Natural Hazards and Earth System Sciences (2003) 3: 749-755 y -*
© European Geosciences Union 2003 € Natura;rl;ldazEaargﬁ

System Sciences

Surface latent heat flux as an earthquake precursor
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Abstract. The analysis of surface latent heat flux (SLHF) Although earthquake prediction is still a challenging task, re-
from the epicentral regions of five recent earthquakes thatent studies have shown that numerous geophysical param-
occurred in close proximity to the oceans has been found teeters are closely associated with the earthquakes (Knopoff,
show anomalous behavior. The maximum increase of SLHFL996). Numerous precursory geophysical and ionospheric
is found 2—7 days prior to the main earthquake event. Thigparameters have been found to be associated with earth-
increase is likely due to an ocean-land-atmosphere interacguakes that occurred throughout the globe (Hayakawa and
tion. The increase of SLHF prior to the main earthquakeFujinawa, 1994; Merzer and Klemperer, 1997; Hayakawa,
event is attributed to the increase in infrared thermal (IR)1999; Biagi et al., 2001a, b; Molchanov et al., 2001; Ohta
temperature in the epicentral and surrounding region. Theet al., 2001; Uyeda et al., 2001). These parameters can
anomalous increase in SLHF shows great potential in providprove to be potential precursors of an earthquake if we un-
ing early warning of a disastrous earthquake, provided thaderstand their characteristic behavior. In the last few years,
there is a better understanding of the background noise dumany disastrous earthquakes have occurred frequently near
to the tides and monsoon in surface latent heat flux. Effortdhe ocean (http://earthquake.usgs.gov/activity/world.html).
have been made to understand the level of background noise the present paper, we have considered five such earth-
in the epicentral regions of the five earthquakes considered iguakes, with a magnitude 5 (Table 1), having similar

the present paper. A comparison of SLHF from the epicen-characteristics in view of their focal depth (within crustal
tral regions over the coastal earthquakes and the earthquakégpth) and proximity to the oceans. In this paper, we have
that occurred far away from the coast has been made and @nalyzed the SLHF behavior over the epicentral regions of
has been found that the anomalous behavior of SLHF prior tacoastal earthquakes and earthquakes that occurred far away
the main earthquake event is only associated with the coastdtom coast, to study the SLHF behavior both prior and after
earthquakes. the earthquakes.

1 Introduction 2 SLHE

The recent Gujarat earthquake of 26 January 2001 has shown ) o
significant changes on the land (surface and subsurface?'—HF is the heat released by phase changes due to solidifi-

(Singh et al., 2001a, b) and in ocean parameters (Singh dqation or evaporation or melting. The energy transport be-
al., 2001c, 2002). The significant changes in ocean paramiween the Earth, ocean and atmosphere through the evap-
eters associated with earthquakes occurring near the ocediation at the surface-atmosphere interface partly compen-
have prompted us to study the changes in land and atmosates for energy losses due to radiation processes in the at-
spheric parameters associated with these earthquakes. THePSPhere (Schulz et al., 1997). The SLHF is highly depen-
analysis of multi-sensors data has shown anomalous behaylent on meteorological parameters, such as relative humidity,
ior of water vapor in the atmosphere prior to the GujaratWind speed, ocean depth and proximity from the ocean. The
and other earthquakes, especially those that occurred ne&Rergy loss at the surface through simultaneous exchange of

the ocean with focal depth up to 33km (Dey et al., 2003)_Water vapor and heat with the atmosphere is higher at the
ocean surface compared to those over the land; hence, SLHF

Correspondence tdR. P. Singh is higher at the ocean surface and a sharp contrast is always
(ramesh@iitk.ac.in) observed at the ocean-land interface. SLHF has been found
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Table 1. Details of the earthquakes

Place Date Epicenter Magnitude Focal Depth  Background Average distance
(km) Noise (++1.50) from ocean (km)

Gujarat, 26 Jan 2001  70.32E, 23.33N 7.8 23.6 1.53 (Jan) 70-80
India (1)

2.16 (Feb)
Andaman, 14 Sep 2002  93.11E, 13.09N 6.5 33 1.88 (Sep) 0
India (2) 1.25 (Oct)
Pondichery, 25Sep2001 80.23E,11.95N 5.4 19 1.21 (Sep) 0-5
India (3) 1.97 (Oct)
Latur, 30Sep 1993  76.45E, 18.07N 6.3 10 0.32 (Sep) 300-350
India (4) 0.34 (Oct)
Jabalpur, 22 May 1997 80.04E, 23.08N 6 35 1.55 (May 750-800
India (5) and June)
Taiwan (6) 20Sep 1999 120.98E, 23.72N 7.7 33 1.42 (Sep) 0-5

2.57 (Oct)
Mexico (7) 22Jan 2003  103.89W, 18.81N 7.3 33 1.65 (Jan) 5-10

2.3 (Feb)

to decrease away from the land-ocean interface towards thproximate distance of the ocean from the location of the
land. epicenter of the earthquakes is given in Table 1. The
Prior to an earthquake, the accumulation of stress results iflata has been downloaded from the Scientific Comput-
the thermal infrared emission (Freund and Ouzounov, 2001)ing Division of the National Center for Atmospheric Re-
which enhances the rate of energy exchange between surfasearch (NCAR) (http://ingrid.ldeo.columbia.edu/SOURCES/
and atmosphere, resulting in increase of SLHF. The SLHFNOAA/NCEP-NCARY/). The data set is represented by the
can be retrieved accurately from satellite data (Schulz et al.Gaussian grid of 94 lines from equator to pole, with a reg-
1997; Singh et al., 2001d), which provides an opportunityular 18° longitudinal spacing and projected intd [titude
for long-term monitoring of the parameter, in order to de- by 2° longitude in a rectangular grid. The spatial distribu-
velop future precursor models. Variations in SLHF are alsotion of the SLHF anomaly prior to the main event has been
controlled by the changes in surface temperature (ST), whictstudied in a 12 by 12 area ¢ 1774224kn), with the
is believed to be a precursor parameter during an earthquakgixel covering epicenter of the earthquakes at the center. The
(Tronin, 2000). The ST anomaly based on thermal infraredglobal database of various meteorological and surfacial pa-
satellite data as a precursor has been found during earthrameters is maintained at NCEP. This database is generated
guakes in China (10 January 1998) and Kobe (Japan) on 1By taking into consideration the measured values at various
January 1995 (Tronin et al., 2002). worldwide stations and also retrieved from satellite data. The
fluxes used in the operational weather forecast models incor-
porate in-situ observations through an assimilation process.
3 Data used The main drawback of the data source is the frequent change
in assimilation methodology and in model resolution, which
The SLHF data of five earthquakes have been taken ovehas been solved by the re-analysis procedure by NCEP, in-
the pixel covering the epicenter of the earthquakes fromcorporating the whole archived data set into a single frozen
the National Center for Environmental Prediction (NCEP) data assimilation system. The validation and detailed de-
(http://iridl.Ideo.columbia.edu/). The details of these earth-scription of the reanalysis of the NCEP SLHF data have been
guakes are given in Table 1, which have been taken frondiscussed by Kalnay et al. (1996). The daily values of SLHF
USGS (http://earthquake.usgs.gov/activity/world.html). Ta-have been considered for a two months period prior to and
ble 1 gives information about the epicenters of these earthafter the earthquakes. The mean value during that period has
guakes and focal depths. Figure 1 shows the epicenter lobeen considered in order to take into account care of the sea-
cation of earthquakes considered in the present study. Weonal effect. The monthly mean has been subtracted from
have considered coastal earthquakes that occurred in Indidhe daily values to study the anomalous behavieS(HF)
Taiwan and Mexico and also considered two Indian earth-of SLHF during the earthquakes.
quakes that occurred far away from the coast. The ap- For the normalization of SLHF, we have divided the daily
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Fig. 1. Locations of the epicenters of the earthquakes.

SLHF value by the standard deviation)(of the SLHF data  as the maximum background noise daily mean of 10 years
for that day considering a 10-years data set. The maximunplus 1.5 times standard deviation. The maximum background
values of SLHF depend on month to month, season to seasamoise for each earthquake is shown in Table 1. This back-
and location to location, and it is affected by the winds, tidesground noise varies with location to location and month to
and monsoon. For each earthquake location, the mgan ( month. The solid bars show the day of the main earthquake
value of SLHF plus 1.5 times the standard deviation of SLHFevent. The behavior of normalize’SLHF in the epicentral
have been taken as background noise. region shows a similar trend for all the five earthquakes (Ta-
ble 1). Variations in theASLHF values during the month of
the main earthquake events are found to be similar in the non-
earthquake years, whereas in all five cases the standard devi-
ations of the data set are found to be higher in the earthquake

3}/ear. The maximum increase in normalize8LHF has been

Table 1 shows details of five earthquakes, which are closel ) : .
lying near the oceans (Fig. 1). The distance of the epicen_observed 2—7 days prior to the main earthquake event. Prior

ters of these earthquakes from the ocean is quite variablé,O the main earthquake event, normalize8LHF is found

approximate distance from the epicenter to the ocean is give be greater thah the sumhqf ;h_e mean SI;]HF pllus 1.f5 times
in Table 1. Variations of normalized SLHF are shown in 1€ Standard deviations, which indicates that only before an

Fig. 2. In each figure the horizontal broken line shows theeg_rthquakg does the normali_zacBLHF value become sig-
maximum normalizedh SLHE values, which is considered nificantly high. All the normalized\ SLHF values are found

4 Results and discussion



752 S. Dey and R. P. Singh: Surface latent heat flux as an earthquake precursor

Gujarat (M=7.8) 2a wo
5 o 30
wn <
3 - T R?=0.73 ¢
w o € 254
I 2 N 3
LI s 2 20
T E2 T
N 0 5%
® . c 8 15
E - 2
& -2 °E
< 3 o 6 10
o S 8 £
N N Moo o NN N o >
$ S S = 54
vrl?o DS S S S ovwvwv'ﬁo&v'eo@v&v&o"sp gg
LR T R e P LR R LR LR R U i S LU S =9 0
AERTATSTOTETRTD RPN 6 90 b R g X £ ' ' '
©

Andaman (M=6.5) 2b

Magnitude of earthqukaes

3

()

Fig. 3. The relation between the increase (in %) between the nor-
malized ASLHF anomaly values and the magnitude of the earth-
quakes.
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ground noise by 20%, 2 days prior to the earthquake in Gu-
jarat (Fig. 2a); by 10.6%, 5 days prior to the earthquake in
Andaman (Fig. 2b); 9.9%, 2 days prior to the earthquake in
Pondichery (Fig. 2c); 27%, 1 day prior to the earthquake in
Taiwan (Fig. 2d) and 18%, 5 days prior to the earthquake in
Mexico (Fig. 2e). The percentage increase in the normalized
SLHF value prior to the main earthquake event is found to
show good correlation (R= 0.73) with the magnitude of

the earthquakes (Fig. 3). After the main earthquake event,
the normalizedA SLHF has been found to decrease and after
some days then increase, before it acquires the average back-
ground value. Figure 4 shows the spatial distribution of the
SLHF values in the Gujarat region prior to the earthquake.
Normally the SLHF shows a moderate contrast between the
ocean and the land since SLHF over the Arabian ocean is less
than 35 W/m in the month of January and the SLHF over the
adjacent land is approximately less than 0 \&/fhe SLHF
contrast increases significantly prior to the earthquake (dark
color is seen over the Gujarat region and also over the ocean
on 25 and 26 January). The strong SLHF contrast (dark solid
circular color) is seen over the southeast on 22 January 2001
is found to be associated with the tectonically active zones.
The migration of the SLHF contrast seems to begin from this
zone towards the epicentral region over the land and adja-
cent ocean regions. This migration of strong SLHF contrast
zone over the ocean and in the epicentral region is likely to
be due to heat conduction through water and also through
fluid present in the pore space of rocks and soils. Since the
heat conduction is faster and effective in ocean water, the
SLHF contrast seems to spread over the Arabian ocean faster,
whereas the SLHF contrast seen over the land area is smaller
compared to the oceanic region because of the lower heat
conduction through pore fluids in the rocks and soils. The
strong SLHF contrast is seen over the epicentral region on
to lie within this range and, therefore, it is considered as24 January, i.e. 2days prior to the main earthquake event of
background noise, but prior to the main earthquake event$® January; soon after the earthquake this strong SLHF con-
in all five locations, the normalized SLHF values are found ~ trastis found to disappear (Fig. 4).

to be higher than the maximum range of background noise. We have studied the behavior of SLHF for other intraplate
The normalizedASLHF is found to increase from the back- earthquakes occurring away from the ocean. Figures 5a and
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Fig. 2. Normalized SLHF anomaly at the epicenter{@fGujarat,
(b) Andaman,(c) Pondichery,(d) Taiwan and(e) Mexico earth-
quakes.



S. Dey and R. P. Singh: Surface latent heat flux as an earthquake precursor 753

29 Jan 22 4 Jan 23 L Jan 24 = £
27 4 ] —

LE, -t L] L]
25 1 :| ™ ]

N X Bi
23 =7 - [y e
21 Al ’]':I

-
o | 1
29 Jan 25 ; Jan 26 Jan 27 L
- -1 1

27 [~ ]

z, 5 i 5
25 "”.I 5 .| "

|

23 =+
21 HE'I
19 t 'i ASLHF (W/m?)
29 Jan 28 il 2 Jan29 - Jan30 30
27 ;'f [ = [ T 25
25 + Al NN 20

-

™ 15
B = F—'E' =
’1 'I_ '!. I:- 10
] | 1 5
1 I i )
I | L 0

66 68 70 72 74 76 66 68 70 72 74 76 66 68 70 72 74 76

Fig. 4. Spatial distribution of SLHF anomaly in the Gujarat region.

5b show the normalized SLHF for the Latur and Jabalpurland-ocean-atmosphere interaction giving anomalous SLHF
earthquakes in India (maximum background noise shown agrior to the earthquake. The accumulation of stress prior to
broken line and the values are given in Table 1), where nahe earthquake in the epicentral region is likely to be respon-
such SLHF behavior is found prior to the earthquake. How-sible for the increase in IR temperature prior to the earth-
ever, after the main earthquake event the SLHF anomalyuake. The manifestation of the stress accumulation in terms
seems to show higher values in the case of the Latur andf surface temperature and SLHF is prominent in the case
Jabalpur earthquakes. This clearly shows that the earthef shallow focal depth earthquakes. The change in SLHF is
quakes occurring far away from the ocean takes a while; asikely to be attributed to a dis-equilibrium in the mineralog-
a result, the strong SLHF anomaly seen prior to the coastaical phase transformation due to the accumulation of stress
earthquakes shows a long delay in displaying a strong SLHKBIina, 1998). This effect is less prominent in the case of
anomaly, as a result of the strong interaction between theshallow-focus earthquakes. The SLHF is enhanced by the
ocean-land-atmosphere (Figs. 5a and b). interaction of ocean and atmosphere in larger regions which
The magnitude of the changes in the normalized SLHFis very much dependent on the proximity of the earthquake
associated with these five earthquakes are likely to be ass@picenters to the ocean in controlling the variations of SLHF.
ciated with the prevailing meteorological parameters in theThe maximum increase in SLHF 2—7 days prior to the earth-
earthquake regions, location of earthquakes, proximity of thequake is likely to be due to the role of fluid within the Earth’s
epicenter to the ocean, season in which the earthquake ogrust (Tronin et al., 2002) and the increased interaction be-
curred and the coupling between the land-ocean-atmosphergveen the atmosphere, ocean and land. This interaction is
The nature of such a coupling and the hidden physical prolikely to be governed by numerous parameters prevailing
cesses is yet to be explored. The increase in infrared therin the earthquake epicenters and surrounding regions. The
mal (IR) temperature (http://amesnews.arc.nasa.gov) oveBLHF shows the exchange of water vapor in the atmosphere.
the epicentral region prior to the earthquake leads to intensénomalous concentration of water vapor in the atmosphere
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Fig. 5. Normalized SLHF anomaly at the epicentergajfLatur and(b) Jabalpur earthquake.

has been observed in the Gujarat region prior to the earthsor to provide information about disastrous earthquakes oc-
quake (Dey et al., 2003), which supports the idea of a land-curring near coastal regions well in advance. The high-
ocean-atmosphere interaction during the earthquake. Wataesolution remote sensing data with better spatial and tempo-
vapor is an optically active greenhouse gas, which absorbs eal resolutions may provide more reliable information about
part of the Earth’s outgoing infrared radiation and contributesSLHF, which can be easily used, for early warning of coastal
to the accumulation of heat near the surface (Tronin et al.earthquakes.

2002). The accumulated heat affects the energy exchange;

as a result, an increase in SLHF prior to the earthquake ig\cknowledgementsThe surface latent heat flux data has been
found. After the main earthquake event, the release of accudownloaded from NCEP site (http://iridl.Ideo.columbia.edu). The
mulated stress shows an immediate decrease in SLHF. Thauthors are grateful to Mr. V. P. Singh for his help in generating
higher moisture content in the soil and humidity in the air Fig- 4. The authors are grateful to two anonymous reviewers for
facilitates the energy transfer to the atmosphere. their comments.
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