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a b s t r a c t

In the past, the free-air gradient − 308.6 × 10− 8 s− 2 was used as the vertical gravity gradient of the
measuring point in gravity data processing, which resulted in inaccurate instrument height corrections.
To investigate the influence of using the vertical gravity gradient, theoretical gradients of the Jinzhai
baseline field in the Dabie Mountains were calculated using DEM data and WGM2012 gravity anomaly
data. Adjustment results were compared with those using the free-air gradient. Using the theoretically
calculated vertical gravity gradient correction improved the scale factor calibration precision by an
average of 0.00007. The average precision of gravity adjustment results under different datum controls
increased from 2.23 × 10− 8 m/s2 to 1.45 × 10− 8 m/s2. In a single-datum control adjustment, the
maximum effect of the actual vertical gravity gradient on datum transfer is 8.7 × 10− 8 m/s2, while the
effect without it is as low as 9.0 × 10− 8 m/s2 and as high as 27.5 × 10− 8 m/s2. In a multi-datum system,
using the actual vertical gravity gradient yields the best results. Even with the three-datum control
adjustment, the average effect of the free-air gradient correction on the results reaches 3.9 × 10− 8 m/s2.
Therefore, incorporating measured or theoretically calculated vertical gravity gradients into gravity data
processing is essential for significantly enhancing its accuracy and precision.
© 2025 Editorial office of Geodesy and Geodynamics. Publishing services by Elsevier B.V. on behalf of
KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

High-precision gravity data has a wide range of applications,
including studying groundwater changes [1,2], studying earth-
quake precursor information [3–5], and estimating the effective
elastic thickness of the lithosphere [5]. Compared to gravity data,
gravity gradient data [6,7] contain more high-frequency informa-
tion and can more accurately reflect the Earth's shallow structural
details. Mobile gravity observations in China, which originated in
the 1960s and have gradually developed, are the current source for
acquiring ground gravity data and monitoring dynamic gravity
fields. The development of adjustment processing methods for
mobile gravity observations can be divided into two stages. Before
the advent of the absolute gravimeter, mobile gravity observations
used free network or quasi-stable adjustments [8,9]. After the

absolute gravimeter was put into use, gravity adjustments used
classical adjustment methods, that is, relative gravity joint mea-
surement under absolute gravity control, with the absolute gravity
datum transmitted to each relative gravity joint measurement
point to obtain the absolute gravity value of each measurement
point.

The process of gravity data preprocessing and adjustment is a
crucial step in obtaining high-precision and reliable gravity data.
According to the Chinese latest GB/T 20256-2019 "Specifications
for the gravimetry control", a series of corrections are generally
made to the original mobile gravity observation data, including
scale factor correction, solid tide correction, air pressure correc-
tion, and instrument height correction. In practical gravity mea-
surement, solid tide correction is primarily performed using either
the direct calculation method [10] or the tidal wave component
calculationmethod [11], throughwhich the residuals of the gravity
tide [12] term can be controlled within±2× 10− 8 m/s2 by applying
theoretical solid tide and ocean tide models. Air pressure correc-
tion is based on the measured air pressure value. For instrument
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height correction, in modern actual gravity measurement, abso-
lute gravity measurement is accompanied by vertical gradient
measurement, and the gravity value is corrected to the surface. In
relative gravitymeasurement, the free-air gradient value − 308.6×
10− 8 s− 2 is generally used instead of the actual vertical gravity
gradient of the measuring point. Chinese gravity data processing
software LGADJ (1990), the open source GRAVS2 (2016), and
Gsadjust (2021) developed by the United States Geological Survey
all use free-air gradients as vertical gravity gradients when the
vertical gravity gradient cannot be measured. Measured data show
a difference of 237.6 × 10− 8 s− 2 between the Lushan mountainside
and Chunshuya [13–15]. Taking the CG5 gravimeter height of 27 cm
as an example, the influence of the instrument height correction
using the measured gravity vertical gradient value on the segment
difference between the two measuring points can reach 64.1 ×

10− 8 m/s2.
The use of free-air gradient can lead to inaccurate instrument

corrections, which in turn affect the accuracy of instrument scale
factor calibration, network adjustments, and the transfer of ab-
solute gravity datum. Gravity datum transfer refers to transferring
the true gravity value measured by the absolute gravimeter
through the point difference measured by the relative gravity
value to obtain the true gravity value of the measuring point using
the relative gravity value. Errors are also transmitted in this pro-
cess, so studying the influence of vertical gravity gradient on
gravity datum transmission can evaluate the precision of gravity
data processing results.

With the development of gravity gradiometers [16–18],
airborne gravity gradiometers [19–21], satellite gravity gradiom-
etry [22–25], and gravity gradient theory [26–29], as well as the
publication of high-precision, high-resolution digital elevation
models [30] and gravity field models [31], it has become increas-
ingly possible to obtain the vertical gravity gradient at each
measuring point through measurement and theoretical calcula-
tion. This paper aims to calculate the disturbance of the vertical
gravity gradient caused by terrain and underground density
anomalies around the measuring point, based on the 30 m reso-
lution Grid Digital Terrain Model (GDTM) (available for download
at http://www.gscloud.cn) and the World Gravity Map 2012
(WGM2012) [32]. The theoretical calculation results of the vertical
gravity gradient at each measuring point are closer to the true
value than the free-air gradient. The influence of instrument
height correction on gravimeter scale factor calibration, adjust-
ment precision, and datum transfer is discussed using the Jinzhai
gravity baseline field in the Dabie Mountains as an example,
thereby demonstrating the necessity of utilizing a more accurate
vertical gravity gradient in future gravity data processing.

2. Instrument height correction and gravity gradient

The formula for instrument height correction is as follows:

Δg= Tzz × h (1)

where h is the instrument height, and Tzz is the vertical gravity
gradient. Since there is no gravity gradient at the measuring point,
a free-air gradient value of − 308.6 × 10− 8 s− 2 is generally used.

With advances in measurement technology and theory, gravity
gradient values can be obtained through various methods at the
measuring point, making the continued use of the free-air gradient
value inaccurate. Thus, detailed research is required to determine
the extent of this inaccuracy and whether a more accurate vertical
gravity gradient value is necessary within the current level of in-
strument precision. Actual vertical gravity gradient values
measured in different terrain areas are shown in Table 1 [13–15].

The maximum difference is 237.6 × 10− 8 s− 2. If the instrument
height is 27 cm, the influence of the instrument height correction
on the gravity segment difference can reach 64.1 ×10− 8 m/s2. This
difference far exceeds the relative gravity measurement precision
level (1 × 10− 7 m/s2), significantly affecting the gravity data pro-
cessing results.

3. Theoretical gravity gradient calculation

Both gravity gradient measurement technology and the theory
of calculating theoretical gravity gradients have developed rapidly.
Modeling methods for calculating gravity and gravity gradients are
relatively mature [33–35]. The gravity gradient modeling method
is used to calculate the vertical gravity gradient component to
study the influence of the vertical gravity gradient on gravity data
processing.

Earth's vertical gravity gradient was given as [36]:

Tzz=Azz + TΔg
zz + TTopozz (2)

where Azz is the vertical gradient of the normal gravity field, T
Δg
zz is

the vertical gravity gradient anomaly caused by underground

gravity anomaly, and TTopozz is the vertical gravity gradient anomaly
caused by terrain mass.

In this paper, the rectangular gravity gradient model is used to
calculate the vertical gravity gradient caused by terrain [37]:

TPrzz =Gρ
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where x1; x2; y1; y2; z1; z2 are the coordinates of the corner of the
rectangle, r is the spatial distance between the relevant point and
the rectangle, G is the gravitational constant, and ρ is the terrain
density, which is generally 2.67 g/cm3.

r=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

x2 + y2 + z2
√

(4)

By using a digital elevation model, the large amount of terrain
mass is divided into rectangular density bodies, and the effects of

all density bodies are superimposed to obtain TTopozz =
∑

TPrzz . T
Δg
zz is

the vertical gravity gradient anomaly caused by the underground
gravity anomaly, calculated using the Fourier transform method
[29]:

TΔg
ij =F − 1{[K(k)]Gz(k)} (5)

Table 1
Comparison of vertical gravity gradients in different terrains.

Place name Location Longitude
(◦E)

Latitude
(◦N)

Actual
gradient
(× 10− 8 s− 2)

Jinzhai Bottom of the
mountain

115.71 31.40 268.2

Mountainside 115.67 31.30 212.1
Mountaintop 115.69 31.26 301.4

Lushan
mountain

Bottom of the
mountain

116.01 29.64 319.1

Mountainside 116.04 29.63 443.0
Mountaintop 115.99 29.58 310.0

Chunshuya Col 110.5 31.8 205.4
JF, Wuhan Mountainside 114.3 30.3 270.0
IOS, Wuhan Plains 114.4 30.5 308.5
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where Gz(k) is the vertical gravity in the frequency domain, and

|k| = (k2x + k2y)
1=2

represents the inverse Fourier transform, then

TΔg
zz is obtained when i = j = z.
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(6)

The topographic and underground effects on the actual vertical
gravity gradient are calculated using DEM data and Bouguer
gravity anomaly data, respectively, and applied to instrument
height correction. During gravity data processing, corrections for
tide, drift, and air pressure remain unchanged, and the results are
obtained after gravity adjustment. The detailed gravity data pro-
cessing process is shown in Fig. 1.

4. Dabie Mountain data comparison

To study the influence of different vertical gravity gradient
values for instrument height correction on the processing results
of gravity data, we take the measurement data of Jinzhai gravity
baseline field in Dabie Mountain as an example [15], reprocess the
Dabie Mountain data using the theoretically calculated vertical
gravity gradient and conduct a comparative analysis. The Dabie
Mountain data used an FG5 absolute gravimeter and two CG6
relative gravimeters to measure absolute gravity and vertical
gravity gradient at three gravity datum points. Two complete
closed-loopmeasurements were performed at all points using two
CG6 relative gravimeters, where vertical gravity gradient was not
measured at the basic points. The measuring points in Dabie
Mountains are distributed from the foot to the top of the moun-
tain, with a height difference of 1011.2 m and a gravity segment
difference of 225.1 × 10− 5 m/s2. Among them, A001–A003 are
absolute gravity points, and R001–R009 are relative gravity points.
The specific measuring point distribution is shown in Fig. 2. In the
past, the instrument height correction generally used − 308.6 ×

10− 8 s− 2 as the free-air gradient value.

This paper uses the Dabie Mountain topographic data with a
spatial resolution of 30 m (available for download at http://www.
gscloud.cn) and the WGM2012 gravity anomaly data with a reso-
lution of 2'× 2' [32] to calculate the vertical gravity gradient of the
Dabie Mountain measuring points. Instrument height corrections
were performed using both free-air gradient values and theoretical
vertical gravity gradient values, followed by a classical gravity
adjustment, and the differences in the results were compared.

Table 2 shows that the average error of the theoretical vertical
gravity gradient values at points A001, A002, and A003 is within

Fig. 1. Gravity data processing flow chart.

Fig. 2. Measurement points distribution map.
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10%, with the error at point A002 exceeding 24%. The absolute
errors at the other two points are within 5%. This is likely due to
the significant influence of a subsurface density anomaly at point
A002. The WGM2012 gravity anomaly data have a low resolution
and cannot account for the actual influence of subsurface density
anomalies in some areas. However, the higher resolution of the
terrain data allows for more accurate calculations. In mountainous
regions such as the Dabie Mountains, vertical gravity gradient
anomalies are primarily influenced by topography, so the overall
error of the theoretically calculated vertical gravity gradient is
relatively small and reliable. However, in areas where subsurface
density anomalies predominate, the theoretically calculated ver-
tical gravity gradient may be less reliable, and actual measure-
ments of the vertical gravity gradient may be necessary. The
average difference between the theoretically calculated vertical
gravity gradient and the free-air gradient in the Dabie Mountains
is 38.6 × 10− 8 s− 2. The average instrument height correction at
each point increases by 10×10− 8m/s− 2. Whenmaking instrument
height corrections, A001 through A003 use measured vertical
gravity gradients, while R001 through R009 use theoretical verti-
cal gravity gradients. This resulting instrument height correction is
the closest to the actual result. In the following descriptions, the
result using this vertical gravity gradient will be referred to as the
actual gravity gradient, while the result using the free-air gradient
will be referred to as the general gravity gradient.

Table 3 shows the scale factor calibration results using different
vertical gravity gradients. The calculated instrument scale factor
calibration precision is between 0.000018 and 0.000050, both
exceeding the standard requirement of 0.0005, and the instrument
scale factor calibration precision of the entire measuring section is
improved by an average of 0.00007.

In subsequent calculations, instrument scale factor calibration
values were all corrected using the actual gravity gradient ob-
tained from the three-datum scale factor calibration. Table 4
shows the average precision of the measured points obtained by
adjusting using different vertical gravity gradients under different

datum points. The results in Table 4 show that the precision of the
results using the actual gravity gradient is generally superior to
that using the general gravity gradient. The average precision of
the results under different datum increases from 2.23 × 10− 8 m/s2

to 1.45 × 10− 8 m/s2. It is further demonstrated that the use of
actual gravity gradient correction can effectively improve adjust-
ment precision, and that the adjusted gravity values are brought
closer to the true gravity values through its application, which is of
great significance for studying the Earth's gravity field.

To further investigate the influence of gravity gradient on da-
tum transfer, adjustments were performed using different gravity
gradients and a single datum. Three absolute point gravity values
from the adjustment results were selected and subtracted from the
absolute point datumvalues. The final results are shown in Table 5.
The results in Table 5 show that the results obtained using the
A002 point control under the actual gravity gradient correction are
the best, and the results using the actual gravity gradient correc-
tion are generally superior to those using the general gravity
gradient. The absolute point datum value can be considered as the
"true value" relative to the relative gravity measurement value.
The maximum difference between the result using the general
gravity gradient and the true value is 27 × 10− 8 m/s2, while the
maximum difference between the result using the actual gravity
gradient and the true value is 8.7 × 10− 8 m/s2. From this respect,
the use of the actual gravity gradient result is far more reliable
than the use of the general gravity gradient result.

Gravity adjustment results obtained using actual gravity gra-
dients for instrument height correction and three-datum scale
factor calibration are theoretically the most reliable and can be
considered the "true value" of the measurement point. The "true
value" was subtracted from the gravity values obtained using other

Table 2
Gravity gradient in the Dabie Mountains.

Measuring
point type

Point
number

Topographic
influence
(× 10− 8 s− 2)

Impact of
underground
density
anomalies
(× 10− 8 s− 2)

Theoretical
gravity
gradient
(× 10− 8 s− 2)

Measured
gravity
gradient
(× 10− 8 s− 2)

Gravity
datum
points

A001 42.0 3.7 − 255.2 − 268.2
A002 36.1 1.1 − 263.8 − 212.1
A003 6.1 − 0.3 − 295.2 − 301.4

Basic
gravity
points

R001 43.1 3.7 − 254.2 —
R002 43.0 1.9 − 256.7 —
R003 42.3 2.5 − 257.2 —
R004 16.8 1.9 − 282.3 —
R005 37.7 1.4 − 261.9 —
R006 16.2 1.4 − 283.4 —
R007 19.1 1.0 − 280.5 —
R008 25.2 0.5 − 275.3 —
R009 12.8 − 0.6 − 288.8 —

Table 3
Results of different base scale factor calibration values.

Instrument name Gravity gradient Points
A001, A002

Points
A001, A003

Points
A002, A003

Points
A001, A002, A003

CG6-090 Actual gravity gradient 1.000024 ± 0.000023 1.000171 ± 0.000018 0.999775 ± 0.000026 1.000181 ± 0.000019
General gravity gradient 1.000382 ± 0.000050 1.000169 ± 0.000038 0.999973 ± 0.000048 1.000158 ± 0.000033

CG6-092 Actual gravity gradient 0.999909 ± 0.000023 0.999839 ± 0.000018 1.000114 ± 0.000026 0.999849 ± 0.000019
General gravity gradient 1.000029 ± 0.000050 0.999815 ± 0.000038 0.999618 ± 0.000048 0.999804 ± 0.000033

Table 4
Average precision of different datum measuring points.

Gravity
gradient

Points
A001, A002
(× 10− 8 s− 2)

Points
A001, A003
(× 10− 8 s− 2)

Points
A002, A003
(× 10− 8 s− 2)

Points
A001, A002, A003
(× 10− 8 s− 2)

Actual gravity
gradient

1.5 1.4 1.4 1.3

General
gravity
gradient

2.3 2.1 2.1 2.1

Table 5
Comparison of error propagation results under different datum points using
different gravity gradients.

Gravity gradients Point
number

Point A001
(× 10− 8 s− 2)

Point A002
(× 10− 8 s− 2)

Point A003
(× 10− 8 s− 2)

Actual gravity gradient A001 0 − 6.5 2.3
A002 6.5 0 8.7
A003 2.1 − 8.7 0

General gravity
gradient

A001 0 − 18.4 9.0
A002 18.4 0 27.5
A003 − 9.0 − 27.5 0
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adjustment methods. The results are shown in Table 6. The results
in Table 6 show that the average difference between the actual
gravity gradient results and the "true value" when using only two-
datum for control is 3.1 × 10− 8 m/s2, with a minimum of only
1.23 × 10− 8 m/s2. In contrast, the average difference using the
general gravity gradient results is 3.9 × 10− 8 m/s2 when using
three datum points, and a maximum of 8.7 × 10− 8 m/s2 when
using two datum points. Overall, the differences are smaller near
the datum and larger far from it, primarily due to the effects of
error propagation. The Jinzhai data set in the Dabie Mountains has
12 points, a quarter of which are datum points, so the influence of
error propagation is relatively small. However, in a complex survey
network with a smaller proportion of datum points, differences in
vertical gravity gradients may have a greater influence on the re-
sults of the entire network. This requires further research.

5. Conclusion

Historically, the free-air gradient was conventionally employed
for instrument height corrections due to the practical challenges in
acquiring measured vertical gravity gradients. This approach pro-
vided a good approximation when the actual gravity gradient at
the measuring point was unavailable. This method has been used
for processing mobile gravity measurements since the 1960s. With
the development of technology and theory since the 21st century,
more methods have become available for measuring or modeling
vertical gravity gradients, making it feasible to use the actual
vertical gravity gradient at the measuring points in future gravity
data processing.

This paper calculates vertical gravity gradients using a DEM
model and a Bouguer gravity anomaly model (with terrain
correction). Based on the theoretical vertical gravity gradients
calculated in this paper, the influence of the vertical gravity
gradient on the relative gravimeter scale factor calibration, the
adjustment results, and the gravity datum transfer is investigated.

Judging from the results of scale factor calibration, the scale
factor precision of the entire measuring section is improved by an
average of 0.00007. From the perspective of the precision of the
adjustment results, the precision of the results using the actual
vertical gravity gradient is generally better than that using the
general gravity gradient results. The average precision of the re-
sults of different datum points can be improved from
2.23 × 10− 8 m/s2 to 1.45 × 10− 8 m/s2. Most importantly, the in-
fluence of the gravity gradient on the gravity datum transfer is
studied. Although the average value of the gravity gradient change

in the Dabie Mountains is 23.4 × 10− 8 s− 2, which is much smaller
than the maximum difference of 237.6 × 10− 8 s− 2 in Table 1, the
resulting influence on the results is also not negligible. In the case
of single-datum control adjustment, the maximum influence of
the actual vertical gravity gradient on the datum transfer is
8.7 × 10− 8 m/s2, while the influence of not using it is the smallest
at 9.0× 10− 8 m/s2 and the largest at 27.5×10− 8 m/s2. Although the
single-datum control effect is poor, this result also illustrates the
huge influence of the gravity gradient on the datum transfer. In the
case of multi-datum, the average difference between the results
using the actual vertical gravity gradient and the "true value" is the
smallest. Even under the three-datum control condition, the
average difference between the results calculated using the free-
air gradient and the "true value" reached 3.9 × 10− 8 m/s2.

The vertical gravity gradient at a measuring point is most
reliably obtained through direct measurement using a gravity
gradiometer, although this method is relatively expensive; alter-
natively, it can be effectively calculated using theoretical models.
However, due to the low resolution of gravity anomaly data, the
calculated results may be significantly biased in areas where
gravity gradient anomalies caused by subsurface density anoma-
lies dominate. Topographic resolution can reach 30 m or higher, so
using theoretically calculated vertical gravity gradient should be
more reliable in mountainous areas where topographically driven
gravity gradient anomalies dominate. According to this analysis,
vertical gravity gradients may have a greater influence on regional
and even national gravity networks. Eliminating these effects can
yield more accurate and reliable gravity data, thereby serving and
promoting relevant Earth science research and development.
These issues require further research.
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Table 6
Differences between different adjustments and the "true value".

Point
number

Points
A001, A002

Points
A001, A003

Points
A002, A003

Points
A001, A002, A003

General results (×
10− 8 m s− 2)

Actual results (×
10− 8 m s− 2)

General results (×
10− 8 m s− 2)

Actual results (×
10− 8 m s− 2)

General results (×
10− 8 m s− 2)

Actual results (×
10− 8 m s− 2)

General results (×
10− 8 m s− 2)

A001 0.1 0 0 0 13.5 5 0.1
R001 4.4 0.6 8.2 3.6 7.4 1.9 2.2
R002 4.9 0.6 7.6 3.6 7.9 1.9 2.8
R003 5 0.6 7.5 3.6 8 1.9 2.9
R004 10.4 0.7 2.1 3.5 13.4 1.9 8.2
R005 6 0.6 6.5 3.6 9 1.8 3.9
A002 0 0 20.4 6.9 0 0.1 − 0.1
R006 10.5 0.6 2.1 3.6 13.5 1.9 8.3
R007 9.9 0.7 2.6 3.5 12.9 1.9 7.8
R008 8.8 0.6 3.7 3.6 11.8 1.9 6.7
R009 13.9 2.9 1.6 2 7.3 1.1 4.3
A003 19.6 5.9 0 0 0.1 0 0
Average
value

7.8 1.2 5.2 3.1 8.7 1.8 3.9
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