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Abstract: Earthquakes can generate thermal anomalies in the atmosphere at low altitudes. Pending well-focused de-
tailed studies, such phenomenon may be referred to as a precursor for earthquake prediction. However, today the
pre-earthquake thermal anomalies are not clear enough. In this paper, the thermal anomalies prior to the April 25,
2015 Mw 7.8 Gorkha (Nepal) earthquake are investigated from the Moderate Resolution Imaging Spectroradiometer
(MODIS) land surface temperature (LST), air temperature and Outgoing Longwave Radiations (OLR) data. The 2D and
3D wavelet transformation techniques are used to interpret the real time enhancement of the daily MODIS and OLR
data before the impending earthquake. Using the wavelet density spectrum, pre-earthquake anomalies in MODIS and
OLR are found in connection to the impending earthquake. The spatial images of MODIS and OLR show the evolutio-
nary pattern of the emanation of ions from the epicenter and the surrounding area. The most important feature re-
vealed by the spatial analysis is the eastward migration of temperature clouds due to a strong electric field. The satel-
lite based LST data showed deviation, which crosses the upper bound by 5 °C. All the observations in our case study
strongly support the notion of pre-earthquake thermal anomalies. Based on the analysis of the results, it can be con-
cluded that the overabundance of ions from the seismogenic zone is responsible for prompting large temperature
perturbations in atmospheric layers.
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TEMITEPATYPHBIE AHOMAJIUU NEPE/] 3EMJIETPSICEHUEM B
NMPOBUHIIMU 'OPKXA (HEINAJI) B2015 I'., YCTAHOBJIEHHBIE
10 SHAYEHUAM TEMIIEPATYPbI IOBEPXHOCTH 3EMJIM MODIS
U YXOJALIEro JJIMHHOBOJIHOBOT'O U3JIYYEHUSA

M. IIax!, M. Xan?, X. Ysuiax3, C. Auu3

1 Yuusepcumem das sxcenujuH, Ceabu, [lakucmaH
2 YHueepcumem Kumaiickoll akademuu Hayk, [lekuH, Kumati
3 YHueepcumem Kaud-u Azam, Hcaama6bad, [lakucmaH

AHHOTanusA: 3eMJieTpPsACEHUsA CIIOCOGHBI CO3/aBaTh TEIMJIOBble aHOMAJIMU B aTMocdepe Ha MasbIX BbICOTaX. Takue
aHOMaJ/IMM MOTYT PacCMaTpPUBAThCS B Ka4eCTBe BepOATHOrO NpeJBeCTHUKA IPU IPOTHO3UPOBAHUA 3eMJIeTPsSCEeHUH,
B CBSI3U C YeM TPebyIOTCs LieJleHaNnpaB/IeHHbIe JeTalbHble HccaefoBaHusA. Ha cero/jHs 3HaHUH O TeIJIOBBIX aHOMa-
JIUAIX, NOABJAAIMUXCA Nepe], 3eMJIeTPSACeHUsAMH, HeJlOCTaTOYHO. B cTaThe mpejcTaBiieHbl pe3y/bTaTbl U3y4eHUA
TEPMUYECKHUX aHOMaJ/IMH, UMEBILIMX MECTO Nepes 3eMJeTpsiceHHeM B npoBuHUuM ['opkxa (Henman) (Mw=7.8) 25 amn-
pesnst 2015 r., Kak CBUJETENbCTBYIOT 3HAUEHUS TeMIIepaTyphbl HOBEPXHOCTU 3eMJIY, 3aperuCTPpUPOBaHHbIe CKAaHUPY-
IOIIMMH CHEKTpopajuoMeTpaMH cpeAHero paspemeHuss MODIS, a Takxke gaHHBIe 0 TeMIepaType aTMOCPepHOro
BO3/yXa U yXOJsLero AJMHHOBOJHOBOro usnydenus (OLR). MeToz BeliByieT-npeo6pa3oBaHus B JABYX- U TpexMmep-
HOM IIPOCTPAHCTBE UCII0JIb30BaH /JIsl UHTepPIpeTaLUH MOBbILIEeHUs CyTOYHbIX 3HaueHU MODIS u OLR B peanbHOM
BpeMeHU HaKaHyHe 3eMJeTpsiceHUs. [0 cneKTpasbHOM MJIOTHOCTH HaKaHyHe peajbHOrO CelCMUYeCKOro COOBITHUSA
yCTaHOBJIEHbl aHOMasbHble 3Ha4yeHUs1 MODIS u OLR, cBsizaHHble ¢ NpUOGJMKEHUEM 3TOro 3emJjerpsiceHus. [Ipo-
cTpaHcTBeHHble CHUMKU MODIS 1 OLR nokasbIBalOT 3BOJIOLUOHUPYIOUIMNA XapaKTep 3MaHaLlUM UOHOB U3 3MUIEH-
Tpa U npuJeramwlei o6sactu. Haubosiee BaxkHOM 0CO6EHHOCTBIO, BbISIBJIEHHOM MTOCPECTBOM INPOCTPAHCTBEHHOTO
aHaJ/Iu3a, cJ1eAyeT CYUTATh MUTPALMI0O TeMIepaTypPHbIX 06J1ak0B B BOCTOYHOM HallpaBJeHUH BC/Ie/CTBUE YCUIUBIIe-
rocsl ajieKTpuueckoro noJist. CoyTHUKoBble AaHHble LST noka3blBaloT OTKJIOHEHHe OT BepxHel rpaHuULbl 3HaYeHHUH
Ha 5 °C. Bce Ha6JtoieHNs B HallleM HCCJIe0BAaHUM NTOATBEPXKAAIOT MOHATHE TEIJIOBBIX aHOMa/IMM HaKaHyHe 3eMJie-
TpsiceHus1. Ucxosl M3 aHa/IM3a pe3y/bTaTOB, MOXKHO CJieJIaTh BbIBOJ, YTO U30BITOK HOHOB U3 CEHCMOreHHOW 30HBI

06yC/I0BJIMBAET NOsIBJIEHHE GOJIbIIMX TEMIIEPATYPHBIX BO3MYILEHUH B C/105IX aTMOCPEpHI.

KimodyeBble cioBa: TepMudeckas aHoManust; MODIS; semseTpsicenue; OLR; TemnepaTypa aTtMocdepnl

1. INTRODUCTION

Among the remarkable phenomena that have been
widely reported to occur prior to major earthquakes
are anomalies in the thermal infrared (TIR) emission
from the ground [Tronin et al, 2004; Saradjian,
Akhoondzadeh, 2011]. These anomalies are typically
observed a few days to a week or two weeks before the
main shocks and may linger on into the aftershock pe-
riod. They have traditionally been explained by warm
gases emanating from the ground, due to micro-frac-
turing of rocks and opening of fissures [Freund, 2010].

However, inconsistencies with this explanation have
been noted early. In many cases, even though the epi-
centers of the seismic events and the active faults were
located on flat land or in valleys, the observable TIR
emissions were concentrated on topographic highs or
mountains some distance from the epicenter locations
[Piroddi et al, 2014b]. Three examples among many
are the TIR anomalies preceding the 14 October 2004

Mw 5.1 (Raver, Iran), the 22 July 2007 M 5.0 (Yamnotri,
India), and the 19 January 2011 M 7.2 (Dalbandin, Pa-
kistan) earthquakes [Saraf et al, 2008]. Another stri-
king example, for which TIR maps with high temporal
and spatial resolution are available, is the 06 April
2008 M6.3 L’Aquila earthquake (Italy) [Piroddi et al,
2014a, 2014b]. Figure 1a in Piroddi et al. [2014b] shows
the satellite images of the L’Aquila valley and the sur-
rounding area. The valley floor is known to have been
dissected by several active faults, including the one that
ruptured during the L’Aquila event. Hence, the valley
floor can be viewed as the most likely place wherein
warm gases could have emanated from the ground pri-
or to the earthquake. However, according to Figure 1b,
three nights before the earthquake, there was a very
little excess TIR emission from the valley floor, while
the mountain ranges on either sides exhibited strong
TIR anomalies. Observations like these indicate that
some of the ideas promoted since the discovery of TIR
anomalies (Mw=7.8 Gorkha, Nepal) cannot be correct



and that the concept of warm gases or greenhouse
gases seeping out of the ground at or near the fault
zones prior to earthquakes has to be revised.

Different anomalous phenomena regarding the phy-
sical and chemical characteristics of pre-earthquake
anomalies in the vicinity of earthquake breeding zones
have been reported over the years, requiring a multi-
disciplinary approach [Zhang et al, 2009; Jin et al,
2010, 2015; Liu et al, 2009]. Their explicit relationships
to the seismic events are often not clear. It has been
proposed that energy released before major earth-
quakes can generate thermal anomalies in the lower
atmosphere [Shah, Jin, 2015]. If so, these thermal ano-
malies must be due to a combination of complex che-
mical and physical processes caused by the stress in
the rocks below the epicentral area. The recent studies
of atmospheric precursors and their relation to earth-
quakes have been based on ground and satellite data
[PiSa et al, 2011; Zhang et al, 2009]. Several hypothe-
ses and coupling models have been proposed to explain
the lithosphere-atmosphere-ionosphere system and its
possible mechanisms.

It has been suggested that, in the earthquake bree-
ding region, the build-up of stresses in the rocks create
fractures and fissures that would allow deep gases to
seep out of the rocks and emanate into aquifers or
ground water or the low-altitude atmosphere. These
emanating gases would combine with gases that are
already present, increasing the lithospheric pressure,
raising up to atmosphere along the faults, and causing a
temperature increase in the atmosphere. At the same
time, water vapor would be released absorbing in the
infrared as indicated by changes in the MODIS LST and
unusual OLR data [Xiong et al, 2010; Rawat et al,
2011). Pulinets et al. [2006b] reported that doubling of
the volume of greenhouse gases would lead to a 5 °C
increase in land surface temperatures injecting excess
energy into the atmosphere. Concurrently, groundwa-
ter and spring waters in the epicentral regions have
been reported to exhibit abnormally high concentra-
tions of CO; and to undergo other chemical changes
prior to major earthquakes [Pulinets, Ouzounov, 2011].

While many of the explanations for the observable
non-seismic pre-earthquake phenomena that have
been offered in the literature appear plausible, it is to
be noted that they are by no means universally accep-
ted. There is opposition in some expert circles, in par-
ticular among seismologists [Freund, 2003; Freund et
al, 2007], who point out that the various components
of the proposed lithosphere-atmosphere-ionosphere
coupling are linked together by ad hoc postulates for
which there is no observational confirmation. This is
particularly true for the assumption that, prior to major
earthquakes, fissures would open in the shallow crust,
from where gases can emanate, which creates fresh
fracture surfaces affecting the chemistry of groundwa-
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ter and spring waters. The counterargument presented
is primarily based on the observation that strain mea-
surements in the shallow crust, using very sensitive
strain gauges in boreholes up to 2 km depth or deeper,
have been unable to confirm that a stress build-up at
these levels would be high enough to cause fissuring
and fracturing of the rocks [Freund, 2000]. Such obser-
vations invalidate an important tenet on which the
most widely promoted lithosphere - atmosphere -
ionosphere coupling ideas are based, namely that of
pervasive pre-earthquake fissuring and fracturing of
the rocks as a prerequisite for the release of gases from
the ground and for changes in water chemistry. In addi-
tion, observations as documented in Figure 1a/b in
Piroddi et al. [2014b] disprove the idea that the release
of warm gases or greenhouse gases from the ground
could be the cause of TIR anomalies.

Of course, earthquakes are mechanical events, du-
ring which enormous amounts of mechanical energy
can be released within a very short time. It is reaso-
nable to assume that, prior to such a process, stresses
must build up in the hypocentral region deep below,
where the catastrophic rupture will eventually occur
when the stresses exceed a critical value. However, it is
not reasonable to assume that, because earthquakes
are mechanical events, all pre-earthquake phenomena
must also be explicable on the basis of purely mechani-
cal consequences of the build-up of stresses in the hy-
pocenter and beyond such as fissuring and fracturing of
the rocks in the shallow crust.

In this study, pre-earthquake thermal anomalies at
high elevation areas associated with the 2015 Gorkha
(Nepal) earthquake are studied and discussed, using
the MODIS land surface temperature and OLR data.

2. OBSERVATION DATA AND METHODS

2.1. OBSERVATION DATA

The data of MODIS land surface temperature (LST),
OLR and air temperature related to the 2015 Gorkha
Mw 7.8 earthquake were retrieved from NASA/AVHRR
and National Centers for Environmental Prediction
(NCEP), respectively. Additionally, information about
the seismicity, epicenter and moment magnitude of the
earthquake was collected from the Global Centroid
Moment Tensor Catalog (GCMT). This earthquake oc-
curred on 25 April, 2015 at 06:11:25 (UTC). The epi-
center was located 82.4 km NW of the capital city
Kathmandu. Some information about the local geology
and atmospheric conditions in the study area was ob-
tained from the reports of the Meteorological Depart-
ment of Nepal.

The Moderate Resolution Imaging Spectroradiome-
ter (MODIS) sensor was designed in the mid-1995 to
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monitor the Earth's atmosphere and launched in 1999
by the National Aeronautics and Space Administration
(NASA) on two satellites, Terra and Aqua (originally
named EOS AM-1 and EOS PM-1, respectively) orbiting
at 705 km above the mean sea level. The MODIS in-
struments on the Aqua (ascending node) and Terra
(descending node) satellites, operating on the sun-syn-
chronous, near-polar circular orbit, survey the entire
Earth’s surface in 36 spectral bands ranging in wave-
lengths from 0.4 um to 14.4 pm with 250 m, 500 m,
and 1 km spatial resolutions. The MODIS footprint is
2330 km (cross track) by 10 km (along track at nadir).
The data are combined into images that are publicly
available on (http://modis.gsfc.nasa.gov/data/).

The Land Surface Temperature (LST) product based
on thermal bands was averaged to check for dynamical
changes in LST before the Mw 7.8 earthquake.

The Outgoing Long Wave Radiation (OLR) dataset is
calculated from the infrared data (10-12 pm) collected
by polar-orbiting satellites operated by the National
Oceanic and Atmospheric Administration (NOAA). The
spatial resolution for OLR is 2.5x2.5° (longitude x lati-
tude) for a single day. The OLR retrieving method de-
scribed by Liebmann [1996] provides information
about the Earth’s atmosphere. When pre-earthquake
OLR anomalies occur, they are thought to be caused by
an unbalanced heat exchange between earthquake
breeding zones and the air column. The main drivers of
the OLR anomalies are thought to be gases and water
vapor emanating from the ground in pre-seismic re-
gions, though questions how coupling between the
earth surface and the top of the atmosphere is sup-
posed to have not been addressed yet.

Operationally, OLR is a useful parameter to estimate
the variations in atmospheric conditions as related to
pre-earthquake and earthquake activity. Changes in the
OLR data are consistent with changes in other atmos-
pheric parameters. Further information can be down-
loaded from the official website of NOAA Climate Pre-
diction Center and NCEP Data Center, where the algo-
rithm to calculate OLR and relevant publications are
also available.

The Earth surface temperatures at Kathmandu and
Pokhara were derived to confirm the MODIS land sur-
face temperature perturbations. Based on emissivity,
anomalous ground temperature increases up to 5-10 °C
were recorded. According to [Saradjian, Akhoondzadeh,
2011; Akhoondzadeh, 2012], such increases in the
ground temperature cannot be caused by any other
known mechanism operational in the air, such as
winds, storms or human activities. Meteorological sta-
tions in Kathmandu and Pokhara located near the epi-
center provided the reference data and all the infor-
mation used in our analysis of the temperature varia-
tions over the study area. The area investigated using
statistical formulae covers the epicenter and the two

cities. Seismological information for Nepal was re-
trieved from USGS. The magnitudes, depths and mo-
ment tensors shown on the map of Nepal (Fig. 1) are
given in (Table 1).

2.2. METHODS

In our study, the daily MODIS land surface tempera-
ture, OLR and air temperature values were analyzed in
their confidence intervals (u+20), which were calcula-
ted from the continuous data of 3 months before and
after the observed day, where p and o indicate the
mean and standard deviation of a normal distribution.
This calculation method, widely applied in contempo-
rary research [Akhoondzadeh, 2012; Saradjian, Akhoon-
dzadeh, 2011], was used in our study to find temporal
variations beyond the confidence interval.

Further, to better identify the right anomaly prior to
the earthquake, the method based on wavelet trans-
formation in 2D and 3D spectra was employed to find
the real fluctuation in the MODIS and OLR data. This
method provides for proper filtering out of noises and
detects underlying perturbations. It is often noted that
some anomalies in MODIS and OLR can be caused by
space weather conditions. The main purpose of apply-
ing the wavelet transformation is to identify the effects
of earthquake perturbations directly over the epicen-
ter. Following [Akhoondzadeh, 2012; He et al, 2014],
the governing equation of continuous wavelet trans-
formation is:

Wws) == [ 7 fOW (D, (1)
W(u,s) = Wgr(u,s) +iW;(u, s), (2)

where W is comprised of real and imaginary parts,
uand sare the translation and dilation parameters,
respectively. The real and imaginary parts are expres-
sed as:

Wa(u,s) = = [0 f(©OPr(Ddt

e . 3)
Wiu,s) = = [27 FOw (5Dt

The most important goal was to discover local
anomalies that had occurred prior to the earthquake.
Unrelated, hence “false” signals may arise from other
sources such as space weather conditions, which may
influence the atmosphere at sometimes unexpected
scales. It is mandatory in the wavelet transformation to
apply the cross wavelet transformation. This stage ba-
sically assesses if the signal is caused by the earth-
quake dynamics or by any other geological processes.
The mathematical form is:

WX (u,s) = WX, s)W¥*(u, s). (4)
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Equation (4) has a pair of complex conjugate terms,
where WY*(u,s) is complex conjugate of WY (u,s). In
addition, it is the representation of a cross wavelet pow-
er spectrum W*Y (u,s). According to equation (4), if
two temporal data sets are mutually correlated, their
cross wavelet power spectrum would show a high ener-
gy region as compared to an ordinary region within the
same spectrum [Cao, Qiao, 2008]. An anomaly is indi-
cated by a mutual isolation of the imaginary part from

Table 1.Earthquake catalogue based on the USGS data

Ta6nuna 1. Karanor3semaerpsceHuil no JaHHeIM USGS

84°E

87°E
nter (shown by the blue-and-white beach ball). The small red-

and-white balls show the Mw>6.5 aftershocks. Source: Table 1.

Puc. 1. 'eorpadudeckoe nosiokeHue 3MULEHTPa 3eMjeTpsceHuss Mw=7.8 (1okasaHO cHHe-6esbIM KpyxkoM). KpacHo-
6e/IbIMU KpYy>KKaMU oKasaHbl apTepuioku Mw> 6.5. CM. jlaHHbIe B Tabsule 1.

the real part of a continuous spectrum. In this part, the
instantaneous time domain data are converted to the
frequency domain by adding a wavelet factor [Grinsted
et al, 2004]. After this conversion, a vanishing appli-
cation is introduced in the form of an optimal mother
wavelet. The mother wavelet not only enhances the
resolution of real anomalies, but also removes resi-
duals from the data. There are wavelets available in
the MATLAB user environment. In our study, we used

Date Lat (°N) Lon (°E) Depth, km Mw Strike Dip Rake
April 18, 2015 27.01 83.51 25.6 4.9 306 77 92
April 21, 2015 28.65 82.35 26.4 5.0 118 44 66
April 25,2015* 27.96 83.55 12.0 7.8 287 6 96
April 25, 2015 27.86 84.93 10.0 6.1 284 12 94
April 25,2015 28.06 84.82 10.8 6.6 271 21 94
April 25, 2015 27.61 84.96 15.0 5.1 201 40 93
April 26,2015 27.61 86.96 229 6.7 285 12 94

N o t e. * - the devastating earthquake of Mw=7.8.

[IpuMedaHu e *-pa3pymuresnbHoe 3emaerpsiceHne Mw=7.8.

127
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Fig. 2. A simplified scheme of seismicity in the study area. The red star shows the epicenter, and two black circles mark the
areas observed by the Pokhara and Kathmandu Meteorological Stations. The Mw 7.8 epicenter is in the severe seismic zone,

according to the United States Geological Survey (USGS).

Puc. 2. CxeMa ceiCMUYHOCTH B pervoHe uccjaeoBaHUH. KpacHOH 3Be3/104KOI OTMe4eH 3MULEHTD 3eMJIETPSICEHUS; Yep-
HBIMU JIMHUSIMU O04YepdeHbl 06J1acTH, Iie BEAYT Ha6/II0/JeHHsI MeTeopoJIornieckre cTaHUHU B I. [lokxapa u r. Katmangy.
AnuneHTp Mw=7.8 HaX0AUTCS B 30HE MOBLILIEHHON CEHCMHUYECKOH aKTUBHOCTH, COTJIACHO JJAHHBIM ['€0JIOTHYeCKOH CIIyXK-

661 CILIA (USGS).

a wavelet named ‘gaus2’ belonging to the Gaussian fa-
mily.

While implementing this method on the MODIS and
OLR data, the real anomalies are highlighted as a case
study for the Mw 7.8 earthquake. It is representative of
unusual phenomena preceding the impending earth-
quake. The density spectrum is used to correlate the
original time series with the daughter wavelets over a
defined scale. The anomaly is found leading to the iden-
tification of the suspected MODIS and OLR days. Final-
ly, the wavelet transformation provides an appropriate
and defendable approach to characterize the variability
in MODIS and OLR as due to an earthquake precursor
and not due to other geophysical events/phenomena.

3. RESULTS AND DISCUSSION

The 25 April 2015 Mw 7.8 Gorkha earthquake (geo-
graphical coordinates 28.2°N, 84.6°E; geomagnetic co-
ordinates 19.05°N, 158.81°E) hit the area near Kath-
mandu causing widespread loss of life and infrastruc-
ture. Due to its shallow depth and high magnitude, it

perturbed the nearby regions along the fault line
known as the Main Boundary thrust (MBT). The Na-
tional Disaster Management Authority of Nepal decla-
red this earthquake the most devastating in the decade.
Such catastrophic natural disasters are not infrequent
in the Kathmandu valley due to the continuing collision
of the Indian subcontinent with the Eurasian Plate. The
region of Nepal between 26°N to 30°N and 80°E to
88°E is classified into different zones of seismicity. Fi-
gure 2 indicates the different seismic zones of Nepal,
where the epicenter of Mw=7.8 is in the high seismicity
portion. As part of this study, we find that this seismic
concentration is mirrored in the atmosphere, which
reinforces our contention that the MODIS and OLR
anomalies are indeed precursors to the Mw 7.8 earth-
quake. Thus, it is important to understand the coupling
between the ground data and the observables derived
from the satellite data.

3.1. MODIS ANALYSIS

In this study, the MODIS LST and OLR datasets were
analyzed both spatially and temporally to quantify the
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Table 2.Enhancementinthe MODIS LST, OLR and air temperature

Ta6sauma 2. [MoBeimenue 3HaueHuit MODIS LST, OLR u TemnepaTypsbl aTMocdepHOTo Bo3Ayxa

Parameters Date Value above mean
Compilation of temporal analysis

Air temperature in Pokhara 20 April 2015 7°C

Air temperature in Kathmandu 20 April 2015 5°C

MODIS LST 20 April 2015 13°C

OLR 21 April 2015 11 W/m2
Compilation of spatial analysis

MODIS LST 20 April 2015 10-15°C

OLR 21 April 2015 -7 W/m2

perturbation in the lower atmosphere before the
earthquake in the study region. The perturbations in
MODIS LST, OLR and air temperature are compiled in
Table 2. However it is necessary to discuss the charac-
terization of each parameter individually. As shown in
Fig. 3, the MODIS LST and air temperature had high de-
viations of more than 5 °C on 20 April 2015 before the
impending earthquake. The MODIS LST images of the
area within 26-30° north and 80-88° east were ave-
raged to analyze the seismogenic region. Then, the up-

per and lower bounds in the form of mean and stan-
dard deviations (p+20) were calculated for the normal
distribution of LST to understand the instantaneous
changes occurring prior to the earthquake. After im-
plementing the statistical window of the confidence
interval, a prominent thermal infrared anomaly in the
reported air temperature data of Pokhara and Kath-
mandu can be noted 5 days before the earthquake. The
anomaly is beyond the upper bound of 5 °C, which is
very unusual. The LST and air temperature anomalies

30 T T
O H
< Pokhara Atmospheric Temperature (a)
o —+— Kathmandu
=} H
©
) :
g :
E -
A
> :
=
o 10 | | | | E
5 10 15 20 25 30
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N MODIS LST (b)
£ o0l Bt 20 - |
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Fig. 3. Atmospheric temperature values recorded by the nearby meteorological stations, which were used to detect an en-
hancement of air temperature related to the Mw 7.8 earthquake (a). The daily average MODIS (LST) against the dates show-
ing a significant perturbation on 20 April 2015, i.e. 5 days before the Mw 7.8 earthquake (b).

Puc. 3. 3HaueHus TeMnepaTypbl aTMocdephl, 3aperucTPUPOBaHHbIE METEOPOJIOIrHYECKUMH CTaHLUSMHU, PACI00XKEHHBIMU
HenoJaJjleKy OT 3MUIleHTpa 3eMseTpsiceHUs (a). [lo 3TUM AaHHBIM BBISIBJIEHO NOBBILIEHVE TeMIlepaTypbl aTMocepHOro
BO3/yxa B CBsI3U C 3eMiieTpsiceHueM Mw=7.8. CpegHecyTouHble 3HaueHuss MODIS (LST), ykazaHHble 10 iaTaM, CBUJETENb-
CTBYIOT 0 3HAaYUTEJIbHOM Bo3MylieHuu 20 anpesnst 2015 r., T.e. 3a 5 gHell g0 3emietrpsicenuss Mw=7.8 (b).



M. Shah et al.: Thermal anomalies prior to the 2015 Gorkha (Nepal) earthquake...

(@) 2D Wavelet transformation MODIS (LST)

N
o

A A A A
N B O 0O N DM O

Wavelet scale

5 10 15

Days (April 2015)

Spectrum
1.2
1.0
0.8
0.6
0.4
# 0.2
20 @5 20
Mw=7.8 EQ

(b) 3D wavelet spectrum MODIS LST

-
o

Wavelet coefficient
[6)]

No
v

DaYsS KP\‘)

Wavelet spectrum

15 20

) 2019)

Fig. 4. MODIS LST data examined by wavelet transformation. The instantaneous wavelet density spectrum of MODIS LST
using “guas2” wavelet (the earthquake date is shown by the circle) (a). The 3D wavelet spectrum with the same mother

wavelet for Mw=7.8 on 25 April 2015 (b).

Puc. 4. 3nauenuss MODIS LST, npoaHanu3vpoBaHHbIe C IpUMEHEHUEM MeT0/ia BeliB/eT-npeobpa3oBaHus. CIeKTp MJIOTHO-
ctu BciieckoB MODIS LST ¢ ncrosib3oBaHueM BelBJieTa «guas2» (AaTa 3eMJeTpsiceHUs o6BefieHa KpykkoM) (a). Tpex-
MepHBIH BEUBJIET-CIIEKTP C OJHUM U TEM 3Ke UCXOAHBbIM BelBaeToM Jiist Mw=7.8 (25 anpessa 2015 r.) (6).

occur at the same local time, indicating an unusual
temperature behavior both in the land surface and
the lower atmosphere, which appears to be related to
the impending earthquake. According to [Saradjian,
Akhoondzadeh, 2011], MODIS LST and air temperature
anomalies may come from the same source, but their
mechanisms must be different. In fact, what these
mechanisms are and how they differ is still not clear.
Variations in topography and geophysical conditions in
the area, as well as latitudinal variations may cause
such anomalies. To detect the LST anomaly before the
impending earthquake, the wavelet transformation was
applied. According to The energy density spectrum in
Figs. 4a and 4b show that 20 April 2015 is marked by
high values and reveals enhancements of two types,
with the analytic wavelet transform (AWT) and the

cross-wavelet transform (XWT) both exhibiting the
same effect, obviously due to the impending earth-
quake. The LST enhancement is higher in the afternoon
as shown in Fig. 4b. Our data do not include variations
of other geophysical events, which were found to be
insignificant. In addition to the MODIS LST, the air
temperature in the vicinity of the epicenter is also per-
turbed, which may be an indicator of pressure, tempe-
rature and humidity influenced by small ions [Liperov-
sky et al, 2005; Saraf et al, 2008]. These thermal ano-
malies could also be due to the impending earthquake.
Atmospheric variations caused by other geophysical
events are negligible.

To provide a stringent proof for the relationship of
MODIS LST to the Mw 7.8 earthquake, the spatial ima-
ges were used. We obtained the normal temperature
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Fig. 5. Spatial images of MODIS Land surface temperature prior to the Mw 7.8 earthquake on the local scale. The images are
in the chronological order from the 17t to 20t of April 2015. The red star marks the Mw 7.8 earthquake epicenter. The
legend shows the cluster of surface temperature over the earthquake breeding zone.

Puc. 5. [IpocTpaHCcTBeHHbIE CHUMKHU TeMIepaTypbl noBepxHocTH 3eMsin MODIS HakaHyHe 3emMieTpscenus Mw=7.8. U306-
paXKeHUs pHBeJIeHbl B XPOHOJIOrHYeCcKoM nopsiake ¢ 17-ro mo 20-e anpesiss 2015 r. KpacHoii 3Be3/[04KOM OTMeYeH 3MH-
LeHTp 3eMJeTpsiceHUuss Mw=7.8. Yc/0BHbIM 0603HaYeHUEM [TOKA3aH KJIACTeP 3HaYeHUN TeMIlepaTypbl IOBEPXHOCTU 3eMJIU

Ha/ 30HOU IOATOTOBKH 3eMJIETPACEHU.

in °C for the MODIS Land Surface Temperature. The
sinusoidal map projection of LST images was converted
to specific geographic latitude/longitude under the Da-
tum WGS-84 platform. The resolution of each pixel was
enhanced to 500 times by performing this step [Jianxi
et at.,, 2008, and references therein].

In this study, the spatial images of both local and re-
gional areas were examined to interpret the tempera-
ture maxima over the epicenter region. The images for
the 16th, 17th, 19th and 20thof April 2015 were further
analyzed to monitor the path of thermal anomalies. In
order to focus on the coupling system, the MODIS LST
images were analyzed on both the local and regional
levels.

Pulinets and Ouzounov [2011] examined the charac-
teristics of radon emission in seismically active regions,
positing that a radon release increases the LST due to
vertical electric fields, ultimately causing thermal ano-
malies. They explained the mechanism, how radon cre-
ates vertical electric fields and how those fields can

cause thermal anomalies. In our paper, Fig. 5 shows an
anomalous temperature variation on 19 April 2015
along a line from Pokhara to Kathmandu with the epi-
center roughly halfway. This anomaly spreads out over
a very large area, the whole southern portion of Nepal
as shown in Fig. 6. Although this phenomenon is con-
sistent with the eastward drift of atmospheric winds
prior to the earthquake, it is burdened by many uncer-
tainties. A cluster of high temperature values is detec-
ted over the epicenter on 20 April 2015 on both the
local and regional images. Its size is 5x3° (longitude x
latitude), i.e. 556 km x 228 km. This anomaly traveled
eastwards, which confirms its highly dynamic nature.

3.2. OLR OBSERVATIONS
In order to be fully confident about the existence of
atmospheric precursors before the Mw 7.8 Nepal

earthquake, the OLR data were analyzed in combina-
tion with the MODIS LST and air temperature data. The
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Fig. 6. Spatial images of MODIS for Nepal from the 17 to 20 of April 2015. The red star marks the Mw 7.8 earthquake
epicenter. The two black circles show the locations of the nearby meteorological stations in Pokhara and Kathmandu.

Puc. 6. [IpoctpancTBeHHble CHUMKH MODIS ns1 Tepputopun Henasa ¢ 17 mo 20 anpess 2015 r. KpacHo# 3Be3j04K0H OT-
MeyeH 3MULEeHTp 3eMieTpsicenusi (Mw=7.8); ABe yepHble TOYKH [TOKA3bIBAIOT MeCTa PACHOJIOXKEHUSI METEOPOJIOTUYECKUX
ctaHuui B T. [lokxapa u r. Katmanay.

OLR data included information about the thermal radi- time relative to the earthquake day. The statistical
ation emitted from the lithosphere to the atmosphere. = methods detected the anomalous OLR values on 21
Thus it is appropriate to calculate the abnormal ground  April 2015 (Fig. 7), which coincided with the anomaly
radiation before the earthquake. We studied the daily  in the MODIS LST data. This correlation between OLR
OLR grid 2.5x2.5° (longitude x latitude) as a function of = and MODIS LST confirms that the transfer of energy
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Fig. 7. Vulnerable OLR value over the Mw 7.8 earthquake 301 1
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Fig. 8. OLR data examined by the wavelet transformation. (a) - the wavelet density spectrum of OLR using “guas2” wavelet.
The earthquake date is marked by a circle. (b) - the 3-D wavelet transformation with the same mother wavelet for Mw=7.8

on 25 April 2015.

Puc. 8. 3Hauenus OLR, npoaHa/M3vpoBaHHbIe C IPUMEHEHHEM MeTO/ia BEHBJIET-NPeo6pa3oBaHus. (a) — CIEKTpP MJIOTHO-
ctu BcieckoB OLR ¢ ucnosib3oBaHWEM BeiiBJieTa «guas2». Jlata 3emsieTpsiceHUs: 00BefieHa Kpy»KoM. (b) — TpexMepHbIit
BEHBJIET-CIIEKTP C OJHUM U TEM >Ke HUCXOIHBbIM BeiBeToM it Mw=7.8 (25 anpesns 2015 r.).

from the ground to the atmosphere as caused by pro-
cesses linked to the impending earthquake. It shows
that the atmosphere is sensitive to short term earth-
quake precursors. As depicted in Fig. 8a and 8b, wave-
let transformation was applied to the OLR data to bring
out the pre-earthquake anomaly. It shows that the
anomaly on April 21st is 5 units greater than the ano-
maly near the earthquake date. Such an extremely large
anomaly gives evidence of the advantage of the wavelet
transformation analysis. The density spectrum values
are large close to the earthquake date, indicating that,
indeed, a relation exists between the OLR anomaly and
the earthquake as illustrated in Fig. 8b.

The OLR results were further validated by investi-
gating the daily images obtained from NCEP (National
Centers for Environmental Prediction, USA). We used
the method described in [Pulinets et al, 2006b; Qin et
al, 2012] to acquire the OLR data as shown in Fig. 9. A
significant OLR anomaly is seen to hover over the
earthquake breeding zone with maximal values. The
OLR anomaly of April 21st followed the path of the fault
line and it is a clue to the impending earthquake. It is
also evident that the OLR anomaly moved along the
fault line from April 19t to April 22nd, A possible cause
for this drift could be the strong wind in the seismoge-
nic region, which was able to carry airborne ions in
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Fig. 9. Spatial pattern of the daily OLR prior to the Mw 7.8 Nepal earthquake. The red star marks the Mw 7.8 earthquake
epicenter. The two black triangles show the locations of Pokhara and Kathmandu cities.

Puc. 9. IlpocTpaHCTBeHHble M3MeHeHHsl CyTO4YHbIXx 3HadeHUW OLR HakanyHe Hemasnbckoro semsetpsiceHuss Mw=7.8.
KpacHoii 3Be37j04Kk0il 0TMe4eH 3MULEHTpP 3eMyeTpsiceHUs (Mw=7.8). /|Ba 4epHbIX TPeyroJbHUKA [T0KA3bIBAIOT MECTOIIO-

JoxkeHHe ropozoB [lokxapa u Karmangy.

the lower atmosphere to the east. The size of this OLR
anomaly is 5x3° (Longitude x Latitude), which is close
to the size of the MODIS anomaly.

There is no other reliable tool to monitor thermal
perturbations in the atmosphere other than the satel-
lite instruments. The observations presented in this
case study provide a stringent clue to guide us to the
knowledge of what the thermal anomalies are and how
they may form. This study clearly demonstrates that, in
all the case studies mentioned here, the pre-earthquake
atmospheric anomalies formed along the fault lines.
The correlation between MODIS and OLR suggests that
the thermal anomalies are linked to an impending
earthquake. The OLR anomalies can provide important

information about the chemistry of the upper atmos-
phere. The OLR images mentioned above indicate, that
most of the energy accumulated west of the epicenter
gradually shifted to eastward, following the Main
Boundary Thrust (MBT). This is another evidence that
the energy evolved from the seismogenic zone.

3.3. DISCUSSION

In this case study, the pre-earthquake thermal ano-
malies were examined from the MODIS LST and OLR
data using the statistical and mathematical methods.
These physical parameters showed abnormal charac-
teristics in the lithosphere and subsequently, in the at-



mosphere prior to the main shock that hit on 25 April
2015. The atmospheric temperature values obtained
from the nearby meteorological stations also show the
perturbations prior and after the Mw 7.8 earthquake.
The anomalous atmospheric temperature was indica-
tive of the absence of a cloud cover on the seismogenic
zone. The traveling thermal anomalies in the absence of
a cloud might be due to the huge thrust of ions and hole
charges from the epicenter of the impending earth-
quake. As shown in Table 1, four aftershocks of Mw>6
were recorded after the main shock of Mw=7.8. This
could justify the existence of a huge amount of energy
over the epicenter following the Mw=7.8.

The TIR anomalies and their association with the
earthquake in hilly terrain areas, like those in our case
study, have more uncertainties. However, the anoma-
lous features in atmospheric temperature and OLR are
supporting LST abnormalities. The LST images were
used in [Piroddi et al, 2014a; 2014b] for the detection
of TIR anomalies in the hilly terrain region hit by the
M 6.3 L’Aquila earthquake. However, Figure 1b of
Piroddi et al. [2014a] does not show significant TIR
anomalies over the epicenter, which is a controversy
over the theory of hot gases emission from the earth-
quake breeding zone. However, it illustrates the associ-
ation of the TIR anomalies with the earthquake sur-
rounding areas. They further identified the enhanced
thermal gradient of TIR around the epicenter in the
nighttime section. On the other hand, Cervone et al
[2006] found thermal anomalies before some coastal
earthquakes. Based on the wavelet transformation of
the long-term LST data, they showed the vulnerable
zones in the atmosphere over the epicenter before the
impending earthquake. The credibility of the litho-
sphere for the generation of TIR anomalies was dis-
cussed in [Cervone et al, 2006; Saraf et al, 2008; Zhou
etal, 2010].

In this study, a significant enhancement in LST is
seen 5 days prior to the earthquake. The statistical re-
sult is further confirmed by the wavelet density spec-
trum as well as the spatial images of MODIS LST. All the
analysis of LST showed an anomaly of 10-15 °C in the
atmosphere above the epicenter. The TIR anomalies of
5-7 °C and 6-10 °C were detected by Saraf et al. [2008].
In order to provide a stringent proof to LST anomalies,
the OLR data over Nepal was consolidated and ana-
lyzed. The spiky peak of the daily averaged OLR data
on amounts to 32 W/m? on 21 April 2015, which is
more than 10 W/m?2 higher than the usual distribution.
The OLR data analysis shows that thermal anomalies
are traveling along the fault line from the 19t to 22nd
of April prior to the earthquake.

A number of studies [e.g. Kang et al, 2008; Ouzounov
et al, 2007] suggests a correlation between the OLR
perturbations and seismic events. A significant enhan-
cement in LST and OLR, which is detected by both spa-

Geodynamics & Tectonophysics 2018 Volume 9 Issue 1 Pages 123-138

N
E74w
lonosphere S

Excitation of
ions

Thermal
anomalies

Emanation of
gases
100 km

Lithosphere

(&)

Fig. 10. An assumed configuration of thermal anomalies
in the atmosphere between the lithosphere and the iono-
sphere. This assumption is based on the previous findings
published in [Freund, 2000; Pulinets, Ouzounov, 2011].

Puc. 10. [Ipegnosaraemas KOHPUrypauus TeNJI0BbIX aHO-
Masiué B aTMochepe Mexay JuTochepoir U HoHOCHEPO.
[IpennosioxkeHre OCHOBAaHO Ha BBIBOJAX, OMYy6JHMKOBAH-
HbIX B [Freund, 2000; Pulinets, Ouzounov, 2011].

tial and temporal analysis, may be due to the ions from
the earthquake breeding zone. The mechanism of the
generation of OLR anomalies before the earthquake
under the lithosphere-atmosphere coupling model was
discussed by Kang et al. [2008]. Ouzounov et al. [2007]
also illustrated the TIR anomalies by using OLR data
before some major earthquakes. They proposed the
earthquake as the source for the eastward drift of OLR
anomalies. In their case study, the unusual OLR value is
also travelling eastward over the seismogenic zone.

As shown in Fig. 10, the TIR and ionospheric ano-
malies are portrayed in association with the earth-
quake. The idea of Fig. 10 was taken from the previous
findings of [Pulinets et al, 2006b; Freund, 2010]. The
definition of earthquake-induced atmospheric anoma-
lies is as follows: the generation of hole charges at the
lithosphere and the intensification of the lower atmos-
phere by the hole charges.

A number of theories and models have been pro-
posed to explain thermal anomalies caused by stress
rock along the tectonic lineaments on the Earth surface
[e.g., Freund, 2010; Kuo et al, 2011; Pulinets, Ouzounov,
2011]. The indispensable definition for the generation of
thermal anomalies is the release of hole charges from
the rocks, which are subjected to stress [Freund, 2010].
Rocks under stress can generate more and more hole
charges during the earthquake preparation period.
These surface charges distribute in the surrounding
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atmosphere around the earthquake epicenter. Apart
from this, the complex reaction between the surface
charges and light ions in the atmosphere may cause
TIR anomalies.

Pulinets and Ouzounov [2011] presented a model
named LIAC showing the connection between the
anomalies in the lithosphere and atmosphere and the
evolution of atmospheric anomalies. Recently, Kuo et al.
[2011] formulated a coupling model for the stressed
rock - Earth surface charges - atmosphere - iono-
sphere system. It was shown that the earthquake-
induced hole charges are involved in the generation of
seismic atmospheric anomalies. These hole charges
may cause the thermal anomalies, which may produce
vertical electric fields in the ionosphere. In our case
study, the thermal anomalies detected from the MODIS
and OLR measurement data may be due to the Mw 7.8
earthquake but an explicit relation has not yet been
revealed. It is challenging to gain a complete under-
standing of the mechanism for the lithosphere - atmo-
sphere coupling, which still needs more investigation.

4. CONCLUSION
The instantaneous enhancement in different atmos-

pheric constituent ions prior to the Mw 7.8 Nepal

6. REFERENCES

earthquake demonstrates that the occurrence of such
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