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Abstract

One of the main tasks when dealing with the adjustment of geodetic networks is to
estimate their accuracy and condition. Generally two distinct ways exist for the
assessment of the quality of geodetic networks: either a pure mathematical approach
with exact criteria or fuzzy logic, where linguistic terms are used. In order to produce
reliable results in the case of many parameters and conditions, the networks under
investigation are assessed with fuzzy logic. For this study a software for processing the
results of the adjustment used as input variables for the fuzzy logic application has been
developed. Its final task is computing rating values in the interval [0,1] showing the
quality of the system, i.e. in our case the adjusted geodetic network. Conclusions are
made, taking in mind the computed rating values for various geodetic networks.

1. Introduction

The classical way for assessing geodetic networks is based on various criteria
(described in the next chapter), derived within the adjustment procedure. The human
expert should decide which system amongst others has the best quality, based on each
criterion. The technical problem is that some of the mathematical criteria known from
literature are derived in parallel with the processing, whereas for others additional
computations are necessary. Due to this reason and because of the complexity of the
problems in some occasions the geodesists use only a few criteria, neglecting the
others. However, for a complete network analysis all available criteria for accuracy and
condition should be considered in order to get reliable results.

Generally, using fuzzy logic is a way to assess a system, which has a number of
parameters varying between large and small values. It is in particular useful when no
exact deterministic model exists for the problem, but rules can be found by human
experts, solving the problem by their experience. In this case, fuzzy logic is an
alternative for assessing both condition and accuracy of geodetic networks. One of the
important questions in geodesy is the choice of appropriate weights. In some of the
articles the application of fuzzy logic in geodesy is treated only under the assumption of
equal weights. As it will be shown here, in fuzzy logic weights have their significance,
too. An application has been developed, which reads the variables, values, rules and
after finishing all processes calculates the rating value for the given system.

2. Fuzzy logic

2.1 Some general information

The general concept of fuzzy logic is described e.g. by Wieser (2001). A fuzzy set
consists of pairs of values of a given variable and relevant values of a characteristic
membership function , often abbreviated as MF. The value of MF is in the range of
[0,1], indicating the so-called degree of membership. Value “0" indicates non-
membership, while “1” indicates full membership. The difference to the classical



concept of set theory is that with fuzzy sets, also degrees of membership between 0
and 1 are possible.

The main idea of fuzzy variables is linguistic: e.g. “small”, “not big”, “rather big”, “big”.
For example, one can treat a number around 0.1 as “small’, a number around 0.6 as
“not big” and a number around 0.9 as “big”. The general scheme for the so-called fuzzy
controller is:

Input>Fuzzification>Inference>Defuzzification

In the first part certain values are entered, which are then fuzzified, this means with the
relevant MF they get their value for the degree of membership. In the inference part the
weights are given and the relevant operator (“and”, “or”) is applied. The final part called
defuzzification is used to obtain a crisp value for the rating. There are several methods
to perform this final part of the calculation, but the most appropriate and commonly used
one is the centroid method of defuzzification.

Fuzzy logic is a simple way to “plot” an input region into an output region. An example: if

| know how good was the lunch at your favourite restaurant today, | could tell you what
is the tip you should give.

Input region:
quality of the
food

Controller

Output region:

the tip

Figure 1: Graphical example for a fuzzy logic system

The common structure of a rule is: input variables, resulting MF, weight, logical operator
(“and (1)", “or (2)"). For example, if the user defines a, b, and ¢ as input variables, the
rules may look in the following way:

resulting . .1 logical

@ b e MF W“"gmé operator
11010 1 04 . 2
01110 1 085 ; 2
0|0 :-1 1 09 2
1 00 2 04 2
0 110 2 085 2
o]0 |1 2 'pg | 2

Figure 1a: Example and description for six rules

In natural language the last rule has the following meaning: If (c is small) then the
network is goodnetwork, (weight).

After the calculation, the user will get a value between [0,1], telling the quality of the
system. In this particular case, for example if we derive a rating of 0.85 we can say that
the system is goodnetwork. In case we get 0.95 it can be said that the system is also
goodnetwork, but much better. But if the rating is 0.25, the system is considered as
badnetwork. One can assess any kind of system, with given input variables and user-
constructed rules.



2.2 Applications of fuzzy logic in geodesy

The possible use of fuzzy logic for various geodetic tasks (GPS, data processing,
landslide monitoring, etc.) has been described in several publications, e.g. by Heine
(2001), Kutterer (2001), Leinen (2001), Wieser (2001), Haberler (2003), Wieser (2003).
Many more applications of this logic might be possible in geodesy, depending on the
specific needs. One new additional possible usage for the assessment of the quality of
geodetic networks will be given in this paper.

3. Application of fuzzy logic for assessing geodetic networks

3.1 Mathematical Basics

A brief explanation of the used symbols in the article will be given here:

N - Normal equation matrix;
Q - Co-factor matrix;

cond(.) - Condition number of a matrix;
Tr() - Trace of a matrix;
Det() - Determinant of a matrix;

Mar - Mean arithmetic error for the whole network;
Msq - Mean quadratic error for the whole network;

m, - Mean error in the position of a new point;

nn - Number of the new-determined points;
n - Dimension of a matrix;

a; - Element of a matrix;

A; - Eigenvalue of the Q matrix;
B, - Hyper ellipsoid semi-axis.

In this research the following criteria for assessing the quality of geodetic networks are
used, all of them based on parameters obtained by a standard least-squares fit:

Sum Tr(Q) of the diagonal elements of the co-factor matrix of parameters:

Tr(Q) = 3. QG (1)

Determinant Det(Q) of the inverse matrix Q of the normal equation matrix N :

Det(Q) =] - 2)

i=1



Mean arithmetic error Mar for the whole network:

Mar = _z_r_n_?‘_ (3)

Mean quadratic error Msq for the whole network:

2. m;
Msq = | =—- (4)
nn

Semi-axes B, of the ellipse, respectively hyper ellipsoid of errors:

B, = m/A; (5)

where pis the RMS for weight 1. This criterion is both used locally, i.e. for each new
point, and globally, i.e. for the whole network.

The product:

g-cond(N) (6)
described by Konstantinov and Vulchanov (1987), where € =2.2204e-016and N is the
normal equation matrix. It is known, that if €.cond(N)<<1, the matrix N is well
conditioned. With cond(N)=||Nl|"N“H the condition number of the matrix under

investigation is denoted.

We also use the criteria Nnumber and Mnumber, given in Faddeev and Faddeeva
(1963), using the design matrix A :

Nnumber = %N(NA)N(N 2);  Mnumber = ;ll—M(NA YM(ND); @)
NQN,) = {TrNIN ), M(N,) =1 maxa| ®)

It must be noted, that in order to avoid confusion, only in (7) and (8) the normal equation
matrix is denoted withN , .

P number:

()

All criteria are derived from the adjustment process of the geodetic networks. Later on
they will be used as input variables in fuzzy logic.

3.2 Software information

In order to customize, ease and mechanize the calculation of the rating values,
especially for geodetic purposes an application has been developed in the OS Windows
XP environment. The actual aim of the application is to assess the quality of a given



geodetic network (measured by triangulation and trilateration), based on the computed
rating with appropriately assigned weights for each input variable.

The main characteristics and capabilities of the application are:

a) It is possible to enter the names of the variables and their values by hand or
from file.

b) A check for inconsistency of the input parameters is performed.

c) Appropriate weights are calculated for each variable, as will be demonstrated
in section 3.3.

d) Construction can easily be performed, editing, addition and removal of the
rules, more than one simultaneously.

e) A check for blunders in the rules is also done.

f) It is possible to perform sequential computations after changing the necessary
parameters.

g) The last computations are optionally saved for further referencing.
h) The rating of any given system can be evaluated with minimum effort.

i) For the current needs the case is considered with two linguistic terms,
describing the output i.e. badnetwork and goodnetwork (see section 3.4).

The input and editing of the rules is organized in a memo box, which allows the user to
easily change the parameters of the rules, including the weights.

In case the user enters the data from the adjustment by hand, the following is required:
- names of input variables;
- their values;
- type of the input membership function - either ZMF (function, which has a
shape as the letter “Z”, figure 2);
- or SMF (function, which has a shape as the letter “S”, figure 3), the default is
set to ZMF.

Figure 2: View of the ZMF function Figure 3: View of the SMF function

- minimum and maximum input range;
- required parameters for each input function, corresponding to each variable;
- names of the linguistic terms, two are necessary for current purposes;
- values of the output parameters, there are default set values;
- rules, simply with -1, 0, 1;
- weight for each rule, one by default;
- resulting variable (badnetwork or goodnetwork);
- logical operator in the rule: or/and.



3.3 Weights of the rules

The weights p; can be calculated using the equation:

p, = MinParameter

' Value,
where MinParameter is the smallest parameter of the relevant membership function
used for the calculations. The values of the weights will be between [0,1]. Thus, every

variable will get its most-appropriate weight and the system (in our case the network)
will be assessed in a strict way.

In our investigation the weights were determined according to one of three different
options, in order to compare the results:

1. Each rule has the weight 1;
2. Each rule has a weight calculated according to equation (10);

3. Each rule, consisting of different variables has a weight determined by the
human expert.

, for Value; #0 (10)

3.4 Assessment of geodetic networks

The following studies were done within this research:
1. Construction of the rules with a single variable according to section 3.3.

2.Including only certain variables in the rules in order to investigate specific
characteristics of a given network.

3. Investigating the quality of specific small networks and also of a big network
based on sets of variables and the geographical positions of certain fixed
points within the geodetic network.

In order to decide which network variant from a given set has a good quality in terms of
accuracy and condition, the values of the relevant criteria were determined according to
section 3.1. The key moment for the user is to define the rules, based on human
experience, with appropriate weights.

For example:
If Tr(Q) is small then system is goodnetwork -> high weight,
If Tr(Q) is small or Det(Q) is small then system is goodnetwork -> medium weight,
If T(Q) is big then system is badnetwork -> small weight,

where “badnetwork’ and “goodnetwork’ are the linguistic terms, describing the
quality of the system. From the input data (values of variables, rules, etc.), the
application computes the rating value.

Experiments were performed with geodetic networks having various geometry and
different number of fixed points which all are part of a big network (figure 4) — along the
parallel (figure 5), along the meridian (figure 6), and in a square area (figure 7). The
tests were done in order to explore certain characteristics of the networks and also to
detect eventual differences of the rating values depending on certain input data. In
some of the variants coordinates, treated as measurements, were added to the usual
angular and distance measurements to improve the quality.
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Figure 5: Plan of the network along the parallel; M = 1 ; 200 000
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Figure 7: Plan of the network with a square area shape; M = 1 : 200 000
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3.5 Results and remarks

The comparison of the rating values using either equal weights or appropriately
assigned weights is given in figure 8.

090

0.80

-

6 7 8 8 10 "
Network number

!D Rating with equal weights R Rating with different weights I

Figure 8: Rating of the meridian network, parallel network and network with a
square area shape (see Table 1). Calculated with Tr (Q), Det (Q), maximum hyper
ellipsoid semi-axis, eps*cond(N), Mnumber.

Detailed descriptions of the various solutions, the variables and the rating values are
given in table 1. For network M3 (fixed points 134, 153 from the network along the
meridian with additional coordinate measurements) and also for network M4 (fixed
points 99, 100 from the network along the meridian) the rating is higher in comparison
with network M1 (fixed points 49, 50 from the network along the meridian) and network
M2 (fixed points 134, 153 from the network along the meridian). The difference between
the rating values with equal or appropriately assigned weights in network M1 and M2 is
due to the fact that they were not suitably chosen. Similar results are valid for networks
P1 to P5. A high value is obtained when coordinate measurements were added, e.g. in
P4, compared to P3, or when the fixed points are positioned in the opposite part of the
network, see P2. From estimating the network with a square area shape it can be
concluded, that the highest rating is derived when the fixed points are positioned in the
central part of the network. As a result it can be said that there is a slight change in the
rating values when using different weights instead of equal weights.

13



i -“mj—— —: T thefia (Variables) Raﬁﬂg
! ! Max Hyper | Ratin " Rating
Number of Kind of sub- i'Cuurdinatgs Q) : Det(@) Ellip;oiq  EpsTcond(N) | Mnumber |with eqtgxaIA _with
network | network ;fixed for points Semiaxis | ] . different
: waights =
. : [mm]_ i : . weights
M1 Meridian Net 49,50 203E+04 | 3B2E+35 | 141E+03 | 177E-11 |1 46E+05] D0A0 036
M2 734,153 | 1956404 | B73E+3 | 1.37E403  A,72E-11_.1,356+05] 051 | 028
134, 163 and : i !
M3 added | 517E.03 | 1048430 | 7216402 | 499E-12 |624E+04) 08 | 074
additional ! !
. . _:measurements] e o
M4 U o8 100 | AGBE403 ' 10BE+E - BEIEHZ  JEOE2 200E+04| 075 076
P1 Parallel net | 100 11% 112, 451E43 | 131643 | 5BEEH02 { 265612 476E«04| 074 | 076
2 100 00 2 2276403 | 31Esat | 312642 -+ 1.04E12 spiEs3| 080 | 0g0
N TG0, 104 | 4.06E+04 | 21BE+A0 | 186E403  3,356-11 |31E+05| 050 | 020
100, 104 and :
P4 added ) pora03 | 345E431 | 555E402 | 214E-12 |3G5E404| 075 | 077
additional i ,
measurements i
F5 , 112,114 | BE3E+03 | 478E+40 ' BO7E+02 | 370EA2 |6AGE+04| 073 | 075
A1 Area net 95,100 | 266E+04 | 1.07E480 | 9.67E+02 | 8242 |321E+04] 052 . 058
A2 50,143 | 203E+04 | 1,35E461 | O,1BE+07 | 780E-12_1398E404] 050 | 061
! , 50,148 and i T : :
U added * }3e5r103 | 109E+53 | 100E+403 - 120E-12 2.1BE+04] 057 @ 089
i additional : |
. » measurements| ] o
A E8,69 | 676E+03 . O.31E+480 | A03E+02  1BAEA2 |BGIE+| 063 . 079
T A5 T T T T E0.831 | 149E+04 | 16BE4E1 | BOIEHI2 - 4BBEAZ |271E+04] 080 : 072
CTag ! {47,632 | 208E+04 | 750480 | BO0E402 | 7A7E12 410E404| 056 . 082

Table 1. Ratlng values (with equal and apporipriate weights) of the networks with

five variables

The quality of a big classical network (figure 4) was investigated within nine variants
with various locations of the fixed points (table 2 and figure 9). Major differences of the
rating values can be observed in network variant N6. The reason for this low rating are
mainly the large values of the used criteria and the position of the fixed points on the
western edge of the network.

- Rating

Number - Crtrs gaiate { Firiset __  Second sal

of Fixed points . ’ ; ! usedTﬁgables: used variables: Tr(Q),
variant Q)  Mnumber | Nnumber |eps*cond(N); Msq  Mar M " g‘ Mnumber, Nnumber,

: ! : . N::::h::' - eps*cond(N), Msg, Mar

N1 154,632 60585 ;1193759.2. 11783 ~ 5391E-11_[1174 1005 il 0.78

N2 131, 1163 and added additional measurements l-st set | 28097 10785957 . 3064 154E-11_11598. 970 0,80 076
N3 1131, 1183 and added additional measurements Iknd Set§ 27847 107687002: 3048 _ 153611 j1015. 633 080 _ b8
iON4 13,1183 _ |.63B40 10787888, 7385 ____371E11 i891 81| 080 079 _______ .
| N6__i80,112 . 78084 112568768! 9540  4FAE-11 -1080. 800 0,80 079 o
"_l\_ﬁ 1617, 11589 L |185305314170793 51 327358 : 164E-09 1531,1:503.3 020 020

N7 __:49-60 and added additional __] 2708 ;1087574 BJ 3033 - 152611 _'56.5 18 0,80 ~ .80

N8 258313 152480 1345421 4' 23678 | 1419610 188813 7 0.79 076 i

N3 100, 104 10642,7 (11268185 14672 736E-11_i127.3 110.4 0.80 0.78

Table 2: Input variables and rating values of the
variants, using two sets of variables.

big network (Figure 4) with nine
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Q) L Nnumber
200000 40000+
150000 30000-
100000 | 20000-
50000 | 10000-
0 | 4R ol Sl 0 La= . iy
12 3 456 7 89 12 3 456 789
Mnumber eps*cond(N)
5000000 2 00E-09
4000000 L5000}
3000000- o000
2000000/ ,00E-091
1000000 | 5,00E-10 |/
012 0,00E+00- T
1 23 456789
Msq | Mar
600 L 600¢]
500- i : 500
400/ 400.
300- 300-
200/ 200-
100; 100§
1 23 456 7 89 ; 12345678 9

Rating

0,80
0,60-
0,40-
0,20

0,00-

mwused variables: Tr(Q), Mnumber, Nnumber, eps*cond(N)
Wused variables: Tr(Q), Mnumber, Nnumber, eps*cond(N)

, Msq, Mar

Figure 9: Values of the input variables and fuzzy logic rating
condition of the big network with nine variants.

for investigating the
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The network with a square area shape (figure 7) was under investigation with variables
and rating values summarized in table 3 and figure 10. For this case six input variables
were used. The reason for the low rating of networks 1, 5, 7, 10 might be due to the
small number of fixed points or their specific position. High rating between 0.74 and
0.79 was obtained when coordinates were added as “measurements” for improving the
quality of the network. It should be noted that there is no significant difference in the
rating when the coordinate measurements were increased even to 8 (network 12-15).
As aresult it can be said that almost the same rating was obtained when no coordinate
measurements were added, but the fixed points are at the periphery of the network
according to variant 11. Thus, the quality of a network can be assessed with fuzzy logic
to decide about the number of coordinates to be added.

)
1

: . ' Variables ' .
Fixed points TH{Q) | Mnumber| Nnumber : eps*cond(N) ;. De¥Q) ‘P number| Rating
1 145, 47 145682 | 29408,2 3698 . 4B0E-12 :143E+60; EB175 0,63
| 2 145, 47 and added coordinates |-st case ] 25888 | 188087 . 668 . 7(OBE-13 ,343E+53; 10652 0,78
3 |45, 47and added coordinates l-nd case 42489 | 296662 | 1268 : 189E12 i241E+52: 24838 0,74
4 145,47 and added coordinates lll-rd case 22345 | 168184 1 488 . BD0BE-13 7 94E+50| 9346 078
5538 266690 | 409765 : 7873 . 979E12 .193E+61! 157672 | 043
B (63,98 ond added coordinates | 23448 | 169111 | 47D 5@4E13 35BE+62| 8342 | 078
7 160,633 . 148796 | 270339 - 3750 : A4BBE-12 :167E+61; 70907 0564
B8 |60, 633 and added coordinates 23502 | 1644781 475 | 591E13 '14BE+53] B784 078
9 /995 108666 | 159832 | 2464 . 306E-12 13.26E460! 41737 | 075

‘10 61,6590 T a2 716793 | 13067 | 162611 198E+81, 252508 | 020
.11 |45,47 53,53, 51,95,99,6680 | 8637 | 17838 | 122 119E-13 180E+0 1897 | 080
"12 |45, 47 and added two coordinates | 31940 | 201386 | 786 . O77E13  B54E+53 13174 | 077
{13 |45, 47 and added four coordinates 15648 : 137354 | 368 445E13 _205E+47. 4934 | 079

i 14 |45, 47 and added six coordinates | 1i7e4 (13184417 328 407E13 (1.10E+41] 4602 079 |
i 15 145, 47 and added eight coordinates 9176 131287 | 317 i 394E-13 450E+35] 4546 0,79

Table 3: Investigating the condition of a network with a square area shape, fifteen

variants
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Tr(Q)

50000,0-

40000,0.) ﬂ

30000,0-

20000,0-
10000,0 {18
0,0‘ 5' 73 BY g 3 oy 1

Mnumber

80000,0-

60000,0¢

40000,0-

20000,0{ 8w &

010_ o

Nnumber

eps*cond(N)

2,00E+61 ]

1,50E+61 -

1,00E+61

5,00E+60-
0,00E+00-=

P number

30000,0

20000,0

10000,0 11

Rating values

Network number

Figure 10: Values of the input variables and fuzzy logic rating of a network with a

square area shape, fifteen variants
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It should be noted that the rating value for an assessment with fuzzy logic might vary, if
the input parameters of the functions are changed by entering additional results from
the adjustment. In order to avoid such a casual change, all basic variables should be
entered at once. Fuzzy logic should produce similar results as those derived by the
human expert, as the rules are created from the user. However, fuzzy logic is more
reliable than the human expert, when there are a lot of variables and conditions.

4. Conclusions

From the calculations and experiments done in this study, it can be summarized:

When performing an assessment of a network, one should use all available variables
and avoid construction of a sophisticated system of rules. In this case it is preferably
that the rules are simple with one variable in each rule. It is proposed not to compose
multiple variables-rules.

Weights should be determined precisely, according to section 3.3. The user should not
determine the weights by her/himself. It is recommended that the human expert
examines whether the rating corresponds to reality. The output generally depends on
the value of each variable and/or of the logical operator when using rules with many
variables. It is proposed to apply both classical and fuzzy methods in order to get a
complete and reliable network analysis.

In this way a well-conditioned system can be quickly and easily chosen among others.
Rating values derived with fuzzy logic could be used as an additional information for the
geodesists.
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1. Introduction

The IAU/IUGG (International Astronomical Union/International Union of Geodesy and Geophysics)
Working Group on “Nutation for a nonrigid Earth®, led by Véronique Dehant, won the european
Descartes Prize in 2003, for its work developing a new model for the Precession and the
Nutations of the Earth. This model (MHB2000, Mathews et al. 2002) was adopted by the IAU
during the General Assembly of Manchester, in 2000. It is based (i) on some improvements for the
Precession model (with respect to the previous one of Lieske et al. 1977) owing to the VLBI (Very
Long Baseline Interferometry) technique, and (ii) on a very accurate nutation model, close to the
observations (see Figures 1.1 and 1.2).

ikl &) | 7
..'-l\_Jv'ﬁ"ljy;.’,.‘_gdd.u"I,,,wf.y_,.t,..,'..u' ! :. kI ‘ -
B E b i v v
i
; - v
S i B dinaa R L JUELE.
14.'!.;«'"‘,*'4 , i : ' f [
l‘ “. '4 » -A’ 1 H I !
FIG. 1.1 - Celestial pole offsets (d#, de), Fi1G. 1.2 - Celestial pole offsets (dX,
in longitude and obliquity (respectively), dY’), with respect to the IAU2000 mo-
with respect to the IAU1980 model. del.

Owing to this Prize, the Nutation researcher community could offer some grants for international
scientists, in the framework of the Descartes-Nutation project, that refers to further improvements
of the Precession-Nutation Earth model. The fields being implied in such an effort have been
pointed out (see Report of the WG Precession-Nutation):

e The atmosphere and related ocean effects should be better taken into account,

e The strategy for VLBI data based on more stable radio-sources should be considered
(Feissel-Vernier 2003),

e New couplings mechanisms at the core boundaries should be considered, such as the
viscous coupling,

o The effects of differential rotation between the inner core and the mantle, and the liquid
core and the mantle, should be considered,

e The free mode excitations by the atmosphere or any other phenomena should be
considered (this is particularly the case for the Free Core Nutation (FCN) and the Free
Inner Core Nutation (FICN)),

e The coupling between the three components of the Earth rotation should be considered
(e.g. effect of Length-Of-the-Day (LOD) variations on the nutations).

In the framework of this Descartes-prize, | arrived on Monday 31* of January 2005 at the
University of Technology of Vienna (TU Vienna). | spent six months at the Institute of Geodesy
and Geophysics (IGG), managed by Professor Harald Schuh. We decided that our contribution to
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the improvement of the Precession-Nutation model could be part of the Nutations observation
effort. At the IGG, the OCCAM software is used for analyzing the VLBI data. We decided to use it
in order to compute the Earth Orientation Parameters (EOP) on the basis of the VLBI data, which
is nowadays the most complete geodetic technique to determine Earth Rotation:

e First | had to deal with this new software and the VLBI data to use.

e Then | computed some tests for the models and options of fitting considered during the
solving for the EOP.

e | solved for the EOP (more particularly the nutations in which the Descartes-Nutation
project is involved) with the version 6.1 of OCCAM.

e Finally, | compared our results with the other IVS (International VLBI Service) analysis
centers.

The goal was to allow the IGG to compute the IVS VLBI sessions (with the OCCAM software) for
the whole data span available. This step was the first one for: (i) the submission of the results to
the IVS Analysis Coordinator, and (ii) the combination of the results for the EOP coming from
OCCAM with the ones obtained with the Bernese GPS software used at the Institute. The
combination would be even more interesting in an a priori way (lets say on Sinex level). In the
future, these results could be used with the Galileo ones and combinations at Sinex level could be
undertaken.

In this paper we present first our studies and results related to the EOP computed with OCCAM
software and VLBI data. Then we focuss on the various seminars, talks and posters presented
during these six months and finally we conclude about this collaboration.

2. Project on EOP computed with OCCAM and VLBI data

2.1 Preliminary tests

First we began to make some tests of the OCCAM options considered during the computation of a
VLBI session, solving for the EOP (see Table 2.1). We considered two options for these
preliminary tests: free solution or not for the station network (see Fig 2.1). The results are in good
agreement.
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IGHA ADDED 0.005 TEST 3.5S0 BIB/SNO S RBEF.STOCH Y

TROPOSTHERIC HODEL: VMF NHMF IMF I+N OGN G+I 1/C
P
CUTOFF ELEVATION: 5.0

0 DOVNWEIGHTING FOR LOW ELEVATIONS:
0.0 (0s2*=*Z
EOP OFFSET RATE PL CONSTRNT OFFSET CONSTRNT RATR

Cos2 C0s2=**2

T 99.99 0.00 N 0.000 (mas) 0.000 [mas/h])
POL/YPOL 99.99 99.99 N 0.000 (mas) 0.000 {mas/h)
UT1 99.99 99.99 N 0.000 [ms] 0.000 {ns/h}

6 FREE SOLUTION
. STATIONS §

N B CONSTRNT __ M ECC __E RCC _ H ECC

TATION 0.000 Y Y Y 0.00000 0.000 0.000 0.000
ONSTRAIRED DIRECTIONS O

UXILIARY DARAMETRRS

TIME INT. 2D ZDR 2ZRS co CR CRS GR GRR

STATION 99.99 1.00 0.00 99.99 1.00 99.99 99.99 0.00
IBCEWISE LINEAR FUNCTIONS AMD CONSTRAINTS
NUVRRSE FRACTIOMAL WBIGHT OF CONSTRAINTS: 99999

RATES RU 2ZDR PL Ry CLR PL RWU GRR PL

HM/SQRT (H) MM/SQRT (H) MM/SQRT (H)

TATION 10.000 Y 30.000 Y 0.000 N

OFFSBIS SIG 2D0 BX SIG CLO EX SIG GRO BX
MM MM W

STATION 0.000 N 0.000 N 0.500 N

- ——— —— -

ESTIMATION OF SOURCES] (NMR/PIX) HNR (ALL/SET)} ALL
ADDITIONAL LOOSE CONSTRAINTS ON ALL 99.000 [mas)
F1G. 2.1 - Input file for running OCCAM software.

TAB. 2.1 - Comparison of the EOP results for the OCCAM solution (at the mjd date
52573.00), depending on various options : (1) No free solution, and (2) Free solution for
the network (always “no estimation of source positions™). The celestial pole offsets results
are given with respect to MHB2000.

de dy Zp Up UT1
pas pas  pas/d pes  pas/d ps  ps/d
1 -356.1  -29  129434.1 -4180.1  157138.1 -1496.8  -246630.5 -239.9
+41.5 +94.6 +67.9 +182.1 +51.5 =+ 141.6 +22 +55
2 -3634 -56.4  129480.8 -4198.1  157137.0 -1432.1  -246635.2 -238.6
+40.1 +91.9 +859 +175.7 +61.9 =+ 136.9 +25 +53

Then we undertook to make some tests with the new version of OCCAM (OCCAM 6.1),
implemented recently at the Institute. Indeed, Volker Tesmer from DGFI| (Deutsches Geodétisches
Forschungsinstitut, Minchen, Germany) came to the Institute to implement this new OCCAM
version. Then | began using it to solve for the Earth Orientation Parameters (EOP).
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First of all, | present here the comparisons investigated for the EOP results between the old and
new versions of OCCAM software. Then, | show some tests made taking into account various
options and models during the OCCAM 6.1 computation. Finally, | compare our solution for the
EOP obtained with OCCAM 6.1 with the ones of the analysis centers.

2.2 EOP offsets solutions: OCCAM 6.0 versus OCCAM 6.1

We computed OCCAM 6.0 and OCCAM 6.1 for the IVS (International VLBI Service) R1 and R4
sessions from the first half part of the year 2004:

e The limit for the precision of our computation is 5 sigmas.

e For the troposphere, we use the Vienna Mapping Function (VMF) during the computation
(Boehm & Schuh 2004).

¢ The cut-off elevation angle for the troposphere is set to 5.0 degrees.
e We solve each day for:
(i) the celestial pole offsets (de, dy), with respect to IAU2000 model,

(i) the pole coordinates (x,, ¥,) and the corresponding rates, with respect to the C04
series of the IERS (International Earth Rotation and Reference Systems Service),

(iii) the angle UT1 and its rate, with respect to C04 series.
¢ Atthe same time solving for the EOP, we solve for some auxiliary parameters:
(i) a zenith delay, a clock parameter and an atmospheric gradient each day,

(i) a zenith delay rate and a clock parameter rate each hour, and an atmospheric
gradient rate each day,
(iii) a second order clock parameter each day.

¢ We do not solve for the station network nor for the radio source positions.

The results are compared for each EOP in Figure 2.2. Taking into account the error bars of the
figures, we can determine the mean precision of the computation for each EOP (see Table 2.2).
We must add that there are some errors in terms of error statistics with the old version of OCCAM.
We will use now OCCAM 6.1, with the input settings described above (the corresponding solution
is named ‘classical solution”).

TAB. 2.2 - Mean EOP sigmas (using the IVS R1 and R4 VLBI sessions from the beginning
of the year 2004), for the computations with OCCAM 6.1 (“rms” means root-mean-
square) : we added up all the session sigmas for each EOP, and we divided by the number
of sessions computed.

OCCAM 6.1 computation

Mean rms of the residual delays (cms) 1.12
Mean de sigma (pas) 51.29
Mean d¥ sigma (uas) 121.47
Mean z,, sigma (pas) 78.03
Mean 3, sigma (pas) 73.86
Mean UT1 sigma (us) 2.71
Mean UTI rate sigma (us/day) 6.38
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Fi1G. 2.2 — Comparison of the EOP offsets obtained with OCCAM 6.0 and OCCAM 6.1 :
celestial pole offsets (deps, dpsi) are given with respect to IAU2000 model, and pole
coordinates as well as UT1 angle and rates are given with respect to C04 IERS series.
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2.3 Tests forthe OCCAM 6.1 options and models

Table 2.3 shows some comparisons for the EOP results obtained computing OCCAM 6.1 with
various input settings (the source positions are never estimated):

(1) We do not estimate the station network (this corresponds to the "classical solution").
(2) We solve for the station network.
(3) We do not solve for the atmospheric gradients.

(4) We use a Lagrange interpolation (and not a linear one anymore) for estimating the EOP
at each time interval.

TaB. 2.3 — Comparison of the EOP results for the OCCAM 6.1 solution (at the mjd date
52573.00), depending on various options : (1) No free solution, or (2) Free solution for
the network (always “no estimation of source positions”). Not solving for the atmospheric
gradients is also checked in (3), and a Lagrange interpolation (not a linear one anymore) for
the EOP is tested in (4) (with no free solution and no estimation for the source positions
in both case). The celestial pole offsets are given with respect to IAU2000 model.

de dy Tp Yp UT1

pas pas  pas/d pas  pas/d us  ps/d

1 -356.1 2.9  120434.1 -4180.1  157138.1 -1496.8  -246630.5 -239.9
+415 +94.6 +67.9 +182.1 + 51.5 + 141.6 +22 +55

2 -3634  -56.4  129480.8 -4198.1  157137.0 -1432.1  -246635.2 -238.6
+40.1 +91.9 +85.9 +175.7 +61.9 =+ 136.9 +25 +53

3 -362.5 -147.3  120459.5 -4074.4  157213.2 -1352.7  -246629.1 -240.1
+42.6 =+ 96.6 + 644 =+ 187.8 + 45.7 + 145.3 +21 =+5.6

4 -3574  -17.9 1294322 -4163.0 1571534 -1494.8  -246630.9 -238.2
+41.5 +-17.9 +67.9 +182.1 +51.5 =+ 141.7 +22 %55

We can see that the results are in good agreement, but for having a better idea of the settings to
really implement, we compute OCCAM 6.1 for a dozen of IVS R1 and R4 VLBI sessions in the

beginning of the year 2004 (see Fig. 2.3 - Fig. 2.8).
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(c) Use of various constraints for the zenith
delay, clock and atmospheric gradient offsets
(less constraints than in the clessical compu-

lation).

Figure 2.9 shows the root mean square (rms) of the residual delays during the OCCAM 6.1
computation, for each of the dozen IVS R1 and R4 VLBI sessions in the beginning of the year

2004, depending on various input settings:

[ ]

frame from DGFi global solution),

Use of various constraints for the zenith delays, the clocks and the atmospheric
gradients offsets (less constraints than in the "classical computation”).

Solving for the gradients or not,
Use of ITRF2000 or another terrestrial frame (named "05R01\_PB.CAT": reference
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We can see that solving for the atmospheric gradients is better than not solving for them at the
same time than for the EOP. The terrestrial frame used instead of ITRF2000 seems to give better
results, but comparisons with the other analysis centers will be undertaken with ITRF2000 which
is the classical one. And finally, the constraints implemented on the zenith delay, the clock and the
atmospheric gradient offsets do not modify significantly the results for the EOP.

., Root Mean Squares of the residual delays

154 —— Usual tion
-o- No astimation for the Gradonts
1sk - Ovbar TTRF than TTRF2000 used
— Otbar Conuraings usad

(4113

oim 200402 200404 200406 200408 20041 200412
Years

F1G. 2.9 — Root mean square (rms) of the residual delays during OCCAM 6.1 computation
(in centimeters), depending on various input settings and options considered.
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2.4 Comparison with the solutions of the EOP analysis centers

In order to investigate further the reliability of our results computing OCCAM 6.1 for solving the
EOP, we compare our results with the ones of the IVS analysis centers. We use the series
described in Table 2.4.

TAB. 2.4 - Details about the EOP series from 6 IVS analysis centers (5 used for our comparisons).

Analysis Geoscience BKG Institute of Main Saint- United States
Centers Australia Leipzig Applicd Astronomical Pectersburg Naval
Astronomy  Obscrvatory  University  Observatory
(Australia) (Germany) (Russia) (Ukraine) (Russia) (USA)
Series aus00001 bkg00004 12200301 mao20030 spu00002 usn2005a
Software OCCAM CalcSolve OCCAM  StcelBreeze 0OCCAM CalcSolve
5.0 9.12 /GROSS 2.0.2 5.0 9.12
Solving for :
celestial frame? No Yes No No No Yes
terrestrial frame ? No Yes No Yes No Yes
A priori for :
CRF ICRF’2000 ICRF-Ext.1 ICRF-Ext.1 ICRF-Ext.1 ICRF-Ext.1 ICRF
TRF ITRF’2000 ITRF2000 ITRF2000 ITRF2000 ITRF2000 ITRF2000
Prccession modecl IAU1976 IERS1996 IAU2000A IAU2000A IAU1976 IERS1996
Nutation model IAU1980 IERS1996 IAU2000A IAU2000A IAU198 IERS1996

(+ FCN from MHB)

Figure 2.10 shows the solution for the nutations computed with OCCAM 6.1, taking into account
the three different nutation models: IAU1980 (Lieske et al., 1977), IERS1996 and IAU2000
(Mathews et al., 2002). For the comparisons with the analysis centers series, we use the IAU1980
model.
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F1G. 2.10 - Celestial pole offsets computed with OCCAM 6.1 (classical solution), using
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Figures 2.11 and 2.12 shows then that our results with OCCAM 6.1 are in good agreement with
the results of the IVS analysis centers.

Xpoffset Yp of fset
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FIG. 2.11 - EOP offsets with respect to the C04 IERS series : comparison of our solution,
computed owing to OCCAM 6.1, with the one of 5 IVS analysis centers.
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F1G. 2.12 - EOP offsets with respect to the C04 IERS series : comparison of our solution,
computed owing to OCCAM 6.1, with the combined one of the IVS analysis coordinator.

To discuss further these EOP results, a point to investigate is the reason for the shifted x, and y,
solutions (obtained with OCCAM) with respect to the other analysis centers series. This seems to
come from the use of ITRF2000 coordinates for positionning the VLBI stations (more particularly
for Tigoconception). Then we could use another terrestrial reference frame for solving the EOP.
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3. Scientific Communications

3.1 Seminar

At the beginning of March, | gave a seminar at the Institute of Geodesy and Geophysics, which
was entitled: “Earth Rotation and Variations of the Gravity Field”. This talk was part of the
conference series of the Institute, dealing with the modern researches done in Geodesy. |
presented my PhD Thesis work and general points about Earth Rotation.

3.2 EGU General Assembly 2005

At the end of April 2005, the annual General Assembly of the EGU (European Geosciences
Union) took place in Vienna. This colloquium allows the geosciences scientific community to meet.
It is an important annual assembly for the international Geodesy scientists. | took part at this
meeting, so during the month of April | prepared the poster | presented there. The poster was
entitled “Length of day and polar motion, with respect to temporal variations of the Earth gravity
field” (see Appendix A). This paper was a part of my PhD Thesis work, that | investigated further.

(PhD Thesis, http://tel.ccsd.cnrs.fr/documents/archives0/00/00/82/86/index_fr.html)
3.3 Retreat of the Institute of Geodesy and Geophysics

On Monday 30th and on Tuesday 31st of May 2005, all the scientists of the Institute of Geodesy
and Geophysics went together to a cottage in the south of Vienna for a brainstorming retreat. The
goals were to present to our colleagues the work done in the last few months, the plans for the
near future and further ideas for Geodesy in general and for the Institute research way in
particular (see Appendix B).

3.4 IAG Scientific Assembly Colloquium “Dynamic Planet 2005”

In the framework of the collaboration with Laura Fernandez, we obtained that the GRGS/CNES
(Toulouse, France) let us use the series for the Stokes coefficients of degree 2 (order 0,1,2) for
comparisons with geophysical models. Indeed, Laura is interested in the influence of the
hydrology in the Earth Rotation perturbation (with some geophysical models). To compare these
results with the temporal variations of the gravity field, we have the series coming from: (i) the
positioning study of about 20 satellites between 1985 and 2002 (GRIMS model; see Gruber et
al.~2000 and Biancale et al. 2000), and (ii) the positioning study of Lageos | and Lageos II,
between 1985 and 2004 (see my PhD manuscript and Bourda & Capitaine 2004). Then we
submitted an abstract for the IAG Scientific Assembly taking place this summer in Cairns
(Australia) (see Appendix D).
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3.5 Journées 2005

During June 2005, | decided to submit an abstract to the Journées 2005 meeting taking place in
Warsaw (Poland) in September 2005 (see Appendix E). This paper presents the work | have been
doing in Vienna during six months, in the framework of the Descartes nutations prize (see Fig. 3.1
- 3.2).

ANALYSIS AND COMPARISON OF PRECISE LONG-TERM NUTA-
'SI‘(I)%%‘I%%II{{IEE.JS, STRICTLY DETERMINED WITH OCCAM 6.1 VLBI

G. BOURDA! 23, J. BOEHM3, R. HEINKELMANNS3, H. SCHUH3

! L3AB-UMR5804, Observatoire de Bordeaux, FRANCE

2 SYRTE-UMR8630, Observatoire de Paris, FRANCE

3 Institute of Geodesy and Geophysics, Vienna University of Technology, AUSTRIA
e-mail: Geraldine.Bourda@®obspm.fr

1, INTRODUCTION

The JAU/IUGG Working Group on "Nutation for a non-rigid Earth”, led by Véronique
Dehant, won the European Descartes Prize in 2008, for its work developing a new model for
the precession and the nutations of the Earth. This model (MHB2000, Mathews et al. 2002)
was adopted by the IAU (International Astronomical Union) during the General Assembly in
Manchester, in 2000. It is based (i) onsome improvements for the precession model {with respect
to the previous one of Lieske et al. 1977) owing to the VLBI technique (Very Long Baseline
Interferometry), and (ji) on a very aé¢curate nutation model, clase to the observations. With this
prize, the Descartes nutation project could offer for international scientists some grants, to be
used for further improvements of the precession-nutation Earth model. At the IGG (Institute of
Geodesy and Geophysics), with the OCCAM 6.1 VLBI analysis software and the best data and
models available, we re-analyzed the whole VLBI sessions available (from 1985 till 2005) solving
for the Earth Orientation Parameters (EOP). In this paper we present the results obtained for
the EOP and more particularly for the nutation series. We compare them with the other IVS
(International VLBI Service) analysis centers results, as well as with the IVS combined EOP
series from the analysis coordinator. The series are in good agreement, except for the polar
motion coordinates that show a shift with respect to the other ones and that we discuss here.
Finally, we analyse the nutation series in the framework of the free core nutation (FCN) effect.

2. COMPUTATION

In this study we use 2944 VLBI sessions from 1982 till 2004, described as suitable for de-
termining the EOP by the IVS Analysis Coordinator. They are computed at the IGG, from
the NGS-format files corrected on the basis of the ECMWTF meteorological data, in order to
improve the height component of the stations and the determination of the tropospheric pa-
rameters, Clock breaks and reference clocks were investigated and taken into account for each
session (Heinkelmann et al., 2005). The VLBI analysis software used at the IGG is OCCAM
6.1, in which the classical least-squares method based on the Gauss-Markov model (Koch, 1997)
is implemented. We used (i) the terrestrial reference frame ITRF2000, (ii) the Vienna Mapping
Function (VMF; Boebm & Schuh 2004), and (jii) a cut-off elevation angle for the troposphere
set to 5 degrees. We estimated atmospheric gradients, clock parameters and zenith delays, as
the same time we solve for the 5 EOP: one per session, and its rate for the pole and UT1. But
we do not estimate the stations and sources position.

FiG. 3.1 — Proceedings of the poster presented at the Journées 2005 in Warsaw in the
framework of the Descartes-Nutations prize.
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3. DISCUSSION

In Figure 1, we show the results obtained for the polar motion (z, component) compared to
the IVS combined rapid solution {series ivsD3rle). This series was obtained using the IVS-R1
and R4 sessions, very good ones for determining the EQP, occuring after the year 2000. We
can notice a shift in our series with respect to the IVS combined one. We wondered if this
shift could be solved removing Tigoconception station. And we can realise that it is in better
agreement after removing it. (see Fig. 1). This can be explained by the fact that we used
ITRF2000 terrestrial reference frame, in which Tigoconception position is not well determined.
But it still remains a difference at the end of the data time span. In Figure 2, we plotted
the Fourier spectrum of the Celestial Pole Offsets (dy, de) we obtained, with respect to the
TAU2000 nutation model. Depending on the data time span considered, we do not obtain the
same periodical signals. The main ones are summarized in Table 1, investigating the longest data
time span possible (between 1982 and 2004). For further studies about the Free Core Nutation
effect (FCN), we will investigate a wavelet analysis on the prograde and retrograde parts of the
Earth nutations. In the future, we will be able to use also the intensive VLBI sessions in our
computations.

Xp wit CO4

Foun 3pacyun of the Calortad pais Oooks (wre LALIN0}

l’f;f;‘}“ 7

Argyis
PR "2 S T ST S 1

Figure 1: Polar motion z, component, ob-  Figure 2: Fourier spectrum of the celestial pole
tained with OCCAM 6.1 and compared to the  offsets obtained with OCCAM 6.1, with re-
IVS combined series. spect to 1AU2000 model.

Period | de dy
450 days | 81 puas 181 pas
570days | 63 pns 168 suas

Table 1: Amplitudes of the biggest periodical signals for (di,de), with respect to IAU2000.
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F1G. 3.2 — Proceedings of the poster presented at the Journées 2005 in Warsaw in the
framework of the Descartes-Nutations prize.
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4. Conclusion

Owing to the Descartes-Nutations prize, | could spend six months in Vienna, at the Institute of
Geodesy and Geophysics (IGG) (TU Vienna). | worked there with the OCCAM software to
compute VLBI data in order to determine Earth Orientation Parameters (EOP). These studies
were the first ones to begin computing EOP with OCCAM and VLBI data at the IGG.

On one hand, this experience offered me to get more specialized with the VLBI technique and to
investigate the EOP computation analyzing VLBI data. On the other hand, | could work with a lot
of international scientists and this allowed me to begin some collaborations.
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Appendices

A. EGU General Assembly 2005

“Length of day and polar motion, with respect to temporal variations of the Earth gravity field"
G. Bourda (1,2)

(1) Paris Observatory - SYRTE/UMR8630, FRANCE

(2) Now at: Vienna University of Technology - Institute of Geodesy and Geophysics, AUSTRIA
Geraldine.Bourda@obspm.fr

The masses distributions inside the Earth govern the behaviour of the rotation axis in the Earth
(polar motion), as well as the Earth rotation rate (or equivalently, length of day). These masses
distributions can be measured by space owing to artificial satellites, the orbitography of which
provides the Earth gravity field determination. Then, the temporal variations of the Earth gravity
field can be related to the variations of the Earth Orientation Parameters (EOP) (with the Inertia
Tensor).

Nowadays, owing to the satellite laser ranging (SLR) technique and to the new gravimetric
satellite missions (as CHAMP or GRACE), the temporal variations of the low degree coefficients of
the Earth gravity field (i.e. Stokes coefficients) can be determined.

This paper is one of the first study using gravity variations data in the equations already
established (e.g. Lambeck 1988, or Gross 2000) and linking the variations of the length of day and
of the C20 Stokes coefficient (or, linking the polar motion and the C21 and S21 coefficients). This
paper combines the Earth rotation data (mainly obtained from VLBI and GPS measurements) and
the Earth gravity field variations ones (Lageos | and Il data, or GRACE data), in order to complete
and constrain the models of the Earth rotation. The goal is a better Earth global dynamics
understanding, with possible application can be the constraint on the couplings into the Earth
system (e.g. core-mantle couplings).
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FIG. 4.1 - Poster presented at the EGU General Assembly ( April 2005).
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B. IGG retreat

Figures 4.3 and 4.4 show the talk for the retreat, presenting the work I was doing at
the Institute from the beginning of February.

FiG. 4.2 - Institute scientific members retreat.
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C. Final Presentation

Final Report
“of my I6G activities
in the framework of the
Descartes-nutations prize

| OVERVIEW
Descartes-nutation prize postdoctoral position

L Ewth (ziaxativn Paenctons (BOP) obained with VLBI neanueensentsand
QCCAM 6.1 software

— software teats, reanalyas, conmperisons with ACK, FON analysis ...

— Poater for the “Journées 2;305" [ Scptember 2005

1L Eath Rotaon Faromcters (ERP) obtained with (i) pravity fild data thom
Satellite Laser Renging), and (i) Hydrological model (1aD model)

—scormparums, audysis of hydolagcal pat of LOD fron data (sd not
wodds aneee)

—e Paster with L. Fenandoz for Coirns LAG scientific mecting

Badataliy, J1f6pourt 100 Uk fak Drysatidacd® )

Fi1G. 4.5 ~ IGG final presentation.
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D. IAG Scientific Assembly Colloquium “Dynamic Planet 2005”

"Earth gravity field and LOD variations related to hydrological excitations"

G. Bourda (1, 4), L. Fernandez (2, 3, 4), and H. Schuh (4)

(1) Paris Observatory - SYRTE/UMR8630, FRANCE

(2) UN La Plata - Facultad de Cs. Astronémicas y Geofisicas, ARGENTINA

(3) Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET)

(4) Vienna University of Technology - Institute of Geodesy and Geophysics, AUSTRIA
Geraldine.Bourda@obspm.fr; lauraf@fcaglp.unlp.edu.ar

Not only the motion terms but also the masses redistributions inside the Earth govern the
behaviour of the Earth Rotation Parameters (ERP), and in particular of the Earth rotation rate or
equivalently, length of day (LOD). Indeed, the dynamics of the internal processes that change the
Earth's tensor of inertia also cause changes of the Earth's rotation. This distribution of masses can
be measured from space by artificial satellites, the orbitography of which provides the Earth
gravity field determination. Effectively, variations in the global mass distribution of the Earth cause
changes in the gravitational field by changing the inertia tensor. Then, the temporal variations of
the Earth gravity field can be related to the variations of the ERP. Nowadays the satellite laser
ranging (SLR) technique and the new gravimetric satellite missions (as CHAMP or GRACE)
provide the temporal variations of the low degree coefficients of the Earth gravity field (i.e. Stokes
coefficients) with a good precision. In this work, variations of the Earth gravity field were analyzed
for C,, estimated from (i) laser distances to Lageos | and |l satellites, and (ii) from GRACE gravity
measurements. After tidal and decadal signals were removed from LOD, the results were
compared with C,, from geophysical model predictions focussing on the hydrological estimations
from LaD-Danube (Milly & Shmakin, 2002) and NCEP/NCAR models.
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E. Journées 2005

"Analysis and comparison of precise long-term nutation series, strictly determined with OCCAM
6.1 VLBI software"

G. Bourda (1, 2, 3), J. Boehm (2), R. Heinkelmann (2), and H. Schuh (2)

(1) Paris Observatory - SYRTE/UMR8630, FRANCE

(2) Vienna University of Technology - Institute of Geodesy and Geophysics (IGG), AUSTRIA
(3) Bordeaux Observatory - L3AB/UMRS5804, FRANCE

Geraldine.Bourda@obspm.fr

The IAUNIUGG Working Group on "Nutation for a non-rigid Earth”, led by Véronique Dehant, won
the European Descartes Prize in 2003, for its work developing a new model for the precession
and the nutations of the Earth. This model (MHB2000, Mathews et al. 2002) was adopted by the
IAU (International Astronomical Union) during the General Assembly in Manchester, in 2000. It is
based (i) on some improvements for the precession model (with respect to the previous one of
Lieske et al. 1977) owing to the VLBI technique, and (ii) on a very accurate nutation model, close
to the observations. With this prize, the Descartes nutation project could offer for international
scientists some grants, to be used for further improvements of the precession-nutation Earth
model. At the IGG, with the OCCAM 6.1 VLBI analysis software and the best data and models
available, we re-analyzed the whole VLBI sessions available (from 1985 till 2005) solving for the
Earth Orientation Parameters (EOP). In this paper we present the results obtained for the EOP
and more particularly for the nutation series. We compare them with the other IVS analysis
centers results, as well as with the IVS combined EOP series from the analysis coordinator. The
series are in good agreement, except for the polar motion coordinates that show a shift with
respect to the other ones and that we discuss here. Finally, we analyse the nutation series in the
framework of the free core nutation (FCN) study and modelisation.
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Integral influence of "geophysical fluids"

to shape and rotation of the Earth
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01-02-2005 to 31-07-2005

56



Following we will describe the activities developed during 6 months at the Institute of Geodesy
and Geophysics (IGG) (TU Wien; Vienna University of Technology) in the frame of the master
Descartes project "Pinpoint positioning in a wobbly world" The following points, which will be
developed later, condense the principal achievements of this stage.

A. Computation of a hydrological excitation time series (Hydrological angular Momentum, HAM)
as estimated by the LaD model.

B. Analysis of the effectiveness of the Hydrology (LaD) in exciting inter-annual polar motion
variations.

C. Comparison of LaD hydrological mass term excitation to polar motion at annual periods with
respect to other model estimation.

D. Analysis of the polar motion budget at seasonal terms:
D1. Comparison of NCEP, LDAS and LaD.
E. Study of the annual and inter-annual effects of the on LOD variations
E1. Comparison with the respective Stokes coefiicients (2,0) from LAGEOS and GRACE

A. Computation of the HAM time series

1. Getting data: Reading of groundwater values from LaD model

Among all the output files from the Land Dynamics Model (hence after, LaD), | took the
groundwater field, that is, the total water storage on spatial cells. (Milly and Shmakin, 2002)

The groundwater density distribution data has been generated within the Continental Water,
Climate, and Earth-System Dynamics Project and is provided on a global 1°x 1° grid. Data
outputs are available in monthly intervals for the period between January 1980 and May 2004.
The numerical values refer to the first day of each month. Data quantities represent the mass of
water per grid cell given in units of [kg/m2]. Frozen cells are assumed to be permanently glaciated
and global ice melting and sublimation is considered.

The water storage within a non-glaciated cell is composed of a snow pack store ws, a root zone
store w;, and a groundwater store w,. Glaciated cells consist of the snow pack store and a glacier-
ice store w;. In general form, the total water storage W of a cell is given by

W =ws+w,+wg+w

(1)

The whole information, is contained in 292 matrices of 180 x 360 values each, given at a large
*.nc file format. Such file was read and converted into simple and easily manageable ASCII data
files.
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2. Data Time series calculation:

In order to compute the time series of Stokes coefficients AC,o, AC21 and AS,, variations due to
the continental water storage mass redistributions from LaD model, a FORTRAN program was
written.

1} 50 100 150 200 250 300 350

300 -250 200 -150 100 50 0o 50

Figure 1: Shows an example of LaD groundwater data distribution. The white areas represent
the continental water storage data distribution (in units of kg/m2) in latitude and longitude for
the first epoch (1.2.1980).

According to Wabhr et al. (1998), we must solve the following integral equations:

_304k) .
AC,, = AR p. 5 LAG(%D B, (cos@) sin (@) dgdh
At _ 3Q+k) Y cos h| .
AS,, } "R, p. 5 !Ac(sé,%) P,,(cosg) {Sm l} sing dg di

()

where pae =5517 kg/m3 is the average terrestrial density, Re = 6378136.6 meters is the
equatorial Earth’s radii and k,=-0.301 is the degree 2 load Love number (IAG Numerical

Standards, 1999). ¢ refers to the latitude and A to the longitude.

Referring the mass of the Earth as M = 4/31TR%p.. = 5.976 E24 in kilograms and replacing the
normalized associated Legendre Functions by

5 =\/(2l+l)(?—m)!P

o 20+m)y ™

which in this case adopts the values
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P.o(cos¢) -5— — (3 cos’ p—1)
and

P, (cos@) = —3 cos ¢ sin ¢
Replacing in (2) we have

ACy, 3 Rd+k) 9132:;* ! j; AG(@.2) (3 cos’@g'-1) sin(¢) dg' dA
AC21 "‘3R (1+k) . , OS)u ,
Aszz} j J‘ Ac(4',A) cos¢'sin’ ¢' { }d¢ dA

, 3)

where Ao(¢'A) is the total water storage values in units of kg/m? from LaD model, provided in a
1° latitude x 1° longitude grid. The variable ¢ (latitude), which takes the extreme values - 90° (S)
to 90° (N), was replaced by ¢’ between 0° and 180°.

The problem consists in solving numerically the surface integral in (3).

The integration was made in two steps. First, a numerical integration on latitude is performed
addressing a two-dimensional interpolate scheme and then the integral was approximated by
Gaussian quadratures.

The idea of this last is the approximation of the integral by a sequential sum of functional values
evaluated at a set of equally spaced points and multiplied by weighting coefficients. In order to
test the programs, a first computation was done using the Ac(¢’,A) continental water storage data
from the NCEP (National Centers for Environmental Prediction, NOAA) reanalysis model.

In figure 2, the results of our numerical integration were compared with AC,o, AC,; and AS,,
deduced from the excitation functions W,™** , Y, and W, given by the Special Bureau for
Hydrology (SBH) of the Global Geophysical Fluid Centre (GGFC). The period of computation was
January1st 1980 till December 31st 2002 at 1-day interval.

Figure 3 shows the application of the same FORTRAN programs but on LaD groundwater data for
the period January 1980 till May 2004 at 1-month interval.
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Figure 3: The numerical integration program applied in the computation of AC,,, AC,; and AS;
from LaD model. Data time interval is 1 month.

B. Hydrology (LaD) in exciting inter-annual polar motion variations.

With the purpose of qualifying the ability of the Hydrosphere to excite long term ERP (Earth
Rotation Parameters) variations, we also estimates the Stokes coefficients, C21 and S,q, but from
the Atmosphere and the Oceans.

1. Atmospheric excitation function

As a source for estimating the gravity variation signal from the Atmosphere, we used the
atmospheric angular momentum (AAM). It is that derived from the NCEP/NCAR reanalysis project
at 6-hours interval. AAM are real values multiplied by 107, with a 2.5°-by-2.5° spatial resolution.
They were also obtained from the IERS, but in this case from the Sub-bureau for the Atmosphere
(SBA).

As atmospheric pressure forcing is not taken into account by the global ocean circulation model
ECCO, an inverse barometric (IB) correction was applied to the pressure fields (i.e. the pressure
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was set to zero over the oceans) prior to the computation of atmospheric angular momenta (AAM)
(Salstein et al,, 1993). The data set spans the time interval between January 1st 1980 and
December 31st 2002 at daily intervals.

Following Barnes et al., (1983)

~1.43R]
s =————2|(usindcosd cosAh—vcosdsink)dA dp dp
Q(C—A)g£ beosd
~143 R}
F=—o= "2 |(usindcosd sinh+vcosdcosh)drddd
; Q(C_A)gli $cos¢ $cos))dr d dp o
_ 4
P =“1‘£&J‘P.— sing cos’ ¢ cos A dA d¢
(C-A)g s
» -100R} : 2.
=———= | p,sm@cos $gsiniddidg
g (C—A)g£ ros ¢ 5)

where the super-index w refers to the wind (or motion) terms and p to the pressure (or mass)
terms. Re = 6378136.6 meters is the equatorial Earth’s radii, g the acceleration of gravity, C and A
the axial and equatorial moment of inertia of Earth and ps is the surface pressure values, u(¢,A,p.t)
and v(,A,p,t) are the eastward and northward components of the wind velocity at pressure level
p. Finally, ¢ refers to the latitude and A to the longitude.

Thus, the atmospheric Stokes excitation functions, the add of the mass + motion atmospheric
terms, were taken for the period January 1st 1980 till December 31% 2002 at daily intervals.

2. Oceanic excitation time series

In this case we used the global oceanic angular momentum (OAM) as estimated by Gross et al.
(2003). The data were obtained from the IERS, Special Bureau for the Oceans (SBO).

The global OAM mass term used in our computations is based on the Massachusetts Institute of
Technology (MIT) model. The last is named as Estimating the Circulation and the Climate of the
Ocean (ECCO) Program ocean general circulation model (Gross et al. 2003).

Calculation is performed at one day interval, on a grid of 72.5° S to 72.5° N. The grid points are
1/3° far apart at the equator and 1° at the poles. However, they are 1° of space between
longitudinal grid points. Some other specific features of the MIT model can be found in Gross et al.
(2003) and references therein.

The ocean angular momentum can be expressed as Gross et al. (2003)

(P +iP )oem =—jp(r,t)r[sin¢u(r,t)+iv(r,t)]ei" dav
v (6)

(¥, +1 %02 =20 [o(r,t)1? sing cos g e dV

(C-A)} -

where @ refers to the north latitude, A is the east longitude, u(r,t) and v(r.t) are the eastward zonal
and the northward meridional currents throughout the volume V of the modelled oceans. Finally,
p(r.t) is the density of some mass element located at position r. Daily values were weighted
average mass terms of the oceanic excitation function in units of [kg m?/s].
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As before the total oceanic angular momentum, computed as the addition of the mass and
motion terms, was taken for the period January 1980 till middle 2002 at daily values.

3. The polar motion excitation functions

Conservation of angular momentum within the Earth system implies that polar motion and LOD
will be excited by torques acting on the Earth as well as variations in the Earth inertia tensor.
Whereas the torques are caused by changes in winds and currents, the variations in the Earth
inertia tensor are caused by global mass redistributions.

In effect, the linearized conservation of the angular momentum equation is, (Munk and
MacDonald, 1960; Lambeck, 1980)
1 dm(t) 1 dP{E)

— =P ——

m() +
o, at Q dt (®)

where ¢, =21/T (1 +i/2 Q) is the complex-valued frequency of the Chandler wobble, determined
by period T and quality factor Q, Q =7.292115 E-05rad/s. (IAG Numerical Standards, 1999)
refers to the angular velocity of the Earth. m(t) my(t) +imy(t), where my(t) and my(t) are the
direction cosines of the Earth’s rotation axis relative to the axis of the rotating, body-fixed
reference frame.

Thus, if w = (wxWwy,W;) represents the instantaneous angular velocity of the Earth, the excursions
of w from a uniform rigid rotation with angular velocity Q can be written in terms of 3 small
dimensionless quantities m;; (Munk and MacDonald, 1960; Lambeck, 1980)

®, =m, Q; ,=m, Q o, =(1+m,)Q ©)
hence the m; represent the direction cosines of w (instantaneous rotation axis) relative to the z-
axis of a fixed-body reference frame.

Y =Y, +i W, are the polar motion excitation functions. In absence of external torques is valid,
(Wahr, 1982; Gross, 2000)

w(— L6 [h(t)_FQ(AI,E(t)HAIﬁ(t))}

Q(C-A) 1.44 (10)

where h(t) = hy(t) +i hy(t) is the relative angular momentum, Al;, A |, are the respective variations
of the Earth’s inertia tensor and C, A the axial and equatorial principal moments of inertia of the
entire Earth. The factors 1.44 accounts for the yielding of the solid Earth to impose surface loads,
and 1.61 takes into account the core-mantle decoupling (Gross, 2000; Gross et al. 2003).

Hydrological effects on inter-annual polar motion are mainly expected from variations of water
storage, whereas the contribution from motions of continental water are viewed as inferior.
Therefore relative angular momenta are neglected in our study (h(t) = 0). Eqs. (10) can be written
into complex formulation as: (Lambeck, 1980; Barnes et al., 1983; Chen et al., 2000; Gross, 2001)

() +i ¥, ()= M(Acu(t)ﬂmn(r)) ¥(),
(€-a) (11)

63



i = +/—1. This equation relates the excitation functions to mass variations in the Earth system
which are described by time series of the second-degree and first-order Stokes coefficients.

The whole previous formalism relates changes in the Earth angular momentum to changes in the
Earth’'s rotation pole. However, the observed Earth rotation Parameters as given by the
International Earth Rotation Service (IERS), are referred to the location of the celestial ephemeris
pole within the rotating body-fixed terrestrial reference frame (Gross, 1992; Brzezinsky, 1992).

So that, re-writing equation (8) in terms of the ERP as reported by IERS,

1 dp(t) _
pt)+— — (1)

% (12)

where p(f) = p«(f) —i p,(f) with p,(f) and p,(t) the respective x and y components of the polar
motion, following the convention of py(f) (Yeae) being positive toward 90° W longitude.

Addressing equations (11) and (12), daily Earth Rotation Parameters (ERP) excitations for the
period January 1980- May 2004 are computed from the multi technique combined CO04solution
from the IERS. In particular, we applied the IERS Earth Orientation Parameters Product Center
(EOP-PC) online interactive tool (http://hpiers.obspm.fr/eop-pc/geophysicalexcitation/observed
excitation). We set the Chandler period (T) at 433 days and the quality factor Q at 175. No filtering
was applied to the output data series.

4. Homogenization of data

In order to homogenise the different time series, a Savitzky-Golay filter was adopted to smooth the
LaD hydrological Stokes coefficients at 30-day interval. The same procedure was applied to
NCEP/NCAR hydrological, atmospheric, oceanic and the polar motion (observed) time series.

The criteria followed for the adoption of this method as well as all the preliminary analysis was
addressed in the internal report N°2 (March 2005).

5. AC21 and AS21 geodetic time series computed from observed polar motion

From the above discussion, we could also deduce an atmospheric and oceanic C; and S;; time
series by using the mass terms of the excitation functions data series formerly described.

From Chen et al. (2000)

MR? o
(C.?J+ 18,)

¥ +i ) =-1.098
(v, +i¥,) - "

where W, and ¥, are the excitation functions due to mass redistributions of X and Y of polar
motion and C,4 and S, the Stokes coefficients of degree 2 and order 1.

This computation was performed for the Atmosphere, the Oceans and also for the observed polar
motion data. The period of the computation was January 1980 till 2003 at daily values. Figure 4
show us that the addition of the mass contributions from Atmosphere and Oceans can explain
mostly of the features observed in the Stokes coefficients variations of the polar motion.
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Figure 4: C,; and S, temporal variations from ERP IERS C04 (blue curves) and atmospheric +
oceanic models (red curve) at 15-day interval.

6. Computation of “Y free”

We computed the “free” excitation function as the subtraction of the geodetic (observed) excitation
minus the atmospheric + oceanic contribution. Afterwards, we compared the free excitation with
respect to the hydrological excitation functions due to mass redistributions.

Figure 5 shows the free excitation function, that is the observed polar motion excitation free of
oceanic and atmospheric influence, for the period 1980-2002 at 30-days interval.

7. Data Filtering

Seasonal variations of the Stokes coefficients must be attributed to similar mass changescaused
by variations of the ocean dynamics as well as the atmospheric mass redistribution and the global
hydrological cycle.
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excitation function while the red curve is the hydrological one from LaD model.
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In order to study the possible hydrological excitements to the inter-annual variations of the polar
motion, we eliminate the high frequency components from each data series by using a low pass
filter.

To accomplish with this, we applied a Vondrak filter with € =35604.92 (Vondrak, 1977). It
corresponds to a cut-off frequency of 1 cycle in 2.37 years, which is approximately twice the
Chandler wobble.

Figure 6 shows the two components of the excitation functions (¥ =W, + iW¥,) in radians as a
function of time in years. In this case, each plot shows both: the free excitation function (blue) and
the hydrological excitation function from LaD model. The Vondrak filtering was applied to all of
them. The period for this plotted data is January 1% 1980 — May 2004 at 30-day interval.

8. Time-frequency analysis: Wavelets

In order to analyze the behaviour of the filtered series in the frequency domain, we applied a
mathematical tool that allows us to do this, but also to scan the performance of the time series
along the full time interval: January 1980 — May 2004.

We applied Wavelet analysis of filtered Wyee and Whyaroiogicas time series. In particular we used the
FORTRAN codes morlet.f and coherencef from M. Schmidt (Deutsches Geodatisches
Forschungsinstitut, DGFI).

Morlet.f was applied to produce the prograde and retrograde wavelet scalogram for both mass
excitation time series. The mother wavelet was Morlet with a w, = 2.

In order to evaluate the relative importance of the maximums, we applied a significance test on
the scalogram values; using o = 2 following Schmidt (2002).

Figures 7 and 8 show the application of the morletf code to the filtered time series: “free”
(observed polar motion deprived of the oceanic and atmospheric excitations) and hydrological
mass excitations values.
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Figure 7: Prograde wavelet scalogram of the inter-annual temporal variations of the free mass
excitation function (left) and the hydrological one (right).
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Figure 8: Retrograde wavelet scalogram of the inter-annual temporal variations of the free
mass excitation function (left) and the hydrological one (right).

Note that for the prograde component the annual remnant variation reaches a maximum at the
free excitation, but this peak appears by apart 15 years. Because the time span is not enough to
see a complete Markowitz period, we speculate that this feature should be related to that effect.
Afterwards, we used the coherence.f program (also from M. Schmidt, DGFI) in order to compute
the cross wavelet scalogram as well as the normed coherence values. Again, these values were
computed in agreement with the Schmidt (2002) procedure.
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Figure 9: The square of cross wavelet scalogram (left) and normed coherency (right) for the
prograde free and hydrological mass excitation functions.
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Figure 10: The square of cross wavelet scalogram (left) and normed coherency (right) for the
retrograde free and hydrological mass excitation functions.

Figures 9 and 10 show us the square of cross wavelet scalogram and the normed coherence
values for the prograde and retrograde components, respectively. From these figures we can
conclude that: At one hand, for the prograde components we can see the hydrological influence
with a period near 4-5 years, which is demonstrated by a normed coherence of 0.99.

On the other hand, for the retrograde, groundwater redistributions excite variations at 4 years.
However the irregular variations between 1.5 and 2.5 years are not clearly explained by
hydrological excitation. They should obey to oceanic or atmospheric mis-modelling.

C. Comparison of LaD excitation to polar motion at annual periods with respect to
other model estimation

The seasonal polar motion excitation is a set of 12 excitation functions. It is the sum of sinusoidal
variations at 1, 2, 3, 4, 5 and 6 cycles per year (c.p.y.). We defined annual excitation to mean the
1 c.p.y. sinusoidal component of the seasonal excitation. It is considered a pure sinusoid and
thus, it correspond to a discrete line spectrum in the frequency domain.

The annual excitation describes an ellipse centered at the North Pole, which can be written as the
sum of prograde (west to east) and retrograde circular components,

gy uesnt - AT
Y.H=¥"e +¥ e (14)
with v = 1 cpy the frequency, t the time in months from January 1st and A the phase-lag.

We estimated the contribution to the annual excitation in polar motion from continental water mass
redistributions. For that, by using a least squares adjustment, we fitted an annual sinusoid to the
hydrological excitation functions time series.

Table 1 shows annual contribution from other several hydrological models by (Chao and
O’Connor, 1988), (Hinnov and Wilson, 1988), (Kuehne and Wilson, 1988), (Jochmann, 1999) and

69



(Cheng and Wilson, 2005). Hereafter these models will be named as: CHOC, HW, KW, JOCH and
LDAS, respectively.

The values for NCEP/NCAR model were taken from (Cheng and Wilson, 2005) as well as the
results for LDAS model. The results of the least squares adjustment applied on LaDDanube
model were mentioned as LaD.

| Abbrev. ] Prograde ' ] Retrograde ]
(Chaoetal,1987)snow | CH | (4.9,-1099 | 4.8,-28°) '
Chao & O'Connor, 1988 | cHOC | (L9, -74°) | (33,299
Hinnov & Wilson, 1988 | HW | (7.27,55.87° | (6.33,85%) |
Kuehne &Wilson, 1991 | KW | (1.79,-22.69°) | (6.84,175 |
Jochmann, 1999 | 1 | ai2,-050 | @24,15674% |
NCEPNCAR* | ~NCEP | (12.6,-1159 | 872,300 |
LDAS* | LbDAs | (5.11,-99) | 7.39,116% |
LaD_ | LaD | (2.98,-8219 | (7.46,-45.470) |

*values from [Chen and Wilson, 2005]
Table 1: Continental water storage excitation functions of the annual wobble of the polar

motion. Units of amplitude are milliarcseconds and phase in degrees. The reference phase for
date is January 1.

Almost all the authors listed in Table 1 also considered the snow contribution along with the liquid
water but (Chao et al., 1987) (CH). This last work only studies the snow pack effect on the Earth
rotation and low degree zonal gravitational field. This contribution was also included to the
comparison for being the first one of this type.

In Figure 11 we have plotted the annual hydrological excitation functions as estimated by the
before mentioned references, along with the LaD estimation.
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Figure 11: Phasor diagrams for the comparison of the annual prograde and retrograde wobble
excitation induced by continental water variations. The reference date for the phase is 1st
January For the prograde annual component almost all the contributions have negative phase
lag but HW's value, while phases are quite different for the annual retrograde excitation.
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Taking into account only their amplitude, NCEP values are similar to HW or J. Regarding at the
last developed two models, phases for LDAS and LaD are quite close for the prograde
components. However, LaD is larger than twice the amplitude of LDAS. For the retrograde
component, these models show a better agreement in amplitude.

D. Analysis of the polar motion budget at seasonal terms:

Besides the annual terms, the seasonal variations also alludes to the semiannual (2 c.p.y.) and
ter-annual (3 c.p.y.) terms. With the purpose of qualifying the ability of the hydrosphere to excite
long term ERP, we corrected the polar motion time series from atmospheric and oceanic
excitations. After that, we evaluate the efficiency of NCEP, LaD and LDAS in closing the seasonal
polar motion budget.

The annual, semi-annual and ter-annual signals are subsequently extracted from the excitation
functions by a least-squares fit. Finally the results are converted into prograde and retrograde
components for January 1st 1990.

The least squares adjustment was applied on the mass term contributions to the atmospheric,
oceanic and hydrological excitation functions; but also to the geodetic time series. Previously, the
Chandler wobble was eliminated from the last one. The respective amplitude and phase for
Chandler are 29.24 milliarcseconds and -150°.15, respectively.

The polar motion observed values were transferred into corresponding terms of the excitation
function according to (Gross 1992) and named as geodetic wgeod.

The amplitudes and phases of annual, semiannual and ter-annual variations estimated by least
squares are listed in Table 2 discriminated by source.

Figure 12 shows the annual phasor diagrams. For the prograde component there is a very good
agreement in closing the polar motion budget, although the add of vectors of the geophysical
contributions is not enough to explain the observed polar motion.

For the retrograde component the amplitudes seem to agree, but the phases are such the vector
add is far of justifying the polar motion variation at that period.
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i Annual | Prograde | Retrogradé
[Geodetic (LERSC04) [(3212,77649% | (6.19,-14202%)

| AAM (wind + pressure)

[(20.1,-90.28)

| (16.6,98.83%)

l OAM (currents + ocean bottom pi‘essﬁre)

| (6.64,53.81°)

| (4.84, 88.22°)

{ LaD | (2.98, -8.21°) | (7.46, 45.47°)
| NCEP [ (12.6,115% [(872,30°)
| LDAS | (5.11,-9°) { (739, 116°)
Semi-annual ] Prograde | Retrograde
Geodetic (IERSC04) | (697, 115%) | (7.34, 149.57°%)
AAM (wind + pressure) 1 (3.03,-7251) | (446,11828°)
OAM (currents + ocean bottom pressure) | (1.96, 160.89°) | (2.89,-139.87°)

[ LaD

| (4.33,-142.97°)

| (2.61,98.89°)

[ NCEP | (3.88, 89°) | (26, -83°)
[IDAS [(0.20, -815 [0.75, 24
f Terannual | Prograde |  Retrograde

| Geodetic ((ERSC04)

[ (2.38,142.34°)

[(221,3867°)

| AAM (wind + pressure)

| (1.28,147.68)

| (0.93,-1.59°)

l OAM (curvents + ocean bottom pressure)

1 (1.48,133.87°)

| (1.78,-75.69°)

[TaD

[0, 28425

[ (0.31,-11.375)

Table 2: Annual, semi-annual and ter-annual wobble excitations due to mass redistribution.
Amplitude are in milliarcseconds (mas); phase in degrees.The reference phase for date is
January 1, 1990
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Figure 12: Phasor diagrams of the prograde (left) and retrograde (right) of the geodetic (geod),
atmospheric (atm), oceanic (ocn) and our estimate of the continental water (hyd) excitation
functions at the annual frequency. Units are milliarcseconds. These contributions were
calculated from the C,; and S,; Stokes coefficients respectively. So that, they only consider the
mass redistributions effects. The oceanic bottom pressure values are from [Gross et al., 2003].
The reference date for the phase is 1 January 1990, 0 UTC.
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Figure 13: The same as in figure 16 but for the semiannual excitation functions due to mass

redistributions.
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Figure 14: The same as in figure 16 but for the ter-annual excitation functions due to mass
redistributions.

Figure 13 and 14 show the same as in figure 12, but for the semiannual and the ter-annual
components. For the semiannual prograde terms the agreement is fairly good. The vector add
resultant for the geophysical excitation is 2.35 milliarcseconds smaller in amplitude (a 36% less),
and less than 10 degrees of difference in phase lag, with respect to the geodetic excitation.

In the case of the semiannual retrograde, the situation is different. The amplitude of the resultant
is just 48% of the amplitude of the semiannual retrograde polar motion variation.

For both ter-annual polar motion diagrams, the resultant amplitude for the vectorial sum of
geophysical causes is only 53% for the prograde and 36% for the retrograde with respect to the
observed polar motion.

The phase lag for the prograde ter-annual terms is almost 12 degrees, while for the retrograde is
larger than 180 degrees.
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E. Study of the annual and inter-annual effects of the on LOD variations:
Comparison with the respective Stokes coefficients C20 from LAGEOS and GRACE

The main objective of this work is to compare seasonal and inter-annual hydrological mass
redistributions from LAGEOS with the estimations from LaD and to evaluate seasonal and inter-
annual hydrological effects to LOD.

To that end we compared seasonal and inter-annual hydrological mass redistributions from
LAGEOS data with the estimations from LaD. The techniques applied were: Vondrak filtering,
cross power spectrum and the computation of correlation factors.

Variations of the Earth gravity field were analyzed for AC,, estimated from (i) laser distances to
Lageos | and |l satellites, and (ii) from GRACE gravity measurements.

After tidal and decadal signals were removed from LOD, the results were compared with AC20
from geophysical model predictions focussing on the hydrological estimations from LaD-Danube
(Milly & Shmakin, 2002) and NCEP/NCAR models.

After removing tides and atmospheric + oceanic contribution, the LOD residuals appears just
hardly to distinguish from the background noise. Low correlation factors were obtained.

At seasonal periods (annual and semi-annual), the hydrological global mass redistribution can be
clearly seen so much in LAGEOS as in LOD residual data series.

At inter-annual time scales, the very well known and controversial change of rate in Cy
LAGEOS's time series can be seen as a spectral peak (~20y).

Although, we found out some evidence of hydrological excitation with a period of 2.92 years to the
length-of-day, some more studies are still needed for affirming it categorically.

Production

As a result, all the activities before described produced several papers and scientific meeting
presentation, besides the internal presentations, even after the period informed in the present
report
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Monthly Report (March, 2006)

1. Kashima-Gifu VLBI experiment dedicated to the detection of TID

A test VLBI experiment was carried out on the Kashima-Gifu baseline (Fig.1) on Mar. 16 in
cooperation with the Gifu University and NICT. In this experiment, one strong source, 3C273B,
was continuously observed for 1 hour (but divided into 12 scans each consisting of one 5 minute
scan). After the experiment, 2 scans of raw data of each station were transferred from Kashima to
Vienna through the Internet using SFTP and/or SCP programs. Data were correlated in Vienna
using a K5 software correlator, and a good fringe was successfully found after the first trial (Fig.2).
Thereafter, all scan data were processed at Kashima also using a software correlator, and
correlated results were transferred to Vienna for further analysis. All raw data were transferred to
Vienna to estimate the turn-around time of data processing if all were carried out in Vienna. We
found that it was possible to process all data within a few days in case of one-baseline and one-
hour observation with a data rate of 16 Mbps.

Fig.1: Kashima-Gifu baseline.
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Fig.2: Fringes detected by the software correlator.
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A preliminary analysis result does not show any evidence of the detection of TID event.
Further analysis is going on to establish a method necessary to connect phase delays between
scans. A fringe phase plot is shown in Fig.3 as one example of the result of phase delay

connection. Vertical bars show the boundary of scans.
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Fig.3: Observed fringe phases for 1 hour period. Upper 2 panels are for X band and lower 2 for S band.

A next experiment with a longer observation period will be scheduled in April.
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Monthly Report of April, 2006
1. Kashima-Gifu VILBI Experiment (TID Experiment)

As has already reported in the last monthly report, no TID event was detected in the
Kashima-Gifu VLBI data observed on March 16, 2006. Therefore a further analysis was made to
investigate the relation between a scan length and an available scan gap to connect phase delays
between adjacent scans. This issue is quite important for a differential VLBI technique that
observes a spacecraft and a quasar alternately to measure their position difference. If we can
connect observed phase delays from scan to scan, the accuracy of measurement will drastically
improve.

We have connected phase delays from a scan "A" to the next scan "B" by extrapolating a
phase delay observed in scan A to that at the beginning of scan B using an observed delay rate
from scan A. Hence the error of the extrapolated delay ( At) caused by the error of the delay rate
(A1) can be written as

At =tAt

where t is a scan gap length (sec). We compute a delay rate from the changing rate of fringe
phase (fringe rate), so that the fluctuation of the fringe phase affects the accuracy of the
determined delay rate. Assuming fluctuations caused by both, thermal noise and natural
atmospheric characteristics, we can expressA1t as

At=yJ(At,,) +(At,,) (1)

where Atg, is the error caused by thermal noise, i.e., computed the signal to noise ratio (SNR),
Atam is the error due to the characteristics of the atmosphere. At can be computed from
observed fringe phases, and AT, can be theoretically computed from an observed correlation
amplitude. Fig.1 shows At and At, for Kashima-Gifu VLBI data. From Eq.(1), At should be
always greater than At,, however, Ats, takes larger value than At for X-band at the range of
scan lengths less than or equal to 2 seconds. This is thought to be due to the underestimation of
correlation amplitude, because we use that at 300 sec for computing Ats, . Using AT we can
compute the phase error after extrapolating the phase for t seconds as follows.

AP =27ftA? )

where f is frequency. We assume that if the phase error is less than 1 radian, i.e., A®<1 we can
connect phase delays over scan gap t. In this case the condition where scan gap t should satisfy
can be written as follows.

<
2AT (3)

Fig.2 shows a maximum gap t obtained from the actual VLBI data.
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Fig.1: Delay rate errors computed from SNR Fig.2: Gap limit obtained from fringe
(signal-to-noise ratio) and from true phase phase variance for S-band (red lines) and
variance for S-band (red lines) and X-band X-band (dark green lines) data.

(dark green lines) data.

In the meantime Eq.(2) is based on the propagation of error caused from Gaussian noise. If
fringe phase variation does not follow this type, we cannot apply a simple error propagation to
evaluate the connectivity of phase delays. Actually, phase fluctuations attributed to the
atmosphere is known to be a random walk or flicker-noise type fluctuations at a time range
concerned in this study. We hence compute the structure function of fringe phase to investigate
the scan gap length independently from the discussion aboutAt. The structure function at time Tt
is defined as follows.

() =47 T F I (D) @)

where I is the true phase variance. Fig.3 shows p(t) obtained from the VLBI data. We can
assume that if p(t) is less than 1 radian, we can connect scans like the assumption in the
discussion about a At. This condition limits the maximum gap lengths. By taking this condition
into the discussion about At we obtain more realistic gap limits as shown in Fig. 4.
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band data are dark green lines.

A report describing details is being prepared.

Second TID VLBI experiment was carried out on April 19, 2006 for two hours. Unfortunately,
S-band data acquisition at Kashima failed. So that the data cannot be used for the analysis of TID.
Now analysis is being made from the view point of atmospheric stability.
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Monthly Report of May, 2006
1. Kashima-Gifu VLBI Experiment (TID Experiment)

So far four experiments have been carried out since March, among those two were failed in
S-band observations (Table 1). Therefore two experiments can be used for a TID analysis.

Date Comments
No.l 12-13 UT, March 16, 2006 Rainy
No.2 12-15 UT, April 19, 2008 No S-band data at Kashima
No.3 12-15 UT, May 10, 2006 No S-band data at Gifu
No.4 12-15 UT, May 11, 2006

Table 1: Kashima-Gifu TID VLBI Experiments

| have reported about a method to connect phase delays between scans and about available
gap limits in the last two monthly reports. The method to connect scans was applied to the fourth
experiment conducted on May 11. Some bugs in a program calculating a fringe phase at each PP,
which is a unit integration period in a software correlator, were found in the process of scan
connection. These bugs were fixed, and how to evaluate results of connections has been
established.

1.1 Phase delay connection and its evaluation

A phase delay connection between scans is carried out as follows (only the essence of a
method is described here). In Fig.1, let t, be the time at the boundary of scan #1 and #2, and
coarse delay and residual fringe phase observed for scan #1 at t, be t; and F,, and those for scan
#2 at t, be t; and F», respectively. We can connect phase delays of both scans by adding tau
given by

¢1"'¢2
27 (1)

to scan #2, where f is a RF frequency. t.4q appears because the coarse search delay is less
accurate compared with that of a phase delay and it should be an integer number times of an
ambiguity of phase delay (=1/f). Hence we can evaluate phase delay connections by using the
ambiguity number n defined as

¢ — o
2z (2)

n=f -Tu=F(0-10,)+

A fractional part of n should be zero.
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Fig.1: Connection of phase delays.

Fig.2 shows fringe phases after phase-delay connections for the fourth experiment. Fig.3
shows a fractional part of n calculated from n-NINT(n) where NINT is a function converting input to
the nearest integer. We can see that almost all ambiguity numbers are integers. This means that
phase delay connection goes well.
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Fig.2: Plots of fringe phases after Fig.3: Occurrence frequency plot of a fractional
phase delay connections for fourth partof ambiguity numbers.
experiment (May 11)

Now | am working on the investigation of available gap limits between scans by using actual data
listed in Table 1.
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Monthly Report of June, 2006

1. Kashima-Gifu VLBI Experiment (TID Experiment)

A method to connect phase delays between scans has been evaluated by using the 2 hour
period data observed on May 11, 2006.

1.1.1 An evaluation method

A phase difference, A®, between an estimated phase ®c and an actual phase @, is
evaluated statistically, where @ is a phase calculated using the data with the period of ts for the
time separated by t; from the data span as shown in Fig.1. The data span used for estimation of
phase is shifted by 10 sec and the calculation of the phase difference is repeated.

—_— ¢

Fig.1: How to evaluate phase difference.

Fig.2 shows an example of occurrence distribution of A® in the case of ts=100sec and
tc=10sec for 8234.99 MHz data. Standard deviation is 17.6 deg in this case. Fig.3 shows the
relation between gap length and standard deviation of A® in the case of ts=100sec. Standard
deviation increases as gap length increases, and it reaches 1 rad (=57.3 deg) at tg=116sec.
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Fig.2: An example of occurrence distribution of  Fig.3: The relation between gap length
A® in the case of ts=100sec and tg=10sec for and standard deviation of A® in the case

8234.99 MHz data. Standard deviation is 17.6 of ts=100sec. Standard deviation reaches
deg. 1 rad (=57.3 deg) at tc=116sec.

NUMBER OF OCCURENCES

Assuming that the standard deviation of 1 rad gives the limit of gap length, we can obtain the
relation between span length and gap length as shown in Fig.4. In the figure, the symbols are
those obtained in this way and the solid lines are for those obtained by the method described in
the previous report (April Monthly Report). Both coincided weil with each other for S-band data

85



(red lines and square symbols), but discrepancy can be seen for X-band at spans from several
tens to several hundreds of seconds, i.e., results obtained this time are less than previous
estimations. This means that the assumption used for previous estimations is not correct for these
span lengths. In the previous estimation, the Gaussian distribution of phase fluctuations is
assumed for all time ranges. Actually it is not a Gaussian distribution (white phase fluctuation) but
rather a random walk fluctuation for X-band at the time scales from several tens to several
hundreds of seconds as shown in Fig.5. Thus it is important to evaluate an available gap limit by
using the method used this time.
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Fig.4: Gap limit obtained from the fringe Fig.5: Results of Allan standard deviation

phase variations (solid lines: red for S-band, analysis. S-band (red lines) shows white
dark green for X-band) and those obtained phase characteristics for all time range, while
from this study (symbols: square for S-band, X-band (dark green lines) shows random
triangle for X-band). A green dashed line walk characteristics at 10-200sec

represents (scan length) = (gap length)

A green dashed line in Fig. 4 represents (scan length) = (gap length). Hence, it is possible to
do a phase-delay connection after switching VLBI observations only in the case when gap length
is located on the left-side from this line because gap length can be longer than scan length.
Considering that, 100 sec is a limit scan length (switching period) for X-band switching
observations. As for S-band, no limitation appears from an atmospheric stability. Of course, this
depends on the condition of the atmosphere, so that current one just shows a case study result.
Moreover we may take a 3-sigma criterion (i.e., 3p=n) to make a phase connection more robust. In
this case, switching period becomes shorter.
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Monthly Report of July, 2006
1. Kashima-Gifu-Koganei VLBI Experiment (last TID Experiment)

The fifth TID VLBI experiment (maybe the last one) was carried out on July 21, 2006.
Koganei station was involved in this experiment besides Kashima and Gifu. Table 1 summarizes
all TID VLBl experiments. The data transfer from Gifu and correlation processing for the fifth
experiment was carried out by using PCs at Kashima, which were remotely executed from Vienna.

Date Stations Source Comments

Nol [12-13UT Kashima(34m) | 3C273B | Rainy
March 16, 2006 | Gifu(11m)

No.2 |13-15UT Kashima(34m) | 3C273B | No S-band data at Kashima
April 19. 2006 | Gifu(31m)

No3 |[13-15UT Kashima{34m) | 3C273B | No S-band data at Gifu
May 10, 2006 Gifu(11m)

No4 [13-15UT Kashima(34m) | 3C273B
May 11, 2006 Gifu(11m)

No5 |15-17UT Kashima(34m) | 3C454.3 | Rainy at Gifu?
July 21, 2006 Gifu(11m) GPS 1Hz observation except

Koganei(1lm) for Gifu (failed at Gifu)

Table 1: Summary of TID VLBI Experiments

Scan #4 in Kashima data has a problem in header data. Header data were accidentally
corrupted due to a sampling board problem. Detailed investigation of corrupted header showed
that it was possible to recover header data, then a new program "data_recov" has been developed
for this purpose. However correlation results using header recovered data shows a sub-peak
shifted in delay domain by -2 micro seconds (corresponding to 8-bit data) (Fig. 1). This means that
data were somewhat affected (corrupted) at a sampled data field as well as a header field. The
correlation amplitude at the main-peak was diminished by 44% compared with other scans, but it
shows a correct delay and fringe phases. Therefore we can use the data for a phase-delay
connection.

COLRSE SEARCE FUNCYION ( 642313)

o

Fig.1: Coarse search function for header recovered data. See in the text for details.
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Fig.2 shows gap limits obtained for three experiments on the Kashima-Gifu baseline by using
the method described in the June report. Weather condition and elevation angle during the
experiments are summarized in Table 2.
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Fig.2: Gap limit obtained from fringe phase variations (solid lines: red for S-band, dark green
for X-band) and those obtained from this study (symbols: square for S-band, triangle for X-
band). A green dashed line represents (scan length) = (gap length).

T P H Weather Elevation
(deg) (hP) (%) angle (deg)
2006/3/16 | Kashima | 13.3 | 9976 885 Rainy 36.2
(12-13b UT) Gifu 10.2 991.4 97.0 Rain 33.6
3C273B : ‘ : J :
2006/5/11 | Kashima | 151 | 10158 | 839 Cloudy 447
(13-15h UD) - -
Gifu 159 | 10173 55.9 Cloudy 473
3C273B
2006/7/21 | Kashima [ 20.7 | 9992 91.9 Cloudy 61.2
(15-170 UT) - ~ -
Gifu 215 | 999.7 99.9 Rainy 58.8
3C454.3

Table 2: Weather condition and elevation angle at experiments. Meteorological data are
averaged over each observation period. Elevation angle is at a center of observation period.

Besides the May 11 experiment it was rain of either one of stations. Gap limits by means of
the method described in the June report are 13 sec, 100 sec, and 40 sec for March 16, May 11,
and July 26 experiments, respectively. We can say that gap limit is easily affected by weather
condition even though we consider the difference in elevation angle.

Fig.3 shows an analysis result as same as Fig.2 but for Kashima-Koganei baseline. Gap limit
is obtained at about 90 sec. In the mean time, as for Koganei-Gifu baseline, we exclude it from
this analysis because the signal to noise ratio at the unit integration period of 1 sec is too low to
obtain a reliable result.
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Fig.3: Same as Fig.2 but for Kashima-Koganei baseline on July 21 experiment.

Inhomogeneous distribution of water vapor is a main cause of fluctuations in fringe phase.
The scale size of inhomogeneous distribution is about a few kilometers, so that the fluctuation of
fringe phases on a baseline longer than this scale is affected by local weather condition rather
than the difference of baseline lengths.
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Monthly Report of August, 2006 (DRAFT)

1. Summary of VLBI Experiment

Five VLBI sessions dedicated to detect TID events were carried out during March — July,
2006. Each session observed a strong source, 3C273B or 3C454.3, for 1 or 2 hours continuously
using 4 channels of geodetic-VLBI backend outputs of which RF frequencies are set to 8234.99
and 8584.99 MHz in X band and 2269.99 and 2344.99 MHz in S band with video bandwidth of 2
MHz. Kashima 34m antenna and Gifu 11m antenna participated in all sessions, but Koganei 11m
antenna participated only in the last session. At all stations a hydrogen maser oscillator was used
as a system reference signal. We failed to observe at S band in the two sessions among five, and
also failed in continuous observation in these two sessions. Therefore three session data were
analyzed for detecting TID events. However no TID event was detected. By the way, a continuous
observation of one source enables us to investigate the fluctuations of fringe phases at various
time scales. We have therefore analyzed the three session data to investigate an adequate
switching time in a delta VLBI observation.

Delta (or differential) Very Long Baseline Interferometry (VLBI) is a technique to measure the
angular separation between two nearby celestial radio-sources accurately by observing each
source alternately. Common error sources such as those introduced by the receiving systems,
clocks, propagating media, and station locations are nearly cancelled by differencing observed
delays between sources. If the position of one source is well-known, we can measure the position
of the other source through the well-known source position. The technique has been used for the
navigation of a spacecraft (SC) cruising in deep space by observing an SC and a nearby
extragalactic radio source (EGRS) alternately since the late 1970's (e.g., Brunn et al., 1978;
Christensen et al., 1980). Since an antenna tracks SC and EGRS alternately, gaps in each data
stream are inevitable. Consequently fringe phase of each data segment (scan) has an ambiguity
of 21r. When observations are carried out with a narrow bandwidth like reception of carrier signals
emitted from an SC, it is an important issue for improving the accuracy of measurements to
connect fringe phases of corresponding scans. Wu (1979) developed a scheme to connect fringe
phases among consecutive scans based on the iterative adjustment of integer ambiguity
numbers. He applied the method to delta VLBI observations of Voyager 1 and OJ287 and
concluded that when there was no sizable localized phase fluctuation mainly due to atmospheric
disturbances the scheme connected VLBI fringe phases faultlessly. Both scan and gap lengths
were about 5 minutes in this case. A limitation about gap lengths was not mentioned in his paper.

Recently the position measurements of NOZOMI, which is a Japanese Mars explorer
(Yamamoto and Tsuruda, 1998), and HAYABUSA, which is a Japanese mission for near-earth-
asteroid sample return (Fujiwara et al., 1999), by means of delta VLBI were carried out in Japan
(Ichikawa et al., 2004; Sekido et al., 2004, Ichikawa et al., 2006). In the measurements the
connection of fringe phases among consecutive scans is recognized again as an important issue
to improve the measurement accuracy. Fluctuated fringe phases limit a gap length over which
fringe phases can be connected. Thus one antenna switching period should be less than this limit
length. Therefore the maximum limit of gap length as well as source strength is a critical
parameter for preparing an observation schedule. This parameter thought to be strongly related to
weather condition and locality. A number of researchers investigated statistical characteristics of
atmospheric phase fluctuations by using radio interferometry including VLBI (e.g., Rogers and
Moran, 1981; Rogers et al.,1984; Kasuga et al., 1986; Liu et al., 2005). Some hints regarding a
gap limit may be obtained from their results of Allan variance and/or structure function, but it is not
a straightforward one and the location of antenna is different from our concerned one. We have
therefore analyzed the TID session data to investigate an adequate switching time in a delta VLBI
observation.
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Firstly, we developed a scheme to connect phase delays (fringe phases) over a short gap by
using observed delay and delay rate (see the May report for details). By using this scheme, we
can obtain fringe phase data connected over 1 or 2 hours. The fringe data were further analyzed
statistically to estimate the maximum gap length to connect fringe phases by using the two
methods as follows.

Method A: using the true variance of fringe phase fluctuations (see the April report for
details)

Method B: using the linear fitting of fringe phases (see the June report for details)

Gap limits obtained by the two methods are summarized in Table 1 and depicted in Fig.1 for
X band. As for S-band, maximum gap limit is longer than 1000 s for both methods. As for X band,
they varies from 60 to 486 s for method A and from 16 to 126 for B. Furthermore gap limits
obtained from method B are always shorter than those obtained from method A by about 28-74 %
as shown in Fig.1. This means that the assumption used in method A is not correct for these scan
lengths. In method A, the Gaussian distribution of phase fluctuations is assumed for all time
ranges to propagate the errors over a gap. However it is not a Gaussian distribution (white phase
fluctuation) at time scales from several tens to several hundreds of seconds as shown in Fig.2.
Hence the available gap limits estimated by using linear fitting of fringe phases are thought to
reflect a more actual condition.

Session Frequency Gap Limit (sec)
Band Method A Method B

| March 16, 2006 X 60 16
Kashima-Gifu S >1000 >1000

| May 11, 2006 X 486 126
Kashima-Gifu S >1000 >1000

| July 21, 2006 X 80 58
Kashima-Gifu S >1000 >1000

| July 21, 2006 X 335 96
Kashima-Koganei 8 >1000 >1000

Table 1: Summary of gap limits
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Fig.1: Gap limits (comparison of method A and B).

It was raining at least at one station except for the May 11 session. Drastic shortening of the
maximum gap limits occurred when it was raining as we can see for the Kashima-Gifu baseline.
So far we have no data observed with weather condition of clear sky. We would like to conduct a
session regularly at least once a month to investigate the relation between scan length and
maximum gap length statistically under wider range of weather conditions.
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