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Abstract Table 1: Recent improvement in Earth tides models

Influence of the solid Earth, ocean and pole tides | Standard Ocean tides Solid tides Pole Tide
satellite motion is not negligible. Specially deatid . ) :
missions like TOPEX/POSEIDON are launched t lERSd 4 %5 te_rms in | Elastic Earthc,j7 :Elastr:c
improve our knowledge of these effects. As a reshé Standardg gravity coeq extra terms due Earth,

models of the Earth’s tides have dramatically beg /'I?gzh’ . ffic(ijents Eﬁp Ejo freq(ljjency— ]Ic?eaILvaIue
expanded last years. echnica| to degre ependent or Love

To predict satellite’s motion both numerical and Note 13/ | and orde2 | Love numbers| numberk,
analytu_:al integration methods are being used iellﬁa_ IERS 1931 terms | Anelastic Anelastic
dynam|c§. However, when. calculating orbl_ta Conven- | in gravity | Earth,49 extra | Earth,
perturbations due to the tidal .forces numeric ltions, coefficients| terms due to | Complex
procedqres are ra_lthgar time-consuming, becausecht e 1996, up to degre| frequency — | value for
integration step it is necessary to _evaluate atgredro nnical 30 and dependent Love num-
number (r_nore t_han 2.00_0,_present|y) trigonomeeies | \oie 21/ | order2s Love numbers| ber k,
representing tidal variations of the Earth gravit
coefficients.

Here we present the new analytical method for The IERS recommendatiofison the procedures of
accounting both solid Earth, ocean and pole tides talculating the tidal effects lead to representati the
satellite motion. It calculates these effects melyi (up Earth's gravity coefficients as time-dependent fions.
to one-centimeter accuracy) and quickly (more ttean If a numerical method is employed for predicting a
times faster as compared with numerical procedures) satellite's motion the tidal variations of harmenaf the

geopotential expansion have to be calculated ah eac
integration step. This is a rather time-consuming

O

Introduction procedure as the corrections are given in the fofm
trigonometric series for a large number of the rarics.
In precise orbit calculations the influence of gwdid In the present work an analytical method has been

Earth and ocean tides on satellite motion is takém used to account for the tidal variations of theviya
account. As a result of specially dedicated missiike coefficients. It was initially developed by the laoif for
TOPEX/POSEIDON the accuracy of the models for thanalytical calculation of satellite perturbationgedo the
tidal effects has greatly been improved last yekms. Earth's irregular rotations (such as precessiotatioum,
example, now the ocean tides model includes sor@® 2Qoolar motion, etc.), where the gravity coefficiemere
terms; the models of solid Earth tides and the gilan represented as trigonometric functions of time m a
rotational deformations due to polar motion (patleY inertial coordinate system after their rotational
account the effects of Earth’s anelasticity. Thélg&al transformation from the Earth-fixed system. Thehodt
shows how the tidal models have been expanded ondy well adapted to handle time-dependent gravity
over several last years. The comparison is done bgefficients given in the form of trigonometric iy,
analysis of two IERS (International Earth Rotatiorand it has been applied to account for the effetthe
Service) Standards issued in 199Z&nd 199§ solid Earth, ocean and pole tides on satellite onoti
respectively. (Let us remind these Standards cortles The author’s fifth-order analytical thedrgf satellite
most precise and up-to-date models of the forcasotion uses this method and calculates relevaritabrb
affecting Earth’s satellite during its flight.) perturbations to the high accuracy compatible vttt

of numerical procedures, but many times faster.



Earth’s tides affecting a satellite ACT..AST - solid Earth tidal corrections to normalized

gravity coefficients of degreeand ordem,
Several types of Earth tides affect a satellitarndpits - complex Love number of deareeand ordem
flight. Here we present their short description angnm P ] g. T
formulation. R;,GM - Earth’s equatorial radius and gravitational
parameter,

. GM;,r.,®; and A; are respectively, gravitational
Ocean tides IERI R j p Yy, 9

parameter, geocentric distance, latitude and ladgit
This type of tides is generated by re-distribution (irom Greenwich) of the Moonj(=2) and Sun ( =3),
water mass over the Earth surface under the Modn aR,,,- normalized associated Legendre functions, and
Sun attraction. As a result, Earth gravity coeffits get . _ J-1
. - . . I=4/-1.
periodic variations of amplitude to order*10The most v f | d I f |
current and complete model of the ocean tideRS 3.0 On.y. orn equal to 2 an .3 as well as for severa
' coefficients of degree 4 solid Earth tides havebo

was  determined from TOPEX/POSEIDON altimete(r':\ccounted when calculating satellites’ orbits. @tztd
data and includes about 2.000 terms for a largebeum 9 )

of the harmonics of the Earth potential expansiprta according to (3) variations of the planet's gravity

. . E d
degree 30 and order 28, inclusive. All the reIevar?toeﬁ'C'emS are to the order of 10The 2 degree

. ; hfalrmonics are also complemented by some dozers extr
corrections are represented there in the form

; . . ) . - %rms due to frequency-dependent corrections toelLov
trigonometric series with numerical coefficientses a : ; S
J o e numbers. Since recently the Earth’s anelasticity is
moment of time is the argument of the series: . . . .
accounted in the most precise theories of satellite
motion. It is numerically described by adopting the

ACam =Fom . (C;m +C§1m)°°995 +(S;1m +S§1m)5i”@sl + (1) complex values for Love numbers.
s(n,m)

ASS =Fon Z(s;m—s;m)coses—(c;m—c;,m)sinesl, (2) Poletide
s(n,m)
Pole tide is the effect of the non-rigid Earth’s
where rotational deformation caused by polar motionekuits
in an external centrifugal potential that can be
ACR,,059,- ocean tidal corrections to normalizedequivalently described by additional periodic cresgy

’ : P nd &9
Earth's gravity coefficients of degreeand ordem, the Earth’'s gravity coefficients of the_ 2degree.
+ _ + _ ical tid Although the changes are produced in all of such
Cmmj C_:S"'m' Sem SS_"'m ) numenca_ ocean Ude cefficients, only variations of the harmonics bé tf!
coefficients determined from observations,

_ order, C,; andS,;, are significant enough to be
F.n- parameter depending on the values of seawater

, ) , . accounted in satellite orbit determination. To first
density and Earth’s load deformation coefficients, order of values of the polar coordinates the reieva
O,- linear function of the fundamental argumentshef t | 5 iations can be written as folloits

nutation series calculated at an epoch.

Other details can be found, e.g.,, in the IERS __ =
Standards’. ACz, =k_2J§(xp ~%p)Ca0, (4)
S
. . _ K -
Solid Earth tides 8851 =~ 23{yp - 95 oo, (5)
S

Solid Earth tides is the response of the non-rigagth  \yhere
to attraction of the Moon and Sun. Numerically tlzeg

described as follod ACJ,AS] - changes in normalized gravity coefficients

of the 29 degree, ¥ order due to the pole tide,

C,o- normalized Earth zonal harmonic of tHE @egree,
k, - 2" degree Love number,

ks - secular Love number,

Xp.Yp - IERS coordinates of the pole,

K 3 GM, (R n+l -
ACT —ipaST =—mm N — 1 B (sind e ™ (3
nm Shm 2n+1§GMD r m( ]) ()

where



Xp,¥p- Mean values ofxy,y, over at least one The feature of the theory is combination of the
Chandler circle. classical Poincare small parameter method with
. — — ossibilities of current computers of large memdry.
Variations ACZ;, AS; are to the order of £0 (r;ur theory the orbital perl?turbations 0%‘ satellitere}/a
To account for the Earth anelasticity complex valuecalculated not explicitly, but in the form of trigometric
for kyare used. series with numerical coefficients where a momeint o
It is worth to note that variations of the gravitytime is the argument. Such form is kept for anyeorof
coefficients C,;, S,; due to the solid Earth, ocean andhe perturbations arising from the forces affectiag
pole tides describe changes of position of the HEart satellite .dur_ing its flight. To get pgrturbationfs flugh _
figure axis (the principal axis of maximum inertigpth Orders it is necessary to multiply several series
solid Earth and ocean tides cause daily motionhef t'ePresenting lower orders perturbations. If theefat
axis with maximum amplitude of about 60 metei@ole S€ries are trigonometric, the resulted series Wdl
tide leads to long-term motion of the mean (avadagérlgonometrlc as well. As the coefficients are nuiced, _
over a day) position of the axis with amplitudeatiout such a procedure does not request much computer tim

0.2 meter€ and of Chandler period (Fig.1). and is to be performed just once for specific aibit
elements of a satellite. At each step of the aitalyt

integration an analysis is done to leave in thexiokd

rence Pole expressions only the perturbations of amplitudegch
are large enough as compared with the accuracy of
iyeENth's figure axis processed tracking measurements of satellite.

~ 60m /Solid Earth The numerical coefficients of the final trigononietr
and ocean tides/  series representing the satellite osculating elésnare
h Earth’s figure| axis stored in the computer memory, and to get the Igatel
Chandler periog /Pole tide/ position at any epoch one needs just to input thenemt
of time as the argument to these series.

Thus, the theory is quite accurate as this approach
allows to calculate high order perturbations, and
simultaneously it is very effective as the amoufit o
computation does not depend on the time interval fo
Figure 1: Earth tides and the planet’s figure posion  Which one needs to predict the satellite motion. o

Such a feature is especially important when it is
necessary to get accurate satellite positions prdoess

Thus, all the Earth tides lead to time-dependehtes its tracking measurements collected over a longetim
for harmonics of the geopotential expansion that afPan (€.9., several years and more). There is ciape
described by the relevant adopted models. Accoynt Kind of geodetic satellites, like LAGEOS or ETALON,
the new analytical method of the effect of varipiof which orl_alts are r_lot corrected; these sc_:lentlflaqumaft
the Earth’s gravity coefficients on satellite motiss '€ SPecially designed to study geodetic and gesipily

presented in the next chapter. effects by processing their very precise laserkirac
measurements which can be collected for many years.

Another field of the theory possible applicationuise
of its compact, precise and long-standing analltica
series aboard satellites of perspective navigdtiona
systems, like GNSS-2. Currently, to calculate
coordinates of a satellite of navigational conatalhs
Description of the method GPS and GLONASS the onboard software uses short-
time polynomials uploaded from the Earth every #2-2
A new fifth-order analytical theory of satellite trmn  hours. Onboard predicting the satellites motiontty
is being developed by the autforAll secular and analytical series of our theory would allow to emga
short-periodic perturbations proportional up to andhis time to a few months.
including the fifth order of the small parameter @f  The worK shows that motion of ETALON (which
perturbing force are calculated. Long-periodicorbit is similar to that of GPS, GLONASS or GNSS-2)
perturbations are derived with accuracy of up te thin the static Earth’s gravitational field by theadytical
fourth-order, inclusive. theory can be predicted to accuracy of one cendéimet
over a few years. In the follow-on wérkhe similar

Yo IERS R

Analytical account of the tidal effects on satell#
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accuracy of the analytical method is reached whenThese Fourier series are trigonometric by definitio
accounting precession and nutation of the geoeqguatand can be further handled by the analytical theory
polar motion and irregularities of the Earth’s taa. To The last effect to be considered - pole tide, is
do that the coefficients of the Earth gravitatiofield accounted in a similar way. The values for polar
were assumed to be static in the Terrestrial Reéere coordinatesx,,y, by IERS are published with minimal
Frame. Then they have been transformed to an ziuhert'étep of one day. We take these values over at et
Celestial Reference Frame and represented théi®@s cpandler period covering the interval of satellite
dependent functions. A new method is develéngd measurements, then perform Fourier analysis ofisie.
handle by the analytical motion theory the variablgpe optained series exactly represent the polar
gravity coefficients. It leads to input of addit@n cqqrginates for the chosen time span. The mearesalu

trigonometric series (that represent the time-dépen .. polar coordinates X.,y,, required by (4) are just
coefficients) to the right-hand sides of Lagrange proP

differential equations of satellite motion. The nseries e zerd terms of the Fourier series fot,, y,, .
for every coefficient is multiplied by other seriebthe Thus, all the perturbing functions due to the Earth
equations, and then the integration scheme of tkides can be represented by trigonometric serigs an
analytical theory is applied. consequently accounted by the analytical motioorthe

At the new step of the work, presented here, thiEhe next section describes the results of testhwy t
Earth’s gravity coefficients are not already copsadl as analytical method of calculating the tidal pertuitas
static ones even in the Terrestrial Reference Frame a satellite’s orbit by comparison of it with americal
because of the Earth tides. The method describedeab procedure.
and used when accounting the Earth irregular omati
has been extended to handle the tidal effects. E
variation of the gravity coefficients due to thertBaides

has been represented by a relevant trigonometiigsse . .
The current model for ocean tides (1)-(2) provides Some hundreds coordinates of ETALON-1 geodetic

corrections to the coefficients that are alreadytria satellite distributed over one year interval hawerb

trigonometric form. They are directly input to thecalculated by Everhart, 5order, numerical integration

analytical theory software method. The complete model JGM-3 of the geopotentia
The model for solid Earth tides (3) is written imet V&S employed and all of the tidal effects werectyri

form adapted for numerical integration procedure. F\c_lt_:r?unte(:]. . d imulated
includes the angular coordinates of the Moon and Su en these positions were assumed as simulate
that are obtained from the bodies’ ephemerides. servations, and processed with use of the analyt
calculate the latter, analytical theories usuall tegration met.hod. Account of the perturbations ¢
approximate motion of the Moon, Sun (and of bi he geopotential anq to the tidal effects has been
planets, if necessary) by precessing Kepleriapssk. ncluded to the_ analytical the"TY as well. The pagters
Such an assumption often leads to quite good Eeduit of the latter, six mean Keplerian elements at tiigal

to predict a satellite motion to centimeter accyrids e[;och, we;eﬁlmprov%dtby thf‘h Ietast—sq;Jaref #ﬁéﬁgedure.
not enough. So, we employ another approach. Bygusi € r.m.s. difterence between the two Sets o €

the most current planet ephemerides, DE403/LE‘403005'“0nS provided by the numerical and analytical
the values for variations of the gravity coeffidiemue mettr_lod? was fouPhd ttotble not mor’e _thtan (I)ne-r'gwo
to solid Earth tides are firsty computed strictl)}:en imeters over the lolal one years interval when
according to the expression (3) at many epocf?ﬁns'de”n_g any of the t'd? effeCtS' It is an 6%“"‘99. of
equidistributed along the interval of time coverinde e analytical th_eory that its time of computing tide
satellite measurements. Then the arrays of obtdidat ffects on satelllt(_e motion was at least ten tifees than
corrections are approximated by Fourier serieis.dbne that of the numerical method.

. .- - To evaluate the level of measurement residual&en t
for every gravity coefficient included to the mods : S i
solid Earth tides (those of degree 2 and 3, anersév case of not accounting the Earth's tides in ETALON

coefficients of degree 4; total number is 17). Tinee motion an experiment has been performed. The sete s

span between the epochs at which the variations the flc(;tltllqusthobser\I/att_lor}sthwas zrgcestsedé mﬁ t
calculated depends on the ordeof the coefficient and t%rcle rfrflo te 'E N afrsa 3;_'06‘ d_eorty ' tn(; tllhr;edu ’e
is usually chosen so minimal to see diurnal vaiadiof \dal etects. tven atter final adjustment o rys

the harmonics of order 1. semi-diurnal ones of tHRarameters the errors in calculated positions & th
coefficients of order 2. etc ' satellite reach ten meters (c.f., accuracy of ETALO

laser range measurements is about 1-2 centimeters).

a‘F(t:]sting the method



This work completes the author's studiiesn precise
analytical account of satellite motion perturbasion
caused by the Earth’s body (its non-central poagnti
irregular rotations and different tides).
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