlize, however, that this dj-scussion is 1n terms of

cloud amount and. not density. As Haurr,rl Lr63 h^ pointed out r... with

larger values of cloudlness, the effect of density is very importantl"

This problen 1s given greater attention in Chapter IV.

In order to uee the pieceding relations it was found necessarry

to employ a nunber of appro:d-natlons arrd enpirical relationships. It
remai-ns, then, to discuss how values for the variables a, c, Ãt rcl , and

Kc- Ïtere obtai¡ed.

The Variables

(fI - a. surface al-bedo-

Hourly values for surfaee albedo were calculated exactly as

fol-l-ot¡s. values of global radíation, G-*, ærd reflected radiation, R, are

given for each hor¡r" i¡ the I'þnthlv Ra4lation Sur'¡nary" Then, by definitlon,

a=vd (62)

(iil - c, gloudÍ,ness

Hourly values of cloudÍ.ness, i.e., fraction of the sþ covered

by clouds, were obtained fron the ÐaiIy- Surface 'l,Ieather Record for

Toronto InternationaÌ Airport. Inlhile thís station is approxinnately

? ¡oiles to the south-wost of Toronto IRS lt was assumed that extrapolation

to Toronto I'fÎS hras vel'ld.

ó3. HaunriLz, l]l+5, op. cit.
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Thls publicaüion Lisis, for each hour, total cloud amourt, cloud

type, ¿rnd cloud opacit¡'. These va-lues are also given for each cloud

layer.

(íii) - Ât. cl.ouO at_Ueao

lf the parameters of the scatterlng process are knor,m, then

the cloud albecio is given by

Ar =ro,ù; (es¡

where *' = fraction of uplard scatterÍ-:rg,
'Ê'. = scattering coefficient of the cloud

Because of rariable thickness--densi-ty characteristics of clouds,

both ,¿,? and d; are not likel), to be independent of either the degree

or type of cloudÍness. Unfortunately, the relationship between these

pararaeters of the scatterj:rg process and cloud type, specifícal1y,

cloud thfekness, has not been exLensively researched.

As a¡r alternative to eqn. (68), this study employed mear¡ values

of cloud albedo reported by Vershirí.r64. These values are given in
TÁBLE 7. Values of cloud albed.o frcm TABLE 7 are sonewhat higher than

those given by lettau and lettau, especlally for translucent types

such as Ci, As, and Ac. As cloud-types of increasíng opacity are

considered the differences become appreciably smal}er. This discrepancy

nay be partly e4plaiaed by the fact that lettau and Lettauts values

refer to an average air mass of 1.2, while the valuos given i¡ TABIE Z

represents a mean value, a value calculated a¡rd observed over a wlde

range of air nass values. Such differences are therfore understa¡rdabIe"

64. Vershinilr, Â.'P,, I97Lz Justification of the Ì.fethod of Computing Global
Radlation over Short, :Periods of Time, $o_Etet- Hydroloff¡iSqlected Papers,
19?1(1)r pp. 1-1?.
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TABI,B 7 -.A,LBiÙDO \¡AtrUBS FOI¿ VÁIìIOUS CLOUÐ TTPES. From Vershlnin, !97L,
op. eit.

Cl-oud-Tvne Heieht. kn Thickness. km Albedo. Ae

cl

Cs

Cc, Ci dense

Âs, trar¡s

As, opaque

4", snal-l lraves

Ac, large 'waves

Sc

Sc

Ns

Cu

cb

st

I

7

6

l+-5

3

l+-5

2_3

r.2-L"5

0"6

1.0-1.5

L.2

I"O

0.4-1.0

0.4

0.8

0.5'

0.4

0.8

2"1

0.5-3.0

2_3

0.7

o,36-0.7t+

o.36-{..71+

0.70-0.75

o.63

0"70

o"?3

o.60

0.68

0.80

0.30-0" 80

0.96

0.64
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In any event, TABllt 7 does illustrate the ímportant feature that

r+ith lncreasi-ng cloud opaclty, the cloucl albedo increases. This is in

accord r,rith several theoretlcal and eurpírical invest'igations of t'his

prob1em65'66.

It happened that several cloud types are recorded on the Ðal1r'

F-1¡¡¡[ace.t{ç-aLner ne"ord. such as, for exanple, sF (Stratus Fractus), but

for dnich no values are given ix Tl3lE 7. In this case it rms

assumed that these cloud-tJæes were derivatives of the parent cloud-i;'pe.

thus, SF clouds are treated as Stratus clouds.

(!v) - ct ,. thg -abs.rþtf"n c

The absorption coeffj.cient, ú, is taken to j¡c1ude absorption by

various sources, lncIud5-rrg: water vapor, Ìr, ozone and other gases, gr a¡rd

aerosols, å.

S¡rnrbolically,

C{, = dr, * ,t** 
%

Because of the difficufi;J' in assessing each of these

coefficients individually several. simplifications had to be

introduced.. ïættau and Iættau, using data summarized by Robinsorr6T, n"o"

shown that i¡ i¡dustrlal centers, such as Keru, U.K., that the ratio of

absorption by water vapor to absorpt,ion by ozo:Ìe and other gases and

aerosols is approximately unitl'. In this case eqn. (69) can be restated as

(es)

65.

66.

arrd Kattawff, 1968, oo.- cit"

S.r 1950: l,leasurements of tho Albedo of Clouds,
Soc.¡ V. 3I(I)r pp.

Plass

Fritz,
}Ieteor

6?. Roblnson, 1963r oL.-_9.1L._

8u11. Aner.
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d - 2rl,
w

problem tirus resolves to

and the corresponding alr

f¡on the relation

(zo)

calculating 4rr¡. If the precipii;able

aass, M, are knol¡n, then d". can be

The

watur, #$,

calcu].ated

** = o.roz(#i"t)o'276 (zr)

eqn. (7f) is a seni-empÍricaI re]-ationship obtained b¡r Lettau

arrd Lettau using least squares technique on observations surnnrarlzed

by ïarnarnoto68. Uqn.(7f) i-s very similar to such relationships

obtai¡ed by Haltlnur6g *d oihers.

Si¡ce values for }f are easlly obtaíned from various tables such

as j.n the snlthsonian -l'Íeteoroloqi_cjt1 TaÞl_es the problem remains to
x

deter¡ui¡e r+ .

lf the vertical graciient of nri:cing gradient or the vertfeal

gradient of derç point temperature, Td, is lmoran, then various

graphlcal techaiques can be appried to obtain *''" unfortunately, such

sou:.di-ngs do not torrn part of the routi-ne measurements taken at

Toronto l.flìS or at nearb¡' Toronüo Internatlonal Alrport. Consequently,

it rrras necessar1r to resort to a statistieal relationshlp fronn v/nich

vr eould be estí¡rated.

Accordlng to l{cKay?O *d several authors 1... surface den points

ó8" Y_arnanoto, G. , _1962: Ðirect Âbsorptlon of Solar Radiation by Âtrnospheric
Ïutgl Vapor, Ca¡bon Ðioxide, and t"Io1ecular OxTgen, J-. fltlnc,älgc:1,.V. 19, pp. 182-188.

69. Haltin-qr, _!.J., LSTL: @ þedlc_tion , Wiley ¿¡1d Sons,
Inc., I'Iew York, 3LT pp.

f0. Mcll_ay, Gt, L97Ol Precipitatlon, Section II of Ïfandbook on thg I'rj¡qX-p.lgg.
gr Hr:Èro1-9,,'.q o.lt.!ray.(ç¿.)r pÞ' z.L--z.Ilr, pñCGr,ãã'uy the secrerariat.
Canadia¡r lJational Corunitt,ee for tho InternaLiõnal Hydrologlca1 Ðoca.lãr----'
NationaL lìesearch Cor:ncll of Canada, 0ttawa, Canada.



63

aro highly correlated r'rith the a¡nount of water vapour contalned in the

atmosphere above the measu¡ing point,, part,icularly under circu¡usta¡rces

r¡hich favor atmospherlc llfti¡g.. . 1" Unfortunatel¡', the mai;hematical

relationshlp betrrcen T, an¿ wÁ is noü gi.ven.
d

The relationship Lretrveen fO (ttre Índependent variable) a"O r¡*

(d.ependent vs,riable) rras fornally er.annined, stat,istically, for the

Canaclie,r station Trout Lake (53o 501 N, Bgo5zt 1'I) for the period

I Jert/65 - jLDec/6J, ¿ s¡mple of 608 values. Values of vi for l2OOh

Gl'tr were obtained fro¡e the lfonthly' Bul-.let!r. :_Cqjrgd.ia¡ Unner Air, Ðata.

while OTOOh ET (i.e., lzOOh ü.C) values of TU r+ere obtai-ned frora the

Ðai1¡¡ lleatþetl.fap (U.S. Dept. of Con'unerce, l^Ieather Bureau).

FIG. 9 illustrates a plot of rr'Á versus TA. h general the plot

may be described as a power function. Pol¡'rronial regression ana-lysis

yielded a second degree pol¡"nonial as the best-fitting equation:

2.5h 10.7t+O63 + t+,675r3:r10-3(ro) + 1.6081ÉrJO-41r0)2 Ì ( Ze )w=

In eqn.(7e) tfre factor 2.51+ is a conversion faetor l¡hlch arises from the

fact that the units of the original data være in inches, vrhereas eqn. (71)

requires that v¡" be in cn"

Hourly optical air mass values 'b¡ere calculated exactly" A dfscussion

of this calculation is given is conjunction with the dj.scussLon on

radlation values. Suffice it is to ¡rentlon here that a computer

programme was uritten up uhlch calculated the hourly exbra-atnospherlc

irradiar¡ce and the nrld-hour zenlth angle, Z. Once Z had been deterrnined,

the corresponding value of l.f was obtainecl ernploying Bemporadis forxßuIa

as given in TABI"E 137 (oFTICAL AIÌì I'IASS CORAISPOIüDI]'IG T0 ÐIFFEnnI'ff ZEI{ITI{

ÂIIGIES 0F THU sUI'l) of the s¡'rithsonlqn Meteorologlçl* Jables. Values of
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M v¡ere then correctecl for surface preesure dlfferences by a factor
t.p/ps, v¡here p ís the observed surface pressure *d po is the corres-

pondlng sea-level pressure, These pressure values are glven in the

Ðaily. Surface riJeather Record.

The above consideratlons of the absorptfon coefficient may be

summa¡ized by the foì-Ior.rfurg expression:

d = z(o.rozlz.jr+3,,*10't76¡ (n)

Strictly speeki:rg, 
"qn" 

(?3) represents absorpt,ion in a

cloudJess atnosphere. According to eqn. (55) if a fraction (c) of the

sþ is cloudecl over, then the absorption is increased by a¡r emotmt

cí{"r where &" is the absorption coefflcient of the particular

cloud-type und-er corrsideraüÍon.

Various researchers, such as Fri.tz a¡d l.[cÐonúd?I, NeiburgurTz,

and others, have shor¡n that absorptf-on of solar radiation by clou.ds

is qulte low, ranging, generally, from 0.00 for optically thln crouds

such as Ci ancl As to coeffi.cients of about o.1o for wel-I-deveroped

cl-ouds of verticat eict,ent such as Iùs and Cb. There appeared to be

very littIe disagreement betv;een the values given in the literature

and those given by Lettau and lettau. To this end thls study

employed the va¡ious absorption coefficients as glven b), Lettau and

Iettau. These values are given in T/tBl,B I
TAtsLE I - ABSORFtIOI{ COEFFICIIIIJTS 0F VARIOUS CLOUÐ-TYPES. Fron Iættau

and Lettau, 1969, oÞ. eit.

Cloud-Type Cf. Cs Ac As Ns- N" Cu.cJ.

(yc 0.00 o.0I 0.o3 0.05 0"07 0.10

7l-. Fritzo s., a¡d l"lcDonald, T.H., 195r: Measuremr¿nts of Absorptlon of
SoLar Radiat,ion by Clouds, Bull, Âmer. I'Ieteor. Soe.. V.32(6), pp.

Cc" cb
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(v) - rc. parameters of ,the scattering ploce-ss

In the absence of direct rneasurement, these paraneters must be

externnlly prescribed or calculaLed from the fundament,al equatÍons

eqns.(¿Z) - (50). l{hile it is possitrle to calcu].ate these pararneters

exactly, it was found necessary to prescrfbe a value for both r and¿¡ .

It 1s noted that c can be calculated frorn eqn" (48), provided

#- carr be accuratel¡' ¿5s"sed. Because of the uncertainty ln the deter-

mination of the (totaf) absorption coefficient, inaccuracies r.¡il1 result

r^¡hether one uses eqn. (4S) or if sorne statistical relation is used to

calculate Ç*n Moreover, val-ues of the diffuse flux r'¡ere not available

for the period I Feb - 26 April due to i¡strument nalfunetion. !'or

this perÍod 1t r..¡ould have been necessary to enploy some for¡o of

statistlcal relationship.

Th'ís süudy made the assumption that the particulate roatter 1n

such an industri.al-wban settfng as Toronf,o v¡ould be more efficient as

an absorber of global radiation tha¡r as a scatterer. T,ettau and Lettauts

calculations of RobinsonluT3 dut* fron Ker,r, an en'\riron¡aent not .unlike

that of Toronto, illustrates that the ratj-o of the absorption

coefficient to the scattering coeffj-cient is = h/1. Because of a dearth

of systematic studies exa¡ni¡ing this ratio at a location, this stud¡r

assunes that this ratlo equals 4/3 at Toronto I'ÍRS. Thus the aecuracy j-n

detenníning Cì-.depends on the accuracy of the detern'd-nation of total

absorpiion.

It r¡as also found necessarXr to externally prescribe r, although

it is shor,n in Chapter V that, utllizing certain transformations of the

fund¡unentar equa.blons, it is posslble to calculate both x andfL exactly.

72. ìIe;lburgur, '/,4., I9h9: Reflection, Absorptlon,
Insolatton by Stratus Clouds, J. l{eteor. V.

73. Roblnson, 1963, oll. cit.
and Transmission of

6, PP. 9B-I04.
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(vi) -- Radiatlon Values

,A,lthough it is unecessary to calcutate the exbra-atmospherj-c

lrradlance, since these values cio not enter directly into any of ilre
conputatlons, there is the innportant adver.ntage of v¡orking with

di¡nenslonless quantities. Iloreover, it proved veÌî¡ easJ, to obtafn these

values in calculations of t,he optical air aass.

Fron the fundamental relationshlp quotecl b¡, Se11ers74

= sjr¡(é)sin(ð) + cos(d)eos(¿)cos(h)

sunts zenith a.rrgle
latitude of the station
solar declinatíon
hour angle

cos(Z)

¡7_

ó=
ô =,
h=

(ztr)
r,¡here

nid-hourly values of Z could be calculated. Ðail¡r'y¿fues of ô for the

year l-970 vere obtained fron ttre Bphgnçrris of ;þJæ_Êgg (U.S. lJ¿va1

Observator;'), r,lnile @ is a constanl (= 43o4Ét) and h is assigned a

value according to time of day. Sínce the trace of Z is s;mrmetrieal

about solar noon iÈ was only necessary io calculai,e cos(Z) between

either su¡rrise ar¡d solar noon or betv¡een solar noon grd sunset" This

study adopted the latter.

A conputer progralnne r,¡as then rritten up v¡hich read in daily

values of ô, R, the radi-us vector, and ÐIFF, the equation of time for

that day. The progra.rnme then ealcurates the ti¡re at uhich sorar

noon occurred, then proeeeds to cal.culate the sun?s zenith angle

nld-wey betr'¡een soLar noon ancÌ the first full hour after solar noon. i.€.r
1300h Jocal apparent tíme.

On an hourly basis, except near sunrise a¡rd sunset, cos(Z) ls

J{,. Sellers, L969, eÞ.clt.
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very nesrry a }Lnear function of tjræ of dqv. This fact was used to

calcrrlato Q, the exbra-atmospheric Írra.diance. Thus if it can be

assumed that the mid-liourly zenith angle is constånt for that hour, theh

e : ( t.lr cos(z) / n2\x óo Iy hr-I ( ls )\/
v¡here 1.98 is the value of the solar consta.nt.

HavS-ng completed thls calculatlon, the hour angle is increased

by 15o ar¡d the calculations are repeated for the nexb hour. The proeess

contj¡rues unt'1I the last complete hour the sun Ís above the horj-zon is
encountered. The test of nhether this is indeed the last conplete hour

is accomplished by conparing the conputed roid-hour zenith arrgle to the

quantity (sunset - $rrour). The comparíson is a va]id one sí¡ce both

quantities are angular measureaents, specifically, radians. The dail¡ì

values lf sunsel are calculated frorn the relationship quoted by ser1u"r75

sunset = "o"-1(-r*(ó)ta¡r(¿)) (za)

the progr¿rune then proceeCs to catculations for the foJ-lor+i-ng day. The

progre*mre and the results are presented fn APPII}flOIX I.
The re¡naining ra^Ciation quarrtities, namely, GrÐ, and R, are

recorded aü the earthîs surface. These values were obtalned froro the

tfonJh]-l¡ R.ldiation 9urnnar:r for the months Jan - .lune/ZO inclusive.

A computer progranme wes then ruritten to analyze the data. This

is given in APPIiIJDD( II. the calculatlons were carried out on an hourly

basis, sincerin general, both cloudiness a¡rd. cloud-t,.?e are not constant

throughout the day. When the hourly values v¡ere obtained for a particular

datr the hean was calculated. Thls is referred to as the dal1y nean va1ue.

There were a total of 1?50 hourly observations that could be utlllzed
for the analyses.



CHAPTBR IV

RESULTS

In terms of theoretical predictions the overall- results appeaJl

very satisfactory. Thus there is observed a distinct w'inter maxinn¡m of

C%ä and a disti¡ct sunner mlnimum. Exa¡nination of c*/Gä in terms of

such factors as cloudiness, both r+ith respect to type and degree,

zenith angle, etc., however, does not penrit nany broad gener¡'liTations

to be advanced.

In FIG. 10 the daily mean values of {/q are plotted (dashed

cu¡ve). Included in this dlagran is a plot of the 5day running-mean
-F. x

G /C; and the daily surface albedo (Ootted cr¡rve). Thls diagrarn

illustrates a nu¡nber of interesting features. 0f prim.ary interest are

the maximum values "f G"/G: occuming during January vrhen surface

albedo is a naxi-mum (nean daily surface albedo in Jan. ñ 0.84). It ís

a-lso of interest to note that there is very Iitt1e variation in the

surface albedo values. On the other hand, the maxi¡rum varlation in

G"/Gä occurs at this time of year.

As the snow-pack begins to decay in FebruarXr ard March, there 1s

a consequent lowering of the surface albedo and a subsequent decrease

i¡ G"/G:. Observe the general synchroneity of the daily plots of G*/c+r 
^

arrd the surface albedo as of &3 Marcú. llith the dÍsappearance of the

sno'Þr cover on 18 March, G"/G: approaches its nininum value. Note the

increases in C"/Cl on several occasions after I8 March on which tlghto

snowfalls were reeorcled.

The statlon $ras completely snow-free as of le April. Both surface
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J+ 'tf
albedo and G /Go dlsplay very tittle varfation fron the beginntng of the

snort-free period to the end of Lhe observation period. This 1s perhaps

the nost striklng featwe of C'É/C during the snow-free period. In facü,'o
the dal1y curve and the 5-day rururing-nlean eurve are almost

col¡lcident. Thls 1s in splte of the fact that there lras no apparent

systennatic change i¡r either type or clegree of cloudiness during the

obsãrvatlon period. Cr¡nulus clouds, for lnstance, are observed alrnost

as frequentl¡' i¡ Januar¡r as they are in June. This lllustrates that

the degree of multiple reflection, and hence, the globaI radiatj-on

receipt, j-s rather sensitive to cloudiness over a snov¡-covered

su¡face,

The i:rtensification ratio was then examined, in terms of

cloudiness, both rrrith respect to the type and the degree of cloudj¡ess.

The hourry varues or c*{ l¡ere first grouped according to various

cloud anounts. Values of c =0.0, 0.2,0.4r...r 1.0 were chosen.

FÏGS. 11 - 16 lllustrate plots of the frequency distributions for

each of the values of c ehosen, rdrile some basic statistics are

su.¡¡¡narized ln TABLB S.

It ls observed that C"/{ is a rninimum for the case of c = 0.0,

l¡trich is in accord rrlth theory. However, the values for this case are

very 1ow, The mean value for this case is 1.0114. This is a value

comparable to the Rayleigh case, and substantially less than the clear-

skr but turbid conditions as calculated by Feigeltson ut *176. On the

other hand, Ï,ettau and lættaues calculations of the backscatterance for

Kew, u.K., arso lndlcate very small values, varues close to the Rayleigh

case.

76, Felgeltson et al, 1960, op_, clt.
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Figure ll
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Figure l2

FREQUENCY DISTRIBUTION OF Ç:k/Ç;';
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Figure l3

FRIQUENCY DTSTRIBIITION OF INTENSIFICATION RATIO
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Figure 14

FREQUENCY DTSTRIBUTION OF Ç:k/Ç;k
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Figure l5

FREQUENCY DTSTRIBUT1ON OF Ç;;/G:?o
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Figure ló

FREQUENCY DTSTRIBUTION OF Ç:k/G>ko
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TABTE 9 - SUI.ûTAffi OF SOI{E BASTC STATTSTICS OF THE INTEI'ISIITCATTOIü RATTO AS A FUNCTTON

OF CT.OUÐINESS"

Cloudiness
(A¡nount)

e=0.0

c=O"2

sanple
Size

c : O.l+

e=0.6

se¡np1e
It[earr

166

c=0.8

"1.01:ì4

e=1.0

63

sample
Stnd. Ðev.

L.7h84

t.6043

115

0.c086

I+97

t"2g69

Coef. of
Var. V")

o.8gg3

L.2537

o.5986

t.3826

0.85

o.3202

5r"l+4

Nfedian

o.2975

37.32

1.01

o.3557

2h.69

r.23

22.93

1"20

25,73

1.r4

L.32

1.16

\:
co
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tthen the frequency dlst'rlbutlons for c > O are consldered !t ls
flrst observed that, for each case, there 1s a high frequency of

observations centered 1n the lowest class intervals..For cases of small

cloudiness the distributlons are often discontlnuous. As cases of

increasi¡g cloudiness are considered, the renge decreases and the

distributions begln to approach a birnodar dlstribution, lrhich is
clearly evident in FIG. 16.

when the val-ueu or c*Æo *u eonsidered i¡ terns of varues of'o
e, lt is observed that that naximwn values of the intenslfication

ratios are associated with nlnlnum values of "l ldrich is in.accord nith
the climatonornical prediction, However, for c æ 0.8, the intensifieation

ratio begins to i¡crease wiih increasÍng cloudiness. lfhy this happens

cannot be ascertained precisely. One very }Lkely consi-deratlon, hor+ever,

is that the opticar parameters of the mostly clouded sþ, such as the

optieal th:ickness, degree of forv¡ard- and baekv¡a¡d- scattered radiation,

i.e.r the scattering functions, assì.une a greater inportanee than the

actual emount of cloudiness.

t'ru11er77 has stated that, 1... it is v¡eLL known that globa1

radiation l¡ith scattered cloucl is, on the average, 2 to 3 ti¡nes larger

t+j-th scattered clouds than rvith overcast sþ... l. C1early, this

observation is tenable only 1f multiple reflection 1s substantially

enhanced for the former case. The ratio of mean lntensification ratio

for c = o.2 to the mear¡ intenslfication ratio for c = 1.0 is r.32.
Obviously, reflection fron the sides, Ðd to a lesser ocLent, the base

of the croud, of clouds l"s an imporüant mechanisnr in the multiple

reflection process.

77. ÞttlIIer, 1965, og.-_çi!..

T For c >0,
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It is lnteresting to note that wtren the actual- global radfatlon
'18recelpts aro consldered, Haunrltz' has found ühat when all values of

cloudiness are consi-dered, for the case thet density = I (on a seale

O to 4) that the mean val-ue of globa1 ra.diation is highest for the

case when c : 0.1 - O.3t greater, in fact, than for the cloudless

case, although the differences are small ('n.e ly/hr for c : 0.1-O.3

versus 57.5 Ly/nr for c = 0). IJhen clouds of increasi-ng densit¡¡ are

consldered this patt'ern 1s not ¡raj-ntained and the expected pattern of

decreasing global radi-ation receipts r,¡ith j¡crea.síng cloudiness emerges,

r^¡ith the ma:cimum global radiation beÍ:rg recorded for the case of c = O.

It is also to be noted that the above resul-ts were obtained for the

case of air mass = 1.

lfhen the case of ai.r mass :3 is considered, slightly different

features arise. Globe1 radiation receiptrfor either density = I or J, is
a ¡naxinum for the clear sþ case a¡rd decreases r,,.ith lncreasing cloudiness.

I'Ihen clouds of densit]' * I are considered, it is observed that the nean

global radiation receipts are greater for the case of e = 0.8-0.9 tha¡r

for the case of c = 0.4-0.7. dbh"" factors unchanged, these observations

tend to support the correctness of the results derived ln this study.

fhe values of Gfi r,ære next groupeC aecordixg to cloud-i;ype.

0n1y those hours j:n rrdrÍch one cloud-type was recorded were utilized for

this part of the analysis. Because the maJorlty of hours rqere observed

to contain more than one cloutl-t¡pe, the satrple sj-ze is necesserlly

small .

FIGS. L7 - 22 illustrate the frequency distrÍbutions for the six

fB. HaunriLz, l9l+5, op. .cll.
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Figure l7

FREQUENCY DISTRIBUTTON OF 6''./G'ko FOR CIRRUS CLOUDS
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Figure lB

FREQUENCY DISTRIBLTTION 0F G/r/G:ko WITII RESPECT TO ALTO-CIJMULUS CL,OUDS
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FREQUENCY DISTIìIBUTTON OF

Figure 19

G:'r/G;'.-o I.{.iTH RESPECT TO CTRRO-STRATUS CLOUDS
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Figure 20
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FREQUENCY DTSTRT]]UTION OF

Figure 21
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Figure

FREQUENCY DTSTRIBUTION 0F G;"-/G;"-o TO CUI'ÍULUS CLOUDS
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cloud-t¡pes: 1) Ci; 11)- /rc; 1iÍ)- Cs; iv)- Sc; v)- St; and vi)- Cu. The

distributions are given both for bhe case of snow-free and snow-covered.

surface. Some basic statistÍcs are surnmarized in TÂBLilS l_O and 1I.

For ühe distrÍbutions o\.er snow-coverecl sur-face there is
w'itnessed a consj.derable variatj-on for al-I cloud-t¡-¡res. Over a snol{-

free surface this varÍation is considerably reduced.

Ïn terms of absolute conparj-sons it is observed that clouds of

vertical extent, naciely Âc and cu, are associated with the greatest

(mea¡r) G-x/%. clouds of horizontal development, viz., sc a¡rd st, have

lor+er intensification ratios. This result i-s not surprising slnce

these clourl-t¡pes posses a far srnaller (totaf) surface area, in eomparison

to clouds of vertical exbent, for reflection of cliffuse radiation

to occur. The value for St clouds is less tha¡r the value for Sc

elouds, probably due to the greater absorption that, occurs with

St clouds"

For opticelly thin clouds an interpretation is difficr:it, to give.

certainly cs clouds confor-m to the e:çected pattern that GtÊ/i should

decrease wiüh decreasing.opacity.The value for the cs clouc-type, ix
fact, are the lowest observed. On the other hand, Ci clouds have values

close to those for clouds of ve¡tical exLent.

ïn a tentative rnanner, the data from TABLES 10 and 11 r,¡ere

utilized to calculate the (mean) backscatterance for the variotn cloud-

t¡pes. These data are given in TABT,E-I2. The results co¡rform to

theory, with one exception: crouds of vertical extent have the

greatest baekscatterances, r.&ile clouds of vertical extent havo a 1or,ær

value (st

havo the smaLlest backscatterances.



TABIE 10 - SUI'û-îAFY OF SOI'E BASIC SÎATTSTTCS OF T}E T¡NENSTFTCATION RATIO FOR V"ARTOUS
CLOUÐ-TTPBS (Case of a snot¡-covered surface)"

Cloud-type Senp1e Sa.mple Sarnple Coef. of Median
_ Sizq i'îean Stnd. Ðev. l,'ar. (f,)

Ci¡rus 37 2.3886 0,9508

Alto-Cr,rnulus 46 2"7239 0.966B

Ci-rro-stratus 17 1.3682 0"1889

Stra',,o-Cumu1u.s 110 L"9278 0"6036

Stratus 4O 1.7942 0"3507

Cr¡muf-us 6o z.6lhz 0.8?50

TABI,E It - SLI],IiIART OF SOI.E BASTC STATTSTICS OF TTIE N.]TU.¡STFTCATION RATIO FOR VARIOUS
CIOIJÐ-1YPES (Case of snol¡-free su:'face).

Cirrus

li,lto-Cum'¿]-us

Ci¡ro-Stratus

Strato-Cunr¡lus

Stratus

Cu-uu].us

1r7 L"t7r3

100 L.I55g

16 1.063L

48 L"t25O

23 1.0896

91 I"I11.97

39.8

39.5

13. B

3L"3

19.6

33.5

0"0678

0"0830

o"0166

o.4553

o"o2B7

0.0591

2.36

2"3r

L,26

1.82

7..7 5

2.3L

5"8

7.2

1.6

h.9

2.6

5.l-

1.16

1.13

1.06

1.1r.

1.09

1" 1/+

Cr]



TABI,E ]2 - CAT,CULATEÐ I,EAN BÂCKSCATIEN,¡.-I']CES FOR VARTOUS CLOUÐ-TTPES

Cloud-T¿oe

I'lean Int,ensification
Ratio

l{ear¡ Baekseatterance

uL

2.Oh

o"693

2"1+O

Cs

o"793

1"28

Sc

o"297

L.72

SI

o.569

L.6h

Cu

o"530

2.38

0"788

.o 
..
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Ïn order to obtaln a comprehensive analysls of the intensiflcatlon

ratlo, both in terms of croud a¡nount eind opacit)', G't+/G: was examlned

as a fur:ction_of opacit)'and the sunts zenith angle (optical air mass).

The values of opaclty which are given j¡ the !_aily surface lrr"ath.l

Record is a measure of both croud amounü a¡rd the opacit.'r of the cloucl.

unfortunatery, a precise definition of the term opaciüy could not be

obtai¡red from the ca¡adian Meteorological servlce. Thus it is not

know: to what extent thi-s measure corresponds to the optical thickness

to. Th* (totaf) opacity for each hour ¡¡as considered. ïn this menner

the entire data set could be utilized. The range of opacity is from

0 (crear sky), 1, 21 3, ...r 10 (conplete overcast). The values of the

intensificatfon rati-o 1.¡ere grouped into each of .bhese classes and

ühen subgrouped according to zenith angle. For zenith angle, an interval
of 15o r+as chosen. The Iov¡es'r, class l.imit is 20o, since this is the

m:i::.imÌm zenith angÌe observed. These j¡rtervals correspond to mean

zenith angles or 27.5o, l*2.5o, 57.jo, md 72,50. The pertinent

data are sunnarized in TÁ3LE 13, and schenaticall¡' Ín FIG. 23.

I{ith but three exceptions the j¡tensÍfieation ratio increases

rrith j-ncreasi-ng zenith angre rshich conforms to FeÍ¿lerlsonrs 
"r "179

theoretical caÌcurations for the clear, but turbid, atmosphere.

For a given zenlth angle interval, the lntensificatlon ratlo is
a ¡dnimu¡n for opacity : 0. l-i¿x.imum values are observecl for opacity = f.
The values then clecrease to a secondary mi-nimum at opacity = 6-T ror
smaJ-l zenit,h angles to = 4-5 for 1ar6e zenith angles.

Recalling Haun¡itz?. 
80 

"tudr, it is observed that, for rarge

zenith angles, the global radiation receipts are larger for the case

of high cloucliness (s : 0.8-0.9) tnan for the case of par.tly clouded

sky (c ='0.1+-o.7), r'trictr is also the paftern established by the
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TABI,E 13 - Co¡,ÍPUTIÐ I.EAI,ü TI'JTBNI]IFICATION RATIO /tS A FUITCTION OF

OPACITY AJJÐ THB SUI..JfS ZEI,IIN{ .AIIGI,E, 7,.

l¡rean Zenlth Ansle

27,5 l+2.5 57.5 7 5"o Mea¡r

Opacity = 0

1

¿

J

4

5

6

7

I

9

10

1.01

1.16

r.15

L.I2

1.11

1.10

1.10

1.09

1.LL

l_.10

1.r0

1.04

L.3l+

1.19

1.13

1.14

1.11

1.11

1.11

1.09

1.1r

L.I2

Ì.13

2.OO

r.75

1.60

1.38

1.3r

1.31

L.3t+

1.&0

1.40

I,142

l_.02

2.L9

2.06

1.76

L.36

1.41

1.48

L"42.

1" 51

1.&8

L.6h

1.05

L.67

L.56

1.40

!.25

L,23

L.25

I'2|.+

1.28

Lolö

1.32

Mean 1.10 1.14 I"ln6 L"58
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the J¡tenslficatlon ratlo. Referring

is observed that thie feature 1s not

zenith angles.

to either TABLE 13 of FIG. 23, it

manlfested for the case of small

In summary, it is apparent that the role of cloudj¡ess in the

nultiple reflectíon process remai¡s a rather complex one. The

conputations suggest that G"i% i-s dependent upon both the type and

degree of cloudlness, as well as the sunts zenith angle.

Ïn a flnal arrd exploratory manner cen any inferences be drawn

about the relatÍonship bet'u¡een the ¡aultiple reflection process and

the global solar raClatÍon estj¡nation equations? The ans'n¡er is

apparently very little.
In the first instance, a mee.n plot of the eeasonal regine of the

intensificaüion ratio has not been obtained. The plot given in FIG. I0

is onJ.y one of a nwnber of posslble plots and only suggests r.¡hat the

¡o.eær values would be. I'Ioreover, the plot is incompleie: onJ.y half a

yeårs data has been a¡ralysed. IJo indication of tlre plot for the second

half of the year is given. Ti-¡ne constrai¡ts and the trernendous mass of

lnput data prohibited a nore complete analysfs from being under'l,aken.

Second, it proved inpossible to calculate the regression

coefficients of the (ünear) esttnation equation for this station

because sunshine records appear interruittently for this station. An

atteropt was niade to use the sunshine reeords of e dovnrtor^,n Tororrto

statlon, sone 15 mlles to the south-east. But on qulte a nunber of

occasions 1t happened that v¡hen the sunshine duration was zero at the

there was a full.day of sunshine at Toronto l.[RS. rt therefore proved

safer to abandon thfs plan than to proceed wiüh ft. Out of theso

f!. Feigelsson eL a1, 1960, g&_ca!..
80. HauruiLz, J-9l+5n o¡r. cit.
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conslderations the follorr1ng discussion 1s neeessarily qualitative ilì

natu'e,

Recalting Cirapt,el I, the global- radiation estlmatlcn equatlon is

of the following form:

a/Qo = f (nft)

v¿here the varÍables are defined as before. ì'fention has a^l-ready been

made of enpi-rical invesligations lrhich illustrate that the regression

coefficients are inversel]' related. And, moreoverr this reseerch

illusbrates that over a snolr-co\rered su¡fa.u â is a marimum and I i"
a ni¡imurn, w.ÌúIe over e snol¡-free surface the reverse is true, j-.e.,

â iu a nrininurn 
"n¿ 

â i s a na.rimu¡n. Since it is ô rr'hich deterroines the

regressi-on 1ine, attention v¡i1l be eoncenÈrated on it.
I.Ía'r,hematica-11y, b : d(QÂ) ) / d(nÁ¡). O\¡er a sno'.,¡-eovered

surface it has been shorr'n that. there are v¡ide variations in the

j¡tensification rai,io assocj-ated ldth cloudiness, and hence, Id"th

the relatir¡e sunshine dural,ion, neglecting, for the aoment, the

faet thal j-n winter surface albedo fluctuatíons ere greater tha¡r 1n

stuiuner. This rço'rld lead one to suspect thatâ should be a ma-.cimun in

rsinter and a mirrimr:¡r l¡ sunne¡", since intensÍficatíon is nearly

constant ilt su¡i¡rrer, despite 1[]re r*'icle variations 1n cloudiness that

occur. The consequence is that â r-¡ould now be a mlninum in eånter

a¡d a rnaxi¡nu¡n i.rr sunrner.

Such qual-itative reasoning yields a regimo for the regression

coefficlents that contradj-ct a large body of ernpirical evldence. Part of

this diverßence may be e:,.pIained as follor.m, The methodolog¡' enrployed

in thls stucly necesr:i1,¿¡ted setreral assumptj-ons and appro:clrnations. For

(zz)
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lnstance, the coefflcients of the scattering process are held constant

and not treated as varlables as they ought to have been. And i+hile the

total absorptÍ-on Ìras allowed to var1r, it courd only vary as clid the

absorption coefficient of water vapor, since a fixed relaLionship

between water vapour absorption and all other absorptlon is assumed.

rt is possible, therefore, that much of the variability in the

intensificatlon ratio, over.,a snor,¡-covered surface, arises due to the

attenuation i.n the cloud-free atnosphere and not, froru cloudiness. Hence

the effect of rn¡ltiple reflectiot: on the g1obal radlation receipt, r,rith

respect to cloudj¡ess, ¡nay be the same for either snolÌ"-free ol. snow-

covered su¡faces. Ànd thus the reasonlng of a rri¡rter maxirnunr atd

sunmer ni¡j-lnum forô nay be fallacious.

Ïn sr-unmary, the relatj-onship betrveen nrultiple reflection a¡rd the

global radiation esti¡ration equations remai-ns rather nebulous, anci is
ÏLk'ely to remain so u:tiI such time that the attenuation in the clcud-

free atrnosphere can be mo¡e definitively ascertaiir.edi



CHAFTBR V

S OFE },{BTHOÐ OLCGIC AL PROBI]II.ÎS NEC OI.IS rD[P,iiÐ

In applying climatonomJr to j-nvestigate the cl-imatoloqv of

nultipry ref]-ected global radiation, a nu,rber of theoretical ¿¡d

statistical/observat,ional results are verified. Such success ma;¡ be

attributed to the correctness of clÍmatononly. It is instructive to
observe, however, that in this studyrs apprication of crimatonorny

several assurnptions and approrirnatlons r\'ere necessitated; thus the

intensification ::atio forlor'¡s a regime that occu¡rs as a result of

seasonaÌ variations in surface albedo a¡rd rr'ater vaDour absorption.

A more realistj.c apprai-sal of c'iC-l r.rould have treatect the scatüering'o
and absorblng processes as va.riables ancl not as constants. It Ís of

sone inportenee, therefore, to be elrere of the limitaLions rinich r.¡ere

brought aborrt in the application of c]inratonom}, to calcu]_ate the

int.ensification rati o and hor.¡ scme of these rimi.tations rnight, be

potentially resolved"

There exist three funda¡nental aspects that require fnrbher

exa¡'únation, ?hese may be t,errned: i) - absorption in the cloudless

atrnosphere; ii) - pararneters of the scattering process in the cloudless

atmosphere; iii) - absorpt,ion-scattering relationshlps in cloudy

atmospheres.

- $bsorption ln the clouCles-s a.tmosphere

Because the total absorption ln the clouclless atmosphere represents

summation of several absorption coeffj-cients, one niight proceed, initially,
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by attempting to calculate the indirrldual coefflclents and then summi¡g

to obtain the totar absorption coefficient. And, Ïrhire r/w may be

dete¡mined to wlthj-n reasonabry accurate limlts, it does not appear

possibre, at present, to accurately establlsh the magnitucìes of /u

and '? .a

A comprehensive theoretical investigation of absorption and

enission of radiation by atmospheric gases, such as, for exarnple, by

Goody8l, and others, indicate a rather complex spectnrm of absorption

by the various gases. FIG. 2l¡ represents Langl_eyts interpret,ation

of the infra-red portion of solar radiation. The major conrplÍcating

factor ln this diagram is that the toal absorption by an Índlvidual

gas i-s clependent upon the total pressure, tenperature, and density.of

the absorblng gas, all of drLch vary with altitude.

About the only firn generalization to be advanced is that such

atmospheric absorption is lorv, especia-lIy in the presence of appreciable

amounts of r¡ater vapoüÌ. Lettau?s and Lettauts calculatlons for the

three stations used in their study indicate that the ratio of gaseous

absorptlon to total absorption is gnerally tsr^¡, less than 1O-1, orr

approximatel¡r 1 to 2 percent of the extra-atmospheric imadiance.

}Iuch the same corffnentary can be applied for the case of aerosol

absorptlon, except that in ùhis case there e:cists even more uncertainty.

Refrence has a.lready been ¡nade to Johnson?s''stai:ement that the absorption

spectra of aerosols are poorþ know:r. As welÌ, tho few laboratory and

optical measurenents that ha.¡e been made further prohlbit, the advancernent

of any flrm conclusions. Bobi¡son82 h." also pofnted ouü that various

81. Goody, R.l{. , L96l+: ,¡\tmosrrheric Rt:r.l.fati,o-n. Oxfold Unlverslty I}ess, h3(> pp.

82. Robinson, 1!6J, qp" clt.
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research lnto the problern of ae¡osol absorptlon lllustrates that there

1s no addltional absorption to an absorptlon twfce that of water vapour.

Such results clearly point tô the necessity of considering the qu¡'lity

and quantÍty of the aerosol at a particular station.

It is like1y, however, that in an lndustrlaÌ-urban setting, aerosols

do lead to an fncreased absorption of gIobal radlatj-on. It we.l] knorrn,

for lnstance, from studies of urban cliroates that the relative hunidity

is greaÈer in the urbar¡ area than ln the surrounding countr"vside. In this

event particles emitt,ed into the urban atnosphere nay begin to assune

nany i.nrportar¡t properbies of rsater vapour, such as its index of

refraction a¡¡d absorption. Consequently, aerosol absorpti-on nay be

a function of water vapour absorption.

In order to expedite this research, and since no j¡¡formatÍon is
gÍven concerni¡g the particulate matter in the atmosphere for this

station, this study assumed that all non-water vapour absorptlon was

related to vrater vapour absorption in the form

(c +
E

¡t) /u = kaw
(ze)

r*here k is so¡ae constant a¡rd the ratlo of the l.h.s. of eqn.(78) shall

be referred to as the absorption ratio. Such a forroulation al1ows one

to calcul-ate the total absorption as a funetion of the water vapour

absorption.

Such a fonnulatlon, horuever, has two serlous llnltatlons. In the

flrst instance it is implicltly assumed that all non-water vapoul

absorptlon lncreases t+ith lncreasing water vapour. But aerosol absorptlon

is controlled to a greater exbent by the euality and quantlty of aerosols.

The slgntflcar¡ce of thls lles 1n the fact that, at Toronto, tho greatest
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concentration of partlculaüe natter occurs 1n January, a time when

water vapour absorptlon 1s likely to be at a ¡únimum. Consequently, the

absorption ratlo may not be a constant but rather a cornplex functlon

of tlme of year.

The second'limitation stenrs from a lack of hrowledge of the

absorpt'íon ratio. Even assunc-i¡rg that it is a constant, there is a

great paucity of systematic studÍes exa¡ining this rati-o vrlth respect

to both ti¡le and space. This study assrrmed that Lettau and Lettaurs

calculations for Kew l¡ere representative of other industrial areas

ar¡d for any tj-nne of year rvhieh, fron the preceding conslderations,

i-s not IiJceIy to be true.

rt ¡ould therefore be of sone utirity to ca¡ry out studies

sybenaticdty exani-ning the absorpti-on ratio. ff airborne measurements

of the top albedo are available, then crimatonomy could be employed

fo obtain a good estirnate of this ratj-o. the nethod lnvolves

transfor"nation of some of the fundamental equations r¿hich relate the

top albedorÂ, to the totar absorption, C{, surface albedo, a, a¡d global
rradiation, G .

Specifically, oolving for xc' fron eqns .(tnÐ a¡rA (50), equating

the t¡'¡o.resultant expressions, e¡rd then solving for A yields

A - (r-¿)(1 +.G'^) -ct

usirrg the alrborne value for A and substituti¡g in eqn. (zg), one can

eolve for (v, assunilg, of course, tiat the comesponding values of
-,P

a and G are given. Then calcuLating qn by the methods out,Li_ned in
chapter rrr, and subsequent subtraction fron Ø yields (u + ú).

aJq

(zs)
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2. Para¡neters of the _seatterinÂ c'rocess in the cloud]-ess atmosrrhere.

Closely related to ths precedlng conslderations for absorptlon

Ís that for the scattering proeess. If tota-l absorptlon can be

accurately deternined, then it is possible to calcu-late the parameters

of the scatterlng proeess exactly raüher than exbernally prescriblng

them.

Thls study rnade trvo maJor assumptlons. The fÍrst concerns the

relationship between scattering and absorption. The second assrrmption

concerns the natr-ne of x . llith regard to the forr¡er assunption, the

]j¡'itations are obvious. This assumption irnplies that the total
scattering is a fu¡¡ction of absorption and not with respeet to the

particulate load in the atnosphere. Thus in this study Ínaccuracies

i¡ the determj¡ation of the total absorption are transraitted to

calcuJ.ations of the total scattering coeffÍ"cient tf.
ïIith regard io the second assumption, mention has already been

nade of the fact that the size dj,stributi-on d* varies both lrith

respect to time of day and time of ¡rear. Because of this the paremeter

r is not likely to be constant.

Pnovided rV may be aecurately deternired, for example, by the

method outlined i¡ the preceding seetÍon, then f may be obtained as

a subtraction term in eqn. (4e¡, provlded the other values are glven. Both

x and ,il mry be obtained exactly as fo1*lows. Substituting the value of A

obtained ¡¡s¡¡ aj,rborne techniques ard substj_tuting this value into eqn. (tog),

lt ls observed that, taken together wlth eqn. (50), there is given a set

of troo linear equations in tno unknowns, namely x ard ,{.i . Matrlx atgebra

can then be utillzed to solve for both r and /r.,
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l. lbsorption-s catt,erine relationshlps J.n cloud.l'=qtqosphere s.

There are several aspects of this problem whlch merlt further

expanslon. The first concerns the measurements of cloudiness 1tseIf.

Values of cloudiness for a given hour a¡e lnstanta¡eous values. ft is
assumed that this value remal-ns constant for that hour. Realistically,

this ls not true. CloudÍness can a¡rd does change vrith great rapidlty.
Clouds which orÍ,ginate through glaciation processes, such as cirrus

clouds, can evolve and degenerate ryith great rapidity. The development

of crrmulus clouds on a hu¡rid sr¡mmer day is another example. stitl
ar¡other exarcple rvould be the passage of frontal systems, particularly

cold fronts.

One approach to mini¡rlze the error that could arise frorn thls
feature r¡ould be to consider only those hours in r+hlch the folLowing

hou¡ had the same value of clouclfness. The maJor disa.dvantage to thls
approach is that ühe samole size rçou1d be reduced. i.'loreover, there is
no guarårìtee {,hat, duri:rg the hour, there r{ere no changes in cloudlness.

A second aoproach would be to conslder the inst,antaneous

value of the int,ensification ratio. fri: would have lnvolved cal-culating

the instantaneous exbra-atmosoheric Írradiance for the beginning of the

hour, a simple enough task. The corresponding insta¡rtaneous value of c

is given. But it rvould beeone necessary to prorate the vaLue of the

global radiation, because global radiation values are g5_ven in terms

of aD hourly value. Therefore, unless the lnstantaneous global radiation

values are given, lt beeones necessary to prorate the hourly value. Such

prorating, hotrrever, is lilcely to be fraught vrith many dlfficulties. Bven the

sfunplest form of proratlng, dividing the globaI radiation by 60 to obtain

the inst,a¡rt'aneous value, irnplicltly assumes a constant value for clourllness.

The two approaches thus encountor the garne problen.
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A second problen concerns the al"bedo-absorption-transmission

characterlstics of lndividual cloud-t¡1pes. ThÍs study assumes that these

properties are constar¡t for a glven clouC-i¡rye. There are a large number

of both theoretical and observatÍonal studies vrhich lI1-ustrate that

this is not quite realistfc. FIG. 25 illustrates the case for St and Sc

clouds. For a glven cloud-type both absorption and cloud al-bedo inerease

trlth Í¡creasing cloud thickness. This is thus a recognizable source of
.'ê x

varlation in G /G^ uhen exa¡nined in terns of cloudiness. To correct this
situatj-on it r¡ould be desirable to knor¡ the statístical relationship

between the scattering pararneters and cloud thickness. Unfortunately,

these relationships are not very werr established. clouds of

horizontal extent are the most frequently used models: little is known

of high clouds, such as cirrtrs crouds, or of clouds of vertical
extent.

A third aspect concerns the problern of cloud stratification. The

methodology employed in thls study assumes that, even though there may

be more than one cloud-type present, the cloud mediuil could be

treated as a silgle Iayer. Th5-s assumption as well is not, quite

r,ea'ìistic. It is observed that elouds are stratified, sometirnes up to

l+ or 5 lavers. Among olh"r consequences, such stratlfication may

subsüantially increaso the top albedo through increased multiple

, reflections occurring betr+een the various layers and/or altering the

absorptlon relations ln the lowest layers.

The absolute accuracy of ttlis stuAyrs appllcation of cllmatonony

ls thus in doubt., It is certalnly dependent upon the accuracy of eeveral

assumptions that have been utiI:lzed to erpedS-te the research. And doubtless

better estfunaùes of the climatolory of nulülply reflected global ra<itation
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Figure 25

ALBEDO OF STRATUS AND STRATO-CUMULUS CLOUDS
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ttil1 be obtained t¡hen successlvely botter approxi-rnations or even dlrect

measurenent or evaluatlon of the attenuatlng processes can be performed.

It 1s conforting to observe, however, thatras crude as ou¡ applicat,ion

of cllmatonomy has been, nany results are inaccord r*ith both theory

and observation.



CHAPTER ]rJ

SU}ô,ÍART ANÐ CONCTUSIONS

Applying cl'lmatorony to calculate the Íntensificatlon ratlorG" /G:,

illustrates that a number of theoretlcal and statistical and/or

observational evidenee is substa¡rtiated. Thus, the i¡tensification

ratio i.s observed to be a naxin,um over a snov¡-covered surface and a

ntnim¡n over a snow-free surface regardless of atmospheric conditions.

The calculated (nean) backscatterances agree, in the main, rvlth

the theoretieal predictÍ-on that they should increase r.¡ith clouds of

increasi¡g opacity. The najor exceptlon is the case of Ci-rrus clou*s.

The i¡tensification ratio is a nlnimum for the case of cloudless

sþ, as predicted by theory. l.iaximr:¡r Íntensification ratios occur rrith

very snalI amor:nts of cloudiness, ar¡d not with toùal overcast as was

thought in Chapter I. The coraputed values, when exe¡nined as a function

of the sun?s zenith angle generally conform to the theoretical

prediction that they should decrease with decreasing zeníth angIe.

llhen the lntensification ratio ls exem{¡ed as a function of both

type and degree of cloudlness no general trend is evidenced and the

relatlons between intensification and cloudiness remain rather complex.

It nay hardly be erçected, therefore, that any deflnitive relatlons

betrreen global radiatlon receipt and cloudiness ca¡ be advanced. Thus

the results of enplrical studies of global radlation receipt 1n relatlon

to cloudiness, sueh as by Haun*i rr83 , a¡rd vordnckel and o"olg84, and others

8J, Ilaurwltz, 1945, op. elt.
8d. Vowlnckel, 8., and Orvig,

Income and Cloud \.¡re ln
S., 1962: Relatlon between Solar

the Arctlc, J. AþD1'.. Metijor., V.
Radiatlon

1, pp.552-559.
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are readlly undertandable.

There were two rather unexpected results. Tho first, concerns

the i¡crease 1n magnitude of the intensification ratio rrith increasfng

opacity afLer a secondar¡r ¡rinimum at opacity

ill-ustrates that i+ith increasing cloudiness tho effect of denstty

does become rather inportant, as Haurvrits has polnted out. The second

unexpected result tças the finding of rather high intensifieation ratios,
and consequently, backscatterances, associated r,,åth Cir¡us clouds. The

result is surprising especially sj¡ce Cimus clouds are the opticalh,
thinest' clouds.

For the station uncler consideration then, ¿¡s qìjmatolory of
mlt'lpIy reflect,ed global radiatlon nright be described as fol¡or.¡s. ùr:¡j¡g
winter a number of factors conspire to produee ¡naximum j.ntensification

of globaI radiatlon at the earthrs surface: a general'ty high surfaee

albedo due to a snol'¡ surface, low absorption both by the surface, because

of the high albedo, and by the atnosphere, beceuse of the generally

lorv v¡ater vapor coneentration at thls time of ;rsar., a¡rd a Lar.ge nean

solar zenith angle, because of the station?s latitudi:reJ position. ûrrring

the su¡¡ner .¡l'l these tend.encies are reversed producing ralnjmun

intensification of global radiation.

Fi¡a-llJr, rrith regard to the statisticaì- problen of (relative)

global radiation receipts in relation to the (relatÍve) duration of
sunsh5-ne, no flr¡n concl-usions can be drawn. Certalnly, previous research

1s eorrect ln defi¡ring the snov¡-melt period as a critical changeover

event. This study suggests, hottnever, that â should be a naximum durj-ng

r'rinter a¡rd a minfuou¡r during the suxùner months, the reverse of what has

been found through regression analysis. Our reasonlng for thls type of
reg{me, horrrever, might, bo fallaclous elnce a maJor portlon of the
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variatlon Ín the intensification ratlo during the period of snow-cover

is attributed to variations in cloudiness, when in fact, lt rna¡r also

be due to differences j¡ attenuatlon. In this event, the effect of cl.oudiness

may be the same for any time of the year. Unfortu¡ra""e1y, the quest.i.on

of the accuracy of the computations is in doubt and thus imposes a

rather severe restriction on the employement of exbensive statlstical

anaþses. I'Ioreover, it proved i-nposs5-bIe to ca,lcuJ.ate the regression

constants for thís station, since the required daia v¡as not available.

And consequently, no fir¡r conclusions can be drawn.

This study suggests several avenues for firrther reseerch. There

is first a need to deternine aerosol end atrnospheric absorption more

defj¡ritively, both with respect to the absolute nagnitude and the

tenporal variations at a location" Obviously, the absorption ratio

is a pri*re factor 1n clinatic differentiation. Ttr-is study points to

the necessitl' of a fuller understandíng of it.

Close1¡' a].lfecl to the ebove problem is the necessity for a

greater uncierstanding of the ratio 'r/ 6 , not only ruith respect to

cloud-free a¡d cloudy atnrospheres, but in geographical te¡ns as weIl.

Finally, there is a need to nore fu1ly ascertaln tlre sta{risticaf

relati-onships betr.reen scattering-absorpti-on parameters and cloudiness,

especially in te¡¡rs of height-thickness-densit;r characterlstics and to

other featu¡es such as cloud stratification.
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APP_EI\DIX f

Thls appendlx sumnarlzes tha coinputer programming necess.?ry
for the eval-uatlon of (rnld) hour'Iy optical alr mass values anci
hourly exLra-ter¡'estrlal solar radlation flux valueso

The programe ls fairly slrnple, especially with regard to
i.nput datao Only t,hree variabl-es are requireclS I - cially rralues
of- solar declir¡at,lon in Cegrees (in riecimal fo¡'m) ; ii daily
values of t,he earthrs radius vector; iii dally val-ues of the
equation of time in degrees (ln decimal forrn) o

Tho local mean sclar tLme must l¡e supplled for the st,at,lono
The progranme then,:alculates the true solar'"ime anC then obtains
the mid-hourly zenlth angle and begins calculations for 13300h.
local eppar€nt tlrne, ancl cont,inues Èhus for each cornplete
hour before sunseto Hence, the time slnee the l-asu full hour
anC sunset, fs not lncluded" 0n1y a few statements woulrì be
relu--ired to incl-ude these part hours.

The prog:arnme incluC.es as output several parameters a'lthough
only 2 are of interest. This was done for purpcses of lnternal
checking orrLlo 0n1y slight adjustmensts to the print statement
ere required trr delet-e these extr:aneous ouÈput"

the prograÍune was written for the IBM 365 computer
using FO]ìTRAN rV with ùne.''qATFrV compilero

C THIS IS A PR0GP,Æ{'18 TO Ci\LCULATE THE }ìOURLT EXTÎA-TLp¡EST'RIÀL
C SOLAR F.ADIATION FLUX AT I\ùRTH LATITUDE I+3 DEGREES, I*8 I'III{OTES"

REAL L, MIDHP.A
L = 0,76445
READ 2, DATE, R, DIFF
DATE = SOLAR DRCLIì{ÂTfOÌ{ IN DEGREES, R : RAITIUS VECîOR,
DIFF = EQUITTïON OI¡ lll'm Il'¡ DtrGREES
FoRltAT(1F10"5)
IF(R,EQ"0) G0 r0 101
THE L¡,ST CARD 0F TäE DATA DECK S}IOULD HAVE R = 0"00000" THIS
ÏS A STOPFEP. CAR¡"
SOLARN - -0.06981 + lX]l'r/ 57 "?95?71C SOLARN = SOLAR NOON. I'IIILTIPLICATIOI{ OR DTVISTO}I BY THE

c FACTOR 57 "29577 IS THE COI,IIERSION FACTOR FOR, CHAMII'IG
C DEGREES T0 RriDiAN.S OR VICE VERSA"

sD = DATE/ 57 .296?7
SD = SC,LAP" DIÌCLII'IATI0ì\I
SINT - STN(i,),¡SIN(SD)
CgST = cgs(L)+cOS(SD)
$ = -TAN(L)*TAN(SD)
Y = ARCOS(S)
SUNSIf = (Y * 57"295?71 /Ij.
MIIIHRI- = SOLAIìN + 0"1309C
IfIDmA = lvfID-HOUR ANGLE
/ A SITüT + COST(COS(IIIDHRA))
Z = THF, COSII\IE OF THE I4ID- HOUR ANGLE
Q r (( 1.98 + z)/ s.',nl + 60"
A IS TIItr NXTRA- ETtRTÌÍ]TIITAL SìOLAR, RADTA TION FLUX FOR ÎIIAT HCUR
f u (t'îIDHrìA * 5? "zg 

j7?l /t5 "C T IS THE TIME iI,¡ HOUR.S
zENTTI{ - ( nncos(z) ¡* 57.29577't

100
c
c
2

c
c

c
5
c
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PRIt{ISr SD, ÍiUI'lSbT, T, ZENITH, Q
8 F0Rtulr( r r ' Flo" 5 r5x,F? "5 r5Nry7.5 r5N|HLO,5,5NrF6.2l

IIrDHRA _ ì,ÍIDHIìÀ + 0"26180
Ir( tlrDIipA.LE.T - 0.l30g0) G0 T0 5
GO TO IOO

101 STOP
RND

$suinr

'l
0

*f(**Ë+****

EXTRA-TEF.RESTR.IAL SOLAR RADÏATI

PIID-I{0UP.LY 0PTICÄL ArR I{ASS}, M
All tämes are l-ocal anoarent ti

oNt
TII4E

DATE I

FOR HOUR ENDING AT

'na e. in lon,{:ì-eys
J:U'J
?.:OO o

1:r)
0:Cl_

U
0

:r)
:o 00o0

'/i
8:I1

Jan I

Jan 2

Jan 3

Jan t+

Jan 5

Jan 6

Jan 7

Jan I

Jan 9

Jan 10

Jan 1l

Jan 12

l+7
2.55

47
2.55

l+7
2.55

I+7
2.55

l+7
2.55

l+8
2.1+5

tù8
2.1+5

48
2.1+5

l+8
2 

"l+5

l+9
2 olv5

l+9
2.1+5

l+9
2.45

I+3
2.77

l+3
2,77

43
2.77

4l+
2.65

l+l+

2.65

l+l+

2,65

l+l+
2.65

l+5
2 "65

l+5
2 "65

l+5
2 "65

l+6
2 "55

l+6
2.55

3l+
3,39

35
3.39

35
3.)9

35
3,39

35
3 "39

36
3 "39

36
),?L

36
3 "2).

36
3,2L

37
3.21

37
3 "2r

37
3 "2L

2I
5.&

2L
5.60

2T
5.6C

22
5 .L2

22
5.L2

22
5 "L2

23
5.L2

23
5.r2

23
5.L2

2l+
5.L2

2l+
l+"72

2lt
l+,72
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DATE ll+:00
l-l :00

t5:00
10 :00

17:00
8:OO

18:00 20:0013;00
12:O0

16 19:00
6:00

:00
:00 :00 :00

Jan 13

Jan I¿l

Jan

Jan

Jan L7

Jan I8

Jan 19

Jan 20

Jan 21

Jan 22

Jan 23

Jan 2l+

Jan

r:'
Jan

Jan

l+9
2.36

50
2 "36

5o
2,36

50
2.36

51
2 "39

5L
2.27

52
2 "27

52
?.27

52
2 

"27
53

?.27

53
2,Lg

5b
2 "Lg

5l+
2 ..L9

55
2.Lg

55
2 "L2

56
2 oLZ

56
2 "r2

I+6
2"55

l+7
2"55

l+7
2.55

l+7
2 

"l+5

48
2 "l+5

¿18

2.1+5

l+9
2.45

I+9
2"!+5

b9
2.36

50
2 "36

50
2"36

5L
2.36

51
2 "36

52
2.27

52
2.27

53
2.27

53
2.r9

38
3.O5

38
3 "o5

39
3 "o5

39
3 "o5

39
3 "O5

/+0
2 

"90
40

2 '9o
41

2 "90

4-r
2 

'9O
!+2

2.77

l+2
2"77

+r
?."77

lv3
?,77

I+3
2,77

UI+
2 

"65
l¡4

2.65

l+5
2.65

25
b.72

25
4 "72

?.5
l+ "72

26
l+.37

26
l+"37

27
1,.37

27
\,37

2g
l+.37

2g
l+.C7

29
4.c7

29
l+.C7

?9
l+.07

30
3 "Bz

30
3 '82

31
J "82

31
3 "82

32
).59

10
10"39

10
10.39

1T
r0.39

t1
10.39

II
10 "39

L2
8"90

I2
8"90

13
8.90

L3
8.90

L3
8.90

14
7.77

L5
7 "77

L5
7,77

L5

16

25

26

27

28

Jan 29



DATE 1l+:00
11:Ot)

16:00
9:0C

LS:00 19;00
6:00

TI2

20:0017:00
8:0O

15 :00
l0:0O

1l:00
12 :00 :00 :00

Jan J0

Jan 31

Feb I

Feb 2

Feb 3

Feb l+

!'eb 5

Feb 6

Feb

Feb

Feb 9

Feb 10

Feb 11

Feb 12

Feb 13

Feb I/+

Feb L5

Feb 16

56
2 "L2

57
2,06

57
2.06

58
2 "06

59
2.00

59
2.00

60
2 "OO

60
2"C0

ó1
1.94

6I
r,gt+

6z
1 .9/+

6z
1" 88

63
1" 88

6l+
1.88

64
1.8-?

6S
1. BJ

6S
r.83

66
L"7B

5b
2 "rg

55
2 "Lg

55
2.L9

55
2 "rg

56
2.L2

)o
2 "L2

57
2 "06

57
2,06

58
2.A6

58
2 "06

59
2.00

óo
2 "00

ó0
2.oo

6I
1'9Il

6r
1.9/+

6z
L "91ç

6z
1.88

63
I.88

I+5
2 "6,

l+6
2,55

l+7
2.55

Ir7
2"55

48;
2.1+5

Il8
2"1+5

49
2.1+5

49
2.1+5

50
2 "36

50
2 "36

5T
? "36

5t
2.?7

52
2 "27

52
2.27

53
2 "27

53
2.Lg

5l+
2.L9

55
2,L9

3z
-3,59

33
3"59

3)
) "59

3l+
3,59

3It
3.39

35
3.39

35

? "39

36
3.39

36
).2r

37
3.2L

38
3 "2L

38
3,O5

39
3 "a5

39
3.O5

40
) "o5
lr0

? "90
t+I

2 "go
lrl"

2,go

r5
?.77

16
6" gg

L7
6"gg

t7
6. gg

L7
ó" gg

r8
6.86

18
6. r8

r9
6"18

]Q
6.18

20
5.60

20
5.60

2L
5 "(Ð

2L
5"æ

2?
5.r2

22
5.rz
2)

5.L2

23
5.L2

2l+

4,72

7

I



DAlE Il:00
12 :00

14:00
1I:00

l5:o0
10:00

17:0o
8:O0

18:00

1].3

20:00t"6 :00
:0O :O0

19:00
ó:00 :0O

Feb 17

Feb 18

Feb 19

Feb 20

Feb 2L

Feb 22

Feb 4

Feb ?t+

Feb 25

Feb 26

Feb 27

Feb 28

Mar ]

Mar 2

Mar 3

Mar

Mar 5

Mar 6

6l+
1" 88

64
1" 83

65
1.83

65
1.83

66
L"78

67
1.79

67
1.78

68
L.7t,

ó8
r,7t+

69
L"7l+

70
1" 70

70
1" 70

7I
L "66

7L
L.66

72
1.66

73
L.62

73
L.62

7l+
L "62

55
2.r2

56
2 "L2

56
2.I?

57
2.06

58
2"06

58
2 "06

59
2.oo

59
2 "oc

ó0
2"00

60
I.9l+

61
I.9l+

62
1"9.t+

62
1" 88

63
1" 88

6t
r.88

6t+
r"83

6l+
r"g3

6S
I"BJ

l+2
2.77

l+2
2"77

I+3
2 "77
44

2"65

l+4
2"65

l+5
2"65

l+5
2.65

l+6
2 "55

l+6
2"55

l+7
2.55

l+7
2 

"l+5

48
2"1+5

b9
2.1+5

49
2.1+5

50
2 "36

50
2 "36

5L
2 "36

5T
2.36

?5
I+.72

25
4"72

26
u"72

26
l+.37

27
l+"37

27
I+ 

"37
28

l+"37

28
l+"O7

2g
l+.O7

2g
I+"O7

30
3.82

3o
3.82

31
3 '82

31
3 "82

32
3.59

32
3.59

3)
3 "59

33
).59

It
10.39

L2
8.90

L2
8.90

t-3
8"9t)

66
1.79

67
1" 78

6S
L,7t+

68
L 

"71+

69
L.7l+

69
1.70

70
1" 70

7L
1.6ó

?L
r.66

72
L "66

73
L,62

73
L "62

7l+
1,62

7L
L"59

75
L "59
76

L"55

76
L,55

77
L"55



DATE 13:OO
I2:00

1I+:00
II:00

15:00
IO:0O

1ó:00
P:oo

19:00
ó:O0

r_14

20:00
5 :00

17:00 18:00
8:O0 7 zO0

Mar 7

I'far I

liar 9

Mar I0

Mar 11

Mar 12

Mar 13

Mar 14

lifar 15

Mar 16

lvlar 17

I,far 18

Mar 19

![ar 20

Mar 2l

Mar 22

Mar 23

Mar zlt

77
r "52

78
L"52

79
L.5?

?9
L"l+9

80
1"I19

81
1.1+6

81
1.lió

82
1.&6

8z
1.¿+4

83
I ' l+l+

83
I .l+1

84
1"¿|1

85
1.LI

85
L,3g

86
L.3g

86
L"37

87
L.37

87
L.)7

74
r "59

75
r "59

75
r. 59

76
r"55

77
1.55

77
L.52

?8
r,52

78
L .52

79
1" &8

79
l.IlS

80
1.49

80
1. l}6

81
I,;6

8z
r "46

82
1" 44

83
1"l}4

83
I .41+

6l+
I "l+1

6S
1" 8J

66
1.78

67
r.78

67
L "78

68
L 

"7/-¡.

68
L.7b

69
L.7b

69
I "70

?o
r"70

70
1"70

/L
1"66

7L
r"6ó

72
L "66

73
L "62

73
1.62

73
L.62

74
1.59

7l+
L.5g

52
'2o27

52
2.27

53
2 "27

53
2 "Lg

5Iþ
2.Lg

5l+
2.Lg

55
2 "L2

55
2,L2

56
2,L2

56
2.Lz

57
?'.06

57
2.06

58
2 "06

58
2.06

,59
2 300

59
2"00

60
2.00

60
2 

"0c)

34
3 "39

3l+
3.39

35
3.39

35
3 "39

36
3,2r

JO
3 "2L

37
3 "2L

37
3.2r

38
3 "O5

38
3.Q5

39
3.O5

39
3.45

Jr0
2,9O

I+0
2 "go

¿t1
2.go

lrl
2.90

l+2
2 "77

l+2
2.77

L3
8"90

1L
7 "77

1l+
7.77

IIr
7 "77

15
7.77

16
ó.88

16
6" 86

16
6.88

L7
6.88

18
6.88

18
6.18

18
6. t8

rg
6. r8

L9
6" r8

20
5.(>o

20
5,60

2L
5.(fr

2L
5 "60



DATE 1l:00
l2:0O

llr:00
I l:0O

15:00
IO:O0

16:00 17:OO
B: O0

18 :00
u5

20:00
:00 :O0

19:0o
6: OC :00

Mar 25

Mar 26

Mar 27

Mar 28

Mar 29

Mar 30

lfar 3f

Apr I

Apr 2

Apr 3

Apr 4

Apr 5

Apr 6

Apr 7

Apr I

Apr 9

Apr 10

Apr 1I

88
L 

"31+

88
1" 34

89
L"3l+

90
L.32

9Ct
L "32

91
r.30

91
1.30

92
1" 28

92
r.2g

93
1.28

9)
L.27

9l+
I "27

9l+
L"27

9b
r "25

95
L"25

95
L.25

96
L 

"23

96
r,2)

8lù
I ,l+l

85
r.39

85
L.39

86
L.39

86
L"37

87
L.37

8?
L"37

88
L.3l+

88
L"3\.

89
I.3l+

89
L.32

90
L.3?

90
L,32

9o
1"30

91
1" 30

9L
I "30

92
1, 28

9z
1" 28

75
L.5g

75
r"59

76
L"55

76
L "55

77
L.55

77
L .52

75
L.52

78
L"52

79
1,49

79
1,&9

80
l_.49

80
I .l+9

81
r.46

81
1. &6

8I
L.L6

82
l.l+L

8?
l.lrl+

83
1.t+4

6I
I,9lr

61
L.9/+

6z
L.94

62
I .9/+

63
1" 3B

63
1" 88

63
1.88

6b
1.93

6l+
l. 63

65
1.63

65
1" 83

66
l.78

66
1"78

66
1.78

67
1.7t

67
L 

"71+

68
L 

'71+

68
L"7l+

b2
2,77

\3
2 "77

lvl+
2"65

IYL
2 "65

I+l+

2 "65

u5
2"65

lr5
loö)

Iv6
2"55

lY6
2,55

l+6
2.55

I+7.) <c

l+?
? rl+5

[8
2 

"l+5

lr'8
2.L5

l+9
2.b5

l+9
2 

'l+5
l¡9

2.1+5

5c
2 "36

22
5.6C

22
5.r2

23
5.L?

23
5 "r2

23
5.L2

2l+
l+"72

2l+
4.72

25
4,72

25
l+.7?

25
4,72

26
l+"37

26
l+.37

27
lç.37

27
4.37

2â
l+.37

2g
l+.o7

2g
I+ 

"O7'

2Q
l+"O7



16;00
9:00

l-16

DATE 1J:00
l2: O0

ll+:00
1l :00

15;00
lO: OO

17 :00
8: OO

18,:00 19:O0
6:OO:O0

Apr 12

Apr 1l

Apr llr

Apr

Apr

Apn^ 17

Apr I8

Apr 19

Apr 20

Apr 2L

Apr 22

Ápr 23

Apr 2l¡

Apr

Apr

Apr

Apr

97
r "22

97
L "22

98
L "22

98
I.20

98
1,20

99
1" 20

99
r"19

100
l.19
100
1. 19

100
I UI8

101
I .18

10I
r"l8
10I
T.I7
LO2
L "L7
102
1.17

102
I "15
r03
1"15

101
l.l5

93
1.28

93
L "27
93

L.27

94
L"27

9It'
L"27

95
L "25

95
I.25

95
L.25

96
I "23

96
L "23

96
L "?3

97
L.22

97
L.22

97
L.22

98
r.22

98
1" 20

9B
1.20

99
L.2O

83
I .l+4.

83
I .41

84
1"41

8l+
1.41

85
1" ¿oI

B5
r.3g

85
L.3g

s6
1.39

86
L "39

86
L.37

87
L "37

87
L "37

87
L "37

8&
L.3l+

88
1" 3f

88
r,3t+

89
1" 3l+

89
1.34

69
L.7l+

69
r.70

69
r.70

70
L.70

70
1.70

7L
r.70

7L
1.66

7L
1.66

72
t" 66

72
r"ó6

72
L.62

73
L.62

73
L.62

73
L.62

7l+
L.62

7b
L.59

7l+
r.59

74
1.59

5o
2 "36
5I

2 "36
51

2 "27
5L

2.27

52
2"27

52
2.27

52
2 "27

53
2.27

53
2 "Lg

5l+
2 "Lg

5l+
2 "Lg

5l+
?.Lg

55
2 "rg

55
2 "L2

56
2.L2

56
2.I?

,6
2 "L2

56
2.L2

29
I+.o7

Itl
3 "t?

30
3.82

3o
3.82

31
3 "82

3L
3 "82

32
3.82

32
3.59

3?
3 "59

33
3.59

33
3.59

3l+
3.59

)5
3,39

35
3 "39

AE

3.39

35
3 "39
)6

3,39

36
3.2L

11
10"39

L2
8.90

L2
g"g0

L2
8"90

L3
8"90

I3
8.90

U+
7,77

tf
7.77',

1l+
7.77

I5

I6

25

26

27

?8

Apr 29



117

DATE 1J:00
12:00

I4:00
11 :0O

15:00
lC:O0

16;00 lB:0017:00
8:00:00 :00

19: C0
6: rJO

Apr 30

May

I,fay

I'lay

Ivfay

May

May

May

May

May

May I0

May 1l

liay L2

May

May Il+

Ifay 15

May 16

l4ay 17

103
1"Ì/+

1Ct+
1. L4

101*
l.1l+

10l}
I.1l+

105
I "13
r05
l.13

ro5
1.13

r05
1. 12

r06
1.12

106
1.12

106
l. 12

106
l.11
r07
1" 11

ro7
l"11

ro7
I "17
r07
l"ro
108
l. r0
108
I.10

99
I .20

99
1.18

100
r.18

10c
1.18

100,
1.18

I01
r"18

101
1.18

101
1.18

101
1" 18

102
r.17

102
1"17

102
I "L7
102
1.17

LO2
1,15

103
1,15

103
1.15

103
l. r5
101
r. l5

89
I,32

89
r.32

9o
L.32

9C
r "32

91
1.30

91
i"30

91
1.30

91
1.30

9z
1" 30

o)
1" 28

92
1.28

92
1.28

93
1" 28

93
1" 2g

93
l-.27

93
r "27
9t,

L"27

9l*
I "27

75
L.59

75
L.5g

76
L.rg

76
L,55

76
L.55

77
L"55

77
L"55

77
L.5¿

77
L "52

77
1" 52

78
L.52

78
r.52

78
L"52

79
L" 52

79
'L 

"bg

79
1.1¡9

79
I 

"l+9

80
1.l}g

57
2,A6

57
2,06

57
2,06

58
2.A6

58
2,06

59
2 

"oo
59

2 "00
59

2.00

59
2 .00

60
2"00

60
2.00

û
2,AO

60
1" 9L

6I
1 .91+

6I
I .9,t+

6r
L "glt

62
I.9l{"

62
l"g4

36
3 "2L

37
3,2L

37
3.2r

37
3 "2L

38
3.O5

38
3,o5

38
3.O5

39
3 "05

39
3 "05

39
3.o5

40
3 "O5

Io
2 "go

f0
2,go

l}1
2 "go

/+1
2"go

&I
2.90

41
2.go

42
2"77

L5
7.77

T5
7 "77
r5

7 "77

16
6" gg

16
6. gg

L7
ó. gg

L7
6" gg

I7
6. gg

T7
6. gg

r8
6. l8
18

6"19

I9
ó"18

1g
6"18,

tg
6.18

20
5 "60

20
5.æ

2-O

5.60

2L
5.60

T3



11 I
DATE

May 18

Flay 19

May 20

May 2L

May 22

May 23

May 2l+

Dlay 25

May 26

Iv1ay 27

May ?.8

May 29

Mav 3o

Mav 3t

Jun

Jun

Jun

Ju¡¡

I¿t:0O
l1 :00

15:o0
10:oO

I6:00 17:00
8:00

t8:00 19 :00
6 :00r

I+2 2L2"77 5.60

b2 2L2"77 5 "60
l+3 ?2

2,77 5 ,60

43 22
2 "77 5 "r?
t+3 23

2.77 5 .L2

t+b 23
2"65 5.L2

; \'l+. . ?3-
2 "65 5,L2

t+t+ 232,65 5.r2
l+l+ 2+

2"65 5.î2

lt 5 2 ,
2 "65 l+"72

t+5 24
2 "65 U"72

t+5 2t+
?. "65 4"72

l+5 2t+
2 "65 !+"72

l+5 ?.5
2 "65 l+"72

46 25
2,55 l+"37

b6 25
?. .55 l+.37

rv6 26
2.5, l+")7

t+6 26
2.55 l+.37

r0B
1.10

108
l"0g

108
1.09

108
1.09

109
I "09
109
1.09

r09
1.09

109
1"09

r0g
1.09

109
1".09

110
1 .09

1I0
i,09
110
r.08

11C
1.08

110
r .08

1I0
r "08
1r0
l"0g

11.0
1.08

10l}
I.rl+

101+
1"f 4

10/+
I .14

r04
f .Il+

10,l+
1" 13

1.05
r"13

105
1" 13

105
I "13
105
1"13

to5
1" 13

105
1. 13

105
L,L2

106
1,12

106
r.12

106
1" L2

10ó
r"12

l_06
I.I2
r06
1" 12

9l+
L "27

9l}
L "27

9l+
L.25

95
L.25

95
L "25

95
r"25

oE
r,25

95
r "25

96
L,23

96
L "23

96
L.23

96
L "23

96
r 

"23

96
L 

"23

97
r "23

97
L,22

97
't ôz)Lot_t

97
1.22

80
I .49

8o
L.l+9

80
1" l+6

81
I./+6

8I
1" 45

81
1" 46

81_
l"/+6

82
r.l}6

82
I .l+6

82
1" 4b

82
r.{.4

82
1" 44

82
I o4lr

83
1 "44

83
I 

" 
l+l+

83
I n4lr

83
l"[l+

83
1"lrtr

6z
1" 88

62
1. 88

63
1.88

63
I. BB'

6)
1.8&

64
1" 88

6b-
1.93

6tr
l. 83

6l+
r"83

ü,
1" g3

6S
I. 83

65
1" 83

65
1" 33

6S
r. ô3

66
L,7 g

66
1" 78

66
r"78

66
1.76



16:00 17:C0 18:0o
9:00 8:00 7 :CO

I-19

DATIj 14:00
l1:00

15:00
l0:00

13,:00
l2 :00

19:0O
6:OO

Jun 5

Ju¡r 6

Jun 7

Jun I

Jun 9

Jun 10

Jun 11

Jun 12

Jun 13

Jun 1ll

Jun 15

Jun 16

Jun 17

Jun 18

Jun 19

Jun 20

Jun ?I

Jun 22

110
1.08

TlI
1,07

111-
1"07

111
1"07

ltr
1.07

r11
r.07

l1l.
1.07

11r
1.07

111
r "o7
1i1
1.07

111
1" 07

111
1.07

111
1"O7

111
1"07

IIl
1.07

rli
l.07
tlr
10 07

111
1.07

t0ó
1 ,lJ]

r0ó
i"Ì1
107
1.11

107
r o11

LO7
I.II
1C7
I "11
107
1"rl
107
1.11

107
1" IJ.

ro7
1" lr
7_47
1"1r

107
1 .lL
107
1.11

107
Ì "10
r07
l.l0
r07
I.10

108
I.10

108
1010

97
r "22

97
L "22

97
L.22

oÁ
L "22

98
L "22

98
L "22

98
I "??
98

1.20

98
I "2C

98
L "?.C

98
I .20

98
1"20

98
1"20

98
I .20

98
L.20

98
1.20

99
r"20

99
r.20

83
I "l+1

8l+
1"4r

8b
I .41

6i'
1.1+l

84
1.41

8/+
1" l+1

8L
I ,l+1

85
I"t+l

85
lo4r

85
r"41

ò)
1"41

85
r.41

85
L "39

85
I "39

85
l.39

85
l.39

85
l"39

85
1.39

66
1.78

66
1" 78

67
1" 78

67
1" 7g

67
l.7g

67
1.78

67
1.78

67
L.7 4

68
I.7l+

68
L.7l+

68
L 

'71+

68
1"7.|+

68
L.7l+

68
L.7l+

68
T,7I+

68
L 

"71+

68
L 

"7/,+

68
L "71¡

l+7
a (Ã
Loz)

47
2"55

b7
2"55

I+7
2 "55

l+7
2 

"55
47

2.1+5
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APPEI'IÐIX TT

This appendj-x summarizes thc computer pro¿p'amae that rt'as utllized

to calcutate the hourly intcnsifica'r,Íon ratio. It r,¡as rrÍtt.en for the

ßÌI 365 compuì,er usíng FOìlTRAl'l ïV r.¡tth the liATFfV conpiler. Tire programme

assunes a three-la¡'er clouC mocìel. For each cloud 1a¡rer there must be

supplied: ll1 - the cloud anount, u'hich must be in integer form; B. - the

absorption coefficient for that clouC-type; *d \ - the corresponding

cloud albedo. ïf any of these values are zero, l-eave b1ank. For the

last variable on the pwrch card (i.e., the variable ?I?) the va^lue is

l- (one) for the last hour of the ctay; all other hourly values are zer:o,

or leave blank. Fj¡iall-y, the last card of the data deck has ÐATE = 000000.

This is a stopper card. Input of total" cloudiness, K, must be Ín

integer for¡n. All other variables for irrput are es defl-ned in the text.

REAI, 1..î, IICOR, ÌJ], N2, Ii3, L]., L2, L3

ïNIIGÐR 0P, ÐATE

SIIM = 0.

KOUlfI = 0

RE AÐ 5,. ÐATE, K, Q, G, ;, Ðr op, TÐ, ÌiI, 81, L! rKz rB2, L2 rK3 rR3 rL3 rlí,p, pO, ï
FoIìt"iAT (t6, IZ rt¡Ft¡. O, 12 rF 4 . O ; (T:2, 2Ð . 2) rF 5 . 2,2F 6 . 1, 11 )

rF (ÐATE"Ba.O) c0 T0 7

A:R/G

GSTAN = G/Q

usTÁR = 2. 5t+'Å-(.7t+O63 + .OOt+67 51-),,{D + "OOOl6Og*1tO-,*e) )

t"tCgR : I,f)É(p/pO)

ALpHAt{ = . 104-F( (tVStmxt.tCOR).-*. 276¡

ÂIPHAO = 2.O¿tALPilAlI

c = K/ro

2

5
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NI = I(1/10.

N2 = K2/10.

N3 : K3/ro.

TF(c)6,6,9
C PNGR.il'û.O FCR C/üfULATTOI¡S TN CiiìAN S¡:Y

6 slclÍA = .?5-x-ÂLPHÀhr

H = .i75

GRATIg : I. / (L. _ (A_,".H-:iSTt¡.rq_:r(1" * ÂLÞHAO) ) )

BACKSC = (1. - (r./cnnrro))/A

I PRlt{TB, ÐATE, K, 0p, Ä,, BACIíSC, GRÂTIo

8 F0RÌ,ß1(r r, r6r5xrZ(r2, 5x), çr{,î!}u 5l(), FB.3)

c0 T0 40

C CAT'U],ATIO¡IS FOR CT,OI.J-ôT ATI{OSPÍTEBE

9 A],PH.A,C = l.TIxBl + tt2:eB2 + Il3{-83

ALPHA = A-LPHI.O {- ALlt{AC

AP : Iilxll + l.t2:,"L2 + II3*L3

GRATIO = I" / (t" _ A + A-x-C*(l. _ Ap +,qtpHA_x-Ap) )

BAcKSc = (1. - (r.¡cRr,Tro))/Â

GOTOl

40 rF (r.r,u.I) su,f = sut,i + Gn/.TïO
IF (T.IE.I) KouiiT = KOUIIT * Irr (r.Ea.o) co ro 2
J} (I.Ea.l) /ivc = SUI.'¡/KOUÌIT
PRIIm 39, AVc

3S FOÌìl.tA,T( ¡' t,F5.2)
SlJl{ = 0.
KOlJItrT = 0
GOTO2

7 STOP
END

$mrynv
tf .i+ .tÊ Js ;F ?S l$

(tlote: The vaJ.ue of ÂVG 1s the dallv mean value of the intensl.fication ratio)
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