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Since 1976 whenthe LAGEQOS| satellitewaslaunched, the evol ution of thermal re-emission effects has been observed
and modeled. The effect of sun and earth heating has been analyzed separately and thermal models have been able,
amost completely, to explain most of the residuals observed. However, after more than fifteen years of reasonable
agreement between theory and observations, unexpected peaksin the al ong-track perturbations appeared and brought
new attention to the problem of thermal forcemodeling. The effortsto explain these unexpected residud effectshave
produced interesting works such asthe redefinition of the average coefficient of reflectivity (pressure of direct solar
radiation), the Yarkovsky-Schach effect (thermal re-emission dueto the solar heating), and the effect of asymmetrical
reflection at the satellite’ s surface. Despite thelack of detailed dataabout the spin axisevolution, changesinthe spin
axis orientation have been also analyzed, however, none of these effects or corrections seems able to explain the
observations. We present in this paper aunified thermal model that includes, simultaneoudly, the effects of sun and
earth heating. The close connection between energy source coordinates (sun and earth) and the periodicity of satellite
rotation and translation leads to complex sinusoidal functions that can explain the sudden peaks of maximum and
minimum. We show that theresidualsobserved for LAGEOSI| satellite can be predicted and explained by thethermal
model presented and we also extend the analysis to a set of test-satellites with different spin axis inclinations
concluding that the most stable spin axis configuration isthe 90°-03°: spin axisperpendicular to the satellite orbital
planerelated to the Earth (90°) and spin axislying onthe orbital planerelated to the Sun (03°). Thisconfigurationis
desirablefrom the point of view of orbit stability becauseit minimizesthe thermal re-emission effectsand does not
present great peaks of maximum after some years of orbit.

K ey wor ds: Thermal Re-emission; Unified Model; LAGEOS.

EFEITOS DE RE-EMISSAO TERMICA NO SATELITE LAGEOS | VERSUS ORIENTACAO DO EIXO DE
ROTACAO - Desde 1976, quando o satdlite LAGEOSI foi lancado, efeitos de re-emissio térmicatemsido observados
emodelados. Os efeitos de aquecimento devidos ao Sol ea Terra tém sido analisados separadamente e os model os
térmicos existentestém revelado-se aptosa explicar, quase completamente, a maioria dos residuos observados. No
entanto, apos maisde quinze anosderazoavel concordancia entre ateoria e asobservages surgem picosinesperados
nas perturbacdes transver sais despertando renovada atencéo ao problema da model agem de forgas térmicas. Os
esforgos para explicar esses efeitos residuais inesperados tém resultado emtrabal hos inter essantes assim como a
redefinicéo do coeficiente de refl etividade médio (pressio da radiacéo solar direta), o efeito Yarkovsky-Schach (re-
emissdo térmica devida ao aquecimento solar), e o efeito da reflexao assimétrica na superficie do satélite. Apesar da
falta deinformac&o detal hada sobre a evolugéo do e xo derotagdo, mudancgas na orientacéo do eixo derotacdo tém
sido, também, analisadas, no entanto, nenhum desses efeitos ou corregies parece estar apto a explicar asobservagses.
O presentetrabal ho vem propor ummodel o térmico unificado quetrata, s multaneamente, osefeitostérmicosdevidos
ao Sol ea Terra. A conexdo estreita entre as coordenadas da fonte de energia (Sol e Terra) e a periodicidade dos
movimentos de rotacao e translacdo do satélite resulta em funges senoidais complexas capazes de explicar como
esses picos de maximo e minimo surgem inesperadamente. Mostra-se que os residuos observados para o satélite
LAGEOSI podemser preditoseexplicados pel o model o térmico apresentado e ainda estende-se a analisea umgrupo
desatélites-teste comdiferentesinclinages do eixo de rotagio concluindo que a configuragdio maisestavel parao eixo
derotacgdo € 90°-03° : eixo derotagdo perpendicular ao plano orbital do satéliteemrelacdo aterra (90°) eeixode
rotagdo orientado ao longo do plano orbital emrelagéo ao sol (03°). Esta configuragéo édesgjavel do ponto devista
da estabilidade da 6rbita porque minimi za os efeitos de re-emissao térmica e ndo apresenta grandes picos de maximo
apdsalgunsanos.
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INTRODUCTION

TheLASER Geodynamics Satellitel - LAGEOS
| (developed exclusively for geodynamic
measurements using L A SER-tracking techniques),
launched in 1976 by NASA, has been continuoudly
tracked by the Goddard Space Flight Center base
stations. LAGEOS | an Il (launched in 1992) were
projected to move throughout well known and
extremely steady orbits(Marshdl et d., 1995; Schutz,
1997). Spherical shape and orbit parameters have
been chosenwith the purpose of minimizing theeffects
of thedisturbing forces (Afonso et al., 1985; 1989;
Afonso & Foryta, 1989). Althoughthe LAGEOS's
orbit wasmodelled with extreme accuracy, after the
subtraction of al the known forces acting on the
satellite, such asthe geopotential, the gravitational
attraction of the Sun and of theMoon, and direct solar
radiation pressure, still remainsaresidua aong-track
accelerationto be explained (Mignard et al., 1990;
Scharrooet ., 1991; Rubincam, 1988, 1990; Duha,
2000).

Rubincam et al. (1997) conclude that even so
thesolar heatingis capable of explaining most of the
unknown forces acting on LAGEOS | between the
yearsof 1980-1983, athermal model isstill needed
to explain the a ong-track accel eration behavior from
1990, when the more significant peaks of maximum
and minimum appesr.

Theprevioudy modd led effectshad not been able
to explaintheamplitude of theanomal ouseccentricity
excitations observed on the LAGEOS satellites
through out thelast years.

In 1997, Métris et a. presented an analysis of
the eccentricity excitationsof LAGEOSI. According
tosomepreviousworks(Tapley etd., 1993; Farinella
etd., 1996; Martin & Rubincam, 1996) Métrisetd.
(1997) used milliseconds of arc per year (mas/yr) in
units of eccentricity excitation (e). Despite that
eccentricity is a pure number its variation can be
transformed into an orbit displacement (inthe same
way as an angle) when multiplying e by alength
(typicdly, thesemi-magjor axis). Inhiswork, Metriset
al. (1997) show the LAGEOS | eccentricity
excitationsversustime. They comparethe observed
residualswiththefollowing effects. the pressure of
direct solar radiation relativeto the redefinition of the
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average coefficient of reflectivity, the Yarkosky-
Schach effect (thermal re-emission dueto the solar
heating) and the effect of the asymmetrical reflection
onthesatellite’ ssurface. Accordingto Métrisetal.
(1997) mogt of theincreaseinthesignd between 1989
and 1993isduetothe Yarkovsky-Schach effect which
Is strongly related to the intricate evolution of the
LAGEQOSI spinaxis. Themainimperfection of this
model isnot to predict the peaks between 1990 and
1996 clearly related to the spin axisorientation. They
arguethat part of thisdiscrepancy can be attributed
to the errors in the modelling of the rotation axis
evolution, however, clarifiesthat adetailed andysisof
thevariousaspectsthat composesthemode led signa
showsthat achangeintheorientation of thespin axis
of theorder of 10° - 20° isnot enough to explainthe
great magnitude of the observed peaks. They
conclude, finally, that it isnot possibletoimprovethe
modelling significantly in order to obtain a better
agreement with the LAGEOS dataand attributesthis
impossibility tothelack of detailed information and
thedifficultiesinthephysica moddling of thedisturbing
forces.

We present now a unified and simple model
(PhD. Thesis: Duha, 2000) that isableto predict the
evolution of thetherma accel eration of the LAGEQOS
| anceit waslaunched. Thismodd takesinto account,
simultaneoudly, the effect of the two main energy
sources for the satellite: Earth and Sun. We show
how adifferent spin axisinclination can changethe
residual acceleration trough the years, and how
different canthe LAGEOS satellite behaveif weuse
differentinclinationsvalues.

Based on results obtained in this work, we
conclude that the magnitude of the maximum and
minimum peaks can be completely explained by an
appropriate thermal model. These peaks are
predictableand they areanatura consequenceof the
total therma re-emissionforce.

THE RADIAL,ALONG-TRACK AND CROSS
TRACK COMPONENTS OF THE DAY-
NIGHT AND SUMMER-WINTER
ACCELERATIONS

In order to analyze the disturbing effect of the
thermal re-emission accel eration wewill work now
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with the radial, along-track and cross-track
components of the acceleration. Thefirst stepisto
andyzethisacce eration of therma origin, initidly, in
the LAGEOS (xyz) reference system (z axis along
thespin axis) andto obtainthe x, y and zaccel erations
(Duha, 1996; Duha & Afonso, 1999). The second
step isto obtain the radial, along-track and cross-
track components of that acceleration. These
components can be calculated, by taking the unit
vectorsi,j andk (x, yand zl directions, respectively)
asafunction of the unit vectorsr, sand w (radial,
along-track and cross-track). The day-night
acceleration can bewrittenasafunction of: itsmodule,
a,, , andthesineand cosine of theamount (at - 0))
that determinethedirection of the acceleration inthe

Xy plane:
axy=axy[cos(a‘t_51)i'Sm(a‘t_dl)jL (1)

where w isthespinaxis(axle2) angular frequency, 9,
isthethermal lag angleduetorotation and:

ay =N B;sin(0-3,), (2

where 0’ istheenergy source' scolatitude (measured
fromtheaxlez), 4, isthethermal lag angledueto
trandationand B, isthemain part of acceleration and
doesnot depend on thecolatitude.. Theterm, sin(6°-
d,) , shows how much day-night effects must be
accounted when the energy source scolatitudeis6’.
Inthesameway, the summer-winter acceleration
can be rewritten as a function of its module and
direction:
a,=a,k, (©))

a,=n;B, cos(9-5,). (4)

Substituting the unit vectorsi, j and k givenas
fallow:

i= (sin nt sin at - cos ntsinﬁcosax)r
+(cos nt sinat + sin nt sin J cos a)t)s (5a)
+(— cos & cos ax)w
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j= (—sin nt cos at —cos nt sinJsin ax)r
+(sin nt sin#sin at —cos nt cos ax)s (5b)
+(—cos gsin ax)w

k = (— cos nt cos z9)r

+ (sin nt cos z9)s
+ (sin z9)w ’ (50)

getstheradia, R, dlong-track, S, , and cross-track,
W, , accelerationsthat composetheacceleration day-

nightaw:

R, =ay (Sn ntsing, —cos nt cos g, sinI)r (6)
Sy =ay (cos nt sing, +sin nt cos gsind)s,  (7)
W s =y (~cos & cos S)w )
and
RZ=—aZ(cos nt cos z9)r, 9
sz=az(sin nt cos 19)3, (10)
W, =a,(snd)w, (11

for thesummer-winter acceleration a,.

Wherenisthemean motionand J istheenergy
source' sorhita planeinclination measured fromthe
axlez

SPECIAL CASES: SPIN AXIS PARALLEL
AND PERPENDICULAR TO THE ORBITAL
PLANE

Whenthespinaxisisperpendicular totheorbital
plane, or @ther, 9= 7/ 2,thecolatitudeof theenergy
source (6 = T11/2) isconstant throughout an orbital
period. After rewriting Egs. (5a), (5b) and (5c) we
obtain:

i= (sin nt sin at - cos nt cos ax)r

+(cos nt sin at +sin nt cos mt)s (129)

j= (—sin nt cos at —cos nt sin ax)r
+ (- cos nt cos at +sin nt sn at)s (12b)
k =w (12¢)

When w=n,wehadi=-w,j=-sandk =-r,
which areassociated withtheinitia conditions(t=0)
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when 9 = 2. Despite the orbital and rotation
movementsare still going on, the coordinates of the
energy sourcewill remain constant and the satellite
will haveidentical digtribution of temperaturesinthe
casewhere w=n=0, or ether, thesatelliteisat rest
and without rotation, acase wherethe energy source
will illuminateawaysthe sameface.

The radial, along-track and cross-track
componentsof theday-night acceleration, inthiscase
aregivenby:

Sy =2y cos(nt - 4)s, (13)
Ry =aysn(nt —-a)r, (14)
W, =0, (15)
and
R,=S,=W,=0, (16)

for the summer-winter accel eration, because when
7l
2
Smilarly, whentherotation axisisparald tothe
orbital plane, or ether, itislying ontheorbita plane,
9=0,and:

¢=—,onehasd,=0 and cos@ =0.

(179)

j =(-sin nt cos at)r + (- cos nt cos at)s + (- sin at)w (17D

k =(-cos nt)r +(sin nt)s , (17¢)
that resultsin:
Ry = ay(dn ntsng)r, (18)
Sy =ay(cos ntsn g,)s, (19)
W sy = =3 (80 )W, (20)
for the day-night acceleration.

Taking into account only the contribution of the
Earth (Rubincam, 1987) as the heat source, whose
radianceisnearly 62.55 W m? (dtitude: 6,000 km),
theresults obtained through Egs. (18), (19) and (20)
arepresentedin Figure(1), wherewe usethe congtants
showninTable(1). Figure(1) showsthebehavior of
theradial, along-track and cross-track components
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of the day-night accel eration during two successive
revolutionsof thesatellite.

Sincethe spinaxisliesontheorbital planeand
theorbitisalmost circular, themean anomay M @,
the colatitude of the Earth measured fromthe satdllite
spinaxis.

TABLE 1 — Constants related to LAGEOS I satellite.
Symbol | Numerical Value

a 1227z 107 m
e 0.o04
n 464 % 10* rad o1
M a7 kg
R 03m

To () TIE

Cp () | 6861 kgl KT
k() | 134 WEm]

p ) 2,200 kg m*

= 09

a 1.0

{*) Retroreflector / Source: Rubincam, 1985

Thedisplacement of the zeros of the day-night
acceleration componentsisduetothethermd lagangle
0, value (nearly 45 degrees). The day-night
accderation (and consequently itscomponents) isnulll
a the points where the summer-winter effect is
maximum (0° + 9,, 180° + J,, 360° + 9, , etc.). The
analysisof the curves showsthat the averageradial
acceeration Rbepostive, even o, it presentsnegetive
pointsof minimum, that appear asaconsegquence of
thetherma lag angle 9,. If thethermal inertiadid not
exig, or either, 9 = 9,= 0, theminimum pointswould
be equal to zero and Rwould be alwayspositive.

Theaveragedong-track acceleration Sisnegative
(drag-like effect) and the average cross-track
accderation Wisnull for oneorbital period. Onemore
time, itispossibleto notice how thethermd lag angles
can changethe curve and decreasethetimewhen S
remanspogtiveduring anorbita period. For theday-
night effect, however, itisimportant to remember that
thedirection of thesatdlite srotation (+wor -w) rd aed
toitsorbitad movement canmodify thesign of theangle
0, andthemoduleof theday-night force, inverting the
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R and Scurvesin Figure (1) however, keeping W
unchanged.

DAY-NIGHT ACCELERATIONS:

R, 5§ and W
EET T T T T T T
_ _ w Spin axis lying on the plane
— 3
1 — -t
W ImD - - E
:Er ¥ Y LY
— —_
g 1 ‘f-\\ \\ % /-\\"
| o 1
-g
& o™
anp™
o o 12D 230 160 430 44D BID 310

M oean anemaly = Source colatitnde @' (degrees)

Figure 1 - Theradial, along-track and cross-track components of
the day-night acceleration. Inthis case, the satellite spin axislieson
the orbital plane and the thermal energy source is the earth.

Figura 1 - Componentes radial, transversal e normal da
aceleracao noite-dia. Neste caso, 0 eixo de rotacdo do satélite &
paralelo ao plano orbital e a fonte de energia térmica é a Terra.

For the summer-winter acceleration onegetsthe
followingreations

R, =-a,(cos nt)r , (22)
s,=a,(sn nt)s, (22)
w.=0. (23)

Again, taking into account the Earth asthe heat
source, itispossibleto carry through an analysis of
Egs. (21), (22) and (23). Figure (2) shows the
behavior of theradial and along-track accelerations
throughout two orbital periods. The along-track
summer-winter accel erationispredominantly negetive
and hasmaximum and minimum vauesinthe 10 nv
s order. Itisapproximately tentimeshigger thanthe
along-track day-night accel eration, whose val ues of
maximum and minimum areintheorder of 102m/s’.
Thecross-track accelerationisawayszero, therefore
therotation axisliesontheorbital plane. Thepoints
wheretheradid and dong-track accelerationsarenull
(90°, 270°, 450°... etc.) are dislocated due to the
therma lagangle d,.

For the summer-winter effect thedirection of the
satellite’ srotation does not affect theresults, and S
will beadwaysaveraged negativeandthisresultisdue,
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only, to thethermal lag angle, 9, : the satellite will
respond to a specific pattern of temperature
distribution only after a certain time lag, when its
position wasdready didocated dongitsorbit andthe
relation between the systems (xyz) and (rsw) have
aready changed. Moreover, thesmadller thevauesof
9, , the lesser will be the difference between the
positive part of curve Sand the negative part. When
theangle g, isnull (without thermd inertia), theaverage
acceleration Swill benull.

STMMER-WINTER ACCELERATIONS:
E and 5§

-1
XD T T T T T T

S AN AN AN

NET

Accderation (Inl's?f}
-~
—_
-~
—
-
o~
|
‘__,.-"'

Spin awis bang on the orhital plane

! 1 1 1 1 1 1 1
[~ 1] 120 0 16D 440 AdD 610 o

-1
-1xlD

Moean Andmoaly (legTees)

Figure2 - Theradial and aong-track components of the summer-
winter acceleration. In this case, the cross-track component is null,
the satellite spin axis lies on the orbital plane and the thermal
energy source is the earth.

Figura 2 - Componentesradial etransversal da aceleracdo noite-
dia. Neste caso, a componente normal é nula, o eixo de rotacdo do
satélite é paralelo ao plano orbital e a fontede energiatérmicaéa
Terra.

THERMAL ENERGY SOURCES: SUN AND
EARTH

Thecompleteandyssof thermd disturbingforces
must includethe solar heating (Farinellaet d., 1996).
Inthiscase, P' (6 ,¢) representsthe coordinates of
the Suninthereference system (xyz). It isnecessary
to determine how these coordinates (the col atitude @
"andthelongitude @), changeintime. Thecolatitude
of the Sunisrelated to the LAGEOS s spin axisand
isgiven by thefollowing relations:

g =arcos (n k), (24)
k =kx +k,y +kz, (25)
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where n_ isthe unit vector that points from the
satelliteto the Sun and k isthe unit vector along the
spinaxisinan Inertial Reference System (XYZ) with
unit vectorsx, y and z, respectively. Theinclination,
Jqn » Of ZaXisrelated to the Earth’s orbital planeis
given by theminimum value of the col atitudefor one
orbital period of the satellite around the Sun, since
that liesalongtheorbital planeof the Earth. For the
satellite LAGEOSthisisnot trueand n, will haveto

be substituted by r ., the position-unit-vector of the
n:

9qnn =min [arcos (re.k ], (26)

However, when the Earth is the main energy
source, its colatitude is given by the following
expresson:

6 =arcos (-rk), (27)
r=Xx+VYy +Z2Zz, (28)

wherer isthe satellite’ sposition-unit-vector in the
Inertial System. Theinclination, , of zaxisrelated
totheorbital planeisgiven by the minimum of the
colatitude value for one orbital period around the
Eath:

U= min[arco.sé@ D] (29)
where @ =r.k . However, we need an analysisthat
does not depend on the knowledge of the satellite
and energy source coordinates and we will usethe
following expresson:

g =nt +Jcos nt , (30)

wherethe colatitude of the source dependsonly on
theaverage angular motion and on theinclination of
theaxisof rotationin relation to the orbital plane of
thesatdlite.

ACCELERATION PERIODIC BEHAVIOR:
MAIN RESULTS

If the spin axis lies on the orbital plane, the

componentsof thethermal re-emission acceleration
haveasmpleperiodic behavior, aswasseenin Figures
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(1) and (2). However, whentheinclination angle, 3,
Isnot zero, the behavior of thethermal re-emission
will present composite periodic features, dueto the
addition, subtraction and multiplication of thediverse
sinusoidsthat composetheacce erationsR, Sand W,
givenby Egs. (6), (7) and (8) for theday-night effect

and (9), (10) and (11) for the summer-winter effect.
SUMMER-WINTER ACCELERATIONS:
R, 5and W
ENERCY SOURCE: EARTH

-1
1xlD T T T T T T T

i % ,"f R

amo't b E

Spin axic iclination angk th= 207

1 1 1 1 1 1 1
o 120 i JeD 44D a4D EID bt

Sumimer- Winder acceleration (m"sz]

ano”

M oean Ancorn aly (legrees)

Figure 3a - Theradial, along-track and cross-track components of
the summer-winter acceleration. The satellite spin axisinclination
angle to the orbital plane is 20 degrees and the thermal energy
source is the earth.

Figura 3a - Componentes radial, transversal e normal da
aceleracdo inverno-verdo. O angulo de inclinacdo do eixo de
rotacdo do satélite emrelacdo ao plano orbital €20 graus ea
fonte de energia térmica éa Terra.

DAY-NIGHT ACCELERATIONS:
R, § and W
ENERGY $OURCE: EARTH

xo?t .

T T T T T T
Spin axis e livation angle 8= 207

-1
IxlD

Accderation (m/' sz}
(=]

-11
gL

amo™
1] 120 30 16D 4D XD BID D

M oean Anomn aly  (LegTees)

Figure 3b - Theradial, along-track and cross-track components of
theday-night acceleration. The satellite spin axisinclination angle
to the orbital planeis 20 degrees and the thermal energy source is
the earth.

Figura 3b - Componentes radial, transversal e normal da
aceleracdo noite-dia. O angulo deinclinacdo do eixo derotacdo do
satéliteemrelagdo ao plano orbital €20 graus eafontede energia
térmica éa Terra.
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Figures (3a) and (3b) show R, Sand W
accelerationsfor the summer-winter and day-night
effect, respectively, assuming a small angle of
inclination, 9 = 20° (axisof rotation next tothe plane).
InFigure(3a), the cross-track acceleration, W, hasa
constant value along one period, approximately, 5 x
102 m/s’. However, the absolute value of Wgrows
fromzerotothe W, (which dependson 9,) and later
decreasesuntil zero, whentheinclination 3 variesfrom
0° to 90°. The R and S accelerations have similar
behavior tothecasewhere § =0, with tiny variations
ontheorder of magnitude of these accel erations.

We canintroduce here thefollowing question:
“Why theradial acceleration reacheslarger absolute
vauesthanthedong-track acceeration?” Theanswer
is in the combination of the periodic aternation
between the day-night and summer-winter
accelerationsand inthe alternation between theradial
and al ong-track accel erationsthroughout one orbital
period. Theradid component, R, of thesummer-winter
acceleration startsto grow for two reasons:. (1) the
summer-winter effect isgrowing into its maximum
because the day-night isloosing strength; (2) the
intengty of thesummer-winter effect remainsthesame,
but the d ong-track acceleration losesimportancefor
theradia acceleration, or either, Stendsto zero and
Rtendstoitsmaximum.

Inthiscase, thebehavior of theradid component,
R, of the summer-winter accel eration, isexplained by
thefact that (1) and (2) occur smultaneoudy. For the
along-track component of the summer-winter
accelerationitisthe opposite, when the effect gains
strength, the Scomponent loses intensity for the R
component and vice-versa.

Theday-night effect, however, showsadifferent
behavior, as seen in Figure (3b). From Figure (1),
one expectsthat asthe spin axis moves away from
the plane and the spin axisinclination tendsto 772,
the intensity of R, S and W accelerations should
increase, but keeping the standard devel opment seen
in Figure (1), where 3 = 0, however, this does not
happens. The cross-track acceleration keeps null
average for the period, however the radial
acceleration, before clearly positive, startsto have
negative average, and the along-track acceleration
keepsthe negative average only for thefirst period,
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SUMME E-WINTER ALONG-TREACK
ACCELERATION
ENEREGY SOURCE: EARTH
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Figure 4a - The aong-track component of the summer-winter
acceleration. The satellite spin axis inclination anglesto the orbital
planeare0, 20, 45, 60 and 90 degrees and the thermal energy source
is the earth.

Figura 4a - Componente transversal da aceleracdo inverno-
verdo. Os angulos de inclinagdo do eixo de rotagdo do satélite em
relacdo ao plano orbital sdo 0, 20, 45, 60 e 90 graus e a fonte
de energia térmica é a Terra.

DAY-NIGHT AL ONG-TRACK
ACCELERATION
ENERGY SOURCE: EARTH
!J:wll:l'u T T T T T T T
- — e — Egnd @md i chdan od adjl ¢ dagdurad
| srpt® H :.:; fricts 2 ortucal plade. -
N': 11
:E | ImlD 1
_E parip??
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-1 J:wll:l-u
1 asiptt 1 1 1 1 1 1 1
o =1} 120 7o 6D 440 440 &0 1o
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Figure4b Theaong-track component of the day-night accel eration.
The satellite spin axis inclination angles to the orbital plane are 0,
20, 45, 60 and 90 degrees and the thermal energy sourceisthe earth.

Figura 4b - Componente transversal da aceleracio noite-dia. Os
angulos deinclinagdo do eixo de rotacdo do satélite emrelagéo
ao plano orbital sdo 0, 20, 45, 60 e 90 graus e a fonte de
energia térmica é a Terra.

changingitsdlf into postiveinthesecond period. The
day-night effect, in general, isdissipativewhen the
direction of therotationisoppositeto thedirection of
thetrandation, -8, becauseinthisin case, theday-
night forceactsin the oppositedirectiontotheorbital
movement and the satellite loses speed; and is not
disspativewhen thedirection of therotationisequal
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LAGEOSIL: DAY-NIGHT ALOHG-TEACK
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Figure5- The aong-track component of the day-night acceleration.
The satellite spin axis inclination angles to the orbital plane are 0,
20, 45, 60 and 90 degrees and each case is plotted separately. The
thermal energy source is the earth and the analysis of these
accel erations has been extended to ten revol utions.

Figura 5 - Componente transversal da aceleracdo noite-dia. Os
angulos deinclinacéo do eixo de rotacdo do satélite emrelagdo
ao plano orhital sdo 0, 20, 45, 60 e 90 graus e cada caso é
analisado separadamente. A fonte de energiatérmicaéa Terrae
a analise dessas aceleracOes foi estendida para dez revol ugdes.
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tothedirection of thetrandation, +a,, becauseinthis
case the day-night force acts at the direction of the
movement and the satellite gains speed. However,
Figure (3b) showsthat, when the axis zisout of the
plane, theday-night effect can dternatedissipativeor
not diss pativefeatures, sothedirection of therotation
Isnot too important.

Figures (4a) and (4b) show the behavior of the
along-track summer-winter and day-night
accderationsfor larger indinationsthan theoneof 20°.
Thefollowing valueshad been chosen for matching
=0°, 20°, 45°, 60° and 90°. In Figure (4a) it is
observed that astheinclination angle approaches 90°,
the summer-winter along-track accel eration tendsto
zero with standard oscill atory behavior asshownin
the previousfigures. Theonly unexpected resultis
thefact that the biggest negative peaksarefoundin 3
= 20°, instead of J = 0°, when the summer-winter
effectismoresignificant. However, in Figure (4b),
thegtuationisdifferent. Theday-night along-track
accel eration presentsdifferent periodic behavior for
each one of the considered inclinationsand for & =
90°, when theday-night effect ismaximum, thelesser
amplitudefor S

Aninterval equal totwo orbital periods, inthis
case, isnot capable of supplyingagood vision of the
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Figure 6 The radial, aong-track and cross-track components of
thetotal acceleration (day-night plus summer-winter). In this case,
the satellite spin axis lies on the orbital plane (inclination angle
zero) and the thermal energy source is the earth.

Figura 6 - Componentesradial, transversal enormal da aceleracio
total (noite-dia + inverno-verao). Neste caso, 0 eixo de rotacédo do
satélite é paralelo ao plano orbital (angulo deinclinagdo zero) ea
fonte de energia térmica éa Terra.



J.Duha, G.B.Afonso& L.D.D.Ferrera 193

periodic behavior of these accelerations. To better
understand the behavior of theday-night acceleration,
the period of sudy wasextended for ten orbita periods
and each oneof theinclinationswastreated separately,
asshowninFigure(5). Theperiodic behavior of these
accelerationsis now clear-cut and showsthat even
so theregularity isbigger than one cycle, for some
inclinations, 3 = 20°, 45° and 90°, for example, the
average value of the acceleration tends to zero.
However, for & = 60° this cancellationis not clear
andfor § =0° it definitively does not occur and the
day-night along-track accelerationisnegative, inthe
average.

However, the LAGEOS satellitewill sensethe
two effectssmultaneoudy, asseen, in Figures(6) and
(7) were the results for the radial, along-track and
cross-track components of thetotal acceleration are
presented. Itisobserved that duetothesmall order
of magnitude of theday-night accel erations, compared
with the summer-winter accel erations, the behavior
of thetotd accelerationsisdominated by the summer-
winter effect. All theandysespresentedinfigures (1),
(2), (39), (3b), (4a), (4b), (5), (6), and (7) had been
carried through considering Earth asthe only thermal
energy source.

In the sequence, it becomes necessary to carry
through the analysis of the behavior of these
accelerations, having the Sun asheat source. Asthe
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Figure 7 - The radial, along-track and cross-track components of

thetotal acceleration. In this case, the satellite spin axisinclination
angle is 20 degrees and the thermal energy source is the earth.

Figura7- Componentesradial, transversal e normal da aceleracéo
total. Neste caso, 0 eixo derotagéo do satélite apresenta angulo de
inclinagdo igual a 20 graus e a fonte de energiatérmicaéa Terra.
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Figure 8 - The along-track component of the summer-winter
acceleration. Thethermal energy sourceisthe sun. Inthis case, the
spin axisinclination angleto the satellite’sorbital planeisO, 20, 45,
60 and 90 degrees. Each inclination angle value corresponds to
another spin axis inclination angle to the sun’s orbital plane,
respectively, 87, 73, 48, 33 and 03 degrees. Theacceleration analysis
is carried out through 12 months (one year).

Figura 8 - Componente transversal da aceleracdo inverno-ver&o.
Afontedeenergiatérmicaéo Sol. Neste caso, 0 angulo deinclinagéo
do eixo de rotagdio em relagdo ao plano orbital do satélite €0, 20,
45, 60 e 90 graus. Cada angulo de inclinacdo corresponde a outro
angulo de inclinacdo em relagdo ao plano orbital do Sol,
respectivamente, 87, 73, 48, 33 e03 graus. A andlise da acel eracdo
érealizada ao longo de 12 meses. (Um ano).
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minimum period for such analysisisonecycle, the
anaysisof theaccelerationwill haveto be extended
for aperiod of twelve months.

Moreover, apurely anaytical study, astheone
developed so far, which does not make use of the
accurate positions of the satelliteand the Sun at each
moment, requiresan andytica relation ableto provide
theinclination, 4, of the spin axis (related to the
ecliptic) asafunction of theinclination 3 (related to
theorbital planeof thesatellite):

8, =9+ +1_, (31)

wherel istheorbita inclination of theLAGEOSand
|.istheinclination of theecliptic.

Tofallow, in Figure(8), thed ong-track summer-
winter accelerationispresented having the Sun asthe
heating source. We consider fivedifferent valuesof
inclination of theaxisof rotationtotheorbitd plane: 3
=0°, 20°, 45°, 60° and 90° and the corresponding
inclination to the ecliptic: 9, =87°,73°, 48°, 33°
and 03°.

One can seethat thebehavior of theacceleration
presents significant differences for the different
positions of therotation axis. The maximum value
reached in the period of oneyear isof 6 x 10°m/<,
approximately. However the accel eration oscillates
around zero so that, asthetime goeson theeffect in
thesatdllitevanishes. Figure (9) repeatstheanayss,
however at thistime, for the along-track day-night
accel eration and we had observed that the oscillatory
behavior, in this case, ismore predictable, without
pesksof maximum and very grest minimum, reaching
amaximum value of 2 x 10° m/s?, approximately,
that represents 33 % of the maximum summer-winter
acceleration.

Figure(10) showsthetota thermal acceleration
throughout oneyear. Thesatellite LAGEQOS, whose
axisof rotationwill beintheband of inclination of 45°
- 60°, will haveto suffer bigger residua perturbations
If compared with the other cases. The most steady
pattern occurs for 4 = 0°, 9., = 87°, when the
maximum of theaccelerationfalsfor 1 x 10%° m/s*.

The satellite orbit that must be known with
accuracy needsathermal modelling capable of not
only foreseetheoscillationsof thethermal disturbing
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Figure9 - Theaong-track component of the day-night accel eration.
The thermal energy source is the sun. The satellite spin axis
inclination angles arethe same asin Fig. 8.

Figura 9 - Componente transversal da aceleracao inverno-ver&o.
Afontedeenergiatérmicaéo Sol. Osangulosdeinclinacdo do eixo
de rotagdo do satélite s8o os mesmos da Fig. 8.

forcesfor short periods (some hours), but also, for
long periods (years).

Thesatdlite LAGEOSI waslaunchedinMay of
1976. Thismeans, therefore, morethan 24 yearsin
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Figure 10 - The along-track component of the total thermal
acceleration. The thermal energy source is the sun. The satellite
spin axisinclination angles are the same asin Fig. 8.

Figura 10 - Componente transversal da aceleracéo térmica total.
Afontedeenergiatérmicaéo Sol. Osangulosdeinclinacio do eixo
de rotagéo do satélite sio os mesmos da Fig. 8.

orbit under the effect of thethermal re-emission. If
one comparesthe along-track accel eration period of
approximately 8 hours (two cyclesaround the Earth)
with the period of twelve months, it isobserved that
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Figure 11 - The along-track component of the total thermal
acceleration. The thermal energy sources are the earth and the sun
. Thesatellite spin axisinclination anglesarethe sameasin figure 8.
The acceleration analysisis carried out through, approximately, 24
years (from 1976 to 2000).

Figura 11 - Componente transversal da aceleracgdo térmica total.
As fontes de energia térmica so a Terra e 0 Sol. Os angulos de
inclinagdo do eixo de rotacdo do satélite sdo os mesmos da figura
8. Aandlise da aceleragéo érealizada, aproximadamente, durante
24 anos (de 1976 a 2000).
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theanalysisof thesituation of asatellitein orbit 24
yearsmust be of the order of thistime.

Moreover, the completeanaysismust consider,
smultaneoudy, thetwo effects(night-day and summer-
winter) and the two therma sources (Sun and Earth).

Fgure(11) presentsthetotal thermd accderation
for aperiod from 1976 to 2000. For thisanaysis, al
the constantsrelated in Table (1) were considered,
excepting the constants of absorption, emission,
average temperature and average radiance. The
following values had been used (Slabinski, 1996): a
= 0.30 (two times bigger than the value given by
Slabinski, a=0.15), £=0.81, with T,= 307K, | ,=
1370 W m*for the solar heatingand T, = 144K, |,
= 65,6 W m?for the Earth.

In Figure (11), we noticethat the pointswhere
theamplitude presents peaksof unexpected maximum
and minimum are separated by quiet periods that
would last from 16 yearsto afew months or days.
Thespecid casewhentherotation axisisintheorbita
plane (9 = 0°, 9, = 87°) is especialy interesting
snce, asatdllitewith such pattern will go through about
16 quiet years and then when the year 1994 is
approached will start to present unexpected peaks of
maximum and minimum, that would remain
unexplainedif you do not have an appropriate model
for thetherma re-emission.

Theother extreme, isthe casewheretherotation
axisis perpendicular to the orbital plane (3 = 90°,
Jdg, = 03°) when it is observed that the orbital
residuals due to the thermal re-emission will be
minimum and, therefore, highly desrablefromthepoint
of view of theorbit stability.

These patternsare, however, insufficient because
the accurate knowledge of the position of the
LAGEQOSsatdlite' srotation axisisnecessary (Bertotti
& less, 1991). Rubincamet d. (1997) present atable
with LAGEOSI spin axisorientation data between
theyearsof 1988 and 1995. Thistableisreproduced,
except theinclinationsd and 9, , obtained from
Egs. (29) and (31), and added for each date.

The 6 representsthe colatitudeof the LAGEOS's
spinaxis, measured fromthe north pole of the Earth;
A" istheeast longitude of thespinaxis, measured from
thevernd equinox.

The inertial coordinates of the spin axis are
obtained fromthefollowingrelations:
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k, =sin@ cos A’ (329)
k, =sin 8"sin A" (32b)
k, =cos 8” , (32¢)

where (32 &, b, ¢) are the components of the unit
vector k, that pointsto the spin axis (+ ) direction
with respect to the I nertial Reference System (XYZ2)
(Rubincamet d., 1997).

Notice, in Table(2), that theinclinations J of the
spinaxisfor theyearsof 1992 and 1993 vary around
25° and 4°, respectively. Thejoint analysisof Figure
(12) for first and the second set of inclinations (2 =0°
with 9, =87°; and & = 20° with 9, = 73°) with
thedataof Table(2) indicatesthat from 1990 (whose
date are not shown inthistable) to 1992 the behavior
of thealong-track acceleration would havetofollow
predominantly the standard pattern 20-73°.

Smilarly, analyzing thedataof theyear 1993we
observed that the most next pattern is 0-87°. The
combination of thesetwo patterns establishes peaks
of maximum and minimum, moresignificant between
1992 and 1998.

TABLE 2 LAGEDZ IEPIN AXTE POSITION

Daie Year | 0" | AT)| BC) | B

30 SET [1%=8] 1&3 152 B ao.7
9 DEC [1%8]| 175 305 26.4 A&
23 AUG [ 1583 | lég 345 24.2 al.d
6 APR [ 1592 ] l&a 274 33.8 526
30 MAT [ 1552 ] 168 301 312 5517
T OJUN [ 1592 ] 1&7 305 3l 552
10 JUN [ 1592 ] l&a S 324 54.5
13 Ui [ 1892 | 1&7 30 1.4 355
29 UL [ 1%32] 171 514 275 585
1 SET | 1%=2] 171 0 215 &30
9 SET [15%2] 1M 21 15.1 a2
T OCT [1%R2] 1™ 25 21.7 R
T OCT [ 1592 1&% 28 185 ae.4
LEOCT (1892 ] 1M 30 166 EN]
I30CT [ 1592 ] 1&9 39 148 715
T4APR [ 1593 ] 184 Ba 44 5
IBAPR [ 1523 | 163 GE] 34 B3.6
T MAI [ 1%35] lal S4 15 2535
T JuM [ 1593 ] 18d El] 43 BB
17TJUL [ 1523 ]| 1&5 EE] 33 B35
15 SET 1923 | lad 101 20 233
L6 OCT [ 1593 ] 1&5 108 51 EEX
1LINOYV [ 1523 ]| 1é& 115 &4 T
LINOV [ 15953 ] l&8 11& 24 6.4
1% FEB 1325 13 301 423 44.4
13MAR [ 1525 ] 157 358 238 570
£ APR [1%25] 1a0 37 10.5 707

Source: Fubincam et al., 1997, except the
iticlinations, from the present work



J.Duha, G.B.Afonso& L.D.D.Ferrera 197

CONCLUSIONS

Finaly, weconcludethat it isimportant to work
with aunified thermal model that takesinto account,
simultaneoudly, the effectsof sunand earth heating.

The complex sinusoidal functions are able to
explain how the peaks of maximum and minimum
occur unexpectedly after morethen ten yearsof the
LAGEOSI orbita evolution.

TheLAGEOSI satelliteresiduasobserved can
be predicted and explained by the unified thermal
model. Different spin axisinclinationswill lead to
different LAGEQOSI behavior. Fromthe point of view
of thermal re-emission forces, the satellite spin axis
inclinationisvery important, becausethe periodicity
and amplitude of the perturbationsdepends, directly,
onit.
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EFEITOSDE RE-EMISSAO TERMICANO SATELITE LAGEOSI VERSUSORIENTACAO DO EIXO DE
ROTACAO

O primeiro satélite geodindmico aLASER — LAGEOSI| (desenvolvido exclusivamente paramedi¢des geodinamicas
utilizando técnicas de rastreio a LASER), lancado em 1976 pela NASA, tem sido continuamente rastreado por
estagdes de base vinculadas ao Goddard Space Flight Center. Os satélites LAGEOSI| ell (langado em 1992) foram
projetados para se deslocarem ao longo de 6rbitas conhecidas e supostamente estéveis. O formato esférico do
satélite e os parametros orbitai s foram escol hidos com o objetivo de minimizar os efeitos das forcas de perturbacéo
(Alfonso et al., 1980, 1985, 1989). Apesar da ¢rbita do LAGEOS ter sido model ada com extrema acuracia, apés a
subtracdo de todas as forgas conhecidas atuando no satélite, como o geopotencial, a atragéo gravitacional do sol
e da lua, e a pressdo da radiagdo solar direta, resta ainda, uma aceleracdo transversal residual a ser explicada
(Scharroo et al.., 1991; Rubincam, 1988, 1990). Rubincam et al. (1997), concluiram que apesar daradiacéo solar poder
explicar amaioriadasforgas desconhecidas atuando no LAGEOS |, entre os anos de 1980-1983, ainda € necessario
um model o térmico capaz de explicar o comportamento daacel eragéo transversal apartir de 1990, quando os picos
mai s significativos de maximos e minimos aparecem. Os ef eitos conhecidos hamuito tempo ejamodel ados, ndo tém
sido capazes, até entdo, de explicar a amplitude das excitagdes de excentricidade andbmalas observadas nos
satélitesL AGEOS durante os Ultimosanos. Métriset a. (1997) redlizaram umaandli se das excitagBes de excentricidade
do LAGEQOS . De acordo com trabalhos anteriores (Tapley et a., 1993; Farinellaet a., 1996; Martin & Rubincam,
1996) utilizaram milisegundos de arco por ano (mas/yr) como unidades de excitacdo de excentricidade. Apesar da
excentricidade ser um niimero puro, a suavariacdo pode ser transformada em um deslocamento orbital (damesma
formaque em um angulo) multiplicando e por um comprimento (ti picamente, o semi-eixo maior). Em seu trabalho,
Metriset a. (1997) mostram as excitagfes de excentricidade do LAGEOS | versustempo. Eles comparam osresiduos
observados com os seguintes efeitos: a pressao da radiagdo solar direta relativa a redefinicdo da estimativa do
coeficiente de refletividade, o efeito Yarkosky-Schach (re-emissdo térmica devida ao aquecimento solar) e o efeito
da reflexdo assimétrica na superficie do satélite. De acordo com Métris et al. (1997) amaior parte do aumento de
sinal entre os anos de 1989 e 1993 é devido ao efeito Yarkovsky-Schach, que apresenta forte correlagdo com a
evolugdo intrincadado eixo derotagdo do LAGEQOSI. A principa imperfeicdo deste model o é ndo predizer os picos
entre 1990 e 1996, claramente relacionados a orientagcdo do eixo de rotacdo. Eles argumentam que parte desta
discrepancia pode ser atribuida aos erros na modelagem da evolugdo do eixo de rotagdo, no entanto, esclarecem
gue uma andlise detalhada dos diversos aspectos que compde o0 sina modelado mostra que uma mudanga na
orientagdo do eixo de rotagdo da ordem de 10°- 20° ndo € suficiente para explicar a grande magnitude dos picos
observados. Eles concluiram, finamente, que ndo € possivel melhorar amodelagem de forma significativa e obter
umaconcordanciamaior com os dadosdo L AGEOS e atribuiram estaimpossibilidade afaltadeinformagdo detal hada
e as dificuldades da model agem fisica das forgas de perturbagZo. E apresentado, no presente trabalho, um modelo
unificado e simples que é capaz de prever a evolucéo da aceleracdo térmica do LAGEOS | desde que este foi
lancado. Este modelo leva em consideracdo, simultaneamente, o efeito das duas principais fontes de calor para o
satélite: terrae sol. E mostrado como umainclinag&o diferente do eixo de rotago pode alterar a acel eragio residual
a0 longo dos anos, e quanto diferente pode ser 0 comportamento do satélite LAGEOS, se diferentes valores de
inclinacdo forem levados em consideracdo. Baseando-se nos resultados obtidos neste trabalho, conclui-se que a
magnitude dos picos de maximo e minimo pode ser compl etamente explicada por um model o térmico apropriado.
Estes picos sao uma conseqiiéncia natural do comportamento da forga de re-emissao térmicatotal e portanto, sio
previsiveis.
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