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The Bnite-difference time domain (FDTD) method is widely used in ground–airborne transient
electromagnetic modelling. Generally, this method oAers great limitations because the calculation of the
air layer is avoided and the surface assumption is Cat. This study proposes a new method for
ground–airborne 3D electromagnetic forward modelling that includes air layers and eAectively solves
the airborne TEM forward calculation of the coastal ocean and rugged terrains. The optimum selection
of the air-layer resistivity and the identiBcation ability of the long-wire source are discussed. By adding
the pulse source signal to the control equation and realizing a direct calculation that includes the
source, the cumbersome process of calculating the complex initial Beld is avoided. After establishing the
mountain model and coastal ocean model, the electromagnetic response is discussed. Subsequently, the
ground–airborne TEM modelling is subjected to a 3D numerical simulation of complex geological
conditions. The validity of this method is veriBed by analytical solutions through a uniform half space.
The results show that the method can achieve 3D and high-precision numerical calculations when it
includes complex terrain and seawater.
Keywords. Fictitious wave Beld; ground airborne; coastal ocean; forward modelling.

1. Introduction
The time-domain electrical source ground–air
transient electromagnetic system has the advantages of a large detection depth, high resolution,
wide range, and fast speed. The system is especially
suitable for rapid resource exploration in mountainous and forest-covered areas, swamps, and
other special landscape areas (Ito et al. 2011; Abd
Allah et al. 2013). It is a detection system that is
both ground launching and air receiving. The
working principle is as follows: a grounded electrical source is used as the emission source in the

ground, and an induction coil is used in the air as a
receiver. Under the excitation of a high-power
source, the earth will produce an induction Beld
(secondary Beld). The secondary Beld is received
by an induction coil and assists in the exploration
of underground ore resources (Mogi et al. 1998; Ji
et al. 2013; Allah et al. 2014). In engineering
practice, the electrical source ground–air transient
electromagnetic system is widely used. Abd Allah
et al. (2013) used an electrical source ground–air
transient electromagnetic system to detect the
land–sea interaction area, obtained a resistivity
structure of 500 m underground, and analysed
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seawater intrusion in the area. Ito et al. (2014) used
a ground–air transient electromagnetic system to
investigate the underground resistivity structure of
the Aso Volcano in southwest Japan, which conBrmed the feasibility of this system. Ji et al. (2013)
carried out actual measurements in Inner Mongolia, China, by using an electrical source ground–air
transient electromagnetic system and obtained the
groundwater resources in this area. With the successful application of electrical source ground–air
transient electromagnetic systems, the numerical
simulation method related to it has also been
developed rapidly.
In the Beld of numerical simulation, the Bnitedifference time domain (FDTD) method is widely
used because of its convenience and rapidity.
Oristaglio and Hohmann (1984) used a Yee grid to
analyse the electromagnetic response characteristics of a two-dimensional model, which laid the
foundation for a three-dimensional FDTD numerical simulation. Wang and Hohmann (1993) used
the improved DuFort–Fankel time stepping
scheme to realize a three-dimensional FDTD
numerical simulation. Commer and Helwig (2006)
used geometric multigrid concepts to improve the
speed of 3D time domain electromagnetic response
simulations. Commer et al. (2015) discussed the
FDTD method and introduced a time-dependent
function into a three-dimensional numerical simulation, which eAectively solved the time consumption problem. Zhou et al. (2016) used an equivalent
circuit model of a dual source; the typical parameters of a dual power supply were given, and a
semi-airborne electromagnetic survey was realized.
Qi et al. (2017) proposed a 3D forward modelling
method considering attitude changes, and the
electromagnetic response of a shallow surface was
analysed using ground–airborne TEM measurements. Yin et al. (2017) used the spectral element
method to model airborne EM and improved the
accuracy of the modelling. Li et al. (2015) proposed
a set of ground–air inverse synthetic aperture
imaging methods that improved the resolving
power of resistivity imaging. The ground–air TEM
method helps to detect water resources in the
ground and in tunnels. An FDTD method was
proposed that can eAectively calculate the 3D
electromagnetic response of an underground aquifer structure, and good results were achieved
(Barfod et al. 2017). Ren et al. (2017) used the
Bnite volume method to model and analyse AEM
in the time domain and realized eDcient numerical simulations. Um et al. (2012) simulated a
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three-dimensional electromagnetic Beld diffusion of
the earth by the Bnite element method. Ji et al.
(2017) combined wave Beld conversion technology
with FDTD to realize a 3D numerical simulation
with a loop source. Um et al. (2010) used a threedimensional Bnite-element method to simulate the
transient electromagnetic Beld of a grounded electrical source in the time domain, and the electric
Beld component at each time was calculated.
The time-domain electrical source ground–airborne transient electromagnetic method is an eAective method for the exploration of underground ore
resources. At present, the three-dimensional
numerical simulation of a ground–airborne transient
electromagnetic mainly focuses on the Cat land
model, ignoring the inCuences of the air layer and
complex terrains. However, in actual exploration
processes, undulating surface and land–sea juncture
zones are always present. Only using the Cat surface
as the forward model cannot accurately simulate the
real underground electromagnetic response. When
faced with an air layer and complex geological conditions, how to carry out eDcient calculations has
become an urgent problem to be solved in 3D calculations (Yin et al. 2015). Based on the above
problems, we combine the wave Beld transformation
method with the FDTD method to eAectively solve a
3D numerical simulation problem including an air
layer and complex terrain.

2. Finite difference in Bctitious wave Beld
The time-domain ground–airborne TEM method is
a low-frequency detection method. In a traditional
FDTD calculation, the calculation cost of the 3D
electromagnetic response is very high due to the air
layer’s very low conductivity and the limitation of
its own stability conditions, which makes an ordinary computer unable to complete the process. We
expand on the research results of Mittet (2010). A
Bctitious wave Beld is introduced into grounded
electrical source ground–airborne transient electromagnetic modelling. A Bctitious wave Beld is an
imaginary Beld, which is not real. The purpose of
transforming the real diffusion Beld into the Bctitious wave Beld is to facilitate the calculation and
improve the calculation eDciency. The Bctitious
wave Beld and Bctitious wave itself have no physical significance. Therefore, it is necessary to convert the calculation results in the Bctitious wave
Beld to a real Beld to obtain the real electromagnetic response.
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The Maxwell equation in the frequency domain
of a real diffusion Beld is written as follows:
r  H ¼ rE þ J;

ð1Þ

r  E ¼ ixlH  K;

ð2Þ

where E and H are the electric and magnetic Belds
in the real diffusion Beld, respectively, J denotes
the current density, and K denotes the magnetic
current density. x is the angular frequency in the
real diffusion Beld, l is the permeability tensor, and
r is the conductivity.
A Bctitious dielectric constant is deBned by the
conductivity tensor:
r ¼ 2x0 e0 :

ð3Þ

The angular frequencies of the real diffusion Beld
and Bctitious wave Beld satisfy the following
relationships:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð4Þ
 ix0 ¼ 2ixx0 ;
where x0 ¼ 2pf 0 , f 0 ¼ 0:7, and x0 is the angular
frequency in the Bctitious wave Beld.
By equations (5–8) the Bctitious frequency
domain equation can obtain (9 and 10):
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2x0
0
0
Eðx; xÞ;
ð5Þ
E ðx; x Þ ¼
ix
H 0 ðx; x0 Þ ¼ H ðx; xÞ;

ð6Þ

J 0 ðx; x0 Þ ¼ J ðx; xÞ;

ð7Þ

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2x0
Kðx; xÞ;
K 0 ðx; x0 Þ ¼
ix

ð8Þ

r  H0 þ ix0 e0 E0 ¼ J0 ;

ð9Þ

r  E0  ix0 lH0 ¼ K0 :

ð10Þ

The equations of the time domain in the
Bctitious wave Beld are
r  H0 þ e0 ot 0 E0 ¼ J0 ;

ð11Þ

r  E0 þ lot0 H0 ¼ K0 ;

ð12Þ

where J0 and K0 are the current and magnetic
current densities, and E and H are the electric and
magnetic Belds in the Bctitious wave domain.
The solution of the electromagnetic response in a
Bctitious wave Beld is only used for the convenience
of calculation, and the response itself has no practical significance. Therefore, transforming it into

the response of a real diffusion Beld is necessary.
The transformation relationships are as follows:
Z T
pﬃﬃﬃﬃﬃﬃﬃ 0 pﬃﬃﬃﬃﬃﬃﬃ 0
J0 ðt 0 Þe xx0 t ei xx0 t dt 0 ;
ð13Þ
JðxÞ ¼
0

rﬃﬃﬃﬃﬃﬃﬃﬃﬃ Z T
pﬃﬃﬃﬃﬃﬃﬃ 0 pﬃﬃﬃﬃﬃﬃﬃ 0
ix
EðxÞ ¼
E0 ðt 0 Þe xx0 t ej xx0 t dt 0 ; ð14Þ
2x0 0
HðxÞ ¼

Z

T

pﬃﬃﬃﬃﬃﬃﬃ 0 pﬃﬃﬃﬃﬃﬃﬃ 0
xx0 t i xx0 t

H0 ðt 0 Þe

e

dt 0 ;

ð15Þ

0

rﬃﬃﬃﬃﬃﬃﬃﬃﬃ Z T
pﬃﬃﬃﬃﬃﬃﬃ 0 pﬃﬃﬃﬃﬃﬃﬃ 0
ix
KðxÞ ¼
K 0 ðt 0 Þe xx0 t ei xx0 t dt 0 : ð16Þ
2x0 0
By using the FDTD method to solve the timedomain control equation in the Bctitious domain,
the Bnite-difference forms are as follows:
0
0
n
0
enþ1
x ði; j; k Þ ¼ Ex ði; j; kÞ þ 2Dt x0 qxx ði; j; k Þ
" nþ1
nþ1
Hz 2 ði; j; kÞ0  Hz 2 ði; j  1; k Þ0

Dy
#
nþ1
nþ1
Hy 2 ði; j; k  1Þ0  Hy 2 ði; j; k Þ0
;
þ
Dz

ð17Þ
0
0
n
0
enþ1
y ði; j; k Þ ¼ ey ði; j; kÞ þ 2Dt x0 qyy ði; j; k Þ
" nþ1
nþ1
Hz 2 ði  1; j; kÞ0  Hz 2 ði; j; k Þ0

Dx
#
nþ1
nþ1
Hx 2 ði; j; kÞ0  Hx 2 ði; j; k  1Þ0
;
þ
Dz

ð18Þ
enþ1
ði; j; k Þ0 ¼ ezn ði; j; kÞ0 þ 2Dt 0 x0 qzz ði; j; k Þ
z
" nþ1
nþ1
Hy 2 ði; j; kÞ0  Hy 2 ði1; j; k Þ0

Dx
#
nþ1
nþ1
Hx 2 ði; j1; kÞ0  Hx 2 ði; j; k Þ0
;
þ
Dy
ð19Þ
nþ1

n  12

h x 2 ði; j; k Þ0 ¼ h x

ði; j; kÞ0
"
enz ði; j þ 1; k Þ0 eny ði; j; k Þ0
0 1
 2Dt l
Dy
#
0
eny ði; j; k Þ eyn ði; j; k þ 1Þ0
;
ð20Þ
þ
Dz
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n1

h y 2 ði; j; k Þ0 ¼ h y 2 ði; j; kÞ0
 n
e ði; j; k Þ0 enz ði þ 1; j; k Þ0
 Dt 0 l1 z
Dx

0
n
n
ex ði; j; k þ 1Þ ex ði; j; k Þ0
þ
ð21Þ
Dz
nþ1

n  12

h z 2 ði; j; k Þ0 ¼ h z

ði; j; kÞ0
"
eny ði þ 1; j; k Þ0 eny ði; j; k Þ0
0 1
 Dt l
Dx

enx ði; j; k Þ0 exn ði; j þ 1; k Þ0
þ
ð22Þ
Dy

3. Electrical source loading in a Bctitious
wave Beld
3.1 Loading mode of the grounded electrical
source
In grounded electrical source ground–airborne
transient electromagnetic modelling, a grounded
electrical source is used as the emission source, and
an induction coil is used as the receiver. Among
them, the grounded electrical source is a Bnite
length wire, and we deBne the wire length as the
emission source length. In this paper, the grounded
electrical source is the emission source, and the
induction coil is the receiver. To align the numerical simulation more closely to the real model, we
need to load the emission source in the numerical
simulation.
Two methods are used to add emission sources:
one is to load a complex initial Beld to avoid direct
loading of the source, which requires the ground to
be Cat to avoid reCection of the actual surface
conditions. The other is to load the delta function,
but the delta function fails to meet the stability of
the Bnite difference and can produce massive
errors. Therefore, the derivative of the Brst-order
Gaussian pulse, as the signal of the Bctitious
transmitter, was selected to avoid these shortcomings. As shown in equation (23),
rﬃﬃﬃ
b bðt0 t0 Þ2
0T 0
0
e
;
Jn ðt Þ ¼ 2bðt  t0 Þ
p

have no real meaning. Therefore, the real source
signal needs to be extracted through equation (24):
Z T
pﬃﬃﬃﬃﬃﬃﬃ 0 pﬃﬃﬃﬃﬃﬃﬃ 0
J0 ðt 0 Þe xx0 t ei xx0 t dt 0 :
ð24Þ
JðxÞ ¼
0

The electric and magnetic Beld responses are
extracted by equations (25 and 26):
rﬃﬃﬃﬃﬃﬃﬃﬃﬃ Z T
pﬃﬃﬃﬃﬃﬃﬃ 0 pﬃﬃﬃﬃﬃﬃﬃ 0
ix
E0 ðt 0 Þe xx0 t ej xx0 t dt 0 : ð25Þ
EðxÞ ¼
2x0 0
HðxÞ ¼

Z

pﬃﬃﬃﬃﬃﬃﬃ 0 pﬃﬃﬃﬃﬃﬃﬃ 0
xx0 t i xx0 t

T

H0 ðt 0 Þe

e

dt 0 :

ð26Þ

0

This study mainly uses a grounded electrical
source to carry out the numerical simulation. The
emission source current can be considered a set of
electric dipoles; these electric dipoles are
distributed on the edges of the grid and are
independent. Figure 1 shows that Tx is the
emission source and Rx is the receiver. The
Bctitious emission source maintains its true
direction. The direction of the electric Beld on the
edge is not exactly the same. The Bctitious
emission source is only related to the electric Beld
components x and y, and the z direction is zero,
which is in agreement with the actual working
device.
3.2 InCuence of emission source length on
low-resistance body recognition ability
Due to the characteristics of fast wiring speed and
high eDciency, grounded electrical sources have
been widely used in ground–airborne TEM detection. To study the inCuence of the emission source
length, we calculate the response of abnormal
bodies with different emission source lengths. We
set up a 3D model including the air layer and
z
y

o
Tx

x

ð23Þ

2
where b ¼ pfmax
and fmax are the maximum frequencies in the Bctitious wave Beld.
Fictitious emission sources are not equal to real
emission sources, as Bctitious emission sources

Figure 1. Loading mode of Bctitious wave Beld long-wire
source.
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emission source and receiver, respectively, and the
height of the receiver from the ground is 50 m.
Figure 2(b) shows that the response curves of 1000,
500, and 300 m (yellow, blue, brown) emission
source lengths are calculated. The discontinuous
black curve represents the background Beld
response. In conclusion, the response amplitude
increases with increasing emission source length,
while the transformation law of the response curve
remains constant. An evident change between 1
and 2 ms is observed by comparing the response
curve with the background Beld response, which
indicates an abnormal response in this period. At
4 ms, the propagation of the electromagnetic wave
passes through an anomalous body, which coincides with the background response. To better
analyse the inCuence of emission source length on
the recognition ability of abnormal bodies, we use
the response including abnormal bodies to subtract
the response of non-abnormal bodies to obtain the
eAects of pure abnormal bodies, as shown in
Bgure 2(c). With the increase in the emission
source length, the underground second Beld will be
enhanced, so it has a better recognition ability for
the underground low-resistance abnormal body.
However, in the actual detection process, the
increase of the emission source length is bound
to increase cost consumption. Therefore, the
Beld experiment process must be considered
comprehensively.
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Figure 2. InCuence of emission source length on recognition
ability. (a) 3D anomalous body model. (b) EAects of different
source lengths on response. (c) Only anomalous body
response.

underground anomaly body, as shown in
Bgure 2(a). The resistivity of the air layer is
104 Xm, and the resistivity of the earth is 100 Xm.
Place a cuboid anomaly 300 m underground. The
length, width, and height of the anomalous body
are all 200 m. Tx and Rx are used to represent the

Homogeneous half-space models are the foundation
model of the grounded electrical source
ground–airborne transient electromagnetic method
and the basic model used to verify the eAectiveness
of the method. Therefore, the calculated results of
the Bctitious wave Beld Bnite-difference method are
compared with the analytical solutions of the uniform half space to verify the correctness of the
algorithm. The resistivity is 100 Xm The distance
between the receiver and the emission source is
1500 m, and the Cight altitude is 0 m. Comparison
results and the relative error curves are shown in
Bgure 3(a, b). Comparing the Bctitious domain
Bnite-difference method with the analytical solution demonstrated better results. The relative error
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(a)

(a)

(b)
Figure 3. Comparison results of homogeneous half-space
models. (a) Comparison of Bctitious domain Bnite difference
and analytical. (b) Relative error curve.

(b)
Figure 4. Mountain terrain including multiple anomalous
bodies model: (a) 3D diagram and (b) front view.

of the solution is 3.6%, which better satisBes the
calculation requirement.
4.2 Mountain topography including multiple
anomalous bodies
A complex geological model including a mountain
body, as shown in Bgure 4(a and b), was set up
to further verify that this method can eAectively calculate a complex geological body
model; we set the air-layer resistivity as 104 Xm,
the earth resistivity as 100 Xm, two low resistivity bodies parallel at 300 m underground, and
the resistivity as 1 Xm. Tx represents the
emission source, Rx1 and Rx2 represent the
receivers, and the Cight altitude is adjusted to
0 m. The emission source length is 1000 m. The
results are compared with Ji et al. (2017), as
shown in Bgure 5(a, b).
Figure 5(b) shows that the relative errors of Rx1
and Rx2 at receiving points are less than 10%,
which meets the calculation requirements. In the

actual measurement process, the Cight altitude is
not a constant value due to the inCuence of airCow
and weather, which leads to a change in the
receiving altitude. Therefore, analysing the inCuence of Cight altitude on the terrain eAect is necessary. In this study, taking the Rx2 receiving
point as an example, the electromagnetic response
of the mountain model at Cight altitudes of 25, 50,
75, and 100 m is calculated, and the inCuence of
receiving altitude is analysed. The response results
are shown in Bgure 6(a). The increase in altitude
mainly aAects the response amplitude at the early
stage. The higher the Cight altitude is, the smaller
the eAect amplitude because of the inCuence of the
air layer, and the response curve is basically consistent after 1 ms. To study the inCuence of
mountain topography on response, we take the
mountain model (Bgure 4) as an example. We
select a Cight altitude of 50 m, where other
parameters remain unchanged. The magnetic Beld
response is calculated with only mountain

J. Earth Syst. Sci. (2020)129:130
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(a)
(a)

(b)
Figure 5. Comparison of 3D model complex geological body
(a) contrast result and (b) relative error.

topography and only underground multiple
anomalous bodies, as shown in Bgure 6(b). The
discontinuous black curve represents the response
of the background Beld, the red curve represents
the response of only mountains, and the blue curve
represents the response of only multiple anomalous
bodies. The mountain topography response mainly
occurs at 0.1 ms in the early stage, while the
response of underground anomalies mainly occurs
at the late stage (approximately 2 ms). Thus, in
the data interpretation process, if only the late
time-domain geo-spatial electromagnetic data are
interpreted, the impact of mountain topography
cannot be explained well. Moreover, the Bctitious
wave Beld inevitably aAects the propagation form
of the electromagnetic Beld because of the existence
of mountainous terrain. This study presents a slice
map of the vertically induced current under the
Bctitious wave Beld to better understand the
impact of the mountain model on the propagation
of the electromagnetic Beld, as shown in Bgure
7(a, b).
Figure 7 shows that the conductivity is not zero
because the air layer is treated as a Bnite high

(b)
Figure 6. Effects of Cight altitude and mountain topography
on magnetic Beld (a) impact of Cight altitude and (b)
inCuence of mountain topography.

resistor. Thus, the propagation of the induced
current in the air layer is not zero. Peak topography and multiple low-resistance targets have a
great inCuence on the distribution of the induced
current. The emitter changes more dramatically in
the Bctitious wave Beld than in the diffusion Beld.
Therefore, the amplitude of the induced current in
the two slices also changes dramatically. The
propagation mode of the electromagnetic Beld is
changed because of the inCuence of mountain
topography such that it no longer propagates
symmetrically. Therefore, the mountain topography cannot be ignored in the numerical simulation
of time-domain ground–airborne TEM.
Under the action of an external electric Beld, the
resistivity of various rocks is not the same. The
strength of conductivity can be expressed by
physical parameters (resistivity). From the physical formula q ¼ RS=L, it can be seen that the
regular shape conductor resistivity, which is made
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(a)

(b)
Figure 7. Snapshots of the induced current system (a) early
stage and (b) late stage.

of uniform material, is related to the conductor
material. The resistivity q is directly proportional
to the cross-sectional area S and inversely proportional to the length L. The resistivity can be
measured by the ‘four-electrode method’ in the
laboratory. In this paper, it is assumed that the
resistivity of the underground low-resistivity body
is homogeneous media, and the resistivity of the
low-resistivity body is isotropic and equal. The
resistivity is only related to the material properties. Therefore, we assume that the physical
parameters of the resistivity will not be inCuenced
by the topography.

J. Earth Syst. Sci. (2020)129:130
and its geological structure is complex. The TEM
method can detect shallow water eAectively and
provides a good resolution for low-resistance mineral resources. A 3D land–sea staggered model is
designed as shown in Bgure 8 to simulate the
land–sea staggered environment. We set the resistivity of the air layer to 104 Xm, the earth resistivity to 100 Xm, and the anomalous body to 1 Xm
at 300 m underground. Tx represents the emission
source, Rx represents the receiver, and the Cight
altitude is adjusted to 50 m. A 1000 m long wire is
used as the emission source. We assume that there
is no contamination between the earth, the
anomalous body and the sea water, which mimics
an ideal model. The response results are shown in
Bgure 9(a, b).
Figure 9(a) shows the electromagnetic response
at Rx without seawater, where the black curve
represents homogeneous half-space models without
anomalous bodies and without oceans. The green
curve indicates that there is an abnormal body
underground and that there is no seawater.
Figure 9(b) shows the electromagnetic response at
Rx, including seawater and anomalous bodies. In
the land–sea stage, to understand the inCuence of
the position of the abnormal body on the results,
we show three different response curves. The discontinuous black curve indicates that the abnormal
body is 300 m underground, and the discontinuous
green curve indicates that the abnormal body is
300 m under seawater. As shown in Bgure 9(a), we
can see that when there is no seawater, the
response curve shows a monotonic decreasing
trend, and the response of anomalous body mainly
occurs at 2 ms. When seawater exists (Bgure 9b),
as the emission source is placed on the ground and
the receiver is placed above the sea water, the
receiver and emission source are far away

4.3 Calculation of the land–sea staggered model
based on the time-domain ground–airborne
TEM method
The land–sea staggered area contains a large
number of mineral resources. However, the area is
covered by shallow seawater and extended land,

Figure 8. Land–sea-staggered model.
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Figure 9. 3D numerical simulation results of land–sea-staggered model.

(1200 m). Therefore, the early stage is dominated
by an underground induction Beld, so the curve
presents a monotonic attenuation trend. In the late
stage, due to the great difference between the sea
water conductivity and the earth conductivity, the
response results show an inverse sign. The position
of the abnormal body will aAect the occurrence
time of the inverse sign. When the abnormal body
is underground, the inverse sign appears in 8 ms,
and when the abnormal body is under the sea, the
inverse sign appears in 3 ms.
We give the propagation form of the induced
current in the Bctitious wave Beld, as shown in
Bgure 10(a–c). Figure 10 clearly demonstrates the
change in terrain and the location of low-resistivity
anomalous bodies. In the air layer, electromagnetic
wave propagation is carried out in a symmetrical
form because no abnormal body or topography is
available. The process of underground electromagnetic wave propagation is hindered by a lowresistance anomaly and topography such that the

Figure 10. Snapshots of the induced current system. (a) Time
stept 780, (b) Time stept 1100, (c) Time stept 9800.

wave no longer propagates symmetrically. In
addition, the propagation speed of electromagnetic
waves in different regions is also quite different due
to the great contrast between air, seawater, and
earth resistivity.
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The propagation velocity of the electromagnetic
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
wave in a Bctitious wave Beld is c ¼ 2x0 q=l,
where q is the resistivity. Electromagnetic waves
propagate rapidly in the Bctitious wave Beld
because of the high resistivity of the air layer. The
propagation speed of electromagnetic waves in the
seawater layer is very slow because the seawater
layer is a good conductor and has a very low
resistivity.
In the land–sea staggered model, the propagation of electromagnetic waves and the shape of
response curves are aAected by the complex
topography of the seabed and the stark contrast
between seawater and land, as is the case when the
curves have an inverse sign. Therefore, in the 3D
numerical simulation process of time-domain
ground–space TEM, the topography and the existence of seawater and groundwater need full
consideration.

J. Earth Syst. Sci. (2020)129:130
which hinders the propagation of electromagnetic
waves when aAected by mountains and topography. In the process of space-time TEM simulation,
the inCuence of mountain bodies on the response
appears mainly in the early stage, while that of
underground anomalous bodies appears in the late
stage. When seawater is present and when land
launching and air receiving are used, the response
curve projects an inverse-sign phenomenon because
of the inCuence of the seawater.
Several mineral resources can be observed on
land and in the ocean; even though this study
realizes a 3D forward simulation of mountainous
terrain and a coastal ocean, the distribution is
immensely complex, especially the underground
anomalies and seawater polarization. Therefore,
further studies must focus on the coastal ocean
using complex geological models. The necessary
research on electromagnetic and polarization
responses must be carried out.

5. Conclusion
Acknowledgements
The Bctitious wave-Beld transformation technique
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When a grounded electrical source is added to a
Bctitious wave Beld, the complexity of the calculation of the initial Beld is avoided, and the resolution of the emission source can be analysed from
the perspective of theoretical simulation. The
ability to recognize anomalous bodies is gradually
strengthened with increasing emission source
length. In a Bctitious wave Beld, the electromagnetic wave has a high propagation speed in the air,
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