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FOREWORD

This report is a revision of the document _MASTERFIT - 1987", dated December 15, 1987,

which it supersedes. A number of model revisions and improvements were made during 1988-91.

They are briefly enumerated in the abstract. The computer code was also considerably revised during

1988-91 to facilitate solution of large-scale problems. The new software still adheres to the basic
MASTERFIT structure but, to prevent confusion concerning practical details, is named MODEST

(for MODel and ESTimate). The present document corresponds to MODEST version 137, which has
been in use since June, 1991. The author hopes to publish revisions of this document in the future,

as modeling improvements warrant.
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ABSTRACT

This report is a revision of the document _MASTERFIT - 1987 ", dated December 15, 1987,
which it supersedes. Changes during 1988-91 included introduction of the octupole component of

solid Earth tides, the NUVEL tectonic motion model, partial derivatives for the precession constant
and source position rates, the option to correct for source structure, a refined model for antenna

offsets, modeling the unique antenna at Richmond, Florida, improved nutation series due to Zhu,

Groten, and Reigber, and reintroduction of the old (Woolard} nutation series for simulation purposes.
Text describing the relativistic transformations and gravitational contributions to the delay model has

also been revised in order to reflect the computer code more faithfully.
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SECTION 1

INTRODUCTION

In applications of radio interferometry to geodynamics and astrometry, observed values of delay
and delay rate obtained from observations of many different radio sources must be passed simulta-

neously through a multiparameter estimation routine to extract the significant model parameters. As
the accuracy of radio interferometry has improved, increasingly complete models for the delay and

delay rate observables have been developed. This report describes the current status of the delay
model used in the Jet Propulsion Laboratory multiparameter estimation program _MODEST ", which
is the successor to the _MASTERFIT _ code developed at :IPL in the 1970s. It is assumed that the

reader has at least a cursory knowledge of the principles of VLBI. Some references which provide an

introduction are the book by Thompson, Moran, and Swenson (1986}, and two reports by Thomas

(19sl, 19s7).
The delay model is the sum of four major model components: geometry, clock, troposphere,

and ionosphere. Sections 2 through 5 present our current models for these components, as well as

their partial derivatives with respect to parameters that are to be adjusted by multiparameter fits
to the data. The longest section (2} deals with the purely geometric portion of the delay and covers

the topics of time definitions, tidal and source structure effects, coordinate frames, Earth orientation

(universal time and polar motion}, nutation, precession, Earth orbital motion, wave front curvature,

gravitational bending, and antenna offsets. Section 6 describes the technique used to obtain the delay
rate model from the delay model. Section 7 gives the values of physical constants used in MODEST,

while section 8 outlines model improvements that may be required by more accurate data in the

future.



SECTION 2

GEOMETRIC DELAY

The geometric delay is that interferometer delay which would be measured by perfect instrumen-

tation, perfectly synchronized, if there were a perfect vacuum between the observed extragalactic or

Solar-System sources and the Earth-based instrumentation. For Earth-fixed baselines, this delay can

be as large as 20 milliseconds, changing rapidly (by up to 1.5 _usec per second) as the Earth rotates.

In general the geometric component is by far the largest component of the observed delay. The main

complexity of this portion of the model arises from the numerous coordinate transformations necessary

to relate the reference frame used for locating the radio sources to the Earth-fixed reference frame in

which station locations are represented.

In the following we will assume, unless otherwise stated, that %elestial reference frame" means
a reference frame in which there is no net proper motion of the extragalactic radio objects which

are observed by the interferometer. This is only an approximation to some truly _inertial" frame.

Currently, this celestial frame implies a geocentric, equatorial frame with the equator and equinox of

J2000 as defined by the 1976 IAU conventions, including the 1980 nutation series (Seidelmann, 1982,

and Kaplan, 1981).
In this equatorial frame, some definition of the origin of right ascension must be made. We will

not discuss that in this report, since one definition is at most a rotation from some other definition,

and can be applied at any time. The important point is that consistent definitions must be used

throughout the model development. The need for this consistency will, in all probability, eventually

lead to our defining the origin of right ascension by means of the JPL planetary ephemerides, followed

by our using interferometric observations of both natural radio sources and spacecraft at planetary

encounters as a means of connecting the planetary and the radio reference frames (Dewey, 1991,
Newhall et al., 1986).

Also, unless otherwise stated, we will mean by "terrestrial reference frame" some reference frame

tied to the mean surface features of the Earth. Currently, we are using a right-handed version of the

CIO reference system with the pole defined by the 1903.0 pole. In practice, this is accomplished by

defining the position of one of the interferometric observing stations (generally DSS 14 at the Goldstoue
Deep Space tracking complex}, and then by measuring the positions of the other stations under a

constraint. This constraint is that the determinations of Earth orientation agree on the average with

the International Earth Rotation Service (IERS} (1991) [and its predecessor, Bureau International

de l'Heure (BIH) (1983)] measurements of the Earth's orientation over some substantial time interval

(_ years}. This procedure, or its functional equivalent, is necessary since the interferometer is sensitive
only to the baseline vector as measured in the celestial frame. The VLBI technique does not have

any preferred origin relative to the structure of the Earth. The rotation of the Earth does, however,

provide a preferred direction in space which can be associated indirectly with the surface features of
the Earth.

In contrast, geodetic techniques which involve the use of artificial satellites, or the Moon, are

sensitive to the center of mass of the Earth as well as the spin axis. Thus, those techniques require

only a definition of the origin of longitude. We anticipate that laser ranging to the retroreflectors on

the Moon (LLR} will allow a realizable practical definition of a terrestrial frame, accurately positioned
relative to a celestial frame which is tied to the planetary ephemerides. The required collocation of

the laser and VLBI stations is being provided by Global Positioning Satellite (GPS) measurements
of baselines between VLBI and laser sites starting in the late 1980s {e.g., Ray et al., 1991}. Careful
definitions and experiments of this sort will be required to realize a coordinate system of centimeter

accuracy. In the meantime, we must establish interim coordinate systems carefully enough so that we

do not degrade the intrinsic accuracy of the interferometer data by introducing _model noise _.

The relativistic delay formulation presented in this report is the same as that in an earlier report

(Sovers and Fanselow, 1987) except for a small change in the gravitational correction. Among the
estimated parameters, only baseline length is affected by this change, in that all distances are increased

by the same factor of _ 2 parts in l0 s. Special relativistic terms in the model delay have not been

changed from the earlier report.



Exceptforsubcentimeterrelativisticcomplications caused by the locally varying Earth potential

(as discussed below}, calculation of the VLBI model for the observed delay can be summarized as
follows:

1. Specify the proper locations of the two stations as measured in an Earth-fixed frame at the time
that the wave front intersects station #1. Let this time be the proper time t_ as measured by a

clock in the Earth-fixed frame.

2. Modify the station locations for Earth-fixed effects such as solid Earth tides, tectonic motion,
and other local station motion.

3. Transform these proper station locations to a celestial coordinate system with the origin at the

center of the Earth, but moving with the Earth. This is a composite of 10 separate rotations,

represented by a rotation matrix Q(t).
4. Perform a Lorentz transformation of these proper station locations from the geocentric celestial

frame to a frame at rest relative to the center of mass of the Solar System, and rotationally

aligned with the celestial geocentric frame.

5. In this Solar-System-barycentric frame, compute the proper time delay for the passage of the

specified wave front from station _1 to station _2. Correct for source structure. Also, add in the
effective change in proper delay caused by the differential gravitational retardation of the signal.

6. Perform a Lorentz transformation of this SSB geometric delay back to the celestial geocentric

frame moving with the Earth. This produces the adopted model for the geometric portion of the

observed delay.

7. To this geometric delay, add the contributions due to clock offsets, to tropospheric delays, and

to the effects of the ionosphere on the signal (see sections 3 through 5).

As indicated in step 5, the initial calculation of delay is carried out in a frame at rest relative

to the center of mass of the Solar System (SSB frame.} First, however, steps 1 through 4 are carried
out in order to relate proper locations in the Earth-fixed frame to corresponding proper locations

in the SSB frame. Step 4 in this process Lorentz transforms station locations from the geocentric

celestial frame to the SSB frame. This step incorporates special-relativistic effects to all orders of v/c.

In the presence of gravity, this transformation can be viewed as a special relativistic transformation

between proper coordinates of two local frames (geocentric and SSB) in relative motion. For both
frames, the underlying gravitational potential can be viewed approximately as the sum of locally

constant potentials caused by all masses in the Solar System. The complications caused by small local

variations in the Earth's potential are discussed below. Initial proper delay is then computed {step 5)
in the SSB frame on the basis of these SSB station locations and an a priori SSB source location. A

small proper-delay correction is then applied to account for the differential gravitational retardation

introduced along the two ray paths through the Solar System, including retardation by the Earth's

gravity. A final Lorentz transformation including all orders of v/c then transforms the corrected SSB
proper delay to a model for the observed delay.

Since the Earth's potential varies slightly across the Earth (AUs/c 2 _ 4 × 10 -1° from center

to surface}, the specification of proper distance is not as straightforward with respect to the Earth's
potential as it is with respect to the essentially constant potentials of distant masses. To overcome this

difficulty, output station locations are specified in terms of the _TDT spatial coordinates" (Shahid-

Saless et al., 1991) used in Earth-orbiter models. Baselines modeled on the basis of this convention

deviate slightly in length (< 2 cm) from the proper values. A proper length that corresponds to a

modeled baseline can be obtained through appropriate integration of the local metric (Shahid-Saless
et al., 1991). In practice, such a conversion is not necessary since comparison of baseline measurements

obtained by different groups would be carried out in terms of TDT spatial coordinates.

The current model has been compared (Thomas, 1991, Treuhaft, 1991) with the gl-picosecond _

relativistic model for VLBI delays developed by Shahid-Saless et al. (1991}. When reduced to the same

form, the model presented here is identical to that model at the picosecond level, term by term, with

one exception. Treuhaft and Thomas (1991) show that a correction is needed to the Shahid-Saless
et al. SSB system modeling of the atmospheric delay. This correction changes the Shahid-Saless et al.

result by as much as 10 picoseconds. The remainder of this section provides the details for the first
six steps of the general outline above.
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2.1 TIME INTERVAL FOR THE PASSAGE OF A WAVE FRONT

BETWEEN TWO STATIONS

The fundamental part of the geometric model is the calculation (step #5 above) of the time

interval for the passage of a wave front from station #1 to station #2. We actually do that calculation

in a coordinate frame at rest relative to the center of mass of the Solar System. This part of the model

is presented first to provide a context for the subsequent sections, all of which are heavily involved

with the details of time definitions and coordinate transformations. We will use the same subscript
and superscript notation which is used in section 2.7 to refer to the station locations as seen by an

observer at rest relative to the center of mass of the Solar System.

First, we calculate the proper time delay that would be observed if the wave front were planar.

Next, we generalize this calculation to a curved wave front, and finally, we take into account the

incremental effect which results from the fact that we must consider wave fronts that propagate

through the various gravitational potential wells in the Solar System.

2.1.1 Plane Wave Front

POSITION OF STATION #2 \
WHEN WAVE FRONT CROSSES

> %%

* , ,),tl]

#'2[t;-t,] POSITION OF /

STATIO.#2 /
AT TIME tI

POSITION OF STATION #I

WHEN WAVE FRONT CROSSES

ITAT TIME tI

Figure 1. Geometry for calculating the transit time of a plane wave front

Consider the case of a plane wave moving in the direction, k, with station 2 having a mean

velocity, 82, as shown in figure 1. As mentioned above, distance and time are to be represented as

proper coordinates in the SSB frame. The speed of light, which is c in this representation, is set equal
to 1 in the following formulation. The proper time delay is the time it takes the wave front to move

the distance l at speed c. This distance is the sum of the two solid lines perpendicular to the wave

front in figure 1:

t_ - t, = f,-[r2(t,) - rl (tl)] + ],' #2[t_ -- tl] (2.1)

This leads to the following expression for the geometric delay:

-r,(t )I
- tl = (2.2)

1 -k "#2
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The baseline vector, r2(tl) -rt(Q), is computed on the basis of proper station locations calculated

according to Eq. (2.155) below.

2.1.2 Curved Wave Front

In the case of a signal generated by a radio source within the Solar System it is necessary to

include the effect of the curvature of the wave front. As depicted in figure 2, let a source irradiate two

Earth-fixed stations whose positions are given by r_(t) relative to the Earth's center. The position of

the Earth's center, Rc (tl), as a function of signal reception time, tl, at station #1 is measured relative

to the position of the emitter at the time, te, of emission of the signal received at time tl. While this

calculation is actually done in the Solar System barycentric coordinate system, the development that

follows is by no means restricted in applicability to that frame.

Y2CG).G] STATION//2

Jb

[_2(tl),tl]

R©(tl)

EARTH

CENTER

SOURCE

STATION //I

Figure 2. Geometry for calculating the transit time of a curved wave front

Suppose that a wave front emitted by the source at time te reaches station #I at time tl and

arrives at station #2 at time t_. The geometric delay in this frame will be given by"

* t*,-= t_- tl = IR_(_)1- IR_(t_)l (2.3)
where all distances are again measured in units of light travel time. If we approximate the velocity of
s_ation #2 by

82 = a2(q) - a_(t,) (2.4)
tl - tl

and use the relation

P_(t_)= RcCtl)+r_(h) (2.s)



we obtain:

,-= IR,,(t,.)+ 1,._(11)+.8..-I - IR,,(t,) + 1-1(t,.)1
-- n,,(t,.) [ I_,, +'21-1_,, +.,.I ] (2.6)

where

and

r_(t,) + p_ (2.7)
•2= R_(t,)

r1(tl) (2.S)
• i = Ro(tl)

For el and "2 _ 10-4, we need to keep only terms of order _3 in a slxteen-place machine in order to

expand the expression for _"in equation (2.6). This gives us:

RoaoC,)T= tic-[1"2(ti)-rl(tl)] .__ (2.9)
[1 - Rc'_2] 2 [1- Ro-_]

where to order e 3

A_(r) [e] e_]- [(:R_.su) 2 )2 .- 3 .- 3= - + (Ro.,_ + (Ro-,_) - (R-o"_)d - (Ro.,,) + (Ro",)d] (2.10)

The first term in (2.9) is just the plane wave approximation, i.e., as Re _ co, R.o _ k, with the

second term in brackets in (2.10) approaching zero as r2/Rc. Given that the ratio of the first term

to the second term is _ r/Re, wave front curvature is not calculable in a sixteen-place machine for
R > 1016 × r. For Earth-fixed baselines that are as long as an Earth diameter, requiring that the

effects of curvature be less than 0.01 em implies that the above formulation (2.10) must be used for

R < 1.4 x 1015 km, or approximately 150 light years.

The procedure for the solution of (2.9) is iterative for • < 10 -4, using the following:

_'n---- ro q- ReAc(rn-1) (2.11)
211 - fi'P2]

where

TO _ rp|ar*e wave

For e > 10 -4, directly iterate on the equation (2.6) itself, using the procedure:

(2.12)

r,., = R_lfi¢ + ,_(',,.,-1)1- Re[tic + "11 (2.13)

where again r0 is the plane wave approximation.

2.1.3 Gravitational Delay

Because a light signal propagating in a gravitational potential is retarded relative to its motion

in field-free space, the computed value for the differential time of arrival of the signals at rl(tl) and

r2 (t_) must be corrected for gravitational effects. For the geometry illustrated in figure 3, the required
correction to coordinate time delay is given by Moyer (1971} as:

_Gp = c_ ' V.+ r_(q)-- ,._j + ,,(t,)- r._j

where r,i is defined as:
r., -- [r,(t,) - r°(t.)l (2.15)



Here "YPeN is the _/factor in the parametrized post-Newtonian gravitational theory (e.g. Misner et aI.,

1973):

1+ _ {2.16)
"/PPN : _+w

where w is the coupling constant of the scalar field. For general relativity, "YPPN -- 1, i.e., Go --* oo.

However, we allow "YeeN to be an estimated parameter so that by setting %.p,_ = -1, we also have

the option of _turning off" the effects of general relativity on the estimate of the delay. This proves

useful for software development. The gravitational constant, pp, is

pp = Grnp (2.17)

where G is the universal gravitational constant, and mp is the mass of the pth gravitating body.

8
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Figure 3. A schematic representation of the geodesic connecting two points in the

presence of a gravitational mass

Dropping the time arguments in (2.14), we have:

AGP _ C3 -_-rl -_-rsl Jc r2 rs2 (2.1s)

This formulation is fine for r, _ r{ _ roi, but can be put in a computationa]ly better form for the

case of distant sources with closely spaced VLBI receivers, i.e., Ir2 -rll/rl ---* 0, r{/r,---, O. For these
sources, expand Acp in terms of r_/r_, r,{/r,, and make use of the relationship

r,, = [r_- 2r0.r, + rYl'/_ _ r.I1 - r, Sol (2.19)

This leads to

(I+ _/ppN)/_p.In[rl ÷ 1"i"r'l (2.20)



for rl/r s --+ O,

Ifwe furtherrequirethat Ir2- rlI/r1--_O,and make use of

r2 = rl + Ar (2.21)

then:

+ =,,[1 + 2_,.A,I,, +(Arlrl)2]ll2+ rl ._, + ,',r.l,

, r, (1+ _, - Ar/r,) -I- r, ._. -t- Ar • _.

In the limit of Ar/rl --, 0:

(2.22)

r2(1 +_ "_,) --, rl(l+rl 'r,) + Ar. (rl +r,) (2.23)

Substituting into (2.20) and expanding the logarithm, we obtain:

(l+'yep.)lup (r2-rl)' (rl+r'.)
AGp =

c3 rl(1 +ri "r,) (2.24)

Using whichever of these three formulations (2.18, 2.20 or 2.24) is computationally appropriate,

the model calculates a correction Acp for each of the major bodies in the Solar System (Sun, planets,
Earth, and Moon).

Before the correction ACp can be applied to a proper delay computed according to Eq. (2.2), it
must be converted from a coordinate-delay correction to a proper-delay correction appropriate to a

near-Earth frame. For such proper delays, the gravitational correction is given to good approximation

by

A_p = AGp- (I+ _/..N)Ur (2.25)

where i" is the proper delay given by Eq. (2.2), and where U is the negative of the gravitational
potential of the given mass divided by c2, as observed in the vicinity of the Earth (U is a positive

quantity). The Ur term is a consequence of the relationship of coordinate time to proper time, and

the %-PN Ur term is a consequence of the relationship of coordinate distance to proper distance.
The total gravitational correction used is:

N

= _ A_, (2.26)
p=l

where the summation to N is over the major bodies in the Solar System. For the Earth, the
(1 + %.s.N)Ur term in Eq. (2.25) is omitted if one wishes to conform with the "TDT spatial coordi-

nates" used to reduce Earth-orbiter data. The scale factor (1 +'_pp_ )U is approximately 1.97 x 10 -s
for the Sun. A number of other conventions are possible. One of these, which does not omit the

(1 + %.pN)Ur term for the Earth, but evaluates it at the Earth's surface, yields an additional scale
factor of 0.14 x 10 -s. In either case, the model delay is decreased. Consequently, all inferred _mea-

sured" lengths increase by the same fraction relative to previous lengths (e.g. by 19.7 parts per billion
or 21.1 ppb).

Some care must be taken in defining the positions given by ro, r2(t;), and rl(Q). We have chosen

as the origin the position of the gravitational mass at the time of closest approach of the received

signal to that object. The position, rs, of the source relative to this origin is the position of that

source at the time, t,, of the emission of the received signal. Likewise, the position, r_(tl), of the ith

receiver is its position in this coordinate system at the time of reception of the signal. Even with
this care in the definition of the relative positions, we are making an approximation, and implicitly

assuming that such an approximation is no worse than the approximations used by Moyer (1971) to
obtain (2.14).



Someconsiderationsfollow,regardingtheuseof appropriatetimesto obtainthepositionsofthe
emitter,thegravitationalobject,andthereceivers.Foragrazingrayemittedbyasourceat infinity,
usingthepositionofthegravitatingbodyG at the time of reception of the signal at station #1 rather

than at the time of closest approach of the signal to G can cause a 15-cm error on baselines with

a length of one Earth radius as shown by the following calculation. From figure 4, the calculated

distance of closest approach, R, changes during the light transit time, fright tran,it, of a signal from a

gravitational object at a distance REc. by:

AR _ REG(9 "t,ight t_,,i, = (9. R_c/c (2.27)

VELOCITY = e REO

RECEIVER

EMITTER

REO

Figure 4. A schematic representation of the motion of a gravitating object during the
transit time of a signal from the point of closest approach to reception by
an antenna

Since the deflection is:

C 3

6(AO) = -AO = AO/--E----_j =

(2.28)

(2.29)



Weconsider the two bodies of largest mass in the Solar System: the Sun and Jupiter. For grazing

rays, their respective deflections Ae are 8480 and 73 nanoradians. The barycentric angular velocities

--_-t axe estimated to be 0.06 and 17 nrad/sec for the Sun and Jupiter. Note that Eq. (2.27) does not
apply to the Sun. The Sun's motion in the barycentric frame has a period of 11 years with a radius
of the order of the Sun's radius. Using approximate radii and distances from Earth to estimate REc

and e, Eq. (2.29) gives 25 nrad for Jupiter; the corresponding value for the Sun is 0.07 nrad. For

a baseline whose length equals the radius of the Earth, 6(Ae)RE is thus approximately 0.05 and 15

cm for the Sun and Jupiter, respectively. The effect is much smaller for the Sun in spite of its much

larger mass, due to its extremely slow motion in the barycentric frame.
In view of the rapid decrease of gravitational deflection with increasing distance of closest ap-

proach, it is extremely unlikely that a routine VLBI observation would involve rays passing close

enough to a gravitating body for this correction to be of importance. Exceptions are experiments

specifically designed to measure planetary gravitational bending (Treuhaft and Lowe, 1991). In order

to guard against such an unlikely situation in routine work, and to provide analysis capability for spe-

cial experiments, the MODEST code always performs the transit-time correction for all planets. To

obtain the positions of the gravitational objects, we employ an iterative procedure, using the positions
and velocities of the objects at signal reception time. If R(tr) is the position of the gravitational object

at signal reception time, tr, then that object's position, It(t_}, at the time, ta, of closest approach of

the ray path to the object was:
R(ta) = R(tr) - V[tr - tal (2.30)

t,--to= IR°----! (2.31)
¢

We do thiscorrectioniteratively,using the velocity,V(tr}, as an approximation of the mean velocity,

V. Because v/c _ 10-4, an iterativesolution:

R,_(ta)=R(tr)-[V(_tcr) ] 'Rn-1 (ta)' (2.32,

rapidly converges to the required accuracy.
Gravitational potential effects and curved wave front effects are calculated independently of each

other since the gravitational effects are a small perturbation (_ 8.5 microradians or _< 1."75) for

Sun-grazing rays.
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2.2 TIME INFORMATION

Before continuing the description of the geometric model, a few words must be said about time-

tag information and the time units which will appear as arguments below. A general reference for

time definitions is the Explanatory Supplement, 1961. The epoch timing information in the data is

taken from the UTC (Universal Coordinated Time) time tags in the data stream at station #1. This

time is converted to Terrestrial Dynamic Time (TDT) and is also used as an argument to obtain an

a priori estimate of Earth orientation. The conversion consists of the following components:

TDT = (TDT - TAI) + (TAI - UTC;_Rs) + (UTCIERS -- UTCo)

+ (UTCo - UTC1) + UTCI (2.33)

where in seconds:

TDT - TAI = 32.184 (2.34)

and where TAI (Temps Atomique International) is atomic time. The International Earth Rotation

Service (IERS), its predecessor, Bureau International de l'Heure (BIH), and Bureau International

des Poids et Mesures (BIPM) are the coordinating bodies responsible for upkeep and publication of
standard time and Earth rotation quantities. TA[-UTCIERs = published integer second offset after

Oh, January 1, 1972 (leap seconds), and

TAI - UTCIEas = 9.8922417+ 3.0 × 10 -s × (UTC,rVRS -- UTCo ZERS} (2.35}

between Oh, January 1, 1968, and Oh, January 1, 1972. UTCIER3 -- UTCo ZERS = number of UTC

seconds relative to January 1, 1972. This is a negative number prior to that date. The software will

not allow this quantity to be obtained prior to 1968. UTCIERS - UTCo = the offset in UTC seconds

between IERS UTC and the UTC clock at some secondary standard (usually NBS in Boulder for DSN

observations). This can be obtained from BIPM Circular T (typical reference is Bureau International

des Poids et Mesures, 1990). In practice as of January, 1972, all that we do is use a linear interpolation

between (UTCIERS - UTCNBS) data points as published in IERS Bulletin A. The approximation
usually is made that the clock at station #1 is very close to the NBS clock, e.g., UTCo - UTCI <_

5-10 Vs. Since this time is used as epoch time in the observations, the major consequence resulting

from an error in this assumption is to make an error in the estimation of UT1-UTC of one second per
second of error in (UTCi - UTCi). An error in epoch time causes an error of _ BwEAt = 7.3 × 10 -s

cm per km baseline per/_s of clock error, where wE is the rotation rate of the Earth (section 7). Even
for the extreme case of a 10,000 km baseline and At = 10 #s, this amounts to only 0.007 cm.

A priori UT1-UTC and pole positions are normally obtained by interpolation of the IERS

Bulletin A smoothed values. However, any other source of UT1-UTC and pole position could be

used provided it is a function of UTC, and is expressed in a left-handed coordinate system (see section

2.6.1). Part of the documentation for any particular set of results should clearly state what were the
values of UT1-UTC and pole position used in the data reduction process.

For the Earth model based on the new IAU conventions, the following definitions are employed

throughout (Kaplan, 1981):
1. Julian date at epoch J2000 = 2451545.0.
2. All time arguments denoted by T below are measured in Julian centuries of 36525 days of the

appropriate time relative to the epoch J2000, i.e., T = (JD - 2451545.0)/36525.
3. For the time arguments used to obtain precession, nutation, or to reference the ephemeris,

Barycentric Dynamic Time (TDB, Temps Dynamique Barycentrique) is used. This is related

to Terrestrial Dynamic Time (TDT, Temps Dynamique Terrestre) by the following:

where

TDB = TDT + 0.'001658 sin(g + 0.0167sin(g))

(357.°528 + 35999.°050 TDT) × 2r
g = 360 °

(2.36)

(2.37)
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2.3STATION LOCATIONS

Coordinates of the observing stations are expressed in the Conventional International Origin
(CIO) 1903.0 reference system, with the reference point for each antenna defined as in Sec. 2.8. The

pre-1984 model considered the three coordinates of station i: rep_, ._i, zi (radius off spin axis, longitude,

and height above the equator, respectively) to be time-invariant. In investigations of tectonic motion,

however, a new set of coordinates is usually solved for in the least-squares estimation process for each
VLBI session. Post-processing software then makes linear fits to these results to infer the time rate of

change of the station location. Care must be taken that the correlations of coordinates estimated at

different epochs are accounted for properly. The advantage of this approach is that the contribution of

each session to the overall slope may be independently evaluated, since it is clearly isolated. Since this

procedure is somewhat inconvenient in practice, an alternative is to introduce the time rates of change

of the station coordinates as new parameters in MODEST. The model is linear, with the cylindrical
coordinates at time t expressed as

o F,p. (tr,pl : rsp, + -- to)

_, = _o+ _,,(t- to)
,, = ,o + _,(t - to)

(2.3s)
(2.39)
(2.40)

Here to is a reference epoch, at which the station coordinates are (r°m, A°, z°). If modeling is done
in Cartesian coordinates, the analogous expressions are

o i,(t- to) (2.41)Zi = X i +

y,= _,'/+ ij,(t - to) (2.42)
zi = z ° + ki(t - to) (2.43)

with (x °, yO, zo) being the station coordinates at the reference epoch.

2.3.1 Models of Tectonic Plate Motion

As an alternative to estimating linear time dependence of the station coordinates, two standard
models of tectonic plate rotation are optionally available in MODEST. The first is described in an

addition to the MERIT standards document (Melbourne et al., 1985), and was denoted AM0-2 in the
original paper (Minster and Jordan, 1978). Time dependence of the Cartesian station coordinates is
expressed as

o y o
x, = x, + (wyz_ -- w_.V°,)(t -- to)

wE_o _ "v, = v° + ( ,_, wiz°)(t - to)
j o _w_=o)(t_,,,= ,,o+ (w.v, to)

(2.44)

(2.45)

(2.46)

where w_,y,x are velocities of the plate 3"on which station i resides. Table I gives a list of the rotation
rates for the 11 plates in the AM0-2 model.
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Table I

Plate Rotation Velocities: Minster-Jordan AM0-2 Modelt

Plate wx

AFRC 0.988

ANTA -0.923

ARAB 4.867
gARB -0.486

COCO -11.122

EURA -0.536

INDI 8.443

NAZC -1.586

NOAM 0.576

PCFC -2.143
SOAM -0.978

_0 V

-3.360

-1.657

-2.922
-0.988

-23.238

-2.769

4.365

-9.299

-3.984

5.439

-1.863

t units are nrad/year

L0_

4.192

3.765

6.520

1.881

12.663

3.422

7.528

I1.006

-0.249

-11.438

-1.508

Note that the velocities are expressed in nanoradians per year rather than the microdegrees per year

used in the original paper.

More recent models, denoted NUVEL-1 and NNR-NUVEL1, axe due to DeMets et al. (1990)

and Argus and Gordon (1991), respectively. In NUVEL-1, the Pacific plate is stationary, while
NNR-NUVEL1 is based on the imposition of a no-net-rotation (NNR) condition. With some notable

exceptions, the NUVEL models give rates that are very close to those of the AM0-2 model. The
AM0-2 INDI plate has been split into AUST and INDI, and there are two additional plates: JDEF (Juan

de Fuca) and PHIL (Philippine). The NUVEL-1 rotation rates are given in Tables II and III.

Table II

Plate Rotation Velocities: NUVEL-1 Modelt

Plate

AFRC

ANTA

ARAB

AUST

CARB

2.511

0.721
8.570

9.777

1.393

wy

-8.303
-6.841

-5.607

0.297
-8.602

coco

EURA

INDI

JDEF

NAZC

NOAM

PCFC

PHIL

SOAM

-9.323

0.553

8.555

6.81
-0.023

1.849

0.000

11.9

0.494

-27.657

-7.567

-5.020

3.32
-14.032

-8.826

0.000

12.8

-6.646

14.529

14.302

17.496

16.997
12.080

21.853

13.724
17.528

5.31

20.476

10.267

0.000

0.000

9.517

t units are nrad/year
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Table III

Plate Rotation Velocities: NNR-NUVEL1 Modelt

Plate w=
AFRC 0.929

ANTA -0.862

ARAB 6.987
AUST 8.194

CARB -0.190

coco -10.907

_0y

-3.239

-1.777

-0.543

5.362

-3.538
-22.592

Wz

4.098
3.871

7.067

6.566

1.649

11.420
EURA

INDI

JDEF

NAZC

NOAM

PCFC

-1.030

6.973

5.227

-1.607

0.265

-1.583

-2.503

0.045

8.386

-8.968

-3.761

5.065

3.293
7.097

-5.124

10.046

-0.164

-10.430

PHIL 10.320 -7.700 -10.430

SOA_ -1.089 -1.581 -0.913

t units axe nrad/year

At present, there is no facility in MODEST to compute partial derivatives with respect to the
plate velocities, or to solve for these quantities.
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2.4 TIDAL EFFECTS

As an initial step in calculating the geometric delay, we need to consider the effects of crustal

motions on station locations. Among these deformations are solid Earth tides, tectonic motions, and

alterations of the Earth's surface due to local geological, hydrological, and atmospheric processes. One

possibility is to not model crustal movement other than that due to solid Earth tides, and allow the
other effects to manifest themselves as temporal changes of the Earth-fixed baseline. Such a strategy

corrupts the estimation of global orientation parameters from a finite set of baselines, and is a known

weakness (_1-10 cm/year) of the simplified form of the current model.
In the standard terrestrial coordinate system, tidal effects modify the station location r0 by an

amount

A = A_o t + Apo t + Aoc n + Aatrn (2.47)

where the four terms are due to solid Earth tides, pole tide, ocean loading, and atmosphere loading,

respectively. Other Earth-fixed effects would be incorporated by augmenting the definition of A.
All four tidal effects are most easily calculated in some variant of the VEN (vertical, East, North)

local geocentric coordinate system. To transform them to the Earth-fixed coordinate frame, the

transformation VW, given in the next section, is applied.

2.4.1 Solid Earth Tides

Calculating the alteration of the positions of the stations caused by solid Earth tides is rather

complicated due to the solid tides' coupling with the ocean tides, and the effects of local geology.

We have chosen to gloss over these complications initially, and to incorporate the simple multipole

response model described by Williams (1970), who used Melchior (1966) as a reference. Let l_p be the

position of a perturbing source in the terrestrial reference system, and r0 the station position in the
same coordinate system. To allow for a phase shift (¢) of the tidal effects, the phase-shifted station

vector r, is calculated from r0 by applying a right-handed rotation, L, through an angle ¢ about the

Z axis of date, r_ = Lr0. This lag matrix, L, is:

L= -sin¢ cos¢ (2.48)
0 0

By a positive value of ¢ we mean that the peak response on an Earth meridian occurs at a time

6t = "dj/wE after that meridian containing ro crosses the tide-producing object, where wE is the
angular rotation rate of the Earth. In the vertical component, the peak response occurs when the

meridian containing r, also includes Rp.

The tidal potential at r, due to the perturbing source at R r, is expressed as

Grnp [ ( r, _ z r_ 3

=u2+u3 (2.49)

where only the quadrupole and octupole terms have been retained. Here, G is the gravitational

constant, mp is the mass of the perturbing source, /9/ are the Legendre polynomials, and _ is the angle

between r, and Rp.

In a local geocentric VEN coordinate system (axes vertical, eastward, and northward} on a

spherical Earth, the tidal displacement vector 6is

= 9 '1,g 'l,9 '1( (2.50)
i
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where the g(i)(i = 2,3) are the quadrupole and octupole displacements. The components of $ are

obtained from the tidal potential as

9_'_ = h,u,/9 (2.sl)

g_ = t, cos_, (_-: )19 (2.52)
/OUi',

4 =l, (2.53)

where h,(i= 2,3)arethe vertical(qu_drnpoleand octupole)Love numbers,h(i = 2,3) the corre-

spondinghorizontal Love numbers, and A, and ¢, are the station longitude and latitude, and g the
acceleration due to gravity,

g= amEI,._ (2.54)

Using the relation between terrestrial and celestial coordinates,

cos 0 = sin ¢o sin 6p + cos _bocos 6p cos(Ao + aa - ap) (2.55)

with _p, 5p the right ascension and declination of the perturbing body, and c_c the RA of Greenwich,
some algebra produces the following expressions for the quadrupole and octupole components of B in

terms of the coordinates of the station (x,, yo, z,) and the tide-producing bodies (Xp, Yp, Z,):

3ppr_ (ro p_p)2 2 2
• r'R'l (2.56)

g_2)=_ R_-'-[ 2 6 'J

3ppr_ .
g_2) = _ _____ps(ro .p_)(x.y_y.Xp)lv_ +Yl (2.57)

(2.58)

3":'_ [5(,° •x%)_- ,.oR,,]4 3_= _ _ " _ (_.r,-_.X,)lv_, +:, (2.6o)
P

P

(2.61)

where p, is the ratio of the mass of the disturbing object, p, to the mass of the Earth, and

Pip = [Xp, Yp, Zp] T (2.62)

is the vector from the center of the Earth to that body. The summations are over tide-producing

bodies, of which we include only the Sun and the Moon. If the tidal effect at time tl is desired, and
the light travel time is St, then the position of the tide-producing mass at time

t, - 6t = t, -IR,(t, - 6t)llc (2.63)

should be used Ca nuance we have not yet incorporated). While the quadrupole displacements are

of the order of 50 cm, the mass and distance ratios of the Earth, Moon, and Sun limit the octupole

terms to a few mm. The octupole terms are optionally included in the MODEST code, but partials

with respect to the Love numbers are available only for the quadrupole terms.
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Toconvert the locally referenced strain, 6, which is expressed in the VEN system, to the Earth-

fixed frame, two rotations must be performed. The first, W, rotates by an angle, Cs (station geodetic

latitude), about the y axis to an equatorial system. The second, V, rotates about the resultant z axis

by angle, -As (station longitude), to bring the displacements into the standard geocentric coordinate

system. The result is
A soI = VW 6 (2.64)

where

and

cos¢. 0 -sines)
W= 0 1 0

sine, 0 cosC,

/cosA, -sinA,

V= _SinoA, coSA,o

Actually,the product of these two matrices iscoded:

/ cosAs cos¢, -sinAs

VW = [ sin As cos Cs cos As
sin Cs 0

MODEST code uses geodetic latitudes

cosAssinCs "_
- sin As sin Cs )COS _s

(2.65)

(2.66)

Cs __ tan_l[ z, ]rsp.(1-- l/f) 2

(2.67)

(2.68)

where f is the geoid flattening factor. The difference between geodetic and geocentric latitude can
affect this model on the order of (tidal effect)/(flattening factor) _ 0.1 cm.

2.4.2 Pole Tide

One of the secondary tidal effects is the displacement of a station by the elastic response of the

Earth's crust to shifts in the spin axis orientation. The spin axis is known to describe a circle of
20-m diameter at the north pole. Depending on where the spin axis pierces the crust at the instant

of a VLBI measurement, the _pole tide _ displacement will vary from time to time. This effect must

be included if centimeter accuracy is desired.

Yoder (1984) derived an expression for the displacement of a point at geocentric latitude ¢,

longitude A due to the pole tide:

8 = w_R[sin¢cos¢(xcosA + ysinA)h_
g

+ cos 2¢(xcosA + ysin A) l

+ sin ¢(--x sin A + y cos A) l A] (2.69)

Here wE is the rotation rate of the Earth, R the radius of the (spherical) Earth, g the acceleration

due to gravity at the Earth's surface, and h and I the customary Love numbers. Displacements of the

spin axis from the 1903.0 CIO pole position along the x and y axes are given by x and y. Eq. (2.69)

shows how these map into station displacements along the unit vectors in the radial (_), latitude (_),

and longitude (A} directions. With the standard values wE = 7.292 × 10 -5 rad/sec, R = 6378 km,

and g = 980.665 cm/sec 2, the factor w_R/g = 3.459 × 10-3. Since the maximum values of x and y

are of the order of 10 meters, and h _ 0.6, l _ 0.08, the maximum displacement due to the pole tide

is 1 to 2 cm, depending on the location of the station (¢, A).

The locally referenced displacement $ is transformed via the suitably modified transformation

(2.67) to give the displacement Apol in the standard geocentric coordinate system. The pole tide
effect has been coded as an optional part of the MODEST model. It is only applied if specifically

requested, i.e., the default model contains no pole tide contributions to the station locations.
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2.4.8 Ocean Loading

This sectionisconcerned with another of the secondary tidaleffects,i.e.,the elasticresponse

of the Earth's crust to ocean tides,which move the observing stationsto the extent of a few cm.

Such effectsare commonly labeled "ocean loading._ A model of ocean loading isincorporated in

the MODEST code. Itisgeneralenough to accommodate a varietyof externallyderived constants

describingthe tidephases and amplitudes. Because the stationmotions caused by response to ocean

tidesappear to be limitedto approximately 3 cm for sitesfurtherthan _-.100km from the coast,no

estimationcapabilitywas deemed necessaryat present.This decisionissupported by the factthat for

locationsnear the coast,where the effectsmay be more sizeable,and which would thus be expected

to produce data usefulin parameter estimation,the elasticresponse modeling isas yet inadequate

(Agnew, 1982). As suggested in section8 of the initialversionof thisreport (Fanselow,1983),local

Earth motion can be partiallyaccounted for by varying the Love numbers for each station. The

presentmodel entailsderivingan expressionfor the locallyreferenceddisplacement 8 clueto ocean

loading.In the vertical,N-S, F__W localcoordinatesystem (thecomputer code acceptsinputs related

to unit vectorsin the vertical,North, and West directions)at time _,

N

5i= cos( ,t+v,-6[) (2.70)
i----1

The quantitiesw_ (frequencyof tidalconstituenti) and V/ (astronomicalargument of constituenti)

depend only on the ephemeris information (positionsofthe Sun and Moon). The algorithm of Goad

(IERS, 1989) isused to calculatethese two quantities.On the other hand the amplitude _" and

Greenwich phase lag 6[ of each tidalcomponent 3"are determined by the particularmodel assumed

for the deformation of the Earth. The localdisplacement vectoristransformed via F_Is.(2.67)and

(2.64)to the displacement Aoc,_in the standard geocentricframe.

Input to MODEST providesfor specificationofup to 11 frequenciesand astronomicalarguments

w_ and _, followedby tablesofthe localdistortionsand theirphases,_ and _[,calculatedfrom the

ocean tidalloadingmodel ofchoice.The elevencomponents are denoted, in standard notation: M2,

$2, N2, and K2 (allwith approximately 12-hour periods),KI, O1,/'I, QI (24 hr),Mf (14 day), M,n

(monthly), and Ssa (semiannual).

Presentlyfourchoicesofocean loadingmodels are availableforuse with MODEST. They differin

the displacements calculatedand components considered,aswell as inthe numerical valuesthat they

yieldfor the _s and _[s. Scherneck'sresults(1983, 1990, 1991) are the most complete in the sense

of consideringboth verticaland horizontaldisplacements and alleleven tidalcomponents. Goad's

model (1983)has been adopted in the MERIT and IERS standards (1989),but only considers vertical

displacements. Pagiatakis' (1982, 1990) model, based on Pagiatakis, Langley, and Vanicek (1982),
considers only six tidal components. Agnew (1982) only considers five components, but pays special

attention to points near coastlines. Table IV summarizes the features of the four models, with V and

H indicating vertical and horizontal components, respectively.

Due to their bulk, none of the tables of tidal amplitudes is reproduced here, but are available

on request in computer-readable form. The default tidal model in MODEST remains the Williams

quadrupole solid Earth tide model with no ocean loading.

Table IV. Ocean Loading Models

i.

Model

Scherneck

Goad (MERIT, IERS)

Pagiatakis

Agnew

Displacements

V, H
V

V, H

V, H

Tidal components

M2,.q2N2K2KIO1P1Q1Mf MmS,,_
M2S2N2K2 KI OI P1QI MI M, nSja

M2S2N_ KlO1PI
M2S2N2 KIOI
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2.4.4 Atmosphere Loading

By analogy with the consequences of ocean tides that were considered in the previous section, a

time-varying atmospheric pressure distribution can induce crustal deformation. A paper by Rabbel

and Schuh (1986) estimates the effects of atmospheric loading on VLBI baseline determinations, and
concludes that they may amount to many millimeters of seasonal variation. In contrast to ocean

tidal effects, analysis of the situation in the atmospheric case does not benefit from the presence of

a well-understood periodic driving force. Otherwise, estimation of atmospheric loading via Green's

function techniques is analogous to methods used to calculate ocean loading effects. Rabbel and
Schuh recommend a simplified form of the dependence of the vertical crust displacement on pressure

distribution. It involves only the instantaneous pressure at the site in question, and an average pressure

over a circular region C of radius R = 2000 km surrounding the site. The expression for the vertical

displacement (mm) is:
Ar = -0.35p0 - 0.55_ (2.71)

where Po is the local pressure anomaly (relative to the standard pressure of 1013 mbar), and 1_

the pressure anomaly within the 2000-kin circular region mentioned above (both quantities are in

mbar). Note that the reference point for this displacement is the site location at standard (sea level)

pressure. The locally referenced Ar is transformed to the standard geocentric coordinate system via

the transformation (2.67).
It was decided to incorporate this rudimentary model into MODEST as an optional part of the

model, with an additional mechanism for characterising 1_. The two-dimensional surface pressure

distribution (relative to 1013 mbar) surrounding a site is described by

p(x, y) = Ao + Axz + A2y + A3z 2 -'F A4xy + Asy 2 (2.72)

where z and y are the local East and North distances of the point in question from the VLBI site.

The pressure anomaly l_ may then be evaluated by the simple integration

l_ = //Gdzdy p(x,Y) / //cdxdy (2.73)

giving

= Ao + (As + As)R2/4 (2.74)

It remains the task of the data analyst to perform a quadratic fit to the available weather data

to determine the coefficients A0-5. Future advances in understanding the atmosphere-crust elastic

interaction can probably be accommodated by adjusting the coefficients in Eq. (2.71).
After each of the locally referenced tidal displacements has been transformed to standard terres-

trial coordinates, the station location is

rt = ro + A0o_ + Apot + Aoen + A_t._ (2.75)
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2.5SOURCE STRUCTURE EFFECTS

Numerous astrophysical studies during the past decade have shown that compact extragalactic

radio sources have structures on a milliarcsecond scale (e.g., Kellermann and Pauliny-Toth, 1981).

Such studies are important for developing models of the origin of radio emission of these objects.

Many radio source structures are found to be quite variable with frequency and time (Zensus and

Pearson, 1987). If extragalactic sources are to serve as reference points in a stable reference frame, it
is important to correct for the effects of their structures in astrometric VLBI observations.

Recently, MODEST modeling was extended to allow optional corrections for the effects of source

internal structures, based on work by Thomas (1980), Ulvestad (1988), and Charlot (1989). A non-
point llke distribution of the intensity of a source yields time dependent corrections to the group delay

and delay rate observables, Ara and A÷a, that may be written in terms of the intensity distribution

I(s, t) as
Ara = 8¢s/Sw, A÷ a = 8¢,/c9t (2.76)

with

and

Ca=  rctan(-Za/Zc) (2.77)

= cos / (2rB. s/h) (2.r8)

Here ¢, is the correction to the phase of the incoming signal, s is a vector from the adopted reference

point to a point within the source intensity distribution in the plane of the sky, w and J are the

observing frequency and wavelength, B the baseline vector, and the integration is over solid angles fl.
Source intensity distribution maps are most conveniently parametri_.ed in terms of one of two models:

superpositions of delta functions or Ganssians. At a given frequency, the corresponding intensity
distributions are written as

or

xCs)= 8 6(x-xk, y-yk) (2.79)

ICs)=___ Sk exp[--[(x-- xk)cosS_ + (y-- yk)sinSk]212ak 2
21rak bk

k

xk) sinSk + (y - Yk)cos 8k]_/2bk 2] (2.80)l-ix

where Sk is the flux of component k, and sk (with components xk, Yk in the plane of the sky) is its

position relative to the reference point. For Gaussian distributions, 0k is the angle between the major
axis of component k and the u axis (to be defined below), and (ak,bk) are the full widths at half

maximum of the (major, minor) axes of component k normalized by 2vf2 log 2. The quantities Z{ • }
entering the structure phase ¢, lEq. (2.77)1 are

Z{:} : _ ,qk { sin }(2rB. sk/_) (2.81}
COS

k

for delta functions, and

Z{.} = _ Skexp[--2r2(a_U_ + b_V_)l{ sin }(2rB" sk/)_)
COS

k

(2.82)

for Gaussians. Here

Uk = u cos Ok + v sin _k (2.83)

Vk = --usinSk + vcos 0k (2.84)

with u,v being the projections of the baseline vector B on the plane of the sky in the E-W, N-S

directions, respectively.
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MODESTaccepts maps specified in terms of an arbitrary number of Gaussian or delta function

components. At most, six parameters must be specified for each component: its polar coordinates
and flux, and, for a Gaussian, its major and minor axes and the position angle of the major axis. The

structural correction for phase is computed via Eqs. (2.77), (2.81), and (2.82). For the BWS delay

observable, the structure correction is the slope of a straight line fitted to the individual structure

phases calculated for each frequency channel used during the observation. For example, for Mark III
data there are typically 8 channels spanning _8.2 to 8.6 GHz at X band, and 6 channels spanning

_2.2 to 2.3 GHz at S band. Delay rate structure corrections are calculated by differencing the

structure phases at -t-2 seconds (see Section 6). In the case of dual-band (S-X} experiments, a linear
combination of the structure corrections calculated independently for each band is applied to the

dual-band observables.

The practical question to be resolved in the future is whether such structural corrections yield

significant and detectable corrections to the observables at the present levels of experimental and

modeling uncertainty. Maps are available for only a few of the hundreds of sources currently observed

by VLBI. Some of the extended sources show time variability on a scale of months; since the corrections
Ar_ and A÷o are quite sensitive to fine details of the structure, in such cases new maps may be

required on short time scales. Depending on the relative orientation of the source and baseline, the
delay correction can be as large as _1 ns, which is equivalent to tens of cm. An optimistic note is the

recent observation of Charlot (1990) that data from a multiple baseline geodynamics experiment are

adequate to map source structures with high angular resolution.
Empirical evaluation of the effects of unknown source structure on VLBI measurements could be

made via the time rates of change of the source right ascension a and declination 6. A linear model

of the motion of source coordinates
= o0 + - t0) (2.8s)

6 = 60+ t(t - t0) (2.s6)

is implemented in MODEST. Non-zero estimates of the rate parameters & and _ could arise either

from genuine proper motion or from motion of the effective source centroid sampled by VLBI mea-
surements. Proper interpretation of such results is problematic, but non-zero rates can be used as a

crude diagnostic for the presence of structure effects.
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2.6 TRANSFORMATION FROM TERRESTRIAL TO CELESTIAL
COORDINATE SYSTEMS

The Earth is approximately an oblate spheroid, spinning in the presence of two massive moving

objects (the Sun and the Moon) which are positioned such that their time-varying gravitational effects

not only produce tides on the Earth, but also subject it to torques. In addition, the Earth is covered

by a complicated fluid layer, and also is not perfectly rigid internally. As a result, the orientation
of the Earth is a very complicated function of time, which to first order can be represented as the

composite of a time-varying rotation rate, a wobble, a nutation, and a precession. The exchange of

angular momentum between the solid Earth and the fluids on its surface is not readily predictable,

and thus must be continually determined experimentally. Nutation and precession are well modeled

theoretically. However, at the accuracy with which VLBI can determine baseline vectors, even these

models are not completely adequate.

Currently, the rotational transformation, Q, of coordinate frames from the terrestrial frame to

the celestial geocentric frame is composed of 6 separate rotations {actually 12, since the nutation,

precession, and Uperturbation" transformations, N, P, and ft, consist of 3 transformations each)

applied to a vector in the terrestrial system:

Q = flPNUXY (2.87)

In order of appearance in (2,87), the transformations are: the perturbation rotation, precession,
nutation, UT1, and the x and y components of polar motion. All are discussed in detail in the

following four sections. With this definition of Q, if rt is a station location expressed in the terrestrial

system, e.g., the result of {2.75), that location, re, expressed in the celestial system is

rc = Qr, (2.88)

This particular formulation follows the historical path of astrometry, and is couched in that

language. While esthetically unsatisfactory with modern measurement techniques, such a formulation

is currently practical for intercomparison of techniques and for effecting a smooth inclusion of the

interferometer data into the long historical record of astrometric data. Much more pleasing esthetically
would be the separation of Q into two rotation matrices:

Q = Q1Q2 (2.89)

where Q2 are those rotations to which the Earth would be subjected if all external torques were

removed (approximately UXY above), and where Q1 are those rotations arising from external torques

(approximately nPN above). Even then, the tidal response of the Earth prevents such a separation
from being perfectly realized. Eventually, the entire problem of obtaining the matrix Q, and the tidal

effects on station locations should be done numerically. Note that the six rotations operating on a
vector yield its components in a new coordinate system, and, since we rotate the Earth rather than the

celestial sphere, the matrices f2, P, and N will be the transposes of those used to rotate the celestial

system of J2000 to a celestial system of date.

2.6.1 UT1 AND POLAR MOTION

The first transformation, Y, is a right-handed rotation about the x axis of the terrestrial frame

by an angle e2. Currently, the terrestrial frame is the 1903.0 CIO frame, except that the positive y

axis is at 90 degrees east (Moscow). The x axis is coincident with the 1903.0 meridian of Greenwich,
and the z axis is the 1903.0 standard pole.

(i 0 0)Y = cos02 sin02 (2.90)

-sin02 cos02
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where e2 is the y pole position published by IERS.

The next rotation in sequence is the right-handed rotation through an angle Ol about the y axis

obtained after the previous rotation has been applied:

cosel 0 -sin01)
X = 0 1 0 (2.91)

sin 01 0 C08 01

In this rotation, 01 is the IERS x pole position. Note that we have incorporated in the matrix
definitions the transformation from the left-handed system used by IERS to the right-handed system

we use. Note also that instead of IERS data used as a pole definition, we could instead use any other

source of polar motion data provided it was represented in a left-handed system. The only effect

would be a change in the definition of the terrestrial reference system.

The application of "XY" to a vector in the terrestrial system of coordinates expresses that vector
as it would be observed in a coordinate frame whose s axis was along the Earth's ephemeris pole.

The third rotation, U, is about the resultant z axis obtained by applying _XY". It is a rotation

through the angle, -H, where H is the hour angle of the true equinox of date (i.e., the dihedral angle
measured westward between the xz plane defined above and the meridian plane containing the true

equinox of date). The equinox of date is the point defined on the celestial equator by the intersection
of the mean ecliptic with that equator. It is that intersection where the mean ecliptic rises from below

the equator to above it (ascending node).

cosH -sinH !)
U = sinH cosH (2.92)

0 0

This angle H is composed of two parts:

H = h_ + czE (2.93)

where h_ is the hour angle of the mean equinox of date, and c_E (equation of equinoxes) is the difference
in hour angle of the true equinox of date and the mean equinox of date, a difference which is due
to the nutation of the Earth. This set of definitions is cumbersome and couples the nutation and

precession effects into Earth rotation measurements. However, in order to provide a direct estimate

of conventional UT1 it is convenient to endure this historical approach, at least for the near future.

UT1 (universal time) is defined to be such that the hour angle of the mean equinox of date is
given by the following expression (Aoki et al., 1982, and Kaplan, 1981):

h_ = UT1 + 6h 41 "_ 50".54841 + 8640184'.812866 T,

+ 0'.093104 T_ - 6'.2 x 10 -6 T 3 (2.94)

where the dimensionless quantity

T, = (Julian UT1 date) - 2451545.0
36525

The actual equivalent expression which is coded is:

(2.95)

h_ =2r(UT1 Julian day fraction) + 67310".54841

+ 8640184'.812866 T, + 0°.093104 T_ - 6'.2 x 10 -s T_ (2.96)

This expression produces a time, UT1, which tracks the Greenwich hour angle of the real Sun to

within 16 m. However, it really is sidereal time, modified to fit our intuitive desire to have the Sun

directly overhead at noon on the Greenwich meridian. Historically, differences of UT1 from a uniform
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measure oftime,such as atomic time, have been used inspecifyingthe orientationofthe Earth. Note

that thisdefinitionhas buried initthe precessionconstant sinceitrefersto the mean equinox ofdate.

By the very definitionof _mean of date" and _true ofdate", nutation causes a differencein the

hour angles of the mean equinox of date and the true equinox of date. This difference,calledthe

%quation of equinoxesn, isdenoted by c_E and isobtained accordingly:

/ N-fT)=tan-'k#.,/
where the vector

= (2.98)

isthe unit vector,in true equatorialcoordinatesofdate, toward the mean equinox ofdate. In mean

equatorialcoordinates of date, thissame unit vector isjust (1,0,0)T. The matrix Ni_ I isjust the

inverse(or equally,the transpose) of the transformation matrix N which willbe defined below [Eq.

(2.105)]to effectthe transformation from true equatorialcoordinates of date to mean equatorial
coordinates ofdate.

2.6.1.1 Short Period UT1 Variations

Depending on the smoothing used to produce the a priori UTI - UTC series,the short-period

(t< 35 days) fluctuationsin UT1 due tochanges inthe latitudeand sizeof the mean tidalbulge may

or may not be smoothed out. Since we want as accurate an a priorias possible,itmay be necessary

to add thiseffectto the UT1 a prioriobtained from the seriesUTlsmooth_d. Ifthisoption isselected,
then the desireda prior/UT1 isgiven by

UTIa p,_o,_= UTlsrnoothea+ AUTI (2.99)

UTl,rnoo_hea represents an appropriately smoothed a priori measurement of the orientation of the

Earth (i.e., typically IERS Bulletin A smoothed or, even better, UT1R), for which the short period

(t < 35 days) tidal effects have either been averaged to zero, or, as in the case of UT1R, removed
before smoothing. This AUT1 can be represented as

AUT1 = _ Ai sin kli_i (2.100)
i=1

where N is chosen to include all terms with a period less than 35 days. There are no other con-

tributions until a period of 90 days is reached. However, these long-period terms are included by

the measurements of the current Earth-orientation measurement services. The values for k_y and A_,
along with the period involved, are given in Table V. The a_ for i = 1, 5 are just the angles defined

below (Section 2.6.2) in the nutation series as l, 1', F, D, and fl, respectively. In Table V, the sign

of the 14.73 day term has been changed [Yoder (1982)] to correct a sign error in Yoder et al. (1981).
The BIH Annual Report for 1982 [BIH (1983)] is the first reference to give the correct table.

It might be appropriate at this point to describe the interpolation method used in MODEST to

obtain a priori polar motion and UT1 values. These are normally available as tables at 5-day intervals,

from either IERS (IERS, 1991) or the IRIS project (IAG, 1986}. Linear interpolation is performed

for all three quantities. If the short-period tidal terms AUT1 are present in the tabular values, they

are subtracted before interpolation, and added back to the final value. With the present accuracy of

determinations of pole position and UT1 (1 mas and 0.05 ms respectively), linear interpolation over a

5-day interval may be inadequate, possibly giving rise to 0.1 to 0.2 ms errors in UT1. Quadratic spline

interpolation is being considered as an alternative. Even with the present code, however, the highest
possible accuracy may be achieved by performing the interpolation externally to MODEST, and

supplying it with tables of values more closely spaced i.n time for the final internal linear interpolation.

The Kalman-filtered UTPM values of Eubanks et al. (1984) are ideally suited for this purpose.
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TableV
PeriodicTidallyInducedVariationsin UT1

with PeriodsLessthan35Days

Index
i

1
2

3

4
5

6

7

8

9
10

11

12

13

14

15
16

17

18

19

20
21

22

23

24

25

26

27
28

29

3O

31
32

33

34

35

36
37

38

39

4O

41

Period

(days)

5.64

6.85

6.86

7.09
7.10

9.11

9.12

9.13

9.18
9.54

9.56

9.61

12.81

13.17

13.61
13.63

13.66

13.75

13.78

13.81
14.19

14.73

14.77

14.80

15.39

23.86

23.94
25.62

26.88

26.98

27.09
27.44

27.56

27.67

29.53
29.80

31.66

31.81

31.96

32.61

34.85

Argument coefficient

kil ki2 ki3 ki4 ki5

1 0 2 2 2

2 0 2 0 1

2 0 2 0 2

0 0 2 2 1

0 0 2 2 2

1 0 2 0 0

1 0 2 0 1

1 0 2 0 2

3 0 0 0 0
-1 0 2 2 1

-1 0 2 2 2

1 0 0 2 0

2 0 2 -2 2

0 1 2 0 2
0 0 2 0 0

0 0 2 0 1

0 0 2 0 2

2 0 0 0 -1

2 0 0 0 0

2 0 0 0 1
0 -1 2 0 2

0 0 0 2 -1

0 0 0 2 0

0 0 0 2 1

0 -1 0 2 0

1 0 2 -2 1

1 0 2 -2 2
1 1 0 0 0

-1 0 2 0 0

-1 0 2 0 1

-1 0 2 0 2
1 0 0 0 -1

1 0 0 0 0

1 0 0 0 1

0 0 0 1 0
1 -i 0 0 0

-1 0 0 2 -1

-1 0 0 2 0

-1 0 0 2 1

1 0 -2 2 -1

-1 -1 0 2 0

Ai

(0'.0001)

-0.02

-0.04

-0.10

-0.05
-0.12

-0.04

-0.41

-0.99

-0.02
-0.08

-0.20

-0.08

0.02

0.03

-0.30

-3.21

-7.76
0.02

-0.34

0.02

-0.02

0.05

-0.73

-0.05

-0.05

0.05

0.10
0.04

0.05

0.18
0.44

0.53

-8.26

0.54

0.05
-0.06

0.12

-1.82

0.13

0.02

-0.09
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It is convenient to apply uUXY_ as a group. To parts in 1012,XY : YX. However, with the

same accuracy UXY _ XYU. Neglecting terms of 0 (e 2) (which produce station location errors of

approximately 6 x 10 -4 cm):

cosH -sine - sin el cos H - sin e2 sin HH)
_XY = sin// cos// - sin el sin H + sin e2 cos (2.101)

sin e_ - sin e2 1

2.6.2 NUTATION

With the completion of the UT1 and polar motion transformations, we are left with a station
location vector, rdate. This is the station location relative to true equatorial celestial coordinates of

date. The last set of transformations are nutation, N, precession, P, and the perturbation rotation,

fl, applied in that order. These transformations give the station location, re, in celestial equatorial
coordinates:

re = flPNrdate (2.102)

The transformation matrix N is a composite of three separate rotations (Melbourne et al., 1968):

1. A(e): true equatorial coordinates of date to ecliptic coordinates of date.

(i 0 0)A(e) = cos • sin

-sine cos_]

2. 0r(6¢): nutation in longitude from ecliptic
date.

(2.103)

coordinates of date to mean ecliptic coordinates of

( co, !)o,(.): °°o"
where 6¢ is the nutation in ecliptic longitude.

(2.104)

3. AT(i): ecliptic coordinates of date to mean equatorial coordinates.

In ecliptic coordinates of date, the mean equinox is at an angle 6¢ = tan-X(y¥/x¥). 6e = • -
is the nutation in obliquity, and i is the mean obliquity (the dihedral angle between the plane of the

ecliptic and the mean plane of the equator). UMean _ as used in this section implies that the short-

period (T _< 18.6 years) effects of nutation have been removed. Actually, the separation between
nutation and precession is rather arbitrary, but historical. The composite rotation is:

N = a _'(_)oT(6¢)a(,) (2.105)

{ cos6¢ cosesin6¢ sinesin 6¢

= /-cosisin6¢ cos i cos e cos 6¢ + sin_sine cosisinecos6¢ - sin_cose !
_ -sinisln6¢ sin icos e cos 6¢ - cosisine sinisinecos6¢ + cos_cose]

The 1980 IAU nutation model (Seidelmann, 1982, and Kaplan, 1981) is used to obtain the values

for 6¢ and e • The mean obliquity is obtained from Lieske et al. (1977) or from Kaplan (1981):

= 23° 26' 21."448 - 46."8150 T - 5."9 x 10-4T 2 + I."813 x 10-3T 3 (2.106)

T = (Julian TDB date) - 2451545.0
36525

(2.1o7)
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This nutation in longitude (6_b) and in obliquity ( 5e = e-_ ) can be represented by a series expansion
of the sines and cosines of linear combinations of five fundamental arguments. These are [Kaplan,

1981, Cannon, 1981):

1. the mean anomaly of the Moon:

51 _" I _--" 485866".733 + (1325 r + 715922".633)T

+ 31".310 T 2 + 0".064 T s (2.108)

2. the mean anomaly of the Sun:

52 =/'= 1287099".804 + [99" + 1292581".224)T

- 0".577 T 2 - 0."012 T 3 (2.109]

3. the mean argument of latitude of the Moon:

53 = F = 335778".877 + (1342 r + 295263".137)T

- 13".257 T 2 + 0".011 T 3 (2.110)

4. the mean elongation of the Moon from the Sun:

_'4 = D = 1072261".307 + (1236 r + 1105601".328) T

- 6".891 T 2 + 0".019 T 3 (2.111)

5. the mean longitude of the ascending lunar node:

56 = fl = 450160".280 - (5 r + 482890".539) T

+ 7".455 T 2 + 0".008 T 3 (2.112)

where 1r -- 360 ° = 1296000".

With these fundamental arguments, the nutation quantities can then be represented by

6_b = _ (Aoj + AIiT) sin ki_5,(T )
_ 1"= _i=I

and

5e = E (Boy + BliT) cos ki_5,(T)
j=l

where the various values of 5i, k.fi, A.f, and B i are tabulated in Table A.I.

(2.113)

(2.114)

2.6.2.1 Corrections to the 1980 IAU Model

Additional terms can be optionally added to the nutations 5_b and 6e in Eqs. (2.113) and (2.114).
These include the out-of-phase nutations, the free-core nutations (Yoder, 1983) with period w! (nom-

inally 430 days), and the _nutation tweaks" A_b and Ae, which are arbitrary constant increments
of the nutation angles 5_ and 5e. Unlike the usual nutation expressions, the tweaks have no time

dependence. The out-of-phase nutations, which are not included in the IAU 1980 nutation series, are

identical to Eqs. (2.113) and (2.114), with the replacements sin _ cos:

6_ ° = _ (A2j + AssT) cos ky_5,(T)
y=l

5[ i5 11,5_° = (B2j + BaiT) sin k.fisi(T)
j=l "i=1 _J

and

(2.115)

(2.116)
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and

Expressions similar to these are adopted for the flee-core nutations:

6¢1 = (Aoo + AioT)sin(wiT ) + (A2o + A3oT)cos(wiT ) (2.117)

_el = (Boo + BloT) cos(wiT) + (B2o + B3oT) sin(wiT ) (2.118)

If the free-core nutation is to be retrograde, as expected on theoretical grounds, wI should be negative.

The nutation model thus contains a total of 856 parameters: A_ 1 (i=0,3; ]=1,106) and B_ 1 (i=0,3;

]=1,106) plus the free-nutation amplitudes Ai0 (i=0,3), Bio (i=0,3). The only nonzero a priori

amplitudes are the A0i, Alj, Boj, Bl1 (]=1,106) given in Table A.I.
The nutation tweaks are just constant additive factors to the angles 6¢ and 6e:

6¢ ---* 6¢ + A¢ (2.119)

and

6e -_ 6e + A_ (2.120)

Several alternatives are available as MODEST options to correct deficiencies in the IAU nutation

model. The first possibility is to use empirically determined values of A¢, Ae as part of the polar

motion and UT1 input which was described in the next-to-last paragraph of section 2.6. If this option
is selected, the user is relying on nutation angles that are determined from other VLBI experiments

near the date of interest, and performing linear interpolation.

A second option employs the annual and semiannual amplitudes of Herring et al. (1986). These
revised amplitudes are given in Table VI in terms of the present notation, and in the units of Table
A.I.

Table VI

Corrected Nutation Amplitudes (Herring etal.,1986)

Index, ]

Period, days

In phase Ao,_
Bo,10

Out of phase A2,9

B2,1o

9

(0".0001)

182.6

-13172.2

5732.8
-8.3

-2.9

10

(o".ooo1)

365.3

1471.0

72.1

15.8

-2.2

Recent work by Zhu et al. (1989, 1990) has refined the 1980 IAU theory of nutation both by

reexamining the underlying Earth model and by incorporating recent experimental results. The
nutation series derived in that work are also available as MODEST modeling options. The Zhu et al.

results are tabulated here in three parts: a) the original 106 terms of the 1980 IAU series with revised

amplitudes in Table A.II, b) four sets of out of phase terms in Table A.III, and c) an additional 156

terms due to planetary perturbations in Table A.IV.

For simulation purposes, the older Woolard nutation model is also available in MODEST. With

the exception of the number, amplitudes, and arguments of the terms, the older series is exactly

analogous to the 1980 IAU theory, i.e., of the form of Eqs. (2.113) and (2.114). For completeness of

documentation, the coefficients are listed in Table A.V.

No partial derivatives with respect to Woolard or Zhu et al. amplitudes are currently calculated.
It is emphasized that, for the present, the default nutation model in MODEST is just the 1980 IAU

nutation model given in Table A.I.
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2.6.3PRECESSION

The next transformation in going from the terrestrial frame to the celestial frame is the rotation

P. This is the precession transformation from mean equatorial coordinates of date to the equatorial

coordinates of the reference epoch (e.g., J2000). It is a composite of three rotations discussed in detail

by Melbourne et al. (1968) and Lieske et al. (1977):

R(-Z)= -sinZ cosZ (2.1211
0 0

( cose 0 si00 /
Q(O) = 0 1 (2.122)

-sine 0 cosO]

-sin cos (2.123)
0 0

P = R(-_)Q(O)R(-Z) (2.124)

= - sin S"cos O cos Z - cos f sin Z - sin S"cos e sin Z + cos f cos Z - sin f sin (9
- sin O cos Z - sin (} sin Z cos O

The auxiliary angles f, O, Z depend on precession constants, obliquity, and time as

f = O".brnT + 0".30188 T 2 + 0".017998 T 3 (2.125)

Z = O".bmT + 1".09468 T 2 + 0".018203 T 3 (2.126)

0 = nT - 0".42665 T 2 - 0".041833 T 3 (2.127)

where the speeds of precessionin rightascensionand declinationare,respectively,

m = PLS COS gO -- PPL

, = pLssingo

(2.128)

(2.129)

and PLS = the luni-solar precession constant, PPL ----planetary precession constant, go = the obliquity

at J2000, and T [Eq. (2.107)] is the time in centuries past J2000. Nominal values at J2000 axe PLS

= 5038".7784/cy, PPL = 10".5526/cy; these yield the expressions given by Lieske et al. (1977) and

Kaplan (1981):

f -- 2306".2181 T + 0".30188 T 2 ÷ 0".017998 T 3 (2.130)

O = 2004".3109 T - 0".42665 T 2 - 0".041833 T a (2.131)

Z = 2306".2181 T + 1".09468 T 2 + 0".018203 T a (2.132)

Partial derivatives of the VLBI observables with respect to luni-solar and planetary precession are

derived from the expressions (2.124-2.129) and given in section 2.9. The precession matrix completes
the standard model for the orientation of the Earth. Numerical checks of direct estimates of preces-

sion corrections against similar estimates based on the perturbation rotation (next section) ensure

consistency.

2.6.4 PERTURBATION ROTATION

This standard model for the rotation of the Earth as a whole may need a small incremental

rotation about any one of the resulting axes. Define this perturbation rotation matrix as

n : AxA_A, (2.133)

29



where

A= = 1 6 = (2.134)

-6e=

with 50= being a small angle rotationabout the x axis,in the sense ofcarryingy into z;

with 5e v being a small anglerotationabout the y axis,in the sense ofcarrying z intox; and

1 60z i)
A, = -Be. 1 (2.136)

0 0

with 60, being a small anglerotation about the z axis,in the sense of carryingx intoy. For angles

ofthe order of 1 arc second we can neglectterms oforder 502RE as they giveeffectson the order of

0.015 cm. Thus, in that approximation

1 60, -6e_)
n = -6e, 1 5e= (2.137)

60y -60= 1

In genera],
6e, = 6e_(t) = 6e_o -{- 6d, Tq- f_(T) (2.138)

which is the sum of an offset, a tlme-linear rate, and some higher order or oscillatory terms. Currently,

only the offset and linear rate are implemented. In particular, a non-zero value of 6_y is equivalent

to a change in the precessionconstant.Setting

60= = 60y = 6ez = 0 (2.139)

gives the effect of applying only the standard rotation matrices.

Starting with the Earth-fixed vector, ro, we have in sections 2.3 through 2.6 above shown how

we obtain the same vector, rc, expressed in the celestial frame:

r_ = flPNUXY(ro + A) (2.140)

2.T EARTH ORBITAL MOTION

We now wish to transform these stationlocationsfrom a geocentriccelestialreferenceframe

moving with the Earth to a celestialreferenceframe which isat rest relativeto the center of mass

of the Solar System. In thisSolar System barycentricframe we willuse these stationlocationsto

calculatethe geometric delay (seeSection2.1).We willtransform the time intervalso obtained back

to the frame in which the time delay isactuallymeasured by the interferometer- the frame moving

with the Earth.

Let _]'be a geocentricframe moving with vectorvelocity-- _c relativeto a frame, _],at rest

relativeto the Solar System centerofmass. Further,letr(t)be the positionof a point (e.g.,station

location)in space as a function of time, t,as measured in the E (SolarSystem barycentric)frame.

In the _]'(geocentric)frame, there isa corresponding positionr'(t')as a function of time, t'. We

normally observeand model r'(t_)as shown in sections2.3 through 2.6.However, in order tocalculate

the geometric delay in the Solar System barycentricframe (}]),we willneed the transformationsof
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r(t) and r'(t'}, as well as of t and t', as we shift frames of reference. Measuring positions in units of

light travel time, we have from :Jackson (1975):

e(t') -- _(0 + (3'- 1)_(0 _ - 3'pt
(2.141)

and for the inverse transformation:

t' = 3"It - r(t). p] (2.142}

r(t) = r'(t') + (3' - 1)r'(t') _Sp + "yflt' (2.143}

t -- 3"It' + r'(tc). _1 (2.144)

where

3' ----(1 - _2)-I/2 (2.145)

Let tl represent the time measured in the Solar System barycentric frame (E), at which a wave

front crosses antenna 1 at position rl(tl). Let r2(tl) be the position of antenna 2 at this same time

as measured in the Solar System barycentric frame. Also, let t_ be the time measured in this frame

at which that same wave front intersects station 2. This occurs at the position r2(t_}. Following
section 2.1, we can calcuIate the geometric delay t_ - tl. Transforming this time interval back to the

E' (geocentric} frame, we obtain

t_ - t_ = 3"(t_- t,) - 3'[ _(t_}- r,(t,)l. (2.146)

Assume further that the motion of station _2 is rectilinear over this time interval. That assumption

is not strictly true but, as discussed below, the error made as a result of that assumption is much less

than 1 cm in calculated delay. Thus,

r_(t;) = r_(t_) +,a_(t;. - tx} (2.147)

which gives:

and

t _r_(z) - r_(tl) = r2(tl) - rl (ti) + P2(t_ - tz) (2.148)

t_' - t_ = 3'(t_ - tx) - 3'Ir2(tx) - r_(t_)], p - 3',82 •Plt_ - tx]

= 3'(1 - ,82. ,8)(t_ - tx) - "t[r2(tx) - rx(tx)]. ,8 (2.149)

This is the expression for the geometric delay that would be observed in the geocentric (E') frame in
terms of the geometric delay and station positions measured in the Solar System barycentric system

(E).
Since our calculation starts with station locations given in the geocentric frame, it is convenient

to obtain an expression for [r2(tl) -rl(tl)] in terms of quantities expressed in the geocentric frame.

To obtain such an expression consider two events [r_(t_), r_(t_)] that are geometrically separate, but

simultaneous, in the geocentric frame, and occurring at time t_. These two events appear in the Solar
System barycentric frame as:

r1(tl) ----r_(t_) -I- (3"-- l)r_Ct_)- /9_ (2.150)

and as:

r2(t2) = r_(t_) + (3' - 1)r_(t_) - _- + %8t_
(2.151)
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where
# tt2 - tl = _[r_(t_) - rl(t,)], p

With these three equations and the expression

(2.152}

(2.1s3)

we may obtain the vector r2Ctx):

P#
r2(t1) = r_(t_) =1-('_ - 1)r_(t_.) • _- -t- "_t_. -- "yP2[r_(t_)- r_ (t_)]. # (2.154)

This is the position of station #2 at the time tl as observed in E. From this we obtain:

, #P
r2(tl) -- rl(tl} = r_(t_) -- rl(t_) --[-(_ -- 1)[r_Ct_) -- r_(t_}] • _-

- _[r_(t_) - r_(t_)l- _ (2.155)

As shown in section 2.1, the vectors [r2CQ} - r1(tl)] and _2 are all that is needed to obtain t_ - tl for

the case of plane waves. For curved wave fronts we will need to know the individual station locations

in the barycentric frame as well. These we obtain from (2.150) and (2.154) with t_ set equal to zero.

Setting t_ = 0 is justified since the origin of time is arbitrary when we are trying to obtain time
differences.

In the actual coding of these transformations, the relationship for the transformation of velocities

is also needed. Taking differentials of (2.143) and (2.144) we have:

PP
dr = dr' + (_/- l)dr' • _- + 7_dt' (2.156)

dt = _(at' + at'. p)

Dividing to obtain dr/dr we obtain for station #2 in the E frame:

For station #2 relative to the geocentric origin, we have from (2.87) and (2.88):

, dU ,
_ _ flPN-d-_XYr2twE

where

(2.157)

(2.158)

(2.159)

wE = 7.2921151467 x I0-s rad/sec (2.160)

is the inertial rotation rate of the Earth as specified in Kaplan (1981), p.12. This is not a critical

number since it is used only for station velocities, or to extrapolate Earth rotation forward for very
small fractions of a day (i.e., typically less than 1000 seconds}. Actually, this expression is a better

dH
approximation than it might seem from the form since the errors in the approximation, _ = wE,
are very nearly offset by the effect of ignoring the time dependence of PN.

The assumption of rectilinear motion can be shown to result in negligible errors. Using the plane

wave front approximation (2.2), we can estimate the error 6r in the calculated delay due to an error
A_2 in the above value of _2:

1

6r = k. [r2(tx)- riCti)] l--k.C_2+A_2)
(2.161)
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Further,from (2.158) above,
(2.162)

since

_/_ 1 + 10 -s (2.163)

For the vector f_ in a frame rotating with angular velocity w, the error Afl_ that accumulates in the

time interval r due to neglecting the rotation of that frame is

A_2 _ f2w, (2.164)

Thus for typical Earth-fixed baselines, where r _< 0.02 sec, neglect of the curvilinear motion of station

_2 due to the rotation of the Earth causes an error of < 4 × 10-14 sec, or 0.0012 cm, in the calculation

of r. Similarly, neglect of the orbital character of the Earth's motion causes an error of the order of
0.00024 cm maximum.

The position, 17_E, and velocity, PIE, of the Earth's center about the center of mass of the Solar

System are:

RE= _ rn/l_ (2.165)

E- f, (2.166)
fE =

where the index i indicates the Sun, Moon, and all nine Solar System planets, m_ is the mass of the

body indexed by i, while 1_ and fl{ are that body's center-of-mass position and velocity relative to the
center of the Earth in the celestial frame. In a strict sense, the summation should be over all objects

in the Solar System. Except for the Earth-Moon system, each planet mass represents not only that

planet's mass, but also that of all its satellites. The P_ and f{ are obtained from the :IPL planetary

ephemeris (DE200 as of May, 1982) for the J2000 frame.
Working in a frame at rest with respect to the center of mass of the Solar System causes relativistic

effects due to the motion of the Solar System in a _fixed frame _ to be included in the mean position
of the sources and in their proper motion. The effect of galactic rotation can be easily estimated. In

the vicinity of the Sun, the period for galactic rotation is approximately 2.2 x l0 s years. Our distance

from the center is approximately 10 kpc -- 3.086 x 1022 cm. Thus, our velocity is

fl v 2_R= - _ _ 9.3 x 10-4 (2.167)c

For a source at zero galactic latitude, the maximum change in apparent position (over one half galactic

rotation) is
2,r_

AO _ _ _ 5.5 × lO-earcsec/year (2.168)

Since a 1-arcsecond angle subtends a distance of approximately 30 meters at one Earth radius, ne-

glecting this effect is roughly equivalent to introducing an error of 0.015 cm/year on intercontinental

baselines. For the present 12-year history of VLBI data, this implies a systematic error of the order
of 0.2 cm.
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2.8 ANTENNA GEOMETRY

The above work indicates how the time delay model would be calculated for two points fixed

with respect to the Earth's crust. In practice, however, an antenna system does not behave as an

Earth-fixed point. Not only are there instrumental delays in the system, but portions of the antenna
move relative to the Earth. To the extent that instrumental delays are independent of the antenna

orientation, they are indistinguishable to the interferometer from clock offsets and secular changes
in these offsets. If necessary, these instrumental delays can be separated from clock properties by
a careful calibration of each antenna system. That is a separate problem, treated as a calibration

correction (e.g., Thomas, 1981), and will not be addressed here.

However, the motions of the antennas relative to the Earth's surface must be considered since

they are part of the geometric model. A fairly general antenna pointing system is shown schematically

in figure 5. The unit vector, _, to the apparent source position is shown. Usually, a symmetry axis
AD will point parallel to _. The point A on the figure also represents the end view of an axis which

allows rotation in the plane perpendicular to that axis. This axis is offset by some distance H from a

second rotation axis BE. All points on this second rotation axis are fixed relative to the Earth.

Consequently, any point along that axis is a candidate for the fiducial point which terminates this
end of the baseline. The point we actually use is the point P. A plane containing axis A and perpen-

dicular to BE intersects BE at the point P. This is somewhat an arbitrary choice, one of conceptual

convenience.

J

J

A

S

EARTH'S SURFACE

Figure 5. A generalized schematic representation of the geometry of a steerable antenna

Consider the plane Q which is perpendicular to the antenna symmetry axis, AD, and contains

the antenna rotation axis A. For plane wave fronts this is an isophase plane (it coincides with the

wave front). For curved wave fronts this deviates from an isophase surface by _ H_/(2R), where R
is the distance to the source, and H is taken as a typical antenna offset AP. For H _ 10 meters,
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R = Rmoor, = 60R_ _ 3.6 x 10 s meters, and the curvature correction H2/(2R) _ 1.4 × 10 -7 meters

and is totally negligible. R has to be 5 km, or 10-3R_, before this deviation approaches 1 cm

contribution. Consequently, for all anticipated applications of radio interferometry using high-gain

radio antennas, the curvature of the wave front may be neglected in obtaining the effect on the time

delay of the antenna orientation.
Provided the instrumental delay of the antenna system is independent of the antenna orientation,

the recorded signal is at a constant phase delay, independent of antenna orientation, at any point on

the Q plane. Since this delay is indistinguishable from a clock offset, it will be totally absorbed by

that portion of our model.

l= -i- H_] 1 - (_._)2

AZ-EL

INTERSECTING

H=O

_ l =0

0FFS ET

q

]" TOWARD
GEODETIC
VERTICAL

l = :I: H COS
(ELEVATION
ANGLE)

HOUR ANGLE - DEC

TOWARD NORTH POLE IN
NORTHERN HEMISPHERE
AND TOWARD SOUTH
POLE IN SOUTHERN
HEMISPHERE

l = ± H COS
(SOURCE DECLINATION)

X-Y

LET

THEN

BE UNIT VECTOR TOWARD
EARTH'S NORTH POLE
BE UNIT VECTOR TOWARD
LOCAL GEODETIC VERTICAL

?= _x(2x_)
I_x (2x _)I

AND [(_._)2 _ 2 (S-_)(_.'_) (_'Z)

+ (_.R'b2(_.'2)2]
(_.l'f)2 =

1 - (_._)2

l = + H71 - (_._)2

Figure 6. Schematic representations of the four major antenna geometries used in VLBI

2.8.1 Axis Offset

The advantage of choosing the Q plane rather than some other plane parallel to it is that the axis

A is contained in this plane, and the axis A is fixed relative to the BE axis by the antenna structure. If

l is the length of a line from P perpendicular to the Q plane, the wave front will reach the Earth-fixed

point P at a time At = I/c after the wave front passes through the axis A. If r0 is the model delay
for a wave front to pass from P on antenna #1 to a similarly defined point on antenna #2, then the

model for the observed delay should be amended as:

,-= _-o- (At= - At,) = ,'o+ (z,- z=)/, (2._09)
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where the subscripts refer to antennas _1 and #2.

For the inclusion of this effect in the model, we follow a treatment given by Wade (1970). Define

a unit vector I along BE, in the sense of positive away from the Earth. Further, define a vector, L,
from P to A. Without much loss of generality in this antenna system, we assume that _, L, and I are

coplanar. Then:

(2.17o)
L=+H I x[ax l 1

where the p_s or minus sign ischosen to give L the directionfrom P to A. The plus sign isused if,
when _ and L areparallelor antiparallel,the antenna comes closerto the source as H increases.Since

× = l'i. l (2.171)

l=_.L = +H_/1/ -[_.-I] 2 (2.172)

where the sign choice above is carried through.
Curvature is always a negligible effect in the determination of _. L. Likewise, gravitational

effects are sufficiently constant over a dimension ]LI so as to enable one to obtain to a very good
approximation a single Cartesian frame over these dimensions. Consequently, it is somewhat easier

to calculate a proper time At = I/c in the antenna frame and to include it in the model by adding it

to r0, taking into account, in principle at least, the time dilation in going from the antenna frame to
the frame in which 1"0is obtained.

2.8.2 Refraction

Thus, if_o isthe unitvector tothe sourcefrom the antenna ina frame atrestwith respectto the

Solar System centerof mass, perform a Lorentz transformationto obtain_, the apparent source unit

vectorin the Earth-fixedcelestialframe. Actually,the antenna does not _look" atthe apparent source

position_,but ratherat the positionofthe sourceafterthe ray path has been refractedby an anglee

inthe Earth'satmosphere. This effectisalreadyincludedinthe troposphericdelay correction(Section

4);however sincethe antenna model usesthe antenna elevationangle E0, the correctionmust be made

here aswell.For the worst case (elevationangleof6°)at averageDSN stationaltitudes,the deflection

can be as largeas 2× 10-3 radians. Thus, 61 _ He _ 2 cm for H = 10 meters. A model option

permits modificationof So to take atmospheric refractioninto account. The large-elevation-angle

approximation isthe inversetangent law:

AE= 3.13 x 10-4/tanE0 (2.173)

where E is the elevation angle, and AE the change in apparent elevation E0 induced by refraction. This

model was implemented only for software comparison purposes, since it gives incorrect results at low

elevation angles. In the notation of Section 4.2, a single homogeneous spherical layer approximation

yields the bending correction in terms of the zenith troposphere delays Pz, refractivity moment M00h
scale height A, and Earth radius R:

AE = cos-l[cos(Eo + ao)/(1 + Xo)] - ao (2.174)

where

xo= +

_o = cos-'[(1 + a')/(1 + a)]

a = AIR

a'= [(1 +a(a + 2)/sin 2 Eo) 1/2- 1] sin2 E0

(2.175)

(2.176)

(2.177)

( .t78)
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This formula agrees with ray-tracing results to within 1% at 6 ° and _15% at 1° elevation, while the

corresponding comparisons for Eq. (2.173) give _25% at 6 ° and a factor of 3 at 1 °.

Since we are given I in terrestrial coordinates, we first perform the coordinate transformation

given by Q above:
= Qiterre,trial (2.179)

With this done, obtain At = 1/c , as shown in figure 6 for each of the major antenna types. Note

that for _nearby" sources we also must include parallax (e.g., geographically separate antennas are

not pointing in the same direction). If R0 is the position of the source as seen from the center of the

Earth, and r is the position of a station in the same frame, then the position of the source relative to

that station is
R = - r (2.180)

and in (2.172) we make the substitution

[IR0 - rl-I1 (2.181)

2.8.3 Unique Antennas

One of the VLBI antennas employed by the IRIS project of the National Geodetic Survey does not

fall into any standard category. It is unique because it is an equatorial mount designed for the latitude

of Washington, D.C., but deployed at Richmond, Florida. The considerable latitude difference, and

the axis offset of several meters, make it imperative that the antenna geometry be properly modeled.
In the local VEN coordinate frame, the vector I is

sin Cw )
- cos Cw sin e

COS CW COS £

(2.182)

Upon transformation to the Earth-fixed frame via the matrix VW [Eq. (2.67)], it becomes

cos X(sin Cw cos ¢ - cos Cw sin ¢ cos e) + sin X cos ¢w sin :_sin A(sin Cw cos ¢ - cos ¢w sin ¢ cos _) - cos A cos ¢w sin )sin Cw sin ¢ + cos ¢w cos ¢ cos e

(2.183)

Here (X, ¢) are the Richmond longitude and latitude, Cw is the latitude of Washington (39.06°), and
e = 0.12 ° W of N is the azimuth misalignment.

Two other one-of-a-kind antennas, Arecibo and Nancay, are seldom used in astrometric and

geodetic VLBI work. The Arecibo antenna has hardware features which make it equivalent to an
azimuth-elevation mount. The Nancay array has been treated by Ortega-Molina (1985), but the

model is not presently incorporated in MODEST code.

2.8.4 Slte Veetors

In the modeling software is the facility to provide a time-invariant offset vector in local geodetic

coordinates (east, north, and local geodetic vertical) from this point (antenna location) to a point else-

where, such as a benchmark on the ground. This is particularly useful in work involving transportable

antennas which may be placed in slightly different places relative to an Earth-fixed benchmark each

time a site is reoccupied. In modeling that offset vector, we make the assumption of a plane tangent

to the geoid at the reference benchmark and assume that the local geodetic vertical for the antenna

is parallel to that for the benchmark. With these assumptions there is an identity in the adjustments
of antenna location with changes derived for the benchmark location. The error introduced by these
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assumptionsin a baseline adjustment is approximately AB x (d/RE), where AB is the baseline ad-

justment from its a priori value, d is the separation of the antenna from the benchmark, and RE is
the radius of the Earth. To keep this error smaller than 0.01 cm for baseline adjustments of the order

of 1 meter, g < 600 meters is required.

More troublesome is that an error in obtaining the local vertical by an angle 60, when using

an antenna whose intersection of axes is a distance, H, above the ground, can cause an error of

HsinSO _ H60 in measuring the baseline to the benchmark IAllen, 1982). Unless this error is

already absorbed into the actual measurement of the offset vector, care must be taken in setting up

the antenna so as to make 50 minimal. For a baseline error < 0.1 cm, and an antenna height of 10

meters, 50 < 20 arcseconds is required. Often plumb bobs are used to locate the antenna position
relative to a mark on the ground. This mark is, in turn, surveyed to the benchmark. Even the

difference in geodetic vertical from the vertical defined by the plumb bob may be as large as 1 arc

minute, thus potentially causing an error of 0.3 cm for antennas of height 10 meters. Consequently,
great care must be taken in these measurements, particularly if the site is to be repeatedly occupied
by antennas of different sizes.

2.8.5 Feed Rotation

Another physical effect related to antenna structures is the differential feed rotation for circularly

polarized receivers. Liewer (1985) has calculated the phase shift 0 for various antenna types. It is

zero for equatorially mounted antennas. For altasimuth mounts,

tan 9 = cos ¢ sin h/(sin ¢ cos 6 - cos ¢ sin 6 cos h) (2.184)

with ¢ = station latitude, h = hour angle, and 6 = declination of the source. For X-Y mounts, two

cases are distinguished: orientation N - S or E - W. The respective rotation angles are

tan(-0) = sinCsinh/(cos¢ cos 6 + sinCsin _ cosh} iN- S) (2.185)

tan(-0) = - cos h/(sin 5 sin h) (E - W) (2.186)

The effect cancels for group delay data, but can be significant for phase delay data. The effect on
phase delay is

r ----(9_ -- Oi)/f (2.187)

where f is the observing frequency and _i the phase rotation at station i. The feed rotation correction

is now an optional part of the MODEST model.
Finally, another small correction which accounts for the effect of orientation of HA-Dec and X-Y

antennas on the tropospheric path delay was recently considered by Jacobs i1988). Details are given
in the troposphere section, 4.4.
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2.9 PARTIAL DERIVATIVES OF DELAY WITH RESPECT TO

GEOMETRIC MODEL PARAMETERS

With respect to any given parameter, the calculation of the time-delay model must be at least

as accurate as the data is sensitive to that parameter. Consequently, such effects as the curvature of

the wave fronts were considered. However, such detail is not necessary for determining the derivatives

with respect to the relevant model parameters. Here, the plane wave approximation is sufficient.
Iteration on the estimated parameters and the rapid convergence of an expansion of the time delay in

the relevant parameters about some a priori point permit this simplification.

In this plane wave approximation we wish to obtain the parameter derivatives with respect to:

1. the nominal baseline components (actually, station locations},

2. the parameters of the whole Earth orientation matrix Q described in section 2.6,

3. the solid-Earth tidal parameters,

4. the parameters of source location (right ascension and declination),
5. the antenna axis offsets,

6. the constant, "/PEN, in the retardation of the light ray due to gravitational effects.

The expressions for these derivatives are considerably simplified if tensor notation, with the

Einstein summation convention, is employed. Before proceeding any further, we make the following
definitions for this section:

r = time delay modeled in the geocentric frame,

r, = this same time delay, but modeled in the Solar System center of mass frame,

= source unit vector (in the celestial system at rest with respect to the Solar System

center of mass),

= velocity of the geocentric frame as measured in the Solar System center of mass frame

(remember, all distances are measured in time; thus, this quantity is dimensionless),
_2 = velocity of station #2 in Solar System center of mass frame,

p = 1 + _- _2. This is a factor _ 1.0001, which arises from the motion of station #2 during

the passage of the wave front from station #1 to #2,

= (1 - p2)-1/2,
" 2 --1//2

,y_= [i- .8_) ,
Q = matrix which transforms from the terrestrial system to the celestial system,

Lo = the baseline vector in the terrestrial system,

L. = this same baseline vector in the celestial system center of mass frame,

L = this same baseline vector in the celestial system.

With these definitions (2.149) may be written

= _(1 - p. P2),o - _P L.

For plane waves from (2.2):

Thus,

(2.188)

_- Jr2 - rl] = _. L, J. L,
= -_ (2.1s9)

I - k-_2 I +9._2 P

= -'y[l - _2,_] 8_/.,°,._kL,h (2.190)
P

For parameters (represented symbolically by 77) associated with L, h only:

Define the vector:

81" - ['y(1 - &,fl,) s* + _/pk] _ (2.191)a_ p

(2.192)
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Then
ar aL,_

arl a_
(2.193)

2.9.1 Source Parameters

For parameters associatedwith the source positiononly:

_WW=--7(1- _2,/5'_:) [ at/ ;

Since
p = 1 + sd32,

a,,
7[ p an

Define the vector:

Then,

For example:

ar ass

a--.-_=. Mj (9,

_= [ cos6cosa, cos6sina, sin6 ]

Then,

and

and

Or, if we define the matrices:

and

(9_= {- cos6 sin., cos6cos_, 0 ]= I al, A=,A_ ]

(9_
(9-7= [-sin_co,_,-sm6sln_,co,6 ]= [F,,F_,F3]

-- = MI A,
(ga

(9"f
--=M_
O6

A1 $'11
G = A2 F2

As F3

M = (M,,M2,M3 )

then:

4O

(2.194)

(2.195)

(2.196)

(2.197)

(2.198)

(2.199)

(2.200)

(2.201)

(2.202)

(2.203)

(2.204)

(2.205)

(2.206)



(2.85)-(2.86)],the partials of r with respect toFor a linear model of source _proper motion" [Eqs.

the time rates of change of right ascension and declination (&, _) are

[Or Or] -: (t-to)MG_, _ (2.207)

where to is a reference time.

2.9.2 Station Parameters

For station location parameters the algebra is somewhat more complex. Since

L, = r2(tl)- rl(tl) (2.208)

= r_(t_)-r_(tl)- _[t_- ill

----r2(t2}- r,(tl}--_/#2[r_(t_)- r_(t_)].#

= [_(tl)- r1(tl)]+ (_- l)[r_(tl)- r1(tl)].#_- _#_#.[r_Ctl)- r1(tl)]

we have:

or in tensornotation

Define the tensor:

Then

Since

Lo= L + (,y- 1)L ._p - ,_p_p.I, (2.209)

(2.210)

Thus,

(2.211)

(2.216)

where the vector element

Bk = _'_E_Q_.k (2.217)

o (radius off spin axis), A° (longitude), z° (height above the equator}, rsv,,Such parameters are: rsp,

A_, _ (the station coordinates' respective time rates), h2i (vertical quadrupole Love number), 12_

(horizontal quadrupole Love number), ¢_ (phase lag of maximum tidal amplitude}. The subscript
refers to station number, i.e., i = 1, 2. Define the matrix:

W = I-R1, R2, -A1, A2, -Zl, Z2, -R1, _/_2, -/_1, i2, --Z1, Z2, -V1, Y2, -Hi, H2, -¢1, ¢21 (2.218)
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ar . OLok - OLok
= [¢,E_iQj, J-_(

r = _Eo.Q¢kLo, (2.215)

For parameters which are involvedwith stationlocationsexpressedinthe terrestrialcoordinatesystem:

L1 = QykLo_ (2.213)

L,, = EiyQykLo_ (2.214)

L., = _yLy (2.212)



where each column contains the partialsof the Lo component vectorsx, y, z with respect to the

parameters. For example, for the constant terms in the cylindricalstation coordinates [seeEqs.

(2.38) through (2.40)]:

OLo_

OLo.

ki =

For the stationcoordinaterates,

& = (t- to)R,

OL,

OL,

OL,

OL

OL

OL

-G, ,in:
: ,O,,oO,:)

;'-] o

(2.219)

(2.220)

(2.221)

L = (t - to)A, z_ = it - to)Z_ (2.222)

From Eqs. (2.50) through (2.61), and relying on Williams (1970):

(°"
Oh2i I

O6,,,I g[(0
V,: _=' l = S{i)V(i)W(i) (2.223)

Oh2i I

[ 06i=

| al2i )
/ a,,, (_'7(') (2.2241

z, = I oz=, : s(i)v(Ow(o
I o6, \ _=_(i)
\ Olii

i o5,= Cagi_(0
051u = S(i)V(i)W(i) Og(_)(i) (2.225)

*'= -_, a¢,

a6,: ag_)(i)

where i = 1 impliesstation#1, i = 2 implies_2, and S(1) = -1, while S(2) = I. These partialsof

g(2)with respectto ffaxe

0¢ = ---_s5 hrp' R,[ypXs - zpYo] (2,226)
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3/_a r_ [

[--

092(2) 3,.,,-_ Irpl [ ]= _ t -- It,.. R.I[=,.X. + ypr.l - [=,,r. - y,,x.F

Also, define a vector:

Then

Or ar 01" Or a__!_r O._Z_r ar Or 01. a_..[._rO_._[_r0%,' a....o, a o, a o, a=o,a=o,o+..,' a+...'
Or Or ar ar ar Or Or Or ]

' ' ' 0 ' | ' '061 062 0h21 h22 0121 0122 9¢1 0¢2 J

0T

0_2 '

(2.227)

(2.228)

(2.229)

D --- BW (2.230)

2.9.3 Earth Orientation Parameters

Certain parameters such as UT1, polar motion, precession, and nutation affect Q only. For these

parameters

Define a vector:

Then

(00k) (2.231)

K_ = _eEk4 (2.232)

Or [ OQ_k _ Loh
)

for parameters which affect only the orientation of the Earth as a whole.

(2.233)

2.9.8.1 UTI and Polar Motion

A number of parameter partials are available for the orientation of the Earth. These are for

UT1, X pole, Y pole, and nutation, as well as the angular offset and angular rate terms in the Earth

orientation perturbation matrix fl. From (2.87):

Define the matrix:

Q = flPNUXY (2.234)

= = - sin 02 cos 02 (2.235)
-cos02 -sln02]

Then, the partial required for the Y polar motion parameter is:

OQ = fIPNUXY' {2.236)
OOy

OX

An analogous technique is used for the X pole angle, working with the matrix partials 0-_1" Partials

with respect to UT1 involve a slight complication due to the last three terms in Eq. (2.94). On the
assumption that only the term linear in T, contributes significantly,

OU = OU (1 + 1/365.25) (2.237)
0(UT1) OH
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2.9.3.2Nutation

Partial derivatives of the VLBI observables with respect to the nutation angles and amplitudes

appear formidable at first sight, but are relatively easy to evaluate if the calculation is performed in

an organized fashion. Symbolizing the parameters by 77,we need to evaluate the partials of the matrix

Q with respect to T/:

0--_ = liP _U + N_-_ XY (2.238)

oQ (oN ou ) xy (2.230)

ON

Since 6e = • - g, the first partial on the rhs of Eq. (2.239) is equal to _ . The derivatives of N

with respect to the angles 6¢ and 6e are easily obtained from the expression for N in Eq. (2.105):

ON f - sin 6¢

= _ - cos _cos 6¢- sin gcos 6¢

cos e cos 6¢
-- cos gcos e sin 6¢
- sin gcos e sin 6¢

sin e cos 6¢ "_

- cos esin esin 6¢ |
- sin esin e sin 6¢ J

(2.240)

and

ON /0 -- sin e sin 6_b cosesin6¢

_-_e= _0 -cos_sinecos6¢+singcose cosgcosecos6¢+sin_sine_- sin g sin e cos 6¢ - cosecose singcosecosg¢ - cosgsineJ

From Eq. (2.92), the partials of U with respect to 6¢ and 6e are

(2.241)

aU

06¢, 6e -sinH -cosH i) OH-- = cos H - sin H 06¢, 6e
0 0

(2.242)

and, from Eq. (2.97),
aH

a6¢ = cose / (cos 2 6¢ + cos 2 esin 2 6¢) (2.243)

OH
06---_= - sin • tan g¢ / (1 + cos 2 e tan 2 6¢) (2.244)

the U-dependent terms in Eqs. (2.238) and (2.239) are evaluated.

Partials of 6¢ and ge with respect to the parameters Aii and Biy are obtained immediately from
Eqs. (2.117) and (2.118). For the "free nutations',

age ! 06el
OAoo -- sinw1T' 8Boo -- ¢°swIT (2.245)

86¢ I a6el
--- = T sin wI T, -- T cos w! T (2.246)
aAlo OBlo

age I 86e1

aA2o - cOS_lT, aB2o - sin _!T (2.247)

a6¢ ! a6el
= = Tsinw!T (2.248)c3A30 Tcosw!T, OB3o

and for the 1980 IAU series terms (3" = 1 to 106):
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05¢ sin ky_ai(T , OBoy
8Aoj _=I _=I

a5¢ Tsin kj, a_(T) , 0-_1i Tcos ki_a,(T ) (2.250)
OAiy _=i _=i

5

0'0 [_ )] a,e _ sin[_kiia,(T)] (2.251)-- cos kiic_i(T ' OB2i
OA2j /=I i----1

5

_=06¢ T cos kiiai(T , -- =OB3i
OA3j i=l g=l

2.9.3.3 Precession

Partial derivatives of the observables with respect to precession parameters are evaluated in a

manner similar to those with respect to nutations. Symbolizing either the luni-solar precession PLS

or the planetary precession pPL by r, the partial of the rotation matrix Q is

(2.253)

OP
The partials _ are very complicated, and will be written in terms of the partials of each matrix

element Pii:

1 0t"11

T 8pLs
.... coseosinf cosO cosZ/2 - sineocosf sinO cos Z

- cosgocosfcosO sinZ/2 - cosgocos_sinZ/2

- cos gosinfsinZ/2 (2.254)

1 OPll

T OppL
---- = sin_ cosO cosZ/2 + cosfcos O sinZ/2

+ cos _sinZ/2 + sin_cos Z/2 (2.255)

i aPi2

T OpLS
.... cos go sin f cos 0 sin Z/2 - sin go cos f sin 0 sin Z

+ cos e0 cos _ cos 0 cos Z/2 + cos go cos _ cos Z/2

- cos go sin f sin Z/2 (2.256)

10PI2

T OpPL
---- = sin _ cos O sin Z/2 - cos f cos O cos Z/2

- cos f cos Z/2 + sin Csin Z/2

i OP_s

T OpLS
.... cos go sin f sin 0/2 + sin go cos f cos 0

OPi________3=TsinfsinO/2
OppL

(2.257)

(2.258)
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10P2,

T 8pLS
.... cos Eocos f cos 0 cos Z/2 + sin _0 sin _ sin 0 cos Z

+ cos _o sin f cos 0 sin Z/2 + cos Eosin f sin Z/2

- cos _o cos _ cos Z/2 (2.259)

I OP=,

T 8_p L
---- = cos f cos 0 cos Z/2 - sin _ cos 0 sin Z/2

- sin Csin Z/2 + cos Ccos Z/2 (2.260)

1 0P22

T _PLS
.... cos Eo cos f cos 0 sin Z/2 + sin Eo sin _ sin 0 sin Z

- cos to sin f cos 0 cos Z/2 - cos _o sin C cos Z/2

- cos eo cos f sin Z/2 (2.261)

and

i aP2_

T _PPL
---- = cos f cos 0 sin Z/2 + sin f cos 0 cos Z/2

+ sin f cos Z/2 + cos f sin Z/2

1 0P23

T _PLS

10P3_

T _PLS

i aP32

T _PLS

.... cos _0 cos _ sin e/2 - sin _0 sin _ cos e

0P2_.__3_3=TcosfsinO/2
@PPL

.... sin eo cos O cos Z + cos eo sin O sin Z/2

OP3-----L=-TsinOsinZ/2
_PPL

.... sin _o cos O sin Z - cos eo sin O cos Z/2

0P32 = T sin e cos Z/2
_PPL

0P33
--= -Tsin_osinO
@PLS

aP33
@PPL

A check on the algebra may be performed by noting that

OP+
OP OP OP

+ Tsin eo 00-------C08 eO --
OPLS OpPL

The con'esponding partials of the U matrix are much simpler:

I sin H cos H
OU - cos _o - cos H sinH

OPLS 0 0

(2.262)

(2.263)

(2.264)

(2.265)

(2.266)

(2.267)

(2.268)

(2.269)

(2.270)

(2.271)

(2.272)

(2.273)

46



au ( aU)/cos ° (2.274)

2.9.3.4 Rotational Tweaks

Finally,the partialsofthe nutation matrix with respecttothe _tweaks" A_ and Ae are obtained
aN aN

by making the replacements (2.119)and (2.120)in N. _-_ and _ are then seen to be identical

to Eqs. (2.240)and (2.241),with the same replacements for 5¢ and 6e. Expressions analogous to

Eqs. (2.242)and (2.243)account for the shiftof the equinox by nutation changes 6¢ and 6e. Ifthe

a prioritweaks are zero,the partialsare exactlyequal to the expressions(2.240)and (2.241).

For the parameters in the perturbationmatrix, fl,from (2.138):

86-_-zo -1
(2.275)

= 0 (2.276)

where t is the number of years from the reference epoch (e.g., ]2000). Then, by substituting these
matrices for n in (2.138), we obtain the appropriate partials of Q for perturbations about the x axis.

By analogy, the perturbation parameters about the y and | axes may also readily be obtained.

2.9.4 Additive Parameters

If we seek the partials of parameters that affect only the aadd-on" terms in r = _o + At, then

from {2.149) we have:

#.
a'-'_"----'7(1- .8. 2) -_ (2.277)

for terms which were _added on" in the Solar System barycenter. An example is gravitational bending:

aT A G (2.278)
a%., N :'y(1--_.#_)(1+%.r=)

For terms _added on" in the geocentric frame, then:

ar aAr

(:9---_----o_ "- (2.279)

An example is the antenna offset vector. In this case:

a(olTset station #2) = - 4- 1-[_._2 (2.280)

and

aT ----4-I//I -[@' I__ (2.28I)
a(offsetstation#I)

where the choiceof sign for each stationisdetermined by the choice of sign for that stationin the

model portion.
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SECTION 8

CLOCK MODEL

The frequency standards (%locks_) ateach ofthe two antennas are normally independent ofeach

other.Attempts are made tosynchronizethem beforean experiment by conventionalsynchronization

techniques,but these techniques are accurate to only a few /zsecin epoch and _ 10-i2 in rate.

More importantly,clocksoftenexhibit_jumps _ and instabilitiesat a levelthat would greatlydegrade

interferometeraccuracy.To account forthese clockeffects,an additional_delay_ Tcisincluded inthe

model delay,a delay that models the behavior ofa stationclockas a piecewisequadratic function of

time throughout an observingsession.Usually,however, we use only the linearportionofthismodel.

For each stationthisclock model isgiven by:

r, = + ro=(t- tr,f) + r,,(t - t,,Z)=/2 (S.1)

The term, trel,may be set by the user as a specifictime (Juliandate),or by defaulttaken as the

midpoint ofthe intervalover which the a prioriclockparameters, rcl,re2, re3,apply.

In addition to the effectsof the lack of synchronizationof clocks between stations,there are

other differentialinstrumentaleffectswhich may contributeto the observed delay. In general,itis

adequate tomodel theseeffectsasifthey were %locklike'.However, the instrumentaleffectson delays

measured using the multifrequencybandwidth synthesistechnique (Thomas, 1981) may be different

from the instrumentaleffectson delays obtained from phase measurements at a singlefrequency.

The bandwidth synthesisprocessobtains group delay from the slope of phase versus frequency

= _u ) acrossmultiplefrequency segments spanning the receiverpassband. Thus, any instrumental

contributionto the measured interferometerphase which isindependent offrequency has no effecton

the delay determined by the bandwidth synthesistechnique. However, ifdelay isobtained directly

( *)from the phase measurement, ¢, at a given frequency,u, then thisderived phase delay rpa =
does have that instrumentalcontribution.

Because ofthisdifference,itisnecessaryto augment the %lock _ model forphase delaymeasure-
ments:

re,, = ro+ re,(t--t,°I) + re,(t-- (S.2)

where re is the clock model for bandwidth synthesisobservationsand isdefined in (3.1). Since
the present system measures both bandwidth synthesisdelay and phase delay rate,allof the clock

parameters described above must be used. However, in a aperfectly"calibratedinterferometer,re4

= res= 0. This particularmodel implementation allowssimultaneous use ofdelay rate data derived

from phase delay with delay data derived by means of the bandwidth synthesistechnique.However,

our particularsoftware implementation currentlyisinconsistentwith the simultaneous use of delay

derivedfrom bandwidth synthesisand delay obtained from phase delay measurements.

To model the intefferometerdelay on a given baseline,a differenceof stationclock terms is
formed:

re = r_o.,._o,, 2 - rc,,,,_o,, _ {3.3)

Specification of a reference clock is unnecessary until the parameter adjustment step, and need not
concern us in the description of the model.

The partial derivatives of model delay with respect to the set of five parameters (rcl,re2,re3,rc4,res)
for each station are so trivial as to need no further explanation.
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SECTION 4

TROPOSPHERE MODEL

In order to reach each antenna, the radio wave front must pass through the Earth's atmosphere.

This atmosphere is made up of two components: the neutral atmosphere and the ionosphere. In

turn, the neutral atmosphere is composed of two major constituents: the dry and the wet. The dry

portion, primarily oxygen and nitrogen, is very nearly in hydrostatic equilibrium, and its effects can be

accurately estimated simply by measuring the barometric pressure. Typically, at sea level in the local
zenith direction, the additional delay that the incoming signal experiences due to the troposphere is

approximately 2 meters. Except for winds aloft, unusually strong lee waves behind mountains (e.g.,

Owens Valley, California), or very high pressure gradients, an azimutha]ly symmetric model based on

measurements of surface barometric pressure is considered adequate. We have not yet investigated

where this assumption breaks down, though "back-of-the-envelope _ calculations indicate that, except

in the unusual cases above, the error in such an assumption causes less than 1-cm error in the baseline.

Unfortunately, the wet component of the atmosphere {both water vapor and condensed water in

the form of clouds) is not so easily modeled. The experimental evidence (Resch, 1983) is that it is

"clumpy", and not azimuthMly symmetric about the local vertical at a level which can cause many
centimeters of error in a baseline measurement. Furthermore, because of incomplete mixing, surface

measurements are inadequate in estimating this contribution which even at zenith can reach 20 to

30 cm. Ideally, this tropospheric induced delay should be determined experimentally at each site.

This is particularly true for short and intermediate (B < 1000 kin) baselines, where the elevation

angles of the two antennas are highly correlated in the observations. For long baselines, both the

independence of the elevation angles at the two antennas, and the fact that often the mutual visibility

requirements of VLBI constrain the antennas to look only in certain azimuthal sectors, allow the use
of the interferometer data itself to estimate the effect of the water vapor as part of the parameter

estimation process. For this reason, and because state-of-the-art water-vapor measurements are not

always available, we also have the capability to model the neutral atmosphere at each station as a

two-component effect, with each component being an azimuthally symmetric function of local geodetic

elevation angle.

At each station the delay experienced by the incoming signal due to the troposphere can be

modeled using a spherical-shell troposphere consisting of a wet component and a dry component:

_trop Jtation i _- _w_ trop'_drg trop (4.1)

The total troposphere model for a given baseline is then:

Tt : Ttrop station 2 -- l"trop station 1 (4.2)

If Ei is the apparent geodetic elevation angle of the observed source at station i, we have (dropping

the subscript i):

rtrop = Pzd,_Rd, y(E) + Pz.,, R_et (E) (4.3)

where Pz is the additional delay at local zenith due to the presence of the troposphere, and R is an

elevation angle mapping function.

For some geodetic experiments, the observed delay has been corrected for the total tropospheric

delays at the two stations, which are in turn calculated on the basis of surface pressure measurements

for the dry component, and water-vapor radiometer measurements for the wet component. This
correction is recorded in the input data stream in such a way that it can be replaced by a new model.

In the absence of such external calibrations, it was found that modeling the zenith delay as a linear

function of time improves troposphere modeling considerably. The dry and wet zenith parameters are

written as

o (4.4}pz,,_ = pz,,.+ _z,,.(t- to)

where to is a reference time.
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Since the model is linear in the parameters p0 and _, the partial derivatives with respect to zenith

delays and rates are trivial. They are:

9r

Opn_ o,,,= "f(_)R'/"°"'_ (4.5)

and
0r

OPZ_d or w

= (t- °,.

where f(i) -- 1 for station #2, and -1 for station #1.

(4.6)

4.1 CHAO MAPPING FUNCTION

The simplest mapping function implemented in MODEST code is that obtained by C. C. Chao

(1974) through analytic fits to ray tracing, a function which he claims is accurate to the level of 1%

at 6 ° elevation angle and becomes much more accurate at higher elevation angles.

1

R = A (4.7)
sin E +

tunE+ B

where

Adr_ ----0.00143 (4.8)

Bdru = 0.0445 (4.9)

Atoet ----0.00035 (4.10)

B,._ = 0.017 (4.11)

The user must specify values for the zenith delays.

The partial derivatives of delay with respect to the parameters Ad,._ and Bd,y are:

OT

= -f(i)pz,,, R_,J(tan E Jr Bdr_) (4.12)
OAdr_

and
Or

OBdru ----f(i)pz,,_ n_,vAd_/(tan E + Bdrv) 2

where Rdry is the Chao mapping function, and E is the elevation angle.

(4.13)

4.2 LANYI MAPPING FUNCTION

Analyses of intercontinental data indicate that the Chao mapping function [Eq. (4.7)] is inade-

quate. To rectify this situation, two modifications have been made to the MODEST code. First, the

dry-troposphere mapping parameters Ad_y and Bd_y of the Chao mapping function Rdr_ have been

promoted to the status of estimable parameters. Second, the code now permits the use of two more

accurate mapping functions. The first of these is the analytic function developed by Lanyi (1984). In
its simplest form, this mapping function employs average values of atmospheric constants. Provision is

made for specifying surface meteorological data acquired at the time of the VLBI experiments, which

may override the average values. Using numerical fits to ray-tracing results, Davis et al. (1985) have
arrived at another function, designated the CfA-2.2 mapping function. Comparisons indicate that the

Lanyi and CfA functions are in agreement to better than 1 cm over an extreme range of atmospheric

conditions down to 6 ° elevation angles. Finally, an approximate partial derivative is obtained with
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respect to one parameter in the Lanyi mapping function; this permits adjustment even in the absence

of surface data. The Lanyi function was made the default MODEST troposphere model in early 1986.
Motivation for and full details of the development of a new tropospheric mapping function are

given by Lanyi (19841. Here we attempt to give a minimal summary of the final formulas. The
tropospheric delay is written as:

rt_op = F(E)/ sin E (4.141

where

F(E) = pzd. Fdru(E) + pz,,.,Fwet(E)
2+ [pz . Fbl(S) + 2pz.:z..,Fb2(S) + p zo.,Fb3(E)]/a+ (4.15)

The quantities Pz_._, and Pz,_t have the usual meaning: zenith dry and wet tropospheric delays. A

is the atmospheric scale height, A = kTo/mgc, with k -- Boltzmann's constant, To -- average surface
temperature, rn -- mean molecular mass of dry air, and gc -- gravitational acceleration at the center of

gravity of the air column. With the standard values k -- 1.38066 × 10 -la erg/K, rn = 4.8097 > 10 -23

g, gc -- 978.37 cm/sec 2, and the average temperature for DSN stations To -- 292 K, the scale height
A ---- 8567 m.

The dry, wet, and bending contributions to the delay, Fa,.y(E), Fwet(E), and Fbl,b2,b3,t)4(E), are
expressed in terms of moments of the refractivity as

rdr_(E) = Alo(E)G(AMtlo, u) + 3auM21oG3(M11o, u)/2 (4.16)

F,_et(E) = Aol(E)G(AMlol/Mool, u)/Mool (4.17)

Fbl(E) = [aG3(M110, u)/sin 2 E - Mo_oG3(M12o/Mo_o, u)]/2 tan 2 E (4.18)

rb2(E) = -MotlG3(Mltl/Mon, u)/2Mool tan 2 E (4.19)

Fb3 (E) = -Uoo:G 3 (Uxo2/Uoo2, u)/2M2oo, tan 2 E (4.20)

Fb4(E) = Mo3oGa(M, ao/Mo3o, u)/ tan 4 E (4.21)

A misprinted sign in the last of Eqs. (5) of Appendix B of Lanyi (1984) has been corrected in Eq.
(4.21). Here G(q,u) is a geometric factor given by

a(q, ,,) = (1+ (4.22)
with

= 2,,/tan E (4.23)
where a -= A/R is a measure of the curvature of the Earth's surface with standard value 0.001345.

The quantities A_,n (E) and Mi_m are related to moments of the atmospheric refractivity, and are

defined below. A_o(E) involves the dry refractivity, while Aot(E) is the corresponding wet quantity.
The Arm(E) are given by

[ ]Arm(E) : Mo,m + E _ (-1)'+k(2n-1)"M,_-k,l,m u °r_'._l
,,:lk=o 2--_k1"_--"_)_" 1 + AuM_mlMotm L Mo,,_ J (4.24)

with the scale factor A = 3 for E < 10 ° and A --- 1 for E > 10% Only the two combinations (l, rn) =

(0,1) and (1,0) are needed for the Arm(E). The moments of the dry and wet refractlvitles are defined
as

/ dq n i iM,. y = q .f'dru(q)/_,e,(q) (4.25)
J
0

where /dry, ,_t (q) are the surface-normalized refractivities. Here, n ranges from 0 to 1, i from 0 to 3,

and j from 0 to 2; not all combinations are needed. Carrying out the integration in Eq. (4.25) for a

three-section temperature profile gives an expression for the general moment Mr, iy:

= b+i+l
i=0

+ e-aq' T_ +"+1 (ql, q2)/a "+l (4.26)
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Here,

T2(ql, q2) -- 1 - (q2 - ql)/c_ (4.27)

The quantities ql and q2 are the scale-height normalized inversion and tropopause altitudes, respec-

tively. For the standard atmospheric model, ql -- 0.1459 and q2 = 1.424. The constants a and b are

functions of the dry (c_ = 5.0) and wet (1_ = 3.5) model parameters, as well as of the powers of the

refractivities (i and 3") in the moment definitions. Table VII gives the necessary a's and b's.

Table VII

Dependence of the Constants a and b

on Tropospheric Model Parameters

3" a

1 0 1

0 1 /_
2 0 2

1 1
0 2
3 0 3

1)
/9(_ + 1) -- 3

2)
3(...,- 1)

Note that the normalization is such that Mol0 = 1; this moment has therefore not been explicitly
written in Eqs. (4.16) through (4.21).

At present, provision is made for input of four meteorological parameters to override the default
(average) values of the Lanyi model. These are: 1) the surface temperature To, which determines the

atmosphere scale height (default value 292 K); 2) the temperature lapse rate W, which determines

the dry model parameter a (default values W = 6.8165 K/km, a = 5.0); 3) the inversion altitude

hi, which determines ql = hl/A (default value hi = 1.25 kin); and 4) the tropopause altitude h_,
which determines q2 = h2/_ (default value h2 = 12.2 km). A fifth parameter, the surface pressure

P0, is not used at present. Approximate sensitivity of the tropospheric delay Cat 6 ° elevation) to the

meteorological parameters is -0.7 cm/K for surface temperature, 2 cm/(K/km) for lapse rate, and
-2 cm/km for inversion and 0.5 cm/km for tropopause altitude, respectively.

Partials of the delay with respect to the dry and wet zenith delays are obtained from Eqs. (4.14)
and (4.15):

6?

OPZ,_,t

-- fCi)[F4rv(E) + 2pz,,_Fbx (E)/A]/sin E

+ [2pz,, Fb2 (E)/A + 3p2z,,_ Fb4 (E)/A2] / sin E

-- = f(i)[Ftuct(E) + 2pz,,vFb2(E)/A + 2pz_,,Fb3CE)/A]/sinE

In analysis of data for which meteorological parameters are not available, it is convenient to introduce

an approximation to the mapping function [Eqs. (4.14} and (4.15)] which involves a one-parameter

estimate. This parameter p accounts for deviations from standard meteorological conditions. The
tropospheric delay is expressed as

rtrop = (Pz,,_ + pz,,,)/sin E + pOr_pop (4.30)
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wherethepartialderivativeis

artrop (PZ_,_ + Pz,,,.t)uMlio

Op = - G(Mllo, u)[1 + G(MH0, u)] sin E

pz_,,, u(MIIo - Mlol/Mool)
+

G(Mll0, u)G(Mlol/Mool, u)[G(Mlxo, u) + G(Mlol/Mool, u)] sin E
(4.31)

4.3 CfA MAPPING FUNCTION

Another approach to improved modeling of tropospheric delay was published by Davis et al.

(1985). Analytic fits to ray-tracing results yield the CfA-2.2 mapping function

1
R = (4.32)

sin E +
b

tanE+ sinE+ c

where E is the elevation angle. The three parameters a, b, c are expressed in terms of meteorological
data as

a = 0.0002723 [ 1 + 2.642 × 10-4p0 - 6.400 x 10-4¢0 + 1.337 x 10-2To

- 8.550 x 10-2a - 2.456 x 10-2h9 ]

b = 0.0004703 [ 1 + 2.832 × 10-5p0 + 6.799 x 10-4e0 + 7.563 × 10-3T0

- 7.390 x 10-2a - 2.961 x 10-2h2 ]

c = - 0.0090

(4.33)

(4.34)

(4.35)

Here, p0 is the surface pressure and e0 the surface par_.ial water vapor pressure, both measured in
millibars. The quantities To, a, and h2 have the same meaning and units as in Section 4.2. This

function is one of three optional mapping functions in the MODEST model. In connection with

testing parameter estimation for the Lanyi function, the partial derivative of delay with respect to
surface temperature To in the CfA-2.2 function was also evaluated. It is

R 2 [3.641 x 10-6(sin E + c)[tan E + b/(sin E + c)] - 3.557 X 10-6a]_T PZ4ry dry

(4.36)
aTo (sin E + c)[tan E + b/(sin E + c)] 2

4.4 ANTENNA AXIS OFFSET ALTITUDE CORRECTION

Antennas with non-zero axis offsets, whose second rotation axis (A in figure 5) moves vertically

with changing orientation, have zenith troposphere delays that may vary by 1 to 2 mm. Equatorial and

X-Y mounts fall in this class (see figure 6). At low elevation angles this zenith variation is magnified by

the mapping function to 1-2 cm. These variations must be modeled in experiments whose accuracies

are at the millimeter level (e.g. short-baseline phase delay measurements). Memoranda by Jacobs

(1988, 1991) derive the corrections based on considering only the dry troposphere component, and
including all terms necessary to achieve an accuracy of a few millimeters. The correction to be added

to the zenith dry tropospheric delay is

6r = ¢ {4.37)

where H is the antenna axis offset, A the dry troposphere scale height (_ 8.6 km}, and ¢ is an angular

factor that varies with the type of mount. For equatorial mounts,

¢ = cos ¢cosh (4.38)
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whereff is the geodetic latitude and h the local hour angle east of the meridian. The Richmond
antenna correction has this form with ff replaced by ffw and h by a pseudo-hour angle hR (see Section

2.8.3), where

arctan [cos Esin(0 -,)/[cos_wsinE-sinqJwcos gcos(O + ,)]] (4.39)hR

For north-south oriented X-Y mounts,

= sin E/(1 - cos 2 Ocos 2 E) 1/2 (4.40)

where E is the elevation angle and 8 the azimuth (E of N). Finally, for east-west oriented X-Y mounts,

= sin E/(1 - sin 2 8 cos 2 E) 1/2 (4.41)
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SECTION 5

IONOSPHEREMODEL

The second component of the Earth's atmosphere, the ionosphere, is a layer of plasma at about

350 km altitude, created primarily by the ultraviolet portion of the sunlight. In the quasi-longitudinal

approximation (Spitzer, 1962) the refractive index of this medium is

where the plasma frequency, up, is

(5.1)

vp (pc2ro/_r) 1[2= _ 8.97 x 103p x/2 (5.2)

the electron gyrofrequency, vg, is
eB

vg = 21rrnc (5.3)

and O is the angle between the magnetic field B and the direction of propagation of the wave front.
Here p is the number density of the electrons, and r0 is the classical electron radius.

For the Earth's ionosphere, with p _ 1012 electrons/m s, up _ 8.9 MHz, while for the interplane-

tary medium with # _ 107 - 10 s electrons/m 3, vp _ 28 - 89 kHz. In the interstellar medium, p _ l0 s

electrons/m 3, which gives vp _ 3 kHz. At typical microwave frequencies used for geodetic VLBI (8.4

GHz), vp/v = 10 -3 for the ionosphere, 10 -5 for the interplanetary medium, and 3 x 10 -7 for the
interstellar medium.

The gyrofrequency, vg, for an electron in the _ 0.2 gauss field of the Earth is _* 0.6 MHz, Thus,

for the ionosphere, vo/v _ 2 x 10 -4 at S band (2.3 GHz), and vo/v _ 7 x 10 -s at X band (8.4 GHz).

For the interstellar medium B _ 10 -e gauss, while for the interplanetary region B _ 10 -4 gauss.

Relative to vacuum as a reference, the phase delay of a monochromatic signal transiting this
medium of refractive index n is

f frpd=7 (n-1)dl_-2-_ ,v, 4_v/ 8_v/ (5.4)

where

-- = 1 + cos e
v

For 8.4 GHz, we may approximate this effect to parts in 10s - 10v by:

(5.5)

-q --q
Ap_- I+ cose _-_ i- cos (5.6)

where

or0 [ croS_q=._., pdÁ= 2x (5.7)

and where S, isthe totalnumber of electronsper unit area along the integratedlineof sight.Ifwe

alsoneglectthe term (v#cos e)/v, then the expressionfor Apd becomes simple and independent of

the geometry ofthe traversalof the wave frontthrough the ionosphere:

(5.8)

This delay is negative. Thus, a phase advance actually occurs for a monochromatic signal. Since phase

delay is obtained at a single frequency, observables derived from phase delay (e.g., phase delay rates)
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experience an increment which is negative (the observable with the medium present is smaller than it
would be without the medium). In contrast, group delays measured by a technique such as bandwidth

synthesis (r = _-_v) experience an additive delay which can be derived from (5.8) by differentiating

= vApd with respect to frequency:

= (5.9)
Notice that the sign is now positive, though the group delay is of the same magnitude as the phase

delay advance. For group delay measurements, the measured delay is larger with the medium present
than without the medium.

For a typical ionosphere, r _ 1 - 20 × 10 -l° sec at local zenith for u = 8.4 GHz. This effect has

a maximum at approximately 1400 hours local time and a broad minimum during local night. For
long baselines, the effects at each station are quite different. Thus, the differential effect may be of
the same order as the maximum.

For the interplanetary medium and at an observing frequency of 8.4 GHz, a single ray path

experiences a delay of approximately 6 x 10 -7 sec in transiting the Solar System. However, the
differential between the ray paths to the two stations on the Earth is considerably less, since the

gradient between the two ray paths should also be inversely proportional to the dimensions of the

plasma region (e.g., one astronomical unit as opposed to a few thousand kilometers). The ray path

from a source at a distance of 1 megaparsec (3 x 107 kin) experiences an integrated plasma delay of

approximately 5000 seconds for a frequency of 8.4 GHz. In this case, however, the typical dimension

is also that much greater, and so the differential effect on two ray paths separated by one Earth radius
is still not as great as the differential delays caused by the Earth's ionosphere.

5.1 DUAL-FREQUENCY CALIBRATION

These plasma effectscan best be removed by the technique of observing the sources at two

frequencies,vx and u2, where ui,2 :_ vp and where Iv2 - vII//(_2+ u_) _# 1. Then at the two
frequenciesvl and u2 we obtain

= +
and

= + (s.11)
Multiplyingeach expressionby the square ofthe frequency involvedand subtracting,we obtain

r = arv2 q- brvl (5.12)

where

and

a= (5.13)

b ---_ --l'J2

u_ - v_ (5.14)

This linear combination of the observables at two frequencies thus removes the charged particle con-
tribution to the delay.

For uncorrelated errors in the frequency windows, the overall error in the derived delay can be
modeled as

2 a2a2 + b2a 2 (5.15)0"I. _'_ Yw2 Tvl

Modeling of other error types is more difficult and will not be treated in this report. Since the values

of a and b are independent of q, these same coefficients apply both to group delay and to phase delay.
If we had not neglected the effect of the electron gyrofrequency in the ionosphere, then instead

of (5.12) above, we would have obtained

q vgcosO (5.16)
r=arv2l-bTvl-}-v2vl(v2 -- vx)
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wherea and b are defined as in (5.13) and (5.14), respectively.
Ifwe expressthe thirdterm on the right-handsideinunitsof the contributionof the ionosphere

atfrequency u2, we obtain

ApaU2 vgcos 0 (5.17)
r = ar_2 + br_x + vx(v2 Jr /21)

For X band Apd _ 1 -- 20 xl0 -x° sec at the zenith. When using S band as the other frequency in the
pair, this third term is _ 2 x 10-4ApacosO _ 2 - 40 xl0 -13 sec at zenith. In the worst case of high

ionospheric electron content, and at low elevation angles, this effect could reach 0.1 cm of total error
in determining the total delay using the simple formula (5.12) above. Notice that the effect becomes

much more significant at lower frequencies.
In the software chain used at JPL, the dual-frequency correction is performed prior to the process-

ing step "MODEST" (Lowe, 1991). MODEST does not have the facility to perform this correction.
However, the process is described here because it is important to understanding the data input to

MODEST. For millimeter accuracy, or for lower observing frequencies even at centimeter accuracy

levels, a correction for the gyrofrequency effect is necessary.

5.2 TOTAL ELECTRON CONTENT

In the absence of the dual-frequency observation capability described above, one can improve the

model of the interferometer by modeling the ionosphere, using whatever measurements of the total
electron content are available. The model we have chosen to implement is very simple. Its formalism

is very similar to that of the troposphere model, except that the ionosphere is modeled as a spherical
shell for which the bottom is at the height hx, above the geodetic surface of the Earth, and the top of

the shell is at the height h2, above that same surface (see figure 7). For each station the ionospheric

delay is modeled as
ri -= kgle,.q(E)lv 2 (5.18)

where

k = 0.1cr_____oo (5.19)
2_r

/e is the total electron content at zenith (in electrons per meter squared ×10-17), and g ----1(-1) for

group (phase) delay. E is the apparent geodetic elevation angle of the source, S(E) is a slant range
factor discussed below, and v is the observing frequency in gigahertz.

The slant range factor {see figure 7) is

S(E) = _/R2 sin2 E + 2Rh2 + h] - x/R2 sin 2 E + 2Rhx + h 2
h2 - hi

(5.20)

This expression is strictly correct for a spherical Earth of radius R, and a source at apparent elevation

angle E. The model employed uses this expression and a geoid surface with a local radius of curvature
at the receiving station of R equal to the distance from the receiving station to the center of the Earth.
The model also assumes this same value of R can be used at the ionospheric penetration points, e.g.:

R4 = R Jr h/ (5.21)

This is not strictly true, but is a very close approximation, particularly compared to the crude nature
of the total electron content determinations on which the model also depends. The total ionospheric

contribution on a given baseline is

r[ _ riet6tio_ _ - r_,t_¢io _ I (5.22)

We assume that the ionospheric total electron content, Ie, is the sum of two parts, one obtained by

some external set of measurements such as Faraday rotation or CPS techniques, and the other by

some specified additive constant:
Ie = I_ rneas Jr I_ aaa (5.23)
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These external measurements, in general, are not along directions in the ionosphere coincident with

the ray paths to the interferometer. Thus, for each antenna, it is necessary to map a measurement

made along one ray path to the ray paths used by the interferometer. Many different techniques to

do this mapping have been suggested and tried; all of them of dubious accuracy. In the light of these

problems, and in the anticipation that dual-frequency observations will be employed for the most

accurate interferometric work, we have implemented only a simple hour-angle mapping of the time

history of the measurements of I_ at a given latitude and longitude to the point of interest. In this
model we allow the user to adjust the "height", h, of the ionosphere, but require

hi = h - 35 km

h2 = h + 70 km (5.24)

UPPER EDGE OF
IONOSPHERE

LOWER EDGE OF

l 2 IONOSPHERE

h

EARTH'S
SURFACE

OBSER_NG

STATION

EARTH CENTER

Figure 7. The geometry of the spherical ionospheric shellused for ionospheric corrections

Nominally, this "height _ is taken to be 350 km. Setting this height to zero causes the program to
ignore the ionosphere model, as is required if dual-frequency observations have already been used to
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remove the plasma effects.As in the troposphere model, these correctionscan alsobe incorporated

into the input data stream. Then the user isfreeto accept the passed correction,and use thismodel

as a small alterationofthe previouslyinvoked model, or to remove the passed corrections.

The deficienciesof these ionosphere models for single-frequencyobservationsare compounded

by the lenseffectof the solarplasma. In effect,the Solar System isa sphericalplasma lens which

willcause the apparent positionsof the radio sourcesto be shiftedfrom theiractualpositionsby an

amount which depends on the solarweather and on the Sun-Earth-source angle.Since both the solar

weather and the Sun-Earth-source angle change throughout the year,very accurateobservationsover

the time scaleofa year willbe virtuallyimpossible.

Only one parameter ispresentin the ionosphereportion ofthe model. Again, the model islinear

in the parameter Ieaaa. Thus, the partialderivativewith respectto thisparameter is

ar k ](station#) g(data type) S(E)

91e add V2

(5.25)

with ](2) = i and f(1) = -I.
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SECTION 6

MODELING THE PHASE DELAY RATE (FRINGE FREQUENCY)

The interferometer is capable of producing several data types: group delay, phase delay, and the
time rate of change of phase delay. Actually, the time rate of change of group delay is also available.

However, it is not accurate enough to be of significance for geodetic uses. The models discussed above

are directly applicable either to group delay or to phase delay. However, the model for the time rate

of change of phase delay (fringe frequency) must be either constructed separately, or its equivalent

information content obtained by forming the time difference of two phase delay values constructed

from the delay-rate measurements as shown below. We chose the latter route since then only models of
delay are needed. The two phase delay values, rpd(t-FA), used to represent the delay-rate measurement
information content are obtained from the expression

 od(t + 4) = + 4) +  rCt) + ÷rA (6.1)

where r,_(t) is the model used in the delay extraction processing step, rr(t) is the residual of the
observations from that model, and _'r is the residual delay rate of the data relative to that model.

This modeling for the delay extraction step is covered in Thomas (1981), and is done in analysis
steps prior to and completely separate from the modeling described in this report. The output of

those previous steps is such that the details of all processing prior to the modeling described here
are transparent to this step. Only total interferometer delays and differenced total interferometer

phase delays (these phase delays are divided by the time interval of the difference) are reported to
this step. One of the requirements of these previous processing steps is that the model delay used
be accurate enough to provide a residual phase that is a linear function of time over the observation

interval required to obtain the delay information. A linear fit to this residual phase yields the value

of ÷r, the residual delay rate. Using these two values of rod , obtained by (6.1) above, the quantity, R,
is constructed by the following algorithm:

R = [rpdCt + 4) -- rpd(t -- A)]
2A (0.2)

This value and the group delay measurement, tad , are the two data types that normally serve as

the interferometer data input to be explained by the model described in this report. The software,

however, also has the option to model phase delay, rod, directly. In the limit A ---. 0, this expression

for differenced phase delay approaches the instantaneous time rate of change of phase delay {fringe
frequency) at time t. In practice, A must be large enough to avoid roundoff errors that arise from

taking small differences of large numbers, but should also be small enough to allow R to be a reasonably
close approximation to the instantaneous delay rate. A suitable compromise appears to be A _ 2

seconds. Fortunately, A has a wide range of allowed values, and the capability to model interferometer
performance accurately is relatively insensitive to this choice.
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SECTION 7

PHYSICAL CONSTANTS USED

In the software that has been implemented we have tried to use the constants recommended by

the IAU project MERIT {Melbourne et al., 1983). Those that have not been defined in the text above,
but which have an effect on the results that are obtained using the JPL software, are given below:

Symbol Value Quantity

c 299792.458

r0 2.817938 x 10 -15

RE 6378.140

wE 7.2921151467 X 10 -5

f 298.257
h2 0.609

12 0.0852

h3 0.292

13 0.0151

g 980.665

Velocity of light (km/sec)

Classical radius of the electron (meters)

Equatorial radius of the Earth (km)

Rotation rate of the Earth (rad/sec)
Flattening factor of the geoid

Vertical quadrupole Love number

Horizontal quadrupole Love number

Vertical octupole Love number

Horizontal octupole Love number

Surface acceleration due to gravity (cm/sec 2)
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SECTION 8

POSSIBLE IMPROVEMENTS TO THE CURRENT MODEL

This sectionlistsareasin which the currentmodel can be improved.

General Relativity:

Variationsof the Earth's gravitationalpotentialmust be taken into account in defining

proper lengths. This correctionisestimated by Thomas (1991) to amount to 0.2 cm for a

10,000 km baseline.
Second-order effectshave not been carefullyinvestigated,and could possiblycontributeat

the picosecond level.

Earth OrientationModels:

There are short-perioddeficienciesin the present IAU models for the orientationof the

Earth in space that may be as large as 1 to 2 milliarcseconds, and longer-term deficiencies

of the order of 1 milliarcsecond per year {3 cm at one Earth radius). VLBI measurements

made during the past few years indicate the need for revisions of this order of the annual

nutation terms and the precession constant [Eubanks et al. (1985}, Herring et al. (1986}].

The 18.6-year term in the IAU nutation series may also be in error, and present data spans
are just approaching durations long enough to separate it from precession. To provide an

improved nutation model, we have implemented a MODEST option to use the amplitudes

of Zhu et al. (discussed in Section 2.6.2.1). This will constitute a temporarily better model
of the annual and semiannual nutations until the IAU series is officially revised.

Tidal Effects:

Ocean tides affect UT1, necessitating revisions and additional terms in the Yoder short-

period UT1 correction series (Brosche et al., 1989).

Antenna Deformation:

Gravity loading and temperature variations may cause variations in the position of the

reference point of a large antenna that are as large as 1 cm. Liewer (1986) presents evidence

that these effects cause systematic errors and that their dependence on antenna orientation

and ambient temperature may be modeled.

Antenna Alignment:
Hour angle misallgnment of the order of 1 arc minute can cause 1 mm delay effects for DSN

HA-Dec antennas with 7-m axis offsets.

Subreflector Focusing:
For DSN 70-m Cassegrain antennas, allowing the subreflector to slew in order to maintain

focus changes the path delay by _#8 cm over the 6° -90 ° elevation range. Simulations

(Jacobs, 1987) show that this effect is almost entirely absorbed by the clock epoch and local

station vertical coordinate parameters. For baselines between two 70-m antennas, this causes

a potential error of up to 12 cm in length. Presently, this effect can be modeled as a site

vector relating fixed and slewed antenna positions; it may be more convenient to introduce
a %lew flag _ in the data to model it automatically.

Phase Delay Rate:

Rather than modeling the delay rates as finite differences of model delays, direct analytic

expressions for derivatives of delays could be implemented. This would eliminate questions
concerning the choice of the time difference A discussed in section 6. Care must be exercised,

however, to ensure consistency between definitions of modeled and observed delay rates.
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APPENDIX A

NUTATION MODELS

The three nutation series available in MODEST are tabulated here: Table A.I gives the standard 1980

IAU series; Tables A.II, A.III, and A.IV contain the results of Zhu et al. (1990); for completeness, the

old (Woolard) nutation series is given in Table A.V.

Table A.I

1980 IAU Theory of Nutation

Index Period

j (days)

1 6798.4

2 3399.2

3 1305.5

4 1095.2

5 1615.7

6 3232.9
7 6786.3

8 943.2

9 182.6

10 365.3

11 121.7
12 365.2

13 177.8

14 205.9

15 173.3

16 182.6
17 386.0

18 91.3

19 346.6
20 199.8

21 346.6

22 212.3

23 119.6

24 411.8

25 131.7
26 169.0

27 329.8

28 409.2

29 388.3

30 117.5

Argument coefficient

kyl ki2 ky3 ki4 kjs

0 0 0 0 1

0 0 0 0 2

-2 0 2 0 1

2 0 -2 0 0

-2 0 2 0 2

1 -1 0 -1 0

0 -2 2 -2 1
2 0 -2 0 1

0 0 2 -2 2

0 1 0 0 0

-171996 -174.2

2062 0.2

46 0.0

11 0.0

-3 0.0

-3 0.0
-2 0.0

1 0.0

-13187 -1.6

1426 -3.4

0 1 2 -2 2

0 -1 2 -2 2
0 0 2 -2 1

2 0 0 -2 0

0 0 2 -2 0

0 2 0 0 0

0 1 0 0 1

0 2 2 -2 2
0 -1 0 0 1

-2 0 0 2 1
0 -1 2 -2 1

2 0 0 -2 i

0 1 2 -2 1

1 0 0 -1 0

2 1 0 -2 0

0 0 -2 2 1

0 1 -2 2 0
0 1 0 0 2

-I 0 0 1 1

0 1 2 -2 0

-517 1.2

217 -0.5

129 0.i
48 0.0

-22 0.0

17 -0.i

-15 0.0

-16 0.1
-12 0.0

-6 0.0

-5 0.0
4 0.0

4 0.0

-4 0.0

1 0.0

1 0.0

-1 0.0
1 0.0

1 0.0

-I 0.0

Boy Bli
(o".oool)

92025 8.9

-895 0.5

-24 0.0

0 0.0

1 0.0

0 0.0

1 0.0
0 0.0

5736 -3.1
54 -0.I

224 -O.6

-95 0.3

-7O 0.0

1 0.0

0 0.0
0 0.0

9 0.0

7 0.0
6 0.0

3 0.0

3 0.0

-2 0.0
-2 0.0

0 0.0

0 0.0

0 0.0

0 0.0

0 0.0
0 0.0

0 0.0
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TableA.Icont.

1980 IAU Theory of Nutation

Index

J

31

32

33

34
35

36

37

38

39
40

41

42

43

44
45

46

47
48

49

50
51

52

53

54

55

56
57

58

59

6O
61

62

63

64

65

66
67

68

69

7O

Period

(days)

13.7

27.6

13.6

9.1
31.8

27.1

14.8

27.7

27.4

9.6
9.1

7.1

13.8

23.9

6.9
13.6

27.0

32.0
31.7

9.5

34.8
13.2

14.2

5.6

9.6

12.8

14.8

7.1
23.9

14.7

29.8
6.9

15.4

26.9

29.5

25.6

9.1
9.4

9.8

13.7

k11

Argument coefficient

ky2 ky3 ky4 ky5

Aoy A,y

(0".0001)

0 0 2 0 2
1 0 0 0 0

0 0 2 0 1
1 0 2 0 2

1 0 0 -2 0

-1 0 2 0 2

0 0 0 2 0

1 0 0 0 1

-1 0 0 0 1
-1 0 2 2 2

1 0 2 0 1

0 0 2 2 2

2 0 0 0 0
1 0 2 -2 2

2 0 2 0 2

0 0 2 0 0

-1 0 2 0 1

-1 0 0 2 1
1 0 0 -2 1

-1 0 2 2 1

1 1 0 -2 0
0 1 2 0 2

0 -1 2 0 2

1 0 2 2 2

1 0 0 2 0

2 0 2 -2 2

0 0 0 2 1

0 0 2 2 1
1 0 2 -2 1

0 0 0 -2 1

1 -1 0 0 0
2 0 2 0 1

0 1 0 -2 0

1 0 -2 0 0

0 0 0 1 0

1 1 0 0 0
1 0 2 0 0

! -1 2 0 2

-1 -1 2 2 2

-2 0 0 0 1

-2274

712

-386
-301

-158

123

63

63

-58

-59
-51

-38

29

29
-31

26

21

16

-13
-10

-7

7
-7

-8

6
6

-6

-7

6

-5
5

-5

-4

4

-4
-3

3
-3

-3

-2

-0.2

0.1

-0.4
0.0

0.0

0.0

0.0

0.1

-0.1

0.0

0.0
0.0

0.0

0.0
0.0

0.0

0.0

0.0

0.0
0.0

0.0

0.0

0.0

0.0

0.0
0.0

0.0

0.0

0.0

0.0
0.0

0.0

0.0

0.0

0.0
0.0

0.0

0.0
0.0

0.0

Boy BIy

(0".0001)

977 -0.5

-7 0.0

200 0.0

129 -0.1

-1 0.0

-53 0.0

-2 0.0
-33 0.0

32 0.0

26 0.0

27 0.0

16 0.0

-1 0.0
-12 0.0

13 0.0

-1 0.0

-10 0.0
-8 0.0

7 0.0

5 0.0

0 0.0
-3 0.0

3 0.0

3 0.0

0 0.0

-3 0.0

3 0.0

3 0.0
-3 0.0

3 0.0

0 0.0

3 0.0

0 0.0
0 0.0

0 0.0

0 0.0
0 0.0

1 0.0

1 0.0

1 0.0
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TableA.I cont.

1980IAU Theory of Nutation

Index

J

71

72

73

74

75
76

77

78

79

80

81
82

83

84

85
86

87

88

89

90

91
92

93

94

95

96
97

98

99

100
101

102

103

104
105

106

Period

5.5

7.2

8.9

32.6
13.8

27.8

9.2

9.3

27.3

10.1
14.6

5.8

15.9

22.5
5.6

7.3

9.1

29.3

12.8

4.7
9.6

12.7

8.7

23.8

13.1

35.0
13.6

25.4

14.2
9.5

14.2

34.7

32.8
7.1

4.8

27.3

kyl

Argument coefficient

ky2 ky3 ky4 ky5

Aol Aly

(o".OOOl)

3 0 2 0

0 -1 2 2

1 1 2 0
-1 0 2 -2

2 0 0 0

1 0 0 0

3 0 0 0

0 0 2 1

-1 0 0 0
1 0 0 -4

-2 0 2 2

-1 0 2 4

2 -3

2 -3

2 2

1 -2

1 2

2 -2

0 2
2 2

2 1

0 -1

2 1
2 -2

2 0 0 -4 0

1 1 2 -2 2
1 0 2 2 1

-2 0 2 4 2

-1 0 4 0 2

1 -1 0 -2 0

2 0 2 -2 1
2 0 2 2 2

1 0 0 2 1

0 0 4 -2 2

3 0 2 -2 2

1 0 2 -2 0

0 1 2 0 1
-1 -1 0 2 1

0 0 -2 0 1

0 0 2 -1 2
0 1 0 2 0

1 0 -2 -2 0

0 -1 2 0 1

1 1 0 -2 1
1 0 -2 2 0

2 0 0 2 0

0 0 2 4 2

0 1 0 1 0

-I

1
-i

-I

1

1

1

-I

-i

1

1
-I

1

1

-i
-i

-i

-I
-I

-I

-I

1

-i
1

0.0

0.0

0.0
0.0

0.0

0.0

0.0

0.0

0.0
0.0

0.0

Boa" Bly

(0".0001)

1 0.0

1 0.0

-I 0.0
1 0.0

-1 0.0

1 0.0

0 0.0

-1 0.0
-i 0.0

0 0.0

-1 0.0

0.0 I 0.0

0.0 0 0.0

0.0 -1 0.0
0.0 1 0.0

0.0 1 0.0

0.0 0 0.0

0.0 0 0.0

0.0 -1 0.0

0.0 0 0.0
0.0 0 0.0

0.0 0 0.0

0.0 0 0.0

0.0 0 0.0

0.0 0 0.0

0.0 0 0.0
0.0 0 0.0

0.0 0 0.0

0.0 0 0.0

0.0 0 0.0
0.0 0 0.0

0.0 0 0.0

0.0 0 0.0

0.0 0 0.0

0.0 0 0.0
0.0 0 0.0
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Table A.II

Zhu et al. Theory of Nutation: 1980 IAU Terms

Index

J

1

2
3

4

5

6
7

8

9

10

11
12

13

14

15
16

17

18

19
2O

21

22

23
24

25

26
27

28

29

30

31

32

33

34
35

36

37
38

39

4O

Period

(days)

6798.38

3399.19

1305.48
1095.18

1615.75

3232.86
6786.32

943.23

182.62

365.26

121.75

365.22
177.84

205.89

173.31
182.63

386.00

91.31

346.64
199.84

346.60
212.32

119.61
411.78

131.67

169.00

329.79
409.23

388.27

117.54

13.66
27.55

13.63

9.13

31.81
27.09

14.77
27.67

27.44

9.56

Argument coefficient

k il k j2 k j3 k j4 kj5

0 0 0 0 1
0 0 0 0 2

-2 0 2 0 1

2 0 -2 0 0

-2 0 2 0 2
1 -1 0 -1 0

0 -2 2 -2 1

2 0 -2 0 1

0 0 2 -2 2

0 1 0 0 0
0 1 2 -2 2

0 -1 2 -2 2

0 0 2 -2 1

2 0 0 -2 0
0 0 2 -2 0

0 2 0 0 0

0 1 0 0 1

0 2 2 -2 2

0 -1 0 0 1
-2 0 0 2 1

0 -1 2 -2 1

2 0 0 -2 1

0 1 2 -2 1
1 0 0 -1 0

2 1 0 -2 0

0 0 -2 2 1
0 1 -2 2 0

0 1 0 0 2

-1 0 0 1 1

0 1 2 -2 0

0 0 2 0 2

1 0 0 0 0

0 0 2 0 1

1 0 2 0 2
1 0 0 -2 0

-1 0 2 0 2

0 0 0 2 0
1 0 0 0 1

-1 0 0 0 1

-1 0 2 2 2

Aoy Aly

(0".00001)

-1720618 -1743

20743 2

460 1
110 0

-31 0

-33 0

-15 0
7 0

-131720 -16
14735 -35

-5176 12

2161 -5

1293 1
479 0

-218 0

168 -1
-140 0

-158 1

-127 0

-58 0

-48 0
41 0

36 0

-43 0

11 0

9 0
-9 0

7 0

9 0

-6 0

-22824 -2

7122 1
-3885 -4

-3023 0

-1572 0

1238 0
635 0

633 1

-580 -I

-598 0

Boy Bxy

(0".00001)

920530 90
-8975 5

-243 0

1 0

14 0
0 0

8 0

-4 0

57320 -31

719 -2
2247 -7

-961 3

-699 0

5 0

-1 0
2 0

86 0

69 0
64 0

3O 0

27 0

-22 0

-20 0

-6 0
0 0

-4 0

0 0

-3 0
-4 0

0 0

9806 -5
-70 0

2011 0

1293 -1

-13 0
-535 0

-13 0
-332 0

315 0

256 0

7O



TableA.II cont.

Zhu etal.Theory of Nutation: 1980 IAU Terms

Index

J

41

42

43

44

45
46

47

48

49

5O

51
52

53

54
55

56

57

58

59
6O

61
62

63

64

65

66
67

68

69
7O

71
72
73

74

75

76

77
78

79

8O

Period

(days)

9.12

7.10

13.78

23.94

6.86

13.61

26.98

31.96

31.66

9.54

34.85

13.17
14.19

5.64

9.61
12.81

14.80

7.09

23.86

14.73

29.80
6.85

15.39

26.88

29.53

25.62

9.11

9.37

9.81

13.75

5.49
7.24

8.91
32.61

13.81

27.78

9.18

9.34

27.33

10.08

Argument coefficient

k3"l k3"2 k33 k j4

1 0 2 0

0 0 2 2

2 0 0 0

1 0 2 -2

2 0 2 0
0 0 2 0

-1 0 2 0

-1 0 0 2

1 0 0 -2

-1 0 2 2

I 1 0 -2

0 1 2 0
0 -1 2 0

1 0 2 2

1 0 0 2
2 0 2 -2

0 0 0 2

0 0 2 2

1 0 2 -2

0 0 0 -2

1 -I 0 0

2 0 2 0

0 1 0 -2

1 0 -2 0

0 0 0 1

1 i 0 0

1 0 2 0

1 -I 2 0

-1 -1 2 2

-2 0 0 0

3 0 2 0
0 -1 2 2

1 1 2 0

-1 0 2 -2

2 0 0 0

1 0 0 0

3 0 0 0

0 0 2 1

-1 0 0 0

1 0 0 -4

kjs

1

2

0

2

2
0

1

1

1

1

0

2
2

2

0
2 65

1 -64

1 -66

1 58

1 -50

0 47

1 -53

0 -44
0 41

0 -40

0 -34

0 34
2 -29

2 -29

1 -23

2 -29

2 -26
2 25

1 -20

i 22
2 -20

0 16

2 16

2 14

0 -14

-517

-386

293

286

-311

259

205

152

-129

-i03

-74

76

-71

-77

66

Boy Biy

(0".00001)

0 265 0

0 165 0

0 -6 0

0 -124 0

0 132 0
0 -5 0

0 -107 0

0 -80 0

0 70 0

0 53 0

0 -1 0

0 -33 0

0 31 0

0 32 0

0 -3 0

0 -28 0

0 33 0

0 34 0

0 -30 0

0 28 0

0 -I 0

0 27 0

0 -I 0

0 1 0

0 I 0

0 1 0

0 -1 0

0 12 0

0 12 0

0 13 0

0 12 0

0 11 0

0 -i0 0

0 11 0

0 -II 0

0 8 0

0 -1 0

0 -7 0

0 -6 0

0 -I 0

71



Table A.II cont.

Zhu et al. Theory of Nutation: 1980 IAU Terms

Index

J

81
82

83

84

85
86

87

88

89

90
91

92

93
94

95

96

97

98
99

100

101
102

103

104

105

106

Period

(days)

14.63

5.80

15.91
22.47

5.64

7.35

9.06
29.26

12.79

4.68

9.63
12.66

8.75
23.77

13.41

35.03

13.58

25.42

14.19
9.53

14.16

34.67
32.76

7.13

4.79

27.32

Argument coefficient

kil ky2 ki3 ky4 ky5

-2 0 2 2 2

-1 0 2 4 2

2 0 0 -4 0
1 1 2 -2 2

1 0 2 2 1

-2 0 2 4 2

-1 0 4 0 2

1 -1 0 -2 0
2 0 2 -2 1

2 0 2 2 2

1 0 0 2 1

0 0 4 -2 2

3 0 2 -2 2
1 0 2 -2 0

0 1 2 0 1

-1 -1 0 2 1

0 0 -2 0 1

0 0 2 -1 2

0 1 0 2 0
1 0 -2 -2 0

0 -1 2 0 1

1 1 0 -2 1
1 0 -2 2 0

2 0 0 2 0

0 0 2 4 2

0 1 0 1 0

Aoj Ali

(o".ooool)

13 0
-15 0

-13 0

13 0

-13 0

-12 0

11 0
9 0

10 0

-11 0

-10 0
9 0

9 0

-7 0

8 0

7 0

-6 0
-7 0

-6 0

-6 0

-7 0
-6 0

-6 0

6 0

-7 0
5 0

Boy BIy

(0".000Ol)

-6 0

6 0

0 0
-5 0

7 0

5 0

-5 0

0 0
-5 0

5 0

5 0

-4 0

-4 0
0 0

-4 0

-4 0

3 0

3 0

0 0
0 0

3 0

3 0

0 0

0 0
3 0

0 0

Table A.III

Zhu et al. Theory of Nutation: Out-of-Phase Terms

Index

J

1

2

3

4

Period

(days)

6798.38
182.62

365.26

13.66

Argument coefficient

kil ki2 ky3 ky4 k:'5

0 0 0 0 1

0 0 2 -2 2

0 1 0 0 0

0 0 2 0 2

221
-153

-55

-5

112

-61

22

-2
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TableA.IV

Zhuet aI. Theory of Nutation: Planetary Terms

Index

J

1
2

3

4

5

6

7

8

9
10

11

12

13

14
15

16

17

18

19
20

21

22

23
24

25

26

27

28

29

3O
31

32

33

34
35

36

37

38
39

4O

Period

(days) k;x

5.49

5.73

6.96

6.99

7.38
9.31

9.80
9.87

14.83

29.93

73.05

177.84

187.66
3230.13

3231.50

6164.10

4.00

4.08

4.58
4.68

4.79

5.56
5.80

5.90

6.73

6.82

6.85

6.98
7.08

7.13

7.23

7.34

7.38
7.39

8.68

8.73

8.90
9.05

9.11

9.17

Argument coefficient

k j2 k j3 hi4 k15

3 0 2 0 1

1 -I 2 2 2

0 1 2 2 2

2 -I 2 0 2

0 0 0 4 0

-1 1 2 2 2

-I -I 2 2 1

1 -1 0 2 0

0 0 0 2 2

I -1 0 0 1

0 3 2 -2 2

0 0 2 -2 1

0 0 2 -2 3

-1 -1 2 -1 2

-1 0 1 0 1

-1 1 0 1 1

3 0 2 2 2

1 0 2 4 2
4 0 2 0 2

2 0 2 2 1

0 0 2 4 1
1 1 2 2 2

-1 0 2 4 1

-1 -1 2 4 2

2 1 2 0 2

0 0 4 0 2

2 0 2 0 0
I 0 2 1 2

0 0 2 2 0

2 0 0 2 1

0 -1 2 2 1

-2 0 2 4 1
0 -2 2 2 2

0 0 0 4 1

1 0 4 -2 2

3 0 2 -2 1
1 1 2 0 1

-1 0 4 0 1

0 1 2 1 2

-3 0 0 0 1

Aoj Boi

(0".00001)

-5 2
-6 2

5 -2

-5 2

5 0

6 -2

-5 2

5 0

-5 2

5 -3
-5 2

-9 7

13 -2

13 -5

15 3

7 -4

-1 1

-2 1

-3 1
-2 1

-1 1

1 -1

-3 1
-2 1

4 -2

2 -1

3 0

3 -1

4 0

-1 1
-4 2

-2 1

-1 1

-2 1
2 -1

2 -1

4 -2

2 -1

-2 1
-1 1
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TableA.IV cont.
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Index

J

41

42

43

44

45

46

47

48

49
5O

51

52
53

54

55
56

57

58

59

60

61
62

63

64

65
66

67

68

69

7O
71

72

73

74

75
76

77

78

79

8O

Period

(days)

9.33

9.35

9.60

10.07

10.10

10.37

12.38

12.64

13.22
13.28

13.63

13.69
14.22

14.25

14.32

14.60
14.70

15.35

15.42

15.87

15.94
16.06

16.10

22.40

25.22
25.53

25.72

26.77

27.32

29.26
29.39

29.40

29.66

29.67

31.52
32.11

32.45

35.80
38.52

38.74

Argument coefficient

kyl kj2 kj'a ky4 kys

Ao_ Boy

(0".00001)

0 0 2 1 1

1 -1 2 0 1

-1 0 0 -2 1

1 0 0 -4 1

-1 0 0 4 1

-1 -1 0 4 0

2 1 2 -2 2

0 0 4 -2 1

1 0 2 -1 2
2 1 0 0 0

0 0 2 0 1

0 0 2 0 3
0 1 0 2 1

1 0 0 1 0

2 -1 0 0 0

-2 0 2 2 1

0 0 0 -2 2
0 1 0 -2 1

0 -1 0 2 1

2 0 0 -4 1

-2 0 0 4 1

0 -2 0 2 0
0 0 2 -4 1

1 1 2 -2 1

-1 1 2 0 2

-1 -1 0 0 1
1 1 0 0 1

1 0 -2 0 1
0 0 1 0 1

-1 -1 2 0 2

-1 1 0 2 1
0 0 0 -1 1

0 0 0 1 1

-1 1 0 0 1

1 0 0 -2 2

-1 0 0 2 2

-1 0 2 -2 2

-1 1 2 -2 1

-1 -2 0 2 0

1 0 2 -4 1

3

-4

-4

-1

-2

1

3

2

-3
-3

-1

2

2
-3

4

2

1

-3

-2
-1

1

2

-1
3

4

2

-3

3

-2
-2

-1
3

-4

-2

3

-4

3

-1

3

-4

-i

2

3

1

1

0

-I

-I

1

0
0

0

-i

0
0

-I

-I

2

1
1

-1

0

1

-i
-2

-I

2

-I

0

1
1

-2
2

2

-I

2

-1

1

0

2
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Table A.IV cont.
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Index

J

81

82

83
84

85

86

87

88

89
90

91

92

93

94

95

96

97
98

99
100

101

102

103

104

105
106

107

108

109
110

111

112

113
114

115

116

117

118

119
120

Period

(days}

121.75

129.17

177.85
219.17

285.41

297.91

313.04

329.82

438.33
471.95

507.16

552.62

2266.13

6159.14

4.74

4.86

5.58

5.73

5.82

6.64
6.73

6.89

6.95

6.97

6.98

7.22
7.50

7.54

8.94

9.10

9.20

9.30

9.37

9.89

10.08
12.35

12.71

12.76

13.49

13.72

Argument coefficient

kil k j2 k j3 ky4 ki5

0 3 0 0 0

-2 -1 0 2 1

0 -2 0 0 1
2 0 0 -2 2

-2 1 2 0 1

-2 1 2 0 2

-1 0 2 -1 1

0 -1 0 0 2

I 0 0 -I 1
-2 -1 2 0 2

-2 -1 2 0 1

-3 0 2 1 2

0 0 0 0 3

-1 0 1 0 2

2 -1 2 2 2

0 -1 2 4 2

3 -1 2 0 2

1 -1 2 2 1
1 0 0 4 0

4 0 2 -2 2

2 1 2 0 1
4 0 0 0 0

0 1 2 2 1

1 0 2 1 1

2 -1 2 0 1

-I 0 2 3 2

-2 -1 2 4 2
0 -1 0 4 0

2 0 2 -1 2

1 0 2 0 -1

3 0 0 0 1
-I 1 2 2 1

1 1 0 2 0

1 -1 0 2 1

-1 -2 2 2 2

2 1 2 -2 1
0 2 2 0 2

2 0 2 -2 0

-2 0 4 0 2

1 1 0 1 0

Aoa Boy

(o".ooool)

3 0

-2 1

-1 1
-3 1

-1 0

-1 0

-4 1

4 -1

3 -1
1 -1

3 0

2 -1

-2 0

3 -1

-1 0

-1 0

-1 0

-1 0
1 0

1 0

1 0
1 0

1 0

1 0

-1 0

1 0

-1 0
1 0

-1 0

1 0

1 0

1 0
-1 0

-1 0

-1 0

1 0

1 0
-1 0

-1 0

1 0
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Table A.IV cont.
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Index

J

121

122

123
124

125
126

127

128

129

130

131
132

133

134
135

136

137
138

139
140

141

142

143

144

145

146
147

148

149

150

151
152

153

154

155

156

Period

(days)

13.83

14.13

14.16

14.76

14.93

15.24

15.31
16.63

23.43

23.94

25.13
25.32

25.52

25.62

25.83
27.09

27.32

28.15
29.14

29.14
31.06

32.45

34.48

37.62

38.52

38.96

43.06

43.34

90.10
96.78

134.27

156.52

164.08
187.67

193.56

235.96

Argument coefficient

kyl ky2 k13 k j4 k j5
Aos Boy

(0".000Ol)

2 0 0 0 2

-1 0 2 1 2

0 1 0 2 -1

0 -2 2 0 2

2 0 -2 2 -1

-2 -1 2 2 2

-1 0 0 3 0
-2 -1 0 4 0

-1 0 4 -2 2

1 2 0 0 0

-1 1 2 0 -1
0 0 2 -1 1

1 -1 2 -2 1

1 -1 2 -2 2

2 0 0 -1 0

-1 2 0 2 0
0 -1 2 -1 2

3 0 -2 0 -1

-1 -1 2 0 1
-1 1 0 2 -1

-3 0 2 2 1

1 -2 0 0 0

-2 0 0 3 0

-3 0 0 4 0

-1 0 -2 4 -2
-1 0 -2 4 0

-1 -1 -2 4 -2

1 1 2 -4 1

0 2 2 -2 1
2 0 2 -4 2

2 1 0 -2 1

-2 0 4 -2 2

-2 2 2 0 2

0 2 0 0 1

1 -1 2 -3 2
-4 0 2 2 2

-1

1

-1
-1

1

1

-1

1

-1

-1

1
-1

-1

-1
1

-1

1

1
-1

-1

1
1

-1

1
-1

-1

1

-1

1
-1

1

-1

-1

-1

1
-1

0

0

0

0

0

0
0

0

0

0

0
o

0

0

0

0
0

0

0
0

0

0

0

0

0
0

0

0

0

0
0

0

0

0

0
0
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Table A.V

Woolard Theory of Nutation

Index

J

1

2

3

4

5

6

7
8

9

10

11
12

13

14

15

16

17

18

19
20

21

22

23

24

25

26
27

28

29

30
31

32

33

34

35

Period

(days)

6798.4

3399.2

1305.5

1095.2

1615.7

3232.9

6786.3

182.6

365.3

121.7

365.2

177.8

205.9

173.3

182.6

386.0

91.3

346.6

199.8

346.6

212.3

119.6

411.8

13.7

27.6

13.6

9.1

31.8

27.1

14.8

27.7

27.4

9.6

9.1

7.1

Argument coefficient

ky 1 ky2 ky3 ky4 ky5

0 0 0 0 1

0 0 0 0 2

-2 0 2 0 1

2 0 -2 0 0

-2 0 2 0 2

1 -1 0 -1 0

0 -2 2 -2 1

0 0 2 -2 2

0 I 0 0 0

0 1 2 -2 2

0 -1 2 -2 2

0 0 2 -2 1
2 0 0 -2 0

0 0 2 -2 0

0 2 0 0 0

0 1 0 0 1

0 2 2 -2 2

0 -1 0 0 1

-2 0 0 2 1
0 -1 2 -2 1

2 0 0 -2 1

0 1 2 -2 1

1 0 0 -1 0

0 0 2 0 2

1 0 0 0 0

0 0 2 0 1

1 0 2 0 2

1 0 0 -2 0
-1 0 2 0 2

0 0 0 2 0
1 0 0 0 1

-1 0 0 0 1

-1 0 2 2 2

1 0 2 0 1

0 0 2 2 2

-172327 -173.7

2088 0.2

45 0.0

I0 0.0

-3 0.0

-2 0.0

-4 0.0

-12729 -1.3

1261 -3.1

-497 1.2
214 -0.5

124 0.1

45 0.0

-21 0.0

16 -0.1

-15 0.0

-15 0.1

-10 0.0

-5 0.0
-5 0.0

4 0.0

3 0.0

-3 0.0

-2037 -0.2

675 0.1

-342 -0.4

-261 0.0
-149 0.0

114 0.0

60 0.0
58 0.0

-57 0.0

-52 0.0

-44 0.0

-32 0.0

Boy Bly

(0".0001)

92100 9.1

-904 0.4

-24 0.0

0 0.0
2 0.0

0 0.0

2 0.0

5522 -2.9

0 0.0
216 -0.6

-93 0.3

-66 0.0

0 0.0

0 0.0

0 0.0

8 0.0

? 0.0

5 0.0

3 0.0
3 0.0

-2 0.0

-2 0.0

0 0.0

884 -0.5

0 0.0

183 0.0

113 -0.1

0 0.0

-50 0.0

0 0.0
-31 0.0

30 0.0

22 0.0

23 0.0

14 0.0
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Table A.V cont.
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Index

J

36

37

38
39

40

41
42

43

44

45

46
47

48
49

50
51

52

53
54

55

56

57

58

59

6O
61

62

63

64

65

66

67
68

69

Period

(days)

13.8
23.9

6.9

13.6

27.0

32.0
31.7

9.5

34.8

13.2

14.2

5.6
9.6

12.8

14.8
7.1

23.9

14.7
29.8

6.9

15.4

26.9

29.5

25.6

9.1
9.4

9.8

13.7

5.5

7.2

8.9

32.6
13.8

27.8

kjl

Argument coefficient

ky2 ks'3 ky4 kys

2 0 0 0 0

1 0 2 -2 2

2 0 2 0 2

0 0 2 0 0

-1 0 2 0 1
-1 0 0 2 1

1 0 0 -2 1

-1 0 2 2 1

1 1 0 -2 0

0 1 2 0 2

0 -1 2 0 2
1 0 2 2 2

1 0 0 2 0

2 0 2 -2 2

0 0 0 2 1
0 0 2 2 1

1 0 2 -2 1

0 0 0 -2 1
1 -1 0 0 0

2 0 2 0 1

0 1 0 -2 0

1 0 -2 0 0

0 0 0 1 0

1 1 0 0 0

1 0 2 0 0
1 -1 2 0 2

-1 -1 2 2 2

-2 0 0 0 1

3 0 2 0 2

0 -1 2 2 2

1 1 2 0 2

-1 0 2 -2 1
2 0 0 0 1

1 0 0 0 2

Aoy Alj

(0".0001)

28 0.0

26 0.0

-26 0.0
25 0.0

19 0.0

14 0.0

-13 0.0

-9 0.0

-7 0.0
7 0.0

-6 0.0

-6 0.0

6 0.0

6 0.0
-6 0.0

-5 0.0

5 0.0

-5 0.0
4 0.0

-4 0.0

-4 0.0

4 0.0

-4 0.0

-3 0.0

3 0.0
-3 0.0

-2 0.0

-2 0.0

-2 0.0

-2 0.0

2 0.0

-2 0.0
2 0.0

-2 0.0

Boy Bly

(0".o001}

0 0.0

-11 0.0

11 0.0
0 0.0

-10 0.0

-7 0.0

7 0.0

5 0.0

0 0.0

-3 0.0
3 0.0

3 0.0

0 0.0

-2 0.0
3 0.0

3 0.0

-3 0.0

3 0.0
0 0.0

2 0.0

0 0.0

0 0.0

0 0.0

0 0.0

0 0.0
0 0.0

0 0.0

0 0.0

0 0.0

0 0.0

0 0.0

0 0.0
0 0.0

0 0.0
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APPENDIX B

GLOSSARY OF "MODEST" PARAMETERS

For the convenience of users of MODEST, Table B.I identifies the names of adjustable parameters in

the code with the notation of this document. Brief definitions and either references to equations (in

parentheses) or sections (no parentheses) are also given.

Table B.I

Glossary of MODEST Parameters

Parameter

7"sp

A

Z

rap

h, l

¢

_P P I_,

6

&

el,2

UT1 - UTC

MODEST name

RSPINAX aaaaaaaa

LONGTUD aaaaaaaa

POLPROJ aaaaaaaa

DRSP/DT aaaaaaaa

DLON/DT aaaaaaaa
DPOL/DT aaaaaaaa

X aaaaaaaa

Y aaaaaaaa

Z aaaaaaaa

DX/DT aaaaaaaa

DY/DT aaaaaaaa

DZ/DT aaaaaaaa

AXISOFF aaaaaaaa

*LOVE # aaaaaaaa

TIDEPHZ aaaaaaaa

GEN REL GAMMA FACTOR

RIGHT ASCEN.ssssssssssss

DECLINATION ssssssssssss

DRASCEN/DT ssssssssssss

DDECLIN/DT ssssssssssss

POLE MOTION
UTI MINUS UTC

Definition

Cylindrical
station
coordinates

Time rates of

change of
stn. coords.

Cartesian

station

coordinates
Time rates of

change of
stn. coords.

Antenna offset

Love numbers

Tide lag

PPN gamma

Source RA
Source dec.

Time rates of

change of RA, dec.

Pole position
UT1 - UTC

Reference

(2.38)

(2.30)

(2.40)

(2.38)
(2.39)
(2.40)

(2.41)

(2.42)

(2.43)

(2.41)
(2.42)

(2.43)

(2.172)

(2.51) to (2.53)

(2.48)

(2.16)

(2.199)

(2.199)

(2.85)

(2.86)

(2.90), (2.91)
2.6.1

aaaaaaaa station name

ssssssssssss source name

* V orH

XorY
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TableB.I cont.

GlossaryofMODESTParameters

Parameter

PLS

PPL

Ao]

Aly

A2y,3y

Boy

Bly
B2y,3y

Tel

re2

re3

Tc4

/)Zd,y

PZ._,

PZdry

PZwet

Adry
Bdry

P

To

fe add

MODEST name

$ AXIS TWEAK OFFSET

$ AXIS TWEAK RATE

LUNI-SOLAR PRECESSION

PLANETARY PKECESSION

NUTATION A_PLTD PSI cjjj

NUTATION A_PLTD PSITcjjj
NUTATION AMPLTD PSIA

NUTATION AMPLTD EPS cjjj

NUTATION AMPLTD EPSTcjjj
NUTATION AMPLTD EPSA

C EPOCH aaaaaaaa

C RATE aaaaaaaa

DCRAT/DTaaaaaaaa

F DFFSETaaaaaaaa
F DRIFT aaaaaaaa

DRYZTROPaaaaaaaa

WETZTROPaaaaaaaa

DDTRP/DTaaaaaaaa

DWTRP/DTaaaaaaaa
DRYZ_APAaaaaaaaa

DRYZ_APBaaaaaaaa

DRY]qAPSGaaaaaaaa

SURFTEY_Paaaaaaaa

Z TEOADDaaaaaaaa

Definition

Perturbation

coefficients

Precession

constants

Nutation

amplitudes

Coefficients
in clock

model for

delay and

delay rate

Dry zenith delay

Wet zenith delay
Zenith delay

time rates

Chao map

parameters

Lanyi map

parameter

CfA map surface

temperature

Zenith electron

content

Reference

(2.138)

(2.138)

(2.128)

(2.ns)

(2.113)to
(2.118)

(3.1)
(3.1)
(3.1)
(3.2}
(3.2)

(4.3)
(4.3)
(4.4)
(4.4)
(4.7) to
(4.11)
(4.30)

(4.36)

(5.23)

X,Y, or Z

C

JJJ
aaaaaaaa

component: S, C for sine, cosine
1980 IAU series term number

station name

8O
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