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Abstract. It is performed an analysis focusing on the céia, estimation,
separation and elimination of site offsets of perer GPS-tracking station SOFI
excited by atmospheric loading mainly. The seasatrabspheric responses — total
and degree-one spherical harmonic, of an elastithBadeformation in cases of
different data-meteorological and Earth’s mass amsntare estimated. Here are
analyzed the interactions of different atmospheoimponents with atmospheric rigid
Earth’s translation and degree-one deformationsdmidrmined the role of periodic
and local environmental (pressure and temperafaotyrs. It is proposed the hybrid
models to regress vertical site’s variation fielddathe consistent with the frame
treatment of the disturbing local atmospheric siginBhe removing of these signals is
being suggested to be done by inclusion of modadiptions on the observation level
in the analysis of GPS-observation or by correctidnthe time series after the
analysis. The estimated degree-one deformationbeing proposed for reduction of
geometrically defined frames and time series tati@eorigin. It is established for the
first time for station SOFI| the regression depewdsn between vertical site
displacement and local pressure in case of diffemeteorological and Earth’'s mass
centers, the serious temperature periodic offsetshe North-South direction of
station monument and the generating of 43% on cartGPS-rate by the vertical
atmospheric signal.

Key words: displacement, atmospheric loading, time seriegrek-one deformation,
Earth’s mass center

Introduction

The Earth’s crust deformation is being caused lmcesses inside the Earth, by
gravitational forces of external celestial bodl®gchanges of the centrifugal potential, and
by various mass loads.

The Earth’'s surface is perpetually being displatedertical and in horizontal
directionsdue to temporally varying atmospheric, precipitateckanic tidal, oceanic non-
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tidal, cryospheric and continental aquatic masdasar loads. The separation of mass
signals requires an a priori knowledge the natdrexaiting geophysical processes. The
global geophysical fluids generate the surface rdadtions, gravity signals and geocenter
variations. These non-geodynamic signals are oftantial magnitude that they govern the
scatters in geodetic observations. Loading effeatssed by the redistribution of surficial
fluids have been observed in high-precision geodddita (van Dam and Wahr, 1987; van

Dam and Herring, 1994; van Dam et al., 1994; Haad.£1997; van Dam et al., 2001). If

these data have to be interpreted in terms of gedic processes (plate tectonics, post-

glacial rebound, sea level rise, etc.), thenlitssoming necessary to remove loading effects
from the geodetic data. These consequences halke &stablishing in reference frames

relevant for direct comparison with existing geddebserving techniques and reducing to

inertial origin for comparison with other technigue

High precision GPS-measurements are required fabkshment of national
basic/fundamental network, the monitoring of crudeformation, and the determination of
sea level changes. Knowing the vertical componérnthe deformation, for example the
induced by atmospheric loading (AL), is fundameritailthe precise determination of the
vertical movements as general. Some of the GP$-soroces are based on the geophysical
effects causing significant site displacements. oBefinterpretation of GPS-measured
changes in station position it should be assessedote of position changes due to loading
phenomena. This is particularly important when ¢ie®@detic signal of interest is of the
same order of magnitude as the amplitude of thaingasignal itself. In this case erroneous
conclusions may be drawn with regard to the caatege variation.

Our purpose is to provide the consistent with respge reference frame and
reliable estimates of AL-effects and to obtain déstemt time series of 3-D modeled
displacements data set for permanent GPS-trackatigis SOFI. Here is being sought
* to elucidate to what extend the site position \@ies of station SOFI are provoked

from AL and periodic geophysical phenomena;

* to investigate a possible correlation of observigel gosition discrepancies with the
regional and local distribution of atmospheric gres;

e to correlate vertical station variations with agble AL-models taking into account
different meteorological and Earth’s mass centersponse periods (semiannual and
annual) and local environmental factors.

Here we will outline the primary principles involven modeling the surface
displacements induced by AL-mass including the do#seory, the Earth model and the
surface pressure load data. We will carry out dysiuhich shows the effect of AL-fields
from different meteorological centers on computéspldcements obtation SOFI with
respect to different center of mass of the Eartie Bpecific analysis and synthesis of
interaction of the different components of AL or tBPS-observations will be discussed.
The corrections of site variation due to atmosghsignals will be determined using the
geophysical and hybrid model approach. Finallwiit be outlined areas for future research
to further improve the AL-estimates. We concludeftmynulating some recommendations
on the procedure for including loading correctiorie GPS-data analyses.
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Methods for determination of surface atmospheric loading

The accurate modeling of the deformation due toréduires the knowledge of 1)
mass density distribution in space and time; 2pagl@ressure-distribution in combination
with a suitable local model; 3) reference surfdegsls and datum of atmospheric pressure
— meteorological model, geographic function, indibadllocal station meteorological
parameters (the reference level and datum shoulddpace-dependent and computed from
long period average).

Global atmospheric surface pressure data on sileadjacent area (1000-2000
km) forms simulation model to explore the nature e&sonal variations. This natural
phenomenon is being caused as a site-effect fretartiplaces simultaneously.

The consistent models of the deformation of theds@arth due to AL are
presently available (Rabbel and Zschau, 1985; $8@5; van Dam et al, 2001). There exist
three basic models for computing loading correciom geodetic data: 1geophysical
modelsor simple approximations derived from these moddisre loading signals must be
carried out in the time domain; 2mpirical modelsbased on site-dependent data where
regression coefficient can only be determined fatival crustal motions; 3)ybrid models
from upper two.

At present thegeophysical model@Merriam, 1992; Sun, 1995; Boy et al., 1998;
Neumeyer et al., 199&re used most frequently for computing the lagdals from global
atmospheric data. In these models the main elemeqtsred in the computation of signal
predictions include: 1) an Earth model, which dmiees the geometry, with specific
mechanical properties and, if necessary, the riggol®) a mathematical model for the AL
including the boundary conditions at the Earth’'sfate and the extension of the load.
Selected parts of continuum mechanics (e.g. el&stiory, or linear viscoelasticity) can be
used to solve the boundary value problem to olttersystem’s response to a unit load. For
the problem of Earth deformation, the system’s oasp is best described by load Love
numbers (LLNs){h‘ ' ,k'} which can be used to compute the Green’s functafnthe

boundary problem. The geometric effects — deforomatof loading may be computed by
convolving models containing the gridded surfacessnaistribution with a Green’s
function, describing the unit impulse response hd Earth as a function of load and
response location (Farrell, 1972).

The empirical modelgRabbel et al., 198INeumeyer, 1995are based on site-
dependent data and use the local atmospheric pee$su determining the single and
complex admittance based on regression and cres$rapanalysis by fitting local pressure
variations to residual values of vertical crustaitions after elimination of Earth’s tides,
polar motion and other trends from the recordsemitgtic observations.

We will apply the geophysicaland hybrid modelsin estimation of surface
displacements of station SOFI due to AL with ateemdspecifying of reference frame. It
will be done by a station-centered grid with fix@ichensions in order to correct time series
of GPS-coordinates by removing seasonal noise.

Earth’'s models

The Earth model is being used to determine a lga@ireen’s functions, which are

Bulgarian Geophysical Journal, 2007, Vol. 33 79



L. Stoyanov, M. GrigorovéEstimation of atmospheric loading effect on SORtish

weighed sums of LLNs and yields the Earth’s respdosa surface mass load. Typically an
elastic Earth model with radial structure, suchPasliminary Reference (elastic) Earth
Model (Dziewonski and Anderson, 1981) is used here, ircivbase the Green'’s function
depends on load-response separation only. In owgsfigation we use thoroughly this
model. The differences in the deformations deteeahiior different Earth models
respective for corresponding sets of Green’s fomstiand LLNs, are not significant values.

Used data

Meteorological data

The atmospheric pressure effect consists of thetieldeformation and attraction
term. For our case the deformation term is modelgd global 2-D surface atmospheric
pressure data. These data and daily temperaturgyeaneasured at the ground are inputs
for our investigation. For modeling of the attraatiterm (it is not object for our
investigation) 3-D pressure data are required. fdsponse of the ocean to atmospheric
forcing needs to be considered. Currently, only sivople models are used for describing
the atmosphere-ocean interaction 1) no oceansn@rted barometer (IB) ocean with
corresponding land-ocean mask, which correctiosee total oceanic mass.

In our following analysis IB-approach (which redsceontribution of high-
frequency atmospheric pressure variations to thdatl) is included in estimation of
atmospheric signals - total, rigid translation @edree-one spherical harmonic response.

Here we use two global surface pressure data bets @re adopted by the
International Earth Rotation Service (IERS) Speé@iateau of Loading: 1) the data sets
from European Centre for Medium-range Weather FagtscECMWH on a 2°,5 x 2°,5
resolution grid; 2) National Centers for Environrt@nPrediction NCEP. The diurnal
pressure and temperature in SOFI- station from dWati Institute of Meteorology and
Hydrology (NIMH) of Bulgarian Academy of Sciences are the addiidocal data.

The appliedyeophysicahndhybrid modelsare using local and global atmospheric
pressure data measured at the Earth’s surface atahdard height-dependent air density
distribution. The frequency range of the groundadpheric pressure changes varies from
inverse minutes to years. The total range of thesqre at station SOFI during the
processed periods (Jan. 01 1990 - Jan. 01 20@®).&hPa The reference pressure value
for SOFI was calculated by propagating the seal lpvessure of 1013.26Pa to the
ellipsoidal station height and accounting for geaidiulation.

GPS-datdor station SOFI

These data are based on the weekly solutions ef isition obtained and
obligingly left to us by Central Bureau of EuropeBermanent NetworkEPN) and
covering the period from Jun 25 1997 to Septemi®r2Q07. The mean value of the
particular component (North, East and verticabeisioved. The Earth plate movement and
the region deformation which can produce systemefiiects (errors) are eliminated in
IERS-coordinates by appropriate methods. We ing¢rpmnd model the observed site
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variations ASSh; as the sum of various environmental loadings, uretesd wet

troposphere effects, bedrock thermal expansiony&in phase center variation models and
errors in orbital modeling.

The coordinates of SOFI-station show movements iwitne or two weeks,
especially in the East component. The amplitudéhefvertical component is about 10-15
mm Because of its high frequency the weekly solitend to smooth out the waves less
than 10 weeks so that we are able to determinevdéives with longer period.

Deter mination of site displacements due to atmospheric loading

AL-change causes site displacements, variatiotiseigeocenteaind translation of
the origin of terrestrial reference frames locasédhe center of mass of the solid Earth
(CE) or the center of mass of the total Earth syst@l)( The predominantly seasonal
redistribution of surface atmospheric masses a&ffelseé measuring GPS-sensor in the
following way. The record changes due to displagena the GPS-monument on the
deformed Earth (elastic deformation / indirect effe

The time series for local displacement vects?(Q).,, = {ASﬁ‘,AsS,AS,?}CM due

to AL (superscript) are determined bgeophysical modeéh CM-frame from beginning of
1990 to the 30 April 2004 faAlCEPR-operational pressure data sets and the 1B oceaelmo
(Fig. 1). HereQ is geographical position and the tripl@:ﬁ,é,ﬁ) consists of unit vectors

pointing locally upward, East and North. Similasglacement with respect @E-frame is
determined for the both atmospheric models too.
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Fig.1. 3D daily surface displacemer{ﬁsﬁ,Asg,Asﬁ‘}NCERCM) of station SOFI due to
atmospheric loading estimated by geophysical meliyosheans oNCERCM)-model.
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Dependence updiarth’s mass centers afs?(Q)

Recent crustal motion is being described as a vetigplacement field, which
depends on the deformation and the reference fréimeomputing the load signals, the
special attention must be given to the referenaend. One possibility is to provide the
loading products in various frames’ origins, fommples,CM, CE, and center of surface
figure (CF). To a large extent, the frame selected dependieodegree-one LLNs chosen.
Conversion of these LLNs to the appropriate fra@me loe done prior to the computation of
deformations or the frame correction can be donehatend by applying condition
equations on the gridded displacements. In any, @astear specification of the reference
frame needs to be attached to the model predictions

Here will be illustrated the influence oméa(Q) of Earth’'s centers by its
manifestation onAs? which is four times greater than lateral displaeats. We estimate

the correlatiorp betweenAs’ referred toCE- andCM-frame from the data of one and the

same meteorological centers (two cases in Fig.tB wiando symbols), from different
atmospheric models (thinner lines) as well as émidal frame origins (thickest lines). It's

seen there is not time delay between differentesbf As; .

The correlation is greater in case of identicaltiEarand different meteorological
centers on account of identical isomorphic pararmetgBlewitt, 2003). These parameters
depend on the conceptual definition of the refeeein@me origin, take part in calculation of

degree-one displacemenﬁl'a(Q) and are the factors of proportionality in calcigdatof
geocenter translations. These translations infleermsiderably on the values A§; and
have one and the same value for the different meltgical centers.
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Fig. 2. Correlationp between predicted Fig. 3. Correlationp between predicted
vertical displacementd\s;; due to pressure vertical displacements\s§ andAs]; due
loading related to the different Earth’s ando atmospheric loading and local presspre
meteorological centers. in case of different atmospheric models.
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The correlation takes the intermediate place irecafk identical atmospheric
models and different frame origins. On the otherchine time series related to the different
Earth’s centers must not process in common neuegéhat the residuals after removing
the AL-effect accept the smaller values. In casalifferent meteorological and Earth’s
centers the correlation is weaker.

Dependence upon atmospheric rigid translatiomsf(Q)

In the terms of LLNs, the loading Earth suffersigidr body translation in the
following representatioh’; = I'; = -1 while e.g. Farrell (1972) specifieg = -0.290 and';
= 0.113 for the deformation. In different frames ttisplacement field does not look like a
rigid body translationThe last is a special case of degree-one defawmatd that the
degree-one LLNs are different in different framestihe presence of their established
transformed expressions between two systems (B|e2Gi03).

The degree-one contributions depend on the chdiceference frame, specifically
how the origin moves relative to the deforming Bafthe degree-one deformation field for
a nonrigid Earth can be described as a combinatiateformation field of rigid Earth and
the deformational manifestation of a rigid transiat(rt).

Computation of AL followed closely the method applifor ocean tidal loading.
The major difference being that pressure loadinguex on land and that the inverse
barometer assumption excludes waters with a dettey than 30én from being loaded.
As a side-effect of the data preparation, the geecetide can be computed from

atmospheric pressure as well as corresponding atribspheric rigid translationt  and
deformatiorAQ?CE(Q). At the same time deformations @M- and CE-frames submit to
the analogical expression like homonymous degree-drhis expression gives us a
possibility to calculateAi?pE(Q) for different meteorological centers. Hence follow

conclusion that anyone (in particular the atmosigheilegree-one deformation field @iV-
frame can be described as a superposition of degrealeformation field of rigid Earth
plus CE-frame’s deformation due to geocenter motion atirigpdy.

Dependence upon local pressuressf(Q) and ASSES

The attempts to determine the vertical pressurdingaregression coefficients as a
new estimable parameter by GPS-software have mengiesults for SOFI-station until

now. In order to establish the consistency betweedicted deformatiorzﬁéa(Q) and local

pressurep we first calculated their correlation (Fig. 3.y fdifferent atmospheric models
and Earth’s centers. The correlations of laterapldicements are insignificant so that the
local pressure can not be used to derive the qmrelng to them admittances. The
ECMWHKCE)- andNCERCE)-atmospheric models provide the best fit witho that their

consistency make them convenient for deriving s -admittances. In case of one and the

same atmospheric models is being realized the g#romorrelation inCE-frame in
comparison withtCM-frame. It is being observed the time delay from0d0s for all these
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cases as\s] outdistancep. The deformatioMér?(Q) depends in a certain inconsiderable
extent p = -0.29) onp so thatAéft‘(Q) is being excited thoroughly from the regional and

global AL. Here exists the time delay from +43G0&12 hours) betweep andAs:rt .

By applying hybrid model (hm) and using predicted values instead of GPS-
observations, we searched for regression coeftgiérhis approach can only be used for
vertical crustal motions. The regression coeffitseare determined by fitting from the

NIMH-data set to the convolution sum of the verticdodeation AsS predicted by the

geophysical modelThe IB or non-IB model was not used in deterngnthe ocean’s
response to pressure because this response isteelgfer station SOFI. The admittances
[mmhPg determined in this manner (see Fig. 4) wouldl gilffer from both the
uncertainty in the Green'’s function and the quadityhe local air pressure data.

These coefficients could be used to operationallyect observed vertical position
determinations from local air pressure alone. Heeeestablish that the influence pfon

predicted As? depends on origin of reference frame only in whick deformations are

modeled and does not depend on meteorological rcevite determined two different
admittances by means of that can calculate thaeqteeddisplacements

|as? (soFi)| im=- 0.47(p - 9473} 2 [mn]; [as? (SOF)| i = 0.55(p ~ 9473} 2[mn] . (2)
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Fig. 4. Admittance Ad) between local pressupe[hPd and vertical displacementas? [mn] due to
atmospheric loading in case of different meteorimiaigand Earth’s centers.

Here for the first times were being derived thedmittances for permanent GPS-
tracking station SOFI as well as its reference sues It should be noticed that

corresponding residualRes{Asﬁ—AqE'a} after removing degree-one spherical harmonic
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atmospheric response can be predicted by meangorafulas (1). Nevertheless the
regression coefficients cannot be extrapolatedetw site (for which no data exist). They
within the precision limits can be used to correcly the GPS-observation (the different
observing techniques give different regression famehts for one and the same location)
from Geodetic observatory “Plana”, placedrd south of SOFI. This has to be done after
preliminary analysis of both atmospheric pressata.d

The attempt (Kaniuth et al., 2003) to derive vettigressure loading coefficients

from GPS-observation was unsuccessful for thisastatWe estimatgp=0.453 between

ASSEay and local pressure and impossibility to derive iidmce for them.

Statistics and periodicity of time series of SOFI-station

It is well known that the GPS-estimated heighthis inost sensible component to
variations in the physical/environmental circumsts so that at least 90% of the time
series inconsistencies are appearing in this \&izmponent.

Site-position time series generated from continu@RS-observations reveal
significant seasonal variations, in particular,hnén annual period. Before fitting annual

and semi-annual periodic signals to the GPS-datd (fae predicted deformation as well),
we estimated trends and correlationsAsf, As? and [AS,?PSJEPN - displacement

established by processing of GPS-observation &N (Table 1).

Tablel. Statistics of the vertical time series of SOfatisn

Statistic Linear trend / Rate Multilinear least squaresfits
| arameters Value p p Residual stand. dev.
tems [miyr] [mn

ASSPS| oy -0.469 0.179
0.497 | 7.08 |

[Ash""J N -0.193 0.182
0.910 | 2.69 |

[Asﬁa] EoMwRCE) -0.050 0.298
0.497 | 7.08 |

ASCPS| o, -0.469 0.179
0.586 | 6.98 |

[Asha] NCER CE) 0.041 0.062
0.485 | 1.87 |

[Ashl,a] _— 0.001 0.007
0.587 | 6.97 |

£sEPS con, -0.469 0.179
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The linear trend otAqf‘J NcER(cE) and |_Asnal ncercm) IS insignificant. The values

of lateral and vertical displacements due to degree spherical harmoniatmospheric
response do not correspond with respective GPS:rltés realized the multilinear least
squares fits between every two vertical time seaigd is estimated correlation of the fits.

Here [A#‘aJECMWF(CE) demonstrates the time delay=1@ hours) according to

[Aa;”‘]ECMWF(CE) whilst for the homonymous signals frakCERCE)-model there does not

exist time delay.

The correlations between the estimated verticakdinate variations of SOFI-
station and AL-displacements are generally sma#0(50). The similar phenomenon
between corresponding velocity and trend shouldrizdyzed further.

Van Dam et al. (2001) showed that a major annuatpament is induced by
hydrological and atmospheric loading. The annuahals can significantly bias the
estimation of site velocities intended for high@ecy purposes such as plate tectonics and
establishment of the reference frames. For sucHicagipns, annual and semiannual
sinusoidal signals should be estimated. Now we wedifimate periodicityper) of the
vertical components of SOFI time series by meanfitofg annual and semiannual waves
to them. There are calculated amplitudes and phaS#isese signals (Fig. 5). The site
displacement, caused by surface pressure chasgesem to have amplitude five less times

than of annua[Asl?PS] Pe’ and to be out-of-phase with it and residual phasor

6 3
[As]BPS] per
4 i i [A$PS] per
2]
= 3 z
J N
0_
[Ag’a]Der 4
2 T T T T T T T 1 o T T T
1 1 2 3 -3 -2
cos[mm] cosimm]
annual semiannual

Fig. 5. Phasor diagrams of the annual and semiannugb@oemts of the periodipér) effects on the
GPS-height ingredient variation d riprég 1997-2005 the vertical atmospheric displacement and on
the residual phastes{As,?PS -As?

The left panel of Figure 5 shows a phasor diagrathe@annual component of the
GPS-height ingredient variation during 1997-200%he periodic effects of AL, as well as
the annual component of residual phaRﬂs{AngS—Agf} e By removing atmospheric
effects, the modeled periodic GPS-variation mowethér away from that observed. The

discrepancy that remains betwetmfpsl PeT and phasor sum is 2rBmin amplitude and
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8.4° in phase difference. For the semiannual compon#rgsatmospheric effect has
amplitude 7.5 less times than of semianntmﬁpsl Pe’ and to be approximately in-phase

with it. Here the discrepancy in amplitudes is thihand 3.3 in phase. The discrepancies
that remain may also indicate that other processesimportant in causing seasonal
changes, but their effects are noncyclic mainlgrafémoving sinuous waves.

Analysis of residuals

A better estimate of the spatial variation in scefanass at seasonal frequencies is
given by partitioning the total load into individuaffects. However, if the trends are
removing from modeled surface load displacemenssrttight be a problem for detecting
some geodynamical phenomena. That is why our apprisato subtract the contributions
of the well determined surface loadings and thegrde-one spherical harmonic responses
of the modeled sources from observation GPS-datae3$he atmospheric signal playing a
dominant seasonal role, we shall analyze, aftelovimgy Aéa(Q) and A§1'a(§2), the joint
contribution of the residual geophysical sourcesdétermine the parameters of some
periodic signals. The periodic component of théasg load displacements we will analyze
by fitting annual and semi-annual periodic sigrtal$he residuals. The periodicity mostly
appears in the height component.

We estimated the vertical atmospheric residRais{Aq?—Asﬁ*a} after removing
degree-one spherical harmonic atmospheric respons¢he residual

Res{Aq?Ps—Asﬁ‘—Aé’a} of vertical GPS-component after removing effect Af,
Res{Aq?PS—Asﬁ,‘—Ai'a—siq} - the previous residual with removing annual sinuous
wave and Res{Asl?PS—Aqﬁ‘—Asﬁa—sinl—sinl, 2} - the previous residual with removing

semi-annual sinuous wave. The fitting parametezggaren in Table 2 and their statistics in
Table 3.

Tabl 2. Fittin% of the | waves a(T)sin(2rt/T)+b(Tlcog2mt/T) to the residuals
Res{eAsE‘PS—Asﬁ1 —Ash’a} and R%{ASEPS—AS;? —Asrl{ —sinl} in case o ECMWHCE)-model.

T 1 year 6 months
Parameters
a(T) [mm 5.9756 2.3497
b(T) [mn] -0.7523 -0.9430
Amp [mn] 6.0228 2.5319
Pha [9 8512613.9747 4899783.9532
p 0.590 0.315

The annual and semi-annual fit to t GPSJ oy after removing effects of AL

according to atmospheric mod¢CERCE) reduce us to the close values of parameters to
these in Table 2 and Table 3.
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Table 3. Statistic of the vertical signals for SOFI-statfor ECMWHCE)-atmospheric model

Statistic parameters | Mean | Std. | 50% | 68% | 90% | 95% | 99.98%
dev. level level level level level
Items [mn
[(mr | [mn} | [mn] | [mn] | [mn] | [mn]
3384 | 234 1.60 2.40 3.8( 4.70 6.40

|.AS|?JECMWF( CE)

[Ai’a] 8.02 | 0.42] 0.30| 040 0.7 0.80 1.6(
ECMWH CE)

Res{as? - Ast?] 0 196 | 1.20| 1.80] 330 410  6.1§
a7 oy -026 | 816| 570 7.90] 13.6p 17.]0 2240
Res|AsPS - As? - AsH4] 0 7.05 | 500 730/ 1160 13.80 19.75
Res{AsSPS -t - NS - Sinl} 0 5.65 | 3.60| 540 9.20 1120 181p

R%{Asgps_m?_@a_sim_si%} 0 535 | 3.40| 5.30/ 860 1050 17.6D

All vertical signals have not normal distributiors éhe most nearly to it is
atmospheric degree-one spherical harmonic respam%é. There is not any sort of
periodic ingredient inR%{Asﬁ,‘ —Asliq'a} but in Res{AshGPS—Aslf’,‘ —Asliq’a} it is expressed
clearly (Fig. 6). The aliased annual and semi-ahgigmals are visible in the residuals of

vertical component of the GPS-time series withaimplitudes up to approximately him
The joint contribution of the residual geophysisalrces after removing effects of

AL and periodic signals for vertical componel_ﬂSEPSJ epn and its probable explaining

is shown on Fig. 7.

209 [mm]

-20 MJID

50814 51544 52275 53005 53736

Fig. 6. Annual and semi-annual fit (open dots) to thedeals Res{Asﬁ’PS—Asﬁ —Astl;a} (light line)
of vertical GPS-component after removing effecawhospheric loading @CMWHCE)-model.
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Fig. 7. ITRS time series for vertical componeltAsr?PS] epn  (light line) and its residuals

Res{Asr?PS—Asﬁ —A%’a —-sing—sinyy 2} (dark line) after removing effects of atmosphédoiading

of ECMWHKCE)-model and periodic signals (annual and semi-aijintihe residuals most likely due
to other sources such as ocean and atmospheriddéthng, continental water storage loading and
contributions from unmodeled wet troposphere e$febedrock and monument thermal expansion,
errors in antenna phase center variation modelgaods in orbital modeling.

The greatest part of power carried by vertical GRf®al is being transferred by
two frequencies basically (see Fig. 8) as well las smaller powers by two other
frequencies.

4E+0097  [mm?/cpd)]
3E+0094
2E+009

1E+009

o [cpd]
(I) I O.I02 0.04 0.I06

1
0.08

Fig. 8. ,Power spectral density function for the heighinponent of the GPS-pgsition determination
AsZPS| ey (light line) and its residualRes| Ass > - A - As® - sing - siny [ (dark line) after
removing effects of atmospheric loading BEMWHKCE)-model and periodic signals annual and
semi-annual, for SOFI station.
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The biggest part of power carried by vertical reaid
Res{As,?PS—Asﬁ‘ -As? —sin, - sinl,zjl is being transferred by one frequency basicalty an

compounded approximately 50 % on powe M?PSI ey - The power carried by vertical
atmospheric signals is insignificant (13 times )Je&s comparison with power of

[Aﬁ? PSJ EPN -

Influence of temperature

The annual term in the horizontal coordinate congmts most probably indicates
monumentation problems. Here we did not establighappearance of periodic ingredient

in the east-west componetﬂsfpsl epn after removing effects of AL. For the north-south

GPS
S

component[A ]EPN is being shown the presence of periodic ingredasitfor the

atmosphericNCERCE)-model its amplitude is 2.81m(see Fig. 9). The explanation of this
periodicity is that it can probably be provokeddmyvironmental nature.

50814 51179 51544 51910 52275 52640 53005 53186

Fig.9. Fitting of annual sinuous wave (open dots) ® Morth-South residuale{As‘fPs—ASﬁ}
(broken line) after removing effects of atmosphéoading of NCERCE)-model from North-South
GPS-component and annual sinuous wave of tempetat(dashed curve) in equivalentResunits.

That is why we included in our analysis the lo@ahperaturd® in SOFI-station.

We established insignificant correlation betwe{Aa(?PSI epny @ndte. Both annual periodic

signals of t° and residual Reﬂ‘Aa?PS—AQ?} are with phases 21.99and -67.583
respectively i.e., their moduli are being completednto 90 approximately. It is shows
clearly that exist three-month delay dReﬂ\Aa?Ps—Aaf}-extremum with respect to

opposite temperature-extremum. This can probalyaéx by serious temperature periodic
offsets in the North-South direction of SOFI-statimonument.
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Suggestionsfor GPS-observations

Site height time series from continuous GPS-obsienva provide information of
various geophysical processes, which cover widegaamf spectrum. With the
improvements in GPS-data analysis, we are appm@cthe stage of using GPS height time
series to investigate surface mass loadings caus@éagonal crustal deformations and
separate them from the tectonic caused verticalom&t The major obstacle is that the
systematic errors in GPS-data analysis are mixdl thie signals in the height site’s
variation field. This necessitates removing the ated from observed time series.

Based on the weekly SINEX solutions for the EPMNfrGPS week 911 (mid-
1997) to GPS week 1445 (end of third quarter of220@/ie performed an analysis focusing
on the detection, estimation, interpretation archiehtion of time series inhomogeneities
(offsets) excited by AL mainly. The predicted sewdovariations due to pressure
redistributions are compared with the GPS-obsemathtions. Our comparisons indicate
that the geophysical AL-model can explain only pa&0%, of the observed signals. After
removing effects of periodic signals (annual andhisennual) this percent is 35%. Their
common power represents 50% from this of GPS-sign@he elimination is being
suggested to be done by inclusion of the modeligtieds on the observational level in the
analysis of GPS-observations or by correction eftitme series after the analysis.

These results have significant implications in rdgao the geophysical
interpretation of GPS time series and as well agtoove any mis- or unmodeled periodic
signals. After removing these seasonal AL-effebentremain the potential contributions
from another surface loadings, unmodeled wet trppese effects, bedrock thermal
expansion, errors in phase center variation magtedserrors in orbital modeling.

To overcome the uneven station displacements asdciased uncertainties in
frame origin, it is suggested to take into accadlnthe estimated degree-one deformations
in order to reduce geometrically defined by GP 3utégque frame and time series to inertial
origin; 2) the experience local models (propodedrid mode) to regress the site’s
variation field; 3) the other changes of solid Baghvironment consistent with dynamics of
loadings (other loads); 4) the reasons of estaddisite periodical variation.

Conclusions

We analyzed the deformational effects of AL on weeldNEX GPS-solutions for
position of SOFI-station. These effects are esthblil in case of different meteorological
and Earth’s mass centers. The interactions of iffierent atmospheric components (rigid
Earth’s translation and degree-one deformations)aamalyzed. The roles of periodic and
local environmental factorsp(and t°) are estimated. The degree-one AL-responses
appearing as local manifestations of geocenteratrans are estimated. A statistical
analysis of the time series of modeled displacesyetiteir ingredients, coordinate-
variations and local environments are performederAfemoving of modeled atmospheric
signal the residuals show moderate periodic varatiTheir amplitudes and phases are
averaged and generalized on the whole time spardantbt reflect any separate natural
process. Therefore we do not recommend them fouctexh calculations in data
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processing. Nevertheless, they could be very udefutomparisons with other loadings.
The residuals of GPS-site variation and AL-disptaeats are being analyzed after
removing the seasonal and periodic ingredientsthin end residuals remain parts of
environmental sources such as ocean and atmosptidaicloading, continental water

storage loading and contributions from unmodele@dspherical, bedrock, monumental,
orbital and antennal effects.

It is suggested 1) consistent treatment and inmtugh the model of SOFI-site
movement of the surface AL-signals; 2) the geomefrstation coordinates to be related to
motion of the geocenter due to degree-one sphdramahonic response with respect to the
inertial terrestrial reference frame; 3) to introdwcorrections (as here established) related
to vertical displacements due to AL for high pramisGPS network processing.

It is established for the first time for SOFI-statti1) the regression dependences
between vertical site displacement and local pressu case of different meteorological
and Earth’s mass centers; 2) the serious tempergteniodic offsets in the North-South
direction of monument (this necessitates the daomaof local model for site’s behaviour);
3) the generating of 43% on vertical GPS-rate leyrtical AL-displacement.

These results have significant treatment in case cofrect geophysical
interpretation of time series of GPS-tracking statSOFI. They have particular relevance
to studies other seasonal geophysical signals isMare generally, any errors remaining
in the current periodic models are likely propadateo other frequencies. Therefore, care
must be taken when making geophysical interpretatioom geodetic time series.

Acknowledgments. We are grateful tdlIMH of Bulgarian Academy of Sciences daEN
- Central Bureau for providing the meteorologicad &P S-data.

References

Blewitt, G., 2003. Self-consistency in referencerfes, geocenter definition, and surface loading of
the solid Earth). Geophys. Resl08(B2), 2103.

Boy, J.-P., J. Hinderer and P. Gegout, 1998. Thecefif atmospheric surface loading on gravity, in
Proc. 13th Int. Symp. Earth Tides, Brussels, J§7Lpp. 5439-5446.

Dziewonski, A. D. and D. L. Anderson, 1981. Prefiany reference Earth modé&hys. Earth Planet.
Inter., 25, 297— 356.

Farrell, W., 1972. Deformation of the Earth by sge loadsRev. Geophys. Space Phy§, 761-797.

Haas R, H-G Scherneck and H. Schuh, 1997. Atmospleading corrections in geodetic VLBI and
determination of atmospheric loading coefficienits12th Working Meeting on European
VLBI for Geodesy and Astrononiyorway. pp. 111-121.

Kaniuth, K. and S. Huber, 20081odelling vertical site displacements due to atph@sic pressure
loading with the Bernese GPS software - a demoimtraising EUREF data, iEUREF
Publication, Toledo, Spain, June 4-7 20pB. 89-95.

Merriam, J., 1992. Atmospheric pressure and gra@gophys. J. Inf109, 488-500.

Neumeyer J., 1995. Frequency dependent atmosphiessure correction on gravity variations by
means of cross spectral analygig]l. Inf., Mar. Terrestresl22, 9212-9220.

Neumeyer, J., F. Barthelmes and D. Wolf, 1998. Aphesic pressure correction for gravity data
using different methods, iProceedings of the 13th International SymposiumEanth
Tides. Brussels, 199@dited by Ducarme, B. and P. Paquet, pp. 431-438.

92 Bulgarian Geophysical Journal, 2007, Vol. 33



L. Stoyanov, M. GrigorovéEstimation of atmospheric loading effect on SORtish

Rabbel W. and J. Zschau, 1985. Static deformatiodsgaavity changes at the Earth’s surface due to
atmospheric loadingl. Geophys56, 81-99.

Sun H.-P., 1995. Static deformation and gravityngjes at the Earth's surface due to the atmospheric
pressure, PhD thesis, Cath. Univ. Louvain, 281pp.

Van Dam T. and J. M. Wahr, 1987. Displacement$iefEarth's surface due to atmospheric loading:
effects on gravity and baseline measuremeniSeophys. Re92, 1281-1286.

Van Dam T. M. and T. A. Herring, 1994. Detectionatfihospheric pressure loading using Very Long
Baseline Interferometry measuremedtsizeophys. Re€9, 4505-4518.

Van Dam T. M., G. Blewitt and M. B. Heflin, 1994. Atrispheric pressure loading effects on Global
Positioning System coordinate determinatighsGeophys. Re®99, 23939-23950.

Van Dam, T., J. Wahr, P. C. D. Milly, A. B. Shmaki®, Blewitt, D. Lavallee and K. Larson, 2001.
Crustal displacements due to continental water fgp@eophys. Res. LetP8, 651-654.

Ounenka Ha aTMoc(epHHUTE HATOBAPBAINM BL3AECHCTBHS BBPXY H3MECTBAHHATA B
mecTonooxkenneTo Ha GPS-cranuua SOFI

JI. [I. CrostHOB 11 M. ['puroposa

Pe3rome. IIpoBeseH ¢ aHamu3 3a yCTAaHOBSIBAHE, OLICHIBAHE, PA3JICIITHE U CIUMUHUAPAHE HA
W3MECTBAHUATA B MECTOIOJIOKeHHeTo Ha nepmaHeHTtHata GPSenemsma cranmus SOFI,
npeJM3BUKAaHU Hai-Beye OT aTtMocepHOTO HartoBapBaHe. Ce30HHHUTE aTMOCHEPHU
OTKIIUKH — TOTAJIHATA U Ta3u OT c)epUYHA XapMOHHKA OT IbPBA CTEICH, MPOSBCHH KATO
JneopManuy Ha eacTHYHa 3eMs, ca OIICHCHH 3a CIyYauTe Ha PAa3IUYHU METCOPOJIOTUYHU
W MAacoBH IICHTPOBC Ha 3eMsTa. AHAIHM3HPAHO € B3aUMOJCHCTBHETO Ha aTtMocdepHara
TBBpP/Ia 3¢MHA TPAHCIAIMS U Ha JeopMalMuTe OT IbpBa CTEICH (ABETE ca MPOSBICHHE HA
BapUalMUTE HA TEOIEHTHPa) ¢ arMochepHuTe KommoHeHTH. OmpenelieHa € poyisiTa Ha
NEPHOJUYHUTE U JIOKanHUTe (arMoCepHO HalusiraHe U Temreparypa) (akTopH.
IpemioxkeH € XWUOPUACH pErpecCHOHCH MOJENT 3a NpeJCKa3BaHe Ha JIOKAJTHOTO
BEPTUKAIHOTO M3MecTBaHe. [lalicH ¢ HauyuH 3a ChIVIACYBAHO C OTYCTHATA KOOPIUHATHA
cucTeMa TpeTupaHe Ha atMocdepHuTe curHaMM. [IpeMaxBaHETO HA TE3UW CHUTHAIHM CE
npejyiara Jia CTaHe 4pe3 BKIIOYBAaHE HA MOJICITHOTO Ipejicka3BaHe B oOpaborkata Ha GPS-
HAOJIONICHUATa WM 4Ype3 KOpPHUIHMpaHe Ha BPEMEBUTE peloBe cienq oOpaborkara.
Ornenenute nedopMald OT IIbpPBAa CTEICH CE JIAHCHPAT 3a PEIylUpaHE HAa BPEMEBUTE
peIOBE W TEOMETPUYCCKH M3BEACHUTE OTYCTHU KOOPAMHATHH CHCTEMH KBM HHEPIUATHO
KOOpJMHATHO Hayano. 3a mbpBU MBT ca yctaHoBeHu 3a cranmus SOFI perpecmonna
3aBHCUMOCT MEXJIY BEPTHKAIHOTO i M3MECTBaHE M JIOKAJTHOTO aTMOC(EpPHO HaisraHe,
CEpUO3HH TCPUOJIUYHM TEMIICPATypHH HM3MECTBaHHMsA Ha (YHIAMEHTa B CEBEPO-FOKHA
NOCOKa Kakro M HamansBane ¢ 43% Ha suHeWHHs TpeHn Ha BeprukannHara GPS-
KOMIIOHCHTA CIIe/I IPeMaxBaHe Ha aTMOC(epHUTE AehopMaIiii.
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