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1 Introduction

The implementation of the IAU 2000 Resolutions for all the applications re-
lated to Earth’s rotation is described in Chapter 5 of the IERS Conventions
entitled “Transformation between the celestial and terrestrial reference sys-
tems”. Successive revisions of this Chapter have been made to include the
models, expressions and numerical tables as soon as they became available
for the implementation of the resolutions and to introduce the most recent de-
velopments and improvements. A major revision was made recently in order
(1) to follow the actions recommended by the IERS Directing Board after the
IERS Workshop in Paris (April 2002), (ii) to take into account the latest
comments and remarks from various colleagues, (iii) to introduce the defini-
tive and full forms of the numerical expressions and tables, and (iv) to pro-
vide a software package for the practical implementation. This has benefited
from specific contributions from several experts for the following sections:
“Motion of the Celestial Intermediate Pole (CIP) in the International Terres-
trial Reference System (ITRS)” (A. Brzezinski, S. Mathews, Ch. Bizouard),
“Prograde and Retrograde Nutation Amplitudes” (P. Defraigne, S. Mathews,
Ch. Bizouard, A. Brzezinski), “Procedures and IERS Routines for Transfor-
mations between GCRS (Geocentric Celestial Reference System) and ITRS”
(P. Wallace) and from general comments (Burghard Richter). Numerical Ta-
bles and Fortran subroutines have been added to those already available and
now allow the users to implement the resolutions in several ways according
to their choice and needs.

The updated version was posted on November 2002 on the webpage of the
IERS Conventions Center together with the corresponding numerical tables
and software. This version is supposed to be the final version, except for
slight corrections which can still be applied before the Conventions are pub-
lished as an IERS Technical Note in order to take into account the remarks
that will be received on the posted version. This paper reports on the latest
improvements that have been applied in this Chapter since the previous ver-
sion that was presented at the IERS Workshop in Paris.

2 Update of Chapter 5 of the |[ERS Conventions

The major revisions in the text of Chapter 5 of the IERS Conventions 2000
presented here concern the sections on the motion of the CIP in the ITRS and
GCRS, the expressions for precession and Greenwich Sidereal Time com-
patible with the TAU2000 model and the procedures and IERS routines for
the Fortran subroutines implementing the IAU 2000 celestial-to-terrestrial
transformations.

2.1 Progressin theimplementation of the | AU Resolutions

The implementation of the IAU Resolutions in the transformation between
the celestial and terrestrial reference systems concerns (see McCarthy &
Capitaine, 2002) IAU Resolution B1.3 (Definition of BCRS and GCRS), IAU
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Resolution B1.6 (IAU 2000 Precession-Nutation Model), IAU Resolution
B1.7 (Definition of Celestial Intermediate Pole) and IAU Resolution B1.8
(Definition and use of Celestial and Terrestrial Ephemeris Origins). This in-
troduces a “new paradigm” for the transformation between the celestial and
terrestrial reference systems based on the use of the CEO, TEO, Earth Rota-
tion Angle (ERA) and the x, y coordinates of the CIP unit vector in the
GCRS, instead of the “classical paradigm” which refers to the equinox.

The implementation of Resolution B1.3 is realized in Chapter 5 using the
correct time scales and the correct realization of the GCRS with the IAU
2000 precession-nutation (Mathews et al., 2002) including both the geodesic
precession and nutation so that the GCRS and BCRS are without any time-
dependent rotations. The implementation of Resolution B1.6 is realized by
providing expressions for the model of the motion of the CIP in the GCRS
which are consistent with the IJAU 2000 precession-nutation model, either for
the new or classical paradigms.

The implementation of Resolution B1.7 (which sharpens the definition of the
current CEP in the high frequency domain) and B1.8 requires the use of the
TIAU 2000A expressions for the position of the CIP and the CEO in the
GCRS, of the TEO in the ITRS and models for improving the realization of
the pole in the high frequency domain.

2.2 Implementation of AU Resolution B1.7

The standard pole coordinates to be used for the parameters x, and y,, if not
estimated from the observations, are those published by the IERS with addi-
tional components to account for the effects of ocean tides (Ax, Ay);qa and
for nutation terms with periods less than two days (AX, Ay)uuation- Corrections
for the diurnal and sub-diurnal variations in polar motion caused by ocean
tides can be computed using a routine available on the website of the IERS
Conventions (see Chapter 8). Table 8.2 (from Ch. Bizouard), the basis for
this routine, provides the amplitudes and arguments of these variations for the
71 tidal constituents considered in the model. These subdaily variations are
not part of the polar motion values reported to and distributed by the IERS
and have therefore to be added after interpolation.

In order to realize the CIP as recommended by Resolution B1.7, nutations
with periods less than two days are to be considered using a model for the
corresponding motion of the pole in the ITRS. The prograde diurnal nutations
correspond to prograde and retrograde long periodic variations in polar mo-
tion and the prograde semidiurnal nutations correspond to prograde diurnal
variations in polar motion. A table for operational use of the model for these
variations (AX, AY)nuiion 1N polar motion for a nonrigid Earth has been pro-
vided by an ad hoc Working Group (Brzezinski, 2002) based on nonrigid
Earth models and developments of the tidal potential (Brzezinski, 2001;
Brzezinski & Capitaine, 2002; Mathews & Bretagnon, 2002). The amplitudes
of the diurnal terms are in very good agreement with those estimated by
Getino et al. (2001). The diurnal components of these variations should be
considered similarly to the diurnal and semidiurnal variations due to ocean
tides. They are not part of the polar motion values reported to the IERS and
distributed by the IERS and should therefore be added after interpolation.
The long-periodic terms, as well as the secular variation, are already con-
tained in the observed polar motion and need not be added to the reported
values.

2.3 Implementation of AU Resolution B1.8
2.3.1 Positioning the CIP and the CEO in the GCRS

Definitive and full forms of the expressions for X, Y and s have been pro-
vided (Capitaine et al., 2003a) for the parameters to be used in the new trans-
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formation, based on the IAU 2000A precession-nutation model and the
TAU2000 definition of UT1. They include the effect of precession, bias, nuta-
tion and cross terms between precession and nutation.

2.3.2 Positioningthe TEO inthel TRS
The expression for s” for use in both new and classical transformations for
positioning the TEO in the ITRS, has been derived from the current mean
amplitudes for the Chandlerian and annual wobbles (Lambert & Bizouard,
2002).

2.3.3 Classical paradigm athe microarcsecond level
The classical transformation, R, to transform from the ITRS to the GCRS,
should be written in its rigorous form as (Wallace, 2002) R = B P N T, where
B is the matrix transformation from the CRS to the mean J2000, P, the Pre-
cession matrix, N, the Nutation matrix, T, the Earth’s rotation matrix using
GST.

These matrices are such that:

Bias: B = R3(=doy)Ry(=d&g)-R(dno),
Precession: P = Ry(—€0)'Rs(Wa) Ri(04)-Rs(—xa),
Nutation: N =R (—€a)-Ro(AY) R (ep+AE),
Earth Rotation: T =R3(-GST).

The TAU 2000 expressions for the quantities to be used in the classical trans-
formation have been provided. These include, in addition to the MHB 2000
(Mathews et al., 2002) nutation Ay and Ag, and precession quantities Y, W,
€4, (obtained directly by addition of the precession rate corrections to the Li-
eske et al. (1977) precession), the expressions for:

o the equatorial precession quantities z,, {4, 04, derived from the ITAU2000
A expressions for W, @y, so that their use is equivalent to the use of the
former, at a microarcsecond level for a century (Capitaine et al., 2003c),
and

e the Sidereal Time GST, which is the sum of the Earth Rotation Angle
(ERA) as a linear function of UT1 and of the expression for the accumu-
lated precession and nutation in right ascension (i.e. the sum of the poly-
nomial part of the expression, denoted GMST,4y, and the periodic part,
which itself is the sum of the classical equation of the equinoxes and of
the complementary terms in the equation of equinoxes). This can be writ-
ten as

GST=6(UT1)+ J.(l//A +Ay, )cos(@, +Ag, )dt -y, +Apcose, —Ay, cos @,
f

The definitive expressions for GST and s (Capitaine et al. 2003b) have been

obtained by ensuring that there is equivalence between CEO-based and equi-

nox-based z-rotations, and that there is continuity in UT1 on 1 January 2003

0 h TT with the previous relationship GMST95,(UT1) and the current UT1

estimate.

234 Consequencesof the frame bias
The effect of the celestial pole offsets &g, 1, is to introduce a constant offset in
X, Y and a specific frame bias rotation, B, in the classical transformation.
The effect of the equinox offset doy (in pas) between the inertial dynamical
mean equinox at J2000 and the x-axis of the GCRS, is to introduce terms of
the form: —142 t in Y and +1.6 t* in X and similar effects in the classical
quantities Ay sin (€) and Ae respectively.
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Current VLBI procedures use corrections for biases and precession-nutation
quantities, and this introduces secular and cubic discrepancies with respect to
the rigorous transformation of the order of a few 100 pas/c.

3 Expressionsand Tablesfor theimplementation of | AU Resolutions

The motion of the CIP in the ITRS is provided in Chapter 5 by Table 5.1 for
the components arising from the nutation terms with periods less than two
days, (AX, AY)nuion- In addition, the component due to the oceanic tidal ef-
fects, (Ax, Ay)qga 18 provided in Chapter 8 (Table 8.b).

The definitive and full expressions for the other quantities are:

Motion of the TEO in the ITRS
s"=-47 pas t.

Earth Rotation angle
0(UT1) = 2m(0.7790572732640 + 1.00273781191135448
x (Julian UT1date—2451545.0).

Greenwich Sidereal Time:

Expression (35), the electronic table, and Table 5.4, include the following
polynomial and periodic parts:

GMSTa0 = 0".014506 + 0 + 4612".15739966 t + 1".39667721 t*
—0".00009344 t* + 0".0000188 t*.

EE 0 =+ Ay cos €4 — Xy Cy sin oy — 0.87 pas t sin Q.

Note that the two largest terms of the complementary terms in the equation of
the equinoxes were already included in the current expression for GST
(McCarthy 1996).

Motion of the CIP in the GCRS
X =-0."01661699 + 2004."19174288 t — 0."4272190 t* — 0."19862054 t*
—0."00004605 t* + 0."00000598 t°
+ % [(ay); sin (ARGUMENT) + (a.); cos (ARGUMENT)]
+ % [(ay.1); t sin (ARGUMENT) + (a,,); t cos (ARGUMENT)]
+ i [(as,); t sin (ARGUMENT) + (a,); t* cos (ARGUMENT)] + ...

Y = —0."00695078 — 0."02538199 t — 22."40725099 t*
+0."00184228 t* + 0."00111306 t* + 0."00000099 t*
+ i [(be,o)i cos (ARGUMENT) + (b o); sin (ARGUMENT)]
+ % [(be.y)i t cos (ARGUMENT) + (b, ,); t sin (ARGUMENT)]
+ 2 [(beo); t* cos (ARGUMENT) + (bs,); t* sin (ARGUMENT)] + ...

Tables 5.2a (X), 5.2b (Y) and 5.2c (s) provide extracts of the full tables for
the periodic components of the coordinates X and Y and for s, which are pro-
vided in an electronic form as tab5.2a and 5.2b and 5.2c. Tables 5.3a (luni-
solar) and 5.3b (planetary) provide extracts of the full tables for the
TAU2000A nutation, which are provided in an electronic form as tab5.3a and
b.

IAU2000 precession developments are given by:

e expressions (27), (30), (31) for the updated expressions of Lieske et al.
(1977) based on the MHB 2000 correction to precession rates, and

o expressions (32), (33) for the updated developments consistent with
MHB2000.

The IAU 2000 precession quantities are
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ya = 5038."47875 t— 1."07259 t* — 0."001147 t*.

ox = g—0."02524 t +0."05127 * — 0."007726 t'.

gr = 60—46."84024 t—0."00059 £ + 0."001813 t°.

ya = 10."5526t—2."38064 t* — 0."001125 t’.

ca = 2."5976176 + 2306."0809506 t + 0."3019015 t*+ 0. "0179663 t*
—0."0000327 t* — 0."00000002 t°.

Za =-2."5976176 + 2306."0803226 t + 1."0947790 t*+ 0. "0182273 ¢}
+0."0000470 t* — 0."00000003 t.

0, =2004."1917476t — 0."4269353t> — 0."0418251t — 0."0000601t*
—0."00000001¢t".

|ERS Softwar e package for the implementation of the | AU Resolu-

The IERS software package at ftp://maia.usno.navy.mil/conv2000/chapter5/
includes the subroutines corresponding to the different options for imple-
menting the TAU resolutions. The TAU2000A (T. Herring) and IAU2000B
(D. D. McCarthy and B. Luzum) subroutines, compute the “total” nutation
angles (including nutation, plus precession corrections, plus the constant ce-
lestial offsets at J2000) corresponding to the IAU2000A and IAU2000B pre-
cession-nutation models, respectively. The other subroutines provided by P.
Wallace includes the following Fortran routines for implementing the IAU
Resolutions, based on the rigorous method in the transformation between the
celestial and terrestrial systems. Other software will in due course be released
through the SOFA (Wallace, 2000) website.

M ethod (1):

e X, Y, s transformation consistent with the IAU2000A precession-nutation
model

o ERA,n: Earth Rotation angle at date t

o  XYSy00a: provides X, Y (GCRS coordinates of the CIP), s (position of
the CEO on the equator of the CIP) at date t, consistent with IAU2000A
precession-nutation

e BPN,yy: CEO-based precession-nutation matrix (based on the two rou-
tines above)

Method (2A): classical transformation using the IAU2000A precession-nuta-

tion model

e GMST,g9: Mean Sidereal Time consistent with TAU 2000 precession-
nutation and new definition of UT1.

e  EECT,yy: complementary terms in the equation of the equinoxes

o EE,: Equation of the equinoxes as the sum of the classical part plus
EECT200

o GST,g00: Sidereal Time as GMST + EE,q

e  NUjgp0a: JAU2000A nutation model

e CBPN,: classical bias-precession-nutation matrix
Method (2B): classical transformation using IAU2000B
e  NUsgoos: IAU2000B nutation model
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For all the methods :

e T2C2000: Forms the TRS-to-CRS matrix
e SP2000: Produces the position of the TEO on the equator of the CIP
e POM2000: Forms the matrix of polar motion

5 ThelERSProductsin agreement with the | AU Resolutions
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