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Abstract  Recently, effects of Earth’s curvature and radial heterogeneity on coseismic deformations are often investi-
gated based on the 2004 Sumatra earthquake. However, such effects are strongly related to earthquake types. As a low dip 
angle event, the 2004 Sumatra earthquake is not a good seismic case for such a topic since the effects for moderate dip angle 
events are much bigger. In this study, the half-space and spherical dislocation theories are used, respectively, to calculate co-
seismic displacements caused by the 2008 Wenchuan earthquake and the 2004 Sumatra earthquake. Effects of Earth’s curva-
ture and stratification are investigated through the discrepancies of results calculated using the two dislocation theories. Re-
sults show that the effects of Earth’s curvature and stratification for the 2008 Wenchuan earthquake are much larger than 
those for the 2004 Sumatra earthquake. Ignoring the effects will cause errors up to 100%−200% in far field displacements for 
a moderate dip angle event like the 2008 Wenchuan earthquake. Such great effects are much bigger than those conclusions of 
previous studies. Besides, comparison with observations verifies that spherical dislocation theories yield better results than 
half-space ones in far fields. 
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1 Introduction  

We can interpret geodetic deformations such as 
displacement, tilt, strain, and gravity change caused by 
earthquakes or volcanoes using dislocation theories be-
cause earthquakes and volcanic events can be modeled 
by fault movement (dislocation) within the Earth. Since 
Steketee (1958) introduced dislocation theory into the 
seismic study field, dislocation theories have been pre-
sented for different media model types such as a homo-
geneous half-space Earth model (e.g. Okada, 1985); a 
spherically symmetric, non-rotating, perfectly elastic 
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and isotropic (SNREI) Earth model (e.g. Sun and Okubo, 
1993); a viscoelastic spherical Earth model (e.g. Tanaka 
et al, 2006); a 3D heterogeneous spherical Earth model 
(e.g. Fu and Sun, 2008); etc. Among them, dislocation 
theories for a homogeneous half-space earth model (e.g., 
Okada, 1985; Okubo, 1991; 1992) are most widely used 
to compute coseismic deformations because of their 
mathematical simplicity. However, because the actual 
Earth more closely approximates an inhomogeneous 
sphere than a homogeneous half-space, Earth’s spherical 
curvature and stratification might engender large errors 
when half-space theories are used to analyze far-field 
deformations. A theoretical investigation is therefore 
desirable to clarify the effects of Earth’s sphericity and 
stratified structure. 

Sabadini and Vermeersen (1997) investigated the in-
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fluence of lithospheric and mantle stratification on global 
post-seismic deformation based on the normal mode 
technique. They found that the mantle viscosity structure 
strongly influenced post-seismic deformation in a far field. 
However, their discussion was limited to a dip-slip source. 
Sun and Okubo (2002) studied the effect of Earth’s 
spherical curvature and radial heterogeneity by compar-
ing the Green functions of different dislocation theories. 
Their results showed very large effects of sphericity and 
stratification. The effect of a layered structure reaches a 
discrepancy of more than 25% everywhere on the Earth’s 
surface, including the near field. However, their discus-
sion was limited to simple point dislocations. To date, 
such investigations for actual seismic events are always 
based on the 2004 Sumatra earthquake (Banerjee et al, 
2005, 2007; Sun et al, 2009). However, the effects of 
Earth’s curvature and radial heterogeneities are related 
strongly to earthquake types. This study will show that 
the 2004 Sumatra earthquake is not a good seismic case 
for investigation the effects of Earth’s curvature and het-
erogeneity on coseismic deformations therefore the esti-
mations of previous studies (Banerjee et al, 2005, 2007; 
Sun et al, 2009) are too small.  

This paper presents effects of Earth’s curvature and 
stratification on coseismic displacements caused respec-
tively by the 2008 Wenchuan earthquake and 2004 Su-
matra earthquake, respectively. The distribution patterns 
around the epicenter can yield direct images of those 
effects. Results show that the effects of Earth’s curvature 
and stratification are very large, but they vary for dif-
ferent seismic types. For moderate dip angle events such 
as the 2008 Wenchuan earthquake, ignoring the effects 
may cause 100%−200% errors for coseismic displace-
ments in far fields. The greater the epicentral distance is, 
the greater the effects will be. Therefore, we recommend 
spherical dislocation theories instead of half-space ones 
to interpret the coseismic deformations in far fields or to 
invert seismic fault models using far-field geodetic data. 

2 Comparison between coseismic dis-
placements calculated by half-space and 
spherical dislocation theories: Effects of 
Earth’s curvature and stratification 

Scientists often use dislocation theories to interpret 
Earth’s responses to earthquakes or volcanoes (Maru-
yama, 1964; Okada, 1985; Sun et al, 1996; Pollitz, 2003; 
etc.). In those studies, Earth is often simplified as some 
simple geometric model such as a homogeneous 

half-space, a layered sphere, a 3D heterogeneous sphere, 
etc. The homogeneous half-space Earth model is the 
simplest; it assumes the Earth to be a half-space filled 
with homogeneous elastic medium (Figure 1a). For such 
a simple Earth model, it is easy to express the seismic 
response of the medium mathematically. For example, 
Okada (1985) presented a complete set of analytical 
formulae for calculating coseismic displacements, tilts, 
and strain changes caused by shear and tensile disloca-
tions. Okubo (1991; 1992) proposed expressions in 
closed form to describe potential and gravity changes 
caused by dislocations. Because of their mathematical 
simplicity, these dislocation theories have been widely 
applied to studying Earth’s responses to earthquakes or 
volcanoes or to inverting seismic faults. However, the 
validity of these theories is limited to near fields because 
the Earth’s curvature and radial heterogeneity are not 
considered at all. Model geodesy is able to detect far 
field deformations. Dislocation theories for a more real-
istic Earth model are therefore necessary to interpret far 
field deformations. Under this background, Sun and 
Okubo (1993; 1998), Sun et al (1996, 2006) presented 
dislocation theories based on a radial inhomogeneous 
spherical Earth model (Figure 1b). These theories are 
valid for the entire Earth surface because they include 
Earth’s sphericity and stratification. 

 

Figure 1 Two Earth models used for dislocation studies. (a) A 
homogeneous half-space Earth model; (b) A layered spherical 
Earth model. 

This study investigates effects of Earth’s curvature 
and stratification through discrepancies between the re-
sults calculated by half-space and spherical dislocation 
theories. For simplifying discussions, and without losing 
generality, we limit our concentration to displacements 
caused by earthquakes. Discussions for the other geo-
physical deformations such as tilt, strain, and gravity 
change would be similar. We also constrain our discus-
sion to coseismic deformations so that the corresponding 
half-space dislocation theory of Okada (HDTO) and 
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spherical dislocation theory of Sun et al (SDTS) are di-
rectly useful. In this study, a layered spherical Earth 
model named PREM (Dziewonski and Anderson, 1981) 
is used for the spherical dislocation theory. 

To calculate coseismic displacements caused by 
earthquakes with large geometrical size of faults such as 
the 2008 Wenchuan earthquake and the 2004 Sumatra 
earthquake, the segment-summation scheme proposed 
by Fu and Sun (2004) is necessary. Conceptually, it di-
vides the large fault plane into limited sub-faults so that 
the coseismic displacements caused by each sub-fault 
can be evaluated by direct application of HDTO or 
SDTS and by subsequently summing up the individual 
contributions from all sub-faults. Each sub-fault is suffi-
ciently small to be regarded as having a homogeneous 
dislocation movement, which is always possible because 
the source rupture process in seismology always pro-
vides such a fault model. 

If we try to judge which dislocation theory (SDTS 
or HDTO) is better by comparing theoretical calcula-
tions with GPS observations, we must choose a suitable 
fault model for our calculation. We should avoid using 
those fault models which are inverted by GPS data be-
cause the half-space dislocation theories such as HDTO 
are always used during the inversion; therefore, the fault 
models are not independent of HDTO. We had better 
choose a fault model that is inverted using independent 
methods such as those inverted by seismic waveforms. 

3 Case study of a moderate dip angle 
seismic event: The 2008 Wenchuan 
earthquake 

The large Wenchuan (China) earthquake (MW7.9), 
which occurred in 12 May 2008, killed about 87 000 
people. The coseismic displacements at 122 GPS sta-
tions around the epicenter were detected by GPS net-
works operated by the China Earthquake Administration 
and State Bureau of Surveying and Mapping (Zhang, 
2008). The magnitude of this earthquake was MW7.9; 
the coseismic displacements caused by this earthquake 
were observed in both near and far fields. It provides us 
a good opportunity to study the effect of Earth’s curva-
ture and radial heterogeneity on coseismic deformations. 

Many scientists have investigated the source rup-
ture process of the 2008 Wenchuan earthquake. Ji and 
Hayes (2008) presented a fault model that had been in-
verted by teleseismic waves on the website of the U.S. 
Geological Survey (USGS); Zhang et al (2008) pre-

sented a fault model that had been inverted from seismic 
wave data; Wang et al (2008) constructed a more realis-
tic double-paliform finite-fault model inverted by tele-
seismic waveforms, the local geologic data and the sur-
face rupture investigation; and so on. Among them, the 
fault model of Wang et al (2008) is most reliable be-
cause it is inverted by multitudinal data including GPS 
data. However, fault models inverted by GPS data must 
be avoided since we also try to compare our theoretical 
results with the GPS observations. Because of this rea-
son we choose the fault model of Ji and Gavin (USGS, 
2008) for this study. The dip angle of the fault plane is 
about 33 deg. We calculate the theoretical coseismic 
horizontal displacements at 122 GPS stations using 
SDTS and HDTO, respectively. Then we obtain the dis-
crepancies between the two results using the following 
equation 

 .HDTOSDTSabsolute UUU −=  (1) 

Therein, SDTSU  denotes the coseismic horizontal 
displacements calculated by SDTS; HDTOU  denotes 
those calculated by HDTO. The difference of the two 
results absoluteU  can be regarded as attributable to the 
effects of Earth’s curvature and radical heterogeneity on 
coseismic displacements. 

Figure 2a presents the distribution of absoluteU  for 
the 2008 Wenchuan earthquake. The values of absoluteU  
are large in the near field, but they attenuate with the 
departure from the fault plane. The largest ones locate 
on both the hanging wall and footwall in directions apart 
from the fault plane. In contrast, those located around 
the extensional line of the fault plane are small but with 
directions headed to the fault plane. The irregular dis-
tribution of absoluteU  at those stations near the fault 
plane results from numerical errors: the accuracy of the 
results calculated using SDTS near the fault plane is not 
very high because of its numerical algorithm. 

Coseismic displacements in near fields are usually 
much larger than those in far fields. Therefore, the dis-
tribution of absoluteU  in Figure 2a is insufficient for us 
to estimate the effects of Earth’s curvature and radial 
heterogeneity. Therefore, we plot the contour maps of 

SDTSU  and HDTOU  in Figures 2b and 2c based on uni-
form grids with intervals of 0.25 deg. In fact, SDTSU  
have the same distribution patterns as those of HDTOU  
but with much smaller values, which means the effects 
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Figure 2 Differences between the theoretical results of the spherical dislocation theory (SDTS; Sun et al, 1996) and 
half-space dislocation theory (HDTO; Okada, 1985) for the 2008 Wenchuan earthquake. A gray area shows the fault plane. A 
black dot represents the epicenter. (a) Distribution of absoluteU ; (b) Contour map of results calculated using SDTS; (c) Contour 
map of results of HDTO. In (b) and (c), solid and dashed lines respectively give contours of lengths and directions of the dis-
placements. The displacement unit is centimeters. Direction is measured from east in a counterclockwise rotation. (d) Contour 
map of relativeU . The value of relativeU  is dimensionless. 

of Earth’s curvature and radial heterogeneity are not 
small. To elucidate effects more clearly, we calculate the 
relative values relativeU  using a simple formula as 

 .
SDTS

HDTOSDTS
relative

U

UU
U

−
=  (2) 

In that equation, relativeU  is the ratio of the dis-
crepancy between the theoretical displacements of 
SDTS and HDTO to the result of SDTS; it is therefore 
dimensionless. Figure 2d presents distributions of 

relativeU  for the 2008 Wenchuan earthquake. Note that 
we should investigate the value of relativeU  where the 
value of SDTSU , as well as HDTOU , are relatively large. 
The big values of relativeU  near the nodal lines of 

SDTSU  are amplified therefore meaningless. In other 
words, we must investigate relativeU  in the areas 
west-northwest and east-southeast to the fault plane 
(Figure 2d). We can find that relativeU  are larger than 0.5 

in the whole study area, except for small places of the 
hanging wall. The effects of Earth’s curvature and radial 
heterogeneity are about 1−2 times of the far field co-
seismic displacements calculated by SDTS. Ignoring the 
effects will cause 100%−200% errors on the theoretical 
displacements for the 2008 Wenchuan earthquake. 
Therefore, it is very important to replace HDTO by 
SDTS to invert a fault model of the 2008 Wenchuan 
earthquake from the coseismic displacements observed 
using GPS. 

The value of relativeU  in areas near the extensional 
line of the fault plane is 2−3 times greater than that of 

SDTSU . Such large values arise for two reasons. First, 

SDTSU  in the areas is too small (see Figure 2b), and the 
denominator in equation (2) amplifies the relativeU  value. 
Second, the areas are near the nodal lines of the 2008 
Wenchuan earthquake. Around these areas, the dis-
placements are very sensitive. Small changes in the al-
gorithm, as in the observation location and fault model, 
engender large changes in displacement. 
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Finally, to investigate the discrepancies between 
the algorithms of SDTS and HDTO further, the root 
mean square (RMS) errors of the differences between 
the theoretical results calculated by the two dislocation 
theories and the observed ones are computed using the 
following formula 

 .1

2

calobs

n

UU
n

i

ii
∑

=
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⎤
⎢⎣
⎡ −

=σ  (3) 

Therein, 
i

U obs  denotes observations; also, 
i

U cal  
denotes calculations, and n is the number of observa-

tions. Note that 
i

U obs  and 
i

U cal  are vectors but not 
scalars. The RMS errors are calculated and presented in 
Table 1. The RMS errors of two algorithms are funda-
mentally equal for all 122 GPS stations. They are 509 

and 507 mm, respectively. Large discrepancies between 
observations and calculations are caused by the  

fault model inverted from teleseismic waveforms, which 
can reflect the average information of the fault rupture 
but not the detailed ones that have large effects on local 
deformations. Overall, it is difficult to say which algo-
rithm is better. However, strictly regarding the RMS 
errors for those stations in far fields, it is apparent that 
SDTS interprets the observations better than HDTO 
does. We deduce the RMS errors according to the mag-
nitude of the observations because displacements in a 
far field are much smaller than those in the near field. 
We use progressively smaller observations for more and 
more distant fields. Regarding the statistics presented in 
Table 1, for the far field (for those observed coseismic 
displacements smaller than 50 mm), the RMS errors 
between the observation and calculation by SDTS are 
smaller than those by HDTO. The RMS errors of SDTS 
are 30%−50% smaller than those of HDTO in the far 
field. Our data results verify that SDTS works better 
than HDTO in the far field. 

Table 1 Comparison of the RMS errors of the two calculated coseismic displacements with measured values 
Observation/mm All <400 <100 <70 <50 <30 <20 <10 

Station number 122 110 91 83 79 62 51 23 
SDTS/mm 509  44 18 14 12  8  7  5 
HDTO/mm 507  40 16 14 13 12 10  9 

 

4 Case study of a low dip angle seismic 
event: The 2004 Sumatra earthquake 

The 2004 Sumatra earthquake occurred in 26 De-
cember 2004, causing a devastating tsunami that hit 
coastlines across the Indian Ocean, and killing about 
310 000 people. The rupture began from the epicenter 
and expanded north-northwest, extending 1 200−1 300 km 
along the Andaman trough (Ammon et al, 2005). It was 
stronger than any earthquake of the prior 40 years. The 
coseismic displacements caused by it were observable 
by GPS in far fields with epicentral distance of about   
6 000 km (Fu and Sun, 2006). The earthquake provided 
good opportunities to study the effects of Earth’s curva-
ture and layer structure. 

We choose the fault model of Ammon et al (2005) 
for this study. The dip angles of the fault plane are vari-
ous between 12−17 deg. We calculate SDTSU , HDTOU  
and relativeU , as well as absoluteU , for the 2004 Sumatra 
earthquake by uniform grids with 2 deg intervals around 
the epicenter. Figure 3 portrays complete images of the 
effects of Earth’s curvature and stratification for the 
2004 Sumatra earthquake. Similarly to the 2008 Wen-

chucan earthquake, absoluteU  are big in near field but 
attenuate slowly with increased epicentral distance. The 
directions of absoluteU  in total depart from the fault 
plane. In contrast, relativeU  are small in the near field but 
increase as the epicentral distance increases. Overall, 

relativeU  is smaller than 1 for the 2004 Sumatra earth-
quake. Only in four small areas are relativeU  larger than 
1, where SDTSU  are small and sensitive, small changes 
in algorithms result in large values of relativeU . 

The effects of Earth’s curvature and layer structure 
for the 2004 Sumatra earthquake are apparently smaller 
than those for the 2008 Wenchuan earthquake, which 
indicates that the conclusions of previous studies 
(Banerjee et al, 2005, 2007; Sun et al, 2009, etc) about 
the effects are less than normal since those investiga-
tions are all based on the 2004 Sumatra earthquake.  

5 Large effects of Earth’s curvature 
and radial heterogeneity for moderate 
dip angle events 

Comparison with Figures 2 and 3 shows that the 
effects of Earth’s curvature and radial heterogeneity for
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Figure 3 Distribution of absoluteU  (a), contour maps of SDTSU  (b), HDTOU  (c) and relativeU  (d) for the 2004 Sumatra 
earthquake. In Figure 3d, the big value of relativeU  in areas northwest and southeast to the fault plane are meaningless due 
to the small values of SDTSU  in the same areas. Other discussions are as the same as that in Figure 2. 

the 2004 Sumatra earthquake are much smaller than 
those for the 2008 Wenchuan earthquake. This differ-
ence results from the different dip angles of the fault 
planes for the two earthquakes. In another word, the 
effects for moderate dip angle events are larger than 
those for high or low dip angle events. The dip angles of 
the fault planes are about 33 deg for the 2008 Wenchuan 
earthquake but only about 12−17 deg for the 2004 Su-
matra earthquake. That is why the effects of Earth’s 
curvature and stratification for the 2008 Wenchuan 
earthquake are much greater than those for the latter 
one. 

According to Sun and Okubo (1993), an arbitrary 
dislocation within a spherical symmetrical earth model 
can be expressed by four independent components: a 
vertical strike slip u12, a vertical dip slip u32, a vertical 
tensile fault u22, and a horizontal tensile fault u33. The 
excited coseismic displacements can be expressed as 

(Sun et al, 2006) 
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Therein, ),,(),,( 2
π3213 += φθφθ auau , us denotes 

the excited displacements caused by a shear dislocation, 
a denotes the radius of the Earth, θ and φ are the 
co-latitude and longitude of the observation point, λ 
denotes the slip angle of the dislocation, δ is the dip an-
gle of the fault plane, U is the magnitude of the disloca-
tion, and S is the area of dislocation. 

For different dislocations, the contributions of each 
component are different according to the dip angle of 
the fault plane δ [equation (4)]. Sun and Okubo (2002) 
pointed out that effects of Earth’s stratification are ex-
tremely large for a tensile fault u22, even showing an 
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opposite sign at the epicenter. Meanwhile the effects for 
other three independent components are insignificant. In 
another word, the differences between Green Functions 
of u22 in half-space Earth model and the ones in spheri-
cal Earth model are very large. Therefore, if the dip an-
gle of the fault plane δ is moderate, the contribution of 
the tensile component u22 becomes great due to the fac-
tor sin2δ in equation (4). Because of this reason 

absoluteU  becomes great. That is why the effects of 
Earth’s radial heterogeneity are very large if the dip an-
gle δ is moderate. 

6 Discussion and conclusions 
In this study, dislocation theories of Okada (1985) 

and Sun et al (1996) are used to calculate coseismic dis-
placements caused respectively by the 2008 Wenchuan 
earthquake and the 2004 Sumatra earthquake. Effects of 
Earth’s curvature and stratification are investigated 
through discrepancies of theoretical results calculated 
using the two dislocation theories. Results show that the 
effects of Earth’s curvature and stratification on coseis-
mic deformations for the 2008 Wenchuuan earthquake 
are much larger than those for the 2004 Sumatra earth-
quake. In other words, the effects for moderate dip angle 
events are much greater than those for high or low dip 
angle events. Therefore a low dip angle event such as 
the 2004 Sumatra earthquake is not a good case for a 
topic investigating the effects of Earth’s curvature and 
layered structure on coseismic deformations.  

Our calculations show that for moderate dip angle 
events such as the 2008 Wenchuan earthquake, ignoring 
the effects of Earth’s curvature and stratification will 
engender errors up to 100%−200% on far field dis-
placements. Such large effects are much bigger than 
those conclusions of previous studies. Sun and Okubo 
(2002) claimed that the effects of the Earth’s curvature 
and layer structure are large: as much as 25% for the 
effect of layer structure. However, their estimation is 
only an average value for special point dislocation cases. 
Banerjee et al (2005, 2007) and Sun et al (2009) studied 
the effects of Earth’s curvature and radial heterogeneity 
based on the 2004 Sumatra earthquake. However, since 
the effects on coseismic deformations for the great 
earthquake are relatively small, the effects presented by 
those studies (< 50%) are not large enough. 

Theoretical speaking, we should use spherical dis-
location theory but not half space ones to explain the 
coseismic displacements in far filed because Earth’s 

spherical curvature and radial heterogeneity should be 
considered. Our comparison with the observations veri-
fies above conclusion since the spherical dislocation 
theories are better than the half-space ones for interpre-
tation of the observed coseismic displacements in far 
fields (but vice versa in near fields). Therefore, we rec-
ommend the spherical dislocation theories instead the 
half-space ones for interpretation of the coseismic de-
formations in far fields or inverting a seismic fault 
model using far-field geodetic data, particularly for 
moderate dip angle seismic events. 
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