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Abstract. The paper presents a wavelet transform method
to identify possible seismic brightness temperature anoma-
lies that might be associated with the Yushu (Ms = 7.1)
earthquake that occurred in Qinghai province of China on
14 April 2010. Daily infrared data from the Chinese geo-
stationary meteorological satellite FY-2E were used for the
period from 1 January 2010 to 31 December 2011 and the
spatial region 28.1–38.1◦ N by 91.7–101.7◦ E. We find that
the wavelet transform is an effective method to analyse time
series which contain nonstationary power, and identify here
anomalous power both in the time and frequency domain.
The results show that, over the two years, the relative wavelet
power spectrum (RWPS) showed anomalous RWPS varia-
tions in nine cases: two of these were followed by earth-
quakes; seven were not. One of the two RWPS anomalies
that were followed by an earthquake was in the southern area
of the epicentre of the Yushu earthquake, with the RWPS
anomaly starting to appear around 29 March 2010, decreas-
ing in the period before the earthquake, and completely gone
by 14 April 2010. The Yushu earthquake was the only strong
earthquake within the region and two-year time period cho-
sen, so the abnormal change of RWPS during this time period
was possibly associated with the Yushu earthquake.

1 Introduction

The dynamic abnormal changes of local thermal infrared
(TIR) temperature both in time and space, which were as-
sociated with earthquake activities, have been reported by
many studies (Gorny et al., 1988; Tronin et al., 2002; Wang
and Zhu, 1984; Zhang et al., 2010). Further studies indicated
that long-term and successive thermal fields may reflect ac-
tivities of faults and large liner structure systems in the crust

of the earth (Carreno et al., 2001; Ma et al., 2005). Several
data process techniques have been introduced and applied to
extract possible TIR temperature anomalies caused by earth-
quake activities of the areas. Intuitively, the transient rise of
land surface temperature (LST) may provide us a practical
way to detect the TIR anomalies. The phenomenon of strong
LST increase of the areas close to epicentre of Gujarat earth-
quake (India, 26 January 2001,Ms = 7.9) appeared before
the shock (Ouzounov and Freund, 2004; Saraf and Choud-
hury, 2005). In order to test credibility of LST increase be-
fore Gujarat earthquake, extended LST differencing method
based on multiple years of data was used (Blackett et al.,
2011). The robust satellite technique (RST), which is based
on a statistically well-founded definition of “TIR anomaly”,
was introduced and applied to studies on the Athens earth-
quake (Greece, 7 September 1999,Ms = 5.9) (Filizzola et
al., 2004) and Izmit earthquake (Turkey, 17 August 1999,
Ms = 7.8) (Tramutoli et al., 2005). A subtraction method was
used to work out time series of temperature difference, from
which TIR anomalies associated with earthquakes could be
picked up (Yang et al., 2010). To choose the reference back-
ground temperature which will be subtracted from later tem-
perature images, a model of additive tectonics stress from
celestial tide-generating force (ATSCTF) was introduced to
select the period in which the background temperature can
be chosen (Ma et al., 2012).

The considerations of anomalies associated with seismic
activities in the techniques above were directly operated only
in time domain. The increase of TIR temperature was re-
garded as anomalies of the analysed earthquakes. However,
other authors have found that careful analyses of data show
that the anomalies are just as likely to have an earthquake as
not to be followed by an earthquake (Blackett et al., 2011).
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The time series of brightness temperature construct signals
that contain nonstationary power at different frequencies and
at different times. Power spectrum method is an effective way
to detect anomalous information in time series. In order to
analyse power spectrum anomalies possibly associated with
the Yushu earthquake, wavelet power spectrum technique is
applied. One merit of wavelet method is its good resolution
both in time and frequency domain. Analysed results indi-
cated that, over the two years, relative wavelet power spec-
trum (RWPS) showed anomalous variations in nine cases.
Two of these were followed by earthquakes, while seven
were not. The RWPS anomaly for the period from 29 March
to 14 April 2010 was in the southern area of the epicentre
of the Yushu earthquake. Therefore, the abnormal change
of RWPS during this time period was possibly associated
with the Yushu earthquake. The rest of this paper is orga-
nized as follows. In Sect. 2, we describe some information
of the Yushu earthquake and the brightness temperature data
to be processed. In Sect. 3, we briefly introduce the wavelet
power spectrum technique. In Sect. 4 the brightness temper-
ature anomalies before the Yushu earthquake are described.
In Sect. 5 we present a discussion about limitation of bright-
ness data form FY-2E and about RWPS anomalies with no
earthquakes that followed. Section 6 concludes the paper.

2 The Yushu earthquake and brightness temperature
data

The earthquake occurred in Yushu county, Qinghai province
of China, on 14 April 2010. The location of the epicentre was
at 33.2◦ N and 96.6◦ E (Fig. 1), and depth was 14 km (CENC,
2010, available athttp://www.ceic.ac.cn/). The main shock
was ratedMs = 7.1 on the surface wave magnitude scale,
causing more than 2000 deaths and huge property losses.
The earthquake occurred as a result of strike-slipping on
a NW–SE left-lateral strike-slip fault named Ganzi-Yushu
fault, which is the western segment of the Xianshuihe fault.
There were two surface rupture zones caused by the earth-
quake: one was 31 km in length and the other was 19 km. Xi-
anshuihe fault is a large left-lateral strike-slip fault at the east
of the Tibetan Plateau. It starts south of Qinghai province,
runs east to west of part of Sichuan province and ends at Yun-
nan province of China, with more than 1400 km in length. It
is the southern boundary of Bayan Har block and the north-
eastern boundary of Qiangtang block. Xianshuihe fault is an
intensive belt of current tectonic deformation and strong seis-
micity in Tibetan Plateau. Many earthquakes have occurred
at this belt in history (Chen et al., 2010).

FY-2E satellite was launched in 2008. Its orbit is fixed at
105◦ E above the Equator. The entire covering area is 50◦ N–
50◦ S and 55–155◦ E. FY-2E began to provide effective data
service in November 2009. The resolution of infrared bright-
ness temperature is 5 km. Brightness temperature observa-
tion is taken once an hour, and successive data can be ob-

Fig. 1.The epicentre of the YushuMs= 7.1 earthquake on 14 April
2010 and main active faults in analysis area (source: China Active
Faults.tab, MapSIS Software v. 2011, CEA, 2011). The eastern Ti-
betan Plateau is divided into several blocks. Eastern Kunlun fault is
the boundary of Qaidam block and Bayan Har block. Xianshuihe
fault is the boundary of Bayan Har block and Qiangtang block.
Great earthquakes mainly occurred at these block boundaries. Seis-
mic activity is relative weak inside blocks (Deng et al., 2003).

tained. For a certain pixel, the position of satellite and propa-
gation path of thermal radiation is almost fixed. For this rea-
son, data from a geostationary meteorological satellite are
used in this paper although the resolution of polar orbit satel-
lite is much better. The spatial coverage of data used in the
paper is an area of 28.1–38.1◦ N and 91.7–101.7◦ E. Radi-
ations from the sun in daytime can cause increases or rela-
tively sharp perturbs in brightness temperature observed by
satellite. To escape effects from solar radiation, the bright-
ness temperature data from 00:00 to 04:00 LT were used in
our analysis.

We used the mean of five chosen brightness temperature
data as the observed value of this date. Brightness tempera-
ture time series with a time resolution of one day were gath-
ered for every pixel. In order to extract information from
more frequencies and to analyse anomalies against normal-
ity through comparison, the length of daily brightness tem-
perature series was two years. However, some preprocess-
ing needs to be taken on brightness temperature series before
using wavelet transform method to detect anomalies. When
some pixels were covered by clouds, the brightness temper-
ature of these areas actually reflected temperature of cloud-
top. It was much lower than LST under the clouds. We ex-
tracted a trend component whose period was about one year
and more in brightness temperature of every pixel (e.g. red
solid line in Fig. 2a) by using a low-pass filter. A 1.5 times
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mean variance threshold (e.g. blue solid line in Fig. 2a) be-
tween brightness temperature and its trend component was
used to simply eliminate effects of clouds. If the brightness
temperature of one pixel is lower than threshold, it was re-
garded as cloud-top temperature and was substituted with the
temperature of its trend component of the same date. Bright-
ness temperature of the pixel after cloud elimination is shown
in Fig. 2b.

3 The wavelet power spectrum technique

Wavelet transform is an effective method for analysing non-
stationary signal. It is widely used for studies in geophysics,
seismic prospecting and other research fields (Kumar and
Foufoula, 1997). Wavelet transform is a liner time–frequency
analysis method. The conflict between time resolution and
frequency resolution can be well solved by changing the
shape of time–frequency window. Thus, wavelet transform
is localized both in time and frequency domain. The continu-
ous wavelet transform of a signalf (t) is defined as the con-
volution of f (t) with a scaled wavelet function ofψa,b(t):

Wψf (a,b)=

∞∫
−∞

f (t)ψ∗

a,b(t)dt, (1)

where the asterisk denotes the complex conjugate, and
ψa,b(t) is defined asψa,b(t)=

1
√
a
ψa,b

(
t−b
a

)
. a denotes the

wavelet scale, andb is the localized time index (Torrence
and Compo, 1998). Morlet wavelet is adopted in our analy-
sis. Morlet wavelet consists of a plane wave modulated by a
Gaussian in time domain:

ψ(t)= π−1/4eiω0te−t
2/2, (2)

whereω0 is the nondimensional frequency. Ifω0 ≥ 5, Mor-
let wavelet satisfies the admissibility condition, andω0 is
taken to be 6 here (Farge, 1992). Morlet wavelet is a com-
plex function both in time and Fourier space. Wavelet trans-
formWψf (a,b) is also complex, so the information of am-
plitude and phase in a certain signal can be obtained. Wavelet
power spectrum can be defined as|Wψf (a,b)|

2. The intrin-
sic changes of LST vary with the differences of latitude, al-
titude, climate, etc., which will lead to normal differences in
the wavelet power spectrum images. Therefore, RWPS de-
noted byRψ (a,b) is used in our analysis. RWPS is defined
as the rate of|Wψf (a,b)|

2 with the global wavelet spectrum

W
2
(a,b):

Rψ (a,b)= |Wψf (a,b)|
2
/
W

2
(a,b) (3)

whereW
2
(a,b)=

1
N

N∑
l=1

|Wlf (a,b)|
2, andN is the length of

time series.

Fig. 2. (a) The raw brightness temperature data of one pixel
(5 km× 5 km resolution) was located at 31.8◦ N, 96.3◦ E from
1 January 2010 to 31 December 2011. The red solid line is trend
component of raw temperature. Blue solid line is 1.5 times mean
variance threshold. Temperature below the blue line is seen as
cloud-top temperature and is substituted with temperature of the
red line on the same date.(b) Brightness temperature series after
cloud elimination. The high power caused by sharp variations of
low cloud-top temperature in power spectrum analysis is removed
after cloud elimination. Temperature increase before earthquake of-
ten lasts longer than short-time fluctuations. Thus, their power could
possibly be presented at different frequencies.

In continuous wavelet transform, discrete spacing of scale
factora determines frequency resolution. The lower discrete
spacing ofa, and the higher frequency resolution will be ob-
tained. Continuous wavelet method is a nonorthogonal trans-
form. Isolated components of close frequency bands have
overlapped information. High frequency resolution is not
very necessary, anda is discrete with spacing of 0.5 in our
analysis. In time domain, we compute everyday RWPS and
localized time indexb is taken as 1 here. The length of tem-
perature time series is two years, andN is 730 or 731 as the
time interval contains a leap year, in order to show normality
against which anomalies might be compared. For a certain
frequency band, everyday RWPS of each pixel can be ob-
tained using wavelet transform with coefficients above. We
gather RWPS of every pixel on the same date and depict ev-
eryday RWPS pictures according to the coordinates of each
pixel. It is necessary to note that there are many frequency
bands determined bya andN in wavelet transform. How-
ever, we focus on the frequency bands between 8 and 64 days
in the period (Zhang et al., 2010). Using this method, we can
extract and analyse useful information both on time and fre-
quency domain through time–frequency profiles.

www.nat-hazards-earth-syst-sci.net/13/1105/2013/ Nat. Hazards Earth Syst. Sci., 13, 1105–1111, 2013



1108 T. Xie et al.: Temperature anomalies associated with the Yushu earthquake

Fig. 3.Spatial-time evolution of the RWPS based on brightness temperature data from FY-2E. For each pixel, value of RWPS means multiples
of wavelet power over its average of the two years. Analysed areas are located at eastern Qinghai-Tibetan Plateau. Weather conditions are
very complex at different areas, with many short-time fluctuations. Though the power of short-time fluctuations is mainly distributed at high
frequency bonds (we focus on RWPS variations whose periods are greater than 8 days), there are still some noise pixels scattered in RWPS
images of low frequency bonds. This situation is improved in the analysis of eastern areas of China. The main anomalies are located at the
southern areas of epicentre. Anomalous areas and amplitude dwindled and earthquake occurred afterward.

4 The abnormal RWPS changes associated with
the Yushu earthquake

The brightness temperature data from 1 January 2010 to
31 December 2011, within the area of 28.1–38.1◦ N and
91.7–101.7◦ E, were gathered from FY-2E data service with
a spatial resolution of 5 km. We obtained a series of im-
ages showing the variations of RWPS in different frequency
bands we focused on, using the wavelet method introduced
above. Though we have simply eliminated effects of clouds,
there were still anomalous pixels scattered in RWPS images.

Anomalies possibly associated with earthquakes (or tectonic
actions) were identified obeying some rules as follows:

1. The main anomalous pixels should be gathered together,
not be scattered in RWPS images.

2. Anomalies should last for days (often more than
10 days).

3. Anomalies must be distributed along tectonic fault
zones, especially active fault zones.

Nat. Hazards Earth Syst. Sci., 13, 1105–1111, 2013 www.nat-hazards-earth-syst-sci.net/13/1105/2013/
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We checked RWPS space-time evolution images of differ-
ent frequency bands and found that an RWPS whose period
was 8.26 days displayed anomalous thermal variations before
the Yushu earthquake (Fig. 3). It is shown in Fig. 3 that there
are conspicuous abnormal RWPS changes close to the epi-
centre from 29 March to 14 April 2010. The epicentre was
located at the northern edge of the anomalous area. In Fig. 3,
the epicentre is marked with a black star, and the black solid
lines are main active faults in the area.

As is shown in Fig. 3, the abnormal RWPS changes started
to appear on 29 March and the spatial abnormal scope mainly
appeared in the southern area of epicentre. There were some
smaller abnormal areas in the east close to the epicentre. The
abnormal area reached a maximum on 29 March and grad-
ually dwindled with time. RWPS amplitude of main abnor-
mal area reached a maximum of about 10, which meant that
the power was 10 times its average of two years. Anomaly
amplitude also gradually decreased. Since 14 April 2010,
the amplitude and spatial scope of anomalies had been so
small that it was hard to distinguish thermal anomalies from
the background. And anomalies disappeared after the earth-
quake. Abnormal RWPS reached a peak both in amplitude
and scope at the beginning of the whole anomaly evolution
and attenuated afterward. This might present a process that
LST increased for some reasons in the whole anomaly ar-
eas. Then LST dropped and anomalous scope dwindled with
thermal diffusion, and returned to normal eventually. Tronin
et al. (1996, 2000) suggested that the increase in greenhouse
gas (such as CO2, CH4) emission rates and the increase of
heat flux convection before earthquakes might be the factors
causing increase of LST. Another small separate abnormal
area was located at the northwest of the epicentre along the
same fault, but it is uncertain whether this abnormal area was
associated with the Yushu earthquake because the distance
from epicentre to the area was more than 400 km.

For better analysing the thermal anomalies associated with
this earthquake, a 2 yr RWPS of one pixel (5 km× 5 km reso-
lution, located at 31.8◦ N, 96.3◦ E), within our focused bands
whose periods are between 8 and 64 days (there are six bonds
in our calculation; the period of each band is displayed in
Fig. 4), is plotted in Fig. 4 to show normality in other time
intervals, against which anomalies can be compared. Before
the Yushu earthquake, the values of RWPS whose period was
8.26 days were much higher than those in other time inter-
vals. RWPS of other bands did not show anomalies before
the earthquake. In April 2011, the RWPS whose period was
11.7 days exceeded 5, but there were no earthquakes that oc-
curred in the areas throughout that period. The Yushu earth-
quake was the only strong earthquake within the anomalous
areas. Therefore, the conspicuous abnormal RWPS changes
of the first frequency band were possibly associated with the
Yushu earthquake.

Fig. 4. RWPS of one pixel (5 km× 5 km resolution) was located at
31.8◦ N, 96.3◦ E from 1 January 2010 to 31 December 2011. Peri-
ods of our focused bands were between 8 and 64 days. If we define
RWPS exceeding 5 as anomaly here, there are only two anomalies
in the two years. One was in March and April 2010 with a period of
8.26 days (discussed in this paper). The other was in April 2011 with
a period of 11.7 days. But there was no earthquake in this anomaly
period.

5 Discussion

Brightness temperature data from the geostationary meteo-
rological satellite FY-2E have a high special resolution of
5 km, good time resolution and continuity because the ob-
servation is taken once an hour for the whole covering areas.
For every pixel, the location of satellite and the propagation
path of radiation are approximately fixed. Therefore, bright-
ness temperature and RWPS images can be directly depicted
without orbit splicing needed in polar orbit satellite. How-
ever, when pixels were covered by clouds, brightness tem-
perature from FY-2E actually reflected the cloud-top temper-
ature which is much lower than land surface temperature un-
der these clouds. Although we can distinguish clouds from
satellite cloud images, there is no auxiliary observation to
correct brightness temperature of pixels covered by clouds.
We simply eliminate cloud using a 1.5 times mean variance
threshold in our work, but the effects of clouds on RWPS
results still need more evaluations and analyses.

www.nat-hazards-earth-syst-sci.net/13/1105/2013/ Nat. Hazards Earth Syst. Sci., 13, 1105–1111, 2013
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Table 1.RWPS anomalies in the six frequency bands in the selected area during analysis period.

Anomaly Period Start date End date Latitude range Longitude range

1 T = 8.26 days 10 Feb 2010 6 Mar 2010 31.7–34.8◦ N 93.0–96.0◦ E
2 9 Mar 2010 27 Mar 2010 36.5–38.1◦ N 96.7–101.7◦ E
3 29 Mar 2010 14 Apr 2010 31.0–33.0◦ N 95.7–99.5◦ E
4 23 Jul 2010 13 Aug 2010 28.1–31.0◦ N 96.7–101.7◦ E
5 7 Feb 2011 11 Mar 2011 33.0–35.5◦ N 91.7–93.7◦ E
6 15 May 2011 6 Jun 2011 28.1–30.0◦ N 92.0–95.7◦ E
7 T = 11.70 days 6 Mar 2010 26 Mar 2010 36.8–38.1◦ N 97.0–100.7◦ E
8 19 Jun 2010 8 Jul 2010 29.0–31.0◦ N 98.0–99.2◦ E
9 28 Aug 2011 19 Sep 2011 34.3–37.0◦ N 95.7–98.0◦ E
10 T = 16.53 days 5 Jun 2010 9 Jul 2010 28.4–30.4◦ N 96.0–100.0◦ E
11 T = 33.06 days 19 Jun 2010 14 Aug 2010 35.3–38.0◦ N 96.0–99.0◦ E
12 10 Jan 2011 23 Feb 2011 33.7–36.0◦ N 91.7–94.0◦ E

All works we did above are based on a hypothesis that tec-
tonic actions, especially earthquakes, can cause an increase
of LST and its temperature increase lasts longer than short-
time fluctuations. Thus, their power could possibly be pre-
sented at different frequencies. Though we eliminate many
RWPS noises and anomalies unassociated with tectonic ac-
tions under the rules in Sect. 4, there are still anomalies
within which no earthquakes occurred in the anomalous pe-
riods. Among these non-earthquake anomalies, there are at
least two situations which we cannot distinguish from our ex-
pected anomalies. First, if RWPS anomalies are not caused
by tectonic actions but they obey our anomaly identifying
rules, they cannot be eliminated. Second, if the anomalies are
indeed caused by tectonic actions but no earthquakes occur,
we also cannot know if they are non-earthquake anomalies
until they disappear. Therefore, we use the RWPS method
to extract anomalies obeying the anomaly identifying rules.
Fortunately, there are RWPS anomalies before some earth-
quakes in our case studies.

Table 1 displays RWPS anomalies of each period within
our analysis areas from January 2010 to December 2011.
A latitude-longitude rectangle was simply used to roughly
denote the anomaly area. There are 12 anomalies satisfying
the anomaly identifying rules in all frequency bands. How-
ever, the anomalies of different frequency bands with dura-
tion and area overlapped should be seen as one anomaly. The
anomalies numbered 2 and 7 become one, then 5 and 12,
and 8 and 10. At last we get 9 anomalies. Table 2 displays
all 9 earthquake events with magnitudeM ≥ 5.0 within the
area of 28.1–38.1◦ N and 91.7–101.7◦ E from 1 January 2010
to 31 December 2011 (http://www.ceic.ac.cn/). If we regard
main shock and its aftershocks as one event, there are only
4 earthquake events (actually, aftershocks are not considered
in our case studies). The Nierong earthquake occurred about
18 days after anomaly numbered 1 disappeared, while we did
not find anomalies before Luhuo and Nangqian earthquakes.
Hence, in the whole analysis areas during the period, we find

Table 2.Earthquake events in the selected area during analysis pe-
riod.

Event Date Latitude Longitude Depth M Ref.
(◦ N) (◦ E) (km) location

1 24 Mar 2010 32.4 93.0 8 5.7 Nierong
2 24 Mar 2010 32.5 92.8 7 5.5 Nierong
3 17 Apr 2010 32.5 92.8 10 5.2 Nierong
4 14 Apr 2010 33.1 96.7 33 7.1 Yushu
5 14 Apr 2010 33.2 96.6 30 6.3 Yushu
6 29 May 2010 33.3 96.3 10 5.7 Yushu
7 3 Jun 2010 33.3 96.3 7 5.3 Yushu
8 10 Apr 2011 31.3 100.9 7 5.3 Luhuo
9 26 Jun 2011 32.4 95.9 10 5.2 Nangqian

9 RWPS anomalies with only 2 earthquake events that fol-
lowed in their anomaly areas, which means 7 anomalies are
not associated with an earthquake.

6 Conclusions

This paper presents an analysis on the brightness tempera-
ture data to identify a possible anomaly associated with the
YushuMs = 7.1 earthquake using continuous wavelet trans-
form method. Over the two years, RWPS showed anoma-
lous variations in nine cases. Two of these were followed by
earthquakes, while seven were not. As for the Yushu earth-
quake, we found that the RWPS whose period was 8.26 days
was much higher before the earthquake than the average of
the analysed two years. The RWPS anomalies appeared on
29 March. Then the anomalous areas and amplitude dwin-
dled with time, and finally the anomalies disappeared af-
ter earthquake. The time-dependent evolution of the RWPS
anomalies makes it plausible that “heat” was emitted from
the ground at anomalous areas and cooled gradually with
time. The Yushu earthquake was the only huge geological
event in anomalous areas during the abnormal period, so the
conspicuous abnormal RWPS changes were possibly associ-
ated with the earthquake.

Nat. Hazards Earth Syst. Sci., 13, 1105–1111, 2013 www.nat-hazards-earth-syst-sci.net/13/1105/2013/
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The wavelet power spectrum technique used in the present
paper is an effective method in detecting anomalous vari-
ations in a signal. When we use continuous wavelet trans-
form method to analyse a signal in time–frequency domain,
we can obtain an RWPS of each frequency band. However,
we need to check RWPS images of all bands to extract ther-
mal anomalies that might be associated with earthquakes and
other geological events, because the possibly dominant fre-
quency bands of RWPS have not been demonstrated, which
will need more earthquake case analyses. On the other hand,
there are still anomalies with no earthquakes that followed,
which makes false information appear when applying earth-
quake prediction.
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