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Abstract: To calibrate airborne gravity gradiometers currently in development in China, it is urgent
to build an airborne gravity gradiometer test site. The site’s selection depends on the preknowledge
of high-resolution gravity and gradient structures. The residual terrain modelling (RTM) technique
is generally applied to recover the short-scale gravity field signals. However, due to limitations
in the quality and resolution of density models, RTM terrain generally assumes a constant density.
This assumption can introduce significant errors in areas with substantial density anomalies and
of reggued terrain, such as volcano areas. In this study, we promote a method to determine a high-
resolution gravity field by integrating long-wavelength signals generated by EGM2008 with short-
wavelength signals from terrain relief and shallow density anomalies. These short wavelength signals
are recovered using the RTM technique with both constant density and density anomalies obtained
through the equivalent source layer (ESL) method, utilizing sparse terrestrial gravity measurements.
Compared to the recovery rate of 54.62% using the classical RTM method, the recovery rate increases
to 86.22% after involving density anomalies. With this method, we investigate the gravity field signals
over the Wudalianchi Volcano Field (WVF) both on the Earth’s surface and at a flight height of 100 m
above the terrain. The contribution of each part and their attenuation characters are studied. In
particular, the 5 km × 5 km area surrounding Bijiashan (BJS) and Wohushan (WHS) volcanos shows
a strong gravity signature, making it a good candidate for the test site location. This study gives the
location of the airborne gravity gradiometer test site which is an essential step in the instruments’
development. Furthermore, the method presented in this study offers a foundational framework for
future data processing within the test site.

Keywords: gravity gradiometer test site; residual terrain modelling; equivalent source method;
gravity field

1. Introduction

Gravity gradients are the second-order derivatives of gravity potential in various
directions. They are capable of reflecting the variation of the Earth’s mass distributions
and its generated gravity field more finely and comprehensively than gravity anomalies,
therefore they are widely applied in resource exploration, submarine navigation, geological
survey, and ultra-detailed gravity field determination [1–3].
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Over the past decades, the development of gravity gradiometry has achieved hy-
pergrowth in gradiometers, deployment scenarios, and the number of conducted gravity
gradient surveys [4–6]. Torsion balance, developed in the 18th Century, is the first instru-
ment to measure all gradient tensor elements. It is sensitive to the angle between forces
on the two masses at either end of a horizontal beam. However, it generally takes a long
time to measure a single point [7]. Since the 1960s, the moving-base (vehicles, ships, and
airplanes) gradiometry systems have received a significant amount of attention for their
great efficiency. The world’s first gravity gradiometer was developed by Lockheed Martin
(former Bell Space) in the USA in the 1970s for use on submarines for defense purposes
[1,8]. It was de-classified and applied to exploration in 1997. The two members of the
Lockheed family of gradiometers including Lockheed Martin Air Full Tensor Gradiome-
ter (FTG) by Bell Geospace [8] and FALCONTM Airborne Gravity Gradiometer (AGG)
developed by the collaboration of BHP Billiton from Australia [9]. The FalconTM system
measures the components TUV and TNE depending on a gravity gradiometer instrument
mounted in an inertial platform at a noise level of 3.3 E [10], while the Air-FTG system
measures the acceleration of gravity in all directions of the field depending on three gravity
gradiometer instruments at a noise level of 4–6 E [11]. Each gravity gradiometer instrument
consists of four accelerometers on a rotating disk. Gravity Field and Ocean Circulation
Explorer (GOCE), conducted by ESA in 2009, aimed to measure the gradient tensors rely-
ing on an electrostatic suspended gravity gradiometer [12]. Many other projects relying
on alternative technologies have come into sight, e.g., the Superconducting Gradiometer
developed by U.Maryland and by ARKEX company [13], MEMS gravity gradiometer by
University of Twente [14], cold-atomic interferometer gravity gradiometer by Stanford
University [15], quantum gravity gradiometer by Yale University, Università Degli Studi di
Firenze, Observatoire de Paris and Office National d’Etudes et de Researches Aerospatiales
(ONERA) [16–21]. Additionally, there are projects underway in China for the develop-
ment of a rotating accelerometer gravity gradiometer and atom interferometry gravity
gradiometer, which are expected to be used in aircraft for efficient gravity field detec-
tion over mountain and coastal areas [22–25]. Both of these gradiometers could achieve
a 0.25 Hz sampling rate. It corresponds to a spatial wavelength of 220 m assuming the
nominal fix-wing survey ground speed of 55 m/s and a spatial wavelength of 72 m with a
helicopter velocity of 18 m/s.

The calibration and validation of the accuracy are essential steps in determining the
credibility of various gravity gradiometers based on different principles. One key phase of
testing is to build a test site, where dense and accurate terrestrial gravity measurements are
collected [1,26]. The capabilities of the gravity gradiometer, including its precision, noise
levels, and the impact of mass distributions on signal strength at various flying altitudes,
are then examined. This examination is achieved through a comparison of the gradiometer
measured signals with signals derived from terrestrial gravity measurements [1,27]. The
most famous R.J. Smith airborne gravity and gradiometry test site, located 115 km from
Perth’s Jandakot Airport in Western Australia, was established in 2009 [28]. This publicly
accessible test site offers accurate and dense terrestrial gravity observations, serving as a
benchmark for evaluating new and existing airborne gravity gradiometry (AGG) technology.
Additionally, the Alexandria test area, located near Ottawa, Canada, was constructed
in 2000 as part of the Airborne Gravity for Exploration and Mapping (AGEM) project,
with the objective of calibrating various airborne gravimeters using terrestrial gravity
measurements [29]. The Nevada test site played a crucial role in the Long-Range Program
of geologic and geophysical investigations by the U.S. Geological Survey and is available
for calibration of different airborne gravimeters [30]. Similar calibration tests have been
implemented by comparing gravity surveys from various airborne gravity systems, such
as Sander’s AIRGrav system, with terrestrial gravity surveys. Examples include the Tietê
Airborne Gravity Test Site over the Turner Valley area near Calgary, Alberta, Canada, and
the Timmins region in Ontario, Canada [31–33].
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With the advancement in gravity gradiometry technologies in China, there is an
increasing demand to establish a gravity gradiometer test area for the evaluation of both
the capability and precision of gravity gradiometers currently in use and those under
development. In selecting an appropriate test site, we consider several key criteria outlined
in previous studies [1,31].

• The site should exhibit pronounced high-frequency and shallow gravity field features.
• It should be with moderate terrain.
• The site should be minimally impacted by human activities.
• There should be no restrictions on flight altitudes.

Additionally, considering that the various geodetic observations will be taken in the near
future over the test site, one promising candidate is the Wudalianchi Volcano Geopark,
which holds potential for applications in both geodesy and geophysics. Therefore, con-
ducting a preliminary study of the topography, gravity field, and gradient features in the
Wudalianchi area and determining the precise location for the test site, potentially in a
5 km × 5 km area akin to the Kauring test site, becomes of significant importance.

The gravity field is the composite contribution of the Earth’s mass distribution and the
Earth’s rotation. Over the past decades, a variety of gravity measurement techniques have
been developed enabling the understanding of the gravity field. These methods, includ-
ing the least-square collocation [34–36], the radial base function [37–39] and least-squares
modifications of Stokes [40], have proven effective in regional gravity field determina-
tion through combining the global gravity field model (GGM), gravity measurements
and digital elevation models (DEM). Specifically, gravity gradients can be computed by
combining terrestrial gravity measurements and GGMs, which have been achieved using
various methods, such as least-square collocation [41–43], radial base function method [44],
extended Stokes and Hotine formula [45], in spherical harmonics [46], and least squares
spectral combination technique [47]. However, the gravity field solutions are limited by
the spatial distribution of terrestrial gravity measurements. Additionally, the method of
extending the existing GGMs through the residual terrain modelling (RTM) technique is
widely applied in the gravity field synthesis for areas requiring precise knowledge of the
Earth’s gravity field [48–53]. In this method, the high-frequency gravity field is generated
by the residual masses between the Earth’s topography and a smooth reference topography.
Limited by the knowledge of precise near-surface density distributions, density of the
Earth’s topography is generally assumed to be a constant value of 2670 kg/m3. This would
involve great errors over complex geological areas [52]. Although in the Earth’s interior,
the actual density distribution varies in three dimension, an equivalent layer density model
derived from ground gravity anomalies [54,55] would be adapted in RTM process. In this
study, we promote to calculate regional gravity field signals, including gravity anomalies
and gradient tensors, through combing the long-wavelength gravity field generated by
GGM, high-frequency gravity field signals derived from RTM with a constant density
assumption of 2670 kg/m3 and residual signals from density anomalies. With this method,
the detailed gravity and gradient features on the ground and at flight height over the
Wudalianchi Volcano Field are evaluated. Based on these results, the precise location for
the test area is recommended. Need to mention that, the promoted method in this study
is validated through comparison with gravity measurements, which have affirmed its
effectiveness in gravity determination over the Wudalianchi Volcano Field. When it comes
to the determination of gradients, only the performance of Equivalent Source Layer (ESL)
is validated through a numerical simulation test due to the unavailability of actual gradient
measurements. Considering the fundamental theory of gravity field determination and the
confirmed performance of ESL, this validates the method’s capability in determining the
gravity field over study area and its validity in determining the test site.

This work is organized as follows. In Section 2.1, we introduce the fundamental
concepts of the RTM technique Section 2.1 and equivalent source layer method (ESL)
Section 2.2. Section 3 presents the study area, available datasets, data processing procedures,
and numerical results related to gravity and gradient features over the Wudalianchi Volcano
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Field (WVF). In Section 4, we recommend the precise location for the test site, and discuss
the contribution of GGM, the RTM with constant density and with density anomalies.
Finally, the main conclusions are given in Section 5.

2. Methodology

In this section, we introduce the methods used in this study. This includes the main
principles of the RTM technique for gravity field determination with RTM topographic
masses, and the ESL method for density anomaly inversion.

2.1. The Principle of RTM Technique

The primary objective of the RTM technique, as introduced by [35,48], is to calculate
the high-frequency gravity field at scales beyond what GGMs can provide. The basic
principle of RTM involves the filtering in geometry through subtracting a smooth reference
surface HREF from a detailed digital elevation model (DEM) H (Figure 1). Subsequently, the
high-frequency portion of topographic masses between the Earth’s surface and the reference
surface is obtained. In this study, the reference surface is expanded to degree 2159, which
corresponds to the maximum degree of the global gravity field model EGM2008. With the
assumption of equivalence between filtering in the geometric domain and in the physical
domain, this expansion ensures that the long-wavelength gravity field signals generated by
the reference topography, which are already included in EGM2008, are effectively removed
within the RTM technique. Then, the high-frequency signals beyond the degree of 2159 in
gravitational potential VRTM can be obtained using Newton’s integral [56].

Figure 1. The basic principle of RTM technique (followed [57]). DS, RS and SL/E indicate the detailed
DEM, reference surface and sea level/elliposid where DS and RS were referred to, respectively.
PD

1 , PD
2 are computation points on the detailed DEM, while PR

1 , PR
2 are their respect points on the

reference surface.

VRTM ≈ VHC+G
∫ ψ=ψ0

ψ=0

∫ α=2φ

α=0

∫ rQ=R+H

rQ=R+Hre f

ρ
r2

Q sin ψ

l
drdαdψ (1)

where V indicates the gravitational potential at the computation point, variable G is the
gravitational constant, ρ is mass density, and l is the Euclidean distance between the
computation point P and the running integration element Q. Due to the oscillating nature
of the residual heights, the RTM gravitational effects generated by masses beyond a certain
radius ψ0 tend to fluctuate around 0. Consequently, these effects can be largely cancelled
out. This cancellation leads to a significant improvement in computational efficiency.

The RTM gravity anomaly is the first radial derivative of Equation (1) [56],

δgRTM ≈ δgHC + G
∫ ψ=ψ0

ψ=0

∫ α=2φ

α=0

∫ rQ=R+H

rQ=R+Hre f

ρ
r2

Q(r− rQ cos ψ) sin ψ

l3 drdαdψ (2)

As shown in Figure 1, there are special cases, like computation point PD
2 , locating

below the reference surface. This means that the computation points are in the RTM masses,
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and the directly computed gravity field with Newton’s integration does not represent
the Earth’s external gravity field. This is the non-harmonicity problem in the RTM tech-
nique and harmonic correction (HC) is required for such cases [48]. VHC and δgHC in
Equations (1) and (2) indicate the HC terms for the RTM gravitational potential and for the
RTM gravity anomaly, respectively. Various studies have been implemented to derive the
HC expressions for RTM [48,56–59]. The following gives the expressions of HC based on
the classical condensation method [48,57]:

VHC = πGρ(H − Hre f )
2, H − Hre f < 0

δgHC = 4πGρ(H − Hre f ), H − Hre f < 0
(3)

The gravity gradient components are generally defined in the local north-oriented coordi-
nate system. In the local north-oriented coordinate system, the origin is the computation
point P, and (x, y, z) indicate the coordinates in the north, west and radial directions,
respectively. The components of gradient tensor followVRTM

xx VRTM
xy VRTM

xz
VRTM

yx VRTM
yy VRTM

yz
VRTM

zx VRTM
zy VRTM

zz

 =


∂2VRTM

∂x∂x
∂2VRTM

∂x∂y
∂2VRTM

∂x∂z
∂2VRTM

∂y∂x
∂2VRTM

∂y∂y
∂2VRTM

∂y∂z
∂2VRTM

∂z∂x
∂2VRTM

∂z∂y
∂2VRTM

∂z∂z

 (4)

VRTM
xx ≈

∫ x=x1

x=x0

∫ y=y1

y=y0

∫ z=R+H

z=R+HREF

Gρ
3(x− x′)2 − l2

l5 dzdydx

VRTM
xy ≈

∫ x=x1

x=x0

∫ y=y1

y=y0

∫ z=R+H

z=R+HREF

Gρ
3(x− x′)(y− y′)

l5 dzdydx
(5)

and the components VRTM
yy and VRTM

zz can be obtained from VRTM
xx by cyclic permuta-

tion, while VRTM
xz and VRTM

yz are obtained from VRTM
xy by cyclic permutation. Here, the

x0, x1, y0, y1 indicate the horizontal limits of integration masses, and (x′, y′, z′) the coordi-
nates of integration elements in the local north-oriented coordinate system.

The solution to the above integrals can be obtained in the space domain by dividing
the residual terrain masses into a series of elements. Each element is then approximated
by a regular geometry, such as a prism, for which analytical or numerical solutions can
be applied [60]:

δgRTM = Gρ

∣∣∣∣∣
∣∣∣∣∣
∣∣∣∣∣(y′ − y) ln

∣∣∣∣∣ (x′ − x) + l√
(z′ − z)2 + (y′ − y)2

∣∣∣∣∣+ (x′ − x) ln

∣∣∣∣∣ (y′ − y) + l√
(z′ − z)2 + (x′ − x)2

∣∣∣∣∣
−(z′ − z) arctan

(y′ − y)(x′ − x)
(z′ − z)l

∣∣∣∣ ∆x
2

− ∆x
2

∣∣∣∣∣
∆y
2

− ∆y
2

∣∣∣∣∣∣∣
∆z
2

− ∆z
2

(6)

The second derivatives are

VRTM
xx = Gρ

∣∣∣∣∣∣∣
∣∣∣∣∣
∣∣∣∣− arctan

(y′ − y)(z′ − z)
(x′ − x)l

∣∣∣∣ ∆x
2

− ∆x
2

∣∣∣∣∣
∆y
2

− ∆y
2

∣∣∣∣∣∣∣
∆z
2

− ∆z
2

(7)

VRTM
xy = Gρ

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣
∣∣∣∣∣ln
∣∣∣∣∣ (z′ − z) + l√

(x′ − x)2 + (y′ − y)2

∣∣∣∣∣
∣∣∣∣∣

∆x
2

− ∆x
2

∣∣∣∣∣∣
∆y
2

− ∆y
2

∣∣∣∣∣∣∣∣
∆z
2

− ∆z
2

(8)
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here ∆x = x − x′, ∆y = y − y′, ∆z = z − z′ and l =
√
(x′ − x)2 + (y′ − y)2 + (z′ − z)2.

Similarly, the solutions of the components VRTM
yy and VRTM

zz can be obtained from VRTM
xx ,

and VRTM
xz and VRTM

yz from VRTM
xy by cyclic permutation.

2.2. Description of Equivalent Source Layer (ESL) Setting

As is discussed above, near-surface density variations also contribute to high-frequency
gravity field signals, and it is essential to account for them. In this study, we assume a finite
ESL consisting of uniformly sized prism grids, which represent compact mass anomalies in
the shallow crust. These grids are aligned with DEM units, and their equivalent densities
can be utilized in the RTM process. Regardless of the distribution of terrestrial gravity data,
densities can be obtained through linear regularization given the defined ESL range and
size [55,61].

According to such techniques, observed gravity data d and unknown density vector ρ
can be formulated as a linear observation equation [61]:

d = Lρ, (9)

where L is the design matrix. And the model objective function [55] is

φd =‖ Wd(d− Lρ) ‖2 +κ2 ‖ Wmρ ‖2 (10)

where Wd is the observation weighting matrix, Wm is the model correlation matrix, and
κ2 is the regularization parameter. Wd denotes the standard variation of error at each
observation point. Wm incorporates mathematical self-constraints aimed at enhancing
solution accuracy, such as smoothness, roughness constraints, and depth weighting as
discussed in [61]. For the single-layer inversion in this study, we omit the implementation
of these constraints and instead, we adjust the results solely by κ2. Under the condition of
minimizing the objective function, the final density solution is expressed as [55]

ρ = (LTL + κ2I)−1LTWT
d d (11)

where I is the identity matrix. The regularization parameter is determined by the L-curve
method. This method was initially introduced by [62] and later advocated by [63] for
addressing the linear inverse problem. This method leverages the characteristic behaviour
of the Tikhonov curve, which involves a series of inversions to construct the complete
Tikhonov curve. It identifies the point on the curve that corresponds to the maximum
curvature. In this study, we determine the suitable regularization parameter by analysing
the trade-off features between the regularized solution norm from the provided data as
the regularization parameter varies, and κ2 = 1 is adopted following Figure 2 (pointed by
red arrow).

In a spectral perspective, GGM contains low-frequency gravity field signals of Earth’s
interior and terrain relief, while RTM contains high-frequency terrain relief informa-
tion. Without high-resolution terrestrial gravity data, the high-frequency shallow mass
anisotropic distribution contribution could be lost. Thus, following the GGM+RTM ap-
proach in local gravity field recovery [49], it is necessary to add another term consid-
ering the laterally varying density of the topographic layer, which would be proved to
have better performance in numerical studies (see in Section 3.2). In this study, resid-
ual gravity anomalies are firstly obtained through removing contributions from GGM
and RTM with constant density (2670 kg/m3) from terrestrial gravity data. These resid-
ual anomalies are then utilized in subsequent ESL stages to derive density anomalies
with Equations (9)–(11).
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Figure 2. The L-curve between the regularized solution norm from the provided data with changing
of the regularization parameter varies.

3. Numerical Study

In this section, we will begin by providing an overview of the geographical and geolog-
ical characteristics of the study area. Additionally, we will outline the methodology utilized
for gravity field modelling. Following that, we will present the results of a closed-loop test
conducted for external validation, which plays a crucial role in establishing the credibility of
the method. Subsequently, we will delve into the calculation and examination of the gravity
field, encompassing both gravity anomaly and gradient tensors, over the Wudalianchi
Volcano Field (WVF). This analysis will provide valuable insights into determining the
location of the airborne gravity gradiometer test site.

3.1. The Wudalianchi Volcano Field

The WVF, a typical intraplate volcano, is located at the northern margin of Songliao
Basin in northeast China. Given that the most recent eruption in the WVF occurred
approximately 300 years ago, it is believed that the magmatic system in the area is in a state
of partial melting. Therefore, numerous studies have been conducted to investigate the
geological and geophysical characteristics of the region, as well as its temporal variations.
Figure 3a shows the altitudes over a 25 km× 25 km area around volcanic cones, Laoheishan
(LHS), Weishan (WS), Bijiashan (BJS) and Wohushan (WHS). The coordinates are defined in
the Gauss–Kruger Projection coordinate system. The area shows a moderate terrain with
height varying from ∼240 m to ∼580 m, with an average height of ∼320.87 m. The rugged
terrain is mainly concentrated around the volcanic cones. These rugged areas, coupled
with the complex geological features near the volcanoes, are known to generate significant
gravity variations. These are essential for calibrating airborne gravity gradiometers. The
gravity features were originally presented in Figure 3 of [64], and have been reproduced in
Figure 3b. It is important to mention that the gravity anomalies in [64] and in Figure 3b
are not defined as general gravity anomalies in geodesy because absolute gravity values
are not provided, instead, they are relative gravity measurements. This implies that a
consistent bias would exist between measured and actual gravity anomalies.

Figure 3b illustrates that the gravity anomalies in the area range from ∼−39.55 mGal
to ∼28.54 mGal, with significant gravity changes observed around volcanic cones such as
WHS, BJS, LHS, and WS. Compared to the northeast part of the area, the southwestern
(SW) region bounded by X = 2280, X = 2295, Y = 5393 and Y = 5408 exhibits more
pronounced gravity variations. This suggests that the southwest area is likely to produce
more significant gradient signals compared to the northeastern area. Consequently, this
study focuses on exploring the detailed structures of gravity and gradients in the southwest
area. It is worth noting that there are 213 terrestrial gravity measurements available with
an accuracy of 0.1 mGal. These measurements are distributed over the west–south area at
intervals of approximately 1000 m (Figure 4). It means that there is less than one gravity
measurement over each volcanic cone. Consequently, it is challenging to conduct a detailed
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analysis of gravity and gradient features at both the Earth’s surface and at various flight
altitudes using these datasets.

Figure 3. DEMs and gravity anomaly over WVF area. Panel (a) gives the topographic information over
WVF and panel (b) the gravity disturbance over study area (followed [64]). Here, The abbreviations,
WHS, BJS, LHS, WS, indicate Wohushan, Bijiashan, Laoheishan and Weishan, respectively.

Figure 4. Density anomaly derived from gravity inversion. The black dots indicate the points with
gravity measurements for inversion and red dots with gravity measurements for validation.

3.2. The Calculation Method of Gravity Filed Features over WVF

To study the detailed features of the gravity field over WVF areas, the gravity and
gradient signals are divided into three parts, the long-wavelength signals provided by GGM
(gGGM), the high-frequency signals generated by residual terrain with constant density
assumption of 2670 kg/m3 (gconstant

RTM ), and the residual gravity field signals provided by

subsurface density anomaly (ganomaly
RTM ), as

g = gGGM + gconstant
RTM + ganomaly

RTM (12)

In the following computations, long-wavelength signals generated by GGM are com-
puted with Graflab software with Equations (56) and (65)–(71) in [65] for gravity anomaly
and gradients, respectively. In this study, the performance of EGM2008 and EIGEN-6C4
expanding to a degree and order of 2159 are validated through comparison with terrestrial
gravity measurements. The differences between EGM2008 and terrestrial measurements
have a mean value of 7.28 mGal, a standard deviation (STD) of 6.39 mGal and a root-
mean-square (RMS) value of 9.98 mGal with respect to the mean value of 7.66 mGal, STD
value of 6.75 mGal and RMS value of 10.20 mGal for the differences between EIGEN-6C4
and terrestrial measurements. This indicates that the EGM2008 provides a more accurate
representation of the long-wavelength gravity field in this area compared to EIGEN-6C4.
Therefore, EGM2008 expanding to the degree and order of 2159 is used to calculate the
long-wavelength signals of gravity gradients.



Remote Sens. 2023, 15, 5190 9 of 21

The publicly available Multi-Error-Removed Improved-Terrain (MERIT) DEM [66]
at 3′′ resolution is used to represent the detailed Earth’s surface. This DEM is a result of
combining the Shuttle Radar Topography Mission (SRTM) V2.1 DEM within ±60◦ in a
latitude with the AW3D DEM model above 60◦ N. It offers several advantages over other
SRTM DEMs, as it effectively handles voids, outliers, radar errors, and tree canopy signals.
The smoothed model MERIT2160 DEM was created by [56]. It was obtained based on the
spherical harmonic analysis of MERIT DEM, the resulting spherical harmonic coefficients
were truncated to a degree and order of 2159, and then was transformed into MERIT2160
DEM with spherical harmonic synthesis. The residual masses between MERIT2160 and
MERIT DEM are assumed to have a constant density of 2670 kg/m3, and the resulting
gravitatioanl field is modelled using Equations (1)–(5).

In the calculation of ganomaly
RTM , density anomalies are firstly obtained using terrestrial

gravity measurements provided in [64], employing the ESL method. In this process, the
residual gravity anomalies obtained after substracting gGGM + gconstant

RTM from terrestrial
measurements represent the gravity signals attributed to density anomaly. With shallow
ESL assumption, the pre-determined parameters of ESL, like horizontal range, layer thick-
ness, and buried depth, could influence the equivalent density results and RTM effects. The
ESL should cover a larger area than the ground gravity data to cope with the boundary
effects. Here, the output density anomalies cover 1 km larger areas in this study. The choice
of depth interval and regularization parameter could have an effect on inversion results.
We define a 1 km thick ESL between 1–2 km depth by trial and test, and determine κ2 = 1
by the L-curve method.

In the following numerical experiments, the 213 gravity measurements are divided
into two sets: one set consists of 193 gravity measurements used for density inversion
(black dots in Figure 4), while the other set contains 20 gravity measurements for the
validation of the gravity field modelling method (red dots in Figure 4). Specifically, the
193 gravity measurements are taken over areas bounded by the ranges 2280–2295 km
and 5393–5408 km for the X and Y coordinates, respectively, while the density anomalies
cover an area of 2278–2297 km and 5391–5411 km. As depicted in Figure 4, the values of
density anomaly range from ∼−2023 kg/m3 to ∼498 kg/m3. As is discussed in Section 2.2,
the results presented in Figure 4 represent the equivalent surface density distribution
over this area. To validate the credibility of this equivalent surface density in gravity
field modelling, a comparison is made between measured residual gravity anomalies and
estimated residual gravity anomalies using the equivalent surface density at the 193 stations.
The differences in these values range from ∼3.77 mGal to ∼−14.97 mGal, with an RMS
value of ∼0.11 mGal. This internal validation provides insights into the quality of the
gravity field estimated from derived equivalent surface densities. In addition, a similar
validation test was conducted in [67], where gravity and gradient tensors generated by five
known mass distributions were calculated analytically, serving as observations for inversion
and reference values for validation. The simulated gravity and gradients were computed
with densities inversed using the equivalent source method. The comparison between the
simulated values and reference values revealed that the RMS value of differences between
observed and simulated gravity is 0.029 mGal, which is∼1.02% of the mean value of gravity.
Similarly, the RMS value of the differences between observed and simulated gradient was
0.074 E, which is ∼0.95% of mean value of gradient. Both these experiments indicate the
credibility of the performance of ELS in gravity field modelling.

Furthermore, for external validation, terrestrial gravity measurements over 20 valida-
tion points are collected that were not used in the density inversion. The distribution of
these validation points is shown in Figure 4. In the validation experiment, comparisons
are implemented between observed gravity signals and recovered gravity signals from
three scenarios: (1) using only GGM, (2) using GGM and RTM under a constant density
assumption, and (3) using GGM, RTM under a constant density assumption, and RTM
with density anomalies. Smaller residuals indicate better performance. Table 1 provides
statistical information of the residual gravity signals. It is obvious that using only GGM
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can recover about 50.17% of the gravity signals, and using GGM and RTM with a constant
density assumption can recover 54.62% of signals. After including density anomaly sig-
nals, the recovery rate significantly improves to 86.22%. The RMS of residual signals is
∼1.64 mGal. These results demonstrate that the method presented in this study is capable
of recovering the gravity field with mGal-level accuracy over this area.

Table 1. The statistical information of residual gravity signals over validation points.

Variants Min Max Mean STD RMS ε

δgobs (mGal) −24.61 15.36 −4.44 11.33 11.90
∆δg1 (mGal) −7.47 14.07 1.80 5.14 5.93 50.17%
∆δg2 (mGal) −5.44 11.76 1.99 5.10 5.40 54.62%
∆δg3 (mGal) −4.42 1.63 −0.29 1.13 1.64 86.22%

∆δg1 = δgobs − δgGGM, ∆δg2 = δgobs − δgGGM − δgconstant
RTM , ∆δg3 = δgobs − δgGGM − δgconstant

RTM − δganomaly
RTM , ε

indicates the recovered percentage, ε = RMS[δgobs ]−RMS[∆δg]
RMS[gobs ]

× 100% [52].

3.3. The Gravity Field Signals over the Southwestern Area

To study the gravity field features over the SW region, gravity field signals, i.e.,
gravity anomalies and gradient tensors, are computed separately for the Earth’s surface
and at a flight height using the method described earlier. As indicated in studies on
airborne gravimetry, e.g., [68], to maximize signal strength and data density, airborne
gravity gradiometry should be conducted at low altitudes and slow speeds. During survey
missions, aircraft typically fly at altitudes between 80 and 100 m. In this study, the flight
height with a normal terrain clearance of 100 m is adopted to study gravity field signals
under extreme conditions.

The gravity field features on the Earth’s surface in the southwest area are depicted in
the left panels of Figures 5–8. Specifically, the left panel of Figure 5 displays the gravity
anomaly signals, while panels (a), (c) and (e) of Figures 6 and 7 show the various gra-
dient components (Ttopo

xx , Ttopo
yy , Ttopo

zz , Ttopo
xy , Ttopo

xz , Ttopo
yz ), respectively. It is obvious that

the gravity anomaly signals tend to be negative in the southwest region and positive in
the northeast. This is consistent with the distributions of density anomalies in Figure 4.
Lower-density volcanic embryos in the southwest generate negative gravity anomalies,
while positive density anomalies result in positive gravity anomalies in the northeast.
Additionally, the most significant anomalies are concentrated around the volcano areas,
with extreme values up to 68.53 mGal (Table 2). Similarly, in terms of the gradient tensor in
the panels (a), (c) and (e) of Figures 6 and 7, larger values mainly occur around volcanos
with values up to several hundred Eotvos. Compared to gravity anomalies, the gradients
are more sensitive to the precise location of volcanic vent. Furthermore, gradient tensors
show obvious subtle features even in areas distant from the volcanoes. Table 2 gives the
statistical information about the gravity field on the Earth’s surface. Gravity anomalies
vary from ∼−68.53 mGal to ∼20.41 mGal, with a mean of ∼−0.62 mGal and an RMS of
∼13.30 mGal. Meanwhile, the gradient components range from ∼−209.82 E to ∼525.94 E
for Ttopo

xx , from ∼−202.70 E to ∼506.91 E for Ttopo
yy , ∼−895.57 E to ∼218.54 E for Ttopo

zz ,
∼−173.90 E to ∼143.72 E for Ttopo

xy , ∼−224.14 E to ∼348.19 E for Ttopo
xz , and ∼−397.25 E

to ∼347.02 E for Ttopo
yz components, respectively. The ranges of gradient tensors exceed

500 Etovos.
The left panels of Figures 8–10 provide the gravity field features at the flight height

with a normal terrain clearance of 100 m, while Table 3 gives their descriptive statistical
information. Gravity anomaly features at the flight height are very similar to those on the
ground surface, with negative values in the southwest and positive values in the northeast
(Figure 8 left panel). Gravity anomalies at the flight height range from ∼−63.32 mGal to
∼20.08 mGal. With height increasing from the Earth’s surface to the flight height, the RMS
values of gravity anomalies decrease from ∼13.30 mGal to ∼13.27 mGal. The gradient
tensors attenuate much faster than the gravity anomalies. This can be seen in Figures 8–10
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and Table 3. The RMS values of gradient tensors are reduced to ∼17.72 E for Ttopo+100
xx ,

∼20.09 for Ttopo+100
yy , ∼30.42 for Ttopo+100

zz and ∼13.14 for Ttopo+100
xy . In terms of Txz and

Tyz components, the RMS values increased to 20.91 for Ttopo+100
xz and 21.61 for Ttopo+100

yz
while the magnitudes of maximum, minimum and mean values decrease from the ground
upward to the flight height. The ranges of all six components are larger than 200 E. The
large changes mainly happened around volcanos and the subtle features around them.

Figure 5. The synthesised gravity anomaly signals on the Earth’s surface over WVF areas and test
site. (Left): the gravity anomaly signals over WVF areas. (Right): the gravity anomaly signals over
test site.

Figure 6. The synthesised gradients Txx, Tyy, Tzz signals on the Earth’s surface over WVF areas and
test site. (Left): the gradient signals over WVF areas. (Right): the gradient signals over test site.
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Table 2. The statistical information of gravitational field on the Earth’s surface.

Variants Min Max Mean STD RMS

δgtopo (mGal) −68.53 20.41 −0.62 13.29 13.30

Ttopo
xx (E) −209.82 525.94 −10.89 26.02 28.21

Ttopo
yy (E) −202.70 506.91 11.59 28.91 31.15

Ttopo
zz (E) −895.57 218.54 −0.70 44.71 44.71

Ttopo
xy (E) −173.90 143.72 2.97 16.03 16.30

Ttopo
xz (E) −224.14 348.19 −2.04 16.78 16.91

Ttopo
yz (E) −397.25 347.02 −7.62 19.79 21.20

The δgtopo, Ttopo
xx , Ttopo

yy , Ttopo
zz , Ttopo

xy , Ttopo
xz , and Ttopo

yz denote the disturbing gravity and gradients on the Earth’s
surface respectively.

Figure 7. The synthesised gradients Txy, Txz, Tyz signals on the Earth’s surface over WVF areas and
test site. (Left): the gradient signals over WVF areas. (Right): the gradient signals over test site.
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Figure 8. The synthesised gravity anomaly characters at flight height with clearance of 100 m from
the Earth’s surface over WVF areas and test site. (Left): the gravity anomaly signals over WVF areas.
(Right): the gravity anomaly signals over test site.

Figure 9. The synthesised gradients Txx, Tyy, Tzz signals at flight height with clearance of 100 m from
the Earth’s surface over WVF areas and test site. (Left): the gradient signals over WVF areas. (Right):
the gradient signals over test site.
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Table 3. The statistical information of gravitational field at flight height.

Variants Min Max Mean STD RMS

δgtopo+100m (mGal) −63.32 20.08 −0.35 13.26 13.27
Ttopo+100m

xx (E) −133.75 187.27 0.73 17.70 17.72
Ttopo+100m

yy (E) −122.30 202.74 6.85 18.88 20.09
Ttopo+100m

zz (E) −364.66 89.53 −7.58 29.45 30.42
Ttopo+100m

xy (E) −137.08 115.04 0.21 13.14 13.14
Ttopo+100

xz (E) −215.18 314.53 −0.52 20.91 20.91
Ttopo+100

yz (E) −292.92 254.83 2.07 21.51 21.61

The δgtopo+100m, Ttopo+100m
xx , Ttopo+100m

yy , Ttopo+100m
zz , Ttopo+100m

xy , Ttopo+100m
xz , and Ttopo+100m

yz denote the disturbing
gravity and gradients at flight height with clearance of 100 m from the Earth’s surface.

Figure 10. The synthesised gradients Txy, Txz, Tyz signals at flight height with clearance of 100 m
from the Earth’s surface over WVF areas and test site. (Left): the gradient signals over WVF areas.
(Right): the gradient signals over test site.

4. Discussion

In this section, we will delve deeper into the numerical results obtained in this study.
We will discuss the limitations of the classical RTM technique, analyse the contributions of
GGM, RTM, and density anomaly to the gravity field, and provide recommendations for
the location of an airborne gravity gradiometer test area.
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1. The limitations of classical RTM technique over areas with large density anomaly
RTM technique together with a constant density assumption is widely applied in the

high-frequency gravity recovery, especially over rough areas. Refs. [44,50,69], etc., have
demonstrated the effectiveness of RTM combined with GGM for achieving ultra-high-
resolution gravity fields globally and regionally, significantly enhancing the performance
of GGMs. Additionally, various studies [44,52,70] have shown that this combined approach
can recover approximately ∼90% of gravity signals over rugged areas, making it a valuable
tool in areas lacking terrestrial gravity measurements. However, as shown in Table 1,
over areas with large density anomalies, the classical RTM has limited effectiveness. The
combined gravity field, synthesized from both GGM and RTM, can only recover around
∼50% of gravity field signals when a constant density of 2670 kg/m3 is adopted. As
stated in [52], the performance of RTM in gravity field synthesis can vary with different
density assumptions, achieving its best performance when using the regional optimal
density. Figure 11 shows the RMS values of ∆δg2 under various density assumptions. As
the density values increase from 1500 to 3000 kg/m3, the RMS value initially decreases,
reaching a minimum value of 5.36 mGal when a constant density value of 1890 kg/m3 is
adopted. Afterwards, it rises as the density increases further. Therefore, our method, which
incorporates density anomalies. Therefore, compared to using regional optimum density,
our method involving density anomaly (Table 1) significantly enhances the performance of
the RTM technique.

Figure 11. RMS of ∆δg2 under various density assumptions. Here ∆δg2 = δgobs− δgGGM− δgconstant
RTM .

2. The location of the airborne gravity gradiometer test area
In terms of the location of the airborne gravity gradient test area, a 5 km × 5 km

area with significant gravity and gradient features is required. As shown in the Section 3,
though the study area provides significant gravity and gradient signals on the Earth’s
surface and at the flight height with a constant clearance of 100 m from the terrain, these
high amplitudes primarily concentrated located around volcanos. The gradient features
over most areas far from volcanos are relatively weak, with values generally below 30 E and
showing a long-wavelength trend. Given this, it would be advisable to choose the test area
in close proximity to the volcanoes, where the gradient signals are more prominent and
exhibit greater variability. This will enable a more accurate assessment of the performance
of airborne gravity gradient measurements in capturing subtle geological features.

The selected 5 km × 5 km area, outlined by red lines in Figures 5–8, covering the
volcanos of BJS and WHS. Within this area, there are significant gravity and gradient
features both on the Earth’s surface and at the flight height. The detailed gravity field
features are shown in panels (b) of Figures 5 and 8 for the gravity disturbances on the
Earth’s surface and at the flight height, respectively. The gravity disturbance values on
the Earth’s surface vary from −56.52 mGal to −9.82 mGal with an RMS of 23.71 mGal,
while they are from ∼−52.04 mGal to ∼−9.00 mGal with an RMS of ∼23.36 mGal at the
flight height (Tables 4 and 5). The gradient features are shown in panels (b), (d), and (f)
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of Figures 6, 7, 9 and 10. The gradient tensors exhibit the northeast–southwest trending
features, with larger gradients primarily concentrated around the volcanoes and subtle
features present in other areas. The ranges of all gradient tensors are larger than 200 E
(Tables 4 and 5). These make it a good place for the gravity gradient test site.

Table 4. The statistical information of gravitational field on the Earth’s surface.

Variants Min of Max of Mean of RMS of RMS of RMS of RMS of
g g g g gGGM gconstant

RTM ganomaly
RTM

δgtopo (mGal) −56.52 −9.82 −22.67 23.71 17.98 5.04 10.91
Ttopo

xx (E) −150.23 389.12 1.93 40.97 6.75 40.49 10.52
Ttopo

yy (E) −166.49 467.23 23.56 50.92 4.41 47.46 12.07
Ttopo

zz (E) −839.521 95.35 −25.49 75.36 11.01 71.29 22.49
Ttopo

xy (E) −136.38 120.10 1.61 26.91 1.47 26.524 1.90
Ttopo

xz (E) −224.14 222.27 −10.42 32.50 6.14 30.97 7.21
Ttopo

yz (E) −338.91 276.69 −8.75 39.08 7.18 38.88 7.24
Ttopo

UV (E) −390.99 293.28 −21.62 53.50 2.99 51.99 2.53

Table 5. The statistical information of gravitational field at flight height.

Variants Min of Max of Mean of RMS of RMS of RMS of RMS of
g g g g gGGM gconstant

RTM ganomaly
RTM

δgtopo+100m (mGal) −52.04 −9.00 −22.41 23.36 17.89 4.54 10.69
Ttopo+100m

xx (E) −101.66 161.60 12.68 30.07 6.64 28.26 10.18
Ttopo+100m

yy (E) −100.84 186.48 18.33 34.08 4.26 30.18 11.76
Ttopo+100m

zz (E) −330.88 41.35 −31.01 55.14 10.76 48.49 21.86
Ttopo+100m

xy (E) −112.38 91.45 −0.88 21.25 1.40 20.65 1.76
Ttopo+100m

xz (E) −215.18 187.33 −11.76 34.90 6.00 35.39 6.88
Ttopo+100m

yz (E) −236.20 190.93 2.72 34.37 7.13 35.77 7.05
Ttopo+100m

UV (E) −199.91 183.29 −5.65 33.04 2.98 32.69 2.49

In addition to the previously discussed gradient components, the values of TUV com-
ponent are calculated on the Earth’s surface Ttopo

UV and at the flight height Ttopo+100m
UV . The

results are shown in Figure 12, Table 4 and 5. The values of TUV ranges from ∼−390.99 E to
∼293.28 E with RMS of∼53.50 E on the ground surface, and from∼−199.91 E to∼183.29 E
with RMS of∼33.04 E at the flight height. In terms of the distribution, the large magnitudes
of TUV are primarily concentrated over the volcanoes, with subtle features present in the
surrounding areas.

Figure 12. The synthesised TUV component on the Earth’s surface Ttopo
UV (a) and at the flight height

Ttopo+100m
UV (b).
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3. The contributions of GGM, RTM, and density anomaly
The synthesised gravity field signals are combined contributions of three main compo-

nents: the long-wavelength signals implied by GGM gGGM, the contribution of RTM terrain
with a constant density gconstant

RTM , and the contribution of density anomalies ganomaly
RTM . The RMS

values for each of these components are calculated and presented in Tables 2 and 3. These
will give insights into the contribution of each part. It is evident that the long-wavelength part
implied by the GGM plays a dominant role in the gravity anomaly, with largest RMS values
of ∼11.98 mGal on the Earth’s surface and of ∼17.89 mGal at the flight height. Differently
from gravity anomaly, the contribution of residual terrain masses with maximum RMS values
up to tens Etovos plays a dominant role in the synthesised gradients. This is reasonable
considering the attenuation character of gradients with distance increasing. Therefore, the
gradient changes are mainly caused by mass anomalies of topography.

At the flight height, the gradients implied by the GGM are reduced by ∼0.33–4.76%,
while the gradients due to residual terrain of constant density are reduced by ∼22.13–36.41%,
and the gradients due to residual terrain of density anomaly reduced by ∼2.57–7.37%. The
values of gconstant

RTM reduce the most when the calculation height increases from the Earth’s
surface to the flight height. This is primarily due to the rapid attenuation of high-frequency
signals compared to the long-wavelength signals with distance increasing from the mass
sources. Limited by the resolution of gravity observations for the inversion of density
anomaly, the density anomaly implied gradients show a long-wavelength trend.

Therefore, the test site should be an area of moderate terrain of shallow density
anomalies. In our recommended test site area over WVF, the terrain varies from ∼304.41 m
to∼518.17 m with a mean height of∼364.94 m. The terrain fluctuation generates significant
gradient signals for calibration and the terrain is moderate enough for low-altitude flying.

5. Conclusions

The establishment of an airborne gravity gradiometer test site is essential for com-
paring and evaluating the performance of different airborne gradiometers, both those
currently in use and those under development. Based on the comprehensive and precise
terrestrial gravity measurements, it gives guidance for the capability and precision of the
instrument. To ensure the effectiveness of the test site, it is crucial to select areas with
moderate terrain and significant gradient variations, given the sensitivity of the instrument
and the characteristics of the Earth’s gradient tensors. Therefore, the accurate modelling of
the gravity field, i.e., gravity anomaly and tensor components, over the option areas is of
paramount importance, particularly over areas absence of gravity measurements.

In this study, a new gravity field modelling method is introduced, which combines the
GGM long-wavelength gravity field, the gravity field implied by the RTM terrain of constant
density, and the gravity field generated by density anomalies. The density anomalies are
initially derived through the inversion of sparse terrestrial gravity measurements using
the ESL method. Its contribution to the gravity field modelling is then calculated using
a forward modelling approach. Compared to the classical method, terrestrial gravity
measurements and their indicated density anomalies are included. This results in a better
figure of the gravity field with a recovering rate of ∼86.22%.

Using the promoted method, the gravity field, including gravity anomaly and gradient
tensors on the ground and at the flight height, is calculated and investigated over the WVF
volcanos geopark area. Based on the calculated gravity field, a recommended area for
building the airborne gravity gradiometer test site is proposed, covering a 5 km × 5 km
area around BJS and WHS volcanos. This recommended area exhibits significant gravity
field signals with ranges of gradient tensors larger than 200 E. The gradients demonstrate
a northeast–southwest trending feature with the high amplitude structure at volcanos
and subtle features in surrounding areas. However, limited by the resolution of gravity
observations used for the inversion of density anomaly, the density-anomaly-implied
gradients show a long-wavelength trend. Therefore, the high-frequency signals associated
with density anomalies are not fully captured in the synthesized results.
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It is important to note that the gravity measurements used in this study, as mentioned
in [64], are relative values. To keep consistency across all procedures, the absolute values
calculated from GGM and RTM are transformed into relative values. Therefore, the gener-
ated gravity field signals including the gravity anomalies and gradient components, are
relative gravity fields in this study. This transformation does not impact the conclusions
drawn from the study.

The construction of the airborne gravity gradiometer test site over the WVF area will
be of great significance both in geodesy and geophysics. This is because it will take place in
extensive geodetic measurements. This includes dense and precise GNSS (Global Naviga-
tion Satellite System) and terrestrial gravity measurements at a 70 km × 80 km area around
the test site and high-resolution LiDAR DEM (digital elevation model) measurements in
the test site. Therefore, it will be of profound meaning both in geodesy and geophysics.
Firstly, the precise and dense terrestrial measurements will provide detailed gravity field
information of the test site. Together with the accurate transformation methodology, it
is capable of recovering the precise gradient information of the test site, which will then
provide the gauge for the capability of gravity gradiometers following various principles.
Secondly, the precise and consequent gravity and gradient measurements provide the
possibility for continuous monitoring of volcanic activities. Considering the relatively
short history since the last eruption of Laoheishan and Huoshaoshan in the WVF, an active
magmatic system is expected [54]. Gravity and gradient data provide valuable information
for the continuous monitoring of the magmatic system. Thirdly, the area is located in the
farming region. The extensive and precise GNSS measurements provide references for the
methodology studies of LiDAR data processing.

Furthermore, the gravity field determination method presented in this study has
the potential to be employed in data processing for the test site. The primary goal of a
test site is to assess the accuracy of airborne gradiometry using precise terrestrial gravity
measurements. The fundamental procedure typically involves: (1) calculating the gradient
at flight height using terrestrial gravity data; (2) comparing the computed gradient at
flight height with airborne gradient measurements; (3) evaluating the precision of airborne
measurements. The method proposed in this study can be utilized for the first step,
which involves transforming terrestrial gravity measurements into gradients at flight
height. Moreover, this method could be applied in the downward continuation of airborne
gradients, opening up opportunities for various geodetic and geophysical applications,
including regional gravity field modelling, gravity inversion, and volcanic activity research.
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