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In this paper, we present a seismic hazard scenario for the Garhwal region of the north-western
Himalayan range, in terms of the horizontal Peak Ground Acceleration. The scenario earthquake
of moment magnitude Mw 8.5 has a 10% exceedance probability over the next 50 years. These
estimates, the ﬁrst for the region, were calculated through a stepwise process based on:
• An estimation of the Maximum Credible Earthquake from the seismicity of the region and
Global Seismic Hazard Assessment Program considerations, and
• four seismotectonic parameters abstracted from near ﬁeld weak-motion data recorded at ﬁve stations installed in Chamoli District of the Garhwal region in the aftermath of the 1999 Chamoli
earthquake. The latter include:
• The frequency dependent power law for the shear wave quality factor, QS ,
• the site ampliﬁcation at each station using horizontal-to-vertical-spectral ratio and generalized
inversion technique,
• source parameters of various events recorded by the array and application of the resulting
relations between the scalar seismic moment M0 (dyne-cm) and moment magnitude Mw
and the corner frequency, fc (Hz) and moment magnitude Mw to simulate spectral acceleration due to higher magnitude events corresponding to the estimated Maximum Credible
Earthquake, and
• regional and site speciﬁc local spectral attenuation relations at diﬀerent geometrically central
frequencies in the low, moderate and high frequency bands.

1. Introduction
The Garhwal Himalaya shares high seismicity of
the north-western Himalayan region, and is beginning to develop its natural resources towards
improving the quality of life of the people, in a high
seismic risk environment. An important scientiﬁc
component of these endeavours is, therefore, the
creation of hazard mitigation knowledge products,

speciﬁcally a seismic scenario which is the subject
of research, reported here.
The occurrence of Uttarkashi and Chamoli
earthquakes in the Garhwal Himalaya, which is
in the central seismic gap (ﬁgure 1) area for
M ≥ 8 earthquakes, suggests the need for estimating seismic hazard of the region. Five earthquakes
of M > 6, twelve earthquakes of M 5 to 6 and
several earthquakes of M < 5 have occurred in the
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Figure 1. Central seismic gap in the Himalayan belt presented on a topographic relief map (modiﬁed after Khattri
1987).

Garhwal Himalaya extending about 100 km east
and west of the Uttarkashi and Chamoli earthquake epicenters, causing severe damage to several
houses and various power and communication
system installations (Rajendran et al 2000). Earthquake activity attests to a continuing epoch of high
seismicity in the region, characterized by ongoing
release of seismic energy.
The Global Seismic Hazard Assessment Program (GSHAP) is designed to provide a useful
global seismic hazard framework by ensuring
the availability of the most advanced consensus methodologies worldwide for seismic hazard
evaluation. GSHAP depicts that most of the northern Indian plate boundary region and the Tibetan
plateau face a hazard level of ∼ 0.25 g (1 g =
980.665 gals or cm/s/s), increasing to 0.35 to 0.40 g
along the Hindukush, eastern Syntaxes, and the
Burmese arcs. The Garhwal Himalaya is assigned
an expected PGA ≥ 0.4 g.
Our starting point for the estimation of seismic
hazard is the determination of Maximum Credible Earthquake (MCE) that could pose a threat to
the region with a 10% probability of the magnitude
being exceeded in 50 years, for each of the potential seismogenic zones surrounding the Garhwal
Himalaya. The 100-year International Seismological Commission (ISC) Catalogue (1904–2004) that
has been used for the present study includes four
large earthquakes namely, Kinnanur earthquake
(19 January, 1975) of Mb 6.2, Bihar–Nepal border
earthquake (21 August, 1988) of Mb 6, Uttarkashi
earthquake (20 October, 1991) of Mw 6.6 and one
great historical Bihar–Nepal border earthquake
(1 June, 1934) of Mb 8.3.
We have accomplished waveform analysis of 61
events as given in table 1 recorded by the array

of the ﬁve-station seismograph array installed in
Chamoli District by the Geological Survey of India
(GSI) on 17 April, 1999. The entire dataset covers
the seismic moment range of 1019 to 1022 dyne-cm
and a stress drop up to 191 bars. Through the
analysis of the 100-year ISC catalogue and the
near-ﬁeld weak motion digital data, we provide
a complete description of the seismotectonics of
the region, shear-wave attenuation and seismic
source parameterization through the partitioning
of the problem into source acceleration spectra,
path eﬀect and site spectral function. For large
azimuthal variation a shift in the site ampliﬁcation
eﬀect is established and ﬁnally an attempt has
been made to simulate spectral acceleration for
a scenario earthquake of moment magnitude Mw
8.5 nucleating from the hypocenters of both the
1991 Uttarkashi and 1999 Chamoli earthquakes.
This study is one of the ﬁrst attempts to address
the seismic hazard scenario of the Garhwal region
in terms of the spatial distribution of PGA for a
scenario earthquake and its comparison with that
of the site ampliﬁcation values at low frequency
band LFB (< 5 Hz with geometrically central frequency 2.5 Hz), moderate frequency band MFB
(5–10 Hz
with
geometrically
central
frequency 7.5 Hz) and high frequency band HFB
(10–20 Hz with geometrically central frequency
15 Hz). Local spectral attenuation relations are
determined at the central frequencies 2.5, 7.5 and
15 Hz as functions of the horizontal Peak Ground
Acceleration (PGA), Spectral Acceleration (SA),
Moment Magnitude MW , hypocentral distance (r),
source azimuth and site ampliﬁcation (SR). These
results are used in a logical framework to simulate the seismic hazard scenario for the Garhwal
Himalayan region.
2. Geological background and
seismotectonism of the region
A number of transverse N–S to NNE–SSW faults
has been mapped as depicted in the detailed seismotectonic and geological province map of the
Garhwal Himalaya shown in ﬁgure 2. Tectonically, the Lesser and Higher Himalaya of Uttar
Pradesh can be divided into ﬁve linear NW–
SE trending zones namely the Tethyan Tectonic
Zone, Central Tectonic Zone, the Garhwal Tectonic Zone, Kumaon Tectonic Zone and the Siwalik Tectonic Zone, each of which is delimited
by major thrusts/faults and characteristic lithostratigraphic stacks. The E–W trending Alaknanda
Fault (ANF) is mapped between the Main Central
Thrust (MCT) and North Almora Thrust (NAT)
in the Garhwal Tectonic Zone and is identiﬁed as
the major structural feature in the study region.
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Event
Sl. no.

99/04/18/02:13
99/04/19/15:54
99/04/20/20:24
99/04/20/22:59
99/04/21/15:17
99/04/21/20:48
99/04/21/23:34
99/04/22/00:08
99/04/22/00:57
99/04/22/14:48
99/04/22/23:32
99/04/22/23:52
99/04/23/13:43
99/04/23/17:00
99/04/24/06:04
99/04/24/07:13
99/04/24/10:23
99/04/24/19:25
99/04/25/09:52
99/04/25/21:25
99/04/26/01:07
99/04/26/20:12
99/04/27/02:20
99/04/27/16:41
99/04/27/19:41
99/04/27/23:01
99/04/28/15:21
99/05/02/23:29
99/05/03/09:01
99/05/06/14:47

Event
(YY-MM-DD-hh-mm)
30.29
30.43
30.42
30.20
30.48
30.25
30.40
30.45
30.37
30.39
30.20
30.39
30.23
30.25
30.23
30.35
30.35
30.35
30.36
30.37
30.38
30.35
30.23
30.39
30.53
30.57
30.11
30.45
30.32
30.39

Lat. ◦ N
79.35
79.35
79.40
79.38
79.18
79.41
79.25
79.37
79.35
79.34
79.15
79.29
79.12
79.16
79.12
79.39
79.29
79.38
79.31
79.31
79.34
79.25
79.01
79.36
79.28
79.42
79.41
79.27
79.23
79.23

Long. ◦ E
20.4
14.6
15.3
16.8
11.2
10.0
10.0
10.0
10.0
10.0
17.1
10.0
06.5
08.0
15.4
05.4
14.8
19.8
19.8
27.7
19.2
15.5
06.1
10.0
18.1
18.7
17.7
10.0
10.0
10.0

Depth
km
3.2
3.4
3.5
3.3
4.0
3.2
3.1
3.3
3.5
3.7
3.3
3.1
3.0
3.5
3.4
3.1
3.4
3.2
3.7
3.2
3.1
3.2
3.0
3.2
3.3
3.0
3.3
3.3
3.3
3.3

Magnitude
ML

∗
∗

∗

∗
∗
∗
∗

∗
∗
∗

∗
∗

Chandrapur
30.43◦ N–
79.08◦ E
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗

∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗

Maithana
30.38◦ N–
79.32◦ E

Ghat
30.25◦ N–
79.45◦ E

Table 1. Recording history of the aftershock sequence of 1999 Chamoli earthquake with signal to background noise ratio > 3 (61 events).

∗
∗
∗
∗
∗
∗
∗
∗
∗

∗
∗
∗
∗

∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗

Simli
30.25◦ N–
9.25◦ E

∗
∗

∗
∗
∗

∗
∗
∗

Joshimath
30.50◦ N–
79.57◦ E
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99/05/07/17:09
99/05/07/17:12
99/05/07/17:20
99/05/07/21:04
99/05/08/10:26
99/05/09/15:02
99/05/12/18:11
99/05/12/18:45
99/05/14/08:30
99/05/14/22:32
99/05/15/15:17
99/05/15/21:26
99/05/20/01:46
99/05/24/15:21
99/05/26/08:11
99/05/26/13:07
99/05/27/08:44
99/05/29/00:38
99/06/02/08:53
99/06/04/21:15
99/06/06/11:25
99/06/06/19:43
99/06/07/08:48
99/06/07/12:42
99/06/07/16:13
99/06/12/16:33
99/06/14/19:26
99/06/14/21:24
99/06/15/02:04
99/06/17/00:56
99/06/17/01:34

Event
(YY-MM-DD-hh-mm)

* Event time is IST.

31
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33
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37
38
39
40
41
42
43
44
45
46
47
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49
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52
53
54
55
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58
59
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Event
Sl. no.

Table 1. (Continued).

30.42
30.37
30.42
30.37
30.36
30.42
30.41
30.45
30.52
30.46
30.45
30.40
30.40
30.40
30.26
30.42
30.37
30.47
30.43
30.45
30.36
30.47
30.38
30.23
30.40
30.35
30.24
30.39
30.40
30.40
30.40

Lat. ◦ N
79.37
79.35
79.46
79.46
79.26
79.41
79.45
78.85
79.34
79.31
79.25
79.41
79.32
79.25
79.25
79.36
79.31
79.41
79.46
79.37
79.37
79.40
79.28
78.90
79.60
79.53
79.18
79.31
79.28
79.42
79.38

Long. ◦ E
10.0
11.1
12.0
10.2
10.0
25.4
10.0
10.0
10.0
18.4
16.7
12.2
10.0
10.0
10.0
06.4
07.3
10.0
10.0
10.0
10.0
10.0
19.2
13.8
10.0
10.0
09.2
05.9
10.0
10.0
10.0

Depth
km
2.5
5.0
2.4
2.4
3.3
3.3
3.5
2.6
3.3
3.2
3.1
3.0
3.0
3.0
3.1
3.4
3.0
3.1
3.4
3.5
3.5
2.6
3.2
3.1
3.2
3.0
3.2
3.2
3.2
3.0
3.1

Magnitude
ML

∗

∗

∗
∗
∗
∗

∗
∗

∗
∗
∗

∗
∗
∗
∗
∗
∗

Chandrapur
30.43◦ N–
79.08◦ E

∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗

∗

∗
∗
∗
∗
∗

∗
∗
∗
∗
∗
∗
∗
∗
∗
∗

∗

∗
∗
∗
∗
∗
∗
∗
∗
∗
∗
∗

∗

∗
∗
∗
∗

∗

∗

Maithana
30.38◦ N–
79.32◦ E

Ghat
30.25◦ N–
79.45◦ E

∗
∗
∗

∗
∗
∗

∗

∗
∗
∗
∗

∗
∗
∗
∗

∗
∗
∗
∗
∗
∗
∗
∗
∗

Simli
30.25◦ N–
9.25◦ E

∗

∗

Joshimath
30.50◦ N–
79.57◦ E
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Figure 2. Seismotectonic and geological province map of the Garhwal Himalaya depicting the detailed tectonic, structural,
seismotectonic and petrofabric attributes of the territory.

The meizoseismal area of the Chamoli earthquake
is located in the Garhwal Tectonic Zone, which is
delimited by the Main Central Thrust (MCT) in
the north and the Alaknanda Fault in the south
(ﬁgure 3). Within the main Himalayan belt the
high grade complex of the Central Crystalline is
bounded to the north and south by the Martoli
thrust and the Main Central Thrust respectively.
The latter is considered to be the most conspicuous
structural element of the Himalaya. As depicted in
ﬁgure 2, a similar high grade complex, the Almora
Crystalline, is delimited on either sides by the

North Almora Thrust (NAT) and the South
Almora Thrust (SAT). The main Himalayan belt
is separated from a tertiary fold belt by the
Main Boundary Thrust (MBT) and the southern limit of the frontal belt is marked by the
Main Frontal Thrust (MFT) which has its surface manifestation at places. Neotectonic activities have been recorded along the Karakoram fault,
Indus Suture Zone (ISZ), MBT and MFT. The
Lesser Himalayan Zone between the Main Central
Thrust (MCT) and Main Boundary Thrust (MBT)
is comprised of metasedimentary rocks of Paleozoic
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Figure 3. Seismotectonic map of the Garhwal Himalaya. Inset shows the seismotectonism of Chamoli district. Chandrapur,
Joshimath, Maithana, Ghat and Simli are the ﬁve digital seismic recording stations set up by GSI in 1999 for monitoring
microseismic activities of the region and aftershocks of Chamoli earthquake.

age (over 200 Ma) having an average elevation of
2.5 km. The Garhwal group is characterized by
an alternating sequence of ortho-quartzite-basic
metavolcanics and argillo-calcareous rocks which
are exposed in the meizoseismal and the surrounding areas as shown in ﬁgure 3. The Kumaon and
Garhwal Himalaya have experienced a number of
damaging earthquakes in the past. In a region
bounded by latitude 29.5◦ N–31◦ N and longitude
78.5◦ E–80.5◦ E, 13 events of magnitude ≥ 6.0 have
been recorded in the last hundred years (Rastogi
2000). This indicates that on an average, strong
earthquakes seem to occur every eight years or so
in this region. Recently, the devastating Uttarkashi
earthquake (Mw = 6.8) of October 20, 1991 was
also located in this tectonic zone.
Seismotectonics of the Garhwal Himalaya are
revealed by these two recent earthquake sequences,
the 1991 Uttarkashi (UTK) earthquake and the
1999 Chamoli (CHM) earthquake sequences (Kayal
1996; Kayal et al 2000). Both the earthquakes
occurred on basement thrusts as shown by thrustfault mechanisms, and the aftershocks occurred on
active segments of the faults to the south of MCT.
In the case of the 1991 UTK earthquake sequence,
the main shock occurred at a depth of 12 km on the
Basement Thrust, and aftershocks occurred on the
Uttarkashi Fault to the south of MCT at shallower
depths, mostly between 0–10 km (Kayal et al 1995).
Similarly for the 1999 CHM earthquake sequence,
the main shock occurred on the Basement Thrust
at 21 km depth and the maximum number of after-

shocks was generated at a depth range of 10–20 km
on the Alaknanda Fault to the south of MCT. The
seismotectonic models of the 1991 UTK and 1999
CHM earthquakes (USGS locations) are shown in
ﬁgure 4.
The study of Rajendran et al (2000) indicated
that the maximum intensity of the 1999 CHM
event was only VIII on the Medvedev–Sponheuer–
Karnik (MSK) scale and showed rather abrupt
changes from one location to another, probably due
to the local site eﬀects. For instance, the intensity
of shaking at Upper Birahi located on the river terrace was VIII, whereas it was only VI at Lower
Birahi located on the hard rock. Similarly, Lower
and Upper Chamoli showed intensity VIII whereas
Gopeshwar, situated 2 km away on the hill slope,
showed intensity V. Higher intensity observed at
Makkumath, located approximately 15 km northwest of Chamoli, is another example of probable
site ampliﬁcation.
3. Data and methodology
Five 24-bit digital REFTEK instruments were
installed by the Geological Survey of India (GSI)
in the vicinity of the Chamoli earthquake. The
instruments operated from April 17, 1999 until
June 1999. We have used the digital seismograms
of this network in the present analysis. The locations of the digital seismic recording stations are
shown in ﬁgure 3. The 24-bit digital instruments
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Source models for the 1991 Uttarkashi and 1999 Chamoli earthquakes (modiﬁed after Narula et al 2000).

recorded high quality seismograms at 100 samples
per second providing an antialiasing ﬁlter eﬀect up
to 50 Hz that is the nyquist frequency of recording.
The instruments recorded ground motions from
three component velocity seismometers (L4). We
selected 61 well-recorded aftershocks (table 1) out
of many events with magnitude ≥ 2.4, for our
study.
The uncorrected velocity time series x(n)
recorded at a given station was ﬁrst deconvolved
by instrument response spectra and then the
median value was subtracted for base line correction (Agrawal 1991). The onset of S-wave arrival
time (to ) was estimated from the uncorrected x(n).
Then, the corrected x(n) was bandpass ﬁltered
between 0.1 and 30.0 Hz. From the ﬁltered waveform b(n), a time window of 10 s duration starting
from to till the maximum of S-wave envelope is
contained was selected for all the analysis undertaken in this study. The weak motion velocity data
(cm/s) was diﬀerentiated to calculate acceleration
(cm/s/s) time series ﬁnally converted to ‘g’ (1 g =
980.665 cm/s/s).

4. Estimation of maximum
credible earthquake
Computation of maximum credible earthquakes
(MCE) was done using two diﬀerent approaches:
the Gutenberg–Richter (b-value) and Gumbel’s
extreme value statistics (Gumbel 1958). The
former exploits the ubiquitous power law of natural
phenomena expressed as the logarithmic relationship between the frequency of earthquakes up to
a given magnitude and the magnitude itself. Here,
for a given probability of exceedence, the frequency
of occurrence of the earthquake can be calculated
assuming Poisson’s distribution. The b-value is estimated by maximum likelihood method and the corresponding magnitude thereof. On the other hand,
Gumbel’s method involves the concept of extreme
value distributions, enabling us to calculate probability of occurrence of an extreme value event given
the mean and standard deviation of a distribution.

For the determination of MCE for the Garhwal
Himalaya, the GSHAP source polygons 34, 35, 36,
40, 41, 50, 57, 61 and 65 as depicted in ﬁgure 5
have been considered, as these source zones are
the most important ones for seismic hazard in the
Garhwal Himalaya. The GSHAP source polygons
34, 35, 36, 40, 41 and 50 belong to the Himalayan
seismogenic region while the source areas 57, 61
and 65 are in the northern sector of the Indian
Shield Region and are associated with a prominent tectonic feature called the Bundelkhand Craton (BC) in the central area which is bounded
by NNE–SSW to N–S trending lineaments on the
west as well as on the east (Bhatia et al 1999).
We choose to estimate MCE magnitudes of each
source zone with 10% probability of exceedance
in 50 years. Considering the widespread damages
caused in the Garhwal Himalayan region due to
the recent earthquakes of 1991 Uttarkashi, Mw 6.8
and 1999 Chamoli, Mw 6.6, a 50-year exposure
period seemed to be reasonable. The estimation
of MCE for the Garhwal Himalaya was accomplished following the algorithm proposed by Nath
et al (2005) and Vyas et al (2005) for the Sikkim
Himalaya. Both the b-value (Gutenberg–Richter)
approach and the Gumbel’s method were tried
for the source zones 34, 35, 50 surrounding the
Garhwal Himalaya. For the source zone 41, only
the b-value approach could be applied due to the
paucity of data. For source zones 36, 40, 57, 61 and
67 neither Gumbel’s method nor b-value approach
could be applied as the occurrence of events in
these zones were sparse in time and space. Both
Guteberg–Richter and Gumbel estimates were also
used for the entire block of the Garhwal Himalayan
zone within the latitude 25◦ N–35◦ N and longitude
75◦ E–85◦ E. Results obtained from both these techniques are consistent with each other as enlisted
in table 2 and depicted in ﬁgure 6. The estimated value of MCE is 8.5 for all the source
zones and even the entire Garhwal Himalayan
block under consideration. To simulate the seismic scenario in the Garhwal Himalayan region, we
considered an earthquake of magnitude 8.5. The
1999 Chamoli earthquake is located in the GSHAP
source zone 35, while the 1991 Uttarkashi earthquake is in the GSHAP source zone 41.
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Figure 5. GSHAP seismic sources surrounding the Garhwal Himalayan seismic zone as identiﬁed in the Global Seismic
Hazard Assessment Program.
Table 2. Estimated maximum credible earthquake (MCE) magnitude Mw for diﬀerent GSHAP
source zones surrounding Garhwal Himalayan region.
Magnitude Mw of MCE
GSHAP
source zone
34
35
41
50
Entire block

Seismogenic
zone
Himalayan
Himalayan
Himalayan
Himalayan
Himalayan

Gutenberg–
Richter method

Gumbel’s
method

8.52
8.51
8.57
8.45
8.50

8.42
8.40
—
8.30
8.46

zone
zone
zone
zone
zone

8.5
—

The propagation path term can be expressed as,

5. Analysis and synthesis of data
5.1 Convolution model

P (rij, fk ) = G(rij )e((−π fk rij )/QS (fk )β) ,

Following Andrews (1986) the amplitude spectrum
of the ith event recorded at the jth station rij distant away for the kth frequency, A(rij , fk ) can be
written in the frequency domain as a product of
a source spectral function SOi (fk ), a propagation
path term P (rij , fk ), and a site spectral function
SIj (fk ), (Lermo and Chavez-Garcia 1993; Nath
et al 2002a, 2002b):
A(rij , fk ) = SOi (fk ) · SIj (fk ) · P (rij , fk ).

Magnitude
considered
for PGA
computation

(1)

(2)

where G(rij ) accounts for geometrical spreading
at the jth station from the ith source, QS (fk )
and β are S-wave frequency-dependent quality
factor of the medium in the study region and
velocity, respectively. We assumed β = 4.06 km/s
as an average shear-velocity on the basis of the
velocity models for the Garhwal Himalaya and
α/β = 1.73, where α is the P -wave velocity (IMD
2000). Following Ordaz and Singh (1992), Castro
et al (1996) and others, we considered:
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the overall attenuation of the seismic wave energy,
which includes the direct S-wave, early coda, and
possibly Lg phase of the recorded data from events
with focal depths more than 10 km. Because in our
case there is no event with a focal depth beyond
35 km we restrict our observations to only one seismic wave energy attenuation relation with a tradeoﬀ between the source and the attenuation factors
built in the convolution model. The equation established for the Garhwal Himalaya using weak motion
near-ﬁeld data is given as,
QS = (70.82 ± 15.0)f (0.65±0.08) .

(4)

We have also worked out a relation for QS vs. frequency f for Garhwal Himalaya using the diﬀerentiated velocity (acceleration) data. The relation
thus worked out is very similar to the one determined for the velocity time series. It is given as,
QS = (78.38 ± 19.2)f (0.74 ± 0.09) .
Figure 6. Comparative plots depicting estimation of MCE
with 10% probability of exceedence in 50 years from the
analysis of the 100-year ISC catalogue (1904–2004) by both
Gutenberg–Richter and Gumbel methods for the GSHAP
source zones (a) 34, (b) 35, (c) 41, (d) 50, and (e) the entire
block enclosed within the latitude 25◦ N–35◦ N and longitude
70◦ E–87◦ E. The solid line represents the Gutenberg–Richter
estimation while the dotted line, the Gumbel estimation.

(5)

The relation (4) is subsequently used in the generalized inversion estimation of site response from
the velocity data while relation (5) is used for site
response estimation from the acceleration data.
Figure 7 shows the plots of QS vs. frequency along
with the best ﬁt attenuation models established
through regression analysis.
5.3 Site response analysis

G(rij ) =

1
rij

for r < 100 km

(3a)

or
G(rij ) = (rij ∗ 100)−0.5

for r > 100 km

(3b)

to take into account possible arrival of surface
waves in the windowed data.
In the present analysis equation (3a) is used
for both the 1991 Uttarkashi and 1999 Chamoli
earthquakes.
5.2 Path eﬀect
Considering all the earthquakes involved in the
present analysis we have estimated QS and established its dependence on frequency in the form of a
power law through regression analysis of the direct
S-wave for both the acceleration and velocity data.
The QS obtained in the present study represents

Lermo and Chavez-Garcia (1993) presented evidence that site response can be estimated by taking horizontal-to-vertical component ratios of the
shear-wave spectra. This technique was originally
introduced by Nakamura (1989) to analyze ambient seismic noise recordings. Lermo and ChavezGarcia (1993) applied the method to earthquake
data obtained at various sediment sites in Mexico
and found that the frequency and amplitude of
the fundamental resonant peak could be identiﬁed.
Langston (1979) applied a method of determining the velocity structure of the crust and upper
mantle from teleseismically recorded P -waves. The
vertical component is assumed to be relatively
uninﬂuenced by the local structure, whereas the
radial component contains P - and S-wave conversions from structural discontinuities below the
site. Therefore, by deconvolving the vertical component from the radial, an estimate of the impulse
response function, or receiver function, below the
site is obtained. An alternative method to calculate site response is the generalized inversion technique (GINV) (Andrews 1986; Castro et al 1990;
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where,
Hij (fk )|N S – Fourier amplitude spectra of the
NS component,
Hij (fk )|EW – Fourier amplitude spectra of the
EW component and
– Fourier amplitude spectra of the
Vij (fk )
vertical component.
Since in the Chamoli region we lacked reference
site data coverage due to a logistic problem, we
considered the receiver function and generalized
inversion estimates as representative of the site
response in the study region.
5.3.2 Site ampliﬁcation factor through
generalized inversion (GINV)
Considering equation (1) it is possible to rewrite,
SOi (fk ) SIj (fk ) =

A(rij , fk )
P (rij , fk )

= A (rij , fk ),
Figure 7. Qs versus frequency, f (Hz) plots for both
(a) velocity data and (b) acceleration. The dashed lines
represent the zone of scatter with respect to the power law
relation between Qs and f with ± one standard deviation
in both the constant and the exponent.

Boatwright et al 1991; Hartzell 1992; Nath et al
2002b, 2003) to compute site response by solving
data of a number of recorded events for all source,
path eﬀects and site eﬀects simultaneously. Site
response can also be calculated by the reference
station spectral ratio technique.
5.3.1 Site ampliﬁcation factor by
horizontal-to-vertical-spectral ratio
(HVSR) or receiver function technique
Site ampliﬁcation factor SIj (fk ) of equation (1)
estimated by horizontal-to-vertical-spectral ratio
HVSRij (fk ) can be computed at each jth site for
the ith event at the central frequency fk from
the root mean square average of the amplitude
spectra,

√1
2

HVSRij (fk ) =

absHij (fk )|2N S
+absHij (fk )|2EW
,
absVij (fk )

(6)

(7)

where A (rij , fk ) is the spreading and attenuation
corrected amplitude spectrum. Taking the natural
logarithm on both the sides of equation (7) and
multiplying by σijk (Hartzell 1992), we can write,
Si (fk ) + Rj (fk ) = Dij (fk ),

(8)

where for the kth frequency fk , Si = σijk ×
ln SOi (fk ), Rj = σijk ln SIj (fk ) and Dij = σijk ×
ln A (rij , fk ). σijk is a weighted factor and an estimate of the standard deviation of the data given by
the ratio of the signal spectrum to a noise sample
spectrum, Nij (fk ). The algorithm for estimating
σijk tried in this analysis is,
σijk = max(min(A(rij , fk )/N (rij , fk ), 5.0), 1.0)/5.0
(9)
where σijk is normalized and limited to the range
of 1.0 to 0.2. This imposes a balance in the quality of the data with the need to include as many
observations as possible to average out radiationpattern and source-directivity eﬀects. Nij (fk ) is
obtained from a 2.0 s duration or less noise sample immediately preceeding the shear-wave arrival.
Equation (8) is written in the matrix form following the notation of Menke (1989) and solved by
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Figure 8. Comparison of NS and EW component of site
response at Ghat seismic recording station for the source
azimuth 92.44◦ N by (a) HVSR, (b) GINV. The RMS of
both the NS and EW site response by HVSR and GINV
is also shown in (c). Comparison between N–S and E–W
component site response for the source azimuth 192.17◦ N
by (d) HVSR (e) GINV and (f ) RMS of the NS and EW
site responses by HVSR and GINV. The RMS of the NS
and EW site response for the source azimuths 92.44◦ N and
192.17◦ N by HVSR and GINV are compared in (g) and
(h) respectively.

the generalized inversion scheme using singular
value decomposition (Nath et al 2002b) for computing the site response. The method requires a
reference site with known response value in the
frequency range of interest to minimize the tradeoﬀ between the source and site parameter values
as observed by Andrews (1986). In the present
study, in the absence of a reference site, we consider GINV results to be an average site response
spectral function estimating the pattern of site
ampliﬁcation variation at diﬀerent frequencies,
whereas HVSR represents the true non-reference
site spectral ampliﬁcation.
The site response has been estimated by using
both the HVSR and GINV techniques for all the

659

Figure 9. Comparisons between NS and EW component
site response at Maithana seismic recording station for the
source azimuths 171◦ N, 187◦ N, 285◦ N and 322◦ N are presented in (a), (b), (c) and (d) respectively. RMS of the NS
and EW site response variation for the events recorded at
171◦ N and 187◦ N, 285◦ N and 322◦ N and 171◦ N and 322◦ N
azimuths are given in (e), (f ) and (g) respectively.

events at each site for diﬀerent source azimuths.
The representative results for Ghat and Maithana
have been presented here in ﬁgures 8 and 9. Results
for two events recorded at Ghat with the source
azimuths 92.44◦ N and 192.17◦ N are exhibited in
ﬁgure 8. It is evident that there is an exact one-toone match between the EW and NS components
of site response spectra for both the events, ruling out station azimuthal dependence. Also the
RMS spectra computed using both the HVSR and
GINV techniques also exhibit good match. When
we draw a comparison between the site responses
calculated for events recorded at these two diﬀerent
source azimuths, some minor variation is noticed
but no pronounced diﬀerence has been observed.
We computed site response depicted in ﬁgure 9 at
Maithana for four events with 171◦ , 187◦ , 285◦ and
322◦ source azimuths. It is to be noted that the site
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Figure 10. Scatter plot between HVSR and GINV derived
site response at all the ﬁve stations depict data clustering
around the 45◦ /1:1 correspondence line.

response of EW and NS components for all the four
events mimics each other. Furthermore, when we
compare the site spectra for events recorded within
a narrow azimuthal range, an appreciable correlation is achieved. The observations here are similar
to that of the Sikkim Himalaya (Nath et al 2005)
highlighting the inﬂuence of source azimuth on site
response. Figure 10 depicts a scatter plot between
the site response values calculated by both the
HVSR and GINV techniques. Most of the points
lie in the vicinity of the 1:1 correspondence line
very much within ±1 standard deviation. Because
the results of both the HVSR and GINV are strikingly similar, we used only HVSR to compute site
ampliﬁcation spectra for any source azimuthal coverage used in the subsequent spectral acceleration
synthesis and PGA thereof.
Site ampliﬁcation values were also estimated
from acceleration spectra using HVSR and a comparison was drawn with those estimated from
velocity records as depicted in ﬁgure 11. HVSR
site response curves exhibit a good match for all
the ﬁve recording stations. The scatter plot of site
ampliﬁcation values estimated from velocity and
acceleration records around the 1:1 correspondence
line further underscores their similar nature. Spectral synthesis for the evaluation of seismic scenario
necessitated the estimation of site ampliﬁcation
using acceleration records and hence these values
have been used in the subsequent analysis.
Site response (SR) values have been calculated
in three frequency bands, a low frequency band
LFB (< 5 Hz with geometrically central frequency
2.5 Hz), a moderate frequency band MFB (5–10 Hz
with geometrically central frequency 7.5 Hz) and
a high frequency band HFB (10–20 Hz with geometrically central frequency 15 Hz). At 2.5 Hz a
maximum value of 4.71 was observed at Maithana
with SR values falling sharply toward north to 2.25

Figure 11. Comparison of site ampliﬁcation values estimated from velocity data and acceleration by HVSR at
(a) Ghat, (b) Maithana, (c) Simli, (d) Chandrapur and
(e) Joshimath. Scatter plot between site response values
computed using velocity data and acceleration show cluster
around the 45◦ /1:1 correspondence line as given in (f ).

and 2.71 at Chandrapur and Joshimath respectively. At 7.5 Hz and 15 Hz also SR values peak at
Maithana with the corresponding values reaching
to 8.22 and 4.5 respectively, as listed in table 3.
Since station coverage was meager we avoided contouring site response to evade any misinterpretation.
Because the surface exposure of this district falls
within the lesser Himalayan crystalline subjected
to Himalayan orogeny, having a sharp lithological
contrast from the south western alluvial ﬁll of the
foothill Siwalik ranges, the soil thickness is negligible. Therefore, the nonlinear soil eﬀects changing the observed weak motion site ampliﬁcation at
ground level is a remote possibility in the present
scenario. It is to be noted that weak motion stations in this study are at higher altitude above
the mean sea level on a rugged geomorphic terrain
(Rajendran et al 2000) thereby exposing ground
motion to topographic eﬀect (Pedersen et al 1994).
5.4 Source spectra and simulation
of spectral acceleration
Since we have estimated the propagation path
term P (rij , fk ), and site eﬀect term SIj (fk ) for
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Table 3. Comparison of site ampliﬁcation (using HVSR) at three geometrically central frequencies
(GCF) 2.5, 7.5 and 15 Hz at all the ﬁve stations in Chamoli district.
Site ampliﬁcation values at GCF
◦

◦

Station name

Latitude ( N)

Longitude ( E)

2.5 (Hz)

7.5 (Hz)

15 (Hz)

Chandrapur
Ghat
Simli
Maithana
Joshimath

30.43
30.25
30.25
30.38
30.50

79.08
79.45
79.25
79.32
79.57

2.25
3.20
4.07
4.71
2.71

3.10
3.56
1.86
8.22
2.74

2.68
3.07
1.81
4.50
1.24

equation (1) our task will now be to determine
the source term SOi (fk ). The source spectral function SOi (fk ) for the ith event used in this study
is the acceleration source spectrum deﬁned as the
Brune source model (Hwang and Huo 1997; Dutta
et al 2003; Nath et al 2005), alternately termed as
omega (ωk = 2πfk )-squared circular-crack source
model (Brune 1970) as given by,
[Rθφ F (2πfk )2 ]
Ṁoi (fk ),
SOi (fk ) = √
2(4πρβ 3 )

(10)

where Rθφ (= 0.63) is the radiation pattern averaged over an appropriate range of azimuths and
take-oﬀ angles, F (= 2.0) accounts for the ampliﬁcation of the seismic wave at the free surface,
ρ is the crustal density of the continental crust
at the focal depth, β is the shear-wave velocity
at the source region and Ṁ√
oi (fk ) is the moment
rate spectrum. The factor 2 accounts for the
partitioning of S-wave energy into two horizontal components. We have assumed ρ to be equal
to 2.7 gm/cc (crustal density) and β = 4.06 km/s
(IMD 2000). The moment rate spectrum Ṁoi (fk )
can be expressed as:
Ṁoi (fk ) =

Moi
,
1 + (fk /fci )γi

(11)

where Moi , fci and γi respectively are the scalar
moment, corner frequency and the high frequency
spectral fall-oﬀ associated with the ith earthquake.
Substituting this in equation (10) we get,

SOi (fk ) =

Moi
[Rθφ F (2πfk )2 ]
√
·
. (12)
1 + (fk /fci )γi
2(4πρβ 3 )

Since Moi , fci and γi control the Brune source
model, we ﬁx the initial values for these parameters. We initialize Moi by computing the value

of M0 for a given MW using Kanamori’s relation
(Hanks and Kanamori 1979), which is given as,
MW =

2
log(M0 ) − 10.73,
3

(M0 in dyne-cm).
(13)

The initial values of fci and γi are assumed to be
0.1 Hz (Dutta et al 2003) and 2 (Hwang and Huo
1997) respectively. Estimation of these values is
carried out in an iterative mode. Iteration continues until the diﬀerence between the observed and
the simulated source spectra tends to approach
a minimum value. This exercise was carried
out for more than 35 events, the results of 25
representative events being given in table 4. In
most of the cases, we obtained convergence and
hence the best ﬁt solution. But in some, where
convergence was not achieved we have taken the
results yielded at the last step of the iteration
(Dutta et al 2003). The values of γi for the analyzed events as obtained from the above stated procedure varies from 1.6–2.4. Using the Brune model
of equation (10) the source spectra have been estimated and also compared with the deconvolved
source spectra from the acceleration data at all the
recording stations in the Garhwal Himalaya. The
simulated moment rate spectra and the spectral
acceleration have also been compared with those
extracted from the observed data at respective stations. The site response, source spectra, moment
rate spectra and the spectral acceleration at the
recording station Chandrapur, Ghat, Maithana,
Joshimath and Simli are presented in ﬁgures 12,
13, 14, 15 and 16 respectively. In ﬁgure 12, at
Chandrapur, the source spectra has been computed for the event with an azimuth of 286.9◦ N.
The observed and simulated source amplitude
spectra in ﬁgure 12(b) are a good match; the
same has been observed for moment rate spectra,
Ṁoi in ﬁgure 12(c) and the spectral acceleration
in ﬁgure 12(d). A corner frequency 10.3 Hz for
this event of Mw 3.2 with a scalar moment of
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Table 4. Source parameters moment magnitude (Mw ), corner frequency (fc ), scalar
moment (M0 ), and stress drop (Δσ) derived for 25 well recorded events.
Event
Sl. no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Event no.

Mw

fc (Hz)

Mo (dyne-cm)*

Δσ (bars)

3
4
6
7
8
9
10
11
12
13
15
16
19
20
21
28
32
38
42
44
46
47
50
53
57

3.5
3.3
3.2
3.1
3.3
3.5
3.7
3.3
3.1
3.0
3.4
3.1
3.7
3.2
3.1
3.3
5.0
2.6
3.0
3.0
3.4
3.0
3.5
3.2
3.2

14.3
6.6
11.1
8.8
14.7
11.5
7.1
10.9
16.4
16.1
14.4
9.8
11.3
10.3
9.2
7.9
2.1
12.9
11.6
13.6
11.7
11.1
9.8
12.4
17.9

1.99E + 19
2.45E + 19
1.82E + 19
8.77E + 19
8.36E + 19
4.10E + 20
3.77E + 21
1.39E + 19
2.89E + 19
2.33E + 19
9.92E + 19
4.00E + 20
4.01E + 20
2.83E + 20
1.87E + 21
6.28E + 20
4.31E + 22
4.89E + 19
6.82E + 19
1.89E + 20
2.69E + 20
3.03E + 20
8.37E + 21
7.11E + 19
5.04E + 19

7.7
0.9
3.3
6.5
35.3
83.7
175.0
2.4
16.8
12.9
39.0
49.9
77.6
40.2
191.0
40.9
50.0
14.0
14.1
62.8
56.9
55.0
10.5
17.8
38.1

*Read 1.99E + 19 as 1.99 × 1019 .

Figure 12. (a) Site response for the source azimuth
286.9◦ N, (b) observed and simulated source spectra,
(c) computed and best ﬁt moment rate spectra, and
(d) observed and simulated spectral acceleration with
derived source parameters, at Chandrapur seismic monitoring station.

2.83 × 1020 dyne-cm seem to have replicated the
observed spectra to a large extent with a resulting stress drop of 40.2 bar. At Ghat, for an event
of Mw 3.5 recorded at 156.67◦ N azimuth has a
corner frequency of 11.5 Hz, a scalar moment of
4.10 × 1020 dyne-cm, a stress drop of 83.7 bar and
site response as given in ﬁgure 13(a). The simulated
and observed source spectra (ﬁgure 13b), moment
rate spectra (ﬁgure 13c) and spectral acceleration
(ﬁgure 13d) all have a signiﬁcant match. The same
is true for Maithana (ﬁgure 14a–d), Joshimath (ﬁgure 15a–d) and Simli (ﬁgure 16a–d). The corner
frequency, scalar moment and stress drop for 25
such analyzed events with Mw ranging between 2.6
and 5.0 are listed in table 4.
The value of corner frequency fci can also be
computed using the relation (Hwang and Huo
1997),

fci = 4.9 × 10000 × β ×

Δσ
M0

1/3
.

(14)
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Figure 13. (a) Site response for the source azimuth
156.67◦ N, (b) observed and simulated source spectra,
(c) computed and best ﬁt moment rate spectra, and
(d) observed and spectral acceleration with derived source
parameters, at Ghat seismic monitoring station.

Figure 14. (a) Site response for the source azimuth
186.0◦ N, (b) observed and simulated source spectra,
(c) computed and best ﬁt moment rate spectra, and
(d) observed and spectral acceleration with derived source
parameters, at Maithana seismic monitoring station.

Equation (13) can be used to compute M0 from
ML . To estimate the stress drop (Δσ) we utilized the relation of Kanamori and Anderson
(1975),

3
log(M0 ) = log(S) + log
2



16Δσ
3
7π 2


,

(15)

where S is the fault surface area, that can be calculated using the relation of Bath and Duda (1964),
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Figure 15. (a) Site response for the source azimuth
145.91◦ N, (b) observed and simulated source spectra,
(c) computed and best ﬁt moment rate spectra, and
(d) observed and spectral acceleration with derived source
parameters, at Joshimath seismic monitoring station.

Figure 16. (a) Site response for the source azimuth
211.5◦ N, (b) observed and simulated source spectra,
(c) computed and best ﬁt moment rate spectra, and
(d) observed and spectral acceleration with derived source
parameters, at Simli seismic monitoring station.

log(S) = 1.21MS − 5.05

(S in km2 ).

(16)

Because the events were catalogued with magnitude ML , those were converted to surface wave
magnitude (MS ) through the equation (Nath et al
2005),
0.80ML − 0.60MS = 1.04.

(17)

We can, therefore, establish an empirical relation between fci and Mw as below 5.0, Mw and ML
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Figure 18. Simulated spectral acceleration for the scenario
earthquake of Mw 8.5 (MCE) nucleating at the hypocenter of
the 1999 Chamoli main shock at (a) Chandrapur, (b) Ghat,
(c) Maithana, (d) Simli, and (e) Joshimath.
Figure 17. (a) Corner frequency fc versus moment magnitude Mw plot. The solid line represents the curve obtained
from an empirical relationship between fc and Mw, while the
hollow circles represent results from this study. (b) Results
of regression analysis between M0 (dyne-cm) and moment
magnitude Mw . The dashed line limits the regression to ±
one standard deviation.

are almost equal following Chen and Scawthorn,
(2003). Figure 17(a) depicts one such relationship
between fci and Mw along with a set of estimated
fci values from the observed data of 61 events of
varying magnitudes. It is evident that the estimated corner frequencies closely follow the trend of
the curve plotted using the empirical relationships.
A working relationship is also established between
M0 and Mw through regression analysis as shown
in ﬁgure 17(b). The relation as derived is,
Mw =

2
log(M0 ) − (10.09 ± 0.74).
3

(18)

We earlier estimated magnitude 8.5 as the MCE
for the Garhwal Himalaya to generate a seismic scenario of the region. Generally, a great earthquake
of magnitude Mw > 8.0 is expected to generate a
ﬁnite-length rupture when it nucleates. As a ﬁrst
approximation, we consider the hypocenter of the
1999 Chamoli earthquake to be an omega-squared
circular-crack Brune Source from where an MCE
of 8.5 will nucleate. With this, the magnitude and

the focus of Chamoli earthquake as the hypocenter
an earthquake scenario for the Garhwal Himalaya
is created in terms of the spatial distribution of
PGA upon spectral acceleration synthesis through
the convolution model, the time equivalent of equation (1), for simulating the spectral acceleration
at all the ﬁve stations. We considered equation
(12) for modeling the source spectra with the values of corner frequency and scalar moment drawn
from the curves of ﬁgures 17a and b and a computed mean γi of 2.0. The spectral acceleration
simulated at Chandrapur, Maithana, Joshimath,
Ghat and Simli along with the corresponding PGA
values estimated by Random Vibration Theory
(Cartwright and Longuet-Higgins 1956) are presented in ﬁgures 18(a–e) respectively and enlisted
in table 5. The maximum PGA of 0.67 g has been
observed at Maithana and while at Ghat it is
0.53 g, diminishing away reaching a value of 0.50 g
at Simli, 0.49 g at Chandrapur and 0.46 g at Joshimath. The fact that Maithana is very close to the
maximum damage area near isoseismal VIII during the Chamoli earthquake (Nath et al 2002b)
reinforces the high seismic hazard potential at
Maithana and the surrounding region. This aspect
is further analyzed through the attenuation study
in the section to follow.
The Uttarkashi earthquake of 1991 with magnitude 6.8 that originated from Main Central Thrust
(MCT) is then considered as a potential source of
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Table 5. Comparison of P GA(g) values at ﬁve stations in the Garhwal Himalaya computed by our ﬁrst order attenuation relation, Campbell & Bozorgnia relation (2003), Simulation of spectral relation and site speciﬁc second-order
spectral attenuation relation derived in the present analysis by considering 1999 Chamoli earthquake, as the probable
hypocenter of MCE Mw 8.5.

Station
name
Chandrapur
Maithana
Ghat
Simli
Joshimath

PGA from 2nd order spectral
attenuation relation

Our 1
order
relation

Campbell
and
Bozorgnia
(2003)

2.5 Hz

7.5 Hz

15 Hz

Median

PGA from
simulation
(g)

0.56
0.31
0.20
0.27
0.20

0.21
0.26
0.22
0.24
0.17

0.36
0.49
0.46
0.39
0.44

0.38
0.50
0.47
0.41
0.41

0.40
0.51
0.44
0.43
0.42

0.40
0.51
0.47
0.43
0.44

0.34
0.43
0.37
0.41
0.39

st

interest. The most common means of estimating
ground motion in engineering practice is the use
of the ground motion attenuation relationship. In
its most fundamental form, such a relation can be
described by its more common logarithmic form
following Chen and Scawthron (2003),
ln(Y ) = C1 + C2 M − C3 ln(r)
− C4 r + C5 F + C6 S + ε,

(19)

where Y is the strong motion parameter of interest (PGA in our case), M is earthquake magnitude, r is a measure of source-to-site distance, F
is a parameter characterizing type of faulting, S is
the parameter characterizing local site condition,
and ε is the random error term. Ignoring the site,
topography and fault parameter, and the generalized attenuation law takes the form,
ln(Y ) = C1 + C2 M − C3 ln(r) − C4 r + ε.
Figure 19. Simulated spectral acceleration for the scenario
earthquake of Mw 8.5 (MCE) nucleating at the hypocenter of the 1991 Uttarkashi main shock at (a) Chandrapur,
(b) Ghat, (c) Maithana, (d) Simli, and (e) Joshimath.

nucleating an MCE of Mw 8.5 in the Garhwal tectonic zone (ﬁgure 19). This is done in order to have
an estimate of seismic scenario in this Himalayan
territory due to a distant source compared to 1999
Chamoli earthquake with the hypocentral distance
less than 100 km. The PGA distribution obtained
thereof is listed in table 6.

(20)

Nath et al (2005) used a semi-empirical approach
by minimizing the diﬀerence between the observed
and estimated values of ground motion and
obtained an attenuation relation for the Sikkim
Himalaya. We used a similar algorithm on acceleration data from the Garhwal Himlayan region to
establish an attenuation law which is of the following shape,
ln(Y ) = −(5.18 ± 0.67) + (1.064 ± 0.029)M
− (1.12 ± 0.31) ln r − (0.0069 ± 0.0006)r

6. Attenuation relations in the
Garhwal Himalaya
An evaluation of seismic hazard requires an estimate of expected ground motion at the site of

± 0.4983.

(21)

Equations 19, 20 and 21 are the mean attenuation relationships without considering local site
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Table 6. Comparison of P GA(g) values at ﬁve stations in the Garhwal Himalaya computed by our ﬁrst order
attenuation relation, Campbell and Bozorgnia relation (2003), simulation of spectral relation and site speciﬁc second-order spectral attenuation relation derived in the present analysis by considering 1991 Uttarkashi earthquake,
as the probable hypocenter of M CE Mw 8.5.

Station
name
Chandrapur
Maithana
Ghat
Simli
Joshimath

PGA from 2nd order spectral
attenuation relation

Our 1
order
relation

Campbell
and
Bozorgnia
(2003)

2.5 Hz

7.5 Hz

15 Hz

Median

PGA from
simulation
(g)

0.10
0.87
0.60
0.54
0.45

0.13
0.79
0.62
0.24
0.48

0.41
0.61
0.50
0.47
0.45

0.42
0.63
0.51
0.44
0.48

0.41
0.61
0.50
0.47
0.45

0.42
0.63
0.51
0.47
0.48

0.49
0.67
0.53
0.50
0.46

st

The regression models for the Peak Ground
Acceleration (PGA) and Peak Ground Velocity
(PGV) were validated using an analysis of residuals as,
δi =

Figure 20. Comparison between diﬀerent attenuation relations for Mw 7 and hypocentral distances < 100 km.

conditions and for hypocentral distances less than
100 km. A comparative plot between our 1st
order relationship for this region, Joyner Boore
relationship (1981), Campbell’s relation (1988),
Fukushima–Tanaka relationship (1990), the relations derived by Sharma (1988), Parvez et al (2001)
and Nath et al (2005) for a representative event of
Mw = 7 and with the hypocentral distance varying from 0–100 km is shown in ﬁgure 20. Our 1st
order relation ﬁts well into this set of attenuation
laws. Because we have used a functional form to
start with, which has a theoretical basis, the attenuation relation is expected to be more realistic and
devoid of local site conditions. Peak Ground Velocity (PGV) can also be used instead of PGA and an
attenuation relation could subsequently be established as proposed by Campbell (1997). We, therefore, developed an attenuation model using PGV
from our weak motion recordings as given below,
ln(P GV ) = −5.4 + 1.52M − 0.53 ln(r)
+ 0.0179r ± 0.5836.

(22)

(ln Yi − ln Yi )
,
σln

(23)

where ln Yi is the natural logarithm of ith observed
value of Y, ln Yi is the natural logarithm of ith
predicted value of Y , and σln is the standard deviation of PGA or PGV of the ground (Campbell
and Bozorgnia 2003). Residual plots for PGA and
PGV of ground motion as a function of magnitude
and distance for selected response are shown in ﬁgure 21. These diagrams indicate that the regression models are unbiased with respect to these two
parameters.
We have already observed in our previous analysis that the spectral acceleration depends on site
ampliﬁcation, topography, the source azimuth and
the local site conditions and hence it became
necessary for us to work out a local site speciﬁc
attenuation relation by modifying our ﬁrst order
attenuation relation.
We started with the general form of equation
given by Campbell’s attenuation law for spectral
acceleration as (Campbell 1997),
ln(SAH ) = ln(AH ) + c1 + c2 tanh[c3 (M − 4.7)]
+ (c4 + c5 M )r + .5c6 SSR
+c7 tanh(c8 D)(1−SHR )+fSA (D)+ε

(24)

where SAH is the horizontal spectral acceleration,
AH is the PGA, SSR and SHR are the variables
representing local site conditions for soft rock and
hard rock respectively, D is the depth to the basement rock and fSA is a function of D.
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Figure 21. The depiction of ground motion residual as a
function of hypocentral distance (a) and (b) and moment
magnitude Mw (c) and (d). The plot between moment magnitude and hypocentral distance is shown in (e).

Since in the Garhwal Himalaya, the sediment
cover in and around our study region is very thin,
we neglected the terms relating to rock. Instead
we introduced a term for site ampliﬁcation to take
into account local site conditions. Our second order
attenuation relation, therefore, takes the following
shape:
ln(P GA) = ln(SA) − a1 − (a2 + a3m)r
− a4 ln(SR) ± 0.0989,

(25)

where SR is the site response and SA is the spectral acceleration at respective frequencies for which
the relation holds well. A set of spectral attenuation relations has been determined at diﬀerent source azimuths as given in table 7. Spectral
attenuation models for the Garhwal Himalaya were
established following a similar train of thought
as reported by Nath et al (2005). An additional
term corresponding to station elevation was incorporated in attenuation relations determined in the
case of the Sikkim Himalaya but the same has been
dropped in case of Garhwal Himalaya because the
topography in the region is relatively gentle. It is
to be noted that due to paucity of data within
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the magnitude range 5.0 to 8.5 we simulated spectral acceleration for this magnitude range using
the relations (1), (2), (3) and (10) through (18).
This relation, therefore, uses both the recorded and
simulated events, with local site conditions being
incorporated in the simulation in the form of site
response.
As shown in table 7 for the geometrically central frequencies 2.5, 7.5 and 15 Hz, the diﬀerence
in values of respective coeﬃcients for diﬀerent
azimuths is not conspicuous. As expected, the site
ampliﬁcation and spectral acceleration are balancing the azimuthal changes in the attenuation relations thereby largely stabilizing the coeﬃcients.
We, therefore, have a composite relation for each
of the three central frequencies. Using this set of
attenuation relations we computed the PGA for
the scenario earthquake with MCE 8.5. The estimated PGA from spectral acceleration is tabulated in tables 5 and 6 along with the simulated
PGA values for both the MCE at the Chamoli
and Uttarkashi earthquake source zones. The PGA
estimated through simulation and spectral attenuation relations closely follow each other, both
being consistent with the occurrences of a scenario
earthquake of great magnitude in the Garhwal
Himalayan region.
7. Summary and conclusions
The Garhwal Himalaya in the north-western
Himalayan range in the central seismic gap is seismogenic. GSHAP characterized the Garhwal region
to be surrounded by nine seismic source zones,
assumed in the present study as the potential seismogenic sources, of which the Himalayan belt consisting of GSHAP sources 34, 35, 36, 40, 41 and
50 are the critical contributors to the seismic hazard potential of the region. The magnitude of the
MCE estimated by Gutenberg–Richter approach
using the ISC catalogue of 100 years for the region
is 8.5 (ﬁgure 6, table 2) with 10% probability of
exceedance in 50 years. The S-wave Q-factor has
been determined using as a frequency-dependent
power law (ﬁgure 7) for both the velocity and acceleration data from 61 well recorded events (table 1).
The seismic energy attenuation relation is considered as representing an overall attenuation that
includes the direct S-wave, early coda and possibly Lg phase of the recorded data. This consideration played an important role in estimating the
path eﬀect in the convolution model, wherein the
source, path and site response spectral functions
combine to generate the spectral acceleration at
the recording site.
Both the horizontal-to-vertical-spectral ratio
(HVSR) and generalized inversion techniques have
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Table 7. Coeﬃcients of site speciﬁc spectral attenuation relations derived in this study at geometrically
central frequencies 2.5, 7.5 and 15 Hz at some predominant source azimuths.
Frequency
2.5 Hz

7.5 Hz

15 Hz

Azimuth
◦

60–90 N
200–230◦ N
270–300◦ N
Composite
(regressed)
60–90◦ N
200–230◦ N
270–300◦ N
Composite
(regressed)
60–90◦ N
200–230◦ N
270–300◦ N
Composite
(regressed)

a1

a2

a3

a4

−6.039
−4.879
−5.907
−5.608

−0.0272
−0.02445
−0.0243
−0.0253

0.0056
0.000329
0.0059
0.00493

0.364
0.251
0.748
0.454

−6.302
−4.679
−5.45
−5.477

0.0692
0.02125
0.0106
0.0337

−0.005889
−0.00653
−0.00238
−0.0049

0.8358
0.597
0.675
0.7026

−5.015
−4.193
−5.552
−4.92

0.0346
0.0323
0.0251
0.0307

−0.00706
−0.0115
−0.0031
−0.00722

−0.3412
0.621
0.5285
0.2694

been used to estimate the site response at diﬀerent frequencies at all the recording stations. The
scatter plot shown in ﬁgure 10 between HVSR
and GINV clustered around the 45◦ or 1:1 correspondence line. In the absence of a reference
station in the Garhwal Himalaya the horizontalto-vertical-spectral ratio (HVSR) estimate has
been considered to be the true representative
of site ampliﬁcation. Calculations of spectral
ratio at diﬀerent sites with minor deviations in
source azimuths and even between two horizontal components do not show appreciable variation as depicted in ﬁgures 8 and 9. However,
for events with strikingly diﬀerent source azimuth
some variation in site response is noticed. This
may be attributed to diﬀerent source radiation
patterns, scattering, diﬀraction and topographic
eﬀects that inﬂuence the ground motion in a hilly
terrain.
Using the Brune source model and the empirical relations the source amplitude spectra, moment
rate spectra and the spectral acceleration simulated in the present analysis (ﬁgures 12, 13, 14,
15 and 16) show a high degree of match with
the observed ones. Using a process of iterative
energy minimization, the fc , M0 and γ have been
computed for all the events at ﬁve stations as
reported in table 4. For the moment (M0 ) range
of 1019 –1022 dyne-cm, the maximum stress drop
is found to be 191.0 bars. The corner frequency
(fc ) varies between 2.1 and 17.9 Hz for the entire
spectrum of events considered in this analysis.
Using empirical relationships between M0 and Mw ,
and fc and Mw as depicted in ﬁgure 17, the
source parameterization has been determined for
an MCE with Mw 8.5 and the spectral acceler-

ation is simulated at all the ﬁve stations. PGA
estimated for the scenario earthquake of magnitude 8.5 nucleating at the hypocenter of 1999
Chamoli earthquake show spatial variations with
a high PGA at Maithana (0.67 g) and its neighborhood as can be observed from table 5. We
established a ﬁrst order ground motion attenuation relation for the Garhwal Himalaya that correlates well with the one proposed by Joyner and
Boore (1981); Campbell (1988); Fukushima and
Tanaka (1990), the relation derived from strong
motion arrays in India by Sharma (1988), and even
the relations derived for the Himalyan region by
Parvez et al (2001) and for the Sikkim Himalaya
by Nath et al (2005) as given in ﬁgure 20. We
further developed a 2nd order spectral attenuation relationship taking into consideration local
site ampliﬁcation, source azimuth and spectral
acceleration. The PGA estimated by this attenuation relation closely matches with that generated
through simulation as presented in tables 5 and
6. An attenuation relation involving Peak Ground
Velocity (PGV) as the strong motion parameter
is also established following the method of Campbell (1997). The SR values tabulated in table 3
at geometrically central frequencies 2.5, 7.5 and
15 Hz together with the PGA distribution (tables
5 and 6) represent an estimate of seismic scenario of the Garhwal Himalaya. The present analysis highlighting seismotectonic signatures, spatial
variation of site response, seismic energy attenuation, estimation of MCE, simulation of spectral
acceleration for a larger magnitude earthquake
and site speciﬁc attenuation relationship is an
initial eﬀort to address the seismic hazard of the
region.
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