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ImplementationImplementation ofof thethe
IAUIAU 2000 2000 definitiondefinition ofof UT1 UT1 

in in astronomyastronomy

N. Capitaine, P. Wallace

SYRTE, Observatoire de Paris,  STFC/RAL
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OutlineOutline

Review of the:Review of the:

-- concepts, definitions and nomenclature associated with the IAU 2concepts, definitions and nomenclature associated with the IAU 2000 000 
definition of the ERAdefinition of the ERA

-- conventional numerical values associated with the IAU 2000 definconventional numerical values associated with the IAU 2000 definition of ition of 
UT1UT1

-- IAU 2006 expressions for the position of the celestial intermediIAU 2006 expressions for the position of the celestial intermediate origin ate origin 
and the equation of the originsand the equation of the origins

-- CIO and equinoxCIO and equinox--based procedures for transforming between celestial based procedures for transforming between celestial 
and terrestrial coordinates (SOFA and IERS implementation)and terrestrial coordinates (SOFA and IERS implementation)
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1) 1) DefinitionDefinition ofof thethe celestialcelestial andand terrestrialterrestrial coordinatecoordinate systemssystems in in thethe frameworkframework ofof GRGR

IAU 2000 IAU 2000 ResolutionResolution B1.3 B1.3 IUGG 2007 IUGG 2007 ResolutionResolution 22
DefinitionDefinition of BCRS of BCRS andand GCRSGCRS DefinitionDefinition ofof GTRS GTRS andand ITRSITRS

2) Adoption 2) Adoption ofof precessionprecession--nutationnutation modelmodel withwith a a microarcsecondmicroarcsecond precisionprecision

IAU 2000 IAU 2000 ResolutionResolution B1.6B1.6 IAU 2006 IAU 2006 ResolutionResolution B1B1
IAU 2000 IAU 2000 PrecessionPrecession--NutationNutation Model    Adoption Model    Adoption ofof thethe P03 P03 PrecessionPrecession andand definitiondefinition ofof thethe eclipticecliptic

3) 3) RealizationRealization ofof thethe polepole withwith microarcsecondmicroarcsecond accuracyaccuracy

IAU 2000 IAU 2000 ResolutionResolution B1.7 B1.7 
DefinitionDefinition of of CelestialCelestial IntermediateIntermediate PolePole

4) 4) DeDefinitionfinition ofof thethe ERA ERA andand UT1 for an UT1 for an accurateaccurate estimation estimation ofof thethe EOPsEOPs

IAU 2000 IAU 2000 ResolutionResolution B1.8B1.8 IAU 2006 IAU 2006 ResolutionResolution B2, B2, RecRec 11
Harmonizing « intermediate » to the pole and the origin

DefinitionDefinition andand use of CEO use of CEO andand TEO     TEO     → CelestialCelestial//TerrestrialTerrestrial intermediateintermediate originorigin: CIO, TIO: CIO, TIO

IAU 2000/2006 IAU 2000/2006 andand IUGG 2003/2007 IUGG 2003/2007 resolutionsresolutions
regardingregarding EarthEarth’’s rotations rotation
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The Earth Rotation Angle (ERA) and
the IAU 2000 conventional definition of UT1 

(IAU 2000 Resolution B1.8)

•• TheThe EarthEarth Rotation Angle (ERA) Rotation Angle (ERA) isis thethe angle angle betweenbetween thethe CIO CIO andand thethe TIO  TIO  

•• TheThe conventionalconventional linearlinear relationshiprelationship thatthat definesdefines UT1 UT1 fromfrom ERA ERA isis ::

ERAERA ((((((((UT1UT1)  =  2π  [ 0.7790572732640 )  =  2π  [ 0.7790572732640 )  =  2π  [ 0.7790572732640 )  =  2π  [ 0.7790572732640 )  =  2π  [ 0.7790572732640 )  =  2π  [ 0.7790572732640 )  =  2π  [ 0.7790572732640 )  =  2π  [ 0.7790572732640 

�� +  1.+  1.+  1.+  1.+  1.+  1.+  1.+  1.00273781191135448 x (Julian UT1date 00273781191135448 x (Julian UT1date −−−−−−−− 2451545.0) ]2451545.0) ]

�� This expression This expression fromfrom (Capitaine, (Capitaine, GuinotGuinot, McCarthy, 2000) , McCarthy, 2000) waswas derivedderived fromfrom (i) (i) thethe

GMSTGMST19821982(UT1) expression (UT1) expression basedbased on on thethe IAU 1976 IAU 1976 precessionprecession andand ((iiii) ) thethe expression for expression for 

thethe GCRS position GCRS position ofof thethe CIOCIO

•• 0.7790572732640  0.7790572732640  andand 1.00273781191135448 1.00273781191135448 revrev//dayday are are definingdefining constants constants 

((conventionalconventional values)  values)  whichwhich have have replacedreplaced thethe factorfactor betweenbetween GMST GMST andand UT1UT1

((TheThe ERA/UT1 ERA/UT1 relationshiprelationship involvesinvolves notnot onlyonly thethe EarthEarth angularangular velocityvelocity but but alsoalso whatwhat UT1 UT1 isis
intendedintended to to representrepresent, i.e. , i.e. thethe hourhour angle angle ofof thethe «« fictitiousfictitious meanmean »» SunSun))
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The The EarthEarth rotation angle rotation angle 

ERA: Earth rotation angle  = hour angle of the CIO from the TIO meridian

GST: Greenwich sidereal time= hour angle of the equinox from the TIO meridian

GST = ERA − EO

EO: equation of the origins: distance from the CIO to the equinox

s: CIO locator
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Concepts Concepts associatedassociated withwith thethe IAU 2000 IAU 2000 resolutionsresolutions
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Complexities: Complexities: 
-- definition of the ecliptic in the GCRSdefinition of the ecliptic in the GCRS
-- definition of the mean equinoxdefinition of the mean equinox
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ERA ERA basedbased expression for Greenwich expression for Greenwich siderealsidereal timetime

GST  : ERA (UT1) GST  : ERA (UT1) 

+ + accumulatedaccumulated precessionprecession in RA (in TT) + in RA (in TT) + sscrosscross x nutationx nutation
((GMST)GMST)

+ + accumulatedaccumulated nutation in RA (in TT) + nutation in RA (in TT) + precessionprecession x nutation (in TT)x nutation (in TT)
((kinematicalkinematical equationequation of of equinoxesequinoxes))

(GST=(GST= GMST (UT1, TT)GMST (UT1, TT) + + ““equationequation ofof thethe equinoxesequinoxes””))

=  ERA (UT1) =  ERA (UT1) −−−−−−−− EO EO 

EO EO cancan alsoalso bebe derivedderived fromfrom thethe expression for s  (expression for s  (fromfrom Wallace & Capitaine 2006): Wallace & Capitaine 2006): 
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IAU 2000/2006 NomenclatureIAU 2000/2006 Nomenclature

�� intermediate right ascension and declinationintermediate right ascension and declination

�� International Celestial Reference Frame (ICRF)International Celestial Reference Frame (ICRF)

�� International Celestial Reference System (ICRS)International Celestial Reference System (ICRS)

�� International Terrestrial Reference Frame (ITRF)International Terrestrial Reference Frame (ITRF)

�� International Terrestrial Reference System (ITRS)International Terrestrial Reference System (ITRS)

�� Julian centuryJulian century

�� Julian dateJulian date

�� Julian yearJulian year

�� right ascensionright ascension

�� TephTeph

�� Terrestrial Intermediate Origin (TIO)Terrestrial Intermediate Origin (TIO)

�� Terrestrial Intermediate Reference System (TIRS)Terrestrial Intermediate Reference System (TIRS)

�� Terrestrial Time (TT)Terrestrial Time (TT)

�� TIO locatorTIO locator

�� BarycentricBarycentric Celestial Reference System (BCRS)Celestial Reference System (BCRS)

�� BarycentricBarycentric Dynamical Time (TDB)Dynamical Time (TDB)

�� Celestial Intermediate Origin (CIO)Celestial Intermediate Origin (CIO)
�� Celestial Intermediate Reference System (CIRS)Celestial Intermediate Reference System (CIRS)
�� CIO locatorCIO locator
�� CIO right ascension and declinationCIO right ascension and declination

�� epochepoch

�� equation of the origins (EO)equation of the origins (EO)
�� equinox right ascensionequinox right ascension

�� Geocentric Celestial Reference System (GCRS)Geocentric Celestial Reference System (GCRS)
�� Geocentric Terrestrial Reference System (GTRS)Geocentric Terrestrial Reference System (GTRS)
�� ICRS placeICRS place

�� intermediate equatorintermediate equator

�� intermediate placeintermediate place

The Nomenclature in Fundamental Astronomy IAU WG provided an IAU 2006 Glossary 
including a set of detailed definitions (compliant with GR) that best explain all the terms 

required for implementing the IAU 2000 and 2006 resolutions 

http://syrte.obspm.fr/iauWGnfa/NFA_Glossary.html

nomenclature
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The IAU 2006 NFA The IAU 2006 NFA GlossaryGlossary
a few a few examplesexamples of of newlynewly proposedproposed termsterms

http://syrte.obspm.fr/iauWGnfa/NFA_Glossary.html

nonnon--rotatingrotating originorigin:: in in thethe contextcontext ofof thethe
GCRS or GCRS or thethe ITRS, ITRS, thethe point on point on thethe
intermediateintermediate equatorequator suchsuch thatthat itsits
instantaneousinstantaneous motion motion withwith respect to respect to thethe
systemsystem (GCRS or ITRS as (GCRS or ITRS as appropriateappropriate) ) hashas
nono component component alongalong thethe intermediateintermediate
equatorequator (i.e. (i.e. itsits instantaneousinstantaneous motion motion isis
perpendicularperpendicular to to thethe intermediateintermediate equatorequator). ). ItIt
isis calledcalled thethe CIO CIO andand TIO in TIO in thethe GCRS GCRS andand
ITRS, ITRS, respectivelyrespectively..

EarthEarth Rotation Angle (ERA):Rotation Angle (ERA): angle angle 
measuredmeasured alongalong thethe intermediateintermediate equatorequator ofof
thethe CelestialCelestial IntermediateIntermediate Pole (CIP) Pole (CIP) 
betweenbetween thethe TerrestrialTerrestrial IntermediateIntermediate OriginOrigin
(TIO) (TIO) andand thethe CelestialCelestial IntermediateIntermediate OriginOrigin
(CIO), (CIO), positivelypositively in in thethe retrograderetrograde direction. direction. 
ItIt isis relatedrelated to UT1 by a to UT1 by a conventionallyconventionally
adoptedadopted expression in expression in whichwhich ERA ERA isis a a linearlinear
functionfunction ofof UT1 (UT1 (seesee IAU 2000 IAU 2000 ResolutionResolution
B1.8). B1.8). ItsIts timetime derivativederivative isis thethe EarthEarth’’s s 
angularangular velocityvelocity. . PreviouslyPreviously, , itit has been has been 
referredreferred to as to as thethe stellarstellar angle. angle. 

Celestial Intermediate Origin (CIO):Celestial Intermediate Origin (CIO):
origin for right ascension on the origin for right ascension on the 
intermediate equator in the celestial intermediate equator in the celestial 
intermediate reference system.  It is the intermediate reference system.  It is the 
nonnon--rotating origin in the GCRS that is rotating origin in the GCRS that is 
recommended by the IAU 2000 Resolution recommended by the IAU 2000 Resolution 
B 1.8, where it was designated the B 1.8, where it was designated the 
Celestial Ephemeris Origin.  Celestial Ephemeris Origin.  The CIO was The CIO was 
originally set close to the GCRS meridian originally set close to the GCRS meridian 
and throughout 1900and throughout 1900--2100 stays within 0.1 2100 stays within 0.1 
arcsecondsarcseconds of this alignment.     of this alignment.     

TerrestrialTerrestrial IntermediateIntermediate OriginOrigin (TIO):(TIO):
originorigin ofof longitude in longitude in thethe IntermediateIntermediate
TerrestrialTerrestrial ReferenceReference SystemSystem. . ItIt isis thethe nonnon--
rotatingrotating originorigin in in thethe ITRS ITRS thatthat isis
recommendedrecommended by by thethe IAU 2000 IAU 2000 ResolutionResolution
B1.8, B1.8, wherewhere itit waswas designateddesignated TerrestrialTerrestrial
EphemerisEphemeris OriginOrigin. . TheThe namename TerrestrialTerrestrial
IntermediateIntermediate OriginOrigin waswas adoptedadopted by IAU by IAU 
2006 2006 ResolutionResolution B2. B2. TheThe TIO TIO waswas
originallyoriginally set set atat thethe ITRF ITRF originorigin ofof longitude longitude 
andand throughoutthroughout 19001900--2100 2100 staysstays withinwithin 0.1 0.1 
mas mas ofof thethe ITRF prime ITRF prime meridianmeridian..
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CIO locator (denoted s) CIO locator (denoted s) :  the difference :  the difference 
between the GCRS right ascension and between the GCRS right ascension and 
the intermediate right ascension of the the intermediate right ascension of the 
intersection of the GCRS and intermediate intersection of the GCRS and intermediate 
equators.  The CIO was originally set close equators.  The CIO was originally set close 
to the mean equinox at J2000.0.  As a to the mean equinox at J2000.0.  As a 
consequence of precessionconsequence of precession--nutationnutation the the 
CIO moves according to the kinematical CIO moves according to the kinematical 
property of the nonproperty of the non--rotating origin.  The rotating origin.  The 
CIO is currently located by using the CIO is currently located by using the 
quantity quantity ss..

TIO locator (denoted sTIO locator (denoted s′′):): the difference the difference 
between the ITRS longitude and the between the ITRS longitude and the 
instantaneous longitude of the intersection instantaneous longitude of the intersection 
of the ITRS and intermediate equators.  of the ITRS and intermediate equators.  
The TIO was originally set at the ITRF The TIO was originally set at the ITRF 
origin of longitude. As a consequence of origin of longitude. As a consequence of 
polar motion the TIO moves according to polar motion the TIO moves according to 
the kinematical property of the nonthe kinematical property of the non--rotating rotating 
origin.  The TIO is currently located using origin.  The TIO is currently located using 
the quantity sthe quantity s′′, whose rate , whose rate is of the order of is of the order of 
5050 masmas/cy which is due to the current polar /cy which is due to the current polar 
motion.motion.

�� equation of the origins:equation of the origins: distance between the distance between the 
CIO and the equinox along the intermediate CIO and the equinox along the intermediate 
equator; it is the CIO right ascension of the equator; it is the CIO right ascension of the 
equinox; alternatively the difference between the equinox; alternatively the difference between the 
Earth rotation angle and Greenwich apparent Earth rotation angle and Greenwich apparent 
sidereal time (ERA sidereal time (ERA –– GAST).GAST).

�� Greenwich Greenwich meanmean siderealsidereal timetime (GMST):(GMST):
Greenwich Greenwich hourhour angle angle ofof thethe meanmean equinoxequinox
defineddefined by a by a conventionalconventional relationshiprelationship to to EarthEarth
rotation angle or rotation angle or equivalentlyequivalently to UT1.to UT1.

�� Greenwich Greenwich siderealsidereal timetime (GST):(GST): Greenwich Greenwich 
apparent apparent siderealsidereal timetime (GAST), (GAST), thethe hourhour angle angle 
ofof thethe truetrue equinoxequinox fromfrom thethe TerrestrialTerrestrial
IntermediateIntermediate OriginOrigin (TIO) (TIO) meridianmeridian (Greenwich (Greenwich 
or International or International meridianmeridian).).

TheThe IAU 2006 NFA IAU 2006 NFA GlossaryGlossary
a a fewfew examplesexamples ofof newlynewly proposedproposed termsterms

http://syrte.obspm.fr/iauWGnfa/NFA_Glossary.html
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IAU 2000/2006 expressions IAU 2000/2006 expressions 
for the for the fundamentalfundamental precessionprecession parametersparameters

Ecliptic

Equator

CIO based
precession
quantities

(Capitaine, Wallace, Chapront, 2003)

mas mas/cy mas/cy2 mas/cy3 mas/cy4 mas/cy5

GMST(IAU2000)     14.506    ERA+4612157.399   1396.6784   −−−− 0. 09344       0.0188 

GMST(P03)            14.506   ERA+4612156.534    1391.5817   −−−− 0.00044        0.029956  −−−−0.0000368
expression dependent on the precession-nutation model

(P03 = IAU 2006)


expressions  
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IAU 2000 expression for IAU 2000 expression for thethe CIO CIO locatorlocator
(Capitaine, Wallace, McCarthy, 2003; IERS Conventions 2003, (Capitaine, Wallace, McCarthy, 2003; IERS Conventions 2003, ChCh 5)5)

andand IAU 2006 update IAU 2006 update 
(Capitaine, Wallace, (Capitaine, Wallace, ChaprontChapront 2003; IERS Conventions, 2003; IERS Conventions, ChCh 5, 5, revisedrevised 2009)2009)

largest change w.r.t.
the IAU 2000 
expression

< 3 µas
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IAU 2000 expression for GMSTIAU 2000 expression for GMST
(Capitaine, Wallace, McCarthy, 2003; IERS Conventions 2003, (Capitaine, Wallace, McCarthy, 2003; IERS Conventions 2003, ChCh 5)5)

Greenwich Greenwich siderealsidereal timetime: : GST=GST= GMST (UT1, TT)GMST (UT1, TT) + + ““equationequation ofof thethe equinoxesequinoxes””
== ERAERA (UT1)(UT1) −− ““equationequation ofof thethe originsorigins”” (i.e. (i.e. accumulatedaccumulated precessionprecession/nutation in RA)/nutation in RA)

-- usingusing IAU 2000 A IAU 2000 A precessionprecession--nutationnutation modelmodel

-- suchsuch thatthat therethere isis equivalenceequivalence betweenbetween CIOCIO--basedbased andand equinoxequinox--basedbased zz--rotation : rotation : 
linklink betweenbetween s(t) s(t) andand thethe equationequation of of thethe equinoxesequinoxes EEEE20002000

- suchsuch thatthat therethere isis continuitycontinuity in UT1 on 01/01/2003 0h TT in UT1 on 01/01/2003 0h TT withwith thethe previousprevious
relationshiprelationship GMSTGMST19821982(UT1) (UT1) andand currentcurrent UT1 UT1 estimateestimate



JD06, IAU GA 2009, Rio de JD06, IAU GA 2009, Rio de JaneiroJaneiro, , BrazilBrazil, August 2009, August 2009
1414

DifferencesDifferences in UT1in UT1

equinox based VLBI reductions w.r.t CIO-based

(due to the incompleteness of the
IAU 1994 expression for the equation of equinoxes)

post-2003 minus pre-2003 procedures
(quadratic term: due to the precession
rate in obliquity; secular term: due to 
the variation in TT − UT1)

period 1980-2020over 2 centuries around J2000

unit µs
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IAU 2006 expression for IAU 2006 expression for thethe equationequation ofof thethe originsorigins
(Capitaine, Wallace, (Capitaine, Wallace, ChaprontChapront, 2003; , 2003; IERS Conventions, IERS Conventions, ChCh 5, 5, revisedrevised 2009)2009)
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Transformation from ICRS to Transformation from ICRS to 
observed places of starsobserved places of stars

space motion
annual parallax
light deflection

annual aberration

ICRS α,δα,δα,δα,δ etc.

precession

nutation

Greenwich Mean Sidereal Time

equation of the equinoxes

frame bias

GCRS position CIP,CIO

Earth Rotation Angle
ERA

ITRS

GCRS

TCB, TDBICRS

TCG, TT

true equinox and equator of date

BCRS

barycentric

geocentricGCRS

Celestial Intermediate Reference System (CIRS)

Terrestrial Intermediate Reference System (TIRS)

transformation  
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3 3R (ERA) R (GST)

CIO

GCRS TIRS CIP CIO

C

equinox

CIP equinox

CIP IP

 
 = × × 
 

 
 = × ×

 
 
 

v

R vv

v

v

v

v

v

ERA EO= −

Forming the celestial to terrestrial matrix transformationForming the celestial to terrestrial matrix transformation
based on the IAU 2006 precessionbased on the IAU 2006 precession

CapitaineCapitaine N., Wallace P.T., (2006, A&A 450, 855N., Wallace P.T., (2006, A&A 450, 855--872)872)
““High precision methods for locating the celestial intermediate pHigh precision methods for locating the celestial intermediate pole and originole and origin””

Wallace P.T., Wallace P.T., CapitaineCapitaine N., (2006, A&A 459, 981N., (2006, A&A 459, 981--985 )985 )
““PrecessionPrecession--nutationnutation procedures consistent with IAU 2006 resolutionsprocedures consistent with IAU 2006 resolutions””
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Software routines to Software routines to implementimplement thethe
IAU 2000A/2006 transformationsIAU 2000A/2006 transformations

(Wallace 2008; IERS Conventions, (Wallace 2008; IERS Conventions, ChCh 5, 5, revisedrevised 2009)2009)
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Complexities of UT1 being considered both Complexities of UT1 being considered both 
as an angle and a time scaleas an angle and a time scale

�� UniversalUniversal TimeTime (UT):(UT): a a measuremeasure ofof timetime thatthat conformsconforms, , withinwithin a close approximation, a close approximation, 
to to thethe meanmean diurnal motion diurnal motion ofof thethe Sun Sun andand serves as serves as thethe basis basis ofof allall civil civil timekeepingtimekeeping. . 
TheThe termterm ““UTUT”” isis usedused to to designatedesignate a a membermember ofof thethe familyfamily ofof UniversalUniversal TimeTime scalesscales
((e.g.e.g. UTC, UT1).UTC, UT1).

UniversalUniversal TimeTime (UT1):(UT1): angle angle ofof thethe EarthEarth’’s rotation about s rotation about thethe CIP axis CIP axis defineddefined by by itsits
conventionalconventional linearlinear relation to relation to thethe EarthEarth rotation angle (ERA). rotation angle (ERA). ItIt isis relatedrelated to to 
Greenwich apparent Greenwich apparent siderealsidereal timetime throughthrough thethe ERA (ERA (seesee equationequation ofof thethe originsorigins). ). ItIt isis
determineddetermined by observations (by observations (currentlycurrently fromfrom VLBI observations VLBI observations ofof thethe diurnal motions diurnal motions 
ofof distant radio sources). UT1 distant radio sources). UT1 cancan bebe regardedregarded as a as a timetime determineddetermined by by thethe rotation rotation 
ofof thethe EarthEarth. . ItIt cancan bebe obtainedobtained fromfrom thethe uniformuniform timetime scalescale UTC by UTC by usingusing thethe quantityquantity
UT1 UT1 −− UTCUTC, , whichwhich isis providedprovided by by thethe IERS.IERS.

UT1 UT1 –– UTCUTC:: differencedifference betweenbetween thethe UT1 UT1 parameterparameter derivedderived fromfrom observation observation andand thethe
uniformuniform timetime scalescale UTC, UTC, thethe latter latter beingbeing currentlycurrently defineddefined as: as: UTC = TAI + nUTC = TAI + n, , wherewhere nn
isis an an integerinteger numbernumber ofof seconds, seconds, suchsuch thatthat ||UT1 UT1 −− UTCUTC| < 0.9 s.| < 0.9 s.

(cf. IAU 2006 NFA (cf. IAU 2006 NFA GlossaryGlossary))

angle/time
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GMST expressions in seconds GMST expressions in seconds 

ERA (UT1) = 2ERA (UT1) = 2ππ [0.7790572732640 [0.7790572732640 
+ 1.00273781191135448 + 1.00273781191135448 

x (Julian UT1date x (Julian UT1date −− 2451545.0)]2451545.0)]

with 1 s = 15 ‘’


