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a b s t r a c t

Multiple geophysical parameters including groundwater level, water temperature, water radon, crustal
deformation, electromagnetic waves and total electron contents (TEC) in the ionosphere, are examined
together to investigate pre-earthquake anomalous phenomena associated with the Mw6.1 Ludian earth-
quake on August 3, 2014. Cross-parameter comparison eliminates anomalies that are detected in one
parameter only and examine earthquake-related phenomena in various fields, simultaneously.
Retrieved anomalies show that abnormal decreases of water temperature and radon concentration
related to anomalous uplift of groundwater levels appeared about 1–8 days before the earthquake even
without contributions from rain. Significant step-like changes are observed from data recorded by strain-
meters on July 31 and are consistent with water-related anomalies in timing. No significant anomalies
can be found from electromagnetic data through the preliminary observation. In contrast, TEC appeared
positive anomalies 1–3 days before the Ludian earthquake. Although causal mechanisms of the TEC
anomalies from stressed rocks are not fully understood, multiple-parameter examination can increase
credibility of determination regarding pre-earthquake phenomena.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The Yunnan area is located in the southern part of China and the
northeastern margin of the convergent plate boundary between
the Indian and Eurasian plates. Intense interactions between the
Indian and Eurasian plates formed complex tectonic structures
and many earthquakes. On August 3, 2014, an earthquake
(103.4�E, 27.2�N) with magnitude (Mw) of 6.1 and 10 km in depth
struck south China with its epicenter near the Ludian County,
Yunnan at 16:30:10 (local time). The earthquake caused loss of
617 lives, missing of 112 people and collapse of more than
80,000 buildings. About 230 thousand of people were promptly
evacuated from disaster areas and arranged to safe places. The total
number of approximately 1 million people was disaster-stricken
during the Ludian earthquake. The centroid moment tensor analy-
sis indicates that the Ludian earthquake was caused by the
strike-slip fault, with the strike 70�, dip 85�, and rake 180�
(http://www.globalcmt.org/). The most compressive axis of the
earthquake is about 294� by using the standard method proposed
by Robinson and McGinty (2000). The Ludian-Zhaotong fracture
zone with a north–south strike is located at the eastern side and
very close to the epicenter. Meanwhile, its aftershocks aligned in
an east–west trend along the Xiaojiang-Baogunao fracture zone.
Those two fracture zones with the approximately perpendicular
relationship of the strikes would dominate the strike-slip fault trig-
gering the Ludian earthquake.

Many previous studies (Scholz et al., 1973; Molchanov and
Hayakawa, 2008; Freund, 2013) reported that information about
pre-earthquake anomalous phenomena can be extracted from rou-
tinely recorded data of several physical parameters. The causal
mechanism of earthquakes is resulted from stress accumulating
in the crust. To monitor earthquake-related stress via strain, data
recorded by ground-based GPS (Global Positioning System) sta-
tions (Peltzer et al., 1998; Barbot et al., 2008; Barbot and Fialko,
2010; Chen et al., 2011, 2013a, 2014, 2015) and/or strainmeters
(Smith and Gomberg, 2009) are often utilized. Anomalous uplift
and depression of groundwater levels are often observed prior to
earthquakes while the permeability of rocks would be modified
by loading stress (Bredehoeft, 1967; Chia et al., 2001; Kingsley
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Fig. 1. Locations of the epicenter of the Ludian earthquake and utilized stations lies on the topography map. The red star denotes the location of the epicenter. The blue circles
show stations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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et al., 2001; Quilty and Roeloffs, 1997; Roeloffs, 1988, 1998; Wang
et al., 2001; Chen et al., 2013b). Meanwhile, earthquake-related
stress can open and/or close of ducts, in which gas could propagate
from deep depth to shallow subsurface, owing to developments of
cracks (Scholz et al., 1973). Gases from deep depth would partially
dissolve in groundwater to modify the associated concentration.
Thus, a change in concentration, particularly for groundwater
radon, is generally considered to be one of the promising candi-
dates of pre-earthquake anomalous phenomena to monitor seismic
activity (Wakita et al., 1980; Kuo et al., 2006; Ghosh et al., 2009).

Stress accumulation in the crust can simultaneously change
conductivity (Lin and Zeng, 1992; Zeng et al., 1995) and/or suscep-
tibility (Stacey, 1962; Nagata, 1970) underground and yield electric
currents (Merzer and Klemperer, 1997; Yen et al., 2004) to change
electromagnetic field (Fraser-Smith et al., 1990; Hattori, 2004;
Hattori et al., 2013; Liu et al., 2006; Molchanov and Hayakawa,
2008; Chen et al., 2009, 2010, 2013c; Han et al., 2009, 2011,
2014, 2015; Wen et al., 2012; Xu et al., 2013) that are believed
to be due to electrokinetic (Fenoglio et al., 1995), microfracturing
(Molchanov and Hayakawa, 1995), piezoelectric effects (Huang,
2002) and activation of positive holes (Freund et al., 2006;
Freund, 2010, 2013). These studies have shown that
seismo-electromagnetic anomalies distribute within a wide fre-
quency band from direct current (DC) to very low frequency
(VLF). Meanwhile, seismo-electromagnetic anomalies are one of
potential parameters to affect electric field near and/or above the
Earth’s surface and further change the total electron contents
(TEC) in the ionosphere (Kuo et al., 2011). The global ionosphere
map (GIM) of TEC constructed with about 200 of worldwide
ground-based receivers of the GPS is routinely published in a 2-h
time interval (ftp://cddisa.gsfc.nasa.gov/pub/gps/products/ionex).
The GIM reveals that TECs with significantly anomalies over the
epicenter a few days before the 12 May 2008 M8.0 Wenchuan
earthquake, the 26 December 2004 M9.3 Sumatra–Andaman
earthquake, and the 12 January 2010 M7.0 Haiti earthquake (Liu
et al., 2009, 2010, 2011). Liu et al. (2009) statistically examined
the GIM TECs over 35 M P 6.0 earthquakes occurring in China dur-
ing the 10-year period of May 1, 1998–April 30, 2008, and often
found pronounced decrease anomalies of the TEC over the epicen-
ter on day 3–5 before 17 M P 6.3 earthquakes.

Here, ground-station data of strain, groundwater level, water
temperature, water radon and electromagnetic field, monitored



Fig. 2. Variations of groundwater level, water temperature, water radon and precipitation in Ludian, Qiaojia and Daguan during July 1–August 25. The vertical dash line
shows occurrence time of the Ludian earthquake. The data and the accordingly Y axis is paired by the same color. ED is the abbreviation of epicentral distance. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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by instruments at Daguan, Ludian, Qiaojia, Yongshan and Zhaotong
(also see Fig. 1), covering the period from July 1 to August 15, 2014,
are utilized to report anomalous phenomena associated with the
Ludian earthquake. Meanwhile, the TEC in the ionosphere over
the epicenter retrieved from GIM during July 14–August 14, 2014
is accordingly examined to achieve the lithosphere–atmosphere–i
onosphere coupling. The data retrieved during this period are com-
pared with time-series data from normal periods and processed to
identify earthquake-related anomalous phenomena. The deter-
mined time-dependent anomalous phenomena from entire physi-
cal parameters are integrated together to cross-check their
relationships via potential physical mechanisms.
2. Observations of groundwater level, water temperature,
precipitation and radon

Hourly changes in groundwater level, water temperature and
radon at Ludian, Qiaojia and Daguan from July 1 to August 25 are
shown in Fig. 2. A decreasing trend can be found from groundwater
level at the Ludian station during the study period (Fig. 2a). Uplift
changes, which lay on the decreasing trend, can be observed on
July 16, August 1, August 12 and August 19 in 2014. Those smooth
uplifts were most likely resulted from rainfalls, except for it on
August 1, when the precipitation recorded at the Qiaojia station
is also taken into account. Notably, the sudden change, which is



Fig. 3. Variations of strain rates in Ludian, Zhaotong and Yongshan during July 1–August 25. The vertical dash line shows occurrence time of the Ludian earthquake. The
numbers are the amplitude of the rapid changes in associated components in Ludian on July 31 and August 3. The data and the accordingly Y axis is paired by the same color.
ED is the abbreviation of epicentral distance. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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different from the other smooth uplifts, was observed on August 1.
The unusual sudden change is rarely detected from long-term
time-series data and is considered to be the candidate of
seismo-water level anomalies associated with the Ludian earth-
quake. Changes in groundwater levels retrieved from the Qiaojia
area are examined and shown in Fig. 2b. A relationship of uplifts
and depressions of groundwater levels associated with precipita-
tions can be repeatedly obtained in the Qiaojia area. It is worth
mentioning that water temperature and groundwater levels often
yield an inversely proportional relationship because precipitations
infuse groundwater decreasing the temperature, except for the
step-like changes on July 31 that are in-phase at two parameters
regardless latter decrease of water temperature. The uplifts of
groundwater levels should be dominated by possible mechanisms
except for rainfalls because no significant precipitation can be
found from the data recorded in Qiaojia on July 31. On the other
hand, concentration of the water radon generally maintained at a
low stage of about 400 Bq/L during the study period. A box-like
change could be found from the variations of the concentration
during July 16–25, 2014. In contrast, a depression appeared on
approximately July 30, 2014 that is very close to the unusual
step-like changes on July in timing. Subsequently, an anomalous
drop of the radon concentration occurred from July 31 to August
2 that is related to the sudden uplift of groundwater levels in the



Fig. 4. Changes in electromagnetic field via the EM detector in Qiaojia, Zhaotong and Yongshan during July 1–August 25. The vertical dash line shows occurrence time of the
Ludian earthquake. The data and the accordingly Y axis is paired by the same color. ED is the abbreviation of epicentral distance. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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temporal domain (Fig. 2c). Regarding observations in the Daguan
area about 92 km away from the epicenter, uplifts of groundwater
levels and precipitations also yield good agreement (Fig. 2d).
However, the water temperature in Daguan is rather noisy and is
relative insensitivity to groundwater level than it in Qiaojia. The
water temperature persistently maintains about 20.82 �C during
the study period, except for fluctuation with ±0.01 �C from July
26 to August 3. The fluctuation reached to the maximum on July
28 and rapidly dropped to the minimum on August 1.
3. Observations of strain and electromagnetic field

Strainmeters with a high resolution of about 10�9 in the strain
rate were installed in Ludian, Zhaotong and Yongshan to monitor
strain changes before earthquakes. Variations of the strain rate in
the NS, EW, NW and NE components, which are simultaneously
recorded by the strainmeter installed in Ludian during the study
period, are shown in Fig. 3a. Two significant step-like changes
can be found from the strain data on the entire axes, simultane-
ously, on July 31 and August 3. It is clear that the step-like changes
on August 3 would be related to the co-seismic effects associated
with the Ludian earthquake. However, causal mechanisms with
respect to the step-like changes on July 31 are obscurity when
those strain data are solo taken into consideration. Regarding the
strain rate recorded in Zhaotong, three significant turning points
can be found on the NS and EW components July 1, July 26 and
August 9, 2014 (Fig. 3b). The decreasing trend became smooth on
July 26 that would suggest the accumulating stress in the crust
either approaching the threshold of the fault rupture or becoming
mitigation. The transformation (on July 26) of the threshold
approach would be an agreement with processes of the
seismo-deformation anomalies observed in the previous studies
(Chen et al., 2011, 2013a, 2014) while the others (i.e. on July 1
and August 1) were caused by unknown mechanisms. It is clear
that the strain rate on the NS and EW components generally
showed in-phase changes regardless unknown factors. The dis-
crepancy of changes in the strain rate isolated on the EW axis
appeared on July 30 and August 3. Similarly, the changes on
August 3 would be affected by co-seismic effects of the Ludian
earthquake. In contrast, the changes on July 30, which agrees with
the variations of the anomalous strain rate observed in Ludian in
timing, are related with indistinct factors. Peaks and step-like
changes can be found from the strain rates both on the NS and
EW axes on July 12, July 24 an August 18 in Yongshan, where is
about 131 km away from the epicenter (Fig. 3c). Those changes
are different with the aforementioned anomalies in timing owing
to unknown reason and were further eliminated in following dis-
cussion. Notably, abnormal changes of gradually increase during
July 31–August 3 and mitigation of decrease trend July 27–
August 5 can be found on the NS and EW axes, respectively.

EM wave detectors, which monitor changes in the geomagnetic
field at the frequency ranged between 0.01 Hz and 20 Hz through
induction-coils with a sampling interval of 1 min, were installed



Fig. 5. The temporal distributions of GIM TEC above the 2014 M6.1 Ludian earthquake epicenter from July 14 to August 14, 2014. At each time point, the median, the first (or
lower) and the third (or upper) quartiles denoted by M (dashed line), LQ and UQ, respectively, of every successive 15 days of GIM TECs are computed. To have a stringent
criterion, the lower and upper bounds are computed via the formulas of LB = M � 1.5(M–LQ) and UB = M + 1.5(UQ–M), respectively, and shown by black lines. The median
together with the associated LB and UB then provide references for the GIM TEC variations on the 16th day. The positive or negative anomalous day are determined and
marked by red and black triangles, respectively, once more than one third (=4/12) of the upper or lower abnormal signals (i.e. GIM TEC is greater or smaller than the
associated UB or LB) appear in one day. Note that there are 12 data points per day. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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in Qiaojia, Zhaotong and Yougshan with the epicentral distance of
about 41 km, 42 km and 131 km surrounding the epicenter,
respectively (also see Figs. 1 and 4). Fig. 4 shows hourly variations
of the EM waves by using the smooth method at entire stations.
The backgrounds of the electromagnetic data in the NS and EW
components in Qiaojia both approach 0 nT (Fig. 4a). Amplitudes
of fluctuations in the EW component of the electromagnetic field
are rather small during the study period, except for a peak on
July 11. In contrast, variations of the electromagnetic data in the
NS component were ranged between about �2 and 3 nT and
became large lying on the background. An indistinct drift of the
baseline appeared during July 26–31 and maintained for a long
time and mitigated on August 27 (also see the website on http://
www.eqzt.com/). A long duration of the abnormal variation from
July 26 to August 27 and a short time spin of 3–4 days of aforemen-
tioned pre-earthquake phenomena yield discrepancy. Fluctuations
of electromagnetic data were relatively small in Zhaotong except
for appearance of several peaks and drops (Fig. 4b). It is interesting
that an inverse relationship between the data in the NS and EW
components can be obtained once those peaks and drops are exam-
ined. This suggests that interference was frequently coming from
an unknown source at the either NW or SE direction. No significant
anomalous phenomena can be found a few days before the Ludian
earthquake without further analyses. Electromagnetic data
recorded in Yongshan were very noisy because an electric power
plant located about 3 km away from the station was operated
recently (Fig. 4c). It is very difficult to retrieve useful information
from noisy data without removal of the interference from the elec-
tric power plant.

4. TEC anomalies in the ionosphere

Fig. 5 shows changes in TEC over the epicenter isolated from
GIM between 20 days before and 10 days after the earthquake.
To detect abnormal signals of the TEC variations, the standard
method of a quartile-based process proposed in the previous study
(Liu et al., 2011) is performed. Negative anomalies occurred during
July 14–24, except on July 23, while positive anomalies appeared
on July 28 and July 31 to August 2 (day 6 and 3–1 before the earth-
quake). There are 4 positive anomaly days before the earthquake,
which are most likely the earthquake related. Notably, the Dst (dis-
turbance storm time) index was ranged from �26 nT to 11 nT from
August 1 to August 4 that is rather stable and would not the major
factor of the retrieved positive anomalies. To see if the anomalies
specifically appeared around the earthquake, a global examination
on the GIM TEC would be required. Since the process and areas of
the earthquake preparation are generally long and huge, the asso-
ciated duration of seismo-ionospheric precursors is most likely
long. Here, we examine the 90% and greater of the GIM TEC in per-
vious 1–30 days at each time point during the 4 positive anomaly
days. Fig. 6 illustrates that the spatial distributions of 90+% GIM
TEC (i.e. the positive anomalies) on July 31, 2014. It can be seen
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Fig. 6. The GIM TEC anomaly maps on July 31. The GIM TEC with 2-h time resolution covering ±87.5�N latitude and ±180�E longitude ranges with spatial resolutions of 2.5�
and 5�, respectively. Each map consists of 5183 (=71 � 73) grid points (or lattices).
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that the positive anomalies constantly appear around the epicenter
and its conjugate point at 6 time points between 1000 and
2000 UT. Fig. 7 is the superimposed result of the 6-time-point
which shows that specifically appear around the epicenter and
its southeast area. The anomalous area (20 lattices) seems to be
large, and however in comparing to the globe (5183 lattices), the
positive anomalies on July 31 are very likely related to the
Ludian earthquake.
5. Discussion and conclusions

Scholz et al. (1973) separated the pre-earthquake anomalous
phenomena into three stages. No significant anomalous phenom-
ena can be observed in the stage I of buildup of elastic strain.
When cracks are developed and dilatant due to stress accumula-
tion in the crust in the stage II, decrease of seismic P velocity, uplift
and tilt of ground, radon emission and increases of conductivity
could be monitored in place stressed. At the stage III, water would
infuse into the fault zone and crustal deformation could become
unstable. In contrast, uplift and tilt of ground and emission of
radon would maintain at a high stage till occurrence of the main
shock. Thus, those different physical parameters would potentially
change in the same time and should be taken into consideration
together once pre-earthquake anomalous phenomena are studied.

It has been examined that there are many anomalies observed
from different data recorded around and/or above the epicenter
of the Ludian earthquake. However, those anomalous phenomena
are very difficult to be related to the Ludian earthquake once
recorded data is solo considered. When those physical parameters
utilized in this study are concerned, simultaneously, anomalous
changes of them each with an anomalous behavior can be observed
on common days from July 31 to August 2, except for electromag-
netic waves. The timing of those common days rather approaches
the occurrence of the Ludian earthquake. The anomalous behaviors
from those different parameters are thus suspected to be the earth-
quake related. Since stress is considered to be the major factor of
earthquakes, their relationships are first exposed from strain data.
Here, amplitudes associated with co-seismic effects recorded in the
NS, EW, NE, NW components in Ludian (Fig. 3a) are computed to
compare with the direction of the most compressive axis (i.e.
294�) of the Ludian earthquake to examine the accuracy of the



Fig. 7. The superimposed result of the GIM TEC anomaly map obtained on July 31. The red star denotes the location of Ludian earthquake. Meanwhile, areas with red open
rectangles are the locations with the persistent positive anomalies determined by using its conjugate point at 6 time points between 1000 and 2000 UT. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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strain rate data. The amplitudes are computed by using the turning
points at the both ends of the rapid change from strain data on
earthquake day. The co-seismic related amplitudes were
1.6 � 10�8, �2.8 � 10�8, �1.5 � 10�8 and 9.35 � 10�8 in the NS,
EW, NE and NW component, respectively (also see Fig. 3).
Directions of the compressive axis derived from the amplitudes
in the NS and EW (NE and NW) pair were about 300� (306�) that
agrees with the most compressive axis (i.e. about 294�) calculated
from the fault plane solution. The agreements suggest that the
measurements can fairly reflect modifications of stress. On the
other hand, the amplitudes of the rapid changes were
�1.6 � 10�8, �3.9 � 10�8, �5.7 � 10�8 and 1.85 � 10�8 at the NS,
EW, NE and NW directions on July 31, respectively. Directions of
the compressive axis were 243� and 247� obtained from two com-
ponent pairs in Ludian. A certain difference of about 45� between
the compressive axis obtained on July 31 and it computed from
fault plane solutions suggests accumulation stress in seismogenic
processes would be different with released stress during earth-
quakes for the strike-slip event. A high dense strainmeter array
could benefit to understand stress changes in seismogenic pro-
cesses. Note that the directions of the compressive axis are about
90� and 0� at stations in Zhaotong and Yongshan on July 31 that
would relate to the east–west and north–south strikes of the
Xiaojiang-Baogunao and Ludian-Zhaotong fracture zones, respec-
tively (Fig. 3b and c).

When loading stress results in strain and modifies permeability
of rocks underground, changes in groundwater levels should be
observed accordingly. Groundwater levels with a significant
increase can be observed in Ludian and Qiaojia on July 29 and
August 1 that is consistent with the appearance time of strain
changes recorded in Ludian, Zhaotong and Yongshan. Uplift of
groundwater levels suggests infusion of groundwater that
decreases the water temperature and drops the concentration of
radon in Qiaojia on July 29, simultaneously (Fig. 2b and c). Once
anomalous increase of water temperature in Daguan is also inte-
grated together, water-related anomalies were found earlier in
distance places surrounding and latter in near areas (i.e. about
92, 56 and 28 km away on July 26, July 29 and August 1, respec-
tively). A series of those water-related anomalies also sheds light
on exposing a NE–SW tendency of the earthquake-related stress
loading. Note that the NE–SW tendency is most likely the direction
of the compressive axis obtained from two component pairs in
Ludian on July 31. Positive TEC anomalies mainly appeared over
the epicenter on July 31 to August 2 (3–1 days before the earth-
quake) that would resulted from currents due to the activation of
positive holes (Freund et al., 2006; Freund, 2010, 2011, 2013),
radon release (Pulinets, 2007; Omori et al., 2007; Ouzounov
et al., 2011; Sorokin and Hayakawa, 2013) and conductivity
changes (Kuo et al., 2011). However, the relationship of the litho
sphere–atmosphere–ionosphere coupling regarding the positive
TEC anomalies triggered by ground currents and/or radon release
is very difficult to be examined at this moment because the major
key of the seismo-EM anomalies cannot be clearly indentified in
this study without any further analysis.

In short, pre-earthquake anomalies of surface strain, groundwa-
ter levels, water temperature, water radon and ionospheric TEC
constantly appeared approximately 1–8 days before the Ludain
earthquake. Multiple-parameter comparison through potential
mechanisms is useful for eliminating anomalies sometimes related
to unknown factors and reducing the risk of earthquake forecast by
using one isolated parameter. In contrast, no significant anomaly
observed from the raw data of EM waves suggests that determina-
tion of pre-earthquake phenomena would be dependent on analyt-
ical methods, signal and noise ratios and/or different types of
earthquakes. Forecast ability of the multiple-parameter compar-
ison will be examined and/or evaluated once more results derived
more different-type earthquakes are collected in the near future.
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