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1 Introduction

Abstract: Thermal anomalies which are known to be significant precursors of strong earthquakes can be evidenced by spectral thermal infrared (TIR) bands recorded
by sensors on board of NOAA-AVHRR and Terra/AquaMODIS satellite. In order to locate relevant thermal anomalous variations prior to some strong even moderate earthquakes recorded in Vrancea tectonic active zone in Romania, satellite derived geophysical parameters have been
used: land surface temperature (LST), outgoing long-wave
radiation (OLR) and mean air temperature (AT). Spatiotemporal variations of LST, OLR, and AT before and after three strong earthquakes in Vrancea area (M w = 7.4, 4
March 1977; M w = 7.1, 30 August 1986; M w = 6.9, 30 May
1990) and a moderate earthquake (M w = 5.9, 27 October
2004) have been analyzed. Anomalous spatio-temporal
patterns of these parameters developed a few days up to
few weeks before the earthquakes disappeared after the
main shocks. Significant increases in land surface temperature, outgoing long-wave radiation, and mean air temperature can be assigned to energy exchange mechanism
during earthquake preparatory events. Such preseismic
anomalies can be considered to be associated with the
thermodynamic, degassing and ionization geochemical
processes which seem to be activated due to the increased
stress in the ground, and microfracturing of the rocks especially along area’s active faults.

As earthquakes are one of the most important natural geohazards, earthquake forecasting studies are continuously
growing, especially in countries with high seismic risk.
Earthquake prediction is one of the major imperative tasks
of modern geophysics, with two categories of objectives:
(a) gaining information on the characteristics of future
seismic hazard and (b) gaining information on the physical processes involved in failure along a fault which will
improve understanding. In accord with classical earthquake theory, small earthquakes apparently continue to
grow into large earthquakes and spread all along the active
fault line. The processes of earthquake preparation involve
crustal deformations, followed by short- or long term geophysical/geochemical pre-signal phenomena/precursors,
defined as changes in the Earth’s physical-chemical properties which take place prior to an earthquake.
The most important earthquake pre-signals are
changes in electric and magnetic fields, gas emissions
(radon, methane, etc.), water level and quality (wells),
and land and air surface temperature days or weeks prior
to strong, even moderate earthquakes [1, 2]. Increases in
ground surface deformation (e.g. changes in elevation)
has also been reported in earthquake-prone areas. The
geotectonically active Vrancea region in Romania is fitting
such a model [3, 4].
With the development of geospatial technologies to
measure surface geophysical parameters and associated
deformation at the boundaries of tectonic plates and large
active faults, earthquake science benefits from modern investigation tools. Different criteria can be used to select the
remotely sensed earthquake pre-signals for which clear
geophysical anomalies are observable. National Aeronautics and Space Administration (NASA) and European
Space Agency (ESA) Earth Observation satellite data complement local and regional airborne measurements, and
traditional in-situ and ground-based sensor monitoring
networks. The focus of this paper includes the analysis
of major earthquake activities (M w > 5) recorded in the
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Figure 1: Location of the the Vrancea seismic zone in Romania.

Vrancea tectonically active area in Romania for which
anomalies can be detected using time-series satellite data,
in support of lithosphere- surfacesphere-atmosphere coupling models.
One of the short-term earthquake pre-signals investigated for this study was thermal anomalism, defined
as sudden rise in land (LST) and air surface temperature
(AT) within a few days or weeks before earthquake occurrence. Due to possible changes in physical properties
that reflect the dilated or undilated state of the seismic
region, the occurrence of a large or moderate earthquake
may change possible response to geotectonic stress in the
affected region. Changes in some geophysical and geochemical variables in a tectonically active area may be attributed to crustal elasticity changes in the region [5]. Unusual stress accumulation in the fracture zone of a seismically active fault can be followed by crustal micro-crack
generation. The energy transformation may contribute to
enhanced transient thermal infrared (TIR) emission, detectable by thermal sensors of NOAA AVHRR (Advanced
Very High Resolution Radiometer), MODIS Terra/Aqua
(Moderate Resolution Imaging Spectroradiometer), TRMM
TMI (Tropical Rainfall Measuring Mission Microwave Imager and AMSR-E (Advanced Microwave Scanning Radiometer) satellite platforms.
Regarding pre-earthquake “thermal infrared” (TIR)
anomalies, carbon dioxide (CO2 ) emanation was considered to lead to a local greenhouse effect or latent heat due
to condensation of water on air ions formed as the result
of radon emanation [1, 6–9].
Earthquake forecasting depends, in general, on the
ability to detect seismic pre-signal phenomena and their
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causal relationship to the nature of on-going geophysical/geochemical processes in such active geotectonic areas. As seismic events are some of the most catastrophic
natural disasters to affect mankind, the threat of earthquakes will probably increase because of global urbanization, exposing millions of people to the risk of earthquakes. Remote sensing techniques, both spaceborne and
airborne, can provide an effective contribution to earthquake forecasting.
In this study, changes before and after strong and
moderate recorded earthquakes in the atmosphere-land
parameters have been investigated through time-series
satellite and in-situ data analysis. The detected anomalies of land and atmospheric parameters prior to moderate or strong earthquakes support strong evidence of coupling between lithosphere-land and surface- atmosphere.
Continuous monitoring and surveillance of these potential pre-signals could differentiate earthquake related variations from seasonal changes and atmospheric effects.
Strong and even moderate earthquakes are exceptional events reflecting very long-term deformation processes in a subduction zone [10]. To develop a comprehensive understanding of seismic events beside short-term
precursors we must also consider geodetic, geological and
geomorphologic information about crustal deformation.
A better understanding of earthquake physics and an increasing knowledge of spatio-temporal variation of Earth’s
crustal process (i.e., seismicity and strain accumulation)
would allow scientists so called "intermediate and longterm earthquake prognosis", directed to long-term seismic hazard reduction measures providing realistic building codes, and land-use planning.

2 Vrancea study test site
The Vrancea zone in Romania, bounded by latitudes
45.6∘ N and 46.0∘ N and longitudes 26.5∘ E and 27.5∘ E (Figure 1) is one of the most geotectonically active intracontinental areas in Europe, with high seismic hazard potential associated with a few strong, intermediate depth
earthquakes (10 November 1940, M w = 7.7, H = 150 km; 4
March 1977, M w = 7.4, H = 94 km; 30 August 1986, M w = 7.1,
H = 131 km; 30 May 1990, M w = 6.9, H = 91 km; 31 May
1990, M w = 6.4, H = 87 km; 27 October 2004, M w = 5.9,
H = 96 km) [11, 12].
Intermediate depth earthquakes in this area are concentrated in a narrow zone of some 3000 km2 , nearvertical volume in the depth range of 85–220 km placed
at the Eastern Carpathian Arc Bend. This zone of seismic-
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ity is interpreted to coincide with two major tectonic packages: the orogenic units (the Carpathian Orogen and the
North Dobrudjan Orogen) and the platform units (the Moldavian Platform, as the South-Western margin of the EastEuropean Platform, and the Moesian Platform).
The Vrancea geotectonic active region is considered
to be a rigid block system divided by infinitely thin plane
faults, interacting between them and with the underlying
medium. It seems that the interaction of the blocks along
the fault planes is elastic-viscous (normal state) while the
ratio of the stress to the pressure is below a certain strength
level. According to the dry friction model, when friction? is
exceeded the critical level in some part of a fault plane, a
stress-drop (i.e. failure) occurs, which can cause a failure
in other parts of the fault plane. These failures generate
earthquakes. The corresponding parts of the fault plane
are in the creep state just immediately after the earthquake
and for a period of time. Because of the faster growth
of the inelastic displacements, this state differs from the
normal state and lasts until the stress falls below some
other threshold. Considering such a model, the strain is
accumulated in fault zones, which reflect deformations of
plate boundaries strain accumulation [13]. According to 3D
magnetotelluric tomographic images, the trigger action of
the intermediate depth earthquakes in the Vrancea zone
can be considered as the rock response to active torsion
processes produced by the complex interplay among the
structure of the lithosphere and the surrounding asthenosphere, in this sector of the Eastern Carpathians [14]. This
may explain the increase in shear stress and drive faulting system and re-shearing within the rigid slab in the
Carpathian Arc Bend and Vrancea zone.
Located at the Eastern Carpathians bend, the
intermediate-depth seismogenic Vrancea active area is
a complex tectonic environment, where the heat flux budget is playing a decisive role in defining the lithospheric
rheological properties. Processes of sedimentation, paleoclimate, compaction and heat refraction effects, as well as
the heat generated in the upper crust, can explain the observed subsurface temperature field, and the pronounced
curvature of the vertical temperature distributions. In the
Vrancea study area both the thermal effects of rapid sedimentation and paleoclimate contribute to the temperature field in the upper part of the sedimentary section.
Thermally defined lithospheric thickness is considered
to be about 160 km. The lithosphere has not yet reached
the thermal steady–state, the present temperatures being
about 80–90% of the equilibrium temperatures, which is
a function of the depth and location along geologic profiles [15].

The strength of an earthquake is usually measured
on different magnitude scales, but the moment magnitude
(M w ) is considered to be the most representative value
of the seismic source. The complex correlations in time,
space and magnitude of earthquakes have been extensively studied in the literature [16, 17] and [18]. Also, seismicity evolution is a typical example of complex time series and temporal correlations between earthquake magnitudes also play an important role in this precursory variation [19].
Seismicity of very active areas can be strongly correlated in space, time, and magnitude with associated fluctuations recorded by time series of land/seaatmosphere/electromagnetic parameters. Several recent
studies proved the existence of seismic and physical precursory phenomena before stronger earthquakes associated with the proximity of a critical point geosystem.
This study investigated the selected intermediatedepth seismic events presented in Table 1.
Earthquake data for four earthquakes with moment
magnitude Mw between 5.9 and 7.4 and focal depth between 91 km and 131 km are provided by the National Institute of Earth Physics Catalog and the United States Geological Survey (USGS).

3 Methodology and geospatial
data used
Several observations show that earthquake perturbations
within a few days to few weeks before the seismic events
are real and systematic and could be considered as
short-term precursors. As geophysical phenomena, seismic events are irregular, non-linear, sophisticated and
non-periodic, and the relationships between their variables are dynamic inducing high uncertainties in their
forecasting. So, it is necessary to find proper methods and
models to provide the trend of change in the relevant parameters. As it is not expected that all precursors will appear in a given earthquake, for seismic forecasting it is necessary to integrate different kinds of precursors.
Prior to strong and moderate seismic events the earthquake precursors appear at different distances and heights
over the active seismogenic areas. It was found that the
earthquake preparation region on the ground can be estimated according to the equation:
R = 100.43M w

(1)

where R is the radius of the preparation zone and M w is
the earthquake moment magnitude [20, 21]. Most of the
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Table 1: Selected intermediate-depth Vrancea earthquakes

1.
2.
3.
4.

Origin
Date
Time
(yy/mm/dd)
(UTC)
1977/03/04 19:21:54.1
1986/08/30 21:28:35.7
1990/05/30 10:40:06.4
2004/10/24
20:34:36

Location
Latitude Longitude
(∘ N)
(∘ E)
45.77
26.76
45.52
26.49
45.83
26.89
45.79
26.63

pre-signal phenomena may exhibit different patterns corresponding to the local stress build-up during the preseismic period. After an earthquake’s main shock, a relatively rapid return to near equilibrium conditions takes
place. As examples, for the 4 March 1977 Vrancea strong
earthquake with moment magnitude M w = 7.4, the corresponding calculated radius of preparation zone would
have parameters R ≈ 1520.5 km and ≈ ±13.7 degrees in the
latitudinal and longitudinal direction from the epicenter,
while for the moderate earthquake on 27 October 2004
with M w = 5.9, the corresponding calculated radius would
be R ≈ 344 km and ≈ ±3.1 degrees in the latitudinal and
longitudinal direction from the epicenter.
As a function of their occurrence elevation the seismic pre-signals can be grouped into three classes: on
the surface (land surface temperature, radon gas, etc.);
in the lower atmosphere (outgoing long wave radiation,
surface latent heat flux, and air temperature); and in the
higher atmosphere–ionosphere (total electron content–
TEC, etc.) [22–24].
The precursors selected for analysis in this study are
thermal pre-signals which include land surface temperature (LST), outgoing long-wave radiation (OLR) and air
temperature (AT) and corresponding anomalies.
Some of the seismic pre-signals have been observed
by satellite remote sensing, while others by in-situ monitoring techniques. Different criteria can be used to select
remotely sensed earthquake pre-signals for which there is
evidence of anomalies in geophysical observables. Observations from Earth Observation satellites are used in synergy with local and regional airborne observations, and
with traditional in-situ and ground-based sensor networks
measurements [25, 26], and [27].
Earth’s surface infrared (IR) field is produced by its
skin temperature. This contains the re-emission of the absorbed part of the solar energy and to a lesser extent, by
geothermal fluxes. The main geophysical variables defining the conditions of IR signal response are: the emissivity
of the surface (E), the albedo (A) and the thermophysical
properties of the Earth crustal rocks. A heat balance equa-

Focal
depth
(km)
94
131
91
96

Moment
magnitude
(M w )
7.4
7.1
6.9
5.9

tion on the Earth surface (z = 0) could be defined as:
dT
= Q r + Q t + Q ev + Q g
dz

(2)

where Q r is the radiation balance, Q t is the heat loss due to
the turbulent exchange process between the lower atmosphere and ground surface, Q ev is the heat loss due to the
evaporation, Q g is the geothermal flux and z is depth [9].
Some remote sensing satellite sensors can measure
the radiations coming from the earth in thermal bands
and provide useful information prior to earthquakes.
Due to their suitable temporal and spatial resolutions,
the thermal infrared bands of NOAA AVHRR and MODIS
Terra/Aqua data have been used. During the last decades
for the assessment of prior and after strong earthquakes as
well as for the detection and mapping of post-earthquake
damage, time-series Earth Observation satellite remote
sensing data (ALOS PALSAR, SPOT, Landsat TM/ETM, TerraSAR, RADARSAT-1/2, as well as some other remote sensing imagery) have been widely used [28, 29]. With the advent and continuous collection of space-based observations, researchers extended that use of geospatial data
in different geoscientific applications which has enabled
new solutions to determining interrelations among various geophysical-geochemical phenomena like earthquake
precursory phenomena. In order to nominate a potential
anomaly as a reliable precursor, it must be proved that it
is not an artificial or random anomaly.
The relevant parameters (Land Surface Temperature, Outgoing Longwave Radiation, and the mean daily
Air Temperature) related to investigated earthquakes in
Table 1 have been provided by the NOAA Climate Prediction Center, National Environmental Satellite Data
and Information Service (NESDIS), National Centers for
Environmental Prediction (NCEP) and the NOAA/ESRL
Physical Sciences Division, Boulder Colorado, USA at
[http://www.ncep.noaa.gov/],
[www.nesdis.noaa.gov],
[http://www.esrl.noaa.gov/psd/].
For the 27 October 2004 Vrancea earthquake the
available time series of MODIS Terra/Aqua Land Surface
Temperature/Emissivity (LST) 8-Day L3 Global 1km SIN
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Grid MOD11A2 LST_Day_1km and LST_Night_1km data
and MODIS/Aqua Land Surface Temperature/Emissivity
(LST) 8-Day L3 Global 1km SIN Grid MYD11A2 LST
_Day_1km and LST_Night_1km data, over different periods of time provided by Oak Ridge National Laboratory Distributed Active Archive Center (ORNL DAAC)
[http://daac.ornl.gov/MODIS/modis.html] have also been
used. The available MODIS Terra/Aqua satellite data starting from 2000/2002 make it possible to resolve land surface thermal anomalies globally with better than 1∘ K resolution.
Meteorological data around the Vrancea region in Romania (air temperature and anomaly on base period of
normals for 1975-1995 and 1981-2010, have been provided
by the Romanian Meteorological Administration [www.
meteoromania.ro] and [www.wunderground.com].
Also, in–situ meteorological data have been compared
with satellite data.
In the Vrancea zone and around it, several seismic stations belonging to the Romanian Seismic Network record
seismic and other geophysical, geoelectromagnetic, geodynamic and meteorological parameters. For satellite data
processing ENVI 4.7 and IDL 6.3 and ORIGIN 8 software
have been used.

4 Results and discussion
In order to set accurate, precise, and stand-alone criteria for earthquake prediction, simultaneous integration
of several precursor parameters which reduce uncertainty
must be considered. Using time-series remote sensing observations, this paper examines spatio-temporal variations of land surface temperature (LST), outgoing longwave radiation (OLR), and mean air temperature (AT) several weeks to several days before the studied earthquakes.
Earthquakes are dynamic phenomena, usually accompanied by crust displacements and deformation attributed
to an energy transfer between source and environment.
The changes prior to the earthquake or along with it may
have different geological, physical and chemical effects
on the lithosphere, as well as lower/higher atmosphere,
therefore making it detectable. These pre-signals support
the existence of a strong coupling between the dynamics of
lithospheric processes and land- atmospheric anomalies
associated with seismic events [7]. The thermal anomalies recorded by satellites in IR bands appeared before a
strong or moderate earthquake event due to high tectonic
stresses , and are attributed to the released of radon, and
greenhouse gases (CO2, CH4 , N2 , etc.) in the lower atmo-

sphere, creating a localized greenhouse effect and anomalies in LST of the seismic areas. Another possible mechanism responsible for the LST rising before an earthquake is
the presence of positive hole-type charge carriers in rocks
that are activated due to high stress levels prior to an earthquake. So, the generation of electronic charge carriers
within a finite rock volume will enhance infrared emission
from the rock surface in the 8–12 µm spectral range and
hence an increase in LST [21, 22]. Pre-earthquake spatiotemporal thermal anomalies are controlled by various factors such as earthquake moment magnitude and its focal depth, geological setting, topography and land cover.
Several observations of such thermal anomalies preceding several major earthquakes in different parts of the
world [25, 30, 31] have been reported.

4.1 Land Surface Temperature anomaly
As a measure that is widely used for thermal anomaly
studies in the active geotectonic and surrounding areas
of strong earthquakes, LST was retrieved from time series satellite sensors data provided by AVHRR (Advanced
Very High Resolution Radiometer) on board the National
Oceanic and Atmospheric Administration (NOAA) and
MODIS Terra/Aqua (Moderate Resolution Imaging Spectroradiometer) on board the NASA Terra and Aqua Earth
Observation System. Land surface temperature anomalies
(A LST) were calculated by subtracting the multi-year mean
¯ from the area averaged values and dividing by multiLST
year mean values, which can be expressed as:
(︀
)︀
¯
LST − LST
A LST =
(3)
¯
LST
For NOAA AVHRR data, generation of all the LST maps
was based on the split window algorithm that uses the differential absorption effect in NOAA AVHRR channels 4 and
5 for atmospheric attenuation correcting due to water vapor absorption. Based on the method provided in NOAA
user’s guide [32], data calibration and temperature calculation were performed. Selected digital data sets (scenes)
have been kept consistent in terms of the time of acquisition. This was followed by the time-series layouts of these
LSTs that finally have been used for temperature variation of the ground surface analysis. Cloud-cover was delineated and removed from any type of calculation.
Based on NOAA 1981–2010 climate data, for the strong
Vrancea earthquake 4 March 1977 (M w = 7.4, 16 February
1977–27 February 1977) a high positive mean daily LST in
the range of 5–11∘ C has been calculated and maximum values of almost 11–13∘ C between 20 and 26 February 1977.
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Figure 2: Mean Daily LST anomaly over the Vrancea area for 4 March
1977 earthquake

Figure 4: Mean Daily LST anomaly over the Vrancea area for 30 May
1990 earthquake

Figure 3: Mean Daily LST anomaly over the Vrancea area for 30 August 1986 earthquake

Figure 5: Mean Daily LST anomaly over the Vrancea area for 27 October 2004 earthquake

Almost 4 days before 4 March 1977 earthquake, this positive anomaly was followed by a negative mean daily LST
anomaly with values of −1∘ C to −5∘ C during 28 February–3
March 1977 period (Figure 2).
Clear mean daily LST positive anomalies were calculated for the 30 August 1986 earthquake with M w = 7.1 in
the Vrancea zone, between 16 and 20 August in the range of
1.6–3.2∘ C with a maximum value on 19 August 1986 of 4.8
and 26–30 August 1986, in the range of 1–3.2∘ C (Figure 3)
from NOAA derived data and based on 1981–2010 climate
data.

The same the behavior of temporal variation of mean
daily LST anomaly (NOAA derived data over the Vrancea
area) was observed for the 30 May 1990, M w = 6.9 earthquake based on 1981–2010 climate data. The appearance
of a prominent mean daily LST positive anomaly was
recorded during 23–27 May 1990 in the range of 2-8∘ C with
1∘ C resolution (Figure 4). After that, three days before the
main shock a negative mean daily LST anomaly up to – 4∘ C
was recorded.
Based on NOAA derived data over Vrancea and 1981–
2010 climate data, for the 27 October 2004 M w = 5.9 earth-
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Figure 6: Daily OLR anomaly variation over the Vrancea area before
and after 4 March 1977 earthquake

Figure 7: Daily OLR anomaly variation over the Vrancea area for 30
August 1986 earthquake

quake almost one week prior to the main event, a high
mean daily LST positive anomaly with 5–10∘ C with 0.8∘ C
resolution was developed (Figure 5). This event was followed almost one week after by a high LST anomaly of a
maximum value of 12.8∘ C.
Due to available time-series products MODIS/Terra
Land Surface Temperature/Emissivity (LST) 8-Day L3
Global 1km SIN Grid, OD11A2/LST_Day_1km data from respectively 2000/2002, it was possible to represent land
surface temperature variation during 2004 year over the
Vrancea region (Figure 8) centered on the earthquake
of 27 October 2004, (epicenter 45.787 N, 26.622 E), with
101 km × 101 km surface area. For LST anomaly analysis over the Vrancea area during October 2004 LST mean
values of MODIS/Terra time-series data during 2000–2012
and MODIS/Aqua time-series have been considered. Different sized polygons centered on the Vrancioaia (VRI)
seismic station (Latitude 45.8657 and Longitude 26.7276)
were analysed. Time series satellite data analysis of a prior
earthquake revealed a clear increase of MODIS derived LST
around the epicentral area ranging 5–10∘ C in good accordance with NOAA AVHRR satellite data findings.
In all considered test case earthquakes in this study,
the recorded LST anomaly (increase) over the Vrancea seismic active area and surroundings can be attributed to
enhanced greenhouse gas emission (e.g. radon gas, and
greenhouse gases CO2 , CH4 , N2 ) from the squeezed rock
pore spaces and/or to the activation of p-holes in stressed
rock volume and their further recombination at the rock-

air interface due to high tectonic stresses, prior to a strong
earthquake [27].

4.2 Outgoing Longwave Radiation anomaly
Outgoing Longwave Radiation (OLR), a major driver of the
Earth’s climate system is defined as the emission to space
of terrestrial radiation from the top of the Earth’s atmosphere is another important parameter controlled by the
temperature of the Earth and the atmosphere above it, the
water vapor content in the atmosphere, and the clouds.
This parameter has been measured at the top of the atmosphere by National Oceanic and Atmospheric Administration (NOAA-AVHRR) satellites and includes all of the
emission from the ground, atmosphere and cloud formation. The possible correlation of transient thermal fields on
the ground with pre-earthquake processes in the Vrancea
area was the main reason to explore the radiation budget prior to the four major earthquakes investigated in
this study. OLR is a NOAA polar-orbiting satellite derived
product of the radiative character of energy radiated from
the warmer earth surface to cooler space in the 10–12 µm
infrared window. The estimates of interpolated OLR values (W/m2 ) originally observed by polar orbiting NOAA
are based on dedicated developed algorithms. For analyzed earthquake cases, maximum and minimum OLR values as well as other parameters have been defined. The
high stress field prior to earthquakes is responsible for sur-
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Figure 8: LST variations over the Vrancea area for 27 October 2004
earthquake from MODIS Terra data

Figure 10: Daily OLR anomaly variation over the Vrancea area for 27
October 2004 earthquake

Figure 9: Daily OLR anomaly variation over theVrancea area for 30
May 1990 earthquake

face and subsurface deformation in the epicentral region,
which, in turn, is responsible for changes in the thermal,
electrical and magnetic fields [26]. Daily OLR anomalies
have been investigated in detail for selected Vrancea earthquakes because these can reflect the energy variation in
the earth-atmosphere system and record the earthquake
thermal anomalies in different time scales over the seismic
monitoring field.
Based on NOAA 1981–2010 climate data, for strong
the Vrancea earthquake of 4 March 1977–20 February 1977
(M w = 7.4, starting with 16 February 1977) a high positive daily OLR anomaly in the range of 10–35 Watt/m2 ,
has been calculated with a maximum positive value on

18 February 1977 (Figure 6). After that, between 21–24
February 1977 a strong negative OLR anomaly between
−10 Watt/m2 and −40 Watt/m2 was recorded. Other weak
positive daily OLR anomalies were registered on 27–28
February and 1–3 March 1977, followed by further negative
daily OLR anomalies on 28 February–1 March 1977 and 4
March 1977.
In the case of 30 August 1986 earthquake with M w = 7.1
in Vrancea tectonic active zone, from NOAA derived data
and based on 1981–2010 climate, some positive daily OLR
anomalies were recorded between 17-19 August and 22–24
August 1986 in the range of 10–30 Watt/m2 , and a very high
positive anomaly between 26–30 August 1986 in the range
of 15–35 Watt/m2 with an intense maximum one day before
the main shock in value of 35 Watt/m2 (Figure 7).
The same temporal variation of daily mean OLR
anomaly, NOAA derived data over the Vrancea area (Figure 9) has been observed for the 30 May 1990, M w = 6.9
earthquake based on 1981–2010 climate data. Almost 3–4
weeks prior, (1–10 May, 15–18 May, 21–24 May 1990) significant daily OLR positive anomalies of 20–30 Watt/m2 were
recorded. Over the three days before the earthquake (27–
30 May 1990) a strong negative daily OLR anomaly (−20 to
−50 Watt/m2 ) was evidenced over the Vrancea area, which
can be interpreted as due to contraction the rocks.
Similarly, for the moderate 27 October 2004 earthquake (M w = 5.9) recorded in the Vrancea region, 3-4 days
prior to the main event daily OLR positive anomalies of 20–
50 W/m2 higher than the normal were recorded, which emphasized gradual increase of the outgoing long-wave ra-
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daily OLR increased from 24 October 2004, with a maximum value between 25–26 October and then decreased
gradually till 27 October in the morning, increasing again
between 27–30 October. OLR anomalies covered an extended area described by latitudes 45N–47N and longitudes 25E–27E and were distributed along the fault zone
system in the Vrancea region. Since, OLR is dependent on
local meteorological parameters, air temperature and humidity (and changes in these variables) may be responsible for the anomalous OLR values associated with the seismic events.

4.3 Air Temperature anomaly

Figure 11: Air Temperature anomaly over the Vrancea 4 March 1977
earthquake

Figure 12: Air Temperature anomaly over Europe before 4 March
1977 Vrancea earthquake

diation OLR emitted by the epicentral land surface area
before the earthquake registered on 27 October 2004. Figure 10 presents the temporal variation of daily mean OLR
anomaly (from NOAA derived data) over the Vrancea epicentral area during 20 October 2004–3 November 2004 expressed in W/m2 with an accuracy of 3 W/m2 . The mean

In order to analyze the relationship between the air temperature anomalies and recorded earthquakes, time-series
of mean daily air temperature provided by NOAA satellites,
have been analyzed, on the base period of normals 1981–
2010 around the Vrancea zone in Romania.
For the 4 March 1977 strong earthquake the 10
February–15 March 1977 period the positive air temperature anomaly started developing to the North West and
South East of the epicentral area. Air temperatures showed
a rise of around 6∘ C–10∘ C during 11–28 February 1977 (Figure 11), in good correlation with in-situ measurements.
NCEP/NCAR Reanalysis results for 10 February–28 February 1977 over Europe (Figure 12) revealed a pronounced
increase of mean air temperature anomaly over Romania
and neighbor countries of more than 3.5∘ C. For the earthquake on 4 March 1977 with M w = 7.4, the corresponding calculated radius of the preparation zone was R ≈
1520.5 km from the epicenter.
During 28 February–4 March 1977, a clear negative air
temperature anomaly in the range of −2∘ C to −6∘ C, in accordance with in-situ measurements and other findings for
strong earthquakes globally [3]. This negative air temperature anomaly over the Vrancea zone and Romania registered five to six days before the strong earthquake of 4
March 1977 can be explained by increased compression in
the epicentral and surrounding area. For the next ten days
over the period 5–15 March 1977 a small positive air temperature anomaly, alternating with a small negative temperature anomaly again was observed over the Vrancea area
and Romania. This observation fits well with the theory
that a thermal anomaly can appear some days to weeks before strong earthquakes and disappear after the quake.
Time-series analysis of mean daily air temperature
anomalies for the Vrancea earthquake on 30 August 1986
revealed two strong positive air temperature anomalies in
the range of 1.8–3.6∘ C (with 0.6∘ C resolution) recorded be-
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Figure 13: Air Temperature anomaly over the Vrancea region for 30
August 1986 earthquake
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Figure 15: Air Temperature anomaly over the Vrancea region for 27
October 2004 earthquake

of M w = 6.4 on 31 May 1990 and this can be attributed to a
cold air mass front developed over Romania at that time.
For the 27 October 2004 earthquake, time-series of
mean daily air temperature and anomaly data provided
by NOAA satellites for period of 15 October–15 November 2004 have been analyzed on the base period of normals 1981–2010 around the Vrancea region. The positive
air temperature anomaly started developing to the North
West and South East of the epicentral area. Air temperature derived from satellite data had shown an increase of
around 4.8∘ C–8∘ C during 24–27 October 2004 (Figure 15)
in good correlation with in-situ measurements. During 27
October–3 November 2004, after 27 October 2004 main
shock, air temperature had shown a gradual increase of
up to 5∘ C degrees between 30 October and 3 November.
Figure 14: Air Temperature anomaly over the Vrancea region for 30
May 1990 eathhquake

5 Conclusion
tween 17–20 August 1986 and 27–30 August 1986, before the
main shock (Figure 13).
Similarly, the daily mean air temperature anomalies in
the range of 1.6–6.4∘ C (with 0.8∘ C resolution) were registered before the 30 May 1990 earthquake, when higher air
temperatures than usual were observed one week (23–26
May 1990) prior to the main shock. Figure 14 presents a succession of positive air temperature anomalies and a negative anomaly which appeared between 27–31 May 1990 over
the Vrancea area. It seems that the negative air temperature anomaly developed 3 days before the main shock of
M w = 6.9 on 30 May, followed by a second seismic event

This study presents observations made using meteorological satellite NOAA-AVHRR time-series data–derived outgoing long-wave radiation (OLR), land surface temperature (LST) and air temperature (AT) for three strong
Vrancea earthquakes (4 March 1977, 30 August 1986, 30
May 1990). Anomalous TIR signals reflected in LST and
AT rose and high OLR values followed a similar spatiotemporal growth pattern. In addition, in order to investigate thermal anomaly pre-signals for a moderate earthquake (27 October 2004), NOAA-AVHRR time-series satellite data and MODIS Terra/Aqua time-series satellite data
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have been used. In all cases, the spatio-temporal statistical analysis revealed thermal anomalies enhancements
of LST, OLR, and AT parameters developed some days to
weeks before main seismic events which disappeared after the main shock. A good spatial correlation with the location of epicenters and active faults, earthquake moment
magnitude value and the size of preparation area was observed. There is a good accordance with the seismogenic
coupling processes between lithosphere-surface sphereatmosphere and for recognizing earthquake anomalies
with multiple parameters from integrated Earth observation systems. The analysis of all available geospatial data
shows evidence of a thermal build up near the epicentral
area related to the investigated earthquakes in the Vrancea
zone in Romania.
NOAA-AVHRR time-series data analysis evidenced a
transient thermal infrared rise in land surface temperature
ranging 5∘ C–10∘ C and outgoing longwave radiation increase ranging 20–50 W/m2 around the Vrancea epicentral
area as a function of latitude and longitude around epicenters. Air temperature data recorded by meteorological
in-situ observatories and NOAA AVHRR time-series satellite data also support the concept of short-term thermal
anomaly development prior to moderate or strong earthquakes.
The analysis of pre-earthquake thermal anomalies
developed prior to strong and moderate earthquake as
demonstrated in this paper are promising tools towards future short-term forecasting earthquakes in the tectonically
active region of Vrancea as well as in other seismogenic
areas in the world.
As Earth science is multidisciplinary, it is very important that researchers of tectonic active areas integrate all
available satellite and observational information with different temporal and spatial scales and review all the seismic, geodetic, geomorphological, geological, geospatial
data in combination. Other precursory phenomena such
as foreshocks and non-seismological anomalies (electromagnetic, atmospheric, ground-water gas emissions, etc.)
must also be considered.
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