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1 EXECUTIVE SUMMARY

We have considered the possibility of using earth shi 1 to IIieasur1( the

reflectance properties of the earth (albedo and phlase function). Measuire-

nients of earthshine carried out by Danijon in 1926 -33 show that even then

the average albedo could be determined with a precision of ± 0.01 and that

b)oth synoptic and seasonal variations could be observed clearly.

\Ve show that, after correction for vavelengthi dependence and the op-

position effect in the lunar reflectance properties, Danjon's visual albedo of

0.10 can be reconciled with the ERI3E satellite Bond albedo of 0.30. \\e

recommend a modern carthshine monitoring program (advantages inclu(he

global integration, continuous coverage, ground basing. and low cost) as a

complement to l)resent and planned satellite measurements.



2 INTRODUCTION

In this re(port we consider t "new" monitor of global change: observa-

tions of carthus hi jje as a liieaslre of the earth's albedo and (t hase functioln.

This is actial y the oldest im ethod of determining the earth's all)edo [1].

and was st tidied extctnsivelv from 1926- 33 by Danjon [2, 3]. Very little has

beeti (bi1e sillte [1], we suspect iII part b)ecause of lack of intense interest ill

the subject and because of the ad(vent of satellite measurements. 1However.

eartlishine has several clear advantages in a modern context, as we hope to

letmino st rate.

\Ve begin out r p)r'eseltation with a brief discussion of the import ance of

the earth's al!bcdo to climate. \Ve then turn to a qualitative (discussion of

eart lshise arid review the relevant nlotilos of photometr'. 'Fils is followed

bw a review of i)a utimio's measureiniel s, both to illustrate the method and

to show what could be), done even with 1920s technology. We note several

correct iolls to I)ai1joui s obtservatio•s ati d show how they cani be reconcihled

wit h satellite nweasiurvenets. Finally, we (liscuiss some possi )ilit ies for modern

cart hishine teaS.treieent s.
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3 THE EARTH'S ALBEDO AND ITS CLI-
MATE

The earth'is chl amt e svstemn is b~asically a large heat engine. Energy

conmes into thle systemn iii the formn of short- wavelengi I radliat ion from the

sun. peaking at a wavelength of 0.5pini (a blc-oyte mperatunre of ab~out,

600 ) see F iguire I1). Almiost 99 percent. of the sun's radiation is containied

in t he so-called Short wavelength region of 0.15 to -1.0 pmi. Of this energy 416

percent Is III the inifra red region above 0.7-4 p i, 9 percent iii life ul t raviolet

below 0. 1 p in arnd I lie( remaining 415 percent. inI tire visib~le. 0. 1 to 0.7-1 pil. A

sgnr -i ant fractio of t hiis energy isabsorb~~ wtedcr i wher It (Ireh

mi ot ion of thie atmnosphiere ari( oceans before being radliatedl back into space

alog- wavelengt h radliat ion peaking at a wavelength of 15 pm (a black-body

termperatunre of' T1:= 255 1K).

lire power goinrg in to t he cart h's climirate systemn is

where C = 137() W/nr Is the sol1ar Constant, 1E4 6378 kmi is the cart h's

r'adiuis. andl A1 = 0.30 is tIe ef,(art If's short wave (Bond1() albedo. giving the frac-

(iil (of thle iTIrcideIIt short wave Solar radlia tion (biet ween 0.15 and 41.0 p1 in) t hat

is reflecte(d from rtihe carthi withlouit beinig absorbed. For this latter quantity,

We Ihavye adlopt ed thle valure (let ermnriIed by ERB13 satellite measurements []

Sirniarv.thre Ion gwak'ye power thiat thre planet radiates into space is

P 4, 17 1w? /7( TI' (3 -2)

whcre (T Ps thle ),Iefa i-BHoltZnilarfill Constant arid IS tire CTilissivitV at tile top)

of thIe at iiospiieie (alhionn 5.5 kin. where tire long wave radliat ion is eniit ted).

If' tire planlet I" III radial ie 'cc eiilihiiirurr). thIese tw'o plwel'c's are equial,
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Figure 1. (A) Spectral distribution of longwave emission from black bodies at 6000 K and 255 K,
corresponding to the mean emitting temperatures of the sun and earth, respectively, and
(B) percentage of atmospheric absorption for radiation passing from the top of the atmosphere
to the surface. Notice the comparatively weak absorption of the solar spectrum and the
region of weak absorption from 8 to 12 pm in the longwave spectrum (from Reference [5]).



giving

,/A (3-3)4)

Thus, thle global 'liorl wave alIbe(1( directly controls the earthus teilperat lire.

Most ( aboult 70 p~ercent ) of thle solar energy entering thle climiiat e systeni

is ablsorb~ed bY thle siurface or- withliin thle atmiosphere, with t he ba lance being

reflected. T1e eiiergy budi~get s of thle t hree prinicipalI kiiids of surfaces that

(O\er t he earlh di ( ler (I ra ila t ica lIv. 'The( heat capacityV of the oceanOs is very

la rge all(1 t lie sola r radiiant, eniergy c-anl penetrate efficientlIy. 'I'1w oceanus t11115

reSlpond( slowly to clhanuges in solar flitx and( act. as t he regul a tors of t lie ci inat e

syste(10. S now anid ice reflect a large fract ion of the incoin iig radiation ( albedo

11p to (.8). T[le albedo does iiot change until near the meltiiig point, when I lie

optical clia ract er of thle surface beginis to alt Her. Bc se of the phase chanige,

.,no%% aii(l ice h ave a large effective hest capacityv and~ influience primari l

lie dlow physics of thle at iiispliere. Land1( surrfaces respondl most ra pid ly to

clia iges in solar 'ad(i at iOn. Their effective heat calpaci tY is lowv beca use visibHe

l ighit dhoes riot penlet rate anrd t hernna condu(1ct ion is very slow. The al bedo of

1vlIanid surface depends on thle angle of lie inci~leit radljt ion and,1 when t he

Iand1( is coveredI withI vegetation, onl the s pect mrium of thle inc(ident rad(Iiat ion.

Th'le global all edo depends up1)01 thle reflect anrce propert ies of eachl sum r-

lace (clemient of W le e(rth. Ariv good (quiality radiation (letecor (eng. pvra-

iinoiten) Canl he use"d to ruleas'o'e allwdo. T1wo inst rummenits. one looking

uipwartl and( i le other downward. will pr'ovidle an instanitarneoius measuire of'

dlowniwelliuig a iid Ii pwelliuig" radiation. Thle i list ruilienet s mlaY be at ground

hcv'l or on all aircraft or satellite. depenidimng onl thle area to be viewed.

The va lieoh t dl uic I IhY an ii tstruicii ii Nviill deperid oil thle Zeni th anogle o)f

the m]t. the~ tralusoit ll (ine (f thIe at ii osphuere. thle natuore of thle surface, andl

Ilie natiut e of thle clould cover, if' a n\. including thie thlickness of' I lie cloud.

loe waIter (4autciul of tII,, (1010. and thIe droplIet 'ýizc dist ri'uit ion witlhiiri Ilie



cloud. The antgle of t lIe( reflect Ing suriface to t Ilie lhorizont at, part icuilari v if it

is facing towards5 or atwa~y from thle Stil. is important. The surface a! hedo 'is

hiigh for (IrY, 14igit -c(loredl simioothI surfacwes anrd Is low for wet . (Ia k- colored.

rough surfaces. III thle case of veget at ion thle surface allbedo will dIepend1 onl

the height of plants, percent age of grouind cover, angle of leaves aind thle

lea ara i.de. 1Igu te 2 sh ows t hat,. onl average, the air an 11( lad each

cont rib~ute abhout 25 porcent of t he reflect ivit v, withI cloud1s ma king 1ip tilie

othInr 50 percent.

Trypical allbedos for clear landl and ocean are 0.16 and 0.08. respectively.

whiiile thle correspondling overcast values are 0.30 andl 0.441; the albedo for clear

(desert Is 0.2:3. while that. for snow is 0.68. Local albedos show considerable

synop~tic andl diurnal variability (see Figure .3). Thel( global albedo also shows

a seasonal variab~ility, in part because of the greater land area iii thle Northern

H emisphere (see Hgu Ire .1).

,,\Ithough it is the (effective) t01 )-of- the-at nosphere temuperature that

ap~pears in EqUa tioTI (3-:3), tilie surface temp~erat ure shiouldl also vary withl

at bedo. his is borne out byv the (data presented in Figure 5, where the

monthIily inea r global su rface temperature is are p~lot tedl against thle miont Iilv

mean glohal atIbedo for 100 years of anl atmiospheric general circulation model

((( 'N1) ru11i1 with tile sea siirfaco I eiiperat 11res hiavi ng a fi xedl sea soniat cycle

[7]. Perh ap c~ oinicidleintall, 1h lieniiea rizat ion of E~quatIion (3-3) (A=/T

-0.01 1K -) is a reasonable (descrip1 t ion of the (dat a. A similtar conclusion Canl

be Ira wn from Itie obser-vations shown iii Figiure 6. where thle mionth Iiv mani

global teiii)(rat ires for 19)85 are 1)lotlIedl against thle monthly inean glob~al

al bedos (leter(il ied bv [IRM." [6]1.

( ,reeilioiis( waill-litig sceitarios give' amlbiguols' predict ionls of the lik-ely

(hallg II IItIe a I bedo. O)ni thle one ha ii'. thle iiICIedsI ig wah1 v ilvpjoi III tilie

I iotnrplierc could~ iicrease thC lE' HCS (oil ies nd lieiCeC t iC alhedO. 11 lWeVVCr'
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Figure 2. Schematic representation of the atmospheric heat balance. The units are percent of
incoming solar radiation. The solar fluxes are shown on the left-hand side, and the
longwave (thermal IR) fluxes are on the right-hand side (from Reference [5]).
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Figure 3. Time history of April 1985 albedo for a region in the western Pacific Oceani (long. =148.75'W.

lat. =21.2511S) (from Reference [6]).
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Figure 5. Correlation of the monthly mean globally averaged surface temperature with the monthly
mean global albedo in a 100-year run of the NCAR CCM-1 with climatological sea-surface
temperatures (from Reference [7]).
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the decreasing snow and ice coverage will act to decrease the albedo. The

net effect need not be negative (as might be expected from Eqtuat ion (3-3) as

hli, temperature increases), as the eviissivity of the atmosplhere will cliange

wit h increasing greenhouse gas content.

The most precise ineasureiiients of the earth's albedo come from satellite

measurements such as those of iFR Hl [6, 8]. Here an instrument Ineasuires

the amount of outgoing shortwav'e radiation for one spot on the earth at one

particular solar zenith angle from a given viewing elevation and azimuth.

Complex -scene- models arc elwn used to convert this neasiIreiiieit i Into a

total flux of outgoing shortwave radiation (i.e., that going into all viewing

directions) and hence an albedo; further modeling is used to av'erage over the

diurnal cycle (zenith anigle dependlence). Finally, all pixel values are averaged

to obtain a global value. The p)rocess is quite complex, with many modeling

assumptions involved. Other drawbacks of such measurements include the

expense and risk of satellites an(l the difficulty of maintaining a very accurate

calibration (better than I percent) in a space-based instrument, Although

great effort. has been expended to ensure the accuracy of sat ellite-(let erminel

albedos, an independent check womiid be, at the least, reassuring.
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4 EARTHSHINE

Flarti 11 Ilisit S llunligt t hat Is rt'flccett' by the earl ii to thle 1110011 (mvt

I" ,)I Iv rt 7). It Iii elefor(' c(mttitliiltes to thlit ilf1l1lli hat toll of thle Iliooli be~voii'l

I fiat of t ie( iililic 1ilole jintelis' dlirect siiiilihiiie alidf is iliost easilY \is-ibtlt iv

;I gho(st iv gho\\ tf IIIt' tlarIk, Poll loll of thit luniar dfisk. Thit jli('ioiietioli W&,

kiKiow ii to I t' h Uc ii~ aitIid itiidei-sto0(11 hY 'oper il1 fb601.

Ilie "('C" ctIrv of 11h li' sil-tari li-tiiooii svsteiii Is mtost silip)I chiaracter-

iz (1 1Y tv tit slio- u loli-t'arit Iia igle u'. t lie phase aiigle of thle muoon (see I'igiire

s). Biecause thle ('iltl-i-Iliooii dist alice is liiiiih smaller thlai the earth-sit

dlisaiitt'c (tat lo zý .7 x It)"'). thlit smi-('art li-miooli liligle. 01r phase anlglle(,I*

lie ('alth 1~.1 is ýý1 - 1''. It Is clear. t hat earl lishljie will be mlos-t eaivisible

whelti t. is Ia r~gest (ciesu'tit 1110011 ats s('('t oil ('arlt anti fill] earilI as S('(ii O)il

lie illooi ) . altilioigl i"roiiiidl ast'd iiitasiireillelits for- thle verv largest iu alt'

priellhlet bY\ tLa~iY1"llt. (oiiverst'lv. eart lrislici Is iliost diffhicult It) ollst'ivt

whelt' I li'hit a ii(il is t a il fulli al 1 t lit carit Ii is a RieSCCiit (Itc.' 0 ).

()f it it tti a ap liltbl's.ý ohserva l oll of t lie ('art lhisliic as clost'

;I>". I ioi i s I 'fort hiill iimllow J91. eveii ll(I -Inai1l at t his tis I li ma u'(art lisli llit

CtMIC(S froml a % criv tidi0'w (lt'5(('it o~f I lie cart )Ii atit) stat teritig atnl (liFf~tcl ]Io

t'flecis art' rt';Ilt vclv si rotig. Allt' rat n (t t'carl fl'islii to sillishiiiie visible frotm

Ilt'c t'a-th IiI in rits I lrolighllilit Ilt'e hilliar 'vceht' It is less Ihiali albo'It f0'

lilldriull' tl'tin-I fa;vtuiab' totitlil ]ols.

ht, 1it-I ,rtl'. tart Ilishuitit olservatt 'olls lt'ati ' Cit licet h1IiŽhl i I lt'e

pkl~tlit of th elit' t'1itci. Ill ;l'assiiui i fitioul o)f icidnitrt azititillh Ii l pitltl~t'i It 'i t

Ii.tlt ta.a lit t'l, tItl'lo ous kittii l aIt'tt'clila'the ill"'Iigu icts ¶1 a tIcIU



Figure 7. Photographs of the earthshine at various lunar phases (from Reference [2]).
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Figure 8. Geometry of the earth-moon-sun system. The earths phase angle t is related
to the moon's phase angle •P as D r r - 41.
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Figure 9. Geometrical relationships involved in earthshine measurements The tilt of the earths
axis has been ignored The earth's albedo is a function of the Sun longitude (which
part of toe earth is being illuminated) and time The albedo is proportional to the
integral of the scattered light over all directions, earthshine observations give
measurements of the angular distribution in the plane of the ecliptic The angle of
scattering is indicated along the diagonal Measurements are difficult or impossible
too near either a full moon or a new moon, indicated by hatched areas
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5 ELEMENTARY PHOTOMETRY

III oidl.e t(o dcrh'> ill(, t se ()f (alt I.hslitii to dlIteriiilii( Owcaile al'si

alindo. it P, I t'o'ssa;Ir to) review sll ('1iiel('itar llothm' 111 ()1 f ph~dliot (411(I.

wlisnier. ats ~o III Fii r IA lIr . a pla iie sillrfacc (dfarea .> iii i lia te 1'4 ii

on i lv kv hIII flit ;,Li kig allia ogle 0, witl i liec iiorili hia ll a inI 0 e'rvcd at at S111ilii l a i

ileflilel anieql 0'. aiid a/IIIIitIII \,. lii general. thev cnoss sclionl for' lew plalin

h) ci fV t thii is sat ('iii r illf- vI l('cp iId lipl)0 lall 111ii at i igies. II ph I lie azIIII IitIi

o)f tinW11' i 4o11i i lght )epein clieiu on thle lat ter Is lislia liviioi'(

110wve\eiy for a p erf('eI t d(iffwis' 'ieattcr 1aitildwl)( suriface), tinl c(loSsý

whcrl' 1, I.w -114''.11 ail-,If' (df 'c;1I t(icillu2 ald I. is tIeIIC1c rl'fhetae o)f, the uiifacc'

I itIiailiil.VX 'e t''1 I t) lIe toa I(cros ()" mlimI for scatt('nI Iig is j a /I,(117/'Q,.

.",I III, p in no Ii n theIn ri 'leetaii'atillc an lie li4?nn of' th Ih IIII'ii llitI'lld

aIf; )It Ia hille (hrucl o)il ()f ii iii niihat nil. We also in Ie that wvln'i (I. = 0'

No\\) c(4 us"Ic h I It I 11 il c(OII~j 4' st lilt 1011 Of I lie ('ilit Ii il 1iiiitId II

the4 Fi i.[0a ;I uI'i~ pI lIae aliilel'0 thn' iioss sect O'i 1,or lightl seat telig (allI

11414. till' 4 III'i pht 1i ,ia 111fi .11m f, is dvl'icn d so t hat ti11)11 i

1)i.\ii thatI In' CiI4'- '.I'1,1oi for In'lai tli t Io I itc ,ýa I Ittl'r t Iin suitit I gl it (and

II(, hi l s L' ve l ). h'ý . ,1(



Figure 1. A plane reflector of area S illuminated at an angle Oi and observed

at angle Or with azimuth Xr.
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i lie (cart I is surface adif thle geoniut ry of' a sphere. l'roin l Is definiition, it (a 'I

hie Seen that p is ilie ratio of' thle lighit liackscat tered by thle sphere to ti at

k a( kscat I (red bY a ilu iia liv illli i [ilnt ('( perfect lv reflectinug (r* =l Lamiii

bert disk of' lie ,amice area (I? 1."'
2 ). For at Laimbert Sphere. 1) 2r13 atid

./(,-) =(sill (: + (,- - o)cos o)/77. It 410111(1 be niotedl that SillCC- th lear'dthI

has a vad'egawl~ siii'fd('. Lot Ii p and~ I,: will (lepeiid up~oni lie pamit uilar

lieiiiisiilei'e illuminateid. '

T[le Bond albedo is. by definiption, the ratio of ihe total cross sect ion to

Ilie ai'ea of I lie iilaiiet '. dlisk (wi?,. 2 ). Thuiis.

A- pq q - j ~ii@o.(5-31)

wwlrc q Ký en ii'cd lie phase iii cgra I. A basic difficulty\ ini allhedl( lieasiir-c

ineclit s is 111iiS a pparenit: allyv oiie olbservatilon of' the reflected light (whethler

a giveii view I'i'oiii a sate! lit e or thle earl lishliii at a giv-en pha-se of the( n1oonl

deteruiliiies t lie crl'u"s sect ion al oilY oiie. scwattering anigle, so that some eA-

I rapolat ionl to all scattering anigles fmulst be( lperformued to olbtaiui the enitire

ilia. se fiiicti ol did hncue tille ph ase inute(gralI. Ili satellite measurements, t his

is donie hYx 5('(li( liiodek: for' t le (altlishliie. it is d(loe lxiiiiallY liv measuring'i

fl, at variouiis phase s. \lot-(, geuiiiallv. fOr earl lisliiie it is =A~rssig' to iiike,

o,1Hpt i(iii> alminlt (l~ 'Iloc ii dl> f) Inw' >iinlight s.cat ic(red out oift ilie c( hipt i(.

\laiv de 'a' les of' phontom1ei(tr hav e lde\( 11(lerii edl thle phlase' func(t ion .g

oliviritc a lle lo. phase initegral. adll visiidIal il)('do for various Solar svstecilu

obje('t S . Forii exampli e. tIle ph ase f' ii et ioll I(f* thle Ilooull as dlet e ii lie kY

Rltvoieihr [10]I is showni ii Fi gii rc 12. taken f'romn [1IJ.

"Selecte ''all n's of'tl1 " ilia- inityd euanda i all edo a rc: \le-crci v ( -).(;3.(t.(t5).5

\''liis ( 1.296.0.6 1 ). cait II ( 1 .09)5.0. 10). aid I lhe miooni (0.S, 1.0f.073), as giveni
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Figure 12. Integral phase function of the moon (fromn Reference[ 10]).
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6 )AN.JON'S M/EASUJREME4NTFS

It ii tll (II, Ill II ~ ýIlll.t Iill ii.l d Ia lit oVthe Ii ill iilthc it ril l"'1111(11 It'll pmd

Siw I 1 1 , ll i h) hc i' "It 'a -'Ii i i ltit I' Ii\ t I ht ItA tie iittit* t I' us

114'1~t't I( hu I.. li t lt' i lttii'itI's i l l it tilta II IIl) 'lii ig ,t"'- 1t3 stl). t tll t lit.1

I( )It 't )d u I I iC( I t Ii 1.1\ 1(,( t11 11 1i> li ii m m m st Ii ht t pa/i t i. it PI t lii c /a l11 l

as i . 1djt lit i h) \ pt ' lt it1 Pi I II I. lit ' It' ist iii , It ,oc F ."I I I) Ats s 'liiti i t:'lilt' a jl ,t 't\\'('

o~c-) I "chc d t c Ii i( h 11H t lm

1 114 I 'l it) If t l, t
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Juxtaposition of two images
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Figure 14. Schematic diagram of the cat's-eye photometer 'from Reference [3]).
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I owever. t It Is rat to Is a I.,o gi ve it ~i tcren s ofI I lie ea rt I i's reflect a liec prop)]-

ertiles aý

where Th<1-ý Is t hie ca rtlIt- II oon dIst ari ce. and~ /)I., and f,,. are the earth's geo-

icle ric ahlbe(o a 11I)Id 5 phase h (11011. 1 1)011 equlatinug (6-2) and( (6-3) and solving

for Pit.we fiji4

Dluaioui tisecld ite'parate serics of 'ompifarisonis bet wecii f lit- ilit(eIit ics of

tie uiooli adi( thle stil to dIet erI] itie f i. s shown III Figure I .. I'sing this

iesuil1t . t oget her w61t III, hisc(sr vat loll." of /).,H. he( coul d eenu i)I-e if,; (or.

equiiival('lt lY. I/I)fromi Fquialloio ( Gi-2 ). as shown lin Figure 16.

A1- p.j~~iuQd (6-5)

which Is evalfliat (4 111111 cicra~lv aft en ext ia pola t loll to ]IuII Ieasuured phase anl-

(Ics . Separalat va lies fo1 p/). and' q (diI he 0I)t aililld by all ext iapIolat ilol to

Dill) loj ii5lVl's ! show a liumlii el of ]lit (lesti Ing eVa t iiires. Thle dani Iiv ea us

(of tlie( oI)5erv\dt li ((15aiF 111011' i le*I(,\' t hal woiuld he~ expecte o'il01 thle lhasis

of, th livarlatilou of, llieasilrcllcillts onI a sinle"I nlight: thisl" can he attributed

to (Ial i llv Iaui gs III (loid o\ver. As casoilaI variation was also evileclit (.see

Fl_,re 17). whluniI Hý of, 111 eSaiii sl;iac ;5I" that of t lie LlFIRB luiedsuieliielits-

d-L I- i). 1,11t a;at I o ;cr of, fIve. Iai.,e li II mllJliti V. Ohservat 10115 at scvci dl

\\d \( i 'I t his dk( K 1i i ltd I (It iat t li'(a it hi scolo (hldIilgeS witIII sea-oh . (Thlese

I;1-t lw() pi)f)Il1t %\(I1ýl'qoiltIc~ld h\ i ~lfiltilso Dl~hois [12].) NO secilal'
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Figure 1 6. Abscissae, phase angle of the earth; ordinates, magnitude difference (as seen from the moon)
between earth and sun. Corrected to mean distances and for seasonal variations (from
Ref'erence [31).
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(from Reference [31)

.1!



III ordel.' to oht aiii ihe Boliit alhcdlo. I~atiijuii sIiieasIireliiieil s IIiI 1lic i-

SIM I llyllist lbeiol-ciQ't't for thi ~id~('o lesotae radiat ion ( half of I li

stl' lilt ci!slt Y 11h ~i W;1Veli'iitl If greateri I liai 0).7 pmi ). Est IIIIi Iites of I his coI-

Hltiiiisplitre mlost Ire-(pii('ity ov(bserved byV I)alijoli has a gr('attei tractoi of11(4

lI;IIIItlti t hIlI I lie gloIu h as a w~lilu'. AsII li(' cart Ii's a I bedl( decreasesi' wit Ii i IfiC iCIS-

I I. I ') W a\"(,[ Ii t I o II I a ;1*(It it' ll. t I Ic car Ii Ii Is sotvIo I l iet I 's a "it l I tlie .-bI I c pI i tr ct- .

Fr It z fInIId(s t IhIat D aiI IIIoif I5 vIs I I IIa Ibdll o'( 1, 0.)10f corretsp lid~s 1to a IioI I(Iit II cdlhio)

Iit(' -( 4,1I loll ('114'ict pretset it i t hI4' Ihilldi iv('14'Ia lice 1)101 o Wt1ti: 1o 4 ou

kiiowvleovt1 . f il. has not hwo'ii ooiisioh'rtd previoulsly. ()hsc'rval olis of 1114'

110 i [II.I . ( 'sce l'ii2_,li' IS ) "hiow t hat t hie iItllo ls pihase' uiilc lou (cal! 1154'

bYit s iiiic i as it factor o)1 .2 as, i'l dei-e'0asis frim 5 (14'gIrcc4s to 0) (exactt

Ihinidi uriiace' [1 11. dii d5 wiv iiikiowii at lDaijoris II5 1 i'slIIt'ICC '~l('i(ht

close' to c. I an, liiili'r'i lhy limuar ('clips0's. (N"ote that thle smhalles-t adiiet

II hi'a1 Ire'C I IiI )anlioli s hliar phi ase CIII~\'V is oIIIV I I IC"legit'eS. ) TI l Nie Cl4it Of

t1he siiiall-aid'h iiS( varivýs o)ver iifF('ci4it rei~oins of th hI(mutar srf act' [1 I 15]

hu (-;it iaiiasi Iv he thie 20) p'14 iii reqired~i' to reduiice Fritz's (J.36 to 0.2!9. This

klati \a1114' Vý i'ý,Itstt'iit withI thei FRI31H'. satellilt' estiiII;tts of 0.30 Is
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Figure 1 8. Brightness observed for various features on the moon as a function of phase. The T symbols
include the extrapolation to zero phase (from Pcf•rcnce [1 3])



7 THE POTENTIAL FOR MODERN
MEASUJREMENTS

III tI~ l( tot rii cointext. earl llishinmeait~suremenets have a litiltltt of at -

tract ive asp~ect s. ( loll d-1 asellt(d l mesremrenlts thliat inlt egrate oil a global

scale are, rare adi ( tl i al bedo is a bas ic paramewter of t he cli mate( s~ste'in

L~art hlisiie ineastireii ents wvon d (011 q eritet moure (let ailed satellite stutdies

adil cotild selve. at a mnniiinini. as a (Toss check oii the scene miodells usedl.

lThat is. g iveit Iniletorological dlata, lthese IIodel~s make clearI. iton-Iti vial pre-

d icjlios of Ihle limi e variat ion of thli ea rthlslinte, wit ici shin i d be cliecke I

ol)5(lrvatiolulidliv.

Miodernl photomt ryt( cal (doit( situ'itilicantily l(t~ei I Itait tle state of Ihli

arut iniitlie- 19'2(k (VD 'is ithi t024 x 1021 restdn io awl sidWieiitkdnamw

ralilge to obeicve boin Ii tli sliiislille andt I lie eal-l lhislie siiitillaiteoislY cain

be plrciivi ide off thle sin If. Ali his %vot ld timl)ta ill )a ljllt it5 wO-5Jot scitelitt.

logt len ith Ii atil (say S" I reflectin t (1e5op(' thle tW~ coal(st shouild I li

tiotts to tie ittai IR al, also ai~dlthtlt alllotigi at it soitttvtt grieater cost.

It mnight also h e )( ,sihl tv to illi iin a te tie~ Ilit a dirctlY ne] v it i a !nIroui ltd- Iaset

laser to Ilteastine- I lie lititar gootlitttric alitedo. AIlti, lat tenr t" sseitt al to d~e-

terring thle ab uc )51iievaIic ief I tlie ta it ill*ý )t'o bil 1 it nismitpitt ort anit if' Oh1 V

chaniiges die of i lit ( it t

Beykond a ctI of, thiiioiist at jolt ttstrtii a lollttý tri lt lltoltitoritlw

-l-vatittit siltc spaittI itnotild I lie 1gltltt ale '11icieitiit lot' ttttitIItioIim rtt-eagt'

dllr flLý O wd I lc 11,1th w c 1111,11lle i, io~l~c l~o~l-11 t



to, a'(,~t theirl (1)lvlalt il)i1 to glolhal nileal siirl ace tcilperatllie. ( As iilt('rail-

iiual tenllperat ilre varaltionls are < 0J.5Kl. w~e 1l6,gili expect allbedo variat iOJIM

<. 0).005.) Thle phitis" lii 11(1cloll it >11 iiliav be iioesistl( ogo~lwarillilig

I halal Is t he phase lilte(gral: IIlls call. of' 'ouirse, be st tidied 'with1 mlod1els.

Todlay ailmost all ( (M iegorp ic odel(s of surface a,ýll)e(ýlos. Var-

Jlolis pa raii let riza t l( i schemie is are iis'ed to captuore chialges Ill Ice anid sliow

CoVer. alterationl of, vegetal ionl, etc. ()ne( of t lie resuilts of running a (;(*.\I

is thle alhWelo (Ici erli iiid as the d if lerem- ii bhet weein Incoming solar radiat ioul

aiid the calciilatc eil'it goling Iiiifared radliat ion. Ili thils calculation thle ef-

brisof ~siiil~t ilsabIoul t1lie surf ace aiid cloiiliiiiess are lilitcorat ed over I le

gl()he. A\ liw(atll(rciw~tilt of ill 114'iiieit-aedh all )(5o, Stic(1 as that ohbtanlied froim

ol)Servat iolls of* ea -Itlihi ite. woiild provide a valiialle check as to how well thle

iiodlel was represeniting thle surf~ace anid cloud Comlponents of thle albedo. A

comuparisoll of thlewaesonial variat ion iii ob)serived( and comuljitedl allhelo woiild

proi~~ ai othe ( ek il(;( '.\Is. If tlie olser vat ioncu l (01( e n a int a inre(over

a long Interval. thlien thle secular clhainges III ohbserved all! conmpuitedl a lhbedl

(Oiild b)e comlpa red.

I'iuial1Y. I hlere is t lie I ItIeresi Inig JossihbilI tY of anl hitorical record of carthI-

'1hiiiC iltil(leutS pamiiulug I lie (10 Ycar5silc lDaijons work. Ourprli-

InIa it i'I livest i g at ions, have t iiriwdiI oilYl I lie work of I i ibois ext (lidiling to

I~ ~ ~ -L~ }.Ilwver if oiher dat a ei-st . tlW eycould mrovide a uiniqule window

oil th 114 541 a i cmlot ii d,t the cail hi chlaicii . [\\e have r-ccclitlY calaiie I of,

clwS, at tlic I i 'clivei v of .\ iziztua I1). J11111fi naii. pri vate( (1)11 11111111 iealtli)

ic'1lu il I 11lici K t n IX D i+ll ' I 11sI I'l iiicuit i uitl olmei-vilo ii (chlili(tui',]
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