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ABSTRACT

Temporal variations of atmospheric density distribution induce changes in the gravitational air mass attraction at a spe-
cific observation site. Additionally, the load of the atmospheric masses deforms the Earth’s crust and the sea surface.
Variations in the local gravity acceleration and atmospheric pressure are known to be corrected with an admittance of
about 3 nm/s” per hPa as a standard factor, which is in accordance with the IAG Resolution No. 9, 1983. A more accu-
rate admittance factor for a gravity station is varying with time and depends on the total global mass distribution within
the atmosphere. The Institut fiir Erdmessung (IfE) performed absolute gravity observations in the Fennoscandian land
uplift area nearly every year from 2003 to 2008. The objective is to ensure a reduction with 3 nm/s* accuracy. Therefore,
atmospheric gravity changes are modeled using globally distributed ECMWF data. The attraction effect from the local
zone around the gravity station is calculated with ECMWF 3D weather data describing different pressure levels up to a
height of 50 km. To model the regional and global attraction, and all deformation components the Green’s functions
method and surface ECMWF 2D weather data are used. For the annually performed absolute gravimetry determinations,
this approach improved the reductions by 8 nm/s* (—19 nm/s® to +4 nm/s?). The gravity modeling was verified using
superconducting gravimeter data at station Membach in Belgium improving the residuals by about 15%.

Keywords: Atmospheric Reduction; Green’s Functions; ECMWF; Absolute Gravimetry; Superconducting Gravimeter

1. Introduction

Since the end of last glacial period the Fennoscandian
shield rises in the uplift centre about 1 cm per year resp.
—16 nm/s* per cm, cf. [1]. The lithosphere responses to
its original position due to deloading of ice. This uplift is
observed by geometric and gravimetric methods [1-4]. A
joint project for gravimetric surveys of the land uplift in
Fennoscandia was established in 2003 within a multina-
tional cooperation. Annual measurements with the abso-
lute gravimeter were performed in Fennoscandia from
2003 to 2008 by the Institut fiir Erdmessung (IfE) from
the Leibniz Universitdt Hannover, Germany. Figure 1
shows the stations occupied by IfE with FG5-220; in
total 31 different stations mostly co-located with perma-
nent GPS. In [5] a summary of all gravity measurements
and the results of the IfE surveys are given.

The gravimeter measures effects of different sources
and is an “integral” sensor. The observations have to be
reduced by time variable gravity changes due to solid
Earth and ocean tides, polar motion, and atmospheric
variations. An uncertainty of £3 nm/s® or even better is
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striven for each reduction to ensure the high accuracy of
FGS5 absolute gravimeter results.

Atmospheric mass redistributions cause temporal varia-
tions of density and thus of gravity of several 100 nm/s”.
The local gravity is affected directly by the Newtonian
attraction of the globally distributed air masses as well as
indirectly by the height shifts of the Earth’s surface and
mass redistributions within the Earth’s crust.

Usually, the atmospheric effect is considered with a
global average regression coefficient of =3 nm/s* per hPa
applying the local air pressure measurements at the gra-
vimetry station, cf. IAG Resolution No. 9, 1983. The air
pressure measurement at ground level shows the density
changes as an integral effect of the atmospheric vertical
column. This simplified reduction approach does not
consider the real mass movements within the global at-
mosphere thus unmodeled gravity effects of some 10
nm/s> can remain. Therefore, in this paper the gravity
effects (attraction and deformation), cf. [6], are modeled
based on globally distributed 2D and 3D weather data
from ECMWF (European Centre for Medium-Range
Weather Forecasts). Previous studies apply reductions to
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Figure 1. Absolute gravity stations occupied with FG5-220 from 2003 to 2008 by Institut fiir Erdmessung, Leibniz Universitit

Hannover; in total 31 stations.

continuous records with superconducting gravimeters,
VLBI, GPS, and SLR techniques, cf. [7-18].

2. Modeling of Atmospheric Gravity Effects

Global 2D and 3D from ECMWF are used, which are
logged every 6 hours on a 1.125° x 1.125° grid for 2D
data and 0.75° x 0.75° grid in 21 pressure levels (1000 to
1 hPa) for 3D data. The data contain meteorological pa-
rameters as barometric pressure p, geopotential V, tem-
perature T and relative humidity . They allow to model
the Newtonian attraction of air volumes with sizes cor-
responding to the given data grid and pressure levels. To
calculate the required air density, the gas law gives the
relationship between air pressure p, density p, and tem-
perature T (here virtual temperature 7)) as

M

where by R, is the gas constant for dry air. The distri-
bution of air masses within a column follows approxi-
mately a mathematical approach on the basis of atmos-
pheric surface data like air pressure and temperature. Air
pressure, temperature, density, and height A are interde-
pendent and follow the known “barometric height for-
mula”, which shows the exponential decrease of air pres-
sure with height [19]. p,, is the air pressure at sea
level with height 0 m and g, =9.80665 m/s is the

p=pR]T,
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mean gravity at the geoid:

Hg,

2.1. Gravity Using Green’s Functions and 2D
Data

p = pOm exp[_

The direct gravitational effect of air mass changes and
the effect of pressure loading on the Earth’s surface can
be represented mathematically. A transition from volume
to surface integrals can be achieved with Green’s func-
tions. [20,21] introduced Green’s functions for a point
mass load to calculate the elastic deformation effects of
the Earth’s crust due to ocean tides. This thin layer of
ocean variation can be modeled as a point mass grid.
With respect to Earth’s atmosphere the masses are dis-
tributed vertically in a column and the Newtonian attrac-
tion must be considered for a 3-dimensional volume. Due
to the transition from volume to surface integrals, the
Green’s functions only depend on 2D surface data as de-
fined at sea level. Calculation algorithms and results of
atmospheric Green’s functions can be found in, e.g., [10,
12,22,23]. In this paper the Green’s functions of [22] are
applied for the gravity modeling.

The total gravity effect of an air column with the area
A at base (in steradian) and the spherical distance
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between the column base and the gravimeter is given by
g(v)
GN(y)+GE(w) 4
10* WVraa) 271[1 - cos(1°

in [nm/s’], cf. [6,10,22]. The effect g(l//) depends on
air pressure p,, at mean sea level, and on Green’s
functions for Newtonian attraction GN (l//) and elastic
deformation GE (l//) The difference between the real
surface temperature and the reference temperature (15°C)
is considered as a correction term in GN (y/) In the
ocean area air mass variations do not deform the ocean
bottom but change water levels [8,24-27]. This hypothe-
sis of the inverted barometer effect is also applied in cal-
culations of loading effects for records with VLBI, SLR,
GPS, and superconducting gravimeters [8,13-16,28-31].
To meet the IAG Resolution No. 9 of 1983 for absolute
gravimetry, cf. [32], the real atmospheric variations are
referred to the standard atmosphere. Therefore, the ref-
erence air pressure at sea level p; =10131.25 hPa is
considered for all air pressure data p, at mean sea
level in Equation (3).

Green’s functions vary with spherical distance y .
The globally distributed ECMWF weather data are sub-
divided into three grid zones around the computation
point (gravity station) and interpolated with different grid
resolutions:

e local zone with y <0.5° and 0.005° x 0.005°,
e regional zone with w <10° and 0.1° x 0.1°, and
e global zone with y <180° and 1.125° x 1.125°.

Total gravity effect for each zone is obtained by sum-
ming up all small effects g(y/) of each grid point with
the distance y to computation point, Equation (3).

3

)] (PMSL - pOm)’

2.2. Attraction from Local Zone Using 3D Data

The direct attraction effect of air mass changes from the
local zone contributes more than 80% to the total gravity
effect. Air density changes along the vertical within the
air column cause measurable gravity signal although the
air pressure at surface (2D) remains constant. Calculated
Green’s functions of [22] are based on a model atmos-
phere. The considered model is a mean situation over all
seasons and does not show the actual situation in higher
air layers. Consequently, the mass redistribution within
the atmosphere can not be modeled exactly with only
Green’s functions and surface data (2D). Therefore, the
gravitational effect from the local zone is calculated di-
rectly by Newton’s law of gravity using 3D data from
ECMWEF, cf. [6]. Gravity variations caused by vertical
air mass displacement can reach several 10 nm/s’, [6,17,
33,34]. This contribution is not considered using the
classical reduction method with station air pressure re-
cordings.

Copyright © 2013 SciRes.

[10,35-39] developed methods to calculate the attrac-
tion effect of surrounding masses, which are presented in
prisms. This procedure is applied for the investigations in
this paper. The atmospheric attraction Ag, of a small
mass element Q with its volume dxdydz is calculated in
a cartesian coordinate system with origin in the computa-
tion point (gravity station)

zdxdydz

AgQ :—G(p_pzv)_“.!m. 4)

The density p is determined from pressure, tempera-
ture, and humidity given at each level of the ECMWF 3D
data, [40,19]. p, is the density of the US standard at-
mosphere 1976, which is in accordance with [32] for re-
ductions of absolute gravity. From geopotential V, given
at each pressure level, the geometric height z is obtained.
Summing up the attraction effects of all small mass vol-
umes Ag, of Equation (4) yields in the total effect.

3. Verification of Modeling with
Superconducting Gravimeter Data

Since 1995 the superconducting gravimeter GWR-C021
(SCG, cf. [41]) is operated continuously at the station
Membach in Belgium. Relative gravity changes with a
precision of 1 nm/s® are recorded. Michel Van Camp
from the Royal Observatory of Belgium (ROB) kindly
provided gravity observations from August 2004 to Oc-
tober 2006. These data are reduced from local and re-
gional hydrological gravity changes [42,43]; they are
used to assess the elaborate atmospheric gravity model-
ing described in Section 2.

3.1. Attraction and Deformation from Different
Zones

Based on the calculation algorithm in Section 2.1, attrac-
tion and deformation gravity effects are calculated for the
station Membach from 01.01.2003 to 31.12.2006. The
contributions from the local, regional, global zone, and
the air pressure variation are shown on left in Figure 2.
The correlation coefficients k& between each gravity con-
tribution and station air pressure variation (Figure 2(h))
are given. On the right hand side of Figure 2 the corre-
sponding Fourier amplitude spectra are shown. Table 1
presents the statistics of the results divided into attraction
(A) and elastic deformation (E) parts. During the four
years the local air pressure varies between —32 and +28
hPa with an RMS of 9 hPa. Hence, atmospheric mass re-
distributions cause gravity effects with a mean variation
of 30 nm/s” and extrema of —85 nm/s* and 93 nm/s>. In
the following, Table 1 and Figure 2 are discussed with
respect to the different zones.
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Figure 2. Left: Atmospheric gravity effects from the local, regional, and global zone calculated for the SCG station Membach
from atmospheric 2D data between 01.01.2003 and 31.12.2006, and the variation of the station air pressure to normal air
pressure. Right: Corresponding Fourier amplitude spectra (cpd: cycles per day). (a) Local effect; correlation &k = —0.996; (b)
Amplitude spectrum of local effect; (c) Regional effect; correlation £ = 0.956; (d) Amplitude spectrum of regional effect; (e)
Global effect; correlation k£ = 0.294; (f) Amplitude spectrum of global effect; (g) Variation of station air pressure; (h) Ampli-
tude spectrum of pressure.
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Table 1. Contributions of atmospheric gravity effects in [nm/s’| for Membach from the local, regional, and global zones (A:
attraction, E: elastic deformation effect). Effects from the local zone calculated with 2D and 3D data. The station air pressure
p obtained from atmospheric 2D data with respect to normal air pressure p,.

D Effects with Green’s functions (2D) A+E
local - Dy
oca local regional global with local P~ Py
[hPa]
A A E A+E A E A+E A E A+E 3D 2D
MIN -119 -108 =5 -103 -6 —21 -15 -10 -4 -13 -96 -85 -31.9
MAX 105 118 5 111 8 21 15 6 5 10 80 93 27.7
MEAN -21 =15 1 -14 -1 3 2 -3 0 -3 —21 -14 3.5
RMS 40 36 2 34 2 7 5 4 2 4 34 30 9.2

e Local zone
The effect exceeds with 34 nm/s* (RMS) the contri-
butions from regional and global zones. Together
these two zones contribute about 10% to the total ef-
fect of 30 nm/s”. The local attraction dominates sig-
nificantly with an RMS of 36 nm/s* compared to local
deformation with 2 nm/s’. This effect is negatively
correlated with the station air pressure variation. The
amplitude spectra of gravity and air pressure are very
similar. In spectrum of Figure 2(b) the largest ampli-
tudes are found for periods 97, 60.8, 30.4 and 23 days
(0.010, 0.016, 0.033 and 0.043 cpd). The amplitudes
decrease continuously in higher frequency ranges
above 0.2 cpd. A peak appears at the daily frequency
(1 cpd).

e Regional zone
The deformation effect dominates with 7 nm/s* (RMS)
compared to attraction with 2 nm/s>. The total contri-
bution varies between —15 and +15 nm/s* with an
RMS of 5 nm/s”. Similar to the local zone, the station
air pressure correlates strongly with the gravity, but
positively. The amplitude spectra of local and re-
gional gravity effects are similar, but the amplitudes
for the regional zone are approximately one order of
magnitude smaller. The maximum is found at fre-
quency 0.033 cpd (30.04 days) and is by factor 7
smaller compared to the spectrum of local contribu-
tion.

e Global zone
These gravity effects vary between —13 and +10
nm/s* with an RMS of 4 nm/s*. The global effect does
not correlate with the local air pressure (compare
Figures 2(f) and (h)). Thus, this gravity signal is not
considered by the classical air pressure reduction. For
high-precision gravimetry applications this gravity
contributions should not be neglected. In the spectrum
the annual cycle (cpd = 0.0027397) dominates with
an amplitude of more than 1.6 nm/s”. A clear peak at

Copyright © 2013 SciRes.

daily frequency is found.

3.2. Seasonal Variation of Attraction from Local
Zone

Atmospheric attraction gravity effects from the local
zone are calculated for the SCG station in Membach us-
ing 3D data. Figure 3 shows the difference between 3D
and 2D data calculation and the corresponding amplitude
spectrum. The 3D modeling shows larger signals in the
summer periods. The gravitational center in a vertical co-
lumn moves up in spring and down in fall. Accordingly,
the effects are maximum in summer (high measured
value) and minimum in winter. The classical reduction
with the locally measured air pressure at the gravimetry
station does not consider the vertical mass redistribution.
For Membach, the differences vary between —23 and 32
nm/s*> with an RMS of 12 nm/s”. A seasonal dependence
with a period of 365 days (0.0027383 cpd) and an am-
plitude of 6.8 nm/s” is obtained from results in Figure 3.

3.3. Application to SCG Data

The SCG measurements are used to assess the validity of
the atmospheric reduction with presented modeling com-
pared to classical linear regression method. SCG data
from August 2004 to October 2006 with a gap in 2005
are used. This data set has already been reduced from
tidal and polar motion effects, and contributions due to
hydrological variations [43]. The observed gravity con-
taining the atmospheric contribution varies with an RMS
of 25 nm/s” between —73.8 nm/s” and +93.2 nm/s’. In the
first step, the classical method using the coefficient
a =-3 nm/s’ per hPa and the locally observed air pres-
sure was applied. The residual SCG signal shows an
RMS variation of 6.8 nm/s”. In the second step, the SCG
data set was reduced using 2D and 3D ECMWF weather
data. An RMS variation of 5.6 nm/s* was obtained for
residual SCG signal. Applying the ECMWF atmospheric
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Figure 3. Difference between the attraction effects from the
local zone, calculated from 3D data and 2D data for Mem-
bach (3D - 2D). Bottom: Corresponding Fourier amplitude
spectrum.

reduction the scatter of the SCG residuals decreased.
Considering the SCG residuals as random deviations, for
uncorrelated observations it can be assumed, that an in-
terfering disturbance with a scatter of

3.8 nm/s? (: \6.8* —5.6 ) was removed from the SCG

data. Relating this noise signal to SCG data (RMS: 25
nm/s”) the ECMWF based reduction improved the grav-
ity observations by 15% compared to the classical me-
thod. The differences between both reduction methods
are shown in Figure 4 and vary between —14 nm/s® and
+17 nm/s” with an RMS of 5 nm/s”.

4. Atmospheric Reductions for FG5-220
Absolute Gravity Measurements in
Fennoscandia

The individual contributions of attraction and deforma-
tion effects from the local, regional, and global zones
have been derived using atmospheric 2D data. Addition-
ally, the attraction effect from the local zone was also
determined from 3D data, cf. Section 2. The inverse ba-
rometer hypothesis (IB) is applied for the reaction of the
ocean to barometric pressure changes. Similar reduction
results as shown in Table 1 are also obtained for absolute
gravity measurements. From the local zone an extreme
value of about 100 nm/s* is obtained. The two other
zones contribute each with about —11 nm/s>. The total ef-

Copyright © 2013 SciRes.
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Figure 4. Difference between SCG series after applying
classical barometric reduction and the ECMWF data based
reduction.

fects from all zones vary between —71 nm/s* and +73
nm/s* with an RMS average of +27 nm/s* and a mean
value of 1 nm/s”.

Differences between gravity effects using ECMWF 2D
and 3D data and the classical regression coefficient me-
thod are shown in Figure 5. One circle depicts the at-
mospheric gravity for each station determination with the
Hannover absolute gravimeter FG5-220. These reduction
improvements reach —19 and +4 nm/s* with an RMS of 8
nm/s*. The atmospheric gravity modeling improves the
reductions by 15% to 30%.

5. Summary and Conclusions

In this study, gravity changes due to atmospheric mass
redistributions are calculated. The results are applied to
high-precision gravity data of superconducting gravime-
ter in Membach and to absolute observations in the Fen-
noscandia with FG5-220. The used method is based on
globally distributed ECMWF weather data, whereby the
globe was divided into three zones around the computa-
tion point (gravity station): local, regional, and global
zone. The atmospheric gravity effects (attraction and de-
formation) from all three zones were computed using
Green’s functions and ECMWF 2D surface data. Addi-
tionally, the direct attraction effect from the local zone
was determined directly using Newton’s law of gravity
and ECMWF 3D data.

The modeling was verified with gravity data of the
superconducting gravimeter in Membach. The residuals
were improved by about 15% compared to the classical
air pressure reduction with the standard regression coef-
ficient a =-3 nm/s* per hPa. For time series in Mem-
bach, the differences between both methods (improve-
ments) vary between —14 and +17 nm/s” with an RMS of
5 nm/s’. The seasonal vertical redistribution within a co-
lumn of atmosphere (mass centre moves up in spring and
down in fall) causes air pressure independent gravity
attraction up to 50 nm/s® (peak to peak) with an RMS of
about 10 nm/s*. Also the effect from the global zone
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Figure S. Differences between gravity effects derived from ECMWF 3D and 2D data, and from local pressure measurements
(classic method with & = —3 nm/s? per hPa) for absolute gravity station determinations with FG5-220 in Fennoscandia (2003-

2007).

contributes with about 10 nm/s?, which is not considered
by the classical air pressure reduction using only local air
pressure observations. The station air pressure is not cor-
related with the global contribution. For absolute gravity
measurements with FG5-220 in Fennoscandia the at-
mospheric reduction improvements reach 20 nm/s> with a
mean variation of 8 nm/s’,

To identify subtle tectonic changes of secular character
by gravimetry, a reduction accuracy of 3 nm/s is de-
manded. Therefore, the atmospheric gravity reduction
should be modeled globally using 2D and 3D weather
data for high-precision gravity observations.
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