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ABSTRACT 

Gravity anomaly reference fields, required e.g. in remove-compute-restore (RCR) 
geoid computation, are obtained from global geopotential models (GGM) through 
harmonic synthesis. Usually, the gravity anomalies are computed as point values or area 
mean values in spherical approximation, or point values in ellipsoidal approximation. The 
present study proposes a method for computation of area mean gravity anomalies in 
ellipsoidal approximation (‘ellipsoidal area means’) by applying a simple ellipsoidal 
correction to area means in spherical approximation. Ellipsoidal area means offer better 
consistency with GGM quasigeoid heights. The method is numerically validated with 
ellipsoidal area mean gravity derived from very fine grids of gravity point values in 
ellipsoidal approximation. Signal strengths of (i) the ellipsoidal effect (i.e., difference 
ellipsoidal vs. spherical approximation), (ii) the area mean effect (i.e., difference area 
mean vs. point gravity) and (iii) the ellipsoidal area mean effect (i.e., differences between 
ellipsoidal area means and point gravity in spherical approximation) are investigated in 
test areas in New Zealand and the Himalaya mountains. The impact of both the area mean 
and the ellipsoidal effect on quasigeoid heights is in the order of several centimetres. The 
proposed new gravity data type not only allows more accurate RCR-based geoid 
computation, but may also be of some value for the GGM validation using terrestrial 
gravity anomalies that are available as area mean values. 

 
Ke y wo r d s :  global geopotential model (GGM), remove-compute-restore (RCR) 

geoid computation, point gravity, area mean gravity, ellipsoidal area mean 

1. INTRODUCTION 

Regional gravimetric geoid and quasigeoid models are frequently computed using the 
Remove-Compute-Restore (RCR) technique (e.g., Featherstone et al., 2004; Sjöberg, 
2005). The basic idea of the RCR approach is the combination of terrestrial gravity 
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observations and a Global Geopotential Model (GGM), serving as a reference to provide 
the long- and medium-wavelength components of Earth’s gravity field. In RCR-based 
computations, the GGM-implied gravity anomalies are subtracted from the terrestrial 
gravity observations, yielding a set of residual gravity anomalies (‘remove’). These are 
transformed to residual quasigeoid heights via Stokes’s integral (‘compute’) and added to 
GGM-implied geoid heights (‘restore’). Clearly, for precise application of the RCR 
technique, mutual consistency among the GGM-implied gravity anomaly field and 
quasigeoid heights is an important prerequisite: The GGM-implied gravity anomaly field 
should be rigorously equivalent to the GGM-implied quasigeoid heights. This is because 
any inconsistencies among these two fields contaminate the RCR quasi/geoid solution. 

The present paper focuses on the accurate computation of the GGM gravity anomaly 
reference field. The computation of GGM quasigeoid heights is rather uncritical using the 
well-known Bruns equation (see e.g., Heiskanen and Moritz, 1967, p. 293). For subtleties 
in the computation of GGM geoid heights see, e.g., Rapp (1997) or Smith (1998). In terms 
of spatial representation and level of approximation, the computation of GGM gravity 
anomalies from spherical harmonic synthesis is ambiguous (see also details in Section 2). 

First, GGM gravity anomalies can either be computed at discrete locations (point 
gravity) or as mean values over small area elements such as 1  1 cells (area mean 
gravity). The difference between area mean and point gravity anomalies is herein called 
the area mean effect. In Stokesian integration, the (continuous) gravity anomaly field is 
usually approximated by an equidistant grid composed of small area elements of stepwise-
constant gravity anomalies. Often, area mean gravity anomalies are considered to be 
a better representation of average gravity across an area element than point gravity 
anomalies (see also Heiskanen and Moritz, 1967, p. 118). Also, because terrestrial gravity 
is commonly prepared in terms of area mean values (e.g., Featherstone et al., 2001; 
Claessens et al., 2011), the GGM gravity anomaly field should be provided in the same 
way. Naturally, GGM point gravity anomalies, subtracted from area mean terrestrial 
gravity, would introduce inconsistencies in the remove step of a RCR quasigeoid 
computation. 

Second, GGM gravity anomalies from spherical harmonic synthesis can be computed 
either in spherical approximation or ellipsoidal approximation. The term ellipsoidal effect 
is used here to denote the difference between gravity anomalies in ellipsoidal and 
spherical approximation. Ellipsoidal approximation is the more rigorous way for 
computation of GGM gravity anomalies, so as to avoid one spherical approximation effect 
in the quasigeoid computation (e.g., Claessens, 2006). In other words, GGM ellipsoidal 
gravity anomalies approximate observed gravity anomalies more closely than those in 
spherical approximation. 

The ellipsoidal effect of gravity anomalies has been studied by, e.g., Jekeli (1981), 
Cruz (1986), Gleason (1988), Vaníček et al. (1999) and Hipkin (2004), and is sometimes 
also called “the ellipsoidal correction to the spherical approximation”. It should be noted 
that in the derivations of Jekeli (1981) and Cruz (1986), the ellipsoidal correction is split 
into two separate contributions that compensate for the fact that: 1) the partial derivative 
along the ellipsoidal normal is approximated by a partial derivative in the radial direction, 
and 2) that in spherical approximation the generally applied Somigliana-Pizetti reference 
gravity field (a spheroidal reference field) is approximated by an isotropic reference field 
(e.g., Heck, 1991). These two contributions are combined into one ellipsoidal correction 
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here. Vaníček et al. (1999) use two ellipsoidal corrections too, but in their derivation the 
first of the two corrections also includes a so-called deflection error (Claessens, 2006). 
Therefore, the ellipsoidal corrections of Vaníček et al. (1999) are not exactly compatible 
with our definition. 

Taking into account both aspects of gravity representation (point values versus area 
means and spherical versus ellipsoidal approximation), it is desirable to compute the 
GGM gravity anomaly field in terms of area mean values in ellipsoidal approximation. 
However, with algorithms implemented in state-of-the-art spherical harmonic synthesis 
software such as harmonic_synth (Holmes and Pavlis, 2008), GGM gravity anomalies can 
be computed either as spherically approximated point values or area mean values, or, as 
point values in ellipsoidal approximation. As an immediate consequence, either the 
ellipsoidal effect or the area mean effect will cause inconsistencies in the remove-step of 
RCR-based geoid computations. 

The present study investigates the computation of a new gravity field representation, 
the area mean gravity anomaly in ellipsoidal approximation (herein abbreviated to 
ellipsoidal area means). Section 2 provides the necessary mathematical background to 
compute GGM gravity anomaly fields in different approximations and spatial 
representations. A novel yet simple approach to compute ellipsoidal area means is 
introduced in Section 3. The approach combines point gravity anomalies in ellipsoidal and 
spherical approximation and area mean gravity anomalies in spherical approximation. 
Numerical verification results of the ellipsoidal area mean computation approach are 
found in Section 4. Also, an analysis of the signal patterns and amplitudes of the area 
mean and ellipsoidal effect is presented in Section 4, allowing for a better understanding 
of both effects. For this purpose, the state-of-the-art GGM EGM2008 (Pavlis et al., 2008) 
is used as data source. Then, we study the impact of the different GGM gravity anomaly 
types on quasigeoid heights, using Stokesian integration with a deterministically modified 
kernel (Featherstone et al., 1998). Finally, conclusions are drawn in Section 5. 

As an alternative strategy to using ellipsoidal area means in GGM reference fields, it is 
also possible to apply an ellipsoidal correction to the terrestrial gravity observations 
(Vaníček et al., 1999). Importantly, the ellipsoidal effect need to be accounted for only 
once: either in the terrestrial observations (i.e., Vaníček et al. (1999) approach) or in the 
GGM gravity anomaly reference field, as is proposed here. In both instances, ellipsoidal 
corrections are best computed from a GGM. In the Vaníček et al. (1999) approach, the 
ellipsoidal corrections can be applied to gravity observations before area means are 
computed. However, it is potentially more efficient to directly compute area means of 
ellipsoidal gravity anomalies or ellipsoidal corrections from the GGM, which is the 
approach taken here. Our approach represents a strategy to account for the ellipsoidal 
effect and area mean effect on gravity anomalies at the same time. 

2. COMPUTATION OF GGM REFERENCE GRAVITY FIELDS 

We assume that computation points (e.g., arranged in an equidistant grid) are given in 
terms of (ellipsoidal) geodetic coordinates latitude  longitude  on the ellipsoid surface, 
i.e., ellipsoidal height h = 0. To evaluate spherical harmonic synthesis expansions, 
spherical polar coordinates (r - distance between the computation point and geocentre, 
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 - geocentric co-latitude and  - geodetic longitude) are required. For the transformation 
between geodetic and spherical coordinates we refer to the standard geodetic literature, 
e.g., Torge (2001), Jekeli (2006). 

A GGM, such as EGM2008 (Pavlis et al., 2008), provides a set of fully-normalised 
spherical harmonic coefficients nmC , nmS  along with the two model-specific scaling 
parameters GM (geocentric gravitational constant) and a (semi-major axis). We use the 
standard spherical harmonic series expansion to compute the disturbing potential T (e.g., 
Torge, 2001, p. 215; Holmes and Pavlis, 2008): 

      
2 0

, , cos sin cos
max nn n

nm nm nm
n m

GM aT r C m S m P
r r

     
 

   
 

  , (1) 

with n denoting the degree and m the order of the harmonic coefficients and nmax is the 
maximum degree of evaluation (2190 in case of EGM2008).  cosnmP   are the fully-
normalised associated Legendre functions (e.g., Torge, 2001, p. 71) which depend on the 
geocentric co-latitude  of the computation point. The term GRS

nm nm nmC C C    

indicates a subtraction of the low-degree even zonal harmonics GRS
nmC  of the GRS80 

(Geodetic Reference System 1980) reference gravity field from the nmC  zonal harmonic 
coefficients of EGM2008 (a detailed explanation is given by, e.g., Smith, 1998). 

The point gravity anomaly in spherical approximation is obtained from the well-
known fundamental equation of physical geodesy which relates the disturbing potential T 
to gravity anomalies (e.g., Torge, 2001, p. 259): 
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The spherical approximation is evident here as the partial derivative of the disturbing 
potential T is formed with respect to the normal direction of the sphere (radius r). 

The point gravity anomaly in ellipsoidal approximation can be computed using the 
generalised fundamental equation of physical geodesy (Grafarend et al., 1999; Claessens, 
2006, p. 39) with the higher-order terms neglected: 
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with  reference gravity (at the ellipsoid) and h   the vertical gradient of the reference 
gravity, cf. Torge (2001, p. 110). Importantly, the partial derivative of the disturbing 
potential T is in the direction of the ellipsoidal normal h. The quantity T h   is 
computed as a function of the radial derivative T r   and the co-latitudinal derivative 

T    (Claessens, 2006, p. 89): 
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with re the ellipsoidal radius (i.e., distance from the computation point to the geocentre) 
and  the difference between geocentric and geodetic co-latitude, cf. Claessens (2006, 
p. 1820; p. 89). The analytical expressions for the computation of the derivatives 

T r   and T    are found, e.g., in Holmes (2002, p. 16) or Wolf (2007, p. 10). 
For the computation of area mean gravity anomalies in spherical approximation, 

average values T  of the disturbing potential are needed. These can be computed via 
integration over small area elements (e.g., 5  5 spatial extension), after Wenzel (1985, 
p. 34), and Holmes (2002, p. 133): 

       1, , , , ,0 cos d d
sin sin

NE

W S

W E N S
E W N S

T T


 
        

   


    . (5) 

Here, W , E  are the meridians and N , S  the geodetic parallels bounding the area 
element in Western, Eastern, Northern and Southern direction, respectively. Upon 
insertion of Eq.(1) into Eq.(5), the solution of integral Eq.(5) involves the integration of 
fully-normalised associated Legendre functions  cosnmP   (cf. Paul, 1978), and 
integration of Fourier coefficients cos m , sin m  (cf. Wenzel, 1985, p. 141). A complete 
solution for evaluation of Eq.(5) is derived in Holmes (2002, Chapter 7). Area means of 
the radial derivative of the disturbing potential can be found using the same integration of 
fully-normalised associated Legendre functions and Fourier coefficients. 

Area mean gravity anomalies in spherical approximation are obtained through 
modification of Eq.(2), after Wenzel (1985, p. 34): 

 2
sph

Tg T
r r


   


. (6) 

Note that the bar is used here and in the remainder of this study to distinguish point 
and area mean gravity field quantities. The state-of-the-art spherical harmonic synthesis 
software harmonic_synth (Holmes and Pavlis, 2008) allows computation of GGM point 
gravity anomalies either in spherical approximation (Eqs.(1) and (2)), in ellipsoidal 
approximation (Eqs.(1), (3), (4)), or, as area means in spherical approximation (Eqs.(5) 
and (6)). However, the capability to compute area mean gravity in ellipsoidal 
approximation is not implemented. This is because the co-latitudinal derivative T    
present in Eq.(4) would require the integration of the derivatives of associated Legendre 
functions with respect to the co-latitude, which cannot be performed by application of 
Paul’s (1978) algorithm. The next section suggests simple methods that can be used to 
calculate area mean gravity anomalies in ellipsoidal approximation. 

3. STRATEGIES TO COMPUTE ELLIPSOIDAL AREA MEANS 

There are (at least) two simple ways capable of providing an estimate of area mean 
gravity anomaly values in ellipsoidal approximation. The first approach (herein called the 
three-grid-approach) is based on the idea to correct spherically approximated area mean 
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gravity anomalies by the ellipsoidal effect (i.e., the difference of gravity in ellipsoidal and 
spherical approximation). 

The second approach, herein called the fine-grid-approach, is based on the 
computation of a very fine grid of ellipsoidal point gravity anomalies (e.g., at a resolution 
that is, say, 100 times better than the desired resolution) and to average the fine grid to the 
target grid resolution, giving estimates of ellipsoidal area means. However, as GGM 
reference fields used in modern RCR-based geoid modelling often consist of several 
million grid points with a spatial resolution of 1 (e.g., Claessens et al., 2011; 
Featherstone et al., 2011), such fine grids would have to be made up of some 100 million 
points at which the spherical harmonic expansions would have to be evaluated. We 
consider the related computational efforts too prohibitive for routine RCR-based geoid 
computation. Nevertheless, the fine-grid-approach is of value here, as it is capable of 
providing independent estimates of ellipsoidal area means over smaller areas (say, some 
square degrees), serving as a ‘check’ on the first approach. 

We propose the three-grid-approach for ellipsoidal area mean computation. The 
method is based on the assumption that the ellipsoidal effect of GGM gravity anomalies is 
fairly independent of the spatial representation of the gravity (area mean or point values), 
provided that the area size is sufficiently small, say, a few arc minutes. In other words, we 
presume that the difference between area means in spherical and ellipsoidal 
approximation is almost equal to the difference between point values in spherical and 
ellipsoidal approximation 

 ell sphell sphg g g g       , (7) 

with ellg  - area mean value in ellipsoidal approximation (unknown), sphg  - area mean 

value in spherical approximation (Eq.(6)), ellg  - point value in ellipsoidal 
approximation (Eq.(3)) and sphg  - point value in spherical approximation (Eq.(2)). 

From Eq.(7), a solution for the computation of ellipsoidal area means ellg  follows 
immediately: 

   3grids:ell sphell sph ellg g g g g        . (8) 

Estimates of ellipsoidal area means are obtained from three gravity grids (therefore 
‘three-grid-approach’), that are computed with the existing publicly available spherical 
harmonic synthesis software harmonic_synth (Holmes and Pavlis, 2008). Spherically 
approximated area mean values of gravity anomalies sphg  are computed in a first step. 
In a second step, two further grids are computed, one gravity anomaly grid of point values 
in spherical approximation sphg  and one in ellipsoidal approximation ellg . The 
differences between both point value grids is applied as correction to the area mean value 
grid, yielding estimates of gravity anomaly area means in ellipsoidal approximation  

ellg . Confirmation of the validity of Eqs.(7) and (8) is obtained from a numerical 
validation experiment described in Section 4.1. 
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4. NUMERICAL TESTS 

4 . 1 .  V e r i f i c a t i o n  o f  t h e  T h r e e - G r i d - A p p r o a c h  

In order to demonstrate that the proposed three-grid-approach is capable of providing 
sufficiently precise estimates of ellipsoidal area means ellg , a numerical test was 
performed for a 2  2 alpine test area located on the South Island of New Zealand 
(Fig. 1a). In this area, both the ellipsoidal effect and the area mean effect reach maximum 
values in the order of 0.5 mGal (shown later). The test not only compares ellipsoidal area 
means ellg  from the fine-grid-approach and three-grid-approach, but also illustrates 
features of the ellipsoidal and area mean effect. The visualisation of gravity anomaly area 
means in spherical approximation sphg  gives an impression of the roughness of the 

gravity anomaly field in the 2  2 test area (Fig. 1b). 
Table 1 gives an overview of the GGM gravity anomaly grid computations performed 

with the harmonic_synth software (Holmes and Pavlis, 2008). Any of the grid 
computations use the current state-of-the-art GGM EGM2008 (Pavlis et al., 2008) in the 
spectral range of 2..2160 and the zero-tide system. One grid provides gravity anomaly 

 
Fig. 1 a) Topography of the test area Southern Alps, New Zealand (from the Shuttle Radar 
Topography Mission SRTM global elevation model, cf. Jarvis et al., 2008) (units in m). 
b) EGM2008 area mean values sphg  (1 cells, degree 2..2160) in spherical approximation in the 

test area (units in mGal). 
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point values ellg  on a very fine grid of 3 resolution. Because of (i) the fact that 
EGM2008 offers a resolution of ~5 of gravity field structures and (ii) the high resolution 
(21  21 = 441 values per 1 cell) of the fine grid, averaging of the fine grid into 1  1 
cells is considered yielding reasonable estimates of ellipsoidal area means. These can be 
used for verification of the three-grid-approach. Importantly, the boundaries of the 1  1 
cells exactly match those of the spherically approximated area means sphg  from Eq.(6). 

The main features of the area mean effect (differences sphsphg g   ), cf. Fig. 2a, are 
high-frequency patterns with wavelengths of ~20 km and amplitudes of up to 
0.50.7 mGal (Table 2). The maximum amplitudes occur in those areas where the 
EGM2008 gravity anomaly field is locally maximum and minimum. These are the summit 
regions and depressions in the EGM2008 gravity anomaly field (compare with Fig. 1b). In 
such regions, the point values do not closely enough approximate the 1 area mean values. 
As such they are either under- or overestimates of the area mean gravity values. Naturally, 
at coarser grid resolutions than 1, the area mean effect on gravity will become larger. 

Table 1. Grid specifications for the verification of the three-grid-approach in the computation area 
bounded by 167 ≤  ≤ 169 and 46 ≤  ≤ 44. 

Gravity Type Eq. Resolution Number of Points Required for 

ellg  (3) 3 2401  2401 fine-grid-approach 

ellg  (3) 1 121  121 three-grid-approach 

sphg  (2) 1 121  121 three-grid-approach 

sphg  (6) 1 121  121 three-grid-approach 

Table 2. Descriptive statistics of the area mean effect sphsphg g   , the ellipsoidal effect 

ell sphg g    (in terms of point values), the ellipsoidal area mean effect sphellg g    and the 

residual differences 3grids
ellg  (three-grid-approach) MINUS fine-grid

ellg  (fine-grid-approach) in 
the computation area bounded by 167 ≤  ≤ 169 and 46 ≤  ≤ 44 (units in mGal). 

Effect Min Max Mean RMS 

sphsphg g    0.671 0.681 0.0008 0.1446 

ell sphg g    0.617 0.298 0.0265 0.1806 

sphellg g    0.810 0.760 0.0274 0.2345 
3grids fine-grid
ell ellg g   0.018 0.014 0.0000 0.0016 
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Fig. 2b shows the ellipsoidal effect (differences ell sphg g   ) in terms of point 
gravity values. The difference plot exhibits patterns of up to 0.6 mGal with longer 
wavelengths than the area mean effect. The descriptive statistics of both effects are found 
in Table 2. In a ‘classical treatment’ of the reference gravity field, at least one of both 
effects would propagate into the residual gravity anomaly field, causing inconsistencies in 
RCR-based quasi/geoid computation. 

The ellipsoidal area mean effect (differences among gravity anomaly area means 

ellg  in ellipsoidal approximation, as obtained from the three-grid-approach, and point 
gravity values sphg  in spherical approximation) is shown in Fig. 3a. The depiction 
shows how the area mean and ellipsoidal effect superimpose, resulting in somewhat larger 
amplitudes than either effect individually (see also Table 2). 

Finally, residuals among ellipsoidal area means from the three-grid-approach and the 
fine-grid-approach 

 3grids fine-grid
ell ell ellg g g       (9) 

 

Fig. 2. a) Area mean effect (differences sphsphg g    between area mean values and point 

values of gravity anomalies, both in spherical approximation). b) Ellipsoidal effect (differences 
ell sphg g    among gravity anomalies in ellipsoidal and in spherical approximation, both in terms 

of point values). Units in mGal. 
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are shown in Fig. 3b. The residuals, which reflect a combination of the errors in both 
approaches, are found to be very small (RMS = 0.002 mGal, maximum values of 
0.015 mGal, cf. Table 2). This provides strong evidence of the correctness of both 
approaches to compute ellipsoidal area means. In addition, the good mutual agreement 
confirms our above assumption that the ellipsoidal effect is similar for area means and 
point values (cf. Section 3). 

Because the verification experiment is restricted to one selected test area, it cannot be 
concluded that the method provides good enough accuracy everywhere on Earth. 
However, due to the topography present in our test area (see Fig. 1a) it is reasonable to 
assume that the proposed method does reach a similar performance in many other regions 
with comparable or less topography. 

4 . 2 .  A s s e s s m e n t  o f  M a x i m u m  S i g n a l  S t r e n g t h s  

The second part of the numerical tests deals with assessment of the maximum signal 
strengths (i.e., amplitudes and RMS) of the ellipsoidal and area mean effect for different 
regions. We have selected test areas in New Zealand and in the Himalaya mountains. The 
ruggedness of the New Zealand test area is representative for many other rugged areas 
(e.g., European Alps) while the Himalaya area allows a ‘worst case’ assessment of the 
gravity field effects. For both test areas (boundaries are given in Table 3 caption), 

 

Fig. 3. a) Ellipsoidal area mean effect (differences sphellg g   ). b) Differences between three-

grid-approach and fine-grid-approach ( 3grids fine-grid
ell ellg g  ). Units in mGal. Note the different 

scales used for panels a) and b). 



Ellipsoidal area mean gravity anomalies … 

Stud. Geophys. Geod., 55 (2011) 599 
 

EGM2008 was used in the spectral range 2..2160 to compute gravity anomaly grids in 
terms of point values in spherical and ellipsoidal approximation (Eqs.(2) and (3)) and area 
means in spherical and ellipsoidal approximation (Eqs.(6) and (8)). The grid resolutions 
are 1, 2 and 4, so as to evaluate the impact of the sampling. 

Table 3 reports the descriptive statistics of the area mean effect ( sphsphg g   ), the 

ellipsoidal effect ( ell sphg g   ), and the ellipsoidal area mean effect ( sphellg g   ). 
Within the same test area, the ellipsoidal effect is fairly independent of the grid resolution 
used. The amplitudes are about 0.6 mGal for the New Zealand test area and reach 
maximum values of ~1.6 mGal in the high Himalaya mountains. The RMS is found to be 
generally small (~0.1 mGal for New Zealand and ~0.2 mGal for the Himalayas). A similar 
analysis has been published by Hipkin (2004) based on evaluation of EGM96 (Lemoine et 
al., 1998) to degree 360. Globally, Hipkin (2004) found values of the ellipsoidal effect 
ranging between 0.84 to 1.15 mGal and a standard deviation of 0.07 mGal. The 
differences between Hipkin’s and our figures reflect mainly the fact (i) that the spectral 
range of degree 361 to 2160 is not included in Hipkin’s values and (ii) the mountainous 
test areas used in our study. 

As expected, the grid resolution strongly influences the amplitudes of the area mean 
effect. For New Zealand, the maximum amplitudes steadily increase from ~0.70.8 mGal 
(at 1), ~3 mGal (at 2) to the level of ~10 mGal at 4 grid resolution. For the Himalaya 
mountains, the effects are even more pronounced (~4 mGal, ~15 mGal and ~60 mGal for 

Table 3. Descriptive statistics of area mean effect sphsphg g   , the ellipsoidal effect 

ell sphg g    and the ellipsoidal area mean effect sphellg g    on GGM gravity anomalies in the 

New Zealand (165 ≤  ≤ 185 and 50 ≤  ≤ 30) and Himalaya mountains (80 ≤  ≤ 100 and 
25 ≤  ≤ 45) test areas at various grid resolutions (units in mGal). 

Grid 
Resolution Effect 

New Zealand Himalaya Mountains 

Min Max RMS Min Max RMS 

1 

sphsphg g    0.88 0.71 0.04 4.18 3.72 0.32 

ell sphg g    0.62 0.58 0.09 1.64 1.47 0.21 

sphellg g    0.87 0.86 0.10 5.07 3.38 0.39 

2 

sphsphg g    3.48 2.78 0.14 16.49 14.53 1.27 

ell sphg g    0.62 0.58 0.09 1.63 1.44 0.21 

sphellg g    3.44 2.90 0.17 17.05 14.23 1.29 

4 

sphsphg g    12.16 10.62 0.55 63.29 51.51 4.86 

ell sphg g    0.62 0.55 0.09 1.62 1.40 0.21 

sphellg g    12.17 10.74 0.56 63.85 51.09 4.87 
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1, 2 and 4 grid resolution, respectively). This shows that the mean gravity anomaly 
across the area elements deviates stronger from point values with decreasing grid 
resolution. 

Again, in the ‘classical’ treatment of the GGM gravity anomaly reference field, at least 
one of both effects would reduce the level of consistency of the gravity and height 
anomaly reference fields. Particularly with grid resolutions of 2 (and coarser), the area 
mean effect reaches magnitudes, which may not be negligible in practice. Ellipsoidal area 
mean gravity values - as introduced in Section 3 - can be used to account for both effects 
at the same time. 

4 . 3 .  E f f e c t  o n  Q u a s i g e o i d  U n d u l a t i o n s  

4 . 3 . 1 .  U s e  o f  N Z G e o i d 0 9  O b s e r v e d  G r a v i t y  

The third numerical test focuses on the propagation of the ellipsoidal effect and area 
mean effect of gravity anomalies into quasigeoid heights. New Zealand is selected as test 
area and a data set consisting of area means of terrestrial gravity anomalies NZg  is used 
for this test. This data set was also used as input data for the computation of the recent 
gravimetric NZGeoid09 model of New Zealand (Claessens et al., 2011). It was 
interpolated from observed land and sea gravity to a 1  1 grid (see Claessens et al., 
2011, for details of the computation procedure). The New Zealand terrestrial gravity data 
set NZg  is here utilised for a series of RCR-quasigeoid computations with the GGM 
gravity anomaly reference field prepared in four different ways (Sections 2 and 3): 
(i) point values in spherical approximation sphg , (ii) area mean values in spherical 

approximation sphg , (iii) point values in ellipsoidal approximation ellg  and (iv) area 

mean values in ellipsoidal approximation ellg . In any of the four variants, EGM2008 
was used as GGM reference model within spectral degrees 2..2160 (as was the case with 
the computation of NZGeoid09). 

For the transformation of residual gravity anomalies (i) sphNZg g   , 

(ii) NZ sphg g   , (iii) ellNZg g    and (iv) NZ ellg g   to residual quasigeoid 

undulations , we used the Curtin in-house software FFT1Dmod. This software performs 
Stokesian integration (e.g., Hirt et al., 2011) using a deterministically modified kernel 
(Featherstone et al., 1998) and the 1D fast Fourier transform integration technique 
(Haagmans et al., 1993). The integration parameters of the Featherstone et al. (1998) 
modified kernel were chosen equal to those used in the computation of NZGeoid09: 
degree of modification L = 40 and integration cap size 0 = 2.5. See Claessens et al. 
(2011) for the optimisation tests that were performed as a justification of the parameter 
selection. The residual quasigeoid undulations  computed from sphNZg g    were then 

compared against the residual quasigeoid undulations  obtained from the three residual 
gravity data sets NZ sphg g   , ellNZg g    and NZ ellg g  , respectively. 
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Consequently, the differences exhibit the impact of the GGM reference field variants on 
the results of RCR-based quasigeoid computations. 

Fig. 4a,b show the differences between the residual gravity fields sphNZg g    and 

NZ sphg g    (= area mean effect) and the differences between sphNZg g    and 

ellNZg g    (= ellipsoidal effect). The two effect grids clearly differ in terms of spectral 
content, as already seen in Fig. 2a,b. The area mean effect (Fig. 4a) exhibits short-
wavelength patterns while the ellipsoidal effect (Fig. 4b) features long- and medium-
wavelength structures. The maximum signal strengths, however, are approximately the 
same for both effects. 

The area mean effect on residual quasigeoid heights 

    am
NZ sphNZ NZ sphg g g g         (10) 

varies between 4 and 3 mm (Fig. 4c, and Table 4). The ellipsoidal effect on the 
quasigeoid 

    ell
NZ sph ellNZ NZg g g g          (11) 

shows amplitudes between 12 and 31 mm (Fig. 4d, and Table 4). The ellipsoidal effect 
has a much stronger impact on the quasigeoid heights because of its medium-wavelength 
patterns: In Stokesian integration, even small amplitudes of 0.10.2 mGal accumulate 
quickly to quasigeoid signals at the cm-level, because larger areas of cells are subject to 
similar gravity effects. The amplitudes of the ellipsoidal effect are significant for 
cm-quasigeoid modelling. Though the area mean effect is of little relevance with the grid 
resolution used here (1) it will exhibit larger amplitudes with coarser grid resolutions. 

4 . 3 . 2 .  D i r e c t  T r a n s f o r m a t i o n  o f  G G M  G r a v i t y  D i f f e r e n c e s  
t o  Q u a s i g e o i d  H e i g h t s  

As an alternative to the above experiment, we used FFT1Dmod for a direct 
transformation of (i) area mean effect sphsphg g    (Fig. 4a) and (ii) the ellipsoidal 

effect ell sphg g    (Fig. 4b) to quasigeoid heights  sphsphg g     and 

 ell sphg g   , respectively. Using the same Stokesian integration parameters as 

before, the resulting quasigeoid heights are almost the same as the ones depicted in 
Figs. 4c and 4d. (the RMS of the differences  sphsphg g     and am

NZ  is 0.3 mm and 

those of the differences  ell sphg g    and ell
NZ  0.5 mm). Given that Stokesian 

integration is a linear mathematical operation, this result is within the expectations. It 
corroborates the correctness of the previous results in Section 4.3.1. 
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Fig. 4. a) Area mean gravity effect - residual gravity anomaly field differences 

   sphNZ NZ sphg g g g     . b) Ellipsoidal gravity effect - residual gravity anomaly field 

differences    sph ellNZ NZg g g g     . c) Area mean quasigeoid effect am
NZ . 

d) Ellipsoidal quasigeoid effect ell
NZ . Units in mGal in panels a) and b), and m in panels c) and d). 
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As a final test, we applied the Stokesian integration to all of the gravity anomaly 
differences listed in Table 3, yielding the quasigeoid equivalent of (i) the area mean effect 

 sphsphg g    , (ii) the ellipsoidal effect  ell sphg g    and (iii) the ellipsoidal 

area mean effect  sphellg g    for the test areas New Zealand and Himalayas at grid 

Table 4. Area mean effect, ellipsoidal effect and ellipsoidal area mean effect of the GGM-reference 
field on the quasigeoid heights. Statistics refer to land points of New Zealand; units in m. 

Effect Min Max Mean RMS 

Area mean effect am
NZ  0.004 0.003 0.000 0.001 

Ellisoidal effect ell
NZ  0.012 0.031 0.010 0.012 

Ellipsoidal area mean effect 

   sphNZ NZ ellg g g g       0.013 0.031 0.010 0.012 

Table 5. Descriptive statistics of area mean quasigeoid effect  sphsphg g    , the ellipsoidal 

quasigeoid effect  ell sphg g     and the ellipsoidal area mean quasigeoid effect 

 sphellg g     in the New Zealand and Himalaya mountains test areas at various grid 

resolutions (units in mm). 

Grid 
Resolution Effect 

New Zealand Himalaya Mountains 

Min Max RMS Min Max RMS 

1 

 sphsphg g      3 0.2 16 12 1.3 

 ell sphg g     12 30 9.9 66 67 16.0 

 sphellg g     13 31 9.9 73 69 16.0 

2 

 sphsphg g     14 9 0.8 62 47 5.0 

 ell sphg g     12 30 9.9 66 67 16.0 

 sphellg g     18 33 9.9 112 84 16.8 

4 

 sphsphg g     51 35 3.1 239 172 19.4 

 ell sphg g     12 30 9.9 66 67 16.0 

 sphellg g     54 39 10.4 281 178 25.2 
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resolutions of 1, 2 and 4. From Table 5 it is seen that both the area mean and ellipsoidal 
effect can reach signal strengths at the cm-level in mountainous areas when a grid 
resolution of 2 (or coarser) is used. With 1 grids, the ellipsoidal quasigeoid effect is still 
at the cm-level, while the impact of the area mean effect on the quasigeoid heights may be 
negligible in practice. 

It should be noted that the study by Hipkin (2004) also investigated how the ellipsoidal 
effect translates into quasigeoid heights. In contrast to our study, Hipkin applied the 
method of spherical harmonic analysis to convert a global grid of the ellipsoidal effect on 
gravity anomalies into a spherical harmonic representation. He then converted the 
spherical harmonic coefficients of the ellipsoidal gravity effect to geoid heights (cf. 
Hipkin, 2004, p. 176) and found amplitudes of ~0.60.7 m and a standard deviation of 
~0.2 m (cf. Hipkin, 2004, p. 177). 

However, Hipkin’s results are not in contradiction to the cm-amplitudes of the 
ellipsoidal quasigeoid effect reported in Table 5. Contrary to Hipkin (2004), our analysis 
and results are based on Stokesian integration using a modified integration kernel 
(Featherstone et al., 1998) along with a cap size 0 = 2.5. The limitation of the 
integration area acts as a high-pass filter (cf. Vaníček and Featherstone, 1998) that 
reduces the influence of any long-wavelength signals in the gravity anomalies. 
Importantly, this procedure also reduces the ellipsoidal effect which possesses significant 
power in the long-wavelengths (cf. Hipkin, 2004, p. 176). In other words, Stokesian 
integration with modified kernels suppresses large parts of the ellipsoidal effect, which 
can be considered a desirable side effect. If Stokesian integration with the unmodified 
(original) Stokes’s kernel (e.g., Torge, 2001, p. 282) and a cap size 0 = 180 was used to 
convert a global grid of ellipsoidal gravity effect to quasi/geoid heights, the ellipsoidal 
effect would fully propagate into the quasi/geoid solution, akin to Hipkin’s results. 

5. CONCLUSIONS AND RECOMMENDATIONS 

This study investigated different ways to compute gravity anomaly reference fields 
from a GGM and introduced a new approach for the computation of gravity anomaly area 
means in ellipsoidal approximation. This approach is based on the idea to correct area 
mean gravity anomalies in spherical approximation by the ellipsoidal effect. The proposed 
method, called the three-grid-approach, works because the difference among point gravity 
data in ellipsoidal and spherical approximation is largely independent of the data type 
(area mean or point value). The results were verified by ellipsoidal area mean values 
obtained from a very fine grid of point values of gravity anomalies in ellipsoidal 
approximation, that was sampled down and compared with results from the three-grid-
approach. The mutual agreement was below 2 μGal (RMS), giving a strong indication of 
the high precision of both computations. The proposed approach to compute GGM gravity 
as ellipsoidal area means is straightforward from a computational perspective, solely 
requiring the computation of three gravity anomaly grids. This can be done by means of 
the publicly available spherical harmonic synthesis software harmonic_synth without 
modifying the code. 

As a second aspect of this study, amplitudes and patterns of the ellipsoidal effect and 
area mean effect were analysed for regions with different topography, helping to assess 
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signal strengths of both effects. It was found that the ellipsoidal effect may exhibit 
amplitudes of ~0.5 mGal for rugged terrain with maximum values of about 1.5 mGal in 
the high Himalaya mountains. These values are largely independent of the grid resolution. 
The maximum amplitudes of the area mean effect and ellipsoidal effect are similar for 1 
grids. With coarser grid resolution, however, the area mean effect may exhibit signals of 
up to several mGal, depending on the ruggedness of the gravity field. While high-
frequency patterns are the dominant feature of the area mean effect, long- and medium-
wavelength structures prevail in the ellipsoidal effect grids. 

Given the variety of error sources a gravimetric geoid computation may be affected by 
(e.g., Featherstone et al., 2001), a reference field preparation in terms of ellipsoidal point 
values will mostly be sufficient when high-resolution 1 grids are used. It is the high grid 
resolution that keeps the impact of the area mean effect small. It was shown that - with 2 
grid resolution or coarser - both the area mean and the ellipsoidal effect may translate into 
quasigeoid effects at the cm-level in rugged terrain. In a ‘classical’ reference field 
preparation (either in terms of gravity area means in spherical approximation or point 
gravity in ellipsoidal approximation), at least one of the effects would propagate into the 
RCR quasigeoid solution. The proposed gravity representation ‘ellipsoidal area means’ 
accounts for the ellipsoidal and area mean effect at the same time. This avoids 
contamination of the gravity anomaly reference field in a systematic manner, by error 
patterns visible in Fig. 4. 

The ellipsoidal area means approach may also be of some value for the validation of 
GGMs (e.g., space-collected models from recent satellite gravity field missions) from 
observed surface gravity if available in terms of area mean values. GGM ellipsoidal area 
mean gravity anomalies are expected to approximate area means of observed surface 
gravity more closely than any of the other three representations (GGM ellipsoidal point 
values, GGM spherical area means, or GGM spherical point values), allowing better 
GGM validation. 

 
Acknowledgements: We thank the Australian Research Council for financial support through 

grant DP0663020 and GNS Science, Te Pü Ao, for providing a data set of terrestrial gravity 
observations over New Zealand. The figures were produced using the Generic Mapping Tools GMT 
(Wessel and Smith, 1998). We would like to thank the reviewers for their comments on this 
manuscript. This is The Institute for Geoscience Research (TIGeR) publication number 259. 

 
 

References 

Claessens S.J., 2006. Solutions to Ellipsoidal Boundary Value Problems for Gravity Field 
Modelling. PhD Thesis, Curtin University of Technology, Department of Spatial Sciences, 
Perth, Australia.  

Claessens S.J., Hirt C., Amos M.J., Featherstone W.E. and Kirby J.F., 2011. The NZGEOID09 
model of New Zealand. Surv. Rev., 43, 215, DOI: 10.1179/003962610X12747001420780. 

Cruz J.Y., 1986. Ellipsoidal Corrections to Potential Coefficients Obtained from Gravity Anomaly 
Data on the Ellipsoid. Report No. 371, Department of Geodetic Science and Surveying, The 
Ohio State University, Columbus, Ohio. 



C. Hirt and S.J. Claessens 

606 Stud. Geophys. Geod., 55 (2011) 
 

Featherstone W.E., Evans J.D. and Olliver J.G., 1998. A Meissl-modified Vaníček and Kleusberg 
kernel to reduce the truncation error in gravimetric geoid computations. J. Geodesy, 72, 
154160, DOI: 10.1007/s001900050157. 

Featherstone W.E., Kirby J.F., Kearsley A.H.W., Gilliland J.R., Johnston G.M., Steed J., 
Forsberg R. and Sideris M.G., 2001. The AUSGeoid98 geoid model of Australia: data 
treatment, computations and comparisons with GPS-levelling data. J. Geodesy, 75, 313330. 

Featherstone W.E., Holmes S.A., Kirby J.F. and Kuhn M., 2004. Comparison of remove-compute-
restore and University of New Brunswick techniques to geoid determination over Australia, 
and inclusion of Wiener-type filters in reference field contribution. J. Surv. Eng., 130, 4047. 

Featherstone W.E., Kirby J.F., Hirt C., Filmer M.S., Claessens S.J., Brown N.J., Hu G. and 
Johnston G.M., 2011. The AUSGeoid09 model of the Australian Height Datum. J. Geodesy, 
85, 133150, DOI: 10.1007/s00190-010-0422-2. 

Gleason D.M., 1988. Comparing ellipsoidal corrections to the transformation between the 
geopotential’s spherical and ellipsoidal spectrums. Manuscripta Geodaetica, 13, 114129. 

Grafarend E.W., Ardalan A. and Sideris M.G., 1999. The spheroidal fixed-free two-boundary-value 
problem for geoid determination (the spheroidal Bruns’ transform). J. Geodesy, 73, 513533. 

Haagmans R., de Min E. and van Gelderen M., 1993. Fast evaluation of convolution integrals on the 
sphere using 1D FFT, and a comparison with existing methods for Stokes’ integral. 
Manuscripta Geodaetica, 18, 227241. 

Heck B., 1991. On the Linearized Boundary Value Problems of Physical Geodesy, Report No. 407, 
Department of Geodetic Science and Surveying, The Ohio State University, Columbus, Ohio. 

Heiskanen W.A. and Moritz H., 1967. Physical Geodesy. W.H. Freeman and Co., San Francisco. 

Hipkin R., 2004. Ellipsoidal geoid computation. J. Geodesy, 78, 167179. 

Hirt C., Featherstone W.E. and Claessens S.J., 2011. On the accurate numerical evaluation of 
geodetic convolution integrals. J. Geodesy, 85, 519538, DOI: 10.1007/s00190-011-0451-5. 

Holmes S.A., 2002. High-Degree Spherical Harmonic Synthesis: New Algorithms and Applications. 
PhD Thesis, Curtin University of Technology, Department of Spatial Sciences, Perth, 
Australia. 

Holmes S.A. and Pavlis N.K., 2008. Spherical Harmonic Synthesis Software harmonic_synth. 
(http://earth-info.nga.mil/GandG/wgs84/gravitymod/egm2008/index.html). 

Jarvis A., Reuter H.I., Nelson A. and Guevara E., 2008. Hole-Filled SRTM for the Globe Version 4. 
Available from the CGIAR-SXI SRTM 90m database (http://srtm.csi.cgiar.org). 

Jekeli C., 1981. The Downward Continuation to the Earth’s Surface of Truncated Spherical and 
Ellipsoidal Harmonic Series of the Gravity and Height Anomalies. Report No. 323, 
Department of Geodetic Science and Surveying, The Ohio State University, Columbus, Ohio. 

Jekeli C., 2006. Geometric Reference Systems in Geodesy. Division of Geodesy and Geospatial 
Science, School of Earth Sciences, Ohio State University, Columbus, Ohio (https://kb.osu.edu 
/dspace/handle/1811/24301?show=full). 



Ellipsoidal area mean gravity anomalies … 

Stud. Geophys. Geod., 55 (2011) 607 
 

Lemoine F.G., Kenyon S.C., Factor J.K., Trimmer R.G., Pavlis N.K., Chinn D.S., Cox C.M., Klosko 
S.M., Luthcke S.B., Torrence M.H., Wang Y.M., Williamson R.G., Pavlis E.C., Rapp R.H. 
and Olson T.R., 1998. The Development of the Joint NASA GSFC and the National Imagery 
and Mapping Agency (NIMA) Geopotential Model EGM96. NASA Technical Report TP-
1998-206861, National Aeronautics and Space Administration, Goddard Space Flight Center, 
Greenbelt, Maryland, USA. 

Paul M.K., 1978. Recurrence relations for integrals of associated Legendre functions. Bull. Geod., 
52, 177190. 

Pavlis N.K., Holmes S.A., Kenyon S.C. and Factor J.K., 2008. An Earth Gravitational Model to 
Degree 2160: EGM2008. (http://www.massentransporte.de/fileadmin/2kolloquium_muc 
/2008-10-08/Bosch/EGM2008.pdf). 

Rapp R.H., 1997. Use of potential coefficient models for geoid undulation determinations using a 
spherical harmonic representation of the height anomaly/geoid undulation difference. 
J. Geodesy, 71, 282289. 

Sjöberg L., 2005. A discussion on the approximations made in the practical implementation of the 
remove-compute-restore technique in regional geoid modelling. J. Geodesy, 78, 645653. 

Smith D.A., 1998. There is no such thing as “The” EGM96 geoid: Subtle points on the use of 
a global geopotential model. IGeS Bull., 8, 1728. 

Torge W., 2001. Geodesy. 3rd Edition. de Gruyter, Berlin, New York. 

Vaníček P., Huang J., Novák P., Pagiatakis S., Véronneau M., Martinec Z. and Featherstone W.E., 
1999. Determination of the boundary values for the Stokes-Helmert problem. J. Geodesy, 73, 
180192. 

Vaníček P. and Featherstone W.E., 1998. Performance of three types of Stokes’s kernel in the 
combined solution for the geoid. J. Geodesy, 72, 684697. 

Wenzel H.-G., 1985. Hochauflösende Kugelfunktionsmodelle für das Gravitationspotential der 
Erde. Wissenschaftliche Arbeiten der Fachrichtung Vermesssungswesen der Universität 
Hannover No. 137, Hannover, Germany (in German). 

Wessel P. and Smith W.H.F., 1998. New, improved version of the Generic Mapping Tools released. 
EOS Trans. AGU, 79, 579. 

Wolf K.-I., 2007. Kombination globaler Potentialmodelle mit terrestrischen Schweredaten für die 
Berechnung der zweiten Ableitungen des Gravitationspotentials in Satellitenbahnhöhe. 
Wissenschaftliche Arbeiten der Fachrichtung Geodäsie und Geoinformatik an der Universität 
Hannover No. 264, Hannover, Germany (in German). 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /ACaslonPro-Bold
    /ACaslonPro-BoldItalic
    /ACaslonPro-Italic
    /ACaslonPro-Regular
    /ACaslonPro-Semibold
    /ACaslonPro-SemiboldItalic
    /AGaramondPro-Bold
    /AGaramondPro-BoldItalic
    /AGaramondPro-Italic
    /AGaramondPro-Regular
    /AgencyFB-Bold
    /AgencyFB-Reg
    /Albertus-Bold
    /Albertus-ExtraBold
    /Albertus-Medium
    /AlbertusMedium-Italic
    /AlbertusMT
    /AlbertusMT-Italic
    /AlbertusMT-Light
    /Algerian
    /AntiqueOlive
    /AntiqueOlive-Bold
    /AntiqueOlive-Compact
    /AntiqueOliveCompact-Regular
    /AntiqueOlive-Italic
    /AntiqueOlive-Roman
    /Apple-Chancery
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArnoPro-Bold
    /ArnoPro-BoldCaption
    /ArnoPro-BoldDisplay
    /ArnoPro-BoldItalic
    /ArnoPro-BoldItalicCaption
    /ArnoPro-BoldItalicDisplay
    /ArnoPro-BoldItalicSmText
    /ArnoPro-BoldItalicSubhead
    /ArnoPro-BoldSmText
    /ArnoPro-BoldSubhead
    /ArnoPro-Caption
    /ArnoPro-Display
    /ArnoPro-Italic
    /ArnoPro-ItalicCaption
    /ArnoPro-ItalicDisplay
    /ArnoPro-ItalicSmText
    /ArnoPro-ItalicSubhead
    /ArnoPro-LightDisplay
    /ArnoPro-LightItalicDisplay
    /ArnoPro-Regular
    /ArnoPro-Smbd
    /ArnoPro-SmbdCaption
    /ArnoPro-SmbdDisplay
    /ArnoPro-SmbdItalic
    /ArnoPro-SmbdItalicCaption
    /ArnoPro-SmbdItalicDisplay
    /ArnoPro-SmbdItalicSmText
    /ArnoPro-SmbdItalicSubhead
    /ArnoPro-SmbdSmText
    /ArnoPro-SmbdSubhead
    /ArnoPro-SmText
    /ArnoPro-Subhead
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /BaskOldFace
    /Bauhaus93
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BickhamScriptPro-Bold
    /BickhamScriptPro-Regular
    /BickhamScriptPro-Semibold
    /BirchStd
    /BlackadderITC-Regular
    /BlackoakStd
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /BrushScriptStd
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Candid
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGOmega
    /CGOmega-Bold
    /CGOmega-BoldItalic
    /CGOmega-Italic
    /CGTimes
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /Clarendon
    /Clarendon-Bold
    /Clarendon-Book
    /Clarendon-Condensed-Bold
    /ClarendonExtended-Bold
    /Clarendon-Light
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CooperBlack-Italic
    /CooperBlackStd
    /CooperBlackStd-Italic
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Copperplate-ThirtyTwoBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /Coronet
    /Coronet-Regular
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CurlzMT
    /EccentricStd
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /Eurostile
    /Eurostile-Bold
    /Eurostile-BoldExtendedTwo
    /Eurostile-ExtendedTwo
    /FelixTitlingMT
    /FencesPlain
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Garamond
    /Garamond-Antiqua
    /Garamond-Bold
    /Garamond-Halbfett
    /Garamond-Italic
    /Garamond-Kursiv
    /Garamond-KursivHalbfett
    /GaramondPremrPro
    /GaramondPremrPro-It
    /GaramondPremrPro-Smbd
    /GaramondPremrPro-SmbdIt
    /Gautami
    /Geneva
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GiddyupStd
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldCondensed
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-ExtraBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Goudy
    /Goudy-Bold
    /Goudy-BoldItalic
    /Goudy-ExtraBold
    /Goudy-Italic
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GSIDefaultSymbols
    /GSIDidger
    /GSIGeologicSymbols
    /GSIMapSymbols
    /GSINorthArrows
    /GSIOilandGas
    /GSIWeatherSymbols
    /GSIWindBarbSymbols
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HoboStd
    /HoeflerText-Black
    /HoeflerText-BlackItalic
    /HoeflerText-Italic
    /HoeflerText-Ornaments
    /HoeflerText-Regular
    /ChaparralPro-Bold
    /ChaparralPro-BoldIt
    /ChaparralPro-Italic
    /ChaparralPro-Regular
    /CharlemagneStd-Bold
    /Chicago
    /Chiller-Regular
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /JoannaMT
    /JoannaMT-Bold
    /JoannaMT-BoldItalic
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /KozGoPro-Bold
    /KozGoPro-ExtraLight
    /KozGoPro-Heavy
    /KozGoPro-Light
    /KozGoPro-Medium
    /KozGoPro-Regular
    /KozMinPro-Bold
    /KozMinPro-ExtraLight
    /KozMinPro-Heavy
    /KozMinPro-Light
    /KozMinPro-Medium
    /KozMinPro-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldItalic
    /LetterGothic-BoldSlanted
    /LetterGothic-Italic
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LithosPro-Black
    /LithosPro-Regular
    /LubalinGraph-Book
    /LubalinGraph-BookOblique
    /LubalinGraph-Demi
    /LubalinGraph-DemiOblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Marigold
    /MaturaMTScriptCapitals
    /MesquiteStd
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldCn
    /MinionPro-BoldCnIt
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Medium
    /MinionPro-MediumIt
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Mistral
    /Modern-Regular
    /Monaco
    /MonaLisa-Recut
    /MonotypeCorsiva
    /MS-Mincho
    /MSOutlook
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MT-Extra
    /MVBoli
    /MyriadPro-Bold
    /MyriadPro-BoldCond
    /MyriadPro-BoldCondIt
    /MyriadPro-BoldIt
    /MyriadPro-Cond
    /MyriadPro-CondIt
    /MyriadPro-It
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewYork
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuevaStd-BoldCond
    /NuevaStd-BoldCondItalic
    /NuevaStd-Cond
    /NuevaStd-CondItalic
    /OCRAbyBT-Regular
    /OCRAExtended
    /OCRAStd
    /OCRB10PitchBT-Regular
    /OldEnglishTextMT
    /Onyx
    /Optima
    /Optima-Bold
    /Optima-BoldItalic
    /Optima-Italic
    /OratorStd
    /OratorStd-Slanted
    /Oxford
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /PoorRichard-Regular
    /PoplarStd
    /PrestigeEliteStd-Bd
    /Pristina-Regular
    /Raavi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /RosewoodStd-Regular
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /ShowcardGothic-Reg
    /Shruti
    /SnapITC-Regular
    /StempelGaramond-Bold
    /StempelGaramond-BoldItalic
    /StempelGaramond-Italic
    /StempelGaramond-Roman
    /Stencil
    /StencilStd
    /Sylfaen
    /Symbol
    /SymbolMT
    /Taffy
    /Tahoma
    /Tahoma-Bold
    /TektonPro-Bold
    /TektonPro-BoldCond
    /TektonPro-BoldExt
    /TektonPro-BoldObl
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /TrajanPro-Bold
    /TrajanPro-Regular
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers
    /Univers-Bold
    /Univers-BoldExt
    /Univers-BoldExtObl
    /Univers-BoldItalic
    /Univers-BoldOblique
    /Univers-Condensed
    /Univers-CondensedBold
    /Univers-Condensed-Bold
    /Univers-Condensed-BoldItalic
    /Univers-CondensedBoldOblique
    /Univers-Condensed-Medium
    /Univers-Condensed-MediumItalic
    /Univers-CondensedOblique
    /Univers-Extended
    /Univers-ExtendedObl
    /Univers-Light
    /Univers-LightOblique
    /Univers-Medium
    /Univers-MediumItalic
    /Univers-Oblique
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WP-CyrillicA
    /WP-CyrillicB
    /ZapfDingbats
    /ZapfChancery-MediumItalic
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




