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Abstract

The rigorous formulation of the gravimetric inverse problem in terms of sought subsurface anomalous density distribution and in terms of the gravity anomaly, the gravity disturbance, and the geoidal height is newly reviewed. The emphasis is put on the proper treatment of the respective effects of topographical masses. The aim is to prove, that the problem calls for using such topographical corrections that adopt the reference ellipsoid as the lower boundary of the topography, and a reference topographical density. We base our derivations on a reference topographical density that is chosen to be globally constant. Such topographical corrections are then referred to as “No Ellipsoidal Topography of Constant Density” corrections, abbreviated as  “NETC” corrections, as they differ from the commonly used Bouguer topographical corrections. We derive the NETC corrections to the disturbing potential, the gravity disturbance, the gravity anomaly, and the geoidal height. Equations are derived, that link the anomalous density, via Newton integrals with specific kernels, with the NETC gravity disturbance, the NETC gravity anomaly, and the NETC geoidal height. Prescriptions for compiling the NETC gravity disturbance, anomaly, and geoidal height from observable data are derived. It is proved, that the NETC gravity disturbance is rigorously equal to the gravitational effect (attraction) of the anomalous density distribution inside the entire earth. That is the fundamental point of the paper. The spherical complete Bouguer anomaly (SCBA) widely used in geophysical studies is then compared with the NETC gravity disturbance. The SCBA is also demonstrated to be a hybrid quantity, neither an anomaly, nor a disturbance. The systematic deviation between the SCBA and the NETC gravity disturbance is shown to be the most general form of the so called geophysical indirect effect (GIE). The GIE is computed for the area of Eastern Alps. 

1  Introduction

One of the goals of geophysics is to acquire some knowledge on the underground geological structure, or at least on some of its elements. In gravimetry the subject of the study is the distribution of mass. In practice gravity or gravitation are observed, which are physically associated with (actual) gravity or gravitation potential. Other parameters of the field derived from actual potential are observable, as well. Given a mass (density) distribution, the actual potential, and parameters derived thereof, are uniquely determinable. Such a task is known as the direct (forward) problem, and the solution is given by means of the Newton integral (for potential or for parameters derived thereof). The determination of the density distribution from the actual potential, or from parameters derived thereof, is referred to as the inverse problem, which is known to be non–unique.

However, most often the gravimetric inverse problem (GIP) is formulated in terms of anomalous (disturbing) potential (or parameters of the anomalous field derived thereof), and anomalous density distribution, as such formulation offers several advantages. In this paper we shall deal with the formulation of the GIP in terms of the disturbing potential, the gravity disturbance, the gravity anomaly, and the geoidal (or quasigeoidal) height. 

The anomalous field results from the subtraction of a mathematically defined normal field from the actual field. The matter is complicated by the existence of topographical masses. The effect of the topography must be taken into account when solving the GIP. A rigorous formulation of the GIP, considering also the topography, shall yield rigorous definitions of the parameters of the anomalous field that are to be inverted (or eventually modeled or interpreted). Our main motivation for this paper is to point out some deviations from this rigorous definitions of the data that enter the GIP as observables, that occur in the geophysical practice, and to assess their size and impact. Particular attention will be paid to the widely used complete Bouguer gravity anomaly. Extensive debate has already taken place regarding the Bouguer anomaly. Although called anomaly, many geophysicists use it in the sense that is rigorously known as disturbance. Much debated was also the issue of the lower boundary of the topographical masses used for constructing the complete Bouguer anomaly, which has lead to introducing an effect named “geophysical indirect effect”. We refer here to the issues discussed in (Chapman and Bodine, 1979; Vogel, 1982; Jung and Rabinowitz, 1988; Meurers, 1992; Talwani, 1998; Hackney and Featherstone, 2003). Our aim here is to take such discussions one step further. 

Historically the separation between the reference ellipsoid and the geoid – either of them serving as the lower boundary of the topographical masses, as well as the vertical datum – has been commonly neglected in geophysical applications. We will attempt to indicate when the separation may be ignored, and when it should be taken into account. 

Hackney and Featherstone (2003) conclude in their Summary and Recommendations: “… it is suggested that there should be an integrated examination of the ‘gravity anomaly’ from both the geophysical and geodetic perspectives…” and “… answers to questions in geophysics such as ‘should we be computing gravity anomalies or gravity disturbances and at what point?’…”, as well as “…the ‘gravity anomaly’ is an ambiguous quantity for many reasons and the terminology needs to be re–examined using some unified geodetic and geophysical approach…” Here we would like to take part in the above indicated challenge.

2  Theoretical background

Our investigations shall be based on the commonly known concepts of the theory of the gravity field (e.g., Kellogg, 1929; MacMillan, 1930; Molodenskij et al., 1960; Grant and West, 1965; Heiskanen and Moritz, 1967; Bomford, 1971; Pick et al., 1973; Moritz, 1980, Vaníček and Krakiwsky, 1986; Blakely, 1995; Torge, 2001). We were drawing especially from (Vaníček et al., 1999; 2004; Hackney and Featherstone, 2003). In the below subsections we wish to explicitly point out only those concepts, that are either of particular importance in the context of our developments, or often are, as we find, not fully understood or implemented in geophysical practice. Our approach shall be that of applying the methodology of model gravity field spaces, such as the “Helmert space” used in (Vaníček and Martinec, 1994; Vaníček et al., 1999;) or the “NT space” used by Vaníček et al. (2004), to the geophysical problems, particularly to the GIP.

Hereafter all the discussed quantities will be considered as already properly corrected for the effects of the atmosphere, tides, and all the other smaller temporal effects. Systematically throughout the paper we shall describe the discussed quantities in geocentric geodetic (Gauss ellipsoidal) coordinates 
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 (e.g., Heiskanen and Moritz, 1967, Sec. 5–3; Vaníček and Krakiwsky, 1986, Sec. 15.4), where 
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 is ellipsoidal (geodetic) height , 
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 is geodetic latitude , and 
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 is geodetic longitude. For brevity the horizontal position will often be denoted by 
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. Sometimes the height of a point above “sea level” – orthometric height 
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 (above the geoid), or normal height 
[image: image7.wmf]N

H

 (above the quasigeoid) – shall be used in addition to the ellipsoidal height. In the sequel, disturbing potential will be denoted by 
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, actual gravity by 
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, normal gravity by 
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, and geoidal height by 
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. Note, that the Bruns equation, the fundamental gravimetric equation, and even the Newton volume integrals will be all expressed in geodetic coordinates. Once getting used to it, one finds it extremely convenient, when dealing with data that are typically positioned using geographical coordinates. Also the spherical approximation (e.g., Moritz, 1980, p. 349) will be dealt by in terms of geodetic coordinates. Hence, for instance, if the Newton integral is evaluated in spherical approximation over the volume of the reference ellipsoid, the lower limit of the integration in 
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 is “
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 is the mean earth’s radius. Note also, that in the spherical approximation the geocentric distance of a point becomes 
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We will make use of a generalization of the Bruns formula and of the fundamental gravimetric equation as applied to the pairs of actual and normal equipotential surfaces – separated by the vertical displacement 
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 – elsewhere, not only at the geoid/ellipsoid level (e.g., Heiskanen and Moritz, 1967; Vaníček et al., 1999). The physics of the gravity field will be applied also to the model gravity fields. The model gravity fields and the gravity field spaces are introduced by manipulating (removing, replacing, condensing) the topographical masses, and by applying a topographical correction to the actual, and thus disturbing, potentials. In this way Vaníček and Martinec (1994) and Vaníček et al. (1999) use the “Helmert space” and Vaníček et al. (2004) use the “NT space”. Vaníček et al. (2004) deal extensively with the NT–gravity anomaly, and relate it to the commonly known Bouguer anomaly. The gravity field in the NT space is produced by real density inside the geoid (earth with no real masses between the geoid and the topo–surface, hence the “no topography” shortly “NT” terminology). It will turn out in the sequel, that we shall need to work with a model gravity field produced by real density inside the reference ellipsoid and anomalous density between the ellipsoid and the topo–surface. Hence our earth model will be that of  “no reference density between the ellipsoid and the topo–surface”. 

Originally we have performed all our derivations, including evaluation of the Newton volume integrals, in (Gauss) ellipsoidal coordinates, followed by applying spherical approximations. For the sake of brevity and simplicity we start our developments here already using the spherical approximations. For the exact formulation of the Newton volume integrals in Gauss ellipsoidal (geodetic) coordinates we refer the reader to e.g. (Vajda et al., 2004a; Novák and Grafarend, 2005). Novák and Grafarend (2005) showed, that the ellipsoidal correction to the spherical approximation of the Newton integral is by three orders of magnitude smaller than the spherical term. 

We shall use the term “reference ellipsoid” for both the body and the surface, trusting that the meaning will be always clear from the context. 

2.1  Remarks on normal field as related to coordinates 

The normal gravity potential is selected as a known, mathematically defined model of the earth’s actual gravity potential (e.g., Heiskanen and Moritz, 1967; Vaníček and Krakiwsky, 1986), that closely approximates the actual potential. The normal gravity potential defines a normal earth in terms of its gravity field and its shape. In general, the normal field represents a spheroidal reference field, but most commonly used, due to simplicity, is the ellipsoidal normal field of the “mean earth ellipsoid” (ibid). The mean earth ellipsoid is geocentric, properly oriented, and “level” (“equipotential”, cf. Heiskanen and Moritz, 1967, Sec. 2–7). That assures, that the (reference) ellipsoid as a reference coordinate surface (as a 3D datum for geodetic coordinates) is, at the same time, also the equipotential surface of the normal gravity field, such, that the value of the normal potential on the ellipsoid is equal to the value of the actual potential on the geoid. In this way a physically meaningful tie between (geodetic) coordinates and normal gravity is established. Therefore, rigorously, the anomalous gravity data will have an unbiased physical interpretation only if their positions are referred to a “mean earth ellipsoid”. We say this because in geodesy, and in practice in some countries, often locally best fitting (“relative”) reference ellipsoids, that are not geocentric and/or not properly oriented, and/or of improper size (e.g., Vaníček and Krakiwsky, 1986) are in use as datums for geodetic coordinates. For instance Hackney and Featherstone (2003, Sec. 2.3) discuss the impact of the use of a local ellipsoid, as a datum, on normal gravity values (which in turn systematically biases the gravity anomaly/disturbance data). Below we shall call the mean earth ellipsoid simply reference ellipsoid.

2.2  Remarks on normal field as related to normal density inside reference ellipsoid 

According to Somigliana and Pizzetti (Somigliana, 1929) the normal potential makes sense only outside the reference ellipsoid. It needs and it provides no unique knowledge about the interior density distribution of the reference ellipsoid. Consequently, the disturbing potential as well as the normal gravity inside the reference ellipsoid remain unspecified. However, if we are to formulate the GIP in terms of parameters of anomalous field and in terms of anomalous density distribution, we need some reference density inside the reference ellipsoid. How to overcome this obstacle? What we can do is to find a particular normal density distribution inside the ellipsoid, such that satisfies the external normal potential. The proof of the existence of such a solution is considered outside the scope of this paper. Here we shall assume that it can be done to a satisfactory approximation. With respect to this topic we refer the reader to (Tscherning and Sünkel, 1980; Moritz, 1990). 

2.3  Remarks on gravity disturbance and gravity anomaly

Having the pairs actual potential and actual gravity, normal potential and normal gravity, we would anticipate to encounter the pair disturbing potential and anomalous (disturbing) gravity. In fact, two such anomalous quantities have been used, the gravity anomaly and the gravity disturbance. Historically the gravity anomaly emerged as a practical alternative to the gravity disturbance, as the disturbance was not “observable” (realizable) while the ellipsoidal height was not “commonly” (readily, widely) “observable” (realizable). Both the disturbance and the anomaly can be defined either using actual gravity (e.g., Heiskanen and Moritz, 1967; Vaníček et al., 1999; 2004) – left hand sides of Eqs. (e1) and (e2) respectively – we refer to such definition as “point definition” (e.g., Vajda et al., 2004b, Sec. 2.5), or using the disturbing potential (e.g., Heiskanen and Moritz, 1967; Vaníček et al., 1999; 2004) – right hand sides of Eqs. (e1) and (e2) respectively 
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In Eq. (e2) 
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 is the vertical displacement at 
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 given by the generalised Bruns equation (ibid). The two sets of definitions are not rigorously compatible, they differ by the effect of the deflection of the vertical, which is of the order of 10 
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Gal (e.g., Vaníček et al., 1999; 2004). Both sets define the disturbance or anomaly anywhere, not only on the geoid, or on the topographical surface. The “point definition” becomes handy in the space of observables, while the definition using disturbing potential becomes useful in the model space (on the side of working with density). The realization of point gravity disturbance requires the knowledge of ellipsoidal height of the point of evaluation, while the realization of point gravity anomaly requires the knowledge of the vertical displacement at the point of evaluation, which for gravity anomalies on the topographical surface reduces to the knowledge of the normal or orthometric height of the evaluation point above the geoid (quasigeoid). No “reductions” or “altitude corrections” based on various vertical gradients of gravity are needed for defining the gravity disturbance or anomaly. Topographical corrections, if applied to gravity disturbance or anomaly, define specific “kinds” of gravity disturbance or anomaly. Upward or downward continuation of the gravity anomaly or disturbance is an altogether separate issue, which should not be mixed up with reducing the value of actual gravity upward or downward using simply some kind of vertical gradient of gravity. 

3   Selected reference density model 

As already mentioned, in order to formulate the GIP in terms of anomalous quantities, one must choose a reference density model 
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 which defines the anomalous density 
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. We shall regard the earth as consisting of two regions, the reference ellipsoid and the topography. The choice of the reference ellipsoid is enforced by its role as the coordinate surface as well as the reference equipotential surface of the normal gravity field. Thus the lower boundary of our topography is defined by the reference ellipsoid. However, the term “topography” is typically reserved for topographical masses with the geoid as their lower boundary. This leads us to inventing a new term for the topographical masses in the region between the reference ellipsoid and the topographical surface – “ellipsoidal topography”. The “ellipsoidal topography” is not to be understood as the topography of the ellipsoid, but as the topography reckoned from the ellipsoid. Note that we disregard atmospherical masses, as we have assumed that proper atmospherical corrections are applied to all relevant observable quantities. So we are left with choosing reference density distribution only in the two mentioned regions. 

Inside the reference ellipsoid we choose a “model normal density distribution” 
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 as the reference density. Recall from section 2.2, that the model normal density distribution is a solution found to generate the external normal potential. Note, that from now on in our developments, this model normal density will always be deemed to generate normal gravitational potential. For the “ellipsoidal topography” the simplest and most natural, though not the only, choice for the reference density distribution is a constant density 
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. Let us call our choice of the “reference ellipsoidal topography” (abbreviated as RET) the “ellipsoidal topography of constant density” (abbreviated as ETC). There are other possible choices of the RET than the ETC, as we said, but we shall deal here exclusively with the ETC. The model normal density inside the reference ellipsoid together with the ETC constitute, in terms of reference density, our “Reference Earth”, cf. Tab. 1. Then the actual density everywhere below the topographical surface 
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 is decomposed into reference and anomalous densities.

Table 1.  The reference density model.
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4.  Decomposition of the actual gravitational potential 

In spherical approximation the Newton integral for earth’s gravitational potential, expressed in geodetic coordinates, reads (e.g., Vajda et al., 2004a, Sec. 4)
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where G stands for Newton’s gravitational constant, 
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 is the real density distribution inside the earth, i.e., below the topo–surface 
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. The kernel of the volume integral, the reciprocal Euclidean distance in spherical approximation reads
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where
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 being the angular (spherical) distance between the computation and running points.

Let us decompose the actual gravitational potential of the earth (such a methodology having already been used by, e.g., Vogel [1982], Meurers [1992]) according to the reference and anomalous densities in the two regions of the earth as defined by Tab. 1. Omitting, for the moment the position argument 
[image: image49.wmf](

)

W

,

h

, the decomposition reads

[image: image50.wmf]ET

ET

R

E

E

R

ET

E

V

V

V

V

V

V

V

d

d

+

+

+

=

+

=

 , 





(e6)
where the superscript denotes the contributing region (cf. Tab. 1), subscript “R” denotes the contribution of the reference density, and “
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” denotes the contribution of anomalous density. No superscript means the contribution of the entire earth as region, while no subscript along with no “
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” means contribution of real density. Please, note, that this notation will be used systematically throughout the paper also for other parameters of the gravity field derived from potential, and from its decomposed terms. The decomposition terms of Eq. (e6) are described in detail in Tab. 2. Following the logic of the described notation, the below decompositions of the actual potential hold true also
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The decomposition is based on the superposition principle, and holds true for any point 
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Table 2.  The decomposition terms of the actual gravitational potential. Below 
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, cf. Eq. (e3).
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the topo–surface
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Realizing that 
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 is the disturbing potential T, and changing the order of the terms on the right hand side, we can rewrite Eq. (e6) as
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Equation (e8) represents the decomposition of the disturbing potential that we want to make  use of. 

5.  Formulation of GIP by means of disturbing potential

While the last term on the right–hand–side of Eq. (e8) is the potential of the ellipsoidal topography of constant density (ETC), 
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, the sum of the two terms in the brackets is the potential of the anomalous density distribution inside the entire earth, cf. Tab. 2 and Eq. (e7), given by the following expression
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Thus we can rewrite Eq. (e8) as
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Let us refer to the removal of the potential of the ETC from the actual or disturbing potentials, as an application of the NETC topo–correction to potential. The “NETC” abbreviation stands for “No ETC”. The NETC correction transforms the actual gravity field and the anomalous gravity field from the real space into the NETC space. All the parameters of the actual or anomalous gravity field in the NETC space will be denoted by the “NETC” superscript. The disturbing potential is in this space defined as
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Finally Eq. (e10) reads
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It links the anomalous density distribution, via the volume integral of Eq. (e9), with the NETC disturbing potential. All other parameters of the anomalous gravity field in the NETC space will be derived by means of the 
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6.  Formulation of GIP by means of gravity disturbance

Upon applying the differential operator 
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 to Eq. (e12), i.e., taking the vertical derivative along the inward ellipsoidal normal at the evaluation point, we get 
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where
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is by definition the NETC gravity disturbance (gravity disturbance in the NETC space), and 
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is by definition the “gravitational effect (attraction) of the anomalous density distribution inside the entire earth”. To justify the notation, “
[image: image84.wmf]A

” stands for “attraction”, and “
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” signifies the contribution of anomalous density, which is in line with our systematic notation for potential and its decomposition terms. It is evaluated in spherical approximation as
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where the kernel of the volume integral in spherical approximation reads
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while 
[image: image91.wmf]1

-

L

 is given by Eq. (e4) and 
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 by Eq. (e5).

The NETC gravity disturbance can be compiled from observed data, following Eqs. (e14) and (e11), as
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where 
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 is the point gravity disturbance in real space given by the left–hand–side of Eq. (e1), and where
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(e19)
is by definition the gravitational effect (attraction) of the ETC. As for the notation, as already explained, “A” stands for attraction, the “ET” superscript designates the contributing region, while the subscript “R” stands for “reference density”. It is evaluated in spherical approximation as 
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where the 
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 kernel of the integral is given by Eq. (e17). The (
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) is referred to as the “spherical NETC topo–correction to gravity disturbance”. Note that for compiling the NETC gravity disturbance the knowledge of the actual gravity, of the ellipsoidal height of the observation point, and of the topo–surface given in ellipsoidal heights is required. 

Just for the sake of the rigor we state, that the NETC gravity disturbance defined by Eq. (e14), and realized by means of Eq. (e18), differs from the “point gravity disturbance in the NETC space”, as shown in the Appendix. Thus
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where 
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 is actual gravity in the NETC space, and where the right–hand–side of inequality (e21) is by definition the point gravity disturbance in the NETC space. The difference is due to the effect of the deflection of the vertical in the NETC space. We estimate, that the size of this effect may reach as much as several hundred 
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Gal (Appendix). For the same reason the NETC topo–correction to gravity disturbance (
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) differs from the NETC topo–correction to gravity, which is also shown in the Appendix. 

Equation (e13) links the anomalous density distribution, via the volume integral of Eq. (29), with the “observable” (realizable) NETC gravity disturbance. This equation constitutes a proof, which stands as a fundamental contribution of our paper, namely, that the anomalous gravity quantity, that is rigorously equal to the gravitational effect (attraction) of all the anomalous masses inside the entire earth, is the NETC gravity disturbance. The compilation of the NETC gravity disturbance requires the knowledge of normal gravity at the evaluation point, which in turn calls for using ellipsoidal height in the formula for evaluating normal gravity, further it requires that the topographical correction be evaluated with the reference ellipsoid (as opposed to the geoid) as the lower boundary of topographical masses, which calls for referring the topo-surface in ellipsoidal heights.

7.  Formulation of GIP by means of gravity anomaly

Upon applying the 
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 differential operator to Eq. (e12), which represents the differential operator of the fundamental gravimetric equation in spherical approximation, cf. Eq. (e2), we get 
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where
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(e23)
is by definition the NETC gravity anomaly (gravity anomaly in the NETC space), and
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is by definition the “effect of earth’s anomalous density distribution on gravity anomaly”, which no longer is simply the attraction of the anomalous masses. Just the first term on the right hand side is the “gravitational effect (attraction) of the anomalous density” (
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), given by Eq. (e15), 
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the second term   
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(e26)
is, so to speak, introduced by the physics associated with the fundamental gravimetric equation when we force the problem set-up to adopt gravity anomalies instead of gravity disturbances. The 
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 is the product of applying the fundamental gravimetric equation to yield the contribution of the anomalous density into the observed gravity anomaly. Loosely speaking it is “sort-of-attraction” of anomalous masses under the “anomaly” apparatus. That is a key fact to realize. The 
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where the integral kernel in spherical approximation reads
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while 
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 is given by Eq. (e4) and 
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 by Eq. (e5). Thus we see that, if we want to formulate the GIP in terms of gravity anomaly, we have to use a different kernel in the volume integral over anomalous density distribution than that in the case of formulating the GIP in terms of the gravity disturbance. This is a very important point to realize. 
The NETC gravity anomaly, defined by Eq. (e23), can be compiled from observed data, the prescription being facilitated by Eqs. (e23) and (e11), hoping that the notation should be obvious by now, as
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where 
[image: image130.wmf]g

D

 is point gravity anomaly in real space given by the left–hand–side of Eq. (e2), and where


[image: image131.wmf](

)

º

W

D

,

h

A

ET

R


[image: image132.wmf])

,

(

2

)

,

(

W

+

+

¶

W

¶

-

h

V

h

R

h

h

V

ET

R

ET

R







(e30)
is, taken with the negative sign 
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, by definition the “spherical NETC topo–correction to gravity anomaly”, evaluated as
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where the K kernel is given by Eq. (e28). Note again, that the 
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 is the product of applying the fundamental gravimetric equation to yield the contribution of the ETC into the observed gravity anomaly. Loosely speaking it is “sort-of-attraction” of ETC under the “anomaly” apparatus. The 
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 is the “effect of ETC on gravity anomaly”, which no longer is simply the attraction of the ETC (
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), as seen below
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where 
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(e33)
is the secondary indirect topographical effect on gravity anomaly in the NETC space, SITENETC.  The SITENETC is a large effect that reaches values of the order of 100 mGal, as will be discussed in more detail in section 10. Clearly, the NETC topo–correction to gravity anomaly differs from the NETC topo–correction to gravity disturbance by the SITENETC. The following expression for the SITE in the NETC space can be derived, which unveils its physical meaning 
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(e34)
It represents the impact of the transformation of the vertical displacement, at the point of observation, from real space into the NETC space, on the evaluation of normal gravity when compiling the NETC gravity anomaly. 

Again the point gravity anomaly in the NETC space (the right–hand–side of the below inequality (e35)) differs from the NETC gravity anomaly defined by Eq. (e23) 
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where 
[image: image149.wmf]NETC

Z

 is the vertical displacement in the NETC space evaluated from the generalized Bruns equation in the NETC space. This difference (not shown here) is of similar size as the one discussed in the case of the disturbance.

Equation (e29) is used to compile the NETC gravity anomaly from observed data. At the topographical surface the normal heights can be used, and the prescription reads
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where the “NETC topo–correction to gravity anomaly” 
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 is computed by the volume integral of Eq. (e31), or as the sum of the “NETC topo–correction to gravity disturbance” 
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 with the help of Eq. (e32). An additional approximation could be adopted by which the normal height would be approximated by the orthometric height.

Equation (e22) links the anomalous density distribution inside the entire earth, via a volume integral of Eq. (e27) with the “observable” (realizable) NETC gravity anomalies. It constitutes the proof, that if gravity anomalies are to be used in gravimetric inversion or modeling or interpretation, they must be transformed into the NETC space, or in other words they must be corrected using the NETC topographical correction to gravity anomaly. Notice, that when compared with the formulation of the GIP in terms of gravity disturbance: (1) the compilation of the NETC gravity anomaly from observables is much more involved than the compilation of the NETC gravity disturbance, and (2) the kernel in the volume integral over anomalous density distribution is different and more complex than that in the case of gravity disturbance. Hence the “forward engine” that links the anomalous density with the observed anomalous gravity data is more complicated in the case of the anomaly than in the case of the disturbance.

An additional approximation could be adopted in all the derivations of this section, namely in the fundamental gravimetric equation and in the 
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. We do not assess the size of such approximation here. 

Once the ellipsoidal heights of the topo–surface in the area of interest are available, which is a necessary requirement for computing the NETC topo–correction to gravity anomaly, it makes no practical sense at all to compile the NETC gravity anomaly for the needs of gravity data inversion/interpretation, since under such circumstances the NETC gravity disturbance can be realized, which is not only easier to compile, but also simpler to use in the inversion or interpretation, as its physical meaning is that of the attraction of the anomalous masses.  

8.  Formulation of GIP by means of geoidal (or quasigeoidal) height

Everything that will apply in this section to the geoidal heights is applicable also to the quasigeoidal heights, in the case of using the normal heights and the quasigeoid as the vertical datum. By evaluating Eq. (e12) on the geoid, 
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, which can be thought of as if applying the apparatus of the Bruns equation at the level of the geoid to Eq. (e12), we get
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where
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(e38)
is by definition the geoidal height in the NETC space, i.e., the NETC (co–)geoidal height, and
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(e39)
is by definition the “effect of anomalous density distribution inside the entire earth on the geoidal height”, evaluated as
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(e40)

Geoidal heights may be compiled at sea from satellite altimetry data, or may come (globally, regionally, or locally) from some geoid solution, while being treated as observables. The NETC (co–)geoidal heights can be compiled, cf. Eqs. (e38) and (e11) as follows
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where
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is by definition the NETC topo–correction to geoidal height, evaluated as
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(e43)
Notice, that the reciprocal Euclidean distance, which is the kernel function in both the volume integrals in Eqs. (e40) and (e43), is evaluated for points of interest on the geoid.

Equation (e37) links the anomalous density distribution inside the entire earth, via volume integral of Eq. (e40), with the “observable” (realizable) NETC geoidal heights. It constitutes the proof, that if geoidal heights are to be used in gravimetric inversion or modeling or interpretation, they must be transformed into the NETC space, or in other words they must be corrected using the NETC topographical correction to geoidal heights.

9. Comparison of NETC gravity disturbance with spherical complete Bouguer anomaly 
Since the spherical complete Bouguer anomaly (“SCBA”) and its simplified forms, such as the planar variant or the incomplete variant, is the most commonly used anomalous gravity quantity in geophysical applications, we wish to compare the NETC gravity disturbance, which was demonstrated to be equal to the gravitational effect of anomalous density distribution inside the entire earth, cf. Eq. (e13), to the SCBA. We shall compare the two quantities on the topo-surface.

The SCBA on the topo-surface is usually defined (cf., Vaníček et al., 1999, Eq. [38]), here expressed in geodetic coordinates, after summing up the Bouguer shell term and the terrain correction, as
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(e44)

where normal gravity is evaluated at a point the geodetic height of which is equal to the value of the orthometric height 
[image: image180.wmf]H

 of the observation point (above geoid). Eventually the value of the normal height is used instead of that of the orthometric height. The last term on the right–hand–side is the “topographical correction to gravity” in spherical approximation, which removes the gravitational effect of topographical masses between the geoid and the topo–surface. Hence the lower integral boundary is the geoid, not the reference ellipsoid. The ultimate goal of this (“spherical complete Bouguer”) topo–correction to gravity is to remove the effect of topographical masses of real density – this kind is referred to as the NT topo–correction to gravity by Vaníček et al. (2004) and Vajda et al. (2004b). Since the real topographical density is not known, this topo–correction is usually evaluated in the first approximation using globally constant density (
[image: image181.wmf]0

r

) – such kind is referred to by Vajda et al. (2004b) as the NTC topo–correction to gravity to distinguish it from the NT topo–correction. 

The SCBA given by Eq. (e44) is rigorously speaking not a gravity anomaly, as it lacks the secondary indirect topographical effect SITENT (cf. Vaníček et al., 2004). The discussed SCBA is a hybrid quantity, half–anomaly and half–disturbance. By normal gravity it is an anomaly, but by the topo–correction it is a disturbance. Either the kernel in the square brackets would have to change to the K kernel (Eq. (e28)) or the SITENT would have to be added to make the SCBA rigorously a gravity anomaly. Although for instance the SITE in the Helmert space is negligible (Vaníček et al., 1999), the SITE in the NT space may reach a magnitude of (a few) 100 mGal(s) and is correlated with the topo–surface (Vaníček et al., 2004). Now a remark is necessary: many geophysicists recognize that for the use of the SCBA in geophysics the normal gravity should be evaluated at the “observation” point using ellipsoidal height, and that the topo–correction should be evaluated using the reference ellipsoid as the lower boundary instead of the geoid, but they still refer to such quantity as the Bouguer anomaly, while it rigorously is a gravity disturbance, a kind of disturbance that we call here the “NETC gravity disturbance” (due to the type of the topo–correction) to distinguish between the two.

Yet the SCBA, as given by Eq. (e44), is the quantity that remains most commonly used in gravity data inversion/interpretation in geophysics. Not only is it a strange hybrid from the rigorous viewpoint, as discussed above, but it also systematically deviates from the gravitational effect of the sought anomalous masses, as we attempt to show below. Since the gravitational effect of the anomalous masses is equal to the NETC gravity disturbance, cf. Eq. (e13), we can write our discussed systematic deviation as
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This systematic deviation has been recognized in geophysics as the geophysical indirect effect (Chapman and Bodine, 1979; Vogel, 1982; Jung and Rabinowitz, 1988; Meurers, 1992; Talwani, 1998; Hackney and Featherstone, 2003), abbreviated hereafter as “GIE” (that is why the superscript), which is often quoted in its simplified variants as “free–air GIE” or “Bouguer GIE” (e.g., Talwani, 1998; Hackney and Featherstone, 2003). Making use of Eqs. (e45) and (e44), we evaluate the GIE as
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Equation (e46) represents the most general form of the geophysical indirect effect. The GIE consists of two terms: The first term (in the square brackets) accounts for the change of normal gravity along the vertical displacement (between the telluroid and the topo–surface, if the evaluation point lies on the topo–surface), the second term is the gravitational effect of masses of constant density between the reference  ellipsoid and the geoid. The first term can be approximated as
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If the second term (the volume integral) in Eq. (e46) is neglected we get the “free–air GIE”. If the second term (the volume integral) is approximated by the gravitational effect of a Bouguer plate/shell of the thickness equal to the geoidal height at the evaluation point, then we get the “Bouguer GIE”. Obviously, the first term of the GIE is correlated with geoidal heights and may reach a magnitude of 30 mGal. It is illustrated for the area of the Eastern Alps in Fig. 3. Figure 4 illustrates the second term of the GIE for the same area, computed in a flat earth approximation. The sum of the two, the GIE, is shown in Fig. 5. The borders of Austria are indicated in the figures.

Fig. 3.  The first term of the geophysical indirect effect for the area of the Eastern Alps (Austria). The effect is in mGal.

Fig. 4.  The second term of the geophysical indirect effect for the area of the Eastern Alps (Austria). The effect is in mGal.

Fig. 5.  The geophysical indirect effect for the area of the Eastern Alps (Austria). The effect is in mGal.

In some local or even regional studies the GIE perhaps can be neglected as trend of no interest, e.g., if looking for isolated anomalous bodies. In other studies it might not be so, e.g., in estimating the thickness of a basin, in estimating the depth of the lower boundary of the lithosphere, etc. In some applications the GIE may cause a significant off–set in the results. Historically the separation between the geoid and the ellipsoid used to be ignored in the GIP. Nowadays it is possible to compute the topo–corrections using the reference ellipsoid as the lower boundary of the topographical masses, by means of using ellipsoidal heights. It should be therefore always examined, whether it is possible to neglect the GIE, depending on the accuracy requirements, arial extent of the study, and application.

If the GIE can be neglected, then the SCBA approximates the NETC gravity disturbance, and the SCBA then can be interpreted as the gravitational effect of anomalous density inside the entire earth. 

10.  Discussion

Attraction, also called gravitational effect, is defined as the vertical derivative of the respective potential, be it the potential of real density inside the earth, or the anomalous density inside the earth, or the reference (constant) density of the ellipsoidal topography, etc. The attraction of the ETC in real space differs from the attraction of the ETC in the NETC space due to the difference in vertical directions between real space and NETC space. Also in the NETC space the difference between the point definition of the gravity disturbance and the definition using disturbing potential is about ten times greater than in the real space, since the deflection of the vertical is larger in the NETC space than in the real space. These two effects are rigorously treated in the Appendix. As a consequence, the NETC topo–correction to gravity differs from the NETC topo–correction to gravity disturbance, as shown by Eq. (A7). Similar statements hold true for the NETC gravity anomaly and the topo–correction related to it. 

In Section 7, devoted to the NETC gravity anomaly, the secondary indirect topographical effect  SITENETC, Eq. (e33), is introduced. This effect is large, and is very similar (in size and spatial behavior) to the SITENT discussed in (Vaníček et al., 2004, Eq. [53], Fig. 2), since the NETC and NT model spaces differ only by the effect of masses between the geoid and the reference ellipsoid, and by the effect of the inhomogeinity of topographical density. In areas of high mountains it may reach magnitudes of the order of 100 mGal.

The NETC topographical corrections discussed in this paper, given as volume integrals with specific kernels (
[image: image191.wmf]1

-

L

,
[image: image192.wmf]J
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), can in principle be evaluated exactly using the ellipsoidal (geodetic) coordinates, cf. (Vajda et al., 2004a, Sec. 3; Novák and Grafarend, 2005). Ellipsoidal corrections to the spherical approximations of these integrals are by three orders of magnitude smaller (Novák and Grafarend, 2005). Nevertheless, the discussed NETC topographical corrections must rigorously be evaluated over the whole globe (full solid angle). The integration over full solid angle is a very demanding, nay impossible requirement. Naturally, in practice, especially in regional and moreover in local geophysical applications, the integration is truncated at some spherical distance (spherical cap). It is far beyond the scope of this paper to give any estimates of such truncation errors in the cases of our NETC topo–corrections, as these are very terrain–specific, just as any topographical correction. An alternative to neglecting the truncation error in topo–corrections is the evaluation of the far zone contribution in spectral form using global topographical models. We refer the reader to the list of publications cited e.g. in (Vajda et al., 2004a, Sec. 6.4), where also other numerical aspects of evaluating the topo–corrections are discussed. When truncating the integrals, additional approximations may be adopted, that simplify the computations, namely approximations of the integral kernels, which may be classified as “linear approximation”, “planar approximation”, and “flat earth approximation” (cf. Jekeli and Serpas, 2003). 

The evaluation of the NETC topo–correction to gravity anomaly (
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) may be split into two terms, the NETC topo–correction to gravity disturbance (
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) and the (negative) SITENETC  given by Eq. (e33), the advantage being in working with integral kernels simpler than the 
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 kernel, for which numerical implementations of the above mentioned approximations already exist. 

What was said about the truncation of the integration and about the approximations of the integral kernels holds true also for the second term of the geophysical indirect effect given by the volume integral in Eq. (e45).

The four discussed “effects of the anomalous density distribution on anomalous gravity quantities”, which are given in terms of Newton volume integrals over anomalous density using the above mentioned three kernel functions – namely the potential of anomalous density (
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d

) given by Eq. (e9), the gravitational effect (attraction) of anomalous density (
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) given by Eq. (e15), the effect of anomalous density on gravity anomaly (
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) given by Eq. (e27), and the effect of anomalous density on geoidal height (
[image: image200.wmf]N

d

) given by Eq. (e39) – must also rigorously be integrated over the entire globe (full solid angle) and over depths from the topo–surface to the earth’s center. These volume integrals can also be in principle evaluated in ellipsoidal (geodetic) coordinates exactly, cf. (Vajda et al., 2004a). As the integration is performed over anomalous, as opposed to real, density, we take it, that the spherical approximation is accurate enough. Again, the integration domain is in practice truncated to some preselected spherical distance and to some preselected maximum depth (below the reference ellipsoid). Here we shall make no attempt to estimate the mentioned truncation error. The kernels of these integrals are the same as in the case of the topo–corrections. Therefore what was said about the approximations of the kernels above applies also here. Then the known techniques for solving the GIP may be applied to determine this anomalous density, such as those falling into the categories of direct inversion or forward and inverse modeling (e.g., Blakely, 1995). For instance the anomalous density distribution in these volume integrals may be parameterized in terms of either 3D grid cells, or bodies of simple geometry, transforming the problem into a system of linear equations (ibid).

The NETC topo–corrections are not to be considered Bouguer topo–corrections. It is NT topo–corrections (cf. Vaníček et al., 2004; Vajda et al., 2004b) that can be considered as “spherical complete Bouguer topo–corrections”.

If the globally constant reference topographical density 
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 in the ET region were replaced by a different reference density model 
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, the NETC topo–corrections would be replaced by “No Reference Ellipsoidal Topography” (NRET) topo–corrections. The kind of the NRET corrections would be specific to the choice of the reference density 
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. In practice this would be a case when some apriori knowledge on topographical masses is available. Such an approach is known in geophysics as “stripping”
To simplify the matter, in the context of our study we have been ignoring the fact that the geodetic heights of the topo–surface are negative in some areas over the globe, where the topo–surface dips below the reference ellipsoid. In global applications or when working in areas with negative geodetic heights, this fact must be taken into account. Proper treatment of negative ellipsoidal topography in the context of NETC topographical corrections can be found in (Vajda et al., 2004a). 

11.  Summary and conclusions

If we set to search for anomalous density below the surface of the earth, we need to select the reference density below the topographical surface by which the anomalous density is defined. Since we aim at formulating the gravimetric inverse problem (GIP) in terms of the disturbing potential and/or parameters of the anomalous gravity field derived thereof, the most natural choice of the reference density is to use a model normal density distribution inside the reference ellipsoid, such that generates the normal gravitational potential. That leaves us with defining reference density in the region between the reference ellipsoid and the topographical surface, this being referred to by us as the “reference ellipsoidal topography” (RET). The most natural and simplest choice, although not the single one, is the RET of constant density, referred to by us as the “ellipsoidal topography of constant density” (ETC). 

When decomposing the actual gravitational potential of the earth into four terms, according to the regions of the earth – reference ellipsoid, and ellipsoidal topography – and according to reference and anomalous densities in each region, we quickly find out, that the terms containing anomalous density equate to the disturbing potential corrected for the potential of the ETC. The removal of the ETC potential transforms the gravity field into the NETC space, such line of thinking being inspired by (Vaníček and Martinec, 1994; Vaníček et al., 1999; 2004). Equation (e12) proves, that the disturbing potential in the NETC space is rigorously equal to the potential of anomalous density inside the entire earth. This is a key point, since all other parameters of the anomalous field are derived from the disturbing potential in the NETC space. Consequently all the derived parameters will belong to the NETC space. The concept of the NETC space can be viewed as a mathematical means that assures that the topographical corrections to the parameters of the anomalous field are derived rigorously.

When the operators that derive other parameters of the anomalous field from the disturbing potential are applied to Eq. (e12), it results in the formulation of the GIP in terms of these parameters – such as gravity disturbance (in the NETC space), gravity anomaly (in the NETC space), geoidal height (in the NETC space), etc. Such derivations were performed in detail in sections 6 through 8.  

Equation (e13) links the anomalous density distribution, via the volume integral of Eq. (e16), with the “observable” (realizable) NETC gravity disturbance. This equation constitutes a proof, which stands as a fundamental contribution of our paper, namely, that the anomalous gravity quantity, that is rigorously equal to the gravitational effect of all the anomalous masses inside the entire earth, is the NETC gravity disturbance. The compilation of the NETC gravity disturbance, prescribed by Eqs. (e18) and (e20), requires the knowledge of normal gravity at the evaluation point, which in turn calls for using ellipsoidal height in the formula for evaluating normal gravity, further it requires that the topographical correction, Eq. (e20), be evaluated with the reference ellipsoid (as opposed to the geoid) as the lower boundary of topographical masses, which calls for referring the topo–surface in ellipsoidal heights.

Equation (e22) links the anomalous density distribution inside the entire earth, via a volume integral of Eq. (e27) with the “observable” (realizable) NETC gravity anomaly. It constitutes the proof, that if gravity anomalies are to be used in gravimetric inversion or modeling or interpretation, they must be transformed into the NETC space, or in other words they must be corrected using the “NETC topographical correction to gravity anomaly” given by Eq. (e31). Notice, that when compared with the formulation of the GIP in terms of gravity disturbance: (1) the compilation of the NETC gravity anomaly from observables is much more involved than the compilation of the NETC gravity disturbance, and (2) the kernel in the volume integral over anomalous density distribution is different and more complex than that in the case of gravity disturbance. Hence the “forward engine” that links the anomalous density with the observed anomalous gravity data is more complicated in the case of the anomaly than in the case of the disturbance.

Once the ellipsoidal heights of the topo–surface in the area of interest are available, which is a necessary requirement for computing the NETC topo–correction to gravity anomaly, it makes no practical sense at all to compile the NETC gravity anomaly for the needs of gravity data inversion/interpretation, since under such circumstances the NETC gravity disturbance can be compiled, which is not only easier to realize, but also simpler to use in the inversion/interpretation, as its physical meaning is that of the attraction of the anomalous masses.  

Equation (e37) links the anomalous density distribution inside the entire earth, via volume integral of Eq. (e40), with the “observable” (realizable) NETC geoidal heights. It constitutes the proof, that if geoidal heights are to be used in gravimetric inversion or modeling or interpretation, they must be transformed into the NETC space, or in other words they must be corrected using the “NETC topographical correction to geoidal heights” given by Eq. (e43).

The “NETC topo–correction to gravity anomaly” differs from the “NETC topo–correction to gravity disturbance” by the secondary indirect topographical effect in the NETC space, SITENETC, which is an effect that can reach in the areas of high mountains magnitudes of the order of 100 mGal. 

Note, that the equations that relate the anomalous density, via Newton integrals with specific kernels, to “observable” (realizable) NETC gravity disturbance or anomaly are formulated for observation points that are not restricted to lie on the topo–surface, at the geoid, or at any other reference surface. This means that the formulation of the GIP does not inherently require gravity data continuation (or a “reduction” of the observation point). The GIP is formulated at the points wherever gravity data are observed. 

In the NETC space the disturbing potential is harmonic above the topo–surface. Hence also the NETC gravity disturbance and the NETC gravity anomaly (both multiplied by the geocentric distance 
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) are harmonic above the topo–surface and can be in this region harmonically upward–/downward– continued using e.g. the Poisson integral (e.g., Heiskanen and Moritz, 1967). Below the topo–surface the above mentioned quantities are not harmonic, due to the presence of anomalous topographical density distribution, and cannot be in this region harmonically continued. 

Since the spherical complete Bouguer anomaly (“SCBA”), cf. Eq. (e44), is the most commonly used anomalous gravity quantity in geophysical applications, we have compared it to the NETC gravity disturbance, which was demonstrated to be equal to the gravitational effect of anomalous density distribution inside the entire earth, cf. Eq. (e13). The SCBA given by Eq. (e44) is rigorously speaking not a gravity anomaly, as it lacks the secondary indirect topographical effect SITENT (cf. Vaníček et al., 2004). The discussed SCBA is a hybrid quantity, half–anomaly and half–disturbance. By normal gravity it is an anomaly, but by the topo–correction it is a disturbance. Either the kernel of its topo–correction would have to change to the K kernel (Eq. (e28)) or the SITENT would have to be added to make the SCBA rigorously a gravity anomaly. 

In section 9 it was demonstrated that the SCBA systematically deviates from the gravitational effect of the sought anomalous masses by the so called geophysical indirect effect (GIE), the most general form of which was derived in this section, cf. Eq. (e46). The GIE was estimated to be of the order of 10 mGal. It was computed for the area of the Eastern Alps, cf. Figs. 3 through 5. In some local or even regional studies the GIE perhaps can be neglected as trend of no interest, e.g., if looking for isolated anomalous bodies. In other studies it might not be so, e.g., in estimating the thickness of a basin, in estimating the depth of the lower boundary of the lithosphere, etc. In some applications the GIE may cause a significant off–set in the results. 

Historically the separation between the geoid and the ellipsoid used to be ignored in the GIP. Nowadays it is possible to compute the topo–corrections using the reference ellipsoid as the lower boundary of the topographical masses, by means of using ellipsoidal heights. It should be therefore always examined, whether it is possible to neglect the GIE, depending on the accuracy requirements, arial extent of the study, and application. In cases when the GIE can be neglected, the SCBA approximates the NETC gravity disturbance, and the SCBA then can be interpreted as the gravitational effect of anomalous density inside the entire earth. 

Appendix 

The actual gravity (gravitational plus centrifugal) potential W is transformed into the NETC space as follows
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where 
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 is the NETC topographical correction to potential given by Tab. 2. The actual gravity in the NETC space is given by the expression
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where 
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H

 is the orthometric height in the NETC space. For the verification of the compatibility of the point gravity disturbance in the NETC space with the gravity disturbance defined by means of the NETC disturbing potential we will need to describe several deflections of the vertical as depicted in Fig. 6. The normal gravity vector on the reference ellipsoid defines the inward normal to the reference ellipsoid. The normal gravity vector at the evaluation point (apart from the ellipsoid) defines a vertical direction which we will annotate by unit vector 
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. The actual gravity vector at the evaluation point in the real space defines our third vertical direction and the actual gravity vector at the evaluation point in the NETC space defines our fourth vertical direction. Consequently we shall make use of the following deflections of the vertical, cf. Fig. 6: 
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 is the deflection of the vertical at the evaluation point in real space, 
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 is the deflection of the normal vertical due to the curvature of normal plumbline between the reference ellipsoid and the evaluation point, which is very minute, 
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 is the deflection of the vertical at the evaluation point in the NETC space, 
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 is the deflection between the actual gravity vectors in real and NETC spaces. 

The “point gravity disturbance in the NETC space” is defined as
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while the “NETC gravity disturbance” is defined by means of the NETC disturbing potential, cf. Eq. (e14). Since we assume that these two quantities might differ, we denote the point gravity disturbance in the NETC space differently than the NETC gravity disturbance, as seen in Eq. (A3).
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Fig. 6.  The vertical directions and the deflections 
of the vertical in the real and NETC spaces.

Let us verify the compatibility of the two definitions of the gravity disturbance in the NETC space. Making use of the normal gravity potential U, which is the sum of the normal gravitational potential and the centrifugal potential, we can write
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If we assume the deflections to be small angles and use the first two terms of the Taylor series expansion of the cosines, we get
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The last term on the right–hand–side is perfectly negligible, as it is below 0.2 
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Gal, elsewhere up to altitudes 12 km. However, the “effect of the deflection of the vertical in the NETC space on gravity”
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is likely much larger than the “effect of the deflection of the vertical on gravity in real space” (assessed to be of the order of 10 
[image: image225.wmf]m

Gal), due to the removal of the topographical masses and due to the remaining “isostatic” roots of the topography (Novák, personal communications, October 2004). It is anticipated to be possibly of a magnitude of several 100 
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Gals. We do not attempt to numerically assess it here, as we make no use of the “point gravity disturbance in the NETC space” in the context of our study. We only want to point out the incompatibility of the two definitions of the gravity disturbance in the NETC space. 

Similarly the “NETC topo-correction to gravity disturbance” will differ from the “NETC topo-correction to gravity”. This is due to the difference between the attraction of the ETC in real space and the attraction of the ETC in the NETC space. The “NETC gravity” defined by Eq. (A2) is the NETC topo–corrected actual gravity 


[image: image227.wmf](

)

W

,

h

g

NETC



 EMBED Equation.3  [image: image228.wmf]NETC

NETC

H

h

W

¶

W

¶

-

=

)

,

(



 EMBED Equation.3  [image: image229.wmf]=

¶

W

¶

+

¶

W

¶

-

=

NETC

ET

R

NETC

H

h

V

H

h

W

)

,

(

)

,

(




[image: image230.wmf](

)

(

)

@

¶

W

¶

+

¶

W

¶

-

=

NETC

ET

R

NETC

H

h

h

V

H

h

W

q

q

cos

)

,

(

cos

)

,

(




[image: image231.wmf](

)

(

)

(

)

(

)

(

)

(

)

ú

ú

û

ù

ê

ê

ë

é

W

+

W

-

W

-

+

W

@

2

,

2

,

,

,

2

2

NETC

ET

R

NETC

H

ET

R

h

A

h

g

h

A

h

g

q

q

 ,


(A7)

where 
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 is the “NETC topo-correction to gravity disturbance” as given by Eq. (e20), while the term in the square brackets is the “NETC topo–correction to gravity”, which obviously differs from the 
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. Equation (A7) is rigorous. In our study here we make use of the NETC topo–correction to gravity disturbance only, not of the NETC topo–correction to gravity, and therefore we make no attempt to numerically assess their difference. We only wish to point out, that there is a rigorous difference between the two, and it may become of a size that in some applications cannot be simply ignored. 
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